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Abstract

As we have witnessed the rapid growth of statistical machine learning over the
past decades, the ability of processing big and corrupted data becomes increasingly
important. One of the major challenges is that structured data, such as images, videos
and 3D point clouds, involved in many application scenarios are high-dimensional.
Conventional techniques usually approximate the high-dimensional data with low-
dimensional structures by fitting the data with one or more linear subspaces. However,
their theory and algorithms are restricted to the setting in which the underlying

subspaces have a low relative dimension compared to the ambient space.

This thesis attempts to advance the understanding of subspace learning for data
arising from subspaces of high relative dimension, as well as develop efficient algorithms
for handling big and corrupted data. The first major contribution of this thesis is
a theoretical analysis that extends Dual Principal Component Pursuit (DPCP), a
non-convex approach that learns a hyperplane in the presence of noiseless data,
to learn a subspace of any dimension with noisy data. We provide geometric and
probabilistic analyses to characterize how the principal angles between the global

solution and the orthogonal complement of the subspace behave as a function of the

i



noise level. Moreover, we improve the DPCP theory in multi-hyperplane case with a

more interpretable geometric analysis and a new statistical analysis.

The second major contribution of this thesis is the development of a linearly
convergent method for non-convex optimization on the Grassmannian. We show that
if the objective function satisfies a certain Riemannian regularity condition (RRC)
with respect to some point in the Grassmannian, then a Projected Riemannian Sub-
Gradient Method (PRSGM) converges at a linear rate to that point. In particular,
we prove that the DPCP problem for learning a single subspace satisfies the RRC
and PRSGM converges linearly to a neighborhood of the orthogonal complement of
the subspace with error proportional to the noise level. We also extend the RRC to
DPCP for a union of hyperplanes and prove the linear convergence of PRSGM to a
specific hyperplane. Finally, both synthetic and real experiments demonstrate the

superiority of the proposed method.

Primary Reader and Advisor: Daniel P. Robinson

Secondary Reader: René Vidal

il



Dedicated to my parents, Yuyuan Ma and Xueqing Ding,
and my wife, Tong Jin,

for their unconditional acceptance and love.

v



Acknowledgments

First of all, I would like to express my greatest appreciation to my advisor, Professor
Daniel P. Robinson, for his endless understanding and support during my entire
graduate life. Daniel’s profound knowledge in the optimization field is a shining
example to me for being an outstanding researcher, and his extraordinary scientific
presentation skills influence me a lot whenever I am writing and communicating with
others. I am also thankful to him for bringing me into the project of non-convex
subspace learning and clustering. Without such a wonderful opportunity, this thesis

would not be the one it is.

I am also very grateful to Professor René Vidal, who is the co-investigator of the
aforementioned project and is the person I am most honored to collaborate with, for
his powerful guidance and help along the road of research. Have been working with
René for the past few years, I was exposed to the marvelous world of computer vision,
which opens a new research and career direction for me. This thesis would not be

possible without his expertise in machine learning and broad vision in research.

I am very thankful to Professor Zhihui Zhu from the University of Denver for

always being supportive and encouraging in my research and life, and serving in my



dissertation defense panel. Zhihui is both a great mentor and a close friend. He helped

me a lot when I was at the trough of my doctorate program, which I deeply appreciate.

I am also thankful to Professor Amitabh Basu for serving in my Graduate Board
Oral committee and dissertation defense panel. I really appreciate his time and effort!
Then I would express my gratitude to Prof. Donniell Fishkind and Prof. Nicolas
Charon for serving in my Candidacy Exam committee, to Prof. Michael Kazhdan and
Prof. Michael Dinitz for serving in my Graduate Board Oral committee, and to Prof.

Avanti Athreya for recommending me during my graduate application.

I also thank Professor Manolis C. Tsakiris from ShanghaiTech University for many
fruitful discussions during our group meetings. I would also thank Tianjiao Ding and
Yunchen Yang, who are students of Manolis, helped me a lot in conducting the real

experiments in many of our collaborations.

At Hopkins, I thank the Department of Applied Mathematics and Statistic and
the Department of Computer Science for providing me with abundant support and
gathering so many wonderful people together. I thank the Center for Imaging Science
(CIS) for offering me numerous computational resources. I also want to thank the
National Science Foundation grant 1704458 for supporting my graduate study and

research life here.

Finally and most importantly, this thesis would not have been possible without
the company of my family. I thank my parents and my wife in China for their eternal

trust and love. They give a meaning to every single unit of me.

vi



Contents

Abstract ii
Dedication iv
Acknowledgments v
Contents vii
List of Tables xii
List of Figures xiii
1 Introduction 1
1.1 Learning linear subspaces from corrupted data . . . . . . .. ... .. 2
1.1.1 Data modeling . . . . .. ... .. ... ... .. ... ..., 2

1.1.2  Example applications . . . . . . .. ... .. ... ... .. 5)

1.1.2.1 3D roadplane detection . . . .. ... .. ... ... )

1.1.2.2 3D plane clustering from indoor scenes . . . . . . . . 6

vii



1.2

1.3

1.4

High relative dimension challenge . . . . . . . ... ... ... ....
Thesis contributions . . . . . . .. ... L oo
1.3.1 Geometric and probabilistic analysis of noisy DPCP . . . . . .

1.3.2  Extension of DPCP for learning a subspace with codimension

larger thanone . . . . . . . . .. ... ... L.
1.3.3  Efficient algorithms for subspace learning with DPCP . . . . .

1.3.4 Improved analysis and algorithms of DPCP for learning a union

of hyperplanes . . . . . . . . . ... ... ... ... ...

Notation . . . . . . . . .

2 Dual Principal Component Pursuit (DPCP)

2.1

2.2

2.3

Existing work of DPCP . . . . . . . . . . ...
2.1.1 Learning a single subspace with outliers . . . . . .. ... ..
2.1.2 Learning a union of hyperplanes . . . . . . . .. ... .. ...
Related work . . . . . . .. oo
2.2.1 Learning a single subspace . . . . . . . ... .. L.
2.2.2  Clustering multiple subspaces . . . . . .. ... .. ... ...
Open problems . . . . . . . ...
2.3.1 Single subspace learning theory with DPCP . . . . . . . . ..

2.3.1.1 DPCP in the presence of noisy inliers . . . . . . . ..

viil

10

11

12

14

15

16

16

19

20

22

25

29

29

29



2.3.1.2 DPCP for learning a subspace with codimension larger

than 1 . . . . . .o o 31

2.3.2 Efficient algorithms for learning a single subspace with DPCP 33
2.3.3 Learning a union of hyperplanes with DPCP . . . . . . . . .. 34

3 Single Subspace Learning Theory with DPCP 36
3.1 Learning a hyperplane (codimension equal to one) . . . . . . ... .. 37
3.1.1 Review of the existing analysis with noiseless data . . . . . . . 37
3.1.2  Analysis with noisy data . . . . ... ... ... ... ..... 41
3.1.2.1  Geometry of the critical points . . . . ... ... .. 45

3.1.2.2  Geometry of the global solutions . . .. .. ... .. 60

3.1.2.3 Probabilistic analysis . . . . .. ... ... ... ... 65

3.2 Learning a subspace with codimension larger than one . . . . . . .. 81
3.2.1 Background . . . . ... Lo 82
3.2.2 Analysis with noiseless data . . . . . ... ... ... ..... 84
3.2.2.1  Geometry of the critical points . . . . . .. ... .. 85

3.2.2.2  Geometry of the global solutions . . .. .. .. ... 90

3.2.2.3 Probabilistic analysis . . . . .. ... ... 92

3.2.3 Analysis with noisy data . . . . . .. .. ... ... ... ... 103
3.2.3.1 Geometry of the critical points . . . . ... ... .. 105

3.2.3.2 Geometry of the global solutions . . . ... ... .. 112

X



3.2.3.3 Probabilistic analysis . . . . . ... ... ... 115

3.3 Comparison with state-of-the-art . . . . . ... ... ... ... ... 121

4 Efficient Algorithms for Learning a Single Subspace with DPCP 126

4.1 Introduction . . . . . . . ... 127
4.1.1 Background . . . . ... .. Lo 129
4.2 Projected Riemannian Sub-Gradient method . . . . . . . .. ... .. 133
4.2.1 Riemannian Regularity Condition (RRC) . . . . . ... .. .. 133

4.2.2

4.2.3

4.2.4

4.2.1.1 Comparison with regularity conditions for non-smooth

functions . . . . . . ... 135

4.2.1.2  Comparison with regularity conditions for smooth func-

Projected Riemannian Sub-Gradient method on the Grassmannian137

4.2.2.1  Connection to the projected subgradient and the geodesic

subgradient methods . . . . . . ... ... ... ... 139
Convergence analysis . . . . . .. .. ... ... ... 141
4.2.3.1 Constant step size . . . .. ... ... .. .. .... 141
4.2.3.2  Geometrically diminishing step size . . . . . . . . .. 144
Applications to DPCP . . . . .. .. .. ... 147
4.2.4.1 Data corrupted by outliersonly . . . . . . .. .. .. 147
4.2.4.2 Data corrupted by outliers and noise . . . . . .. .. 154



4.3 Experiments . . . . . ... 170

4.3.1 Syntheticdata. . . . . ... ... oo 170
4.3.2 Roadplane detection using real 3D data . . . . . . . ... ... 176
Learning a Union of Hyperplanes with DPCP 182
5.1 Imtroduction . . . . . . .. .. 183
5.2 Analysis of DPCP for a union of hyperplanes . . . . . . ... ... .. 186
5.2.1 Geometrically dominant hyperplane . . . . . .. .. ... ... 186
5.2.2  Geometry of the critical points . . . . . ... ... ... ... 191
5.2.3 Geometry of the global solutions . . . . ... ... ... ... 197
5.2.4 Probabilistic analysis . . . . . ... ... .00 201

5.3 Projected Riemannian Sub-Gradient method for learning a union of

hyperplanes . . . . . . . ..o 205

5.4 Hyperplane clustering with DPCP . . . . . . .. ... ... ... ... 213
5.5 Experiments . . . . . ..o 215
5.5.1 Syntheticdata. . . . . ... ... oo 215

5.5.2 Plane clustering using real 3D data . . . . . .. ... ... .. 219

6 Conclusions 225
Bibliography 227
Vita 247

x1



List of Tables

4.1

5.1

5.2

5.3

5.4

3D road plane estimation using 125 annotated frames of the KITTI

dataset. . . . ..,

The theory and algorithms for learning a hyperplane under a UoH

model for the most closely related work. . . . . . ... ... ... ..

Mean hyperplane clustering accuracy (runtime in seconds) over 50

independent experiments when D =4. . . .. ... ... ... ....

Mean hyperplane clustering accuracy (runtime in sec) over 50 indepen-

dent experiments when D =9. . . . . ... ... ... ... ... ...

Mean clustering error (running time in seconds) for KSS variants with

different “backbones” on 89 annotated images of NYUdepthV2.

xii

178

186

217

219

220



List of Figures

1.1

1.2

2.1

3.1

3.2

3.3

3.4

3.5

3.6

An illustration of the 3D roadplane detection problem. . . . . . . .. 6
An illustration of the 3D plane clustering from an indoor scene. . . . 7
Ilustration of the performance for the denoised DPCP problem. . . . 31
Plots of R, R and Rz % asa function of ¢ and outlier ratio. . . . . . 45
Plot of ¢; and ¢, while varying Ro/)? and Rg./)?. ............ 54
Plot of sin(#*) where 6* is the principal angle between the computed

solution b* to the noisy DPCP problem (3.1) and S*. . . . . . .. .. 81
Plot of (a) ¢; and (b) t5 in Lemma 14 given (Ro/£7c, RE/)?,C) pairs such
that condition (3.108) holds true (area below the curve). . . . . . .. 112

Plot of the subspace angle between Span(B*) and St with B* the

computed solution to the noisy holistic DPCP problem (3.75). . . . . 120

Check whether (3.108) and (3.122) for DPCP and (3.137) for REAPER [61]

are satisfied (white) or not (black). . . . ... ... ... ... 122

Xiil



3.7

3.8

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

5.1

Evaluation of (a) ¢; in Theorem 7 and (b) upper bound for sin(6*)

i (3.186). .« o 123
Comparison between the quantity v of [76] and sin™'(¢5). . . . . . . . 124
[lustration of the Riemannian regularity condition in Definition 3. . . 133

Convergence of PRSGM (Algorithm 1) for the noisy DPCP problem (2.9).171

Performance of PRSGM (Algorithm 1) for the noisy DPCP prob-

lem (2.9) with different step size choices p;. . . . . . . . ... 172

Phase transition of the distance between the ground-truth basis for
the (dual) subspace and the computed basis by different methods for

D =100.. ... e 174

Phase transition of the distance between the ground-truth basis for
the (dual) subspace and the computed basis by different methods for

D =1000. . . ... 175

3D point clouds and estimated translations for frame 328 of KITTY-

CITY-71, with inliers in blue and outliers inred. . . . . . . . . .. .. 179

Projections of 3D point clouds for frame 328 of KITTY-CITY-71 onto

the image, with inliers in blue and outliers inred. . . . . . . ... .. 180

Projections of 3D point clouds for frame 881 of KITTY-CITY-71 onto

the image, with inliers in blue and outliers inred. . . . . . . . . . .. 181

[lustration of the distribution of the critical points of problem (5.1).. 196

Xiv



5.2

5.3

5.4

5.5

Convergence of PRSGM (Algorithm 3) to #; for the DPCP prob-

lem (5.1) under a UoH model. . . . . . ... ... ... ... .....

Visualization of various approaches in clustering two hyperplanes from

a 3D point cloud of image 55 in NYUdepthV2. . . . . ... ... ...

Visualization of various approaches in clustering three hyperplanes from

a 3D point cloud of image 5 in NYUdepthV2. . . . .. .. ... ...

Visualization of various approaches in clustering four hyperplanes from

a 3D point cloud of image 60 in NYUdepthV2. . . . . ... ... ...

XV

216

222

223



Chapter 1

Introduction

Many real world applications in machine learning, computer vision, and signal pro-
cessing aim to discover certain structures from a large amount of collected data that
are usually of high dimensions. For example, irrelevant information removal from web
image search results [19, 71, 91, 135] involve distinguishing the query intent among
all the retrieved images, whose dimension can be hundreds to millions according to
the number of pixels (resolution) of an image by viewing it as a long vector. Another
closely related example is video abnormal event discovery [27, 98] in which the data
are of even higher dimensions since a video is treated as a sequence of images. For
these applications, however, directly working in the high-dimensional raw space is both
inefficient and unnecessary. It is expected that a certain hidden structure associated
with the data can be well-represented using features with a lower dimension due to
the fact that such structures impose additional constraints on the data, and thus the

problem is transformed into learning a compact representation of the dataset.



Among the various techniques for modeling specific structures of high-dimensional
data, perhaps the simplest one is as linear subspaces, which assumes that the data
points are drawn from one or more linear subspaces with dimension fewer than that of
the ambient (raw) space. Despite its simplicity, it has been shown effective in a broad
range of application scenarios, such as dimensionality reduction [53, 117], human
face identification and clustering [7, 37], motion segmentation [125, 127], multiple
view geometry [2] and so on. We organize this chapter as follows. In Section 1.1,
we introduce the data modeling for learning linear subspaces from corrupted data
as well as its example applications. Next, in Section 1.2, we discuss the challenges
when the underlying subspaces are of high relative dimension, namely the subspace
dimension is high relative to the ambient dimension, which is no longer appropriately
tackled by the prevalent methods designed for the low relative dimension regime. We
finally summarize the main contributions of this thesis in Section 1.3, and provide the

notation used throughout the thesis in Section 1.4.

1.1 Learning linear subspaces from corrupted data

1.1.1 Data modeling

A rule of thumb in dealing with high-dimensional data is that we aim to find ways to
interpret them with fewer degree of freedoms. This not only facilitates the success
of many real world applications, but also provides insights on characteristics of the

underlying structure of the datasets. In particular, we are interested in fitting one or



more linear subspaces to data points, depending on the specific task and dataset.

Inliers are the data points that exactly lie in the underlying subspaces that we aim
to identify, while outliers are the data points that do not exhibit the linear structure.
The existence of outliers corrupts the datasets and adversely affects the results of data
analysis methods. Besides outliers, another form of corruption in real world data is
noise, which means that the inliers are perturbed so that they no longer exactly lie on
but close to the subspaces, i.e., they are noisy inliers. Note that noise usually comes
from systematic errors [132, 150], e.g., measurement and sensor error, and is difficult
to be eliminated in the data gathering stage. The above two forms of corruption in

real world datasets pose significant challenges to the subspace recovery task.

Single subspace learning. In the simplest case, inlier points are drawn from
a single subspace, so that the problem is to robustly learn the underlying subspace
in the presence of both outliers and noise. For example, it is well-known [7] that
images of a human face under different lighting conditions approximately lie in a
9-dimensional linear subspace, and thus screening the face pictures of an individual
from other irrelevant images appears as an outlier removal task. Another example in
computer vision is the robust homography estimation from image correspondences
across multiple views [2, 29], which can be cast as robust subspace learning with
dimension 8 and 26 for two and three views, respectively. In fact, Principal Component
Analysis (PCA) [52, 55, 84] is a classical solution for learning such a linear subspace
from data, and it enjoys a closed form solution via the Singular Value Decomposition

(SVD). PCA works well even when the data is noisy, however, the least square loss



employed in PCA causes its performance to be sensitive to outliers, and thus limits
its performance to a large extent. However, there are many robust PCA methods [9,

11, 13, 28, 61, 75, 76, 94, 119, 136] that have been developed over the past decade.

Multiple subspaces clustering. In may cases, it is inappropriate to model
the dataset with a single subspace; instead, inlier points are assumed to be drawn
from a union of subspaces, and the goal is to estimate the underlying subspaces
and cluster the data points into their respective groups. For example, a dataset
consisting of face images from more than one human subject is naturally treated as a
union of subspaces model [7]. As another example, point trajectories corresponding
to the motions of multiple rigid bodies in a video lie approximately in a union of
3-dimensional affine subspaces [104, 105]. Many other real world applications involve
exploring such multi-subspace structure, including document clustering [97], motion
segmentation [125, 127], 3D point cloud analysis [90, 92], gene expressions [79, 115]
and so on. Similar to single subspace learning, this is an unsupervised problem so
that the hidden structures need to be automatically learned from data. Nevertheless,
unlike the former, clustering multiple subspaces is more difficult due to the potentially
complicated relative arrangement of the underlying subspaces. Although numerous
techniques have been developed in this area, the most well-known approaches are
based on sparse or low-rank representations of the data [35, 36, 37, 69, 70, 72, 124,

141, 142, 143], and we refer the reader to [123, 127] for more details.



1.1.2 Example applications

We now introduce two examples of robustly learning linear subspaces from 3D point
cloud data, namely 3D roadplane detection (Section 1.1.2.1) and 3D plane clustering

from indoor scenes (Section 1.1.2.2).

1.1.2.1 3D roadplane detection

In the task of 3D road plane detection, we are given a 3D point cloud of a road scene
and the goal is to learn an affine plane A = H +t C R?® as a model for the road. This
is important in autonomous driving applications. Here H is a plane through the origin
with normal vector b and t is its translation with respect to the origin; this latter is
the center of the laser sensor. Hence the task is to estimate b and ¢, which are taken
to be co-linear in order to resolve the inherent ambiguity in estimating ¢. In turn, this
can be converted to a linear subspace learning problem by working in homogeneous
coordinates, i.e., by embedding A into the linear hyperplane # C R* with normal
vector b = [b" — t'b]", through the mapping « +— [ 1]T. Figure 1.1 gives an
illustration of the road detection challenge of the KITTI dataset [40], in which the
image data and the depth information for each pixel are collected by a laser scanner.
The depth data can then be used to reconstruct a 3D point cloud corresponding to
the scene. Note that this is exactly a real world application of robust single subspace
learning since the 3D point cloud datasets are usually noisy and corrupted by gross

outliers due to the imperfect depth estimation of the laser sensor.



Annotation

Figure 1.1. An illustration of the 3D roadplane detection problem. The raw image is from
KITTY-CITY-71 [40]. We annotate the frame such that the (noisy) inlier points associated
with the roadplane are in blue and outlier points are in red. The goal is to identify the
underlying roadplane.

1.1.2.2 3D plane clustering from indoor scenes

An interesting problem is that of fitting multiple planes to 3D indoor scene data, which
usually appears in robotics applications where a robot navigates an indoor environment,
e.g., kitchens and bedrooms, and reasons about the interior building structures, e.g.,
desktops and walls. Although the planes associated with an indoor scene are affine in
R3, we work in homogeneous coordinates by adding a 1 as a fourth coordinate, which is
similar to the practice used for single roadplane detection (see Section 1.1.2.1), and the
task is then transformed into a multi-hyperplane clustering problem in R%. Figure 1.2
gives an illustration with frames from the real dataset NYUdepthV2 [92], for which
the indoor RGB images with depth information are collected by a Microsoft kinect
sensor. Again, this problem is challenging not only because it involves the interplay of
more than one underlying subspace but also because of the considerable amount of

noise introduced during the collection of the real data.
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Figure 1.2. An illustration of the 3D plane clustering from an indoor scene. The raw
images are from NYUdepthV2 [92]. We annotate the frames such that the (noisy) inlier
points associated with each plane are in the same color. The goal is to learn the underlying
plane arrangement given the 3D point cloud data.

1.2 High relative dimension challenge

Although the problem of fitting one or more subspaces to a dataset has a long history
(plus numerous robust subspace recovery methods [62] and subspace clustering meth-
ods [123, 127] have emerged over the past twenty years), the existing methods typically
assume that high-dimensional data can be well-approximated by low-dimensional
structures. In other words, they require the dimension of the underlying subspaces to
be relatively low compared to the dimension of the ambient space. This assumption
advances the derivation of strong theoretical results and the development of efficient
implementations since inliers of a subspace with low-dimensional structure are more
well-separated from inliers of other subspaces as well as outliers in a fixed ambient
space. For example, the success of sparse or self-expressive subspace clustering ap-

proaches [35, 36, 37, 72, 124, 141, 142, 143] rely on the property that each data point



can be represented by a linear combination of a few other points belonging to the same
subspace. However, this property is no longer valid in the high relative dimension
regime, where an underlying subspace itself is high-dimensional, e.g., a hyperplane,

since it is difficult to find a sparse representation of the inlier points.

As already mentioned before, many computer vision applications involve learning
a single hyperplane (e.g., pose estimation in multi-view geometry [2], detection of
planar structures in 3D point clouds [40, 92]), or clustering multiple hyperplanes
(e.g., motion segmentation [105, 125, 128, 130], hybrid system identification [4, 129],
sparse component analysis [41, 50, 137]). For these scenarios, simply applying the
methods designed for the low relative dimension setting is ineffective because the
theory and algorithms do not fit the hyperplane case. There exist methods, such as
K-subspaces [1, 10, 146], that work reasonably well in the high relative dimension
regime, while their theoretical support is limited due to the non-convex nature of the
objective problem. On the other hand, methods like Algebraic Subspace Clustering
(ASC) [126, 127, 129] admit strong theoretical guarantees, but they suffer from an
inherent combinatorial complexity that prohibits them from being applied to high-
dimensional datasets. Indeed, there is relatively littler work in the literature that
directly tackles the high relative dimension regime and provides justifiable theory and

convergent algorithms that scale well to the data size.



1.3 Thesis contributions

In this thesis, we develop theory and algorithms for learning subspaces of high relative
dimension. In particular, we extend and improve the existing results of Dual Principal
Component Pursuit (DPCP) [106, 109, 111, 112, 113, 152, 153], a state-of-the-art
non-convex optimization based method primarily designed for learning hyperplanes.
To the best of our knowledge, DPCP is the only method that directly focuses on the
high relative dimension regime. In the following, we summarize the main contributions

of this thesis. We remark that the bulk of this work comes from [30, 31, 32, 151].

1.3.1 Geometric and probabilistic analysis of noisy DPCP

DPCP is originally designed for learning a single hyperplane containing the inliers in
the presence of outliers [106, 111, 112]. It is formulated as a non-convex ¢; optimization
problem on the sphere, which searches for a basis element of the orthogonal complement
of the subspace, i.e., one normal vector to the underlying subspace. The main
theoretical advantage of DPCP that distinguishes it from existing robust subspace
recovery methods is that it can tolerate as many outliers as the square of the number
of inliers [152, 153], while other methods can only provably handle a number of outliers
on the same order of the number of inliers. However, the analyses of DPCP assume
outliers are the only form of corruption, and its behavior is unclear when data is

further contaminated by noise as is the case in real data sets.

In Chapter 3, we establish a global optimality theory for noisy DPCP that holds

when the inlier points are only assumed to lie close to the underlying subspace &



due to the existence of noise. We provide a geometric analysis that reveals that the
global minimizers of the non-convex noisy DPCP problem are perturbed away from
the orthogonal complement of the inlier subspace (i.e., S*) by an amount proportional
to the noise level, hence generalizing the results of DPCP in the noiseless case. We
also give a probabilistic analysis that further interprets the results and shows that
the DPCP approach is still able to handle O((#inliers)?) outliers even for noisy data.
Finally, we show that the global optimality conditions for noisy DPCP are much

tighter compared to those required for other closely related state-of-the-art methods.

1.3.2 Extension of DPCP for learning a subspace with codi-

mension larger than one

As already mentioned, the DPCP approach is based on an optimization problem over
the sphere that aims at finding a normal vector to a single hyperplane that contains
the inliers. When the codimension of the underlying subspace is larger than 1, i.e.,
not a hyperplane, one could consider computing the subspace as the intersection of
many orthogonal hyperplanes learned by DPCP in a recursive fashion. In practice,
this approach sequentially finds a new basis element of the space orthogonal to the

subspace, which is computationally expensive and lacks any theoretical guarantees.

In Chapter 3, we extend the DPCP approach to the case of learning a subspace S
with codimension larger than 1 by simultaneously computing the entire basis of the
orthogonal complementary subspace (we call this a holistic approach) by solving a

non-convex optimization problem over the Grassmannian [34]. For this new approach,

10



we provide geometric and probabilistic analyses related to global optimality in both
noiseless and noisy settings. For noiseless data, under certain conditions, we show
that any global solution of the holistic DPCP optimization problem is an orthonormal
basis of S*. If the dataset contains noise, we show that the subspace angle between
the global solution and S* is upper bounded by an amount that is proportional to
the noise level. In both cases, we derive probabilistic arguments showing that the
holistic DPCP approach can tolerate O((#inliers)?) outliers, which is superior to other

existing methods that can handle at best O(#inliers) outliers in theory.

1.3.3 Efficient algorithms for subspace learning with DPCP

The existing scalable and provably convergent algorithms for solving DPCP are
based on a Projected Sub-Gradient Method (DPCP-PSGM) [152, 153], which enjoy
a linear rate of convergence if piecewise geometrically diminishing step sizes are
used. Nevertheless, it is only developed for learning a single basis element of the
orthogonal complement of the underlying subspace S under the noiseless setting.
Since in Chapter 3 we extend the original DPCP approach to learn the entire basis
and prove its effectiveness under both noiseless and noisy settings, it is desired to
develop a unified algorithmic framework that is able to efficiently solve the DPCP

problem for all of these cases.

In Chapter 4, we propose a Projected Riemannian Sub-Gradient Method (PRSGM)
for minimizing non-smooth non-convex functions over the Grassmannian. We show

that if the objective function satisfies a certain Riemannian regularity condition (RRC)

11



with respect to some point in the Grassmannian, then PRSGM with appropriate
initialization and geometrically diminishing step size converges at a linear rate to
that point. In particular, we show that the optimization problem associated with the
holistic DPCP approach under noiseless setting satisfies the RRC, which allows us to
apply the generic result and conclude that the PRSGM converges linearly to a basis for
S*. We remark that, even for subspaces of codimension 1 (i.e., hyperplanes), PRSGM
improves upon DPCP-PGSM by allowing for a much simpler step size selection strategy
and a weaker condition on the initialization. Furthermore, with noisy data we show
that the holistic DPCP problem satisfies the RRC in a neighborhood of S*, leading to
a linear convergence of PRSGM to a neighborhood of S* whose radius is proportional
to the noise level. Experiments on synthetic data demonstrate the superiority of
the holistic DPCP approach implemented by PRSGM relative to the state-of-the-art
in learning a single subspace of high relative dimension. An experiment on road
plane detection with real 3D data further strengthens the view that DPCP performs

favorably against other methods in the high relative dimension regime.

1.3.4 Improved analysis and algorithms of DPCP for learn-

ing a union of hyperplanes

Besides the theory and algorithms of DPCP for learning a single subspace, it is
known [109, 113] that DPCP can also be applied to the case when data points are
drawn from a union of hyperplanes (UoH), for which the DPCP problem admits a

unique global minimizer equal to the normal vector of the most dominant hyperplane
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and thus it proves to be a useful tool in clustering hyperplanes. However, existing
analyses of DPCP in the multi-hyperplane case focus on the recovery of the hyperplane
with the largest number of points, while lacking a precise characterization of the data
distribution and involving quantities that are difficult to interpret. It is natural
to ask if one can derive a more transparent analysis that allows for a probabilistic
interpretation. Also, the provably convergent algorithm in [109, 113] for solving DPCP
based on recursive linear programming is not efficient. It is unclear whether the

PRSGM proposed in Chapter 4 can be extended to solve DPCP under a UoH model.

In Chapter 5, we introduce a new notion of geometric dominance for determining
the hyperplane that is learned by DPCP under a UoH model, which explicitly captures
the distribution of the data and the geometric relationships among the hyperplanes,
and derive both geometric and probabilistic conditions under which a global solution
to DPCP for a UoH is a normal vector to the geometrically dominant hyperplane.
We then prove that the DPCP problem for a UoH satisfies a RRC, and use this
result to show that the PRSGM exhibits linear convergence to a normal vector of the
geometrically dominant hyperplane. Finally, we integrate DPCP into K-subspaces [1,
10] (DPCP-KSS) by using DPCP to estimate the geometrically dominant hyperplane
for each cluster, and leverage an ensemble of DPCP-KSS via the frameworks of K-
ensembles [42, 58]. Experiments show that by using DPCP we are able to achieve

superior or competitive performance over the state-of-the-art in clustering hyperplanes.
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1.4 Notation

We introduce some general notation used throughout this thesis. We let R denote
the set of real numbers, and R? denote the D-dimensional linear vector space. We
use SP~! to denote the unit sphere of R”. Letters that are not bolded denote
scalars, such as x € R and K € R, lowercase boldface letters denote vectors, such
as © € RP and uppercase (calligraphic) boldface letters denote matrices, such as
B c RP*¢and X € RP*YN. The transpose of a matrix X € RP*Y is denoted as
XT e RV*P We also treat a matrix as a set with all of its columns as its elements,
ie., £ € X means € RP is a column of X € RP*Y_ Similarly, if O € RP*M,
then X N O consists of the points of R” that are common columns of X and O.
If S is a subspace of R”, then dim(S) denotes the dimension of S. For a matrix
U < RP*¢, we denote by Span(U) the subspace of RP spanned by the columns of
U. For a subspace § with dim(S) = d < D, its orthogonal complement subspace is
denoted as St with codimension dim(S+) = D —d. If § € RP*? is the orthonormal
basis of S, then we use S+ € RP*(P=9) t5 denote the orthonormal basis of S*. Also,
the shorthand RHS (respectively, LHS) stands for Right-Hand-Side (respectively,
Left-Hand-Side). For any real valued convex function f(-), we use df(-) to denote
its subdifferential. For any vector © = [zy,--- ,zp]" € R” and p > 1, the £, norm
is defined as ||z, := (Zfil |x2]”)% Unless stated otherwise, we also write || - || for
the ¢ norm. Additionally, we define ||x||p as the number of non-zero entries in .

Finally, for any matrix A € R™*" with entries a;;, we define the Frobenius norm as

1
| Al - 52( i }1:1|az‘j|2)2'
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Chapter 2

Dual Principal Component Pursuit

(DPCP)

In the context of learning linear structures from corrupted data, to the best of our
knowledge Dual Principal Component Pursuit (DPCP) [106, 109, 111, 112, 113, 152,
153]—a method designed for robust subspace learning and clustering—is the only
method that directly aims at recovering subspaces in the high relative dimension
regime (see Section 1.2). All other existing methods assume the underlying structure

can be well captured by low-dimensional subspaces, thus making DPCP unique.

In this chapter, we first introduce the existing work of DPCP in Section 2.1. Then
in Section 2.2, we briefly review the work closely related to DPCP or highly popular
methods for robust subspace learning and clustering. Finally, in Section 2.3 we discuss
several open problems of DPCP in terms of its theory and algorithms, which also

helps us highlight the main contributions of this thesis.
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2.1 Existing work of DPCP

DPCP was originally proposed as a single subspace learning method [111, 112] in
the high relative dimension regime where d/D ~ 1 with d and D the underlying
subspace dimension and ambient dimension, respectively. DPCP is a natural choice
for this setting since it learns a subspace by estimating a basis for its orthogonal
complement, which is supposed to be of low dimension. Moreover, DPCP has been
extended to learn a hyperplane arrangement [109, 113] when the data come from a
union of hyperplanes, indicating that it can also be helpful in clustering subspaces of
high relative dimension. We review the existing work of DPCP for learning a single
subspace with outliers [106, 111, 112, 152, 153] in Section 2.1.1 and learning a union

of hyperplanes [106, 109, 113] in Section 2.1.2.

2.1.1 Learning a single subspace with outliers

Consider learning a single subspace from data corrupted with outliers. Suppose we
are given the 5 column-normalized dataset X = [X, O] € RP*L, where X =
(1, - .xy] € RPN are N inlier points within a d-dimensional subspace S of RP
with 1 <d<D—-1,0 = [0y, -+ ,0y] € RP*M are M outlier points that lie on the
unit sphere SP~! in R” that do not exhibit linear structure, L = N + M is the total
number of points, and I' is an unknown permutation matrix. The goal of DPCP is to
recover the underlying subspace S from the corrupted data X. Since we might not
necessarily know the subspace dimension d in many cases, DPCP resorts to computing

a maximal hyperplane of R” that contains all the inliers X as the first step, which
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can be used to eliminate the vast majority of outliers. Then, one may either utilize
popular outlier detection methods such as RANSAC [39] on the reduced dataset for
identifying the remaining outliers, or, if d is known, sequentially proceed to compute
S as the intersection of D — d orthogonal hyperplanes that contain X'. As the key
ingredient, DPCP proposes to search for a maximal hyperplane that contains all the
inliers by estimating its normal vector from the following problem:

min |x7b| st b#0, (2.1)

where ||a|lo denotes the number of non-zero elements in the vector a. Problem (2.1)
seeks a normal vector b (thought of as a normal to a hyperplane) that is orthogonal to
as many points in X as possible. It has been shown in [106] that with mild assumptions
such as N > d+ 1 and M > D — d, then every solution b* to (2.1) is a normal vector

of a hyperplane that contains all the inliers X', or equivalently, b* is orthogonal to S.

Although problem (2.1) is intuitive and theoretically feasible, its combinatorial
nature makes it prohibitive in practice. It is reasonable to consider its relaxation [106,
111, 112] that replaces the ¢y function in the objective of (2.1) with an ¢; norm:

min |xX7b| st bl =1, (2.2)

which is refer to as Dual Principal Component Pursuit (DPCP). Problem (2.2) is non-
smooth and non-convex due to the objective function and the unit sphere constraint.

Note that the same problem has appeared before, as early as in [95], and in the context
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of dictionary recovery [85, 96, 99, 100, 101, 102].

There are two major questions concerning the DPCP problem (2.2): (i) under
what conditions is every global minimizer of (2.2) orthogonal to the underlying inlier
subspace S; and (ii) how to efficiently compute the global minimum of the non-convex
problem (2.2) with theoretical guarantees. In [106, 111, 112], it is shown that if
the outliers @ are well-distributed on the unit sphere SP~! and the inliers X are
well-distributed on & N'SP~!, then it is guaranteed that global solutions of (2.2) are
orthogonal to §. However, the analysis is deterministic in nature and difficult to
interpret. In [152, 153|, the deterministic analysis is refined to have interpretable
and tighter geometric quantities, and provides a new probabilistic analysis that for
the first time shows that the DPCP problem (2.2) can tolerate M = O(N?) outliers,
thus improving upon the existing provably convergent robust PCA methods that
can only handle M = O(N) outliers. On the other hand, [106, 111, 112] propose to
solve (2.2) through a recursion of convex problems based on linear programs (LPs),
which is guaranteed to converge to a vector orthogonal to S in a finite number of
steps. Nevertheless, this approach is computationally expensive. Alternatively, [106,
111, 112] recommend an Iteratively Reweighted Least Squares (IRLS) method [15,
16, 24], which is more efficient than solving a sequence of LPs, but does not have
convergence guarantees in this case. To address this dilemma, [152, 153] propose a
scalable Projected Sub-Gradient Method with piecewise geometrically diminishing step
sizes (DPCP-PSGM) whose main computational cost each iteration is matrix-vector

multiplications; this method has a linear convergence rate, thus enhancing its usability.
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2.1.2 Learning a union of hyperplanes

Interestingly, although DPCP was originally proposed as a robust single subspace
learning method, it is shown in [106, 109, 113] that DPCP can also be used to learn
a hyperplane arrangement, which can be attributed to its ability to learn a specific
hyperplane from a union of hyperplanes (UoH). Note that the data modeling for a
UoH is fundamentally different than a single subspace case: when we treat the data
points from one specific hyperplane as inliers, the points from the other hyperplanes
play a similar role as “outliers” but exhibit additional linear structure, which we refer

to as structured outliers', making the problem even more challenging.

