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Abstract

In many signal processing, machine learning and computer vision applications, one often has to deal
with high dimensional and big datasets such as images, videos, web content, etc. The data can come
in various forms, such as univariate or multivariate time series, matrices or high dimensional tensors.
The goal of the data mining community is to reveal the hidden linear or non-linear structures in the
datasets. Over the past couple of decades matrix factorization, owing to its intrinsic association with
dimensionality reduction has been adopted as one of the key methods in this context.

One can either use a single linear subspace to approximate the data (the standard Principal Component
Analysis (PCA) approach) or a union of low dimensional subspaces where each data class belongs to a
different subspace. In many cases, however, the low dimensional data follows some additional structure.
Knowledge of such structure is beneficial, as we can use it to enhance the representativity of our models
by adding structured priors. A nowadays standard way to represent pairwise affinity between objects is
by using graphs. The introduction of graph-based priors to enhance matrix factorization models has
recently brought them back to the highest attention of the data mining community. Representation of
a signal on a graph is well motivated by the emerging field of signal processing on graphs, based on
notions of spectral graph theory. The underlying assumption is that high-dimensional data samples
lie on or close to a smooth low-dimensional manifold. Interestingly, the underlying manifold can be
represented by its discrete proxy, i.e. a graph.

A primary limitation of the state-of-the-art low-rank approximation methods is that they do not
generalize for the case of non-linear low-rank structures. Furthermore, the standard low-rank extraction
methods for many applications, such as low-rank and sparse decomposition, are computationally
cumbersome.

We argue, that for many machine learning and signal processing applications involving big data, an
approximate low-rank recovery suffices. Thus, in this thesis we present solutions to the above two
limitations by presenting a new framework for scalable but approximate low-rank extraction which
exploits the hidden structure in the data using the notion of graphs.

First, we present a novel signal model, called ‘Multilinear low-rank tensors on graphs (MLRTG)’ which
states that a tensor can be encoded as a multilinear combination of the low-frequency graph eigen-
vectors, where the graphs are constructed along the various modes of the tensor. Since the graph
eigenvectors have the interpretation of non-linear embedding of a dataset on the low-dimensional
manifold, we propose a method called ‘Graph Multilinear SVD (GMLSVD)’ to recover PCA based linear
subspaces from these eigenvectors. Finally, we propose a plethora of highly scalable matrix and tensor
based approximation methods for low-rank extraction which implicitly or explicitly make use of the
GMLSVD framework. The core idea is to replace the expensive iterative SVD operations by updating
the linear subspaces from the fixed non-linear ones via low-cost operations. We present applications
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in low-rank and sparse decomposition and clustering of the low-rank features to evaluate all the pro-
posed methods. Our detailed theoretical analysis shows that the approximation error of the proposed
framework depends on the spectral properties of the graph Laplacians.

Key words: Principal Component Analysis, graphs, low-rank and sparse decomposition, clustering,
low-rank tensors

iv



Résumé

Dans de nombreuses applications de traitement du signal, de I'apprentissage automatique et de la
vision par ordinateur, il faut souvent traiter des jeux de données de grande dimension et de grande taille,
tel que des images, des vidéos, du contenu Web, etc. Les données peuvent se présenter sous diverses
formes, telles que de séries temporelles univariées ou multivariées, des matrices, ou des tenseurs a
haute dimension. Le but de la communauté d’exploration des données est de révéler les structures
cachées, linéaires ou non-linéaires, dans les jeux de données. Au cours des dernieres décennies, la
factorisation de matrices, en raison de son association intrinseque avec la réduction de dimension, a
été adoptée comme 'une des méthodes clés dans ce contexte.

On peut soit utiliser un seul sous-espace linéaire pour approcher les données (I'approche standard de
I’analyse en composantes principales (PCA)), soit une union de sous-espaces a faible dimension ot
chaque classe de données appartient a un sous-espace différent. Dans de nombreux cas, cependant,
les données a faible dimension ont une structure supplémentaire. La connaissance de cette structure
est bénéfique, car nous pouvons l'utiliser pour améliorer la représentativité de nos modeles en ajoutant
des structures a priori. Un mode standard de nos jours pour représenter 'affinité par paires entre les
objets est en utilisant des graphes. Lintroduction des informations a priori fondés sur des graphes pour
améliorer les modéles the factorisation matricielle les a rfécemment ramenés a la plus haute attention
de la communauté d’exploration des données. La représentation d'un signal sur un graphe est bien
motivée par le champ émergent du traitement du signal sur des graphes, qui est basé sur des notions
de la théorie spectrale des graphes. Uhypothése sous-jacente est que les échantillons de données a
haute dimension se situent sur ou prés d'une variété lisse a faible dimension. Fait intéressant, la variété
sous-jacente peut étre représenté de facon discrete par un graphe.

Une limitation primaire des méthodes actuelles d’approximation de rang faible est qu’elles ne se
généralisent pas pour le cas de structures non-linéaires de rang faible. En outre, les méthodes standard
d’extraction de rang faible, telles que les décompositions a rang faible et parcimonieuse, ont une lourde
complexité algorithmique pour de nombreuses applications.

Nous soutenons que pour de nombreuses applications d’apprentissage automatique et de traitement
de signal impliquant de grandes données, une récupération approximative de rang faible suffit. Ainsi,
dans cette these, nous présentons des solutions aux deux limitations ci-dessus en présentant un
nouveau cadre pour I'extraction approximative mais scalable de rang faible, qui exploite la structure
cachée dans les données en utilisant la notion de graphes.