Consider the ¢ column-normalized dataset X = XT € RP*N, where X =

(1, ,zy] € RPN are N inlier points that lie in a union of K hyperplanes
Hq, -, Hg of RP with unit normal vectors nq,--- ,ng, respectively, and T is an
unknown permutation matrix. We assume that for every k € [K] := {1, -+, K},

there are precisely Ny inlier points, denoted by X, C X', that belong to Hy, so that
YK Np = N and we can write X = [X),--- , Xx|T'. Given this model, the goal of
hyperplane clustering is to estimate the underlying hyperplanes {#} from the data

X = Ui, Xy, as well as cluster the data points according to their membership.
Although such a UoH model is distinct from the one introduced in Section 2.1.1 for
learning a single subspace, the DPCP optimization problem of interest to us has the

same formulation as (2.2). For the ease of analysis, [106, 109, 113] further assume an

'In learning a single hyperplane from data under a UoH model, the structured outliers are the
data points that come from the remaining hyperplanes; regular outliers are uniformly distributed in
the ambient space. Throughout this thesis, unless stated otherwise, outliers refer to the regular kind.
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ordering N1y > Ny > --- > Nk, and refer to ‘H; as the dominant hyperplane, namely
one with the largest number of points. Then [106, 109, 113] show that as long as H;
is sufficiently dominant, the data points are well-distributed inside their associated
hyperplanes, and the other hyperplanes are sufficiently separated from each other,
the normal vector of Hy, i.e., mq, is the unique (up to sign) global minimizer of the
DPCP problem (2.2). Algorithmically, [106, 109, 113] recommend solving (2.2) with
a standard IRLS method applied to the ¢; minimization problem, as suggested in [111,
112], albeit the convergence analysis is left as future work. Finally, when applied to
the task of hyperplane clustering, [106, 109, 113] embed DPCP into a K-subspaces
(KSS) [1, 10] scheme that alternates between assigning data points to clusters and
estimating a hyperplane for each cluster using DPCP, and show that this strategy

works very well in practice.

2.2 Related work

Fitting linear subspaces to data is a fundamental problem in statistical machine
learning that has a long history going back more than a century. As a conventional
method, Principal Component Analysis (PCA) [13, 52, 55, 84| learns a subspace
by minimizing the reconstruction error when projecting the data points to a lower
dimensional space, measured by the mean squared distance between the data and
their projections [84]. Alternatively, it can be viewed as maximizing the variance of
the projected data points [52]. Although PCA enjoys a closed form solution given

by the span of the top eigenvectors of the data covariance matrix and it works well
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even when the data is noisy, it is limited when the dataset is corrupted by outliers
since the f5-based loss in PCA is sensitive to outliers. Another classical approach is
Random Sample Consensus (RANSAC) [39], which is very popular in many computer
vision applications such as camera calibration [81, 149], metric rectification [66, 134]
and so on. Despite its effectiveness in practice, it is sensitive to the settings of many
interrelated hyperparameters, and admits limited theoretical guarantees. In the past
decade, many robust subspace recovery (RSR) methods have been proposed [62, 119]
with the assumption that high-dimensional data can be well-approximated by low-
dimensional structures; representatives include robust PCA [9, 11, 75, 120], low-rank
matrix methods [88, 136], and approaches based on least absolute deviations [61, 76,
145], which are normally solved using a convex optimization approach. However, their
guarantees for theory and algorithms are developed for a low-dimensional underlying
structure, which may be violated in the high relative dimension regime. In Section 2.2.1,
we will briefly review popular representative methods for robust single subspace learning

that are highly related to the rationale behind DPCP.

On the other hand, in many applications the data points are drawn from a union of
subspaces instead of a single one, such as motion segmentation [105, 128, 130], hybrid
system identification [4, 129] and so on. This is known as the problem of subspace
clustering [123], which is a general case of the hyperplane clustering introduced in
Section 2.1.2 in that the underlying subspaces may have different dimensions and
their codimensions are not necessarily equal to one. Most existing subspace clustering

methods require the underlying subspaces to be of low relative dimension compared to
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the ambient space in order to enjoy strong theoretical guarantees together with efficient
implementations, which have been heavily researched in the past decade. For example,
the self-expressive approaches [35, 37, 70, 72, 124, 141, 143] assume each data point
can be expressed as a sparse linear combination of other data points from the same
subspace, which is rarely the case in the high relative dimension regime. There are
many other categories of subspace clustering methods, including algebraic methods [21,
107, 108, 110, 127], iterative methods [1, 10, 114, 146], statistical methods [48, 89,
103], and spectral clustering-based methods [17, 36, 37, 44, 70, 138, 147]. We provide

a brief review of these classes of methods in Section 2.2.2.

2.2.1 Learning a single subspace

RANSAC. Since its inception almost 40 years ago, the Random Sampling And
Consensus (RANSAC) [39] algorithm has been one of the most popular methods in
computer vision. RANSAC alternates between fitting a subspace from d randomly
sampled points (recall that d is the dimension of the underlying subspace) and then
using the number of data points close to the subspace as a measure of the quality
of the estimation. The interplay between four factors governs when RANSAC is
successful: the ambient dimension D, the outlier ratio, the thresholding parameter
for determining when points are considered close to a subspace, and the allocated
time budget. RANSAC can be extremely effective when the probability of sampling
outlier-free samples inside the allocated time budget is large, although its exponential

complexity limits its impact in the high relative dimension regime. There are also
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many derivatives of the standard RANSAC developed in recent years [6, 20, 87].

R1-PCA. Rotational invariant ¢;-norm PCA (R1PCA) [28] is a natural extension

of PCA that is more robust, whose solution is comprised of the principal eigenvectors

of a robust covariance matrix. In particular, it solves the following problem:

min
UGRDXd,VERdXL

— L
X - UVHQ 1 Z “533 - U'Uj“ st. U'U=1 (2.3)
, =

where X € RP*L is the data matrix, &, is the j-th column of X, U is the orthonormal
basis of the estimated underlying subspace, v; is the j-th column of V', and V is the
representation matrix whose columns correspond to the coordinates of the data points
represented by U. The original RIPCA approach proposes to solve problem (2.3) via
alternating minimization that involves some form of the power method [45]. However,
it lacks both a theoretical guarantee for subspace recovery and any convergence

guarantee to the global optimal solution for the non-convex problem (2.3).

CoP. Coherence Pursuit (CoP) [88] is a non-iterative robust PCA method for
recovering a low-dimensional subspace that assumes that the inlier points are likely
to have stronger mutual coherence with a large number of inliers compared with the
unstructured outliers. It measures the mutual coherences according to the column
magnitudes of a gram matrix formed from the dataset, and computes the subspace as
the span of the d data points with largest coherence. CoP is fast due to its non-iterative
nature, especially when the dataset is small. Although CoP can provably handle
outliers and additive noise, it can only tolerate M = O(N) outliers and requires

d < v/D in theory, making it not well-suited for the high relative dimension regime.
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REAPER. Similar to DPCP, the REAPER method [61] computes the subspace
by aiming to minimize the sum of the distances between all points in the dataset and

the subspace. Specifically, it tackles the following problem:

HERDXD

L
min HXT(I — l'I)H1 , = > (@ = ID)x,|, s.t. IT is an orthoprojector
B (2.4)

and trace(Il) = d,

where IT can be thought of the orthoprojector that projects data to the d-dimensional
inlier subspace S. Since problem (2.4) is non-convex due to the orthoprojectors do not
form a convex set, [61] turns to solve a tight convex relaxation that robustly estimates
the orthoprojector onto S, which is referred to as REAPER:

min |XT(I-P)| st 0<P<Tand trace(P) =d, (2.5)

PcRDP*D

)

and the underlying subspace S is then computed as the top d eigenvectors of P*
with P* the global solution of problem (2.5). [61] establishes the theory for recovering
S from (2.5) under both noiseless and noisy settings. Nevertheless, its theoretical
guarantees require d < (D — 1)/2, thus excluding the high relative dimensional setting,
and can still handle only M = O(N) outliers. Algorithmically, since the original
semi-definite program (2.5) may be prohibitively expensive to solve, [61] proposes to
solve it via an IRLS scheme [144, 145] with a guarantee that the iterates converge to
a point whose value is close to the optimal objective value of (2.5), but it does not

provide the rate of convergence nor how the iterates relate to the recovery of S.
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GGD. Recently, [76] improves upon REAPER with a Geodesic Gradient Descent

(GGD) method for solving the non-convex least absolute deviations problem without

any relaxation. The underlying optimization problem it considers is

min
VERD xd

X'(I-vvh| st vVv=lL (2.6)

Ideally, the global solution V* to problem (2.6) consists of an orthonormal basis
for the underlying subspace S. Note that (2.6) is an optimization problem on the
Grassmannian G(D, d) [34], i.e., the set of d-dimensional subspaces in RP. [76] provides
conditions under which any orthonormal basis of S is a local minimizer of (2.6) for
both noiseless and noisy settings. Additionally, an intrinsic GGD algorithm, for
which the iterates move along a geodesic in G(D, d), is proposed to solve (2.6) with a
guarantee of linear convergence to the local minimizer, if properly initialized. One
advantage of GGD with respect to CoP and REAPER, is that its theoretical analysis
does not have restrictions on the inlier dimension d, hence it can be used in the high
relative dimension regime in theory. On the other hand, like CoP and REAPER,
GGD can only provably handle M = O(N) outliers. Moreover, [76] only provides a
local optimality analysis that characterizes the geometry of the critical points of (2.6),

while a global optimality condition for (2.6) remains an open question.

2.2.2 Clustering multiple subspaces

RANSAC. As a classical method, RANSAC not only can robustly learn a single

subspace in the presence of unstructured outliers, but it can also cluster data points
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according to their memberships when they are drawn from multiple subspaces. Heuris-
tically, it fits one subspace at a time using PCA from d randomly sampled points, in
which it treats the points from other subspaces as structured outliers; this process is re-
peated after the points identified as belonging to the previously selected subspaces are
removed. However, as in the single subspace learning case introduced in Section 2.2.1,
its performance is highly sensitive to various factors, e.g., the thresholding parameter,
and it suffers from an exponential complexity as the number of subspaces grows since
the probability of drawing exactly d inlier points from a subspace drops exponentially

with the number of subspaces.

K-subspaces. K-subspaces (KSS) [1, 10, 114] is a simple but effective method
for subspace clustering, which alternates between assigning data points to clusters and
estimating a subspace for each cluster using PCA. KSS is scalable in practice, but it
can easily get stuck near a local minimum due to its non-convex nature, and it is not
robust to outliers. The suboptimality issue can be alleviated by running the method
multiple times with diverse initializations and then selecting the best, or leveraging
ensembles of multiple KSS results [58, 67]. The lack of robustness stems from the
fact that the squared /¢ loss used in PCA is incapable of handling outliers during
the subspace estimation step of KSS where most of the data points in any cluster
come from one underlying subspace (serve as inliers) and the rest are points from the
union of other K — 1 subspaces (serve as structured outliers). In order to improve
its robustness, Median K-Flats (MKF) [146] replaces the squared ¢5 objective in KSS

with an unsquared one, but it lacks competitive performance as observed by [42].
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Alternatively, [42] proposes to substitute CoP [88] for the PCA step in KSS, but CoP

is only able to deal with low-rank structured outliers, as introduced in Section 2.2.1.

Self expressive methods. Self expressive methods belong to one of the most
effective approaches for clustering low-dimensional subspaces. The fundamental idea
is that a point from one subspace with dimension d can always be expressed as a linear
combination of d linear independent points from the same subspace. This means, if we
consider the outlier-free noise-free case and a data matrix X € RPN that &; = X¢;,
where &; is a point (column) of X and c; € RN*! s its coefficient representation in
terms of the other (N — 1) data points in X. Normally, we have N > d, and thus ¢; is
presumably a sparse vector. In matrix form, we can write X = X C where C € RV*N
is a sparse coefficient matrix with diag(C') = 0, and the self-expressive methods seek
to solve a convex optimization problem of the form

min A | ¥ - XC| +e(C) (2.7)

CERNXN

where A > 0 is the coefficient parameter, ®(+) is a regularization function, and different
choices of ®(-) result in different categories of methods: sparse subspace clustering
(SSC) [35, 36, 37] uses ®(-) = ||-||1, least-squares regression (LSR) [72] uses ®(-) = ||- |2,
low-rank subspace clustering [38, 69, 70, 124, 133, 142] uses ®(-) = || - ||+, and elastic
net subspace clustering (EnSC) [54, 83, 141, 143] uses ®(-). Given a solution C* to
problem (2.7), a pairwise affinity matrix A is built by A = |C*| +|C*"|, and finally
a spectral clustering technique [131] is applied to obtain the segmentation. With mild

modifications, (2.7) can be extended to the dataset contaminated with outliers and
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noise. However, the construction of the NV x N coefficient matrix C* is expensive with
large-scale data, and the theoretical guarantees for the self-expressive methods require
the underlying subspaces to be low-dimensional, preventing its impact in clustering

high-dimensional subspaces.

Spectral Curvature Clustering. The spectral curvature clustering (SCC)
method [17] is a multi-way spectral clustering technique [46], which is well-suited for
clustering affine subspaces with the same dimension d. In particular, given the data
matrix X € RP*L it constructs a multi-way affinity A(iy, -+ igeo) for any d + 2
points in X based on a certain polar curvature, which is zero when points are in the
same subspace. The (d 4 2)-way tensor A of size L X L x --- x L is then unfolded to
build an affinity matrix A € RE*L™"" which is then followed by the use of standard
spectral clustering. Considering the storage and the expense of computing A, [17]
proposes an iterative sampling procedure to significantly improve the performance.
Nevertheless, the combinatorial nature of SCC prohibits its application in clustering

high-dimensional subspaces in practice.

Algebraic Subspace Clustering. Algebraic subspace clustering (ASC) [74, 107,
108, 110, 127, 129] is a class of purely algebraic algorithms designed for subspace
clustering. The main idea is that a union of K subspaces can be associated with a
set of polynomials of degree K whose derivatives at an inlier point are orthogonal
to the subspace that the point lies in; the clustering is based on the grouping of
these normal vectors. More formally, suppose data are drawn from a union of K

subspaces, i.e., UK_, S, with by a normal to Si, then one can represent the data with
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polynomials of degree K of the form p(z) = (b x)--- (bjx) = 0, and the coefficients
of the polynomials can be computed by solving a linear system. ASC can also be
extended to handle noisy data by adding an additional treatment of the involved linear
systems [82, 139]. Although ASC enjoys strong theoretical guarantees, it is sensitive
to outliers and suffers from the combinatorial computational cost in aspects of the

number of underlying subspaces and the ambient dimension.

2.3 Open problems

Despite the advances made by DPCP in robustly learning and clustering high-
dimensional subspaces, there are still many open problems related to DPCP in
terms of both theory and algorithms. We will discuss them in this section and provide

our solutions in the rest of the remainder of the thesis.

2.3.1 Single subspace learning theory with DPCP
2.3.1.1 DPCP in the presence of noisy inliers

As introduced in Section 2.1.1, DPCP uses a non-convex optimization problem for
learning subspaces of high relative dimension from noiseless datasets contaminated
by as many outliers as the square of the number of inliers [152, 153]. Although the
theoretical features of DPCP are appealing, they have only been established for the
idealized case when inliers perfectly lie in the subspace. Experimentally, DPCP has

proved to be robust to noise and outperform the popular RANSAC algorithm on
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3D vision tasks such as road plane detection and relative pose estimation from three
views [29]. Therefore, it is reasonable to ask whether similar theoretical guarantees

hold when there is noise in the data.

A more realistic data modeling strategy is to consider the corruption of inliers by
noise. If £ = [e1,-- -, ex] € RP*YN denotes the additive noise on inliers X, then the
data matrix now has the form X = [X 4+ & O|T' € RP*L and the goal of DPCP is to
estimate the underlying subspace S from noisy data X. Recall that when there is no
noise (i.e., € = 0), the vectors b that make XTb as sparse as possible are precisely
those satisfying b L S; this is the motivation for problem (2.2). As an analogy, in the
noisy case, we expect X Tb to be close to a sparse vector y in the Euclidean sense,
whenever b is close to a normal vector of S. This motivates [112] to consider the
following denoised version of the DPCP problem? in (2.2):

min A lyll, + ; = (2.8)

beSP—-1 yeRL

for some A > 0. However, the performance of (2.8) depends crucially on the parameter
A, as illustrated in Figure 2.1, where we solve (2.8) by alternating minimization, which
empirically converges fast even though no convergence theory is known. Figure 2.1a
shows that the regularization parameter A should be chosen very carefully in order to

achieve an optimal result, and Figure 2.1b shows this when the noise level varies.

Comparing the denoised DPCP problem (2.8) with its original formulation (2.2),

a natural question to ask is that whether (2.2) can also be extended to the noisy case

2Problem (2.8) has also appeared in the context of dictionary learning; see [86].
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Figure 2.1. Ilustration of the performance for the denoised DPCP problem. We generate
the data according to a certain random spherical model. In particular, ¢ > 0 denotes
the standard deviation of the Gaussian noise added to the inliers, and we evaluate the
performance of the denoised DPCP problem (2.8) by computing the principal angle 6* of its
solution to St. Here, we fix the ambient dimension as D = 30, the subspace dimension as
d = 29, the number of inliers as N = 500, and the outlier ratio as M /(M + N) = 0.7. (a)
Sensitivity to different choices of A for fixed noise level. (b) Performance of the denoised
DPCP problem (2.8) for a large range of noise levels with specific choices of A.

such that we can get rid of choosing the extra hyperparameter A in (2.8). Moreover,
it is unclear what kind of theoretical guarantees we can obtain. Although we expect
that the global solution of the noisy DPCP problem will be perturbed away from
S+ with an amount bounded by an increasing function of the noise level, a precise

characterization of such relationship is of interest.

2.3.1.2 DPCP for learning a subspace with codimension larger than 1

In addition to the drawback that the existing analyses of DPCP for learning a single
subspace are restricted to the case of no noise, another drawback is that the current
analyses mainly focus on finding a normal to a single hyperplane that contains the

inliers by solving (2.2). Extending these ideas to the recovery of a subspace with
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codimension ¢ = D — d > 1 requires the recursive application of (2.2) ¢ times, with
each time finding a normal vector to S that is also orthogonal to previously computed
normal vectors. This procedure is computationally expensive and lacks a convergence
analysis. Moreover, the error accumulated during the recursion makes its behavior

difficult to analyze in theory.

A reasonable extension to the current formulation (2.2) of DPCP that learns an
element of a basis of the orthogonal complement subspace S is that we simultaneously
estimate the entire basis of S* by solving the problem

min
BERD Xc

L
X'B| = ; |#/B|, st. BTB=1. (2.9)

We call problem (2.9) a holistic approach as compared with the recursive approach
with problem (2.2). Note that (2.9) extends (2.2) in that it seeks a matrix B with
orthonormal columns that are orthogonal to as many data points as possible. We
remark that (2.9) has a close relationship to the formulation (2.6) of GGD [76]: the
former considers recovering the orthogonal complement subspace S* while the latter
focuses on estimating the actual subspace §. The fundamental reason for this difference
is that DPCP aims at the high relative dimension regime where d/D = 1, thus making
it more efficient to operate on the dual space. Similar to (2.6), (2.9) is an optimization
problem on the Grassmannian G(D, ¢) [34], i.e., the set of ¢-dimensional subspaces in
RP and is inherently non-convex. An open question that we answer in this thesis is to
establish conditions under which every global solution B* of (2.9) is an orthonormal

basis of St when no noise is present, and how the principal angles between Span(B*)
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and St behave as a function of the noise level when the data is noisy.

2.3.2 Efficient algorithms for learning a single subspace with

DPCP

When DPCP was proposed in [111, 112], the core nonconvex optimization problem
was solved by solving a recursion of convex problems based on linear programs (LPs),
and convergence guarantees were established. Nevertheless, the LP-based approach
lacks scalability for big-data applications. To alleviate the issue, [111, 112] recommend
solving (2.2) with an IRLS method that is more efficient but lacks a theoretical
convergence guarantee. Fortunately, [152, 153] take one large step forward by utilizing
a scalable Projected Sub-Gradient Method (DPCP-PSGM), which is proven to have
a linear convergence rate for solving the non-convex problem (2.2) and is orders of

magnitude faster than the LP-based method and IRLS scheme.

Two major limitations of the above algorithms are that, in accordance with Sec-
tion 2.3.1, none of them can provably handle the DPCP problem in the noisy case
or can be extended from codimension one to higher codimensions. On the one hand,
although DPCP-PSGM works well for road plane detection from 3D point cloud data
using the KITTI dataset [40], which is real (and hence noisy) data, it is unknown
whether it provably converges to a neighborhood of S in the presence of noise. On
the other hand, we are in need of designing an algorithm for solving the holistic DPCP
problem (2.9) that efficiently finds the entire orthogonal basis directly on G(D, c), as

opposed to the less efficient approach of solving a sequence of ¢ problems on G(D, 1).
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In fact, noticing that optimization problems on the Grassmannian G(D,¢) commonly
appear in a wide variety of applications, not only including robust subspace recovery
or clustering, but also dictionary learning [86, 100, 101, 102], subspace tracking [5],
system identification [116], action recognition [93], object categorization [49], and
blind deconvolution [148], it would be even more interesting to develop a generic
optimization technique over the Grassmannian with a particular application to the
DPCP problem. However, a key challenge is that the Grassmannian is a non-convex
set, making the associated results difficult to be established in terms of the theoretical

guarantees or the rate of convergence. We face this challenge in this thesis.

2.3.3 Learning a union of hyperplanes with DPCP

One nice thing about DPCP is that problem (2.2) can not only handle regular outliers
from the ambient space such as those appearing in the robust single hyperplane learning
case (Section 2.1.1) but also structured outliers coming from other hyperplanes when
the data points are drawn from a union of hyperplanes (Section 2.1.2) [109, 113]. It is
not known, however, whether DPCP can learn a normal to one of the hyperplanes in
the presence of both structured and regular outliers. In particular, [109, 113] define
the notion of a dominant hyperplane that depends only on the number of inlier points
in each group, while the global optimum also depends on geometric quantities related
to their distribution. In other words, its global optimality analysis lacks a precise
characterization of the distribution of the data. Moreover, the analysis in [109, 113]

is deterministic in nature and involves quantities that are difficult to interpret. It is
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desirable to leverage more transparent geometric quantities such as those introduced
in [152, 153] to derive a probabilistic analysis for the DPCP problem under a UoH
model. Finally, similar to the dilemma in the single subspace learning case, there
does not exist a scalable algorithm that ensures global convergence for learning a
single hyperplane for a UoH. Even more interestingly, provided a generic optimization
algorithm over the Grassmannian is developed (as discussed in Section 2.3.2) that can
be applied to DPCP for data drawn from a single subspace with outliers, is it possible
to extend the algorithm to a UoH setting while enjoy similar convergence properties.
Although the above challenges associated with DPCP under a UoH model do not have

clear solutions, we will address all of them in this thesis.
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Chapter 3

Single Subspace Learning Theory

with DPCP

In this chapter, we establish the theory for learning a single subspace with DPCP. In
particular, we provide geometric and probabilistic analyses for learning a subspace of
any codimension under both noiseless and noisy settings, which largely extends the
existing analysis of DPCP that has only been derived for learning a hyperplane with
noiseless data. In Section 3.1, we present the noisy analysis of the DPCP problem (2.2)
for learning a hyperplane. Then, in Section 3.2 we extend the method to simultaneously
learn the entire basis of the orthogonal complement subspace by solving the holistic
DPCP problem (2.9). Comparison with the theory of other closely related methods is

given in Section 3.3.
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3.1 Learning a hyperplane (codimension equal to

one)

3.1.1 Review of the existing analysis with noiseless data

We now briefly review the existing analysis [152, 153] of the DPCP problem (2.2) for
learning a hyperplane that contains noiseless inliers. Specifically, we will introduce
some useful geometric quantities that are also leveraged in our subsequent analysis.
For convenience, we repeat the optimization problem (2.2) here:

min |X7b| st bl =1. (3.1)

Here X = [X, O]T € RP*L is a (column-wise) unit f5 norm dataset, where X =
(1, ,xy] € RPN are N inlier points spanning a single d-dimensional subspace
S of R?, O = [0, - ,0p] € RP*M are M outlier points, and T' is an unknown
permutation matrix.

Since the objective in (3.1) is not continuously differentiable, we need to deal with

its subdifferential. Denote the sign function by

aflal, a#0,
sign(a) = (3.2)
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and denote the subdifferential of the absolute value function |a| by

We also apply sign and Sgn element-wise to vectors. With this notation, [152, 153]

first characterize the distribution of the inliers by

min

1
CX min .= —
TN pesnsD-1

x'o| . (3.4)

Note that cx min is also the permeance statistic defined in [61]. Well-distributed inliers
X leads to a relatively large value of cx min since it is difficult to find a single direction
b that is orthogonal to many points in X. Next, to characterize the distribution of

the outliers, similar to cx mi, [152, 153] define quantities

1 .

CO,min ‘= i béggfl (@) le and .
1 T

CO max ‘= M bgé%)fl @) b”l .

For well-distributed outliers O, the permeance statistics co min and co max are bounded
away from small and large values, respectively, since there is not a single direction that
sufficiently captures the distribution of O. Moreover, co max — cOmin — 0 as M — 0o

for well-distributed outliers [152, Lemma 4]. Finally, besides c¢o min and co max, [152,
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153] additionally characterize the distribution of the outliers using the quantity

1
© = — max
" M besp—1

(I bb")Osign(Ob)|

(3.6)

2 ?

which can be viewed as the maximum norm Riemannian subgradient of the function
ﬁ H(’)Tle. More uniformly distributed outliers lead to smaller values of ne. This

follows since if M — oo and O is well distributed, then ﬁo sign(O7bh) approaches

the direction of b, which leads to no — 0 [152, 153].

With the above geometric quantities, the following lemma characterizes the geom-

etry of critical points of the DPCP problem (3.1).

Lemma 1. ([152, Lemma 1]). Any critical point b of problem (3.1) must either be
a normal vector of S, or have a principal angle 0 from S* larger than or equal to

arccos (M7 e /Ncx min), where
No = No + - (3.7)

In other words, Lemma 1 indicates that any critical point of (3.1) is either or-
thogonal to the inlier subspace S, or is close to S, with its principal angle § from S+
being larger for well-distributed data points and smaller M /N. The following theorem
provides global optimality conditions for (3.1), under which any global minimizer

of (3.1) must be a normal vector to S.

Theorem 1. ([152, Theorem 1]). Any global solution b* to problem (3.1) must be
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orthogonal to the inlier subspace S as long as

M \/ﬁ%’) + (CO,max - CO,min)2

< 1. 3.8
N CXx min ( )

One can see that if the data points are well-distributed and we have more and
more inliers and outliers while keeping M /N fixed, then condition (3.8) is more likely
to be satisfied so that any global solution to (3.1) must be orthogonal to S. In order
to better interpret the result in Theorem 1, [152, 153] provide a probabilistic analysis
that characterizes the number of outliers that the DPCP problem (3.1) can tolerate.
Towards that end, they derive concentration bounds for the associated geometric

quantities under a random spherical model as we present next.

Lemma 2. ([152, Lemma 4]). Consider a random spherical model where the columns
of O and X are drawn independently and uniformly at random from the unit sphere
SP=1 and the intersection of the unit sphere and a subspace S of dimension d < D,

respectively. Fix a number t > 0, then

2

2 t
]P)Cx,minz _<2+2)/\/N 21—2672,

7d

P o < Co (VDlog D +1) /VM] 21 -2, (3.9)

+2

P {C(’),max — CO,min < (4 + t)/\/ M} > 1-— 2677,
where Cy is a universal constant that is independent of N, M, D,d and t.

We remark that the concentration bounds in (3.9) give us a better understanding
of those geometric quantities. For example, it shows that co max — cOmin — 0 as
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M — oo for well-distributed outliers. Furthermore, it tells us that Ncx min scales as
O(N) while Mne only scales as O(v M) with high probability. As we substitute the
geometric quantities in (3.8) with their concentration bounds, it leads to the following

probabilistic theorem.

Theorem 2. ([152, Theorem 2]). Consider the random spherical model described
in Lemma 2. Then for any positive scalart < 2 (1/% - 2), with probability at least

+2

1 —6e~ 2, any global solution of (3.1) is orthogonal to S as long as

(4+t)2M+OO(\/510gD+t)2M§ ( :dN— (2+;> \/N> ,

where Cy is a universal constant that is independent of N, M, D,d and t.

Theorem 2 suggests that the DPCP problem (3.1) can tolerate M = O (m]\ﬂ)
outliers, and in particular can tolerate M = O(N?) for fixed D and d, which is in
sharp contrast with many existing robust PCA methods (see [62] for an overview)
that can only handle M = O(N) outliers in theory. They attribute this advantageous
theoretical property of DPCP to the tighter geometric quantities used for the analysis.

Specifically, as shown in (3.8), the scalings of Mne as O(vV M) and Ncx min as O(N)

make it possible to tolerate as many outliers as the square of the number of inliers.

3.1.2 Analysis with noisy data

Although the theoretical features of the DPCP problem (3.1) developed in [152, 153]

are appealing, they have only been established for the idealized case when the inliers
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perfectly lie in the subspace. Yet, DPCP has proved to be competitive on noisy real
datasets, so that it is reasonable to ask whether similar theoretical guarantees hold
when there is noise in the data. As the first contribution of the thesis, we bridge that

gap by extending the analysis of (3.1) to the noisy setting.

Based on the discussion in Section 2.3.1, we consider the same formulation of the
DPCP problem as (3.1) but with noisy data. Let us repeat the problem here:

min |X7B| st (bl =1,

where X = [X + £, O]T' € RP*L ig a unit £, norm dataset that contains noisy inliers,
namely € = [e1,- -, ex] € RP*N is additive noise for the inliers X. Since noiseless
DPCP is a special case of the noisy problem with € = 0, in the rest of the section,

unless stated otherwise, the dataset X refers to the one containing noisy inliers.

Towards analyzing the noisy DPCP problem, we first define the random spherical

model under which the data points for all the simulations in this chapter are generated.

Definition 1 (Random spherical model for a single subspace). Consider a random
spherical model where the columns of © are drawn uniformly from the sphere SP~1, the
columns of noisy inliers X + & are drawn by first independently generating inliers from
N (0, 5735) and noise from N (O, %ID), and then projecting their sum onto SP~1!,
where d = dim(S), Ps is the ortho-projector onto S, and o > 0 controls the amount
of noise present in the inliers; under this model, the SNR is E[||X || ]/ E[||E]|lr] = 1/0.

In the analysis presented in this thesis, we always assume o < 1.
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We aim to provide a global optimality analysis for the noisy DPCP problem (3.1).
Note that any global solution b to (3.1) must be a critical point, i.e., there exists

veo H}(VTle such that (I —bb")v = 0, where
0| X78| = (X +€)Sen (X +£)"b) + OSgn (0'b) .

When noise is not present (i.e., & = 0), the term Sgn ((X +8)Tb) = Sgn(X'h)
is simple since it only relates to inliers. In the noisy case, however, it is much
more complicated to deal with this term. For example, since the function sign is
discontinuous, Sgn ((X + & )Tb) cannot easily be separated into two parts with one
part only involving the inliers and the other part only involving the noise. As a
consequence, compared to the noiseless case, a significantly more technical analysis is

required to analyze the effect of noise.

Geometric quantities. We now introduce several helpful geometric quantities
for analyzing the noisy DPCP problem. Since the noise dose not affect the outlier term
O in the dataset X , we borrow the quantities o max, Co min and 1o (see Section 3.1.1)
from the noiseless analysis [152, 153] to characterize the distribution of the outlier
points. As for noisy inliers, to facilitate an analysis, we decompose the noise as
E =&+ E&,, where &, is the projection of the noise onto S and &, is the projection
of the noise onto S*. Denote X := X + &, and € := £, so that the columns {Z;}
of X lie in S and the columns {€;} of € lie in S+ for j = 1,---,N. X can be
viewed as effective inliers since they lie in §, whereas £ can be interpreted as effective

noise because it perturbs X away from S. Similar to cx min in (3.4), we define the
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permeance statistic [61] associate with the effective inliers as

1
Cos . i — — mln
&',min N besnsP-1

ﬁle, (3.10)

which attains larger values for better distributed inliers. Note that cg . involves a

mixture of inliers and components of noise projected onto S. This particular integration
of inliers and noise leads to tighter deterministic bounds in the deterministic phase of
our analysis. Next, we capture the effective noise £ via the quantity

é‘l’

(3.11)

1
Ccp = — max
£, max N besinsb-1

which is closely related to the total inlier residual Z(S) = Z _1 |I€;]|2 used by
[61] to measure the level of the effective noise. By the Cauchy-Schwartz inequality
‘%Tb‘ < [|&ll [Ibl[2, it is clear that cz . is a lower bound of Z(S) since [|bl> = 1.

Indeed, Z(S) only depends on the energy of E, whereas cz

£ max also depends on the

distribution of €: the more uniformly distributed € is in S+, the smaller CE nax

becomes. Thus, ¢z leads to a tighter result in our analysis than if one used %(S).
,max

Finally, two more definitions are needed for our analysis:

M 7 CE max
R, s:=— and Rz 5= ——. (3.12)
o/x N £/% - ~
/ N CX / CX,min
Ro - and R can be simply viewed as outlier-to-inlier and noise-to-inlier types of

ratios, respectively. When we fix the inliers and outliers, Rg/ 5 is proportional to the
noise level (see Figure 3.1a). Similarly, when we fix the inliers and noise level, R, R
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Figure 3.1. Plots of RO/A? and Rg/f as a function of (a) o and (b) outlier ratio. Here we
fix D =30,d =29, N = 1500, and M /(M + N) = 0.7 in (a), and o = 0.05 in (b).

is proportional to the number of outliers (see Figure 3.1b).

3.1.2.1 Geometry of the critical points

For the rest of the analysis, let 6 € [0, 7/2] be the principal angle of a vector b € SP~!
from the orthogonal complement subspace S*. Thus, b is normal to S if and only if
0 =0. Using R, and RE/ 5 defined in (3.12), we can now characterize the geometry

0/x

of the critical points of the noisy DPCP problem (3.1).

Lemma 3. Assume RO/)? <1 and

32Rg

%
2 ~ 2 -~
</R0/§+8_3R0/X> (’Ro/£+8+RO/x>

<1, (3.13)

N
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then any critical point b of problem (3.1) has its principal angle 6 from S* satisfy
0 <sin"(t;) or 6>sin(ty), (3.14)
where 0 < t; <ty < 1 are the two nonnegative roots of the quartic equation

t4+<R2 A—1>t2+4R R

2 _
o2 st +4R% 5 = 0. (3.15)

o/X"E/1x £/x

Proof. As the first part of the proof, we prove a useful result.

Sublemma 1. Given 0 < a <1 and g > 0, the equation

h(¢) := sin(¢) cos(¢) — asin(¢p) — 26 =0

has two roots in (0,7/2) if and only if

3203
(\/&2 +8— 3a)3/2 (\/042 + 8+ a)1/2

< 1.

Proof. Note that h(0) = —25 < 0 and h(7/2) = —a — 25 < 0. One can compute its

derivative as

R (¢) = 2 cos*(¢) — acos(p) — 1

and A'(0) =1 —a > 0 and h'(7/2) = —1 < 0, which means h(¢) is increasing at ¢ = 0
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and is decreasing at ¢ = w/2. By solving h'(¢) = 0, we obtain

_ 718 _ a—+aZis
Cos(gzﬁ):a—i_f_*—>0 or cos(gb):af—i_<0.