Tout d’abord, nous présentons un nouveau modele de signal, appelé «tenseurs de rang faible multi-
linéaire sur les graphes (MLRTG)», qui indique qu’un tenseur peut étre codé en tant que combinaison
multi-linéaire des vecteurs propres de basse fréquence des graphes, ou1 les graphes sont construits
le long des différents modes du tenseur. Etant donné que les vecteurs propres du graphe ont I'inter-
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prétation de plongement non-linéaire d'un ensemble de données sur une variété a faible dimension,
nous proposons une méthode appelée «Graph Multilinear SVD (GMLSVD)» pour récupérer des sous-
espaces linéaires basés sur PCA a partir de ces vecteurs propres. Enfin, nous proposons une pléthore
de problémes inverses basés sur les matrices et les tenseurs, avec haute capacité a monter en charge,
pour I'extraction de rang faible qui utilisent implicitement ou explicitement le cadre GMLSVD. Lidée
principale est de remplacer les coliteuses opérations itératives SVD en mettant a jour les sous-espaces
linéaires, a partir des espaces non-linéaires fixes, par des opérations peu cotiteuses. Nous présentons
des applications sur des décompositions de rang faible et parcimonieuse, et sur regroupement des
features de rang faible pour évaluer toutes les méthodes proposées. Notre analyse théorique détaillée
montre que I'erreur d’approximation du cadre proposé dépend des propriétés spectrales des Laplacians
des graphes.

Mots-clés : Analyse en composantes principales, graphes, décompositions de rang faible et parcimo-
nieuse, regroupement, tenseurs de rang faible.
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|§ Introduction & Motivation

In the modern era of data explosion, many problems in signal and image processing, machine learning
and pattern recognition require dealing with very high dimensional datasets, such as images, videos
and web content. The data mining community often strives to reveal natural associations or hidden
structures in the data. This task can be important for many different reasons. For example, many
machine learning algorithms involve training complex models on datasets which are very high di-
mensional. When the number of samples is not enough, the classifiers can easily overfit in the high
dimensional space. Thus, it is important to extract useful low-dimensional features to feed a classifier.
Similar problem arises in signal processing, where one might want to perform the analysis of high
dimensional images. In such a scenario, it is always important to search for hidden structures in the
dataset, which could lead to a reduction in the dimension or useful feature extraction from the dataset.

We first provide a concise introduction to a specific type of feature extraction process, known as low-
rank feature extraction. Then, we argue, with some simple examples that this process falls under
the broad class of linear dimensionality reduction. Finally, we discuss some short-comings of the
state-of-the-art low-rank approximation methods and build a motivation for the work done in the
context of this thesis. More specifically, we argue that the state-of-the-art low-rank feature extraction
methods cannot recover non-linear low-rank features in a scalable manner. In fact, extracting such
features would involve exploiting pairwise relationship between different features and samples of the
data matrix which can reveal the underlying geometry of the low-dimensional space. This thesis, as
explained in more detail in Section 1.7, provides a framework - a signal model and associated low-rank
recovery problems, based on the notion of ‘graphs’, which can recover low-rank features for a wide
variety of datasets in a structured and scalable manner.

1.1 Low-rank Feature Extraction & Dimensionality Reduction

Consider a set of gray-scale images of the same object captured under fixed lighting conditions with a
moving camera, or a set of hand-written digits with small rotations. Given that the image has p pixels,
each such data sample is represented by a vector in R”. Since each image is just a small perturbation of
the other images, there are many common features in the entire set of images. Simply put, most of the
data variance can be explained only with a few common features among the set of images. Thus, the
intrinsic dimensionality of the space of all images of the same object captured with small perturbations
is much lower than p. One could then use a dimensionality reduction or a compression framework to
analyze this dataset. Alternatively, when the data is noisy, the above problem of analyzing the set of
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images can also be modeled as determining the closest noiseless approximation which can capture
maximum variance of the dataset.

Due to many common features among the images, it is possible to model each image as a linear
combination of a few basic templates. These templates serve as ‘dictionary’ elements, which can be
combined to approximate the entire dataset. As the number of such possible templates is far less than
the dimension of the dataset, the approximation is known as a low-rank approximation.

1.1.1 Applications of Low-rank Approximation

Low-rank approximation spans a broad variety of applications. Before diving into the core of mathe-
matical details, we present a glimpse of a few applications here:

Surveillance: Static low-rank: Consider a real world surveillance application where a camera is in-
stalled in an airport lobby and it collects frames with with a fixed time interval. As the structure of this
lobby does not change over time, one would like to extract the moving people or objects from the static
lobby. Such an application falls under the low-rank extraction framework.

Surveillance: Dynamic low-rank: Now consider the same camera installed outside in the open air
where the lightning is changing over time. Assume there are short periods of sunlight interleaved by
cloudy periods and even rain. As compared to the lobby example where all these conditions were
constant, this is a more challenging environment. However, the overall problem can still be seen as
extracting dynamic people and or rain from the static background over different intervals of the video.
Thus, this application falls under the low-rank approximation framework as well.

Multiclass low-rank: As another example, consider a big database of faces of several people collected
from a social media platform. Assume further that the faces are corrupted by different types of noise
and errors. Furthermore, the database consists of different facial expressions. A more reasonable
assumption for such a dataset would be to group the images based on the people using some notion of
pairwise similarity and then perform a low-rank approximation to extract the clean faces from noise
and errors.

Topic extraction: Now consider a set of text messages collected from a social network about different
topics. One would like to analyze the most common topics in the entire set of messages. A more
interesting