Since we are only interested in the domain [0, 7/2], the second solution is discarded.
Moreover, a € [0,1) implies (a + Va2 +8)/4 € [v2/2,1), so ¢ = arccos((a +

va? +8)/4) is indeed a extreme point of h(-) in [0,7/2]. Combining the facts that

R (¢) > 0 for ¢ € [0,arccos(9)), h'(¢) < 0 for ¢ € (arccos(¢), /2], and there is only
one extreme point ¢ in [0, 7/2], we know that ¢ is a maximizer. Therefore, h(¢) has

two roots in (0,7/2) if and only if h(¢) > 0, which is further equivalent to

sin(¢) cos(¢) — asin(¢) — 28 > 0

& (1 cos’(9))(cos(¢) — a)* > 45°

& (8-20* —20Va? 18) (Va2 18 - 3a)" > (326)’
& (Va?18+a) (Va2 8-3a) > (328)°
N ( /a2—|—8—3a)3/2 (\/a2+8+oz)1/2 > 320,

thus completing the proof of the sublemma. O

Continuing with the proof of Lemma 3, we show that as long as R, & < 1 and
(3.13) holds, the quartic equation (3.15) must have exactly two roots in [0,1]. We

consider two cases: Rg 5 =0 and Rg 5 > 0. If Rg/ % = 0, then the quartic equation

£/ £/x
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(3.15) reduces to

th+ (Rﬁo/f —1)t* =0, (3.16)

which has two roots in [0, 1] (namely 0 and /1 — Ré /XA)' On the other hand, if

Rz, 5 > 0, consider the following equation for ¢ € (0,7/2):

£/xX
h(¢) := sin(¢) cos(¢) — sin(qﬁ)Ro/A? — 2Rz =0. (3.17)
Letting ¢ := sin(¢) € (0, 1), we have
tV1—# =R, 5+ 2Rz 3,
which is equivalent to the quartic equation (3.15):

t+ 4R%

4 2 2 —
'+ (R2 o — 1)t? +4R L=

0/x R

ozl /% 0. (3.18)

This tells us that each root ¢ € (0,7/2) of h(-) corresponds to a root t = sin(¢) € (0,1)

of (3.15). It follows from Sublemma 1 that condition (3.13), R € [0,1] and

o/x

R~

/% > 0 together ensure that the equation in (3.17) has two roots ¢y, ¢ € (0,7/2).

Then, from the above discussion, we know that sin(¢;) and sin(¢s) are two positive
roots in [0, 1] of the quartic equation (3.15). Moreover, according to Descartes’ rule of
signs, (3.15) has zero or two positive roots, so that there are no other positive roots.

Therefore, we conclude that if R, < 1 and (3.13) holds, the quartic equation (3.15)

0/x
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must have exactly two roots in [0, 1], and we denote them as 0 <t; <ty < 1.

Next, let us consider the geometry of the critical points of problem (3.1). Similarly,

we consider two cases: R = 0, the problem reduces to

F= 0 and Rg/XA > 0. If Rg/‘?

£/
the noiseless case as analyzed in [152, 153] with dataset [X O] (recall that the points

in X lie perfectly in the inlier subspace §). According to Lemma 1, we have

sin(f) =0 or sin(d) > ,/1— Ré/f. (3.19)
Moreover, according to (3.16), in this case we solve for the two roots of (3.15) as

ti=0and ty =, /1 — RQO/)?. Combine this with (3.19), we obtain

sin(f) =t; or sin(f) > to. (3.20)

In the remainder of the analysis, we consider the case Rg %> 0. For any critical
point b of problem (3.1), we decompose it as b = sin(f)s + cos(#)n, where 6 € [0, 7/2]
is the principal angle of b from S*, s € S, andn € S+ with ||s||; = ||n|j2 = 1. Note
that if @ = 0 or @ = 7/2, then (3.14) trivially holds. Hence, for the remainder, assume

that 0 € (0,7/2). For any critical point b, there exists a vector v € 0 HXNTle so that

(T-bb")v=0. (3.21)
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We further explicitly write down the subdifferential of H;YV Tlez

6HXTbH = ZSgn( :1:] +€j)Tb) m] +€j ngn( )Oj»

and thus the v as defined above in (3.21) can be written as

N M
v=> sgn ((:ch + €j)Tb) (Z; + €) + Y _sgn (oij) 0j, (3.22)

j=1 7j=1

where sgn(z) denotes a specific element that belongs to the subdifferential Sgn(x).

Define y := — cos(6)s + sin(#)n, which is orthogonal to b. Then, we have that

o=

7)) - o (- 7)< o7
sgn ((:ﬁ] + €j)Tb> (:ﬁ]T + E;r)y + % sgn (o?b) o;.ry
=1

N
>
=1

N

> sgn (Sin(e).i';s + cos(9)€;rn) (— cos(@):ist + sin(ﬁ)éjn) (3.23)
=1

+ % sgn (oij) ojTy
j=1

N M
= | —cos(0) > sgn (5:st + cot(0)€an) (@Ts - tan(&)@Tn) + > sgn (o]Tb) oy

Jj=1 Jj=1

N
— | —cos(6) 3 sen (:?:st + cot(@)@n) (@TS + cot(@)éan)

J=1

N M
+ cos(6) Y sgn (a?:]Ts + Cot(@)ngn) (cot(f) + tan(f)) €/ n + Y _ sgn (oij) oy

j=1 j=1

(3.24)

> cos(f Z‘m s+ cot(f)e€; n‘ ( ]-Tb>0jTy
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N
—cos(0)] > sgn (5\3;8 + cot(@)@}n) (cot(f) + tan(#)) EJ-Tn
=1
N N
> cos(6) > ‘:E]TS + cot(@)o??n‘ —cos(0) Y (cot() + tan(6)) ‘€;rn‘
j=1 =1
M
— Z sgn (oij) ojTy
j=1
N N M
> cos(6) > ‘:E]Ts‘ — (2cos(f) cot(8) + sin(6)) > ‘?jn‘ — > sgn (oij) oy
=1 j=1 j=1
> cos(O)Nes - — —2 Nea  — Mo, (3.25)

X ,min sm(@) C&max

where (3.23) follows from the decomposition of b and y plus the fact that &; L n,€; L

s, (3.24) follows from

@Ts _ tan(@)Ean = (:fg;s + cot(@)@?n) - (cot(@)Ean + tan(@)ngn) :

(3.25) uses the definition of ¢z . in (3.10), the definition of ¢z in (3.11),

_2cos?(0) +sin?(0) 2 —sin*(0) 2

—(2cos(f) cot(f) + sin(h)) = Sin(0) = S0 (0) > ~sin(0)’

and the fact that the general position [152, 153] of data ensures that b can be orthogonal
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to at most D columns of O:

M
Z sgn (ojb) o;-ry = Z sign (o}b) ojTy + Z sgn (0ij> ojTy
Jj=1 {j:o?b;éO} {j:o;rbZO}
M
<> sign (oij) o/y[+| D sgn (o}rb) 0y
Jj=1 {j:0] b=0}

<  max ‘gT(’)sign((’)Tb)‘ +D

g,beSP-1g1b
_ BT REYO R T
= Hmax, (I —bb')Osign(O b)H2 + D

= M(no + D/M) = M7e.

Therefore, we obtain

0> cos(0)Neg o — m]\fcamax — M7, (3.26)
which is equivalent to
2 NCgm Mﬁo
0) — o <0 3.27
COS( ) sm(@) ch min ch min ( )
2
< sin(f) cos(f) — sin(Q)RO/f — 2Rz <0 (3.29)

where we use the fact that N €% min # 0 since R, %< 1, and the definitions of Rg/ %

and R, 3 from (3.12).

From (3.29), Sublemma 1, Rz % € [0,1), Rz % > 0 and condition (3.13) we

know that h(6) := sin(f) cos(d) — sin(0) R 2Rz has two zeros 6,0 € [0,7/2]

0/x
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(suppose #; < 65). Based on the proof of Sublemma 1, we know that h() < 0 for

0 € (0,6,)U (09, 7/2). In other words, the solution for inequality (3.29) satisfies either

0<0<6, or Oy<0<m/2 (3.30)

From the previous discussions on (3.17) and (3.18), we know that zeros 0y, 6, € [0, 7/2]
of h(-) correspond to roots t; = sin(¢,) and ¢t = sin(fy) of the quartic equation (3.15).

Combining this fact with (3.30), we have either
sin(f) <t; or sin(f) > to. (3.31)

Finally, (3.20) and (3.31) together imply that any critical point b of problem (3.1)

must have its principal angle 6 from S+ satisfy either
sin(f) <t; or sin(0) >ty

where 0 < t; <ty < 1 are the two nonnegative roots of the quartic equation (3.15). [

Discussion of Lemma 3. First note that Ro / < 1 ensures that the de-

x

nominator of the LHS in (3.13) is well-defined. Since the function a — f(a) =
3 1

(\/a2 +8 — 3a)2 (\/a2 +8+ a)2 is decreasing between [0,1] with f(0) = 8 and

f(1) = 0, (3.13) implies that larger noise levels lead to smaller numbers of out-

liers that DPCP can tolerate. With (3.13), it can be shown that (3.15) has two

nonnegative roots 0 < ¢; < t3 < 1, and (3.14) implies that none of the critical points
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0.25 10 0.25 1.0
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Rosz Ro®
(a) Value of t; (b) Value of to

Figure 3.2. Plot of (a) ¢; and (b) ¢2 while varying RO/)? and Rg/)?. In each plot, condi-
R

tion (3.13) holds only below the curve, which corresponds to valid pairs of (RO iy f)
have principal angle in (sin™!(¢;),sin"!(¢y)). Figure 3.2 displays ¢; and ¢, while varying
Ry, % and Rg) 5 under condition (3.13). One can observe that smaller percentages of
outliers and noise levels lead to t; being closer to 0 and t, being closer to 1, which

means that critical points of (3.1) either lie in a neighborhood of S* or close to S.

When there is no noise (£ = 0), Lemma 3 reduces to Lemma 1 [152, 153]:

Rz z = 0and R, 5 = To/Cx.min, 50 that (3.13) always holds and (3.15) becomes

t* + (Mo /camn)* — 1)t* = 0, which implies t; = 0 and t, = \/1 — (Mo /cx,min)?-
Nevertheless, we stress that the proof for Lemma 3 is far more complicated than for

the noiseless case, partly because of the need to deal with Sgn ((X +E& )Tb).

Proposition 1. Assume Ro/)? < 1 and condition (3.13) holds. Let 0 <t; <ty <1

be the two nonnegative roots of the quartic equation (3.15), then ty is upper bounded by

25
t1 < ————— Rz 5. (3.32)

(1 B RO/£)2 E/X
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Proof. First of all, according to the proof of Lemma 3, RO/X < 1 and condition (3.13)
ensure that the quartic equation (3.15) must exactly have two roots in [0, 1], and
we denote them by ¢; and t, with 0 < ¢; <ty < 1. Let t3 and t4 be the other two
roots of (3.15). Based on the relationship between coefficients and roots (Vieta’s

Formulas),we know that

Zt—() and Ztt =Ry~ 1L (3.33)

and thus

zilt? - (i t) ot =2 (1 Ky ). (3.34)

i=1 ij

. L . 2 .
Setting v := \/2 (1 Ro/2>, it then follows that

4
V2:Zt?2t? or v>t; forj=1,--- 4. (3.35)

We claim that the roots t;,i = 1,--- ,4, must satisfy the following inequality:
0/x 0/xX"VE/X

<R2 o 1) £+ 4Ry R gv +ARS 5 > 0, (3.36)

where the original linear term 4R, $Rz 3t in (3.15) reduces to a constant term

AR, 3Lz zv in (3.36), thus allowing (3.36) to be solved as a quadratic inequality. In
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fact, for any t;,i =1,--- ,4, we have

2 2
<Ro/x )ti+4RO/XR£/Xu+4R§/£
_ 2 2 AR o~y — ARt
_ < + (R o= D2 +4R,, R ot +4R£/x> +4Ry 5Rg v — ARo 2Rz ol

=0 +4RO/.§R§/.§(V —t;) >0,

where we used (3.35) and that ¢;,7 = 1,--- , 4, are solutions to equation (3.15).

By viewing (3.36) as a quadratic inequality of u := t?, we have

2 2
w (B 5= 1) ut ARG gl gy + AR 5 > 0, (3.37)

and the associated quadratic function has the following two zeros:

2 2 _ 2 ~R~ ~
(1-Ry o)+ \/( Ry 2V —16RZ 5 —16R, 3Rz o
U2 =
2
1 2 1 2
— 2 2 2
=3(1- R, 5)+ \/<2(1—R /A)) 4RZ & 4fRO/X g/x/ — R %

(3.38)

Note that (1 — Ré/f)Q - 16R‘2§/£ —16R, 5Rg gV > 0 is guaranteed by (3.13), and

uy 2 € [0,1]. Therefore, (3.36) implies that there exists ¢ > 0 such that ¢, satisfies

B2 @) =10- R, 5)

2
— R2 — _ 2
+\/< (- R 5 )) ARZ o=~ 2Ry 3R 5\ 1 - R, 5

In addition to the first and second order symmetric sums (3.33) for the roots of (3.15),

(3.39)
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we also have the third and fourth order relationships

t1t2t3 + t1t2t4 + t2t3t4 -+ t1t3t4 = _4RO/5€'\R§/?/€'\ and t1t2t3t4 = 4R2§/2 (340)
Reorganizing the first equation in (3.40), we have
tita(ts + 1) + (1 + B)tsts = —4Ry, 3Rz % (3.41)

Since t3 + t4 = —(t1 + t2) from (3.33), we rewrite (3.41) as

(t1 + t2)(tsts — tit2) = —4R, 5Rg 5,

which implies t3t4 < t1t5. Combine this with the second equation in (3.40), we have

tats < 2Rg/£. Noticing that

sty = (ts +t4)> —t2 —t2 = (t, +12)*> — 2(1 — Ré/g) +

follows from (3.33) and (3.34), we find together with #3t4 < 2Rg 3 that

£ +toty + 15— 2R,

g2 (L-Ry 3) <0 (3.42)

o0/x

Viewing this as a quadratic inequality with respect to ¢;, we solve (3.42) for ¢;:

1
1 < 5 (—tz + \/4(1 — Rz')/.§> + SRE./XA — 325%) . (3.43)
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We now validate that the square root in (3.43) is well-defined. In fact, we have

(1—R§9/X)+8R =3ty =2(t; + 13 + 5+ 13) + 8Rg 5 — 33

> 22 + 13 42+ 13) 4 4tsty — 33
=212 — 12 + 2(ts + 1y)?
=22 — 12+ 2(t; + 1o)?

= 4t] + 5 + 4tyty > 0,

where the first equality follows from (3.34), the inequality follows from ¢3¢, < QRE/ >
and the third equality follows from (3.33).
Combine (3.43) with to >t > 0, we have
1
= (—t’ 4 \/4(1 R o)+ 8Rg 5 — (1) ) (3.44)

Recalling the definition of ¢ in (3.39), we have

2 72
L= Ry 5~ ()
2
_ 1 2 1 2 2 2
- 5(1 - Ro/x) \/(2(1 - RO/X)) - 4RA x 4\fRO/.J( S/X\/ Ro/x

2 2
4RA/A+4JRO/X g% /1 R(’)/X
- 2
11 _ p2 11 _ p2 Ap2 P 2
l1- R )+ \/ (( RO/X)) ARY o~ VIR 2R 2\ [1- B2

0/x

4R§/x+2fR£/x _ 8+4f R

< _
= — 2 _ 2 £/x
1 R o) G
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which follows from RE/X < land av1 —a? <1/2for any 0 < a < 1. Then we obtain

8 + 42
< (1 oy /X) CR SV Re s (3.45)

Now we are able to bound the RHS of (3.44):

41— R2 o) +8Rg 5 — 3(t)? — (t')?
th < % (—t’ + \/ (1 — R? /X) + 8RE/A/:'\ _ 3(t/)2> _ % O/X £/X
\/4(1 R )+ 8Rg 5 — 3+

)+ 4 1648V2 B
1— RQ/ E/Xx

4R~ =+ 2(1 RZ/)—Q(l—RQ/

\/4(1—R2/ o) +8Rz, 5 — VAT +

o 1648v2 p
4R5/x 1= R2 Re/x

<
(1—32/ S)+ (1-[) /1—ng/

A 16+8\/ A
X g B p

(3-V3) /1_339/2 S BV RY PR TER T (1= R g EI

where the second inequality follows from (3.45) and va — b > /a — v/b for a > b > 0,

IN

the third inequality follows because the denominator is an increasing function of Rz 2

so we substitute Rz, 5 with 0 in the

(notice #' is itself a decreasing function of Rz ) ) £/%

denominator to get an upper bound. This completes the proof. O

Discussion of Proposition 1. The upper bound for ¢; in (3.32) helps in further
interpreting Lemma 3. In particular, this means that ¢; is close to 0 when Rg 2
and R, /& are small. More generally, for fixed O and X, , (3.32) guarantees that ¢; is

perturbed away from 0 by at most the effective noise level, which is intuitive.
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3.1.2.2 Geometry of the global solutions

We are now ready to provide deterministic conditions under which any global solution

to the noisy DPCP problem (3.1) lies in a neighborhood of S*.

Theorem 3. If R < 1, (3.13) holds, and

0/x

M CO,max — CO,min <t R
— 9 — ~ ~
N Ca E/ X

X ,min

(3.46)

then any global minimizer b* of (3.1) must have its principal angle 0% from S* satisfy

0* < sin"'(t), (3.47)

where 0 < t; <ty <1 are the nonnegative roots of (3.15).

Proof. Since R,,, s < 1 and (3.13) holds, we can apply Lemma 3 to obtain that any

o/x

critical point b of problem (3.1) must have its principal angle 6 from S+ satisfy

sin(f) <t; or sin(0) > to,

where 0 < t; <ty are the two nonnegative roots of (3.15). Since a global minimizer
b* must be a critical point, for the sake of contradiction, let us assume (3.47) does

not hold, which allows us to conclude that

sin(6%) > t. (3.48)
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Moreover, for any global minimizer b*, we decompose it as b* = sin(6*)s + cos(6*)n,

where s € S,n € S* and both s and n are unit vectors. Observing that

H;\?Tb* — min ||X bH < min HXTbH
1 pesP-t besP-InsL 1
B bESE’n*ilrerSi {Hg—rle T HOTbul} S Ncg,max + Mcovmax
and
[T =@+ e +§:’oij*
j=1

Z’ATb*

+ Z ‘oTb*

= sin(# Z ’:c s‘ — cos(0") i\f: ‘ejn‘ + Z ‘oTb*

> sin(6*)Neg

X ,min

— Ncg + MC(’),mina

£ max

it follows that

sin((*)Neg . — Necg

X, min £ ,max

+ Mco,min < Ncg,max + MC(’),maX

or, equivalently, that

Mc(’),max MC(’) min T 2Ncg

. * £, max
< : 4
sin(6%) < Neg o (3.49)
Combine (3.48) and (3.49), we have
Mc(’),max MC(’) min T QNCg ‘max
> t27
ch min
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and after rearranging and using the definition for RE/ 7 In (3.12), we have

% CO,max — CO,min

Z t2 - 2RE Yo
N C.?,min i
which contradicts the condition (3.46), and thus completes the proof. [

Discussion of Theorem 3. Theorem 3 builds upon Lemma 3, with the intuition
that critical points that are close to the subspace S (i.e., for which * > sin™!(t,))
cannot be global minimizers as they result in large objective values. As long as
data points are well-distributed (small o max — €O min, large €% min’ large t5) and
effective noise is mild (small cz ), (3.46) will be satisfied and global minimizers

must be close to S*. When £ = 0, we have already remarked that ¢; = 0 and

ty = \/1 — (Mo /cx min)?, which together with (3.46) and (3.47) imply that global

minimizers are orthogonal to § when

M CO max — CO,min
&0, min \/1 — (Mo /Cxmn)?,
N CX min

which is precisely Theorem 1 of [152, 153] under the noiseless setting.

Corollary 1. Assume RO/)? < 1. If it holds that

%Co,max — CO min
N

<t - QRg/XA, (3.50)

C?/(\,min

then any global minimizer b* of problem (3.1) must have its principal angle 8* from
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subspace S* satisfy

sin(0*) < ———— - Rz

(1-R, o) &2 (3.51)

where t' is defined in (3.39).

Proof. We first show that if ¢ in (3.39) is well-defined, then (3.13) holds. In other

words, we show that if
2

1 2 2 2

(30~ R2,5)) — 4R 5~ 4V2Ro gRg 2\ [1 - R

then (3.13) holds. For the sake of contradiction, assume that (3.13) does not hold, so

that according to the proof of Sublemma 1, we have that
h(6) i= sin(9) cos(9) — Ry 5 5in(6) — 2Rz 5 < 0
for any ¢ € [0,7/2]. Let ¢ := sin(¢) € [0, 1] so that
tV1—# < Ry, 5t + 2Rz 3,
which leads to

h(t) == t* + (R Dt* + 4R

0/x R

2
0/% §/£t+4R§/§ZO (3.53)
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for any ¢ € [0,1]. Now let us consider the quadratic function

7 2 2
h(u) = u® + (R, 5 — Du+4V2R, 5./1 — Y, olez +4R 5

whose discriminant A := (1 — Ré/x) — 16R£/x 16\/§R0/£Rg/2? 1— R?

which is exactly the assumption (3.52). Notice that the minimizer of h(u) is u* =

(1-— /2 € (0,1) for any u we have

Ro, %)

1-R2 .\° 1— R?
_ o/x 2 o/x 2
_( 5 ) +(Boz—— +4V2R, 2 /1 = R, 2le iz + 40 5

1—R2 _\? 1— R2 1 - R
o/x 2 o/x O/X 5
> 2) (RO/X )f + 4RO/X #Rs/x + 4R5/x
1 - R?
_ o/x >0
5 >

where the second inequality follows from 4v/2 > 4/4/2 and the last inequality follows
from (3.53). Since h(u) > 0 for any u, which means A < 0, we reach a contradiction
0 (3.52), i.e., A > 0.

We proved that the existence of ¢’ in (3.39) implies condition (3.13). Together

with R < 1 and t’ > ty, we find that (3.46) holds. Then (3.51) directly follows

o/xX

from the results of Theorem 3 and Proposition 1. O]

Discussion of Corollary 1. Corollary 1 is more interpretable than Theorem 3

in characterizing how global solutions to the noisy DPCP problem (3.1) are perturbed
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away from St. Concretely, it removes the obscure quartic equation (3.15) and only
relies on geometric quantities such as R, 2 and Rg/ - Still, it is of the deterministic
type, and we are also interested in the statistical behavior of the geometric quantities

in the noisy case that allows for a better understanding of the problem.

3.1.2.3 Probabilistic analysis

In this section, we provide a probabilistic characterization of global optimality of the
noisy DPCP problem (3.1). Since the associated geometric quantities play critical
roles in the deterministic analysis, understanding their statistical behavior is key to a
probabilistic analysis. Towards that end, we first give their concentration bounds. Note
that the outlier-related geometric quantities, namely ¢o max, Comin and 7o, are the
same as in the noiseless case under the random spherical model (see Definition 1), and
their concentration bounds are already given in (3.9). We only derive concentration

bounds for c¢5 . and cg  that are newly introduced under the noisy setting.

We start by presenting some useful preliminary results in statistics.

Lemma 4. (McDiarmid’s Inequality, [78]). Let Z1,. .., Z, be real-valued independent

random variables, f : R™ — R be a function that satisfies

sup f(zla"' y Ri—1y iy Zitly """ 7271) - f(’zl?"'721'71721/'727;4*17... 7Zn) S Ci,

!
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for everyi=1,--- ,n. Then

P

f(Zyee Z) —EB[f(Z1,-- Za)] | Z €

2¢>
S 2 €Xp —W .
i=1Ci

Lemma 5. (Rademacher Comparison, [59, Equation (4.20)]). Let F: R — R be a
convex and increasing function, ¢; : R — R for 1 < i < N be 1-Lipschitz functions
such that p;(0) = 0, and ; for 1 <i < N be Rademacher random variables. Then,

for any bounded subset T in RN, we have

E <E

F((t sup Zfi%’(l‘i))

1 tN)ET =1

N
F sup Z&'ti )
(1, tN)ET =1

Lemma 6. (Rademacher Symmetrization, [56]). Let F be a class of functions f :
R — R such that 0 < f(z) <1, and ¢; for 1 < i < n be Rademacher random variables.

Then for independent and identically distributed random variables Zy,- -+ , Z,, we have

K ?EJIT) (lelz:ﬂZZ) - E[f(Z)]) <2E ?16112711 gng(zz) and

E |sup (E[f(Z)J -

fer

if%)) < 9B [sup - > ef (7).

i=1

Moreover, the result also holds for multivariate random variables Zy,--- , Z, and Z.

Bounding c % min® In the following, we present the concentration bound for ¢ % min

under the random spherical model specified in Definition 1.

Lemma 7. Consider the random spherical model in Definition 1. For a fixed number
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t >0, we have

2 t 1 t2
Plecs . > — — 24+ =) —| >1—-2e 2 .04
CX,mln — ﬂdp(U) < + 2) /—N = € (3 5) )
where
1
p(0) i= (1= ) Fp-aa () (3.55)

with Fy, 4,(+) the cumulative density function (CDF) of F-distribution with Fy, 4,(0) =0

and Fy, 4,(00) = 1. Moreover, we have p(c) =1— O(o + o).

Proof. According to the generative model in Definition 1, let &y, -+ , Ty ~ N (O, éps),
and €, - ey ~ N (O, %I) so that the normalized noisy inliers X + £ are given as
g A e
T+ € T €
1+ €12 N T En|l2 (3.56)
£_ € €N ]
[Z1 + €2 [Zn +€n2
We denote
Es = l & 2 1 and
3 T+ € Ty +E€
mral o +enls -
n - — — 9
[T1 + €l [Zn +€nl2

where £, = Ps€ C S and &, = (I — Ps)€ C S*t. By definition, X =X+ &, and
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thus

N
C% min = Z ’ATb’ min — Z ‘@Tb‘
Jmin beSmSD 1 N loll=1 N =

1 N

= min — Z
[b]=1 N =

(mj + ej)Tb

|5 + €l|2

1 X = +€
= min — 7”7] jHQ "U;—b’,
lbll=1 N 5= (|25 + €l

where v; is the direction vector of &; such that ||v;||o = 1. Denote the scaling factor

of &; by
|5 + €]

R; =
T = el

(3.58)

we are interested in E [R;]. Consider the following random variables

1= + €113 |1 + €13
YJ'::RJZI —J, —{2:—, jszijand
[z +€lz [z + €l + [[€7]3
o € $X . (D—d)® X /(D —d)
T+ €3 3+ %)Xi D + do? X2/d
(D —d)o?
~———F(D —d,d
D + do? ( )

where X} is the chi-square distribution with d degrees of freedom, and F(dy, ds) is the

F-distribution with parameters d; and dy. Note that

1

<.
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and that, for any a € [0, 1], we have

P[Rjga]:P[\/?jga]:P[YjgaZ]:P[Y2@2] =1-P

1 1

D + do? D+do? /1
R, P ( - 1)
(D —d)o? (D —d)o? \a?

peae (1)

D—d)o?
:1_/< )
0

where fr is the probability density function of F-distribution. Hence

:HP[

fr(t; D —d,d)dt

E[R,) :Alaij(a)da:/OladFRj(a):aFRj(a):—/olFRj(a)da

1 p-Dtde® (14
://<D‘d>"2(”2 et — d,d)dtda
0 JO

1m0 155 (e)
2/ / PNC) p 4D — d,d)dtda (3.59)
0 0
1—0o D+do? (20)
2/ /‘D*‘”‘” fe(t: D —d,d)dtda
0 0

D/oc+d
= (1 - U)FD—d,d (2530—d0> )

where the second inequality follows from 1/(1 — 0)? = >2,(i + 1)o".

For any b € SP~! we define the function f, : SP~' NS x [0,1] — R by

_ =5 + €l

ST b0 = R;[b7v,).

fo(vj, R;)

We let pio1) and pgp-1ns denote the uniform measures on [0, 1] and SP=1N S, respec-
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tively. Then, it follows that

Bllare] = [ o Bon R i s

— AT,
B v ESD—IQS/O R] ’b ’U]‘ dN[O,l] dPJSDflmS

1
= /0 R] d,U,[Q” /vjeSDlmg ‘b ’UJ‘ d/JJSDflmS

= caE [R)]
2 D/o+do
2 zqlt — ) Fp-aa (22_0;)

where ¢4 is the average height of the unit hemisphere of R?, the last equality follows
from [112, Equation (59)], and the last inequality follows from (3.59) and ¢; > /2/(7d)

(as shown in [152, Footnote 9]). Therefore, we obtain

Eo:=E|[|2/b]| > \/3(1 — 0)Fp_a4 <2Dg’_+jg> . V5. (3.60)

We are now ready to bound cg5 . . Note that
,min

€% min = ubu2 1N ¢ Z ’ATb’ B ubug 1N ¢ Z ’C'A’Tb’ Eo + Ko
(3.61)

[[bll2=1

=[E, — sup (Eg - = Z ’aA:Tb‘)

Since SP~! is compact, there exists b™ € SP~! that achieves the supremum in (3.61).
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Then for any &1, &, -+ , T n, T}, we have

)

. 1 .
bl (EO_Z‘ Tb‘) " olazt (EO_N# (201 +
1 =T 1 ~T STt
-y S|~ (8- y (e o))
Jj=1 J#k

[

<

1
N

CRECE

Applying Lemma 4 with ¢, = 1/N, we have

P < 262N

6

[b]l2=1 l[ll2=

sup (]EO - — Z ’ATb’)

sup (Eo - — Z ‘ATb})

(3.62)

Moreover, we have

E | sup E—li‘i—rb‘
o=t \ N =

N
1
<2E | sup —Zsj Z]b|| <2E| sup 26] Z.b
[nbnz:lN e ‘ ’ ‘ b=t N =

) N (3.63)
=—E | sup <b, Zejfﬁj> Zsjmj

N liele=1 \ 5= )

2 o I 2
<— |E T <— |E|N ET T | = ——
SN j;s]mj 2 SN +;8z5ﬂ3@ x; N

where the first inequality follows from Lemma 6, the second inequality follows
from Lemma 5 by letting ¢;(-) = | - |, and the third inequality comes from Jensen’s

Inequality. Applying (3.63) to (3.62), we obtain

P

< 26—2621\/_

sup ( o—Z‘@Tb‘) >

[[bll2=1

=l
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Therefore

P

< 26—252N.

1 X 2
Ey— sup |Ey— — /bl | <Ej— —— —¢
IBll2=1 ( N ]Zl‘ L VN

From (3.61) we have

< 26—2621\1‘

2
Plecg . <Ej—— —c¢€
[X,mln— 0 /N

Applying the lower bound for E; in (3.60), we obtain

| 2 D/o + do 2
c/@,ming m(l_U)FD—d7d<2 D4 >_\/N_€

and by setting € = ﬁ, we have

P

_ 9.2
§26 26N7

+2

P < 2e 2.

2 D/o+do t\ 1
s <=0 Fp g 27T (o D) =
X min = 7Td( o) Fp d’d< D—d > < +2) N

From % < QDg_Jrja and the fact that all the CDFs are nondecreasing, we get

+2

P <2 72

bl

2 1 £ 1
s <] =(1—0)Fp_ —(2+%) —~
i <\ 710~ o0 (7) = (243) 7

which completes the proof of (3.54).
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Finally, by expanding the CDF formula of the F-distribution, we have

plo) = (1 —0)Fp_qa(l/o)
=(1-o0) (1 ~ L fr(z; D —d, d)d:v)

:1—0—(1—0)/Oofp(x;D—d,d)d:v

1/o
>1—0— jofp(x;D d,d)dz
1/o
1 D-d\ D—d \*?
=1—-0-— — < ; ) / xD2d_1<1 ; x> dz
B (%54, 9) e
O e
_= — g — xr X
B(T_dvg) d 1/o 1+ 22y
e (=) Iy P R (RS LD
-
B(T*dg) d 1/o D—d
» 1 d \72 .
-7 (529 \D—d d’
2 72
' 2/d ( d )d] s
=1—0— o2,
a(7eg) (D2
where B(+, ) is the Beta function. O

Bounding ¢z . Next, we present the concentration bound for c»  under the
£ ,max ’ £ ,max

random spherical model specified in Definition 1.

Lemma 8. Consider the random spherical model in Definition 1. For a fixred number

t > 0, we have that

2 t e
P lcamax < (1 + \/N) d(o) + W} >1—2e 2 (3.64)
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where

§(0) == vo+1—0o\/Fip_a(o), (3.65)

and Fy, 4,(+) is the cumulative density function (CDF) of the F-distribution with

Fy,.4,(0) = 0 and Fy, 4,(00) = 1. Moreover, we have §(c) = O(c¥/* + '/?).

Proof. According to the generative model in Definition 1, let &y, -+ , Ty ~ N (O, éPs),

and €, ey ~ N (0, %I), so that from (3.56), (3.57) and E = &, we have

~T ~T
Ca = ‘ b‘ < max — ’ b‘
Emax — beSimSD 1 N Z l[6ll= Z

:maxli"”" UL
51 N 2 (725 +&l2| — 1bli=1 N & [z + &l

b

where v; is the direction vector of €; such that ||v;||s = 1. Denote the scaling factor

of & by

€5 112

Tzl

we are interested in E [R;]. Consider the following random variables

€115 €115
Y, =R?= 1 = — and
Tz 4+l =z €3+ llers
, E+EE G+ )X Dtde®  xj/d
’ €713 X, (D —d)o* X} _,4/(D —d)
D + do?
~———F(d,D—d
(D — d)o? (d )
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where X} is the chi-square distribution with d degrees of freedom, and F(dy, ds) is the

F-distribution with parameters d; and ds. Note that

1
— =14+ 27
Y, + Zj,

and that for any a € [0, 1], we have

1 1
7<7

A 2
Y; a

]P[Rjga]zp[\/?jga]zp[yjgaQ]:Pl;>CH —1-P

1 1

(D —d)o? (D—d)az( )
=1-p| LY g 200 (2
lD—l—daQ i< D+ do? \a?

Gt (5-1)

- 1_/ pria® R e 4:d, D — d) d
0
where fr is the probability density function of the F-distribution. Therefore,

[ o

E[Rj]:/lafR( )da—/o ad Fp, (a) = aFp,(a

(D—d)s? 727
_/ /D”" : (t d,D—d)dtda
(D—d)o? 72_
—/ /D”” = fult:d, D — d)dtda
(D—d)o? 72_
/ /D*d“ ) fe(t;d, D — d)dtda

(D— d>2

L
</ 1da+/ /D“‘" ) ftid. D — d)dtda

(D—d)o

= o+ (1 —=0o)Fyp_q <D+dg2

)i (B02)

(3.66)
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For any b € SP~!, we define the function f, : SP~' NSt x [0,1] — R by

fo(vj, R;j) = m ’bT”J" =B ’bT"’j‘ ‘

Letting fio,1) and pign-1ns1 denote the uniform measures on [0, 1] and SP=tn &+,

respectively, it follows that

E H%Tbu = /U.GSD_IHSL /01 fo(vj, Rj) d o 1) d pigp-1ns1

1
_ .
B v-eSDlmSJ-/o R ‘b Uﬂ‘d“[O,lldMSDflmsL

1
= /0 RJ dHJ[O,l] /vjeSD—lﬂSi ‘b ’U]’ dIUJSD—lmsL

= CD_d]E [R]]

=)

(3.67)

where cp_g is the average height of the unit hemisphere of RP~%, the last equality

follows from [112, Equation (59)], and the last inequality follows from (3.66) and

cp—a < 1 [112, Equation (23)]. Therefore, we obtain

Eo:=E| TbH<\F+\/mJFdD d<(g+;)2> V.

We are now ready to bound cg_ . Note that

[blla=1 £¥ j=1 lI6ll2=

< L b| = Ly € b —E E
Cfmax = SUP NZ‘E ’ sup N;’ej ‘— o | + Io.

76

(3.68)

(3.69)



SDfl

Since is compact, there exists b* € SP~! that achieves the supremum in (3.69).

Therefore, for any €, €, - - - , €x, €, we have

1 & 1
o (55 -m) - o (35 (50l o) =)

lIb]l2=1 l|b]l2=1
1 &y 1 STpd| | Tt (3.70)
< |y fE b —Eo— | 5 2 (jg vt + & b]) B :
Jj=1 j#k
1 /4 . 1
v (e - e bw =¥
Applying Lemma 4 with ¢, = %, we have
P || sup i g: ‘ngb’ —Ey| —E | sup i g: ’ngb‘ —Eg >e|l < 2e~ 2N
lel=1 \ NV ;=5 lel=1 \ NV ;=5
(3.71)
Moreover, we have
E | sup 1i‘€Tb’—E
lell=1 \ NV 7= "
< 2E | sup g;|€'b|| <2E | sup £,€lb
fblla=1 N 3 Z 1| jbla=1 N 3 Z a
2 N
= —FE | sup <b,25]€j> < — Zajgj
N jpll=1 j=1 j=1 9
, v 5 ) - (3.72)
SN E||>_¢€ - N E Z|’€JH2+Z€€J€ €
Jj=1 2 i#]

. wﬁ (1 — ) Fupos <<D—d>)

N D + do?
T (\/_+\/EJE1D d<(g+£2>>,

where the first inequality follows from Lemma 6, the second inequality follows
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from Lemma 5 by letting ¢;(-) = | - |, the fourth inequality comes from the Jensen’s
Inequality, and the fifth inequality follows from an upper bound for E[||€;]|3] = E[R?]

that is similar to (3.66). Applying (3.72) to (3.71), we obtain

- 2 (s D= ..
”5”121( Z‘ b‘ EO)Z (\/_+ 1 \leDd<D+d02>>+]

< 26—262N.

P

ﬂ

Therefore, from (3.69), we have

]P) < 267262]\[

VN D + do?

€8 max = o+ (\/_+\/EJFM d<(D d)o ))—l—e

Applying the upper bound for E, in (3.68), we obtain

]P) < 267262]\[

)

e (14 ) (7 T R (G0 ) o+

and by setting € = ﬁ we have

P

o> <1+\/_) (f+ mdm d (f;j(j“)) e

Note that (D o 97 < 5 and all the CDFs are nondecreasing, we get

Plgmax_<1+\/_>(f+m\/ﬁ) ] <27,

which completes the proof of (3.64).
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Finally, by expanding the CDF formula of the F-distribution, we have

where B(-, -) is the Beta function. Hence

3(0) = Vo +1/(1 — 0)Fap_a(o)

< Vo +\/Fyp_a(0)
2/d d \:|" .
B (4. %) <D—d>]

which completes the proof. O]

< Vo +

Discussion of Lemma 7 and Lemma 8. First note that the concentration

bound for c5 . reduces to the one for cx miy in (3.9) when € =0 (or 0 = 0). In

particular, since p(c) = 1 — O(o + o2), p(o) tends to be large (close to 1) for small
o. Compared with cx i, one of the major challenges for deriving the concentration

for c5 . in the noisy case is that under the random spherical model (Definition 1),

the columns of X now lie inside the unit sphere due to the effect of the additive

noise, making it difficult to analyze their statistical behavior. On the other hand,

since §(c) = O(o' + 02), the concentration for Cg e 1 (3.64) essentially implies

that cz = O(a% + a%) with high probability. However, we remark that when

£, max
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o =0, (3.64) does not immediately lead to cgz = 0 because of the existence of the
additional small term ﬁ, which is an artifact of the proof technique used; we believe

. can be improved to a quantity proportional to o by a

that the upper bound for cg
more sophisticated analysis.

We are now ready to give the probabilistic characterization of the global optimality

for the noisy DPCP problem (3.1).

Theorem 4. Consider the random spherical model of Definition 1. If 0 < t <
2 ( %p(a} — 2), then with probability at least 1 — 8642/2, any global solution to the

noisy DPCP problem (3.1) must have its principal angle 0* from S* satisfy

Cyé(o) + =
) < O a7
2iP(0) — CoP =i — 0
as long as
M ((4v34 V3R + Cy(VDlog D+ 1) < N* (o) — Can(e) - 3L)
- vrd 2V 2N

(3.74)

where C1, Cy, C3,Cy are universal constants that are independent of N, M, D,d,t,o.

Proof. Theorem 4 follows directly from Corollary 1 by plugging the concentration
bounds for ¢o max — €omin and 1o from (3.9), ¢ . from (3.54), and cg _ from (3.64)

X ,mi

into (3.50) and (3.51). O

Discussion of Theorem 4. The effect of the noise in perturbing the global
solution away from S+ is captured by (3.73), where the RHS approaches 0 when
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Figure 3.3. Plot of sin(6*) where #* is the principal angle between the computed solution
b* to the noisy DPCP problem (3.1) and S+ when varying N and M for (a) noise level
o0 =0 and (b) noise level ¢ = 0.1. Here D = 30 and d = 29.

o — 0, except for the small term ﬁ, which we commented earlier is (we believe)

due to the proof technique used. Moreover, (3.73) together with 6(c) = O(c%* + o2)
and p(0) = 1 — O(o + o¥?2) imply that sin(6*) = O((0%/*) + o2) when o is small. The
inequality (3.74) suggests that, unlike existing state-of-the-art O(/NV) outlier bounds
as reviewed in [62], DPCP can tolerate O(N?) outliers even for noisy data. Figure 3.3

verifies this point by plotting sin(6*).

3.2 Learning a subspace with codimension larger
than one

So far, all of the analyses of DPCP for learning a single subspace have been restricted
to finding a normal vector to a maximal hyperplane that contains the inliers by

solving (3.1), regardless of whether the data is contaminated by noise or not. Although
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this approach can be extended to a subspace of higher codimension through a recursive
approach that sequentially finds a new basis element of the space orthogonal to the

subspace, the procedure is computationally expensive and lacks theoretical support.

In this section, we consider a more powerful approach for learning a d-dimensional
subspace S in R” with codimension ¢ = D — d larger than 1 by simultaneously
estimating the entire basis of the orthogonal complement subspace S*. We term this

as a holistic approach, which is stated in (2.9), and for convenience we repeat here:

min
BeRDxe

X'B| = ]Zle | B||, st. BTB=1 (3.75)

where X = [X + &€, O]l is the dataset that has the same form as in the previous
section. Intuitively, in the noiseless case (€ = 0), if B is an orthonormal basis of
St, then the objective in (3.75) only depends on the outliers and is insensitive to
the choice of B since outliers are unstructured, which motivates the formulation.
Although it naturally extends the original DPCP problem (3.1) by seeking a matrix B
with orthonormal columns that are orthogonal to as many data points as possible, its
theoretical guarantees for recovering an orthonormal basis of St under both noiseless

and noisy settings remain open questions.

3.2.1 Background

Towards analyzing the holistic DPCP problem (3.75), we first introduce some back-

ground knowledge. Observe that (3.75) is an optimization problem on the Grassman-

82



nian G(D, c) [34], i.e., the set of c-dimensional subspaces in R, we parameterize
G(D, ¢) with orthonormal matrices in the set Q(D,¢c) := {B € RP*¢: B'B = 1}.
In particular, when ¢ = 1, we also use SP~!, i.e., the unit sphere, as a substitute for
O(D, 1), for which the problem reduces to (3.1). In addition, we denote O(c, ¢) by O(c)
for simplicity. Let S+ € Q(D, ¢) be an orthonormal basis of S*. Since the objective
function in (3.75) is rotational invariant, we consider equivalence classes of matrices.
In particular, for U,V € G(D, ¢) we say U is equivalent to V' if Span(U) = Span(V),
and use U to represent the equivalence class [U] .= {UR : R € O(c)}.

As the dataset is contaminated with noise, a solution B* to (3.75) is expected to
be perturbed away from S+, which can be measured geometrically by the principal

angles between two subspaces, which we now define.

Definition 2 ([57]). Let U,V € RP*¢ be orthonormal matrices. The principal angles

between Span(U) and Span(V') are defined as
0;(U, V) = arccos (ai(UTV)) (3.76)

for alli € {1,2,...,c}, where o;(-) denotes the i-th largest singular value. The largest

principal angle 0.(U, V') defines the subspace angle between Span(U) and Span(V).

With Definition 2, we can compute how close Span(B*) and Span(S+) = St are
to one another. In particular, when Span(B*) = S+, we have 0,(B*,S*) = ... =

0.(B*,St) = 0 so that their subspace angle is zero, thus justifying the definition.

Since the objective in (3.75) involves the sum of ¢, norms, with a mild abuse of
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notation on the subdifferential of the absolute value function defined in (3.3), we
denote the subdifferential of ||a||; for any a € R® by

alllalls}, a#0,
Sgn(a) — {a/llall2} (377

{deR°:|d|| <1}, a=0.

Within this context, an element of the set Sgn(a) of particular interest will be

sign(a) — #/lals a#0, (3.78)

0, a=20.
In this section, unless stated otherwise, Sgn(a) and sign(a) refer to the above general-

ized definitions for analyzing the holistic DPCP problem (3.75). Finally, we can write

the subdifferential of HfTBHl ) at B as

. L
O|¥B|,, = 35,50 (2] B
N

= Z(% + €;) Sgn ((5’33 + Gj)TB> + 0; Sgn (ojTB) )

j=1 j=1
3.2.2 Analysis with noiseless data

We first analyze the holistic DPCP problem (3.75) in the noiseless setting where € = 0.
We consider the same random spherical model (see Definition 1) for the underlying

dataset as in analyzing (3.1) since the problem formulation is the only difference.

Geometric quantities. For inliers, we adopt the same permeance statistic

Cxmin i (3.4) from [152, 153]. For outliers, we extend the neo quantity in (3.6) for
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codimension ¢ = 1, to the more general case of ¢ > 1 by defining

1
No,c = — max

M
- T . T
a7 piex (1= BBT) 3 o;sien(o, B)|, (3.79)

J=1

which is the maximum norm of a Riemannian subgradient of --[|O"Bl|1,. As an
analogy to ne, the ne . characterizes how well the outliers are distributed in the
ambient space, with more uniformly distributed outliers leading to smaller np .. We
remark that 7o . = neo when ¢ = 1. Besides 7o ., we also use another two quantities
to describe the distribution of outliers, namely, we extend the definitions for co min

and co max in (3.5) for ¢ =1 to the following:

1
CO min,c := i Be@%n Z HOTBHQ and
(3.80)
1
CO max,c - — M Bé%)%z){c z:: ||0TB||2

Well-distributed outliers lead to larger values for o min,c and smaller values for co max.c;

and a small gap between co max,c and co minc-

3.2.2.1 Geometry of the critical points

Using the above geometric quantities, we have the following lemma, which characterizes

the geometry of the critical points of (3.75) in a deterministic sense.

Lemma 9. Suppose € = 0. Then, any critical point B of problem (3.75) must either

be an orthonormal basis for S*, or span a subspace that has an angle 0 from S* larger
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than or equal to arccos(MT e ./Ncx min) where

SR~

Noe = nOC_’_i

Proof. As the first step of the proof, we prove the following useful result.

Sublemma 2. Suppose u,v € R"\{0}, v; > 0,Vi, and v, > v;,Vi # n. Then

(u,u’ diag(v)) |
lu” diag(v)| —

Proof. We are going to prove that

(u' diag(v),u) X u?v;

: = > |ty
[ul diag(v)[| /5o w202

Squaring both sides and then rearranging yields

n—1 2
(Zu?vi+uivn> (Zu 07 + uiv )

i=1

which is equivalent to

n—1 2 n—1 n—1
(Z U?”z) +2ulv, > utv; > ul Y ulvy. (3.81)
=1

i=1 =1

Since v; > 0,Vi and v, > v;, Vi # n, we always have u2v, S0 ulv; > v S0 uo?,

and thus (3.81) always holds, which completes the proof. ]

We now proceed by proving that any critical point B that is not an orthonormal
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basis for S+ must span a subspace that is far from S*. Let § € R”*? be an
orthonormal basis of the subspace S and let S+ € RP*¢ be an orthonormal basis of

the orthogonal complement S*. We rewrite B as

B=SS"B+ 8+(SH)'B, (3.82)

where S8 B represents the projection of B onto the subspace S, while the other term
S+(S+)T B represents the projection of B onto the complement S*t. Let (S*)"'B =
U cos(®)R" be the canonical SVD of (S*)" B, where cos(0) is a diagonal matrix with
cos(6y), ..., cos(f.) along its diagonal, U € R**¢, R € R*¢ are orthonormal matrices.
Here 6; is the i-th principal angle between Span(B) and S*. When 6§, = --- =0, =0,
it implies that B € [S*], i.e., B is equivalent to S*. Since we assume that B is not
orthogonal to S, we always have 6, > 0 (recall that 0. = 0,.(B, S*)).

Next, we will prove Lemma 9 when ¢ < d, and the case ¢ > d can be proved
in a similar way. If ¢ < d, we rewrite ST B = Vsin(@)R', where V € R%¥€ is an

orthonormal matrix. Thus, we have

B =SVsin(@)R" + S*U cos(O)R'. (3.83)

Without loss of generality, we consider R = I since the objective function of (3.75) is

rotation invariant. Letting P = SV and Q = S+U, we have

B = Psin(©) + Q cos(0), (3.84)
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where P € RP*¢ and Q € RP*¢ are orthonormal matrices satisfying Span(P) C S
and Span(Q) C S*t. As a result, P is orthogonal to @ and B is orthonormal. Next,

we define
G = Pcos(®) — Qsin(0) (3.85)

so that G is an orthonormal matrix and orthogonal to B.

Let f(B HX TBH . For any critical point B of problem (3.75), there exists
W € 0f(B) such that (I— BBT)W = 0. Due to the general position [152, 153] of

the data and B ¢ [S*], B can be orthogonal to K < D — ¢ columns of X, and

0=(1-BB" W

=(I- BBT) (% x; sign (:BJTB) + %O]’ sign (OJ-TB> + 5) )

j=1 j=1

where &€ = YK | &, «, with &;,,---,&;, the columns of X orthogonal to B, and

e ll -~ lleve[[} € [=1,1). We then have

(I- BBT)W,G>\ = ‘<W (I- BBT)G>\ = |(W,G)|

Il
T~
.MZ

<
Il
—

M
x; sign(x; B), >+<Zo]81gno B), >+<§,G>

(3.86)

I
(1=
T~

8
<

M
' G, sign(x >+< (I-BB'")) o;sign(o] B), >+<§,G>|

Jj=1

<.
Il
-

v
™=

M
<aijG,sign(ijB)>| - ‘< (I-BB") Zo] sign(o; 'B), >‘ - (&, G)|.
7j=1

=y
Il
-
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The first term in (3.86) can be written as

Z<a:jTG,sign(a:jTB)> = Z< 1P cos(® )sign(w}rPsin(@)»‘

Jj=1

—

.

N (x] P cos(©),x Psin(O©)
P )
= |z Psin(©)]|

(3.87)
<33]TP,achPsin(®)>

N
> 0
> cos(0. Z ”ijPsin(@)H

.
—_

> cos(f |m;rpc| > ¢c08(0:) NCx mins

NI
11

where the first inequality utilizes the fact that 8, < 0y < --- < 6., and the second
inequality follows from Sublemma 2 where p, is the cth column of P. Plugging this

result into (3.86), and using the definition of 7o ., we have

0 > cos(0.)Ncx min — Mno.. — D.

This tells us that if B ¢ [S™], then it is far from [S*] in the sense that the largest

principal angle 6, = 0. (B, S*) satisfies

thus completing the proof when ¢ < d.

On the other hand, if ¢ > d, there are only d principal angles between the subspaces
spanned by § € RP*? and B € RP*¢. Since §; < 0, < --- < 0, are the principle

angles between Span(S+) and Span(B), according to [57], the principal angles between

Span(S) and Span(B) are § — 0,--+, 5 — 0c_q41. Similar to the case of ¢ < d, we
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rewrite STB = Vsin(@)R", where V = [0 V] with V' € R™? an orthonormal

matrix. Thus again, we have
B =SVsin(@)R'" + S*Ucos(O)R'. (3.88)

The rest of the proof is now the same as before after one replaces V by V and © by

O = diag(f._qy41, -+ ,0.). This completes the proof. O

Discussion of Lemma 9. Lemma 9 generalizes the special case ¢ = 1 in Lemma 1.
It says that, with noiseless data, any critical point of the holistic DPCP problem (3.75)
either spans S* or spans a subspace that is far from S*. Note that for well-distributed
inliers and outliers (M /N and c fixed), the geometric location of B becomes more
restricted. Moreover, any critical point B such that Span(B) is sufficiently close to
S* (angle smaller than arccos(MTe ./NCx min) ) must satisfy Span(B) = S+, which

motivates the next result on the geometry of the global minimizers.

3.2.2.2 Geometry of the global solutions

Theorem 5. Suppose € = 0. Then, any global solution B* to problem (3.75) must

be an orthonormal basis for S* as long as

72 2
M \/77(9,0 + (Co,max,c - Co,min,c)
N CX,min

<1. (3.89)

Proof. Let B* be a global optimal solution of (3.75). To reach a contradiction, suppose
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that B* is not an orthonormal basis for S*. It then follows from Lemma 9 that
(3.90)

where 0. is the subspace angle between Span(B*) and S*. Utilizing the fact that B*

is a global solution, we have

|XT By < mm | X B2 = mm |OTB|l12 < Mcomax.e (3.91)
BeO(D,c),BLS BeO(D,c),BLS

On the other hand, by utilizing a similar decomposition of B* as in (3.84), we can
write B* = Psin(0) + Q cos(®), where P € RP*¢ and Q € RP*¢ are orthonormal
matrices satisfying Span(P) C S and Span(Q) C S*, and © is the diagonal matrix
whose diagonal entries 6; < 0y < --- < §,. are the principal angles between Span(B*)
and S*. Then we have

N M
|1XTB*12=>_ |z B*|2+>_ |lo; B*[|>
-1

Jj=1

J
N M
=2 llz] Psin(®)]+ 3 o] B2

7=1 Jj=1
N
= ZJZsm (01) (] i) —i—ZHoTB |2
j=1 \ k=1 J=1
N
> Z +Z lo; B*>

> sin(0.) Ncx min + M co min,c,
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which together with (3.91) gives

M max,c min,c
sin(@c) < (007 NC’X .C('), ’ ) (392)

Combining (3.92) and (3.90), we obtain

M2 (ﬁ%,c + (C(’),max7c - C(’),min,c)2)
N262)(,min ’

1 = sin?(f,) + cos?(,) <

which contradicts (3.89), thus completing the proof. O

Discussion of Theorem 5. Theorem 5 is an extension of Theorem 1 for the
hyperplane case. Condition (3.89) tells us that, with fixed M /N and ¢, as we obtain
more and more data points that are well-distributed, (3.89) is easier to be satisfied and
thus any global solution to problem (3.75) spans S*. We remark that a similar theorem
appeared in [29, Proposition 3], where they analyzed a group-DPCP formulation

different from (3.75) that was designed specifically for homography estimation.

3.2.2.3 Probabilistic analysis

We now derive a probabilistic result that characterizes global optimality for prob-
lem (3.75) with noiseless data that is more interpretable. As a first step, we derive
concentration bounds for the generalized geometric quantities nep . and co max,c—Co min.c

appearing in the deterministic Theorem 5. We begin with basic results in statistics.

Suppose Z1, ..., Z, are n independent and identically distributed (i.i.d.) random

observations from a probability measure P on a measurable space (£2,.4). Given a
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measurable function f: Q — R, the empirical process evaluated at f is defined as

Guf =V (ib if(zn -/ fdP) , (3.93)

where [ fd P is the expectation of f under P and %Z?:l f(Z;) is called the empirical
distribution. Define an envelope function F' : Q — R such that |f| < F for every
f € F, where F is a given class of measurable functions. The L,(P)-norm is defined
as || fllz.cpy = (J|fI"dP)Y". Given two functions | and u, the bracket [I,u] is the
set of all functions f with | < f < wu. An e-bracket in L,(P) is a bracket [/, u] with
J(u—=1)"dP <€ (since | < u, it is equivalent to say ||u —{||.,p) < €). The bracket
number Nj(e, F, Ly(P)) is the minimum number of e-brackets needed to cover F,

which can be viewed as a metric for characterizing the size of the class of functions F.

Lemma 10. ([118, Corollary 19.35]). For any class F of measurable functions and

associated envelope function F, we have

B |sup Gofl| £ (IF] e 7, La(P)) (3.99)
€

where Jy(||F||p2, F, Lo(P)) is called the bracketing integral and defined as

1F']| Ly Py
Jy(IF |l acpy, F, La(P)) = / \/log (Ny(e, F, La(P))) de.

0

Lemma 11 (Vector-valued Comparison Inequality for Rademacher Process, [77]).

Let F be a class of functions f : RP — R¢ and let h; : R® = R fori=1,...,N be
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1-Lipschitz functions. Then, for any vi,...,vy € RP, we have

Sungz z Uz < \/éE

fe]:zl

sup > e, f (’Ui)] :

feEF ;=1

where €; are independent Rademacher random variables, and each €; € R® is indepen-

dent with each component an independent Rademacher random variable.

Bounding 7o .. In the following, we present the concentration bound for ne .

under the random spherical model specified in Definition 1.

Lemma 12. Consider the random spherical model in Definition 1. Fix a number

t >0, it follows that

veDlogD +t S 1o Zefé, (3.95)
vM

P No,c S CO

where Cy is a universal constant independent of N, M, D,d,c and t.

Proof. First note that

1

M
BT T
M BGG&lgc) G.B Z <S1gn OJ) G OJ>

=1

No,c =

and that we are going to show that

E sup

B,Ge0O(D,c),GLB

§:<51gn B'o,), GT03> < VeDlog (D) VM,

where < means smaller than up to a universal constant. By defining the set F :=
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{(B,G) : B,G € O(D,c),G L B}, and the parameterized function fpg(0) =
<sign(BTo), GT0>, the class of functions we are interested in is F := {fp¢ : (B,G) €
F}. Note that for any fpe € F, we have E[fp c(0)] = E [<sign(BTo), G’To>} =0.

Then, by viewing

1 d T T
— sup sign(B'0;),G ' o
VM B,Geo(D,c),GLB z::< i) j>

as an empirical process, together with (3.93), this indicates that

M
> <81gn (B'o;), GTOJ> = VMG fe,

j=1

where Gy fB,¢ is the empirical process of fp a.

To utilize Lemma 10, we show that the corresponding bracketing integral is finite
for our problem. Since |fgg(0)| < | 0|2 for any (B, G) € F, we know F(0) = ||o||2
is the envelope function of F and || F|p2 = 1. Thus, we only need to consider the
bracket integral Jy(1, F, Ly(P)), where P is the corresponding probability measure.
To that end, we compute the bracket number Nj(e, F, Lo(P)).

Since our function fp ¢ is parameterized by (B, G), covering the class of functions
F is related to covering the set F. For any fixed (B, G) € F, define the set of points

near (B, G) as

B(B,G).c1) = {(B.G) € F: \[|B- B} + |G- G} < e},
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and define

A= {0 e SPt: Hsign(oTB) — sign(o' B')

<6, V(B,G)eB(B,G),a)}.
If o € A, then for any (B',G’) € B((B, G), ¢1) we have

|/B.c(0) — f5 6 (0)]
= ]<sign(BTo), G'o) — (sign(B'"0), G’To>]
= |(sign(B"0), (G — G')"o) — ((sign(B' o) - sign(B"0)) ,G'"0)|
<G = G| + [sign(B"To)  sign(B o)

S €1 + €.

On the other hand, if o € A°, then for any (B’,G’) € B((B, G), ¢;) we have
|fBc(0) — fBrc(0)] = ‘<sign(BTo), GT0>‘ + ‘<sign(B’To), G’To>‘ < 2.
In summary, we have

[/B.c(0) = fB.ar(0)] < €114(0) + 214e(0), V (B',G') € B(B,G),e1),  (3.96)

1, oeA
where the indicator function 1,(0) is defined as 1,(0) =

0, o€ A°
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In order to bound P[o € A], we note that

‘sign(oTB) —sign(o' B')
| o'B o'B || ‘OTBI ‘ o'B — HOTBH o' B’
“lle™B| - [loTB| | B H loTB||[lo" B H
- |o"B'|o"(B-B')~(||o"B|| - |o"B'|) o™ B’
- loTB| [lo" B
1B-B  [[o"B] "B
loTB| lo™B|
|B — B'| €
“2oB = oBl

Thus, as long as HOTBH > 5L, we have Hsign(oTB) —sign(o" B’)|| < €. Hence

27

€ € 62
Ploc A9 <P|[o"B| < 2;} <P [01 < 21] < D=L (3.97)

€9

where 0 is the first entry in o, and the last inequality follows from [153, Lemma 12].

We now define a bracket [l, u] by

[(0) = fB.g(0) — (€1 + €2)14(0) — 21xc(0) and

u(o) = fp.a(0) + (€1 + €2)14(0) + 21, (0).
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Due to (3.96), we have fp ¢ € [l,u] for all (B',G’) € B((B, G),¢;). Also,

lu — || Lypy = [12(e1 + €2)14(0) + 414c(0) || Lo(p)

= \/4(61 + €)?Plo € A] + 16P[o € A

< 2(61 + 62) + 4\/P[O S AC]

S 2(61 + 62) +4 C’ll)E*1
€2

(3.98)

where the last inequality follows from (3.97) with C} a universal constant. Therefore,
the number of brackets to cover F is equal to the number of such balls B((B, G), ¢;)

that cover F. According to [121, Lemma 5.2], the covering number for F is

2‘/§> - (3.99)

€1

N(]F,El) S (1 +

Recall that the bracket number Npj(e, F, Lo(P)) is the minimum number of e-brackets
needed to cover F, where an e-bracket in Lo(P) is a bracket [[, u] with [ju—1||.,py < €
Thus, by letting eo = /€1, 2(e1 + \/€1) + 4/C1D /€1 = € and plugging this into (3.99),
we obtain the bracket number

D 2cD
Ny(e, F, Ly(P)) < (1 +0262> ,

where (5 is a universal constant. Now from Lemma 10, we have

1 M

V M j=1
1 D 2¢D
</ \/<1+C’22> de < VeDlog D.
0 €

E

sup

<sign(BToj), GToj>
B,GEO(Dyc),GLB

] (3.100)

~Y
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Since the product of compact spaces is compact, there exist BT, G™ € Q(D, ¢) for

which the supremum in (3.100) is achieved. Then, for any o}, € SP~1, we have

> <sign(BToj), GToj>

=1

sup
B,GeO(D,c),GLB

— sup

B,GeO(D,¢),GLB Z <sign(BToj)7 GTOj> + <sign(BTo;€)7 GT0;€>

J#k

< §:<sign(B+Toj)7G+Toj> — z:<sign(B+Toj),G'J“Toj>—I—<81g11(BJrT 1), G o >
j=1 J#k
< <sign(B+Tok), G+Tok> — <sign(B+Tok), G+To§€> <2,

where the second inequality follows from the reverse triangle inequality. Apply-

ing Lemma 4 with ¢, = 2 and using (3.100), we obtain

2

M
P sup Z <81gn (B'o,), GTOJ> > VMveDlogD +¢| < Pl
B,GeO(D,c),GLB | i
Setting € = tv/ M, we have
M .
P sup Z <51gn BTOJ GTOJ> > <\/cD log D + t) VM| <2 7.
B.Ge0(D,e),GLB | i

Plugging back into the definition of 7o ., we get

veDlogD +t
vV M

P [UOCN

thus completing the proof.

Bounding comaxc — COminc. Next, we present the concentration bound for
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CO max,c — COmin,c Under the random spherical model specified in Definition 1.

Lemma 13. Consider the random spherical model in Definition 1. For a fized number

t > 0, we have that

44/2 t 2
P CO,max,c — CO,min,c < 70—’_ >1- 26_%- (3101)
v M

Proof. First note that

CO,max,c — CO,min,c
PO LA R o o)
Beo(D,e) M = I Beo(pe) M = J (3.102)

BeO(D,c BeO(D,c

L&, L gt
= Sup) M;HB OjH—/i - sup) H—M;HB OjH

where k.= E, _sp—1 BTOH. Applying Lemma 6, we have

el (el -+ = 2] sl |

BeO(D.¢) M ot : :BG(O)(D,C) j=1 . (3103>
e o (= 1ol )| = el s Salrol|

BeO(D,¢) M= | M | BEO(D:) j=1 .

where ¢; are independent Rademacher random variables. We then apply Lemma 11,
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and get

M T
E[B@(I;)Z |B OJM

S

M
< El sup Z TBTojl

BeO(D,c) j=1

<5 =3

BecO(D,c)

M
2
°E
j=1

E

El up <B > o] ]

\V)

M + Z s;-rsjo;fpoj
i#j

_ 2V2¢ VI = 2/2c ’
M VM
where €; € R contains independent Rademacher random variables, the second in-
equality utilizes the Cauchy-Schwartz inequality that (B, A) < ||B||r| Al r, and the
last inequality follows from Jensen’s Inequality. Together with (3.102) and (3.103),

this leads to

25

E (3.104)

sup Z HBT H — inf Z HBTOJH

<
BeO(D,c) BG@DC)M -

Furthermore, notice that for any o}, € SP~!, we have

ap LY BTo| < 1§;HBTO.H
BE@(I/)D,C) =1 Y Beo(De) M “ J
e Colmal Il -, S o)) < 2.
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which after applying Lemma 4 and using (3.104) leads to

4\/_ 2Mm
P B'o,|| — inf B'o <27
S 3 Z 1BTei] ~ . 37 Z |BToi] = Tz e <2077
Finally, by setting ¢ = ﬁ’ we get
P —> " |BToj|| — f B'o;| > — 4 )| <2 7.

RISl R ) P R WA PR

Plugging this back into the definitions of co max,c and co min,c, we have
4\/2_0 + 1 2
IP) CO max,c — C minczi 326_77
l O, max, O, , \/M ]

thus completing the proof. O

Discussion of Lemma 12 and Lemma 13. First note that, similar to the
concentrations of o and co max — Comn i (3.9), both No . and co max.c — €O min.e
scale as O(1/v/M). Moreover, the role of ¢ can be seen clearly from (3.95) and (3.101):
as c increases, both 7o . and co max,c — €O min,c tend to be larger. Together with the
sufficient condition (3.89) for a global solution to (3.75) to span S*, this implies

that (3.89) is more difficult to be satisfied for larger values of c.

We are now ready to give the probabilistic characterization of the global optimality

for the holistic DPCP problem (3.75) for the noiseless setting.

Theorem 6. Consider the random spherical model in Definition 1 with o = 0. Fix

any 0 <t <2 (\/% — 2). With probability at least 1 — 6e‘§, any global solution B*
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to problem (3.75) must be an orthonormal basis for S* if

1

\/N) . (3.105)

where Cy is a universal constant that is independent of N, M, D,d,c and t.

Proof. Theorem 6 follows directly from Theorem 5 by plugging the concentrations for

Cx min from (3.9), no . from (3.95), and co max.c — €O min,c from (3.101) into (3.89). O

Discussion of Theorem 6. Condition (3.105) interprets the global optimality
condition (3.89) of Theorem 5 with natural quantities such as N, M, D, d and ¢. Most
importantly, it validates that the new formulation (3.75) of DPCP on the Grassmannian
G(D,c) is still able to tolerate O(N?) outliers for recovering the entire orthonormal
basis of S*. Also, note that for fixed N, M, D, and d, the smaller ¢ becomes, the easier
it is for condition (3.105) to be satisfied. For the hyperplane case ¢ = 1, Theorem 6

reduces to Theorem 2 that analyzes the original DPCP problem (3.1) without noise.

3.2.3 Analysis with noisy data

We now consider the holistic DPCP problem (3.75) under the scenario when inliers X
are further contaminated with noise, i.e., ¢ > 0 and € # 0 in Definition 1. As with
the analysis for the noisy setting in Section 3.1.2, we decompose the noise term as
E =&, +E&,, where &, is the projection of € onto S and &, is the projection onto S+.
Observe that the term &€, plays the same role as inliers since its columns lie exactly in

S, and that the component &, is the effective noise that influences the global solution
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to problem (3.75), making it different from the noiseless case. As before, we separate
them by denoting X := X + &, with Span(X) C S and € := £, with Span(€) C S*.

Since we have X + € = X + £, and we can rewrite the objective in (3.75) as

I(2; + &) B+ Z loj B2,

7j=1

HMZ

with Z; and €; the j-th columns of X and € , respectively.

Geometric quantities. First note that the previous quantities related to outliers,
i.e., Comaxcs COmine and Mo, remain the same. For noisy inliers, we adopt the

¢z i defined in (3.10) to characterize the distribution of the mixture of inliers and

components of noise projected onto the inlier subspace. Additionally, we have one

extra quantity with respect to g, namely

1
Emaxe =y 5RO )ZHE B, (3.106)

which generalizes cz defined in (3.11) for ¢ = 1, and quantifies the effective

£, max

noise level. Note that cz

£ maxe = < & 3 1€5]l2, which is the total inlier residual used

in [61], but ¢z also considers the geometry of the effective noise. To simplify the

presentation of the remaining analysis, let

M ﬁ(’),c Camax,c
RO/XA,C :ZW . and Rg/ﬁc = o ) (3.107)

which are analogous to R, I and Rg/ 5 defined in (3.12) and can be viewed as
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outlier-to-inlier and noise-to-inlier type of ratios, respectively.

3.2.3.1 Geometry of the critical points

We are now ready to characterize the distribution of the critical points of problem (3.75)

when the dataset is further contaminated with noise.

Lemma 14. Assume R <1 and

O/f,e

32Rz, 5

E/X,c
2 ~
( /RO/)?,c +8— 3RO/X76>

<1. (3.108)

1
2

2 ~
< /Ro/£6+8+RO/x7C>

2
Then, every critical point B of problem (3.75) spans a subspace that has an angle 0
from St satisfying

O <sin'(t;) or 60>sin"l(ty) (3.109)

where 0 <ty <ty < 1 with t1 be the smallest nonnegative root of the quartic equation

4 2 2 2
P4 (R o — )P +4Ry 5 Re z t+ 4R 5 =0 (3.110)
and
1 : 2
tri= 11— 1 <RO/£’C + \/Ro/ﬁc + 832/,36) . (3.111)

Proof. We note that the condition (3.108) and the quartic equation (3.110) have the
same formulation as the condition (3.13) and the quartic equation (3.15) in Lemma 3,
respectively. Then, according to the first part of the proof of Lemma 3, we know that
if Ry,

#. < 1and (3.108) holds, the quartic equation (3.110) must have exactly two
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roots in [0, 1], and we denote the smallest one by ;.

Next, let us consider the geometry of the critical points of problem (3.75). There

=0 and Rz

gz.>0 IR

are two cases: Rz = 0, we can compute that t; =0

8/2,0
from (3.110) and that ¢, = /1 — R2O/§c from (3.111), and can note that problem

reduces to a noiseless one with dataset [é/t'\ O] (recall that the points in X lie perfectly

é\/f,c

in the inlier subspace S). According to Lemma 9, we have

sin(f) =0 or sin(f)>,/1— RZ@/}?,C’ (3.112)

which justifies the correctness of (3.109).

It remains to consider the case when Rg/ %. > 0. For any critical point B of

problem (3.75), we utilize a similar decomposition of B as in (3.84), namely
B = Psin(©) + Q cos(0©), (3.113)

where P € RP*¢ and Q € RP*¢ are orthonormal matrices satisfying Span(P) C S and
Span(Q) C S+,and © is the diagonal matrix whose diagonal entries §; < 0y < --- < 6,
are the principal angles between Span(B) and S* (6. = 0 is also the subspace angle
between Span(B) and St ). As a result, P is orthogonal to Q and B is orthonormal.
Note that if . = 0 (B is orthogonal to S) or 6. = 7/2, then (3.109) is trivial. Hence,

for the rest of our discussion, we assume that 6. € (0,7/2).

Let f(B) := HfTBHLQ. For any critical point B of problem (3.75), there exists

W € 0f(B) such that (I — BBT)W = 0. Due to the general position [152, 153]
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of the data and the fact that B is not orthogonal to &, B can be orthogonal to

K < D — ¢ columns of X, and therefore we have that

0=(1I-BB"W

= (I — BBT) (Z(ﬁj + g]) sign((:ij + EJ)TB) + Z Oj mgn(ojB) + 6)

=1 j=1
where £ = S0, xj, o, with & ,---,Z;, the columns of X orthogonal to B, and
{llej -+ -5 el € [=1,1]. We further define

G = P cos(®) — Qsin(0),

which is also an orthonormal matrix that is orthogonal to B. Then, we have

I—BBTWG>’ KW (1- BB") G>‘

(«
N M
= <Z x; +€;)sign((z; + €) TB > <Z

=1 ]:1

; sign(o; 'B) G> + (&, G)

N
= 1> (@ +) G sign(@+ &) B)) (3.114)

j=1

.

M
+ <(I —BB") Zoj sign(o;—B),G> + (&, G) |

j=1

v

N
Z < z; + €)' G,sign((Z; + gj)TB)>‘ — Mno,.—D.
j=1

107



Considering the first term, we have

N
<(:ij +&)'G,sign((Z; + €)' > Z< TG, sign( B)>

>

—_

<£TP cos(®) — E;—Q sin(@®), sign ( ;—P sin(®) + @;—Q cos(@))>

J

j=1
N
- Z <£JTP cos(®), sign(ﬁ}rP sin(@))> ‘
j=1
N
< Z <£JTP cos(@®), sign (@TP sin(@®) + %TQ cos(@)) - sign(:’c\jTP sin(@)))>‘ (3.115)
j=1
N
+1> <e Q sin(O), sign (EEJTP sin(®) + %TQ COS(@))> ‘
7j=1

N
< Z ‘<£]TP cos(®), sign (i;rP sin(®) + €;—Q cos(@)) - Sign(:ﬁ;rP sin(('-)))>‘
=1

N
+ [ @sin(e)|.
=1
Letting ay := & P cos(@®), ay := & Psin(©), e := € Q cos(0), we have

|{a1,sign(as + €) — sign(as))]

_ (ai,a; +e) B (ar,az)|  |{a1,az + e)||az]| — (a1, as) ||a; + e
las + el .| laz + el|[|az]|
_ |{a1,a9) (laz + €| — |laz|]) — (a1, €) ||as]|
las + ell[|a.|

< [la1,a5) (Jlaz + e — Hazll)‘ (a1, €)
B laz + e[| az]] laz + e

lallllell | [ladlllell _ 2llaallle]
" laxt+ell  flaztel  [laz+e]
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Plugging this back into (3.115), we have

N

Z< Z;+¢€) G,sign((2; + €)' B) > <a: G, sign(Z; B)>‘

Jj=1 j=1
Y ||2] Pcos(®©)]l[|€] Q cos(O)]|
<2 : 0.3 e 3.116
- z:: |z Psin(®) + € Qcos(O)] in( )jz::l He] QH ( )
Al |z P|
< J T
N z:: (lw Tp.sin(6,) + €;rqc cos(6.)| +sin(0 ) H QH

As in the proof of Lemma 3, we expect that in the noisy case the angle between
Span(B) and 84, i.e., 0., is either near zero or close to /2. On the one hand,
from (3.114), we have

N
0> Z <(CE] + Ej)TG,sign(@j + Ej)TB)>‘ — Mno.—D

J=

—_

v

N
> <£]-TG, sign(:ijTB)>‘ - Mno,.—D

Z<(@+gj)TG,sign<@j+gj)TB)>— (2] G.sign(z] B))| (3:117)

=1 j=1

Z & Q| = no. D

sm

f,min - sin(&c) Ncg,max,c - Mn(f),c

where the second inequality follows from the reverse triangular inequality, the third in-

equality follows from (3.116), and the last inequality uses the definitions of ¢ 5

X min’ 8 max,c

and 7 .. Thus, we obtain

0> COS(Q )NC‘Q min sin(@ )Ncg,max,c

- Mne.,, (3.118)
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which has the same formulation of (3.26). According to the proof of Lemma 3,
the lower valid region for 6, is 6. < sin~'(¢;), where ¢, is the smallest nonnegative
root of (3.110). On the other hand, for sufficiently large 6., (3.116) is bounded by

ﬁ(ﬂc) Z;V:l |€/ Q|l, and thus similar to (3.118), we have

2 —
0> COS(QC)NC£7min — mch,max,c — M7o,
<~ COSQ(QC) — COS(&C)RO/A/{\C _ 2R§/A’:’\C <0 (3119)

1
& cos(f,) < 5 (Ro/)?jc + \/RQO/A?’C + SRE/A?,C> .

By defining

1 2
N _ ~ 2 ~
t2 = \/ =7 <RO/x,c + \/ Roze ™ 8Rs/x,c) ’

and combining (3.112) and (3.119), we obtain an upper valid region for 6. as 6. >

sin~!(ty). In summary, any critical point B of problem (3.75) spans a subspace that

has an angle 6, from S satisfying
0. <sin"'(t;) or 6. >sin"'(ty).

Finally, we show that t5 > ¢;. Note that it follows from (3.37) and (3.38) that

2 1 2 . . .
t1 < 5(1— RO/;?,C)’ so that it is sufficient to show

1 2
2 2
B=1-1 (RO/;{’C LA 8R3/20> >~ (1 - Ro/ﬁg ,

110



which is equivalent to

1 1
QRO/«?,c\/ Ry 5, 78082, +2Rg 5, —5 <0, (3.120)
which is guaranteed by condition (3.108), and thus completes the proof. O

Discussion of Lemma 14. The feasible region for (R R

O/% e 3/??,0) with condi-
tion (3.108) satisfied is shown as the area under the curve in Figure 3.4, which implies
that the outlier-to-inlier ratio and the noise-to-inlier ratio cannot be very large at the
same time. In other words, larger noise levels restrict the number of outliers that the
holistic DPCP problem (3.75) can tolerate. Next, (3.109) indicates that any critical
point B of the noisy problem (3.75) spans a subspace that is close to either S* or S.
Figure 3.4 provides a better understanding of ¢; and t5: with smaller outlier-to-inlier
ratio and noise-to-inlier ratio, ¢ is closer to 0 (lighter) and ¢, is closer to 1 (darker),
making the geometric location of B more restricted. Compared with Lemma 9 for the
noiseless case where B is an exact orthonormal basis of St if it is sufficiently far from

S, here we can only guarantee that it lies in a neighborhood of St i.e., 6 < sin™!(¢),

due to the noise. According to Proposition 1, one can further bound t; by

2533/(?76

h (1-R

IN

. (3.121)
O/.i'\,c)

When there is no noise, from (3.121) we have t; = 0, and from (3.111) we have

to=/1— Ré B which is consistent with Lemma 9. Moreover, (3.121) shows that ¢,

is small with small outlier-to-inlier ratio and noise-to-inlier ratio, and is proportional to
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Figure 3.4. Plot of (a) t; and (b) ¢2 in Lemma 14 given (RO/z?,c’RE/XA,c) pairs such that

condition (3.108) holds true (area below the curve).

the effective noise level. Finally, compared with Lemma 3 that analyzes the geometry
of the critical points for the noisy problem (3.1) with ¢ = 1, where both ¢; and
to are defined by the nonnegative roots of (3.15), in this generalized analysis ¢, is
decoupled from (3.110) (see (3.111)) since we have used a different proof technique

for problem (3.75) defined over the Grassmannian.

3.2.3.2 Geometry of the global solutions

Using Lemma 14, we now characterize the global solution of the holistic DPCP

problem (3.75) in the noisy setting.

Theorem 7. If R <1, (3.108) holds, and

O/f,c
2
M CO max,c — CO min,c
R?D/.i’\,c + ( ( 9, NC’A O,min, ) + 2RE/£,c> + SRE/.Q,C < 1, (3.122)
X ,min

then any global solution B* of problem (3.75) must span a subspace that has an angle
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0* from St satisfying

0* < sin~'(ty), (3.123)

where 0 < t; <1 is the smallest nonnegative root of (3.15).

Proof. Since RO/ . < 1land (3.108) holds, we can apply Lemma 14 to obtain that

2’

any critical point B of problem (3.75) must have principal angle @ from S+ satisfy

) 1
sin(¢) <t or  cos(f) < 5 (RO/;?,C - \/Rfo/a?c * SRE/;?,C> )

where 0 < ¢; < 1 is the smallest nonnegative root of (3.110). Since a global minimizer
B* must be a critical point, to reach a contradiction, let us assume that (3.123) does

not hold, so that

cos(67) < \/RZ/;?,C +8Rg g, (3.124)

Utilizing the fact that B* is a global solution, we have
IXTB 12 < min - ||XT Bl
BeO(D,c),BLS

= min_ {[|€" B+ O Bl.} (3.125)

BeO(D,c),BLS

S Ncg + MCO,max,c-

&€ max,c

On the other hand, by utilizing a similar decomposition of B* as in (3.84), we can

write B* = Psin(©) + Q cos(®), where P € RP*¢ and Q € RP*¢ are orthonormal
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matrices satisfying Span(P) C S and Span(Q) C S+t,and © is the diagonal matrix
whose diagonal entries #; < 0y < --- < 6, are the principal angles between Span(B*)

and St (0. = 6* is also the subspace angle between Span(B*) and St ). Then

N M
1€ B2 =3 _1I(2; + &) Bll2+ 3 llo] B>

J=1 J=1

N M
= Z_Z |12] Psin(©) + & Q cos(©) ]l + 3 [lo] B*|l2

Jj=1

N M
12 Psin(@)]> = >_ [|€; Qcos(®)[2+ 3 _ [lo; B
= =

IV
Mz

<.
Il
—

N

M
Z 1€/ Qll2+>_ llo] B2
j=1

wpc

v
.MZ
UJ

=1

<
I
-

>sin(6*)Neg . — Neg

X ,min &€, max,c

+ MC(’),min,ca

which together with (3.125) gives

M(Co,max,c — CO min c) +2Ncgz

sin(0*) < Neg... Emaxc. (3.126)
Combining (3.124) and (3.126), we obtain
1 = sin®(6*) + cos®(6*)
< Ré/x 4 (M(Co n;);;;:o’mm’» + 2R5/20> 2 + 8R£/x o
which contradicts (3.122), thus completing the proof. ]

Discussion of Theorem 7. Condition (3.122) is sufficient to ensure that global

solutions of problem (3.75) span a subspace that is close to St. We interpret (3.122)
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as follows: with fixed M/N, as data points are increasing (co max,c — €O mine — 0)

and well-distributed (large ¢ 2wy Sall R , and the effective noise is mild (small

(9/2?,0)

R ), (3.122) will be satisfied and global solutions of (3.75) must be close to S*.

g/?/(\,c
Note that in the noiseless case, condition (3.122) is equivalent to condition (3.89) and

t; = 0, which means Theorem 7 is precisely Theorem 5 in the noiseless setting.

3.2.3.3 Probabilistic analysis

We now provide a probabilistic characterization of global optimality for problem (3.75)
in the noisy setting. We have already derived the concentration bounds for ¢ % min
(Lemma 7), no. (Lemma 12) and ¢o max.c — COmine (Lemma 13). For a statistical
analysis of the deterministic result in Theorem 7, we are left to derive a concentration
inequality for CE max.c

Bounding ¢z . In the following, we present the concentration bound for

Cg max Under the random spherical model specified in Definition 1.

Lemma 15. Consider the random spherical model defined in Definition 1. For a fixed

number t > 0, we have

P [Cgmaxc S (1 + 2\/_> 6(0> + ] Z 1-— 26_% (3127)

where §(o) is defined in (3.65).

Proof. According to the generative model in Definition 1, let &, -+ - ,Zxy ~ N (0, 5775)
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and €, €y ~ N( ) be from (3.56) and (3.57), and € = &,. Then, we have

1

e'B

~T
co = max — H(—:BH = max — —_—
£maxe  Be0(D,e) szl 72 Beo(Do) szl

J

where the last inequality follows from || B||s = 1. Defining the random variable

€5 112

’ |25 + &2

we are interested in E [R;]. According to the proof of Lemma 8 and (3.66), we have

W =)

which leads to

Eo iz]E[ngTB”ﬂS E[R ]<\/_+V1_U\JFdD d<(5+j)2> (3.128)

We are now ready to bound cg . Note that

1

N | N
Cmaxe = SUP > H@;-FBH2 = sup7 ) (N >

Beo,) IV 5 &7 B], _EO) +Eo. (3.129)

Since O(D, ¢) is compact, there exists BT € O(D, ¢) that achieves the supremum in
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(3.129). Therefore, for any €, €y, - , €n, €, we have

N
(&S leml, ) s (43 (e, Jerml) =)

1 & 1 _
N;H ].TB+H2 K, — (Nj%(u TB+H n H'\/TBJrH ) _E0> (3.130)
1 2
= |y (&8 ], - J&r B ],)| < &
Applying Lemma 4 with ¢, = %, we have
sup( > |78, —Eﬂo> B |sup (% B —]EO) > ol <2
N =157 -
(3.131)
Moreover, we have
1 X
2| o (xSl =)
N
S P DolCE ] EREH S
[ N
= 2]\\7/§E _Be%)l(%,c) <B’j§1€j€;—>] < 2/2¢ ;@-8} FJ
2
2\]/\7% K igjs; - 2§J [§2H63H2+25 £j€; 6]]
j=1 I Jj=1 i#]
< 2\/\/%76 o+ (1—0)Fyp_a (%)+50)_g) Z\ﬁ (\F‘Fm\/FdD d 5+ j)z )) :
(3.132)

where the first inequality follows from Lemma 6, the second inequality follows

from Lemma 11 by taking h; = || - ||2, the third inequality follows from Cauchy-
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Schwartz, the fourth inequality follows from the Jensen’s Inequality, and the fifth

inequality follows from an upper bound for E[|€;||5] = E[R?] that is similar to (3.66).

Applying (3.132) to (3.131), we obtain

- ( e, _EO) S

(\/_+\/E$de d<(5+j)2>> +e]

Therefore, from (3.129), we have

P

e B 22 (Vo T s (00 ) 4

Applying the upper bound for E, in (3.128), we obtain

CZ maxc = < 2\/\/—_> <\/_+m\JFdD d<(g+$2>) +e] <20,

and by setting € = f we have

P

> (1220 (v v=a s (B0 + <

Noting that (L‘%—;g;’ < ¢ and all the CDFs are nondecreasing, we get

P lcamw > ( 2\/\/__> <\/_+ mm) \/ZSN] <27,

which completes the proof.
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Discussion of Lemma 15. It has been shown in Lemma 8 that 8(c) = O(c%+02),
implying that the concentration for ¢z in (3.127) implies that ¢z .. = O(i+072)

with high probability. However, as in the discussion after Lemma 8, the concentration

bound for cg does not immediately imply cg = 0 when o = 0 because of the
,Max,c ,Max,c

term \/LN (this is usually very small since N is very large compared with ¢), which

appears to be an artifact of the proof technique; improvement is left as future work.

We now give the probabilistic characterization of the globally optimal solutions for

the problem (3.75).

Theorem 8. Consider the random spherical model defined in Definition 1. Assume
N > c. Then for any positive t < 2( %p(a) — 2), with probability at least 1 — 8e~/2,
any global solution B* of problem (3.75) must span a subspace that has an angle 0*

from S+ satisfying

Cio(o) + 2L
) < (3139
ﬁp(o-) - 02 N - 2\/ﬁ
as long as
M ((8v2¢ + 2t)* + C5(VeDlog D +1)?)
(3.134)

2
2 4 1612
< N? (a ‘H>—om@—6t—8t

TG N VN |

where C1, Cy, Cs, Cy are universal constants independent of N, M, D, d, c,t and o.
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Figure 3.5. Plot of the subspace angle between Span(B*) and S with B* the computed
solution to the noisy holistic DPCP problem (3.75) when varying N and M for noise level
(a) o0 =0 and (b) 0 = 0.1. Here we fix D = 30 and ¢ = 5.

Proof. Theorem 8 follows directly from Theorem 7 and

25Rz, 5
E/X,c
T E/Xe (3.135)

ty
(1 B RO/)/(\,C>

IA

by plugging the concentrations for cg . from (3.54), no. from (3.95), comax.c —

Co,min,c from (3.101), and ¢z from (3.127) into (3.122) and (3.135). O

Discussion of Theorem 8. Towards interpreting Theorem 8, first recall that
d(c) — 0 and p(o0) — 1 as 0 — 0. Then, (3.133) indicates that the angle 8* between
St and the subspace spanned by a global solution B* of (3.75) becomes close to zero
as o — 0, and sin(6*) = O(c*/* 4+ ¢2) which is of the same order as §(c). Furthermore,
the sufficient condition (3.134) implies that problem (3.75) can also tolerate O(N?)
outliers for learning the entire orthonormal basis for S* with noisy data, as illustrated

in Figure 3.5. Finally, we remark that condition (3.134) does not necessarily have
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the same form as condition (3.105) when o = 0 or the condition in (3.74) when ¢ =1
because the proof used is different; however, they all reveal that the DPCP problems
(both (3.1) and (3.75)) can handle O(N?) outliers, which is an apparent advantage

over other RSR methods [62] that can only deal with O(N) outliers in theory.

3.3 Comparison with state-of-the-art

As noted in Section 2.2, DPCP is very closely related to least absolute deviations sub-
space learning methods. Two important representatives of that class are REAPER [61]
and the Geodesic Gradient Descent (GGD) method of [76]. In particular, the GGD
problem (2.6) shares a similar formulation as (3.75), which optimizes over G(D, d)
and aims at recovering an orthonormal basis for the underlying subspace S instead of
a basis for the dual space St as in DPCP, while the problem of REAPER (2.5) can be
viewed as a convex relaxation of it. In this section, we compare the theoretical results
of DPCP to those known for REAPER and GGD. We show that the global optimality
conditions for DPCP given in the previous sections are much tighter compared to
those required for REAPER. In fact, they are even an improvement over conditions

that enable a local stability characterization of the function landscape given by [76].

Comparison with REAPER [61]. For the global optimality analysis, [61,

Theorem 2.1] asserts that any global minimizer of the REAPER problem (2.5) spans
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Figure 3.6. Check whether (3.108) and (3.122) for DPCP and (3.137) for REAPER [61]
are satisfied (white) or not (black) when varying the outlier ratio M /(M + N) and o. Here
we fix D = 30 and N = 1500.

a subspace that has an angle 6* from S satisfying

2NZ(S
sin(6") < (5) : (3.136)
R — M (S) = NA(S)| |
where Z(S) := & XL [|€]|2 is the total inlier residual (recall that it is an upper
bound for ¢z orcg ), (S) = 35O|:2|[Ps: Ol > 0 is an alignment statistic

that measures the amount of linear structure in the outliers, and [a], = a if @ > 0 and

+

0 otherwise. Here Pg. is the orthoprojection onto S* and the overline spherization
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Figure 3.7. Evaluation of (a) ¢; in Theorem 7 and (b) upper bound for sin(6*) in (3.136),
with D = 30 and N = 1500. In (b), we only plot (3.136) for 3 € {0,0.01} since it is only
meaningful for a mild size of the outlier ratio.

operator normalizes the columns of a matrix. To make (3.136) meaningful, we require

Mao(S) 1
< — Rz 5 . 3.137
NC)?JIHH 4\/8 €/ ( )

We compare the necessary condition (3.137) for REAPER to (3.108) and (3.122) for the
DPCP problem (3.75) (see Theorem 7). In a special case that there are no outliers, i.e.,
o (S) =0, (3.137) requires Rz 3. < 4%/8‘ By contrast, (3.108) only requires Rz % < :
(see Figure 3.4). More generally, in the presence of outliers, M .o/ (S) in (3.137) scales
as O(M) under the Haystack model [61], whereas the quantity M (co max.c — CO min.c)
in (3.122) scales as O(v/M) as proved in Lemma 13, indicating that the theoretical
analysis for DPCP potentially tolerates more outliers. Numerically, this is captured
in Figure 3.6, in which we observe that (3.108) and (3.122) are satisfied for a much

larger range of outlier ratio and noise levels. Finally, note that Z(S) appears both in

the numerator and denominator in the RHS of (3.136), which makes the entire upper
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Figure 3.8. Comparison between the quantity v of [76] and sin~!(¢;) in the cases of ¢ = 1
(top row) and ¢ = 5 (bottom row) with outlier ratio MJ\J/FIN € {0.1,0.4,0.7}. Here we fix
D = 30 and N = 3000.

bound blow up quickly when the noise level increases; see Figure 3.7b. In contrast,
according to Theorem 7 and (3.121), the upper bound for sin(6*) in our analysis,
i.e., t1, is roughly proportional to the effective noise level (see Figure 3.7a), and thus

provides more insight into the problem.

Comparison with the local optimality conditions of [76]. The GGD pa-
per [76] only provides local optimality analysis for the problem (2.6), which is exactly
the dual form of the holistic DPCP problem (3.75) considered in this chapter. [76,
Theorem 2] asserts that, given 0 < < v < 7/2 such that a certain stability condition

holds, any critical point of (2.6) spans a subspace that has an angle 6 from S satisfying

0<n or 0>n. (3.138)

124



Note that Lemma 14 has similar statements in characterizing the geometry of the

critical points for (3.75). Particularly, in (3.109) we have

0 <sin"'(t;) or 6 >sin'(ty). (3.139)

For both results, a tighter analysis corresponds to a smaller i or sin~!(¢;) (closer to 0)
and a larger v or sin~!(¢y) (closer to m/2) so that the geometric distribution of the
critical points are more restricted. As a simulation, we compare (3.138) and (3.139)
by manually setting n equal to sin~!(¢;) and then compare sin~!(¢5) and v. Figure 3.8
shows the comparison between v and sin~'(#;) under different codimensions, and
percentages of outlier ratio and noise levels. In most of the cases, we can observe that
sin~!(t,) is larger than ~y by a significant amount, under the restriction that 1 is equal
to sin~!(#;), thus suggesting that (3.139) is a tighter result compared with (3.138).
Moreover, (3.138) is sensitive to the variation of the outliers, while (3.139) is rather
stable (compare Figure 3.8a to Figure 3.8c and Figure 3.8d to Figure 3.8f). Finally, we
mention that the relationship between n and 7 in [76] is captured by the complex inlier-
outlier stability statistic, which is not as clear as for our ¢; and ¢4, with the latter being
explicitly defined by (3.110) and (3.111). In conclusion, we believe that Lemma 14
represents a theoretical and practical improvement over the characterization of the

critical points of (3.75) given previously by [76] for a dual formulation of the problem.
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Chapter 4

Efficient Algorithms for Learning a

Single Subspace with DPCP

We have established the theory of DPCP for learning a single subspace with any
codimension under both noiseless and noisy settings in Chapter 3. Nevertheless, the
existing algorithms (and their convergence theory) for DPCP are designed the case
of codimension equal to 1 and noiseless data. The other scenarios (i.e., codimension
larger than 1 and noisy data) call for the design of a unified algorithmic framework

that is both scalable and emits a convergence theory for all of the above cases.

In this chapter, we focus on a linearly convergent method for non-smooth non-
convex optimization on the Grassmannian, which will cover robust subspace learning
via DPCP as a particular application. In Section 4.1, we briefly introduce optimization
on the Grassmannian along with the necessary background and notation. In Sec-

tion 4.2, we present a Projected Riemannian Sub-Gradient Method (PRSGM) with
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linear convergence guarantees, and show that PRSGM applied to the holistic DPCP
problem (2.9) can provably recover a basis (respectively, an approximate basis) for the
orthogonal complement of the underlying subspace in the noiseless setting (respectively,
noisy setting). Experiments using synthetic and real data in Section 4.3 demonstrate

the effectiveness and superiority of PRSGM.

4.1 Introduction

Optimization problems on the Grassmannian G(D, ¢) (a.k.a. the Grassmann manifold
consisting of the linear c-dimensional subspaces in R”) appear in a wide variety of
applications. A problem of interest in this thesis is a robust subspace recovery problem,
namely learning a d-dimensional subspace S C RP from corrupted data. As discussed
in previous chapters, the original DPCP problem (2.2) involves optimization on the
sphere (G(D, 1)), the holistic DPCP problem (2.9) estimates an entire orthonormal
basis for S+ by optimizing over G(D, ¢) (recall that ¢ = D — d is the codimension of
the underlying subspace), and the GGD problem (2.6) learns an orthonormal basis for
S by optimizing on G(D, d). A key challenge to such problems is that the optimization

problems are non-convex since the Grassmannian is a non-convex set.

One approach to solving optimization problems on the Grassmannian is to exploit
the fact that the Grassmannian is a Riemannian manifold, and develop generic Rieman-
nian optimization techniques. When the objective function is twice differentiable, [§]
shows that Riemannian gradient descent and Riemannian trust-region methods con-

verge to first- and second-order stationary solutions, respectively. Newton algorithms
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on the Grassmannian have been developed in [34]. When Riemannian gradient de-
scent is randomly initialized, [60] further shows that it converges to a second-order
stationary solution almost surely, but without any guarantee on the convergence rate.
Non-smooth trust region algorithms [47], gradient sampling methods [22, 23|, and
proximal gradient methods [18] have also been proposed for non-smooth manifold
optimization when the objective function is not continuously differentiable. However,
the available theoretical results establish convergence to stationary points from an
arbitrary initialization with either no rate of convergence guarantee, or at best a

sublinear rate!.

On the other hand, when the constraint set is convex, [25, 26, 65] show that
subgradient methods can handle non-smooth and non-convex objective functions as
long as the problem satisfies certain regularity conditions called sharpness and weak
convezity. In such a case, R-linear convergence' is guaranteed (e.g., see robust phase
retrieval [33] and robust low-rank matrix recovery [65]). Analogous to other regularity
conditions for smooth problems, such as the regularity condition of [14] and the error
bound condition in [73], sharpness and weak convexity capture regularity properties
of non-convex and non-smooth optimization problems. However, these two properties
have not yet been exploited for solving problems on the Grassmannian, or other

non-convex manifolds.

A related regularity condition, which in this thesis we call the Riemannian Regu-

larity Condition (RRC), has been exploited for orthogonal dictionary learning (ODL)

ISuppose the sequence {x} converges to =*. We say it converges sublinearly if limy o || g1 —
x*|/||xx —x*|| = 1, and R-linearly if there exists C' > 0, ¢ € (0,1) such that |z, —z*|| < C¢*, Vk > 0.
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(3], which solves an ¢; minimization problem on the sphere, a manifold parameterizing
G(D,1). However, under this RRC, Projected Riemannian Sub-Gradient Methods
have only been proved to converge at a sublinear rate. On the other hand, a Projected
Sub-Gradient Method (DPCP-PSGM) [152, 153] has been successfully used and proved
to converge at a piecewise linear rate for the DPCP problem (2.2). However, 1) it is
restricted to optimization on the sphere (G(D, 1)) even for subspaces of codimension
higher than 1, so it may not be applicable to problem (2.9); (ii) it has only be shown
to converge to a basis element of St with noiseless data; and (iii) the convergence

analysis does not reveal the origin of the improved convergence rate.

4.1.1 Background

In this chapter, we consider minimization problems on the Grassmannian G(D, ¢).
We adopt the same notation as in Section 3.2.1. In particular, we parameterize
points on the Grassmannian by representing an element of G(D, ¢) by an orthonormal
matrix in Q(D,c) = {B € RP*¢: B"B = 1.}, which is also the well-known Stiefel
manifold. When D = ¢, we denote Q(c, ¢) by O(c), the orthogonal group. This matrix
representation is not unique since Span(BQ) = Span(B) for any Q € O(c). Thus,
we say that {A, B} C G(D,c) are equivalent if Span(A) = Span(B). With this
understanding, we use B to represent the equivalence class [B] = {BQ : Q € O(c)}
and consider the parameterized problem studied in [34, 49] give by

minimize f(B) (4.1)

BeO(D,c)
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where f : RP*¢ — R is lower semi-continuous, possibly non-convex and non-smooth,
and invariant to the action of O(c), i.e., f(B) = f(BQ) for any Q € O(c). Again,
the global minimum of (4.1) is not unique since if B* is a global minimum, then any

point in [B*] is also a global minimum.

For any A, B € O(D, c), as specified in Definition 2, the principal angles between
Span(A) and Span(B) are defined as 6;(A, B) = arccos(a;(A"B)) for i = 1,...,c,
where ;(-) denotes the i-th largest singular value. As before, the largest principal
angle 6.(A, B) is referred to as the subspace angle between Span(A) and Span(B).

We then define the distance between A and B as

C

dist(A, B) := \IQ; (1 — cos(6;(A, B))) = Qrél(i)r(lc) |B — AQ| r (4.2)

where the last term is also known as the orthogonal Procrustes problem. The second
equality in (4.2) follows from the result [51] according to which the optimal rotation
matrix Q minimizing || B — AQ||r is Q* = UV ", where UXV'T is the SVD of AT B.
Thus, dist(A, B) = 0 iff Span(A) = Span(B). We also define the projection of B

onto [A] as

Pa(B) = AQ*, where Q" =arg min||B — AQ||r.
Q<0(¢)

Here AQ* is in [A], with Q* representing a nonlinear transformation of AT B, as
described above. The following result implies that 6.(A, B) and dist(A, B) are

equivalent in characterizing how close A and B are to each other.
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Proposition 2. The definition (4.2) of dist(A, B) is equivalent to the subspace angle

0.(A, B) in measuring the similarity between A and B in the following sense:

sin(0.(A, B)) < dist(A, B) < v2c-sin(6.(A, B)).

Proof. To prove the first inequality, we have

dist(A, B) \IQZ 1 — cos(# \lzélsm (A, B)/2)

> 2sin(0.(A, B)/2)
> 2sin(0.(A, B)/2) cos(6.(A, B)/2)

= sin(6.(A, B)).

To prove the second inequality, we have

dist(A, B) \JZ4SIH (A, B)/2)

<2y/c-sin(0.(A, B)/2)

< V2¢-sin(6,(A, B))

[0,7/2]. 0

where we used the fact that sin(a/2) < Sh\]/(g)

Since f can be non-smooth and non-convex, we utilize the Clarke subdifferential,

which generalizes the gradient for smooth functions and the subdifferential in convex
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analysis. The Clarke subdifferential [3] of a locally Lipschitz function f at B is

Jdf(B) := conv {lim Vf(B;): B; — B, f differentiable at B,}

1—00

where conv denotes the convex hull. When f is differentiable at B, its Clarke
subdifferential is simply {V f(B)}. When f is not differentiable at B, the Clarke
subdifferential is the convex hull of the limit of gradients taken at differentiable points.
Note that the Clarke subdifferential 0f(B) is a nonempty and convex set since a

locally Lipschitz function is differentiable almost everywhere.

Since we consider problems on the Grassmannian, we use tools from Riemannian
geometry to state optimality conditions. From [34], the tangent space of the Grass-
mannian at [B] is defined as Tg := {W € RP*¢: WTB = 0}, and the orthogonal
projector onto the tangent space is I — BB, which is well-defined and does not
depend on the class representative since AAT = BB for any A € [B]. We gener-
alize the definition of the Clarke subdifferential and denote by df the Riemannian

subdifferential of f [3]:

3f(B) := conv { lim(I— BBT)Vf(B,): B, — B, f differentiable at Bi} .

11— 00

We say that B is a critical point of (4.1) if and only if 0 € df(B), which is a necessary

condition for being a minimizer to (4.1).
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B

Figure 4.1. Illustration of the Riemannian regularity condition in Definition 3. Red nodes
denote [B*|, with the top one closest to B. Inequality (4.3) requires the angle between
Pp+-(B) — B (purple arrow) and —G(B) (blue arrow) to be sufficiently small.

4.2 Projected Riemannian Sub-Gradient method

In this section, we state our key Riemannian regularitity condition (RRC, Section 4.2.1),
propose a Projected Riemannian Sub-Gradient Method (Section 4.2.2) based on RRC,
analyze its convergence properties (Section 4.2.3), and show it can be applied to solving

the DPCP problem (2.9) under both noiseless and noisy settings (Section 4.2.4).

4.2.1 Riemannian Regularity Condition (RRC)

Definition 3. Let {a, e} > 0 and B* € O(D,c). We say f : RP*¢ — R satisfies the
(o, €, B*)-Riemannian regularity condition (RRC) if for every B € Q(D,c) satisfying

dist(B, B*) < €, there exists a Riemannian subgradient G(B) € Of(B) such that

(Pg-(B) — B,~G(B)) > adist(B, B*). (4.3)

Strictly speaking, Definition 3 is extrinsic since we view the Grassmannian as

133



embedded in the Euclidean space and (4.3) uses the standard inner product in the
Euclidean space. Recently, a particular instance of Definition 3 was shown to hold [3]
in the context of ODL. Note that —G(B) is not necessarily a descent direction for
all G(B) € of (B), and that the set of allowable Riemannian subgradients that
satisfy (4.3) need not include the minimum norm element from df(B) even though
that one is known to be a descent direction [43]. In Section 4.2.4, we show that a
natural choice of Riemannian subgradient satisfies (4.3) for DPCP, where B* is a
target solution. As illustrated in Figure 4.1, condition (4.3) implies that the negative
of the chosen Riemannian subgradient G(B) has a positive angle with Pg«(B) — B.

To see this, let

&= sup {||G(B) | : dist(B, B") < ¢} (4.4)

denote an upper bound on the size of the Riemannian subgradients in a neighborhood

of B* (we assume that £ < 00). From (4.3) we have

(Pp-(B) — B, —G(B)) _ (Pp-(B) - B,-G(B)) _
|Pp-(B) — B|r||G(B)|lr  dist(B,B*)|G(B)lr —

@
57

which gives a bound on the sum of the cosines of the principal angles between

Pp:(B) — B and —G(B) and implies that

134



In fact, by applying the Cauchy-Schwartz inequality to (4.3), we have

IG(B)||r dist(B, B*) > (B — Pg-(B),G(B)) > adist(B, B*),

which leads to

IG(B)||r > a, VB ¢ [B*],dist(B, B*) < e. (4.6)

We will show in Section 4.2.3 that if the («, ¢, B*)-RRC holds, then a Projected Rie-
mannian Sub-Gradient Method will converge to B* when an appropriate initialization

and step size strategy are used.

4.2.1.1 Comparison with regularity conditions for non-smooth functions

Definition 3 is similar in nature to other regularity conditions that characterize
geometric properties of the objective function. Perhaps the most closely related ones
for non-smooth functions are sharpness and weak convexity. Consider a function

h : RP — R and assume that the set of global minima

X = {2z € R : h(z) < h(z) for all z € R"} (4.7)

is non-empty. Then, h is said to be sharp with parameter v > 0 (see [12]) if

h(x) — min h(z) > vdist(x, X) (4.8)

z€RD
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holds for all z € RP. The function A is said to be weakly convex with parameter
7> 0if & — h(x) + I|jz|? is convex [122]. If h is both sharp and weakly convex,

then [25, 65] show that
(Pr(z) — z, —d) > vdist(z, X) — gdistQ(a:, X) (4.9)

for any © € RP and any d € 0h(x), where Py is the orthogonal projector onto the
set X. Note that (4.9) is useful when its RHS is nonnegative, i.e., when dist(x, X') <

(2v)/7. Thus, for any € < (2v)/7, we have

(Px(x) —x,—d) > (l/ — ;e> dist(a, X) for all d € Oh(x) (4.10)
whenever x satisfies dist(x, X') < e. Noting the similarity between (4.10) and (4.3) (B*
can be taken as a minimizer of h), the RRC (4.3) can be viewed as a generalization of
(4.10) (the consequence of sharpness and weak convexity) to the Riemannian manifold.
There are two main differences. First, (4.3) differs from (4.10) in that its LHS involves
the Riemannian subgradient due to the Grassmannian constraint. Second, (4.3) is only
required to hold for a particular Riemannian subgradient at B, while (4.10) holds for

all subgradients, thus imposing a slightly stronger regularity condition on the problem.

4.2.1.2 Comparison with regularity conditions for smooth functions

Aside from the weak convexity and sharpness, another regularity condition related

to Definition 3 is the one proposed in [14]: we say a continuously differentiable function
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g : RP — R satisfies the (o, 7, €)-regularity condition, if for all £ € RP such that

dist(x, X) < €, where X is the set of global minima of g as defined in (4.7), we have

(Px(x) — x, —Vg(x)) > adist®(x, X) + || Vg(x)|] (4.11)

We now compare (4.3) with (4.11). On the one hand, (4.11) has a form similar to (4.3)
as both attempt to provide lower bounds for the inner product between the gradient
(or Riemannian subgradient) and the vector @ — Py () for any @ that is close to X.
On the other hand, (4.11) mainly differs from (4.3) in two aspects. First, compared
with (4.3), the RHS of (4.11) has an additional term that depends on the magnitude
of the gradient, i.e., |[Vg(x)||?, while it is impossible to include the Riemannian
subgradient term ||G(B)||r into the RHS of (4.3) since then as its LHS goes to 0
when B tends to B* the term ||G(B)||r does not vanish due to (4.6). Moreover, by

applying the Cauchy-Schwartz inequality to the LHS of (4.11), we obtain

YIVg(@)|* < dist(x, X)||Vg(@)l| - adist*(z, X),

which implies ||Vg(x)| — 0 as dist(ax, X) — 0, hence in sharp contrast to (4.6).

4.2.2 Projected Riemannian Sub-Gradient method on the

Grassmannian

We now propose to solve (4.1) using the Projected Riemannian Sub-Gradient Method

(PRSGM), which is summarized in Algorithm 1. Given the ¢-th iterate By, the next
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Algorithm 1 Projected Riemannian Sub-Gradient Method (PRSGM)
1: Initialization: set By and py;
2: fort=0,1,...do _
3:  Obtain G(B;) € 0f(By) satistying (4.3) with B = By;

4:  Compute a step size u; according to a certain rule;
5:  Update the iterate:

-/B\t-i-l < Bt — ,LLtg(Bt) and Bt+1 — Orth(./B\H_l); (412)
6: end for

iterate By, is obtained by first moving in a direction opposite to a Riemannian
subgradient at B, that satisfies the regularity condition (4.3), and then performing
orthonormalization. In Section 4.2.4, we will show that such a projected Riemannian
subgradient can be computed for the DPCP problem. We remark that Algorithm 1
is an extrinsic method since the iterates are not computed by moving along the

Grassmannian; rather, the intermediate point §t+1 is projected onto the Grassmannian.

In order to justify (4.12), we show that By, in (4.12) always has full column rank

given B, € O(D, ¢). In fact, since B\tﬂ = B; — 1;G(B;), we have

B/ \Bi1 =1+ (G(B) G(By), (4.13)

where the equality follows because B, € Q(D, c¢) is orthogonal to G(B;). Thus, the
eigenvalues of B\tLB\tH are always greater than or equal to 1. Therefore, all singular
values of /B\t-',-l are non-vanishing, which means §t+1 has full column rank.

Note that there are multiple ways to orthonormalize §t+1, although for our purpose
they are all equivalent since they all correspond to the same subspace. In (4.12), orth

refers to any method that finds an orthonormal basis for Span(§t+1). For example, one
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can compute By to be the Gram-Schmidt orthonormalization of §t+1, or as the first ¢
left singular vectors of /B\t+1- Also, no specific step size rule is provided in Algorithm 1,

whereas specific choices are made for the convergence analysis in Section 4.2.3.

4.2.2.1 Connection to the projected subgradient and the geodesic subgra-

dient methods

We now relate the Projected Riemannian Sub-Gradient Method (PRSGM) with the
Projected Sub-Gradient Method (PSGM) used in [152, 153] and the Geodesic Gradient
Descent (GGD) method used in [76]. In particular, PSGM is developed and analyzed
for solving the DPCP problem (2.2) on the sphere, i.e., @(D,1). Consider ¢ =1 in
our objective problem (4.1) so that {B;} C O(D, 1) in Algorithm 1. First, we claim
that PRSGM and PSGM are essentially the same except that the step sizes are scaled

differently. For a subgradient d; € 0f(B;) C RP, the PSGM uses the update
EEH + B, — pjd, and BEH — EEH/HEEHH%

which is the same as Algorithm 1 except that the Riemannian subgradient G(B;)
in (4.12) is replaced by the subgradient d;, and ug is the step size for PSGM. To relate

EE 11 with §t+1, we observe that

/B\SJA =B, — MEdt =B, — PJEBtBtTdt - MEg(Bt)

f
—(1-4B'd B—“th),
( M Dy t)( t ]—_MEBtTdt ( t)
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which implies that Eﬁ 41 is the scaled version of ]/5’\t+1 if we set puy = 1/;? in (4.12),
TH Py At
or equivalently, /LE = Huf‘ﬁ. With this choice, BE 1 = By if /LE is sufficiently
t

small so that (1 — uEBtT d:) > 0. Thus, the convergence guarantee for PRSGM
in Section 4.2.3 can be directly applied for PSGM by using the step size /LE = #éjdt’
which is close to u; as long as p; is small.

Both PRSGM and PSGM are extrinsic since the iterates are allowed to move
outside the underlying Grassmannian. In contrast, the GGD method proposed in [76]
is intrinsic, for which the geodesic derivatives are formulated such that the iterates
always move along the Grassmannian. With this in mind, consider optimization over
O(D,1). The geodesic subgradient method uses the update

: B
By, « cos(f) By — sin(1)) 1555

where 17 is the corresponding step size. Note that By ;| is always on the sphere due

to the fact that G(By) is orthogonal to B,. Again, by writing

B, = cos(i) (B~ i) g

1G(B)|l2

and following a similar argument as before, we can see that the convergence analysis
for PRSGM in Section 4.2.3 can also be applied to the geodesic subgradient method

in this case with the step size py = arctan(u||G(By)||2)-
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4.2.3 Convergence analysis

Our convergence analysis for Algorithm 1 relies in the RRC of Definition 3. When
this regularity condition holds, we show that the iterates of Algorithm 1 exhibit
the following properties: (i) they converge to a neighborhood of the set B* when a
constant step size is used, and (ii) they converge at an R-linear rate to B* when a

geometrically diminishing step size is used.

4.2.3.1 Constant step size

We first consider the convergence of Algorithm 1 when a constant step size is used.

Proposition 3. Suppose that for some («, €, B*) the function f satisfies the («, €, B*)-

RRC in Definition 3. Let {B;} be generated by Algorithm 1 with step size

and initial iterate By satisfying dist(By, B*) < €, where & is defined in (4.4). Then,
for allt >0, it holds that

2
dist(B;, B*) < max {dist(Bo, B) — “g‘t “f} . (4.14)
o

Proof. We have already shown that in Algorithm 1 that §t+1 always has full column
rank. Let §t+1 = PQQ" be a reduced SVD of §t+1; where €2 is an ¢ x ¢ diagonal
matrix with singular values wy, ..., w. along the diagonals. According to (4.13), the
eigenvalues of /BTHB\?&H are always greater than or equal to 1, which implies that
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wy, ..., w. > 1. Therefore, for any U € O(D, ¢), it follows that

1Bis1 = Ul = |Bes — Ul
= [PQQ i — |PQ'|; — 2trace((2 - ) P'UQ) (4.15)

C

>3 wi—1-2w;—1)=> (w; —1)> >0,
=1

i=1
where we have chosen By, to be PQT, and the last line directly follows Von Neu-

mann’s inequality, i.e., trace(F'G) < ¥, 0;(F)0;(G) where 0,(-) > 09(-) > -+- >0

are the singular values of a matrix.

We prove (4.14) by induction. It is clear that (4.14) holds when ¢t = 0. Now assume

that (4.14) holds at the ¢-th iteration, which implies that dist(B;, B*) < e. Then,

dist?(Byy1, BY)
< | Bis1 — P+ (B} < | Byt — Pp-(B)I%
= [|B; — uG(By) — Pp-(By)| % (4.16)
= |B; = Pp-(B)l7 — 21(B; — Pp-(B1), G(By)) + 1*[|G(By) |3

< dist?(By, B*) — 2o dist(By, B*) + p2¢?

where the second line uses (4.15), and the last line uses the RRC (4.3).

It is clear from (4.16) that dist?(By,, B*) < dist?(B,, B*) if dist(B;, B*) > L

= 2a
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In particular, when dist(B;, B*) > ’%2, we have

dist?(By,1, B*) < dist*(By, B*) — audist(By, B*) + p2¢? — ap dist(B,, B*)

2
< (dist(Bt,B*) _ “20‘) ,

which implies that

dist(Bys1, B*) < dist(B,, BY) — %

since dist(By, B*) > “752 > pa.

On the other hand, when dist(B;, B*) < ’%Q, it also follows from (4.16) that

2
pg? 3
< max oz) 1€, u*e? 2}
_ (1€
o
where the first inequality follows from the fact h(a) := a® — 2aua is increasing in

[a’, 00] for any o’ such that h(a’) > 0, and the second inequality utilizes (4.5). Thus

by induction, (4.14) holds for all iterations ¢ > 0. O

Discussion of Proposition 3. Towards interpreting Proposition 3, first con-
sider the case dist(By, B*) > u&?/a, in which case (4.14) implies that after at most

T = 2(dist(By, B*) — u&%/a)/(ua) iterations, the inequality dist(By, B*) < pu&?/a
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will hold for all ¢ > T'. In that sense, Proposition 3 essentially says that no further
decay of dist(By, B*) can be guaranteed. This agrees with empirical evidence regard-
ing Algorithm 1 with a constant step size (see Section 4.3). Note that (4.14) also
suggests a tradeoff in selecting the step size p. A larger step size p leads to a faster
decrease on the bound but a larger universal upper bound of 1£?/ar, which may even

exceed dist(By, B*) if u is too large.

4.2.3.2 Geometrically diminishing step size

A useful strategy to balance the tradeoff discussed in the case of constant step size
is to use a diminishing step size that starts relatively large and decreases to zero as
the iterates proceed. As the universal upper bound “752 in (4.14) is proportional to
11, it is expected that the decay rate of the step size will determine the convergence
rate of the iterates. In this section, we consider a geometrically diminishing step size
scheme, i.e., we decrease the step size by a fixed fraction between iterations. Our
argument is inspired by [25, 65]. Convergence with geometrically diminishing step size
is guaranteed by the following result, which shows that if we choose the decay rate

and initial step size properly, then the PRSGM converges to B* at an R-linear rate.

Theorem 9. Suppose that the function f satisfies the (c, e, B*)-RRC in Definition 3.

Let { By} be the sequence generated by Algorithm 1 with step size

1 = piof5’ (4.17)
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and initialization By satisfying dist(By, B*) < €. Assume that

a dist(By, B*)

o < 262 and
2 (4.18)
ajig 13
1-2 —B<p<1,
\l dist(By, B*) * dist*(By, B*) B=p
where £ is defined in (4.4). Then, the sequence { B;} satisfies
dist(By, B*) < dist(By, B*)" for all t > 0. (4.19)

Proof. We prove (4.19) by induction. It is clear that (4.19) holds when ¢ = 0.
Now assume that (4.19) holds at the ¢-th iteration, which implies that dist(B;, B*) <
dist(By, B*)S". Since B, satisfies the Riemannian regularity condition (4.3), according
to the proof of Proposition 3, we know that (4.16) holds:

dist?(Byy1, B*) < dist?(By, B*) — 2ap, dist(By, B*) + p2€?
(4.20)

= (dist(By, BY) — ayu)® + i (€% — o®).

From the assumption that dist(B;, B*) < dist(By, B*)S" and

2
dist(By, B*)5" > Q@ﬁt > 20103" = 200 > oy,
(8%

where the first inequality follows from assumption (4.18) and the second inequality

follows from & > « in (4.5). Therefore, (4.20) achieves its maximum at dist(B;, B*) =
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dist(By, B*)". Plugging this observation into (4.20) gives

dist?(Byy1, B*) < dist(By, B*)?% — 2041, dist( By, B*) 5" 4 p2€*

= dist(By, B*)?* — 20 dist(By, B*) 8% + p2p* ¢
(4.21)

2¢2
= dist(By, B2 1 — 29— 20 it
ist(Bo, B*)*f3 ( dist(By, BY) + dist(By, B*)?

< dist(By, B*)?52tD

where the last line holds because 8 > § = \/1 — 2dist(OJéE’lfOO,B*) + dist(ﬁf;*y in (4.18).

Hence, the induction proof is complete. O

Discussion of Theorem 9. The rate at which {dist(B;, B*)};>0 tends to
zero in (4.19) is determined by /3, which has to satisfy (4.18). Note that j is
well defined and is strictly less than 1 in (4.18). To see this, on the one hand,
po < adist(Bg, B*)/2¢* and € > a together imply 1 — 2apu/dist(By, B*) > 0. On
the other hand, —2ayuq/dist( By, B*) + p2¢? /dist?(By, B*) < 0 is a decreasing function
of p1g when pg € (0, adist(By, B*)/2£%]. In particular, when po = o dist(By, B*)/2£,
we have 8 = \/m, giving the fastest decaying rate by setting 8 = 3. Note
that if dist(By, B*) is not known a priori, then one can replace it by its upper bound e
in (4.18) and (4.19) and the results still hold. Finally, we remark that the decaying rate
of dist(By, §7) is determined by the diminishing factor 3. A large 3 may lead to a slow
convergence rate while a small 3, e.g., smaller than 3, may lead to divergence. We will

see this tradeoff more clearly with numerical experiments as presented in Section 4.3.
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4.2.4 Applications to DPCP

In this section, we show that Algorithm 1 achieves an R-linear convergence rate
when applied to the DPCP problem (2.9) for estimating a basis for the orthogonal
complement of the underlying subspace under both noiseless (Section 4.2.4.1) and

noisy (Section 4.2.4.2) settings.

4.2.4.1 Data corrupted by outliers only

Recall the DPCP problem (2.9) with noiseless data, which was given as

iy 8) = |75, =3 575,

BeO(D,c) 12

where X = [X, O]I' € RP*L is the dataset with inliers X € RP*N spanning a

RDXM

d-dimensional subspace S of R, outliers O € , unknown permutation I', and

¢ = D —d is the codimension of S. We will show that the DPCP problem (2.9) satisfies
the RRC, which will then be used to establish convergence rates. Since the objective
function f is regular [3], it follows from [140] that df(B) = (I— BBT)df(B). Also
note that the ¢, norm is subdifferentially regular, thus by the chain rule one natural

choice for the Riemannian subgradient is

G(B)=(1-BB'))Y &;sign(z, B), (4.22)

j=1

where sign(a) is defined in (3.78). With the geometric quantities cx min in (3.4) and

No.. in (3.79), we now state a key insight, namely that the DPCP problem (2.9)
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satisfies the RRC of Definition 3.

Lemma 16. For any e < \/2(1 — Mﬁo,c/NCx,min); the DPCP problem (2.9) satisfies
the (a, €, 81)-RRC with a = ((1 — €2/2)Nca min — Mno..)/V/2¢ and any orthonormal

basis S+ for S*. Also,
IG(B)||x < VN || X, + Mno,, VB € O(D,c) (4.23)

where || A||2 denotes the spectral norm of a matriz A.

Proof. Let S € RP*4 be an orthonormal basis of the subspace S and let §+ € RP*¢
be an orthonormal basis of the orthogonal complement S*. By utilizing similar

decomposition as in (3.84), we have
B = Psin(0©) + Q cos(©)

where P and Q are orthonormal matrices satisfying Span(P) C S and Span(Q) C S+,
and O is the diagonal matrix whose diagonal entries #; < 0y < --- < 6, are the principal

angles between Span(B) and S*. After defining

G = P cos(0)sin(®) — Qsin*(©),
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we have

(—=G(B),Ps+(B) — B) = (-4(B), Q)

/\

(I- BB") (Z T sign(a?jTB)) : Q>

Jj=1

x; sign(x; +Zo] sign(o] B), G> (4.24)

1 7j=1

<
Il

I
-/M\z

E'qz

<:I:JTP cos(©) sin(©), sign(x, P sin(@))>

1

.
Il

— <G, (I-BB") > o; sign(ojTB)>

j=1

where the second equality follows from (I — BB')Q = G and the very last line uses

the fact that G € Span(B*). We bound the first term in the last line of (4.24) by

> <zchP sin(®) cos(O), sign(:c;rP sin(@))>

Jj=1

Mz

> cos(6,.) < x| Psin(©), sign(x, P sin(@))>

<.
Il
—

(4.25)

= cos(6,)

%
Mz
T

T T
Psm )H2 > cos(6,) sin(6 Z ‘zcj Pe

,7: :

> cos(0.) sin(0.) N cx min

where the first inequality follows because 0 < ¢ < 6 < ---0, < 7, and the last

inequality utilizes the definition of cx i, in (3.4) since p. € SN SP~!. On the other
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hand, the second term in the last line of (4.24) can be bounded by

[ —

J=1

= |<P cos(®) sin(®) — Qsin*(®), (I - BB') z_: o;sign(o; B) l

= (4.26)
< sin(6,) <P cos(®) — Qsin(®),I- BB")Y o, sign(ojTB)>‘

=1

M
(I-BB')>_ o;sign(o] B)

Jj=1

< sin(6,) < sin(0.) Mno.

F

where the first inequality follows because 0 < 6; < 6, < ---0. < 7, the second
inequality utilizes the fact that P cos(®) — Qsin(®) is an orthonormal matrix, and

the last inequality follows from the definition of ne . in (3.79).

Plugging the bounds from (4.25) and (4.26) into (4.24), we obtain

(—=G(B), Ps.(B) — B) > sin(0,)(cos(0e) N min — Mnjo..). (4.27)

According to Proposition 2, we know that ||[Pg.(B) — B|% = dist(B,S*)? <

2csin?(6..), which together with (4.27) leads to

COS(96>NCX,min — MTZO,C
V2c

(=G(B),Ps+(B) - B) > dist(B, 87). (4.28)

On the other hand, we have

|B — PsL(B)Hi—v = 22:(1 —cos(6;)) > 2(1 — cos(b.)),
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_Bram,

which implies that cos(6.) > 1 >

Combining this with (4.28) and

|B — Pgr(B)|r < € shows that the DPCP problem (2.9) satisfies the (o, ¢, S*)-RRC.

N

Finally, we prove (4.23). Let us denote Z as the matrix with {sign(ijB)}‘ .
j:

being its rows, so that || Z||z < v/N. Moreover, utilizing the definition of 7o . in (3.79),

we are able to bound the Riemannian subgradient in (4.22) as

N M
IG(B)||ly =||I-BB")> a;sign(xz; B)+ (I- BB'"))_ o;sign(o] B)
Jj=1 J=1 F
M
<|@-BBNXZ| +|(1-BB")Y o;sign(o] B)
j=1 P (4.29)
<|@-BBX|, 12|y + Mo,
<VN||X|, + Mno,
where the second inequality follows from ||AB|r < || All2||B| #. O

Combining Lemma 16 with Theorem 9 allows us to conclude the linear conver-
gence of Algorithm 1, when applied to problem (2.9) in the noiseless setting, to any

orthonormal basis of S* when a geometrically diminishing step size is used.

Theorem 10. Suppose that the initialization By satisfies

dist(By, Sl) < \/2 (1 — Mno.c/Ncx min)s

with S+ any orthonormal basis for S*. Let {B;} be the sequence generated by Algo-
rithm 1 for solving the DPCP problem (2.9) with G(B;) in (4.22) and step size p =

pof3t, where po and B satisfy (4.18) with € = dist(By, S*), a = ((1 — €2/2) Nca min —
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Mno.)/V2¢, and € = VN | X||, + Mno,.. Then, it holds that

dist(B;, 8*) < dist(By, S*)5", ¥t >0,

i.e., {Byi} converges to St at an R-linear rate.

Proof. The proof of Theorem 10 directly follows the RRC for problem (2.9) as stated

in Lemma 16 and the convergence result for Algorithm 1 as stated in Theorem 9. [J

Discussion of Theorem 10. Theorem 10 implies that the PRSGM applied to
problem (2.9) with a good initialization converges to an orthonormal basis of St at
an R-linear rate, which is a significant improvement over the alternative approach
of solving a sequence of ¢ problems of the form (2.2) on G(D,1). Note that when
¢ =1, PSGM was proved to have a piecewise linear convergence rate in [152, 153].
Nevertheless, in this case, Theorem 10 of PRSGM still improves upon PSGM in
three ways: (i) it allows for a simpler strategy for selecting the step size than does
the piecewise geometrically diminishing step size, which has two more parameters
controlling when and how often to decay the step size; (ii) it provides a more transparent
convergence analysis since its proof follows directly from the RRC and Theorem 9;
and (iii) it places a slightly weaker requirement on the initialization By, which in
practice is implemented by spectral initialization [112, 152, 153], namely the bottom
eigenvectors of XX are used. The next result provides theoretical guarantees for

the spectral initialization in the sense that dist(By, S*) is reasonably small.

Proposition 4. The spectral initialization By, which is defined by taking the bottom
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¢ eigenvectors of ffT, satisfies

107(0) =Y p_107(0)
dist(B L < j=1 Uj j=D—c+1"
I“Oﬁ)—d )

(4.30)

where o4(-) denotes the £-th largest singular value.

Proof. Note that for any B that is orthogonal to S, we have

|X B3 = |O"B|j} = trace(BTOO™B) = > b/ 00 b; < > 03(0). (4.31)

=1 j=1

Since By = arg mingcq(p,) fTB’ ;, we have
|7 B,|} <> 030, (4.32)
j=1

On the other hand, let S be an orthonormal basis for S and let ® be the coefficients

of X in S, ie., X = S®. Then, it follows that

B =[x [onl = |xTss B+ o7
s B o B 2 ot 57RO B

D
> 02(X) | By — Ps: (Bo)| 2+ Y. 02(0O)
j=D—c+1

where we first utilize the fact that X lies in S so that X = §STX, the inequality
follows because ||AB]||% = trace(ATABBT) > opin(AT A) HBBTHF for any A, B,
and the last line follows from HSTBOHjT = HSSTBOH; = HBO — SL(SL)TBOH; =
|By — Pg.(Bo)|% Combining (4.32), (4.33), and the fact that dist(By, S*) =
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|Bo — Ps+(Bo)| , we obtain

5:1 032‘(0) - ZjD:D—c-H ‘7;2'(0)

dist(By, S*1)? < ,
B0 57 AX)

which completes the proof. O]

4.2.4.2 Data corrupted by outliers and noise

It has been shown in Section 4.2.4.1 that the PRSGM applied to the DPCP prob-
lem (2.9) with noiseless data converges linearly to an orthonormal basis, say S, of
S*+. However, the analytical result cannot be immediately generalized to noisy data
of the form X = [X + £, O]T with the noise matrix £ # 0 denoting the additive
noise imposed on the inliers X'. In this case, one can only expect that PRSGM at
best converges to a neighborhood of S+ as suggested by the noisy analyses in Sec-
tion 3.2.3. Note that the convergence analysis of PRSGM is built upon a particular
RRC (Definition 3), which is a local geometric property of the problem relative to a
point of interest, e.g., S+ in our case. In this section, we will show that when data is
corrupted by noise, the RRC for (2.9) only holds outside a neighborhood of S+ with
a radius proportional to the effective noise level, which is then used to show that the

PRSGM converges linearly to that neighborhood of S*.

In line with the noisy analysis in Section 3.2.3, we reorganize the noisy inliers X +&
by X + € with X denoting the effective inliers and £ denoting the effective noise,

and Span(X) C S and Span(€) € St. Also, we will use the geometric quantities

introduced in Section 3.1.2 and Section 3.2.3, e.g., c5 R and R

X,min’cg,max,c’ (’)/)?,c E/)?,d
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for the rest of the convergence analysis. The following result gives the RRC for the

DPCP problem (2.9) with noisy data.

Lemma 17. For any € > 0 satisfying
¢ (1= Rez.— €/2) > 4/2cRg 5., (4.34)

let

Ncs 2
= X, min 1_i _RO)’(\ )
2v/2¢ 2 [%se

Then for any B € Q(D, ¢) satisfying

¢ > dist(B, S*) > w = QNC‘ZW (4.35)
and G(B) € 0f(B) defined as in (4.22), it holds that
(—=G(B),PgL(B) — B) > adist(B, S). (4.36)
Also,
IG(B)|lr < & := VN||X + €|z + Mno,., VB € O(D,c). (4.37)
Proof. Let § € RP*? be an orthonormal basis of the subspace S and let §+ € RP*¢

be an orthonormal basis of the orthogonal complement S*. By utilizing a similar
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decomposition as in (3.84), we have
B = Psin(0) + Q cos(O©)

where P and Q are orthonormal matrices satisfying Span(P) C S and Span(Q) C S+,
and O is the diagonal matrix whose diagonal entries #; < 0y < --- < 0, are the principal

angles between Span(B) and S*. Defining
G = P cos(0)sin(®) — Qsin*(©),

which is orthogonal to B, it follows that

(=G(B),Ps:(B) - B) = (-4(B), Q)
(I-BB") (zfj z; sign(ﬁ:}B)) ,Q>

(a:] + €;)sign((z; + €)' B) + Z o;sign(o] B), G> (4.38)

7=1

<.
Il
_

|
M =

||
/\/\/\
Mz

(z; + eJ)TG sign((2; + EJ)TB)>

1

<.
Il

— <(I - BB") % o;sign(o, B), G>

j=1

where the second equality follows from (I— BB")Q = G and the very last line utilizes

the fact that G € Span(B™).
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For the first term in (4.38), according to the proof of Lemma 14, we have

N
i\’:< (z; + €)' G, sign((Z; + &) TB> Z< z; G, sign(; B)>‘

j=1 7j=1

N
Z <§]TP cos(@®)sin(@) — EJ-TQ sin?(©), sign(@TP sin(@®) + EJ-TQ cos(®)))

j=1
N (4.39)
-3 <:ﬁJTPcos(®) sin(@), sign(ﬁ;rPsin(@))> ’
j=1
al 2|z] P|
< J el Q| <2N
- ]zjl |£;-rpc sin(f.) + @;qc cos(6.)] sin(6 )> I€; QI €€ max.c’
Moreover, from (4.25), we already know that
N N
> (-2] G,sign(2] B)) = > (] P cos(©)sin(®),sign(2; Psin(0)))
i=1 i=1 (4.40)

> cos(f,.) sin(0.)Ncz

X ,min”

Therefore, we obtain

> (—(&; +€) G sign((&; + &) B))

j=1
N
> (~#]G,sign(2] B))
j=1
N N
— |3 (=@ +&) G, sign((#; + &) B)) - > (&, G,sign(&, B))
j=1 J=1

> sin(f.) cos(0.)Ncgs . —2Ncp

X min £ max,c’

On the other hand, the second term in (4.38) is bound by sin(6.)Mno . as shown
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in (4.26). Combining these bounds with (4.38), we arrive at

(=9(B), Ps+(B) — B)

> sin(6,) (COS(HC)NC s . — Mno.— D) —2Nca

X ,min £ max,c

> sin(0:.)Neg . (cos(@c) - R —2Ncy

O/f,c) £ ,max,c

where we used the definition of R, y in (3.107). According to Proposition 2, we

~
X,c

know that dist(B, S*) < v/2csin(f,), which allows us to conclude that

(=6(B),Ps+(B) — B)

Ncg
> \72’_:”1 (COS(QC) - R

) dist(B, S*) — 2Ncz

O/A/t'\,c £ ,max,c’

For any € > 0 and dist(B, S*) < ¢, from the definition of dist(-,-) in (4.2) we have

2

€ > Jzéu —cos(8;)) > \/2(1 — cos(6.)) = cos(f.) >1— %

Hence we obtain

Nc.?min 62 . 1
(—G(B),Ps.(B) — B) > ’ ((1 — ) — RO/A?’C> dist(B,S~) — 2Nc¢z

/20 2 & max,c’
. i 4\/20Rg/;{\ . .
We now let dist(B,S~) > —5x—— “7, in which case we have
O/X,c

Ncg €2
(=6(B),Ps+(B) — B) > 2\’/"2_“;‘“ ((1 — 2) - Ro/ﬁc> dist(B, %), (4.41)

which completes the proof of (4.36).
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Finally, we prove (4.37). Similar to the proof of (4.29), we denote Z as the matrix
N
with {sign(a:j + ej)TB}, | being its rows; note that | Z||r < V' N. Hence we have
‘7:

IG(B)llr < 1= BBT)(X + €)|l2] Z||r + Mno. < VN|X + &2 + Mio..

which completes the proof. O]

Discussion of Lemma 17. First, condition (4.35) specifies both an upper bound
and a lower bound that dist(B, S*) needs to satisfy: the upper bound e indicates that
the RRC is a local geometric property around S+, which is the same as in Lemma 16
when £ = 0, while the lower bound w implies the RRC may not hold within a small
radius of S+ due to the existence of noise. Note that the lower bound w for dist(B, S*)
leads to a region around S+ inside which the RRC is not guaranteed and its radius w
is proportional to the effective noise level (vanishing as € — 0), making the entire
lemma reduce to the noiseless one as stated in Lemma 16. We remark that (4.34) gives
a valid range for € and thus ensures the validity of (4.35). Given dist(B, S*) € [w, €],
the RRC condition (4.36) states that a negative Riemannian subgradient —G(B) has

a small angle with the direction pointing towards S+ at B.

With the RRC for problem (2.9) for the noisy setting stated in Lemma 17, we
provide the convergence analysis for PRSGM (Algorithm 1) to any orthonormal basis
of 8§+ with two different strategies of updating the step size: constant step size and

geometrically diminishing step size.

Proposition 5. Consider o, e,w and & defined in Lemma 17. Suppose the initialization

159



By of Algorithm 1 satisfies dist(Bo, S*) <€, and let {B;} be the iterates generated

with constant step size puy = | satisfying

oz(e—w).

= (4.42)

p<
Then it holds that
, N . L top pg?
dist(By, S7) < max { dist(By, S7) — —, 7 +wp. (4.43)

Proof. We prove (4.43) by induction. Obviously, it is true when ¢ = 0. Next, suppose

it holds for the t-th iteration, i.e., that
: . : 1y tap pé?
dist(By, S7) < max { dist(By, S*) — —,— +w . (4.44)
o

From (4.42) and dist(By, S*) < € we know that dist(By, S*) < e. It now follows for

the (t 4 1)-th iteration that

dist2(Bt+1, SL) < ||Biy1 — Pgi(By)|%
< || Biy1 — P (B4
(4.45)
= || B, — pG(By) — Pse(By) |7

=B = Ps- (B3 — 2u(B; — Ps1(B1), G(B)) + 1*[|G(By) I3

where the second line follows from (4.15).

Case (I): dist(B;, S*) > w. Utilizing the Riemannian regularity condition (4.36),
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from the last line in (4.45) we obtain

dist®(Byy1, ST) < dist*(By, §*) — 2ua dist(By, 8*) + 2. (4.46)

It is clear that dist®>(B; 1, S*) < dist*(B,, 8*) if dist(B;, S*) > ’;—f In particular,

when dist(B;, S*) > “752, we have

dist?(By,1, 8T) < dist®(By, §*) — audist(By, 8*) — apdist(B,, 8*) + p2€?

2 2 2
_ (dist(Bt, St — “;‘) — apdist(By, %) + g — L2
2
< (dist(Bt,SL) - “20‘) ,
which implies that
; i ; i po
dlSt(Bt+1, S ) S dlSt(Bt, S ) - 7 (447)

since dist(By, S1) > “752 > pa due to (4.5).

On the other hand, when dist(B;, S*) < “752, it also follows (4.46) that

dist*(Byy1, 8T) < max

pé?
- 2!“7 +p2e, M2§2}

IN I
A/ B
@‘}5& £
~ o —— —— ——
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where the first inequality follows from the fact that h(a) := a? — 2apua + p?€? is
upper bounded by max{h(u&?/a),h(0)} when “752 > pa, and the second inequality

utilizes (4.5). This tells us that

2
dist(B,.1, S) < "o (4.48)

«

Combining (4.44), (4.47) and (4.48), we obtain that

1 2
dist(By41, 8*) < max {dist(Bt, Sty — W, Mj + w} : (4.49)

Case (II): dist(B;, S*) < w. The assumptions for RRC in Lemma 17 do not hold,

but we can bound the last line in (4.45) such that

dist?(Byi1, 81) < dist?(By, S*) + 2udist(By, S1)¢ + p2€?

< W+ 2uwé + €% = (p€ +w)? (4.50)
2 2
§<#§§+w> :<M£2+w> :
o o

where the last line utilizes (4.5), which implies that

. 1 pé®
dist(Byy1,S7) < e +w. (4.51)

Combining (4.49) and (4.51), we have

t+1 2
dist(By;1, S*) < max {dist(Bt, Sty — (—1—2)0417 He + w} 7
o
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which completes the proof. O]

Discussion of Proposition 5. Proposition 5 shows that with a constant step
size, Algorithm 1 applied to the noisy DPCP problem (2.9) ensures convergence to a
neighborhood of S* if properly initialized. If dist(By, S*) > p&%/a + w, then {B;}
will get closer to S until the iterates enter the region where dist(B;, S*) < ué%/a+w,
after which no further decay is guaranteed. Also, a larger step size u results in faster
convergence of By to a larger neighborhood of §*. Compared with Proposition 3, the
valid range for step size p in (4.42) gets more restricted by an amount gzw that reflects
the influence of the noise. Moreover, the guaranteed neighborhood of convergence
in (4.43) with noisy data is enlarged by w. This makes sense because, according
to Lemma 17, the RRC may not hold inside a region around S+ with radius w. Finally,
since w — 0 as &€ — 0, the results of Proposition 5 reduce to that of Proposition 3 for

problem (2.9) with noiseless data.

We now consider diminishing step sizes.

Theorem 11. Consider a,e,w and & as defined in Lemma 17. Suppose the initial-
ization By of Algorithm 1 satisfies dist(By, S*) < €, and let {B;} be the iterates

generated with step size

e = Moﬁt
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satisfying

dist(By, S+
to < ;min{ls(;’s),e —w} and
202 (4.52)
avplo 145
1-2 =A< B <.
J dist(By, S*) * dist?*(By, S1) B=p
Then it holds that
dist(By, §*) < dist(By, §+)3" +w, Vt > 0. (4.53)

Proof. The validity of the definition of 3 is given after Theorem 9. Let us prove (4.53)
as well as dist(B;, St) < ¢ for all ¢ by induction. Obviously, it is true when ¢ = 0.

Now suppose that it holds for the t-th iteration, i.e., that

dist(By, 8*) < dist(By, S*)' +w and dist(By, S*) <e. (4.54)

Consider the (¢ + 1)-th iteration.

Case (I): dist(B;, S*) > w. Utilizing the Riemannian regularity condition (4.36),

from the last line in (4.45) we obtain

dist?(Byi1, 8*) < dist?(By, 8*) — 2ay, dist(By, S*) 4 p2e?
(4.55)

= (dist(By, §%) — ap)” + i (6% — ).

164



From dist(By, S*) < dist(By, S*)S" + w and
fo€”
dist(By, §1)3" > 2——3" > 2008 = 20y,
a

where the first inequality follows from (4.52) and the second inequality follows
from (4.5), we know that (4.55) achieves its maximum at dist(By, S*) = dist(By, S*) 5+

w. Plugging this back into (4.55) gives

dist*(Byy1, ST)
< dist?(By, S*)8% + 2w dist(By, )"
+ w? — 20w — 20y, dist(By, 81)3Y + p2e?
= dist?(By, §1) 5% — 201 dist(By, 8*) 3% + pu25%e?

+ w? 4 2w dist(By, §1) " — 201w

22
= dist?(By, §*)8% 1 — 20 Hot
ist™(Bo, §7)6 ( dist(Bo, 55) T dist’(By, S1)
+ w? + 2wdist(By, §1) 3" — 20w
< dist?(By, §1)82 Y 1+ w? + 2w dist(By, 8*) 3" — 20w

S diSt2(B0, SL)BQ(H—I) _|_w2 4 20 diSt(Bo, SJ_)ﬁt—O—l

= (dist(Bo, SHpttt + w)2

where the second inequality follows from the definition of 5 and § < 8 in (4.52), and

the last inequality follows from

dist(By, 8" — o < dist(By, S*)3. (4.56)

165



To see why (4.56) holds, first note that after writing p, = uof*, (4.56) is equivalent

to dist(By, S*) — auy < dist(Bg, S*1)S. In fact, from (4.5) we have % >

2.2
Mo

m s and thus

- ape 158>
diSt(B(), SJ‘) diStz(Bg, SJ‘)

'
I

2.2
avplg fioc

1 —
dist(By, S1) = dist*(By, S*)

v

1. Qo
dist(By, S1)

From 8 > 3, we have

Qo
>l - —
p dist(By, S*t)’
which implies dist(By, S*) — auy < dist(By, S1)3. Hence we conclude that

dist(By41, 8*) < dist(By, 878! + w.

Similarly, from dist(B;, S*) < € and e > dist(By, S*)8" > 2au;, plugging

dist(B;, S*) = € back into (4.55) gives

dist?(Byy1, 8T) < €2 — 2apue + p2e% < €
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where the last inequality comes from (4.52) and

2 te¢2 2
s _ poB'E < Ho& <e
o o o

—w<2 = 2oue+ pZe <0.

Hence we also have dist(By;1, S1) < € in this case.

Case (II): dist(B;, S*) < w. The assumptions for RRC in Lemma 17 do not hold,

but similar to (4.50), we can bound the last line in (4.45) such that

dist(Byy1, 8*) < i +w = poBé + w

< « diSt(Bo, SJ')
>~ 252

B +w
1
<3 dist(By, S1) " 4+ w

< dist(By, 81T 4+ w

where the second inequality utilizes the upper bound of jig in (4.52), the third inequality

follows from (4.5), and the last inequality follows from 3 > 5 > /1 — % > % Note

that from (4.52) we have

pof'é+w < pé+w<e—wtw=e

and thus dist(By1, S1) < € also holds in this case.

Therefore, from the above discussion, the following holds for all ¢ > 0:

dist(By, S*) < dist(By, 81)3" +w and dist(By, ST) < e,
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which completes the proof. O]

Discussion of Theorem 11. With a strategy of geometrically diminishing step
size in Algorithm 1, Theorem 11 implies that PRSGM applied to the noisy DPCP
problem (2.9) with proper initialization converges to a neighborhood of S* at a linear
rate, whose radius w is proportional to the effective noise level. This is in sharp
contrast with the convergence analysis with noiseless data in Theorem 10 for which
the PRSGM converges linearly to §*. Moreover, we note that the requirement for
the initial step size pg is more restricted by an amount of g%w due to the existence of
noise. Finally, if no noise is present, we have w = 0, which implies a linear convergence

to S+, which is consistent with Theorem 10.

We now provide a result that guarantees that the spectral initialization provides a

good enough starting point for solving the noisy problem (2.9).

Proposition 6. The spectral initialization By, which is obtained by taking the bottom

¢ etgenvectors of XXT, satisfies

5103(0) =Y p 103 (O) +255, 0;2(5)

o3(X)

dist(By, S*) < J (4.57)

where o4(-) denotes the (-th largest singular value.
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Proof. Similar to the proof of Proposition 4, we have

IXTBol} = min | XTB|3

BeO(D,c)

IN

min X7 B2
BeO(D,c),Span(B)=8+

— min {IlX+&"B|;+ 0" B3} (4.58)

BecO(D,c),Span(B)=8+

= min {
BeO(D,c),Span(B)=8+

< f;af(O) T ij?@

IETBI} + |0 B3}

where we used the fact that Span(X) C S, Span(€) C 8+, and (4.31).

On the other hand, since Span(f ) C S, let S be an orthonormal basis for S and

let @ be the coefficients when X is expressed with S, i.e., X =S®. Then, we have
[%TB, =[x+ &7 B, + 078,
> X8|, €7 B[, + |07 B[, (4:59)

D
> 03(X) || By — P (Bo)| — ZU &+ > o0
j=D—c+1

where the last inequality follows from (4.33). Combining (4.58), (4.59), and the fact

that dist(Bg, S*) = ||By — Ps+(Bo)|| -, we obtain

c 2 D . ~
dist(By, §1)2 < =2=2 0;(0) ~ Xj-p- ;*LJ( )+ 235, 07 (€)
o3(X)

Y

which completes the proof. O]

169



4.3 Experiments

In this section we evaluate PRSGM (Algorithm 1) applied to solve the DPCP prob-
lem (2.9) experimentally. In Section 4.3.1 we investigate the convergence properties of
PRSGM and its performance of robustly learning a subspace of high relative dimension
using synthetic data. We further demonstrate its superiority by experimenting on

roadplane detection using real 3D data in Section 4.3.2.

4.3.1 Synthetic data

Convergence of PRSGM. We first conduct experiments under different settings
to verify the convergence properties of PRSGM (Algorithm 1) with geometrically
diminishing step sizes for solving problem (2.9). The data are generated according to
the random spherical model in Definition 1, where we fix D = 30 and N = 500. We
use the spectral initialization as stated before, and compute the initial step size uo by
one iteration of a backtracking line search. Figure 4.2 demonstrates the convergence

of PRSGM with different subspace dimension d (or codimension ¢ = D — d), outlier

M

770w and the geometric decreasing factor 5. Each of the three columns, from

ratio
left to right, corresponds to a noise level with ¢ = 0,107% and 1073, respectively.

In particular, Figures 4.2a, 4.2b and 4.2c¢ show the convergence of PRSGM with

M

1an = 0.7,6 = 0.8 under different subspace dimension d and noise level o. We

observe that the PRSGM converges linearly to S+ with noiseless data, and converges
to a neighborhood of S+ when the noise level is moderate, regardless of the subspace

dimension d; hence numerically justifying Theorem 11. In Figures 4.2d, 4.2e and 4.2f,
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Figure 4.2. Convergence of PRSGM (Algorithm 1) for the noisy DPCP problem (2.9).
Each of the three columns, from left to right, corresponds to a noise level with o = 0,107
and 1073, respectively. For all the cases, we fix D = 30, N = 500. Moreover, we choose By
as the bottom c eigenvectors of XX and compute the initial step size pg by a backtrackmg
line search method. The relative distance re-dist(B;, S*) is defined by dist(By, S*)/+/c.

we set d = 25, 8 = 0.8 while varying the outlier ratio M v and noise level 0. We also

observe linear convergence to a neighborhood of S, except for the case Mj‘f ~ = 0.9
in which case we have many more outliers than inliers. Finally, in Figures 4.2g,

4.2h and 4.2i, we set = 0.7,d = 25 while vary the factor § that controls the

M+N
geometrically diminishing step size and noise level o. In particular, it verifies the

role of 8 as indicated by Theorem 11, namely that [ controls the convergence speed.
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Figure 4.3. Performance of PRSGM (Algorithm 1) for the noisy DPCP problem (2.9)
with different step size choices p;. For all the cases, we fix D = 30,d = 20, N = 500 and
MLJFN = 0.7. Moreover, we choose By as the bottom ¢ eigenvectors of XX . The relative

distance re-dist(By, S*) is defined by dist(By, S*)/\/c.

When § is too small, e.g., 8 € {0.1,0.2,0.4}, convergence may not occur, which agrees
with (4.52) and (4.53). However, when § € {0.6,0.8,0.9} the algorithm converges at

an R-linear rate, with larger values of [ resulting in slower convergence speeds.

We further investigate the performance of PRSGM with different choices of step
size p, as illustrated in Figure 4.3. Similar to the patterns in Figure 4.2, we observe
linear convergence for the geometrically diminishing step size, which converges much
faster than when a constant step size or classical diminishing step size (O(1/k) and

O(1/Vk)) is used, under both noiseless and noisy settings.

Robust subspace learning with DPCP solved by PRSGM. After numeri-
cally justifying the convergence properties of PRSGM, we now turn our focus onto
applying PRSGM to the DPCP problem (2.9) for robustly learning a subspace S of
high relative dimension. As a comparison, we also try the approach of solving (2.2)
recursively (see Algorithm 2). Note that in Algorithm 2, the subproblem is slightly
different from the original DPCP problem (2.2) in that it has one more constraint

on b, i.e., b L Span(B). However, the additional constraint can be removed by

172



Algorithm 2 The Recursive DPCP Approach for Learning a Subspace

Input: data X , codimension c¢;

. Set B+ 0;

:fori=1,2,--- ,cdo
Compute b« arg mingeso-1 4, span(s) Hjc'va
Update B < BU {b(i)};

end for

—_

X

g Wy

transformation of the optimization variable. Consider the following subproblem:

oo X0 (4.60)

where B = {b(l), e ,b(p)} is an orthonormal set with 1 < p < ¢. Let A+ € RP*(P-»)
be an orthonormal matrix that is orthogonal to Span(B), thus allowing the constraint
b L Span(B) can be parameterized as b = AL7, making subproblem (4.60) is
equivalent to

min
TeSP-pr-1

.if'vTAlTul.

This is an optimization problem over the sphere that can be solved by PRSGM.

Besides the holistic and recursive approaches of DPCP, we also consider other closely
related subspace recovery methods that include PCA, R1PCA [28], REAPER [61],
and GGD [76]. Note that RIPCA, REAPER and GGD are primarily designed for
learning a low-dimensional subspace. Observing that the objective function of GGD is
similar to (2.9) except that it learns a basis for S instead of S*, we also apply GGD
to learn a basis of S*, and call it GGD-dual. For the DPCP approaches implemented
with PRSGM, we use the spectral initialization, compute the initial step size py by

one iteration of a backtracking line search, and set the diminishing factor 8 = 0.6.
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Figure 4.4. Phase transition of the distance between the ground-truth basis for the (dual)
subspace and the computed basis by different methods when varying the outlier ratio
M/(M + N) and o. The lighter the color, the smaller the distance. The mean running time
for each method is also recorded. Here we fix D = 100,¢ = [0.05D| = 5, N = 10D, and the
results are averaged over 100 experiments.

For all the methods, the maximal number of iterations is set to 200, and the relative

convergence accuracy, wherever applicable, is set to 107, We conduct the experiments

with D € {100,1000}, ¢ = [0.05D] and N = 10D and plot the phase transition of

the distance between the ground-truth basis for the (dual) subspace and the basis
M

computed by different methods when varying the outlier ratio 3775 and noise level o.

As demonstrated in Figures 4.4 and 4.5, PCA and REAPER are the least com-
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Figure 4.5. Phase transition of the distance between the ground-truth basis for the (dual)
subspace and the computed basis by different methods when varying the outlier ratio
M/(M + N) and o. The lighter the color, the smaller the distance. The mean running time
for each method is also recorded. Here we fix D = 1000,c = [0.05D] = 50, N = 10D, and

the results are averaged over 100 experiments.

petitive methods in the test. PCA is not robust to outliers although it is the fastest
for its simplicity. We conjecture that REAPER does not perform well as a robust
subspace recovery method because it needs more inlier points for the underlying convex
relaxation to be effective (in contrast to the non-convex approaches used by GGD and
DPCP). R1IPCA performs well with moderate outliers but is still unable to handle a

high outlier ratio. Meanwhile, it is very time-consuming for estimating a subspace of
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high relative dimension. Next, GGD, GGD-dual and DPCP-holistic perform similarly
well in terms of accurately estimating a ground-truth basis even with a high outlier
ratio. However, GGD takes significantly longer time since it optimizes over G(D, d),
which is inefficient in the high relative dimension regime. We see that applying GGD
to learn the dual subspace in G(D, ¢), i.e., GGD-dual, is much faster, although not
as fast as our holistic DPCP approach that solves (2.9) with PRSGM. Finally, we
note that the recursive DPCP approach (Algorithm 2) is slow due to its recursive
nature; moreover, as the outlier ratio and noise level increase, its estimation of the
underlying subspace becomes less accurate since the error tends to accumulate during
the recursive procedure. We conclude that the proposed holistic DPCP approach

performs favorably against the competitors in the high relative dimension regime.

4.3.2 Roadplane detection using real 3D data

In this section, we use the experimental setup of [153] to further compare DPCP
and alternative methods in the task of 3D roadplane detection. As introduced
in Section 1.1.2.1, given a 3D point cloud of a road scene our goal is to learn an affine
plane A = H +t C R? as a model for the road, where H is a plane through the origin
with normal vector b and ¢ is its translation with respect to the origin. We convert it
to a linear subspace learning problem by working in homogeneous coordinates, i.e.,
by adding 1 at the fourth coordinate and embedding A into the linear hyperplane
H C R* with normal vector b= [b" —¢"b]".

We use the 3D point clouds from the KITTI dataset [40]. In addition to the 7 frames
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annotated in [153], we further annotate 131 frames. Each point cloud contains around
10° points with approximately 50% outliers. The data are homogenized and normalized
to unit fo-norm. We compare DPCP-PRSGM (Algorithm 1) to PCA, RANSAC [39],
RI1PCA [28], REAPER [61] and GGD [76]. Since the task involves optimization over
the sphere, we also compare with the previously developed DPCP methods for learning
a hyperplane, namely DPCP-PSGM [152, 153], DPCP-IRLS and DPCP-d [112] (see
problem (2.8)). Additionally, for DPCP-PRSGM and DPCP-PSGM, we test with both
geometrically decaying step size and a modified backtracking line search as described
in [153]; the latter is known to perform well in practice but lacks a convergence theory.
As a result, we denote these variants as DPCP-PRSGM-decay, DPCP-PRSGM-Is,

DPCP-PSGM-decay, and DPCP-PSGM-Is.

Since DPCP-PRSGM-decay, DPCP-PSGM-decay and DPCP-d are among the
fastest methods with comparable running times, we let them run to convergence and
then set the running time of the slowest as the time budget for the remaining methods.
For RANSAC, we also include a version with 10x and 100x that time budget. For
all the DPCP approaches, we use the spectral initialization and compute the initial
step size by one iteration of a backtracking line search. For DPCP-PRSGM-decay and
DPCP-PSGM-decay, we set the diminishing factor to 0.6. We tune the parameters of
the other algorithms on a randomly selected training set of 13 frames and use the rest
of the frames for evaluation. Each method is tuned to achieve an optimal error and
then re-tuned to be as fast as possible without exceeding 5% of that error. The A of

DPCP-d is set to \/%, the minimum step size allowed for the DPCP approaches is
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Table 4.1. 3D road plane estimation using 125 annotated frames of the KITTI dataset.

A

Methods/metric ROC ¢ 0 t  # iterations time (in msec)
PCA 0.76 440 1.73 14% N/A 1
RANSACx1 0.78 3.74 4.18 12% 3.8 31
RANSACx10 091 158 285 5% 18.7 149
RANSACx100 0.93 1.47 277 4% 64.1 515
R1PCA 089 224 093 8% 6.1 25
REAPER 088 248 1.07 8% 4.1 27
GGD 0.80 340 1.59 11% 3.0 26
DPCP-IRLS 0.81 3.67 1.48 12% 3.0 29
DPCP-d 092 151 0.82 5% 6.5 16
DPCP-PSGM-Is 092 159 0.76 5% 37.3 24
DPCP-PSGM-decay 0.85 290 1.15 10% 31.1 14
DPCP-PRSGM-Is 092 159 0.76 5% 35.8 24
DPCP-PRSGM-decay 0.85 2.96 1.17 10% 31.1 14

set to 1077, and the relative convergence accuracy, wherever applicable, is set to 107°.

Table 4.1 reports geometric, clustering and algorithmic metrics for the various
methods. Once a method has computed an estimated normal vector b € R*, we
extract from it estimates 13, t. We report, the corresponding estimation errors, i.e., the

angle 0 between b and g, the angle 0 between b* and i), and 100

t =, /liell, %,
where ", b*, t* are the ground-truth values. By varying a threshold on the distances
of all points to the estimated affine plane, the area under the ROC curve is obtained
(this is also the internal thresholding parameter for RANSAC), with higher values
indicating better performance. Finally, the number of averaged iterations executed
by each method and its running time in msec are also reported. Notably, not only
does DPCP-PRSGM-Is, DPCP-PSGM-Is and DPCP-d outperform RANSACx1 and
RANSACX10, but its performance is comparable with that of RANSACx100, which

they still surpass in estimating the orientation of the normal vector b*: RANSACx 100
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Figure 4.6. 3D point clouds and estimated translations for frame 328 of KITTY-CITY-71,
with inliers in blue and outliers in red.

is off by 2.77° on average, while DPCP-PRSGM-Is (DPCP-PSGM-Is) and DPCP-d are
only off by 0.76° and 0.82°, respectively; see Figure 4.6. We also note that although
DPCP-PRSGM-decay and DPCP-PSGM-decay are among the fastest methods, they
are not competitive to their counterparts that use the modified line search for updating
the step size. On the other hand, DPCP-IRLS and REAPER make heavy use of the
SVD, which makes them slow to run on O(10°) points, and eventually inaccurate
given the limited time budget. As illustrated in Figures 4.7 and 4.8, we visualize the

results of the above methods by projecting the 3D point clouds onto the image.
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Figure 4.7. Projections of 3D point clouds for frame 328 of KITTY-CITY-71 onto the
image, with inliers in blue and outliers in red.
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Figure 4.8. Projections of 3D point clouds for frame 881 of KITTY-CITY-71 onto the
image, with inliers in blue and outliers in red.
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Chapter 5

Learning a Union of Hyperplanes

with DPCP

In Chapter 3 and Chapter 4, we established theory and developed algorithms for
learning a single subspace of high relative dimension with DPCP. It is known [109, 113]
that DPCP is able to handle data points drawn from a union of hyperplanes (UoH),
where it is used to learn the normal vector to a dominant hyperplane. Nevertheless,
existing analyses of DPCP in the multi-hyperplane case lack a precise characterization
of the distribution of the data and are difficult to interpret. Furthermore, the provable
algorithm based on solving a recursion of linear programs is inefficient. Thus, it is
reasonable to ask whether we can provide a more transparent analysis by leveraging
the geometric quantities and analytical techniques from Chapter 3 as well as extend

the PRSGM proposed in Chapter 4 to solve the DPCP problem under a UoH model.

We structure this chapter as followings. In Section 5.1, we introduce the problem
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of learning a hyperplane under a UoH model, and discuss the limitations of closely
related work. Next, we provide an improved analysis of the DPCP problem for a UoH
in Section 5.2. The extension of the PRSGM applied to DPCP for a UoH is given
in Section 5.3. We present how to do hyperplane clustering with DPCP in Section 5.4.

Finally, the results of our numerical experiments are presented in Section 5.5.

5.1 Introduction

DPCP has been analyzed for learning a hyperplane from data under a UoH model [106,
109, 113] by optimizing the same problem (2.2) as for learning a single hyperplane:

min |x7b| st bl =1. (5.1)

The distinction is that the dataset now has the form of X = [X),--- , Xg]T € RP*N,
where Ui, X = X € RP*Y are N inlier points that lie in a union of K hyperplanes
Hi, -, Hxg of RP with unit normal vectors n,-- - , ng, respectively, and X}, are N,
inlier points that belong to Hy for every k € [K]| :={1,--- , K}.

As discussed in Section 2.1.2; the data modeling for a UoH is fundamentally
different than a single hyperplane learning case since when we treat the data points
from one specific hyperplane as inliers, the points from other hyperplanes cannot
be merely viewed as regular outliers as before since they exhibit additional linear
structures, and hence need to be treated differently in the analysis. The problem (5.1)

becomes even more challenging if the dataset X also contains regular outliers, i.e.,
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X =[x, -, Xg, Ol € RPXNtM) with @ € RP*M the M outlier points that do
not exhibit any certain structures, which is excluded in the analysis of (5.1) in [106,
109, 113]. It is not known, however, whether DPCP can learn a normal to one of the
hyperplanes in the presence of both structured and regular outliers. In fact, several
related questions remain unanswered. Under what conditions is a global optimum
of the DPCP problem (5.1) a normal to one of the hyperplanes? When the global
optimum is a normal, which hyperplane is it a normal to? Can the convergence of some
optimization algorithm to a global solution to the non-convex DPCP problem under

the UoH! data model be guaranteed? This chapter addresses all of these challenges.

Before moving on, we discuss the limitations of the most closely related work.
Note that [113] has partially addressed the previous challenges of DPCP for a UoH
without outliers, while [64] analyzed ¢, recovery of a single subspace from a union
of subspaces with problem (5.1) as a special case (i.e. p = 1 and subspaces are of
dimension d = D—1). Three key aspects of their limitations should be emphasized (see
Table 5.1 for a summary). First, in the analysis of which hyperplane is recovered, [113]
and [64] introduce different notions of a “dominant” or “most significant” hyperplane,
which depend only on the (expected) number of points in each group. In particular,
the hyperplane (say H;) with the most number of points is defined as the dominant
hyperplane in [113], i.e.,

Ny > max Nj. (5.2)

It is proved in [113] that a global solution of (5.1) is a normal vector of #; under

'For the rest of the chapter, when we say “a UoH model”, we assume it contains regular outliers.
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certain conditions that implicitly make use of the distribution of the data, but are
deterministic in nature and difficult to interpret. On the other hand, [64] considers a
random model where inliers are sampled from (Uf_H;) N SP~! with weights {5},
(¢ is the weight of sampling inliers in H;) and outliers are sampled from SP~! with

weight v, and i 1, = 1. Then H; is defined as the most significant hyperplane if

K
1> Y Uy (5.3)
=2

The number of sampled points, in expectation, is equivalent to Ny > 37,0 N. We
argue that the global optimum depends not only on the (expected) number of data
points in each group, but also on geometric quantities related to their distribution.
Currently there is no notion of geometric dominance that captures these aspects.
Second, [113] provides geometric conditions under which the global minimum is
a normal to the “dominant” hyperplane, and [64] provide probabilistic conditions.
However, neither have both types of analyses, nor do the analyses make connections
to geometric dominance. Third, the provably convergent algorithm in [113], which is
based on a recursion of linear programs (LPs), is not scalable, while the recommended
Iteratively Reweighted Least Squares (IRLS) [61, 63] approach does not have a guarantee
for the DPCP problem. Meanwhile, [64] does not provide concrete algorithms for
solving the problem. In other words, there lacks an algorithm that is scalable and
enjoys a convergence guarantee for learning a single hyperplane under a UoH model.
It is desirable that the PRSGM developed in Chapter 4 can be provably extended to

solve (5.1) for a specific hyperplane.
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Table 5.1. The theory and algorithms for learning a hyperplane under a UoH model for
the most closely related work.

Theory Algorithms
Which hyperplane Handle  Analytical Convergence Scale
does it recover? outliers approach guarantee well?
most significant plane s _ _ B
[64] (see (5.3)) v probabilistic
dominant plane . LPs v X
[113] (see (5.2)) X geometric | prg x v
This | geometrically dominant plane probabilistic
work (see Definition 4) v + geometric PRSGM 4

5.2 Analysis of DPCP for a union of hyperplanes

In this section, we introduce a new notion of geometric dominance for determining
the hyperplane that is learned by the DPCP problem (5.1) under a UoH model (Sec-
tion 5.2.1), present deterministic geometric analyses of its critical points (Section 5.2.2)
and global solutions (Section 5.2.3), and also provide an interpretable probabilistic

analysis (Section 5.2.4).

5.2.1 Geometrically dominant hyperplane

Building upon problem (5.1), we consider a dataset X that also contains the regular
outlier term O. If b is a normal vector to a hyperplane, it is orthogonal to all the
data points within this hyperplane. Thus, we attempt to find a normal vector to one

specific hyperplane by solving

besb-1

. K
min, /(6) = 7], = 3 475, + [oTa],
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Note that for learning a single hyperplane, say H;, when the inliers are uniformly
distributed in H; NSP~! and the outliers are uniformly distributed in SP~!, according
to the theory established in Chapter 3, we know that the DPCP problem (5.1) can
provably recover the true normal vector to H; provided that the number of outliers is
big-O of the square of the number of inliers. When X consists of inliers from a union
of K hyperplanes, as is the case considered in this chapter, the analysis of a single
hyperplane cannot be applied here by treating the data points from one hyperplane as
inliers and the rest as outliers since the data distribution in other planes is far from

uniform and thus violates the prior assumptions.

Geometric quantities. Since the outlier term O is the same as before, we adopt
the quantities co max and co min defined in (3.5) and ne defined in (3.6) to characterize
the distribution of the outliers. Next, for the inlier subset X}, in hyperplane H;., similar

to the definition of cx min in (3.4), we define

1

. T
c 4 = — 1min X bH and
X, min Nk be, NSD—1 k 1
(5.4)
L beH
c = —  max .
Keymoax Ny beHnsP-1 k2

A well-distributed X, leads to a large value of cx, min and small value of cx, max since
it is difficult to find a single direction b that is orthogonal to (or in line with) many
points in Xj. Finally, parallel to the definition of 7o in (3.6), we define the following

quantity that further characterizes the distribution of inliers:

1
Nx, = — Max
F N}, beH,,nsP—1

(P, — bb") X sign(X,b)|_
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where Py, is the orthonormal projection onto Hj and sign(a) denotes that we apply
sign(-) as defined in (3.2) element-wise to a vector a. Note that how 7y, is different
from ne in (3.6): the unit vector b in the definition of 7, is also restricted to be
inside Hj for the sake of characterizing the distribution of inliers A. We will see
shortly that the optimality analysis for (5.1) based on these geometric quantities is

easier to interpret and facilitates a probabilistic analysis.

Geometrically dominant hyperplane. For the objective in (5.1), the outlier
term H(’)Tle should be nearly constant for well distributed outliers, so that the
minimizer of (5.1) is determined by the relative importance of the inlier terms HX,I le.
We also expect the relative orientation of the underlying hyperplanes to play an
important role in determining the solution to (5.1). For example, in the case that
data are uniformly sampled and each plane has the same point weights, the solution
of (5.1) has a bias towards the normals of the planes that are close to each other.
Noting that the geometric relationships among {#} are determined by the principal
angles between {ny;}, we define 0y, € [0,7/2] to be the principal angle between ny
and n,. By analyzing the first-order necessary condition for problem (5.1), we define
() as the following measure of the relative dominance for X, that considers the point

weights, data distribution, and relative orientation of the hyperplanes:

Nkcé\fk,min

Ck = (55)

VITWERL+ Yo, Nenx, + Mo
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where

wmax . — (NkCXk,maxNKCXg,max COS(QkZ))ISleK - RKXK (56)

whose (k, £)th entry represents the joint importance of X} and X, weighted by cos(fx),
W(I}f};; is the principal submatrix obtained by deleting the kth row and Ath column of
Wmax ] is the vector of all ones, and 7y := no + D/M is defined in (3.7). Note the
following: (i) the numerator Nycx, min of (5.5) gives the contribution from Aj; (ii) the
term 1TW(I£§§§1 in the denominator counts the sum of the entries in Wik, capturing
the total contributions from {A&}}sx; and (iii) the last term Y-, Ninx, + MTje is
typically small?> compared with the former two terms. Overall, ; measures the relative
dominance of X}, over {A&},z;. We see that a larger relative dominance of &, (i.e.
larger () results from better distributed data points, larger Ny, relative to M and N,

for ¢ # k, and better separation of the other hyperplanes (large 6,;,1,j # k,i # j).

Definition 4. With ;. in (5.5), we say that Hy. is a geometrically dominant hyperplane

if and only if ¢ > ¢,V € [K].

The notion of geometric dominance makes the deterministic analysis more inter-
pretable (Sections 5.2.2 and 5.2.3) and allows a probabilistic analysis (Section 5.2.4)

that is easier to be satisfied with only a mild number of sampled points.

Proposition 7. There is at most one k € [K| such that ¢ > 1, in which case it also

holds that ¢, < 1 for all ¢ € [K|\k.

2 Assuming points in Xj and @ are uniformly sampled from SP~! N H; and SP~!, respectively,
according to Lemma 2, both Nica, max and Ngcx, min scale as O(Ny), while Ninax, scales as O(v/Ny,)
and Mne scales as O(v M).
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Proof. Without loss of generality, assume (; > 1 and (; > 1. From (5.5) we have

Nlcxl,min Nl CXx1 ,min < Nl CXx{ ,min

LTWESL + So N, + Mijo — (JUTWEFT  NaCto ma

1<<1:

where we used the fact that 1TW(T‘?)‘1 > N3 %, maxs from which we obtain that

Nicx, min > NaoCx, max. Similarly, we have

N2CX2,min NQCXQ,min N2CX2,min
1< = <

< <
LTWEST + Yoo Netz, + Mo (JTTWEET N1 ma

so that Nocx, min = N1Cx, max- Combining these results with cx, max = Ca, min gives
Nlc)(l,min > NQCXQ,maX 2 NZCXg,min 2 Nlcxl,maxy

which contradicts the fact that cx, min < Cx, max, hence completing the proof. O

Discussion of Proposition 7. It follows from Proposition 7 that if { > 1
then Hj is the unique geometrically dominant hyperplane. For the rest of the
analysis, we assume that there always exists k € [K] such that (; > 1; the scenario
that such a geometrically dominant hyperplane does not exist is left for future
work. We note that this assumption ensures a simple landscape of the non-convex
DPCP problem (5.1) that allows us to show that under certain conditions the global
minimizers of (5.1) are guaranteed to be normal vectors of the geometrically dominant

hyperplane (Theorem 12). The assumption may be stronger than needed in theory?

3In fact, [113, Proposition 5] shows that for three equi-angular hyperplanes, global minimizers
of (5.1) can be normal vectors of any of the planes when they are well-separated and the data points
are well-distributed.
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since it excludes the possibility that normals of the other hyperplanes are global
solutions to (5.1), which are also of interest. Furthermore, we remark that other works
make similar assumptions—[113] requires (5.2) and [64] requires (5.3). We will see
that, when data is sampled from a specific random spherical model (Theorem 13), the
geometric dominance not only implies that both (5.2) and (5.3) hold, but also that
it has the advantage of explicitly characterizing the data distribution. Finally, this
assumption is likely to be satisfied in the subspace estimation step of K-subspaces
(KSS) [1, 10] where most of the points in the estimated cluster are expected to be
sampled from one dominant hyperplane with the remaining points belonging to the

other hyperplanes; this works well in practice as we will see in Section 5.5.

5.2.2 Geometry of the critical points

Without loss of generality, we assume (; > 1, i.e., that H; is the geometrically
dominant hyperplane. In the next result, we characterize critical points of (5.1) with

respect to the geometrically dominant hyperplane ;.

Lemma 18. Any critical point b of problem (5.1) must belong to {£mn,} or have its

principal angle 6 from ny satisfy 6 > arcsin ( 1— (1/(’1)2).

Proof. Our goal is to characterize the geometry of a critical point b of (5.1) with
respect to the geometrically dominant hyperplane ;. We observe that a Riemannian

subgradient for the inlier term HX,J le is of the form

-
) b)wgk),

Ny
(I—bb") Ay sign(X, b) = (I-bb") > sign(z!"

J=1
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where zcg-k) as the jth point in X} and sign(-) is defined in (3.2). Let 6 be the

principal angle between b and n,. We first show that for any & € [K] and b that is

not orthogonal to Hy i.e., b ¢ {£n,}, it holds that

)T

Ny,
I-b0")Y sign(azg.]f

=1

cos(0) Nicx, min <

2 (5.7)

< cos(0r) NiCay max + Nifa, -

By decomposing b = sin(f)8; + cos(0y)ny, where 8, € Hy,ny, € Hi, and

|8k|l2 = [|7k]|2 = 1, it follows that

Ni
I-bb")Y sign(wgk b)zcg-k)

j=1

2

_ g’f o (™ k) _ g Ol
= sign(z;” b) (x;” —sin(0y)(x; 5:)b
=1

aL k)T k uL k)T k)T i
=> sign(a:§~ ) b)wg ) — sin(6y) > sign(a:§~ ) b)(azg ) Sk)b
j=1 j=1

2 (5.8)
~ 2
= || & sign( X, b) — sin(6;) HX’“TSI“H1 bH2
2 2
= || X sign(X, b) .t sin?(0) || X, 55, = 2sin(6y) HX,:EkHI b' X, sign(X,' b)
2 2 ' 2
= || X sign(X, b) ,t sin?(0) || X, 55, L 2 sin?(6y,) HXkTskHl

2

= Xk 51gn(Xka) z— sinQ(Qk.) Xk—rgk 1

) = sin(6),)5] =¥

where the first equality follows from bTar;g«]C ;

and the third equality

.
follows from sign(:cg-k) b) = sign(sin(&k).§2w§k)) = sign(§;w§k)). To bound the last
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line in (5.8), we note that

| sian(270)|[) = || sien(, ) 15113
. : e 2 (5.9)
- (Zsign@;’“ bja]’ ) = |l

k)T

where we used the Cauchy-Schwartz inequality and sign(z; (k)) =

b) = sign(sin(0y) 5] x;

sign(égwgk)). Using the bound from (5.9) in (5.8), we obtain
2

> s s 475
2

Ny T
I-bb")>" Sign(a:g-k) b)azgk)
=1

2
1

2
= COSZ(ek) HX,Iskul > C052<ek)ngc2Xk,min7

which proves the lower bound in (5.7). To show the upper bound in (5.7), we have

‘ X, sign(X,jb)Hz = HXk Sign(X;;rgk)Hz

= §k§kTXk Sign(XkTEk) + (’PH,,C - §k§;€r) X Sign(xkj—gk)Hz ( )
5.10
= |5:5, X sign(XkTEk)Hz + H ('Pyk - §k§2) Xy, sign(XkTék)Hz

2

s+ | (P - vs0) A
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where the last line utilizes ||Sx||2 = 1. Plugging (5.10) into (5.8), we obtain

2
TS o ® g ®)
(I—-bb")> sign(x;” b)x;

Jj=1

2

= | ngj +[|(Pr, — 518) ) X sign(XkTEk)Hz — sin2(6y) HXJEka

(5.11)
2 T= 2 - T . T- 2
= cos”(6) H?c'k skul + H (PHk - sksk) X sign (X, Sk)HQ
S (COS(Gk)NkCXk,max + NkTIXk)2 )
which completes the proof of (5.7).
Let f(b) := HX TbH For any critical point b of problem (5.1), there exists

v € Of(b) such that (I—bb")v = 0. Due to the general position [152, 153] assumption
of the data and b ¢ {£n,}, b can be orthogonal to at most R < D data points,

meaning that we can write

K Ng M
(I-bb") (Z > sign(x ] g-k) + "sign(o; "b)o; + E) (5.12)

k=1 j=1 j=1

where ¢ = % | 7, &, with &;,,--- ,&;, the columns of X orthogonal to b, and
{7j,- - ,7jp} C [—1,1]. Therefore, we can write
K Ng M
0> [X-bb")> > sign(x (-k) —@-vb")>" sign(oij)ogl)
k=1j=1 9 J=1 2
R
|| (I-bb") ZT]T:BJT
al 't 1 K& k
> ||[(I—bb )Zsign(a:§ ) b)azg ) I-bb") > sign( g :cg N = M7
j=1 5 k=2 j=1 5
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Together with (5.7), we have

Ny
cos(01) Nica min < |[(T—0b") > sign(:cg-l)Tb)wgl)
Jj=1 2
K N
< I—bbT ZZSlgn g g-) + M7p

h=2 2 (5.13)

K Ny -

Z (I—-bb" Z&gn(az;k) b)azg-k) + M7

J=1 2
K
Z co8(0k) NkCa, max + Z Ninx, + M.

k=2

Moreover, from [109, Lemma 12], we know that

=

K
Z COS(ek)NkCXk,max < Z N ka max T 2 Z NiNjCXi,maXCXj,max COS(Qij) (514)
k=2 i#j,0,571

where 6,; € (0,7/2] is the principal angle between m; and n;. By the definition

of W"** in (5.6) and Wij}, the RHS of (5.14) can be simplified as ,/1TW{{1.

Plugging it into (5.13), we have
VWS + 50, Ninx, + MTlo - 1

cos(fr) < = —, 5.15
(6:) < Nicx, min C1 ( )

which leads to sin(f;) > /1 — 1/¢? with ¢ defined in (5.5). Since among {(}r;, ¢

is the only one greater than 1, (5.15) is informative and well-defined, and we conclude

that any critical point b of (5.1) must satisfy either

be{xtn,} or 0, > arcsin< 1— (1/C12)> ;
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n;

Hl Hl
(a) (b)

Figure 5.1. Illustration on the distribution of the critical points of problem (5.1). (a) Since
ng,n3 ¢ C, they could be critical points; (b) Since ny € C it cannot be a critical point, but
n3 could be because n3 ¢ C.

which completes the proof. O]

Discussion of Lemma 18. Intuitively, Lemma 18 suggests that any critical point
of (5.1) is either a normal vector of H;, or very close to H; (i.e., within a region defined
by the geometric dominance level of X}). As the relative dominance of X increases
(larger (1), the location of a critical point b becomes more restricted. In particular,
Lemma 18 allows us to conclude that n; is the single (up to direction) critical point
inside of the cone C := {y € R : |[y"ny| > 1/(,||yll2 = 1} centered around +n,.
The above observation ensures that every normal in the set {£ny, -+, +ng} that
lies inside of C is not a critical point (see Figure 5.1). We will later see in Section 5.3
how this facilitates the convergence of PRSGM to {£mn,} when it is initialized inside

C because ny (up to direction) is the only possible solution within the region.
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5.2.3 Geometry of the global solutions

Lemma 18 is useful in helpful us understand the geometry of the global solutions
of (5.1). To show that any global minimizer b* is a normal vector to the geometrically
dominant hyperplane H;, i.e., b* € {£n,}, we need to ensure that every critical point

close to H; is not a global solution. Inspired by the analysis in [113], we define

Nkc?(k,min

Zﬁgék; NECXg,max Sin(ekﬂ) - \/ZZKEI /\1 (W(r]?}]?)) + M(co,max - CO,min)

Here, W™ is the same as W™ in (5.6) by replacing Cx, maxCxp,max With Cx, minCx, min;
and \j(A) > --- > A\, (A) are the eigenvalues of an n-by-n matrix A. In fact, we
can show that every global solution of (5.1) is not far from {£mn;} in the sense that
its principal angle 6 from mn, satisfies § < arcsin(1/7;). Combining this fact with

Lemma 18 establishes our main theoretical result as follows.

Theorem 12. Any global solution b* of problem (5.1) is a normal vector to the

geometrically dominant hyperplane Hy if

1 1

<. 5.17
G 7 (5.17)

Proof. To show that any global minimizer b* is a normal vector to H;, we first prove
that every critical point close to H; is not a global solution. In other words, any global

solution of (5.1) is not far from {+n,}.

For k € [K]\{1}, recall that 0y, € [0, 7/2] is defined as the principal angle between
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ny and n,. We rewrite n, = sin(0y;)8y + cos(011 )1y, where 8, € Hy, ny, € Hi, and

|Sk||l2 = [|7k]|2 = 1. Since b* is a global minimizer, we have

X v

hE

HfTb*
1

e,

i
I

IN
M=

A, +[OTm],

i
[\

I
M =

2] (sin(61)8k + cos(Ou) )| + O | (5.18)

kol
[|
¥

I
M=

sin(01e) |27 56, + 0T

Bl
||
N

IN
Wk

Sin(elk)NkCXk,max + Mco,max

i
[\V]

where we used the fact that ny is orthogonal to Xj. On the other hand, for all k € [K],
we decompose b* = sin(fy)s), + cos(0;)n) where 6y, is the principal angle between b*

and ny, 8, € Hy, 0}, € Hit, and ||8}]|2 = ||}/l = 1. Then we have

v,

Hx,jb*

+]oTy |,

™M= TM=

HXk (sin(0y)s), + cos(Ox) ), H + H(’)Tb*

= sin(6,) | &, 81 +

\oTb*
1

(5.19)

Z sin(6)) | &, 57
k=2

K
Z Sin((gl)NlCXl,min + Z Sin<9k)NkCXk,min + MCO,min
k=2

2
> Sln(el)N1Cx1 min T [Z ka min — Al(W(?l{l))] + MCanin
k=2

where we used the fact that n) is orthogonal to &}, and the last inequality follows
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from [109, Lemma 13]. Note that since

K-1
mln mln
Z 2c2 X,.min = trace(W{i) Z (W,
i=1

we can simplify (5.19) and write it as

K-1
1 Z Sin(‘gl)NICX1,min + J Az W(r{llln + MC(’) min- (520)
=2

H’:‘?Tb*

Combining (5.18) and (5.20), we obtain

sin(6;)

. — - 5.21
< 25:2 Sln(glk)NkCXk,max - \/Zi[igl /\Z(W(Iﬁlln)) + M(C(’),max - C(’),min) 1 ( )

Ny CXx{ ,min a!

which indicates that any global minimizer b* must be close enough to {£n,} such

that its principal angle 6, from n, satisfies 6; < arcsin (1/7;).

We now prove Theorem 12 by contradiction. Suppose there exists a global minimizer
b* that satisfies b* ¢ {£mn,}, then by Lemma 18, we have cos(6,) < 1/¢;. Moreover,

(5.21) tells us that sin(f;) < 1/v;, which when combined together yields

1 1
1 = sin?(#,) + cos?(0) < —
C1
which contradicts (5.17), and thus completes the proof. O

We first give additional interpretations of ;. Note that ~; is similar to (i, which

characterizes the relative dominance of A, from a different perspective. First, the
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term M (o max — CO min) il the denominator of (5.16) represents the impact of outliers:
uniformly distributed outliers with M — oo cause the difference comax — €O min
to vanish, making the term small (see Lemma 2). Next, to better understand the
square root part in (5.16), for simplicity we consider the equi-angular case for {H,} oy,
such that 0;; = ¢ for all i,j # k,i # j. Then, one can obtain >%,! N (WD) =
(1 = cos(0")) Xk r N7 Co, mmin> Where 7 = arg max;;, NeCx, min- For a global solution
to be a normal of H;, one may expect: (i) a large relative disparity in significance
between X, and X for all £ # k so that JJ\VHZ%::;Z is large; (ii) Hy to be relatively
close to the other planes so that the energy concentrated around Hj is relatively
large, i.e., Oy is relatively small; and (iii) the other planes {H;}z are relatively well

separated so that the energy concentrated around any of them is relatively small, i.e.,

0’ is relatively large. All these conditions lead to 7 being large.

Discussion of Theorem 12. An interpretation of Theorem 12 follows from the
above discussion about ¢ and 7;: for a fixed number of inliers { N} and outliers M, if
data points are well-distributed (large cx, min, Small Ca, max, small 7, , small 7o, small
COmax — COmin) and H; is closer to the other planes (relatively small 614, ¢ # 1) than
the other planes are to each other (relatively large 6;;,7,5 # 1,7 # j), then both (;
and 7, tend to be large, (5.17) is more likely to be satisfied, and any global minimizer
is a normal vector of H;. In contrast to the discrete result in [113], which is based on
a continuous variant of (5.1) without outliers and uses quantities such as the spherical
cap discrepancy or circumradii of polytopes that are difficult to interpret, the global

geometric analysis here focuses on the discrete problem (5.1) and leverages geometric

200



quantities to explicitly characterize the underlying distribution of both inliers and
outliers. Finally, when the dataset is further contaminated with noise, one may expect
that the error between the global minimizer and the true normal vector to H; to be
proportional to the noise level, as analyzed for a single subspace case in Section 3.1.2.

The extension to noisy data is by no means trivial, and we leave it as future work.

5.2.4 Probabilistic analysis

In this section, we present a probabilistic characterization of the global optimal
solutions of problem (5.1) under a UoH model. We first explicitly state the random

spherical model for a UoH that we will consider.

Definition 5 (Random spherical model for a UoH). Consider a random spherical
model where the M columns of © are drawn uniformly from the sphere SP~1, and the
Ny, columns of Xy, are drawn uniformly from SP= N Hy for k € [K], where Hy, is a

given hyperplane in RP with dim(H) = D — 1.

Compared with the random spherical model for a single subspace given in Def-
inition 1, Definition 5 specifies a similar generative model for data drawn from a
UoH. Note that we already have the concentration properties for the outlier-related
quantities, namely co max — CoOmin and Ne, under such models as stated in Lemma 2.

On the other hand, the concentration bounds for the inlier-related geometric quantities,
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namely Cx, min; C, max and nx,, follow from [152, Lemma 4], which leads to

I = t t2
P CXx;, ,min Z CO - <2+ 2> /\/Nk] Z 1-— 26_7,

[ = t 2
P Cx;,,max < OO + (2 + 2> /\/N]{| >1—2e" 72, and (522)

P, < €1 (VDlog D +1) /\/ﬁk] > 127

for any number ¢ > 0, where

- (D — 3)! %, for even D,

1, for odd D,
(5.23)

nn—2)(n—4)---4-2, if nis even,
nll =

n(n—2)(n—4)---3-1, if nis odd,

and C is a universal constant that is independent of K, { Ny}, M, D and t. We are

now able to state our probabilistic result.

Theorem 13. For the random spherical model in Definition 5, the probability that

any global solution of (5.1) is a normal vector of Hy is at least 1 — 2(K + 1)e™"/2,

where t > 0 satisfies, with Cy defined in (5.23), the inequality

k#1 k#1

Co Y Ny + (Olﬁlog(m + 3;) >N+ (CoVDlog D + ) VM

< CoNy — (V2 + 2\%)@ (5.24)

where Cy, Cy are universal constants that are independent of K, {Ny}, M, D and t.
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Proof. We first note that

o Nlcxl,min
Zk;ﬂ NkCXk,max + Zk;&l Nank + Mﬁo
X e Nlcxl,min
Zk;él NkCXk,max + M<C(’),max — CO min

< (1 and

<717
)

so that

L1
¢t

~ <1, 5.25
7t (5:25)

meaning that (5.17) holds. Therefore, any global solution of (5.1) is a normal vector
of H,. Therefore, Theorem 13 follows directly from Theorem 12 by plugging the
concentrations for ¢o max — Co.min, Mo from (3.9) and cx, min, Cx, max, Nx, from (5.22)

into (5.25). O

Discussion of Theorem 13. Note that C, € [,/ﬁ, ,/ﬁ} (see [152, foot-

note 9]) is a constant for fixed D. As the number of inliers from the hyperplanes goes
to infinity and the other parameters are fixed, (5.24) roughly requires >33 Ny < Vi,
which coincides with (5.3) of [64] (in expectation). Also, as the number of inliers
goes to infinity, (5.24) implies that the DPCP approach for a UoH can tolerate
M = O((Ny — Xp21 Nit)/D)?) outliers, which generalizes the result in [152, 153] for
a single subspace. Finally, since (5.24) is linear in ¢, it gives an upper bound for ¢,

which is roughly O((Ny — Yyso Ne — VM) /(e VN + VM)).

A similar probabilistic result is provided in [64, Theorem 1.1] but for a different
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generative model where the number of points sampled in each hyperplane is not fixed
in advance, as opposed to M and { Ny} here, but is controlled by the sampling weights
{1y (see (5.3)). With this difference in mind, we now compare [64, Theorem 1.1]

with (5.24). Towards that goal, dividing both sides of (5.24) by the total number of

data points N 4+ M, and viewing MLM as Yy and NJX’“M as Yy, gives

w1>§:wk 3\/_t+p Zﬁ, (5.26)

where p(D) := /2D log D max(C}, Cy). Our result and [64, Theorem 1.1] require a
similar condition on 1, to guarantee that any global solution of (5.1) is a normal
vector of H; with certain probability. On one hand, (5.26) requires ; to be larger
than Y1, ¥ by a positive amount (which goes to 0 if the total number of points

goes to infinity), which is slightly stronger than (5.3) in [64]. On the other hand,

[64, Theorem 1.1] only ensures a probability of 1 — Cj exp( N +4M ), where C3 =
@) (DD(D_W2 + DS(D_I)) and Cy = O (D'®) (assuming the other parameters such as
K are fixed), thus needing to sample Q(D*¥®log D) points to make the probability

overwhelming (e.g., probability of 1 — O(exp(—D)) if N + M = Q(D"log D)). For

comparison, by taking t = /&M Theorem 13 now requires ¢4 to be larger than
y g D g

Z,If:z Y, by a small amount of (% + %) >~ +/%r and guarantees with probability

—2(K+1)exp (— ]\;J]S]y ), which only requires a total sampling of (D?) points to make
the probability overwhelming (e.g., probability of 1 —O(exp(—D)) if N+ M = Q(D?)),

which is much smaller than the Q(D'®log D) needed in [64].
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Algorithm 3 Projected Riemannian Sub-Gradient Method (PRSGM) for solving (5.1)
1: Initialization: by € SP~1, step size pg, and 3 € (0, 1).
2: fort=20,1,2,--- do N N
3:  Compute a Riemannian subgradient: G(b;) < (I — b;b, )X sign(X "b,);

4:  Update the step size in a geometrically diminishing fashion: p; < pof’;
5:  Update the iterate:

bes1 < by — G (by) and by < byir/|[brall2;
6: end for

5.3 Projected Riemannian Sub-Gradient method
for learning a union of hyperplanes

In Section 5.2, we have shown that the non-convex DPCP problem (5.1) is effective in
robustly recovering a specific hyperplane for a UoH. The work of [113] proposed to solve
(5.1) by either an LP-based algorithm that involves a sequence of convex optimization
problems thus is computationally expensive, or an IRLS algorithm that requires doing
an SVD in each iteration and lacks a convergence guarantee. In this work, motivated by
the Projected Riemannian Sub-Gradient Method (PRSGM) analyzed in Chapter 4 for
solving optimization problems over the Grassmannian (Section 4.2.3) and its successful
application to the DPCP problem (2.9) for learning a single subspace (Section 4.2.4),

we now extend it to solve problem (5.1) with data drawn from a UoH.

As summarized in Algorithm 3, we apply the general PRSGM framework (see Algo-
rithm 1) for solving (5.1) and focus on its convergence to the geometrically dominant
hyperplane H;. In particular, each iterate of the PRSGM computes a natural Rieman-
nian subgradient (I—bb")X sign(X " b), which only involves matrix-vector multiplica-

tions, hence is computationally efficient compared with solving an LP. Moreover, since
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PRSGM has been proved (see Theorem 10 and Theorem 11) to converge to a global
solution at a linear rate with appropriate initialization and geometrically diminishing
step size in the single subspace case, we extend this analysis to the UoH model and
prove a linear convergence rate. Towards that goal, we measure the distance between

any vector b € SP~! and our target solution set {+mn,} by
dist(b, {£n,}) = min(||b — n1]|2, [|b + n1]|2),
which is a special case of (4.2). Also, it is clear that
Piiny(b) = sign(b'mny)n,.

The next result establishes the Riemannian regularity condition (RRC) (see Defi-

nition 3) for problem (5.1), which we use to obtain a linear convergence rate.

Lemma 19. For any € € (O, 2(1— 1/(1)> and o = %Nlcthin (1—€*/2) —1/¢)
with ¢ defined in (5.5), the DPCP problem (5.1) satisfies the following (o, €, m1)-RRC:

for every b € SP~ satisfying dist(b, {&n,}) < ¢, we have
(sign(b"ni)ny — b, —(I— bb" ) X sign(X b)) > adist(b, {£n,}). (5.27)

Proof. First note that for any € € (0, 2(1 — 1/(’1)) and dist(b, {xmn,}) < €, we must
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have b ¢ H; and thus sign(b'n) # 0. In fact, if b € H;, then

dlSt(b, {:I:nl}) = m1n(||b — 'I’L1||2, ||b + n1||2) = \/5 > €.

T

Without loss of generality, let us assume sign(b' n;) > 0 since the analysis for the case

of sign(b"m,) < 0 is similar. For any b € SP~!, the projection of b onto {£mn,} is

T

Pin,)(b) = arg min |z — bll» = sign(bTny)m = n,.

ze{tn1}

Letting 0; € [0,7/2) be the angle between b and n;, we can write

b = sin(61)sy + cos(61)n,

where s; € H; N SP~!. Next, we define

g =I-bb")n, =n; —bb'n,)
= ny — (sin(61)s; + cos(f1)ny) cos(6,) (5.28)

= sin(fy)(— cos(01)s1 + sin(f1)n,) = sin(61)g

207



where g = — cos(6)s1 + sin(6;)n, is orthogonal to b and ||g||2 = 1. We have

(sign(b"n1)ny — b, —(I— bb") X sign(X b))

- <n1, —(I- bbT);szign(}Tb»

=— <.5c’vsign(.5\(*rb), (I- bbT)n1> =— <.:t'vsign(;t'*rb),g> (5.29)
Ny - K N 0T M

= — <Z sign(wg-l) b)ccg-l) + Z Z sign(ccg- ) b)wg )+ Z sign(oij)oj,g>
j=1 k=2 j=1 j=1

T 9 on(a® 1e® 4 S sien(o]
= sin(61) cos(61) HXl 81H1 — <Z Z sign(z;” bz, + Z sign(o; b)oj,g>
k=2 j=1 j=1

where we used the result in (5.28). Now consider the second term in (5.29):

K Ng % T 5 M
<Z > sign(wg- ) b)wg )+ > Sign(oij)oj,g>

k=2 j=1 j=1

- M
= sin(6,) <Z > Sign(wgk) b)w§k) + sign(o] b)oy, §>

k=2 j=1 j=1

— sin(6) <<I b)Y S sign<w§’“”b>w§-’“%§>

+ sin(6;) <(I —bb") % sign(o] b)o;, §>

K

S sin(@l) Z

k=2

(5.30)

(I-bb")> sign(o; b)o;

=1

—+ Sin(¢91>

2

K K
< sin(6;) <Z cos(0k) Nk, max + Z Ninx, + Mﬁo)

k=2 k=2
Nl Cx1,min

S sin(@l) C
1

where the first equality follows from g = sin(f;)g in (5.28), the second equality follows

from (I —bb")g = g, the first inequality follows from the Cauchy-Schwartz inequality
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and ||g||2 = 1, the second inequality follows from (5.7), and the last inequality follows

from the definition of ¢; in (5.5). Plugging (5.30) back into (5.29), we obtain

<sign(an1)n1 —b,—(I— bbT).it'vsign(;Yva)>
(5.31)

2 sin(@l)Nlcxl,min(cos(Gl) — 1/<1)

Since dist(b, {£n;}) = min(|]|b—mn |2, |[b+mn4]|2), and 6 is the principal angle between

b and n,, we obtain
dist?(b, {£n1}) = ||b]|2 + [|n1|5 — 2b"ny = 2 — 2cos(6)). (5.32)
Moreover, from Proposition 2, we have
dist(b, {£n,}) < v2sin(6;). (5.33)

For any € > 0 such that dist(b, {£n,}) <€, from (5.32) we have

2 — dist*(b, {£n.}) L 2- €2

= . 4
cos(f;) 5 Z (5.34)
According to (5.31), and making use of (5.33) and (5.34), we have
<sign(an1)n1 —b,—(I- bbT);szign(fTb)>
Z sin(@l)Nlcxl,min(cos(Hl) — ]./Cl) (535)
2 1
> @Nlcxl mn [ (1= S ) = =) dist(b, {£n}).
2 ’ 2) G
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To ensure that the RHS of (5.35) is nonnegative, we require € < 4/2(1 — 1/(;), which

completes the proof. O

Discussion of Lemma 19. In words, (5.27) guarantees that when b is close to a
target solution £m; (a normal vector of the geometrically dominant hyperplane H;),
the negative Riemannian subgradient points toward the target solution. The choice
of € and « in Lemma 19 depends on the geometric dominance level of X;. A larger
dominance level for X (larger (;) leads to a larger € (i.e., a larger initialization region)
and larger « (i.e., the negative Riemannian subgradient points closer to £m4). Using
the RRC in (5.27), we are now able to apply Theorem 9 to obtain a convergence result

for Algorithm 3.

Theorem 14. Let {b;} be the sequence generated by Algorithm 3 for solving prob-
lem (5.1) with initialization by satisfying Oy = arccos(|n] by|) < arccos(1/¢1) and step

size iy = o3t such that

2¢2
0< o< £ and 1>5z\/1—2a“°+”05,
282 € €2

where € = 1/2(1 — cos(fy)), a = gNlcthm(cos(éo) - 1/(1), and
K
E=V1TWmax1 4+ 3" Nynx, + Mno + D. (5.36)
k=1
Then, the principal angle gt between b, and ny decays at a linear rate:

sin(6,) < e- 8¢ for all t > 0.
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Proof. First note that
e = \/2(1 — cos(fy)) = dist(bo, {£n,}) (5.37)
where the last equality follows from (5.32). To satisfy the RRC in (5.27), we require

e <201 —1/¢).

Combining this inequality with (5.37) gives the requirement on the initialization, i.e.,
0o < arccos(1/(y).

In other words, by choosing the initialization b, satisfying 6, < arccos(1/¢y), and
€ =1/2(1 —cos(fy)), a = gNlcthin(cos(@o)—l/él), from Lemma 19 the («, €, {+n,})-
RRC in (5.27) is satisfied. Moreover, for the Riemannian subgradient G(b) used

in Algorithm 3, we have

IG®)]l, = | (1 bbT) X sign(X7b)|

— (1= bbT K . (k)Tb (k) I— bbT M . Tb )
=I( ) DD sign(x;” b)x;” + ( )Y sign(o; b)o,
k=1 j=1 J=1 2

M
I-b0")%" sign(oij)oj

Jj=1

+
2

K
<>
k=1

Ny -
I-b0")%" sign(mgk) b)mg-k)
j=1

2

i K
<> c08(0k) Ny max + Y Nenzx, + Mo
k=1 k=1

K
< V1TWmax] Z Ninx, + Mno
k=1
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where the second inequality follows from (5.7), and the last inequality from (5.14).

We now apply Theorem 9 by specifying £ as in (5.36) to obtain that {b;} satisfies
dist(by, {£mn,}) < dist(bg, {£n,})5", Vk > 0. (5.38)
From Proposition 2, we have dist(b,, {£n,}) > sin(f,), and thus from (5.38) we obtain
sin(0;) < dist(by, {xn,})5 = € g

where the last equality follows (5.37). ]

Discussion of Theorem 14. Theorem 14 ensures that a properly initialized Algo-
rithm 3 converges linearly to a normal vector of the geometrically dominant hyperplane
Hi, i.e., =nq, provided a certain geometrically diminishing step size is used. Note
that Theorem 12 implies that £n, are global solutions to (5.1) when condition (5.17)
is satisfied. The initialization requirement coincides with Lemma 18, which states that
any critical point inside the cone C = {y € R? : |[y"ny| > 1/¢1, ||yl = 1} must be a
normal vector of H; (see Figure 5.1). Moreover, as discussed after Theorem 9, the
diminishing factor 3 is crucial to the convergence properties of the PRSGM in Algo-
rithm 3: convergence may fail if £ is too small, and convergence may be slow when (3
is too large, which will be further illustrated in Section 5.5. Finally, a result similar

~ 2
to Proposition 4 that ensures a spectral initialization by = arg minycgp-1 || X Tsz

for Algorithm 3 is close enough to {£mn,} can be stated as follows.

Proposition 8. The spectral initialization by computed as the bottom eigenvector of
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the matriz XX T satisfies

S (03X — 03, (X)) + 03(0) - 03(0)

dist(bg, {£n;}) < o2 _1(X1)

(5.39)

where o4(+) denotes the (-th largest singular value.

5.4 Hyperplane clustering with DPCP

Recall that K-subspaces (KSS) [1, 10] is a simple iterative framework for subspace
clustering that alternates between assigning data points to clusters and fitting a
subspace to each cluster. The previous sections concentrated on the theory and
algorithms for solving the DPCP problem (5.1) for a UoH, showing it recovers the
geometrically dominant hyperplane. Inspired by the fact that condition (5.24) in
Theorem 13 is likely to hold in the subspace estimation step of KSS (since we expect
most of the points in the estimated cluster to belong to a single hyperplane), we use a
family of KSS variants for hyperplane clustering. Note that the better performance of
the iterative KSS approach over the sequential approach, which fits one hyperplane
at a time and removes the points belonging to the previously selected subspace, was

observed in [113] where the DPCP problem was solved by IRLS.
Aside from the standard KSS, we also consider the following two improved variants.

Ensemble KSS (EKSS). The performance of KSS is sensitive to its initialization
because the problem is non-convex. A practical approach is to repeat the process for

multiple random initializations and then pick the best one, or combine the results
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together in a certain way. Based on the fact that partially-correct clustering information
from each random initialization of KSS can be combined to obtain a better clustering
result, the Ensemble KSS (EKSS) [68] constructs an affinity matrix whose (i, j)th
entry is the number of times the ith and jth points are clustered together, and then

applies spectral clustering to obtain the final clustering results.

Cooperative Re-initialization (CoRe) KSS. The Cooperative Re-initialization
(CoRe) [58] framework optimizes a group of clustering results (replicas) by greedily
swapping clusters between them to improve the overall quality. Both EKSS and CoRe
expect the clustering in each replica to be partially correct, and that the same pattern
of errors will not be made by all replicas. CoRe is capable of identifying bad clusters
in a replica and swapping them with better alternatives by monitoring the change in

the objective value, and hence it is observed to be more efficient than EKSS.

Since the above variants of KSS use PCA as the standard way to fit a hyper-
plane to a cluster, we denote them as PCA-KSS, PCA-EKSS, and PCA-CoRe-KSS.
To improve their performance, we replace PCA by our DPCP approach with the
PRSGM (Algorithm 3) and denote these KSS variants by DPCP-KSS, DPCP-EKSS,
and DPCP-CoRe-KSS. We also use the CoP [88] to fit the hyperplane for each cluster,
resulting in the three KSS variants CoP-KSS [42], CoP-EKSS [68], and CoP-CoRe-KSS.
Experimental results using both synthetic and real data for all of these algorithmic

variants are presented in the next section.
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5.5 Experiments

In this section, we evaluate the PRSGM (Algorithm 3) for solving the DPCP prob-
lem (5.1) under a UoH model. In Section 5.5.1 we investigate the performance of
integrating DPCP into various KSS variants (see Section 5.4) using synthetic data.
We further demonstrate its performance and superiority by experimenting on plane

clustering using real 3D data in Section 5.5.2.

5.5.1 Synthetic data

Convergence of PRSGM. We first numerically justify the convergence properties
of PRSGM (Algorithm 3) for solving the DPCP problem (5.1) under a UoH model.
The data are generated based on the random spherical model in Definition 5, where
we fix D = 9, N = 2000 with Ny, = 0.5N,. Figure 5.2 shows the convergence of
PRSGM for various values of the geometric diminishing factor 3, different outlier
ratios MLJFN, and different numbers of underlying hyperplanes K, where we use the
spectral initialization and set the initial step size g to 0.01. One can observe linear
convergence of PRSGM to H; for all the cases if the diminishing factor /3 is tuned
properly. In particular, it verifies the role of g in Theorem 14, which is similar to that
of Theorem 9, namely that it controls the convergence speed. When [ is too small,
e.g., # € {0.1,0.2,0.4}, convergence may fail, which agrees with (4.18) and (4.19).
However, when /5 € {0.6,0.8,0.9}, the algorithm converges linearly, with larger values

of 3 resulting in slower convergence speeds.
Hyperplane clustering. Next, we compare the performance of the methods
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Figure 5.2. Convergence of PRSGM (Algorithm 3) to H; for the DPCP problem (5.1)
under a UoH model. In the experiments, we fix D =9, N = 2000 with Nx+1 = 0.5N. We
choose by as the bottom eigenvector of X X X7 and set the initial step size pg to 0.01.

discussed in Section 5.4. Following the setup in [113], we test with ambient dimensions
D = 4,9 for the synthetic experiments. And we test with K =2,3,4,5, N =50KD
(each plane has the same number of points so that N, = 50D), and W = (.3. Since
the KSS-style methods (without ensemble) are sensitive to initialization, we run them
10 times with random initializations until convergence (tolerance of 0.001) or 100
iterations is reached, and then select the best (i.e., the one with the lowest objective
value). The CoRe methods operate directly on these 10 replicas to return an improved
clustering result by aggregating the knowledge. For the EKSS-like methods, in each
replica we run the KSS-style methods for only 10 iterations but build the affinity
matrix based on 1000 such replicas, which is suggested in [68]. For the KSS variants

involve DPCP, we make the conservative choice of fixing 8 = 0.9 in PRSGM, which
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Table 5.2. Mean hyperplane clustering accuracy (runtime in seconds) over 50 independent

experiments when D = 4.

D=4
K=2 K=3 K=4 K=5

MKF 0.7937 (0.13)  0.6263 (0.19)  0.5548 (0.23)  0.4643 (0.29)
SCC 0.9445 (0.21)  0.9209 (0.46)  0.9093 (0.77)  0.8784 (1.48)
EnSC 0.7011 (0.14)  0.4912 (0.23)  0.3913 (0.30)  0.3254 (0.41)
SSC-ADMM 0.6801 (0.86)  0.4810 (2.30)  0.3795 (4.32)  0.3175 (9.91)
SSC-OMP 0.5707 (0.07)  0.4134 (0.09)  0.3291 (0.12)  0.2747 (0.38)
DPCP-KSS 0.9834 (0.11) 0.9463 (0.46) 0.8985 (0.77)  0.8103 (1.05)
CoP-KSS 0.9614 (0.11)  0.8747 (0.42)  0.8300 (0.81)  0.7630 (1.24)
PCA-KSS 0.9601 (0.01)  0.8623 (0.05)  0.8142 (0.12)  0.7461 (0.19)
DPCP-EKSS | 0.9889 (5.85) 0.8807 (8.19) 0.9778 (9.45) 0.9489 (12.67)
CoP-EKSS | 0.8278 (10.90) 0.8393 (16.69) 0.8772 (20.46)  0.7938 (29.40)
PCA-EKSS 0.8278 (4.10)  0.8274 (6.03)  0.8517 (7.46)  0.7542 (10.58)
DPCP-CoRe-KSS | 0.9832 (0.20)  0.9715 (0.55) 0.9561 (1.23)  0.9599 (1.93)
CoP-CoRe-KSS | 0.9612 (0.10)  0.8992 (0.48)  0.9065 (0.96)  0.8907 (1.74)
PCA-CoRe-KSS | 0.9603 (0.02)  0.8981 (0.12)  0.8769 (0.32)  0.8586 (0.80)

empirically works well but additional tuning for 3 is still possible. Besides those KSS
variants, we also test the performance of other state-of-the-art subspace clustering
algorithms that include MKF [146], SCC [17], SSC-ADMM ([35], EnSC [141], and
SSC-OMP [143]. For MKF, we set the step size for gradient boosting to be 0.001,
the maximal allowed iterations to be 10000; and for SCC, we use the linear spectral
curvature clustering implementation; for EnSC, we set A = 0.95 and a = 200; for
SSC-ADMM, we set p = 1 and a = 20; for SSC-OMP, we set kya.x = 5 and € = 1075,
Table 5.2 and Table 5.3 report the mean clustering accuracy (runtime in seconds) of
the methods on 50 independent instances with the highest two clustering accuracies

in each column given in bold when D =4 and D = 9, respectively.

One can see that the SC methods EnSC, SSC-ADMM, and SSC-OMP, which

are designed primarily for the low relative dimension setting, are among the least
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competitive for clustering hyperplanes. Notably, SSC-ADMM is significantly slower
than other competitors, especially when the ambient dimension and the number of
underlying hyperplanes become large. Also, MKF and SCC do not perform well.
Among the other methods, we observe that within each scheme, algorithms that
involve DPCP (implemented by PRSGM in Algorithm 3) almost always perform the
best. As a result, in each column the best method is the one that uses DPCP as the
internal solver for identifying the dominant hyperplane in a cluster. We find that with
as little as 10 replicas, the methods built on the CoRe framework perform very well.
We believe this result is because CoRe is more aggressive in dealing with bad clusters,
i.e., swapping them with other estimates, while for EKSS even bad clusters still have a
good chance of influencing the final clustering results. Finally, the EKSS-like methods
take significantly more time compared with other variants because its success relies

on a large number replicas to build an affinity matrix of high quality.
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Table 5.3. Mean hyperplane clustering accuracy (runtime in sec) over 50 independent
experiments when D = 9.

D=9
K=2 K=3 K=4 K=5
MKF 0.5840 (0.19)  0.3973 (0.22)  0.2949 (0.22)  0.2470 (0.29)
SCC 0.9126 (1.46)  0.5940 (3.53)  0.3138 (5.83)  0.2519 (12.33)
EnSC 0.6223 (0.49)  0.3996 (1.63)  0.3125 (2.27)  0.2540 (2.76)
SSC-ADMM 0.6683 (10.09)  0.4010 (46.49) 0.2999 (112.77) 0.2548 (296.68)
SSC-OMP 0.5267 (0.13)  0.3573 (0.54)  0.2732 (0.71)  0.2232 (0.93)
DPCP-KSS 0.9927 (0.66)  0.9807 (1.24)  0.8051 (1.29)  0.5004 (1.80)
CoP-KSS 0.9706 (0.75)  0.9358 (2.78)  0.8380 (5.28)  0.5110 (8.35)
PCA-KSS 0.9619 (0.05)  0.9243 (0.22)  0.8074 (0.51)  0.5130 (0.93)

DPCP-EKSS | 0.9938 (11.53) 0.9517 (16.15)  0.4908 (33.10)  0.2920 (44.41)

CoP-EKSS 0.8271 (43.96)  0.7900 (60.34) 0.3706 (107.24) 0.2867 (133.72)
PCA-EKSS 0.8221 (7.48)  0.7539 (14.00) 0.3660 (28.56)  0.2868 (39.68)
)

DPCP-CoRe-KSS | 0.9928 (0.96) 0.9857 (3.98) 0.9784 (7.83)  0.9628 (11.12)
CoP-CoRe-KSS | 0.9706 (0.78)  0.9415 (2.89)  0.9258 (5.64)  0.9089 (10.22)
PCA-CoRe-KSS | 0.9619 (0.07)  0.9370 (0.38)  0.9278 (1.23)  0.9083 (4.11)

5.5.2 Plane clustering using real 3D data

We explore the performance of DPCP in hyperplane clustering using the real dataset
NYUdepthV2 [80], as introduced in Section 1.1.2.2, which contains indoor RGB images
of size 480 x 640 x 3 together with depth information for each pixel. We use the
experimental setup of [113], where the hyperplane annotation is done manually on
92 indoor RGBd images taken by Microsoft Kinect, but only the 89 of them that
contain more than one hyperplane are preserved. Thus, each RGBd image consists of
480 x 640 depth values and K; planes with K; > 1,7 € {1,2,...,89}. After the camera
calibration, 307,200 3D points are obtained from each image, which has dominant
hyperplanes such as floors, walls and so on. Ground-truth labels indicate that each

point either belongs to plane of index from {1,2,---, K;}, or is an outlier (index 0).
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Table 5.4. Mean clustering error (running time in seconds) for KSS variants with different
“backbones” on 89 annotated images of NYUdepthV2.

\ KSS CoRe-KSS EKSS

DPCP | 10.2% (0.09) 9.3% (1.11) 8.0% (15.81)
PCA | 12.4% (0.04) 11.7% (1.17) 10.8% (12.72)
CoP | 11.0% (0.04) 10.8% (0.83) 13.8% (18.12)

Pre-processing. For computational reasons, we perform superpixel representation
where each image is segmented into about 1000 superpixels and the set of pixels
corresponding to each superpixel is substituted by their median depth. Since the
planes associated with an indoor scene are affine in R?, we use homogeneous coordinates
by appending 1 at the fourth coordinate and normalize it to unit length in R*. Finally,
since different superpixels represent different numbers of underlying pixels, we adopt
the practice in [113] that each homogenized superpixel is further weighted according to

its size so that points representing larger numbers of superpixels have more influence.

Evaluation. Given the estimated clusters for the superpixels, we assign the
original pixels to the same cluster as their representatives. Note that none of the
algorithms considered are explicitly configured to detect outliers, instead they assign
every point to some plane. We only evaluate the clustering error of the inlier subset in
the estimated clusters as was the practice in [113]. The clustering error is defined to be
the sum of mismatches from each cluster divided by the total number of inliers. Since
the labels of the ground-truth clusters could be mismatched with the estimations, we

report the minimum clustering error after performing a linear assignment.

Results. We now compare the KSS variants with different “backbones” as intro-
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duced in Section 5.4, namely PCA, CoP and DPCP, in clustering hyperplanes on the
89 annotated images of NYUdepthV2. The parametric setting for each method is the
same as for the synthetic experiments. Note that here we exclude the other general
subspace clustering algorithms discussed in the synthetic experiments since they have
been shown to be less competitive for the hyperplane clustering task (see Section 5.5.1).
We first show in Table 5.4 the average clustering error for the KSS variants applied
to the real data. One can see that a similar phenomenon appears as in the synthetic
experiments, namely that the algorithm achieving the lowest mean clustering error
is one using DPCP as the internal subproblem (solved by PRSGM in Algorithm 3)
for estimating the dominant hyperplane within each KSS framework. On the other
hand, although the KSS method runs very fast, it is generally not comparable with
CoRe-KSS or EKSS in this test. Note that EKSS takes significantly longer time for
its construction of the affinity matrix, which is based on 1000 KSS replicas. Finally,
in Figures 5.3, 5.4 and 5.5, we give visual comparisons of various approaches on
clustering hyperplanes from 3D point clouds of image 55, image 5 and image 60 in

NYUdepthV2, respectively.
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Figure 5.3. Visualization of various approaches in clustering two hyperplanes from a 3D
point cloud of image 55 in NYUdepthV2.
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Anhotation

DPCP-KSS g = DPCP-EKSS g = DPCP-CoRe-KSS

= — ] —=T—

CoP-KSS j - CoR=EKSS g =~ CaP*CoRe-EKSS

PCA-KSS PCA-EKSS g == "PCA-CoRe-lxSS

Figure 5.4. Visualization of various approaches in clustering three hyperplanes from a 3D
point cloud of image 5 in NYUdepthV2.
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Figure 5.5. Visualization of various approaches in clustering four hyperplanes from a 3D
point cloud of image 60 in NYUdepthV2.
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Chapter 6

Conclusions

This thesis developed extensive theory and algorithms for subspace learning for data

arising from subspaces of high relative dimension.

In Chapter 3 we extended the global optimality analysis of the Dual Principal
Component Pursuit (DPCP) method from learning a hyperplane with noiseless data
to a subspace of any dimension in the high relative dimension regime with noisy data.
We established a geometric analysis that revealed that the subspace angle between
the global solution to the non-convex DPCP problem and the orthogonal complement
of the subspace is upper bounded by an amount that is proportional to the noise
level. We also derived a probabilistic analysis that shows that the DPCP problem
for learning a subspace of high relative dimension can handle O((#inliers)?) outliers
even in the noisy setting, which is superior to other existing robust subspace recovery

methods that can tolerate at best O(N) outliers in theory.

In Chapter 4 we presented a Projected Riemannian Sub-Gradient Method (PRSGM)
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and showed that with proper initialization and step size, it converges linearly to
some points at which the objective function satisfies a certain Riemannian regularity
condition (RRC). We then applied PRSGM to the DPCP problem for learning a single
subspace and proved that it converges linearly to a neighborhood of the orthogonal
complement subspace, whose region is proportional to the noise level. Experiments on
synthetic data and 3D roadplane detection demonstrated the effectiveness of using

PRSGM as the subproblem solver for DPCP in robust single subspace learning.

In Chapter 5 we improved the existing global optimality theory of DPCP for a
union of hyperplanes (UoH) by deriving a more transparent geometric analysis and a
new probabilistic analysis. Our analysis shows that under certain conditions any global
solution to DPCP for a UoH is a normal vector to a geometrically dominant hyperplane.
Also, we proved a convergence result for PRSGM when used for DPCP under a UoH
model. Finally, by integrating DPCP into KSS (DPCP-KSS) and utilizing ensembles
of DPCP-KSS, experiments on synthetic data and 3D plane clustering showed that

we achieve state-of-the-art performance in hyperplane clustering.

There are many interesting directions for future work. Theoretically, one can
extend the analysis of DPCP for a UoH to a union of high dimensional subspaces.
Algorithmically, one can design an efficient intrinsic optimization method for solving
DPCP wherein the iterates move along geodesic directions, which contrasts the
extrinsic PRSGM. Finally, one can explore additional applications of DPCP such as

clustering deep features extracted from images of a single object category in ImageNet.
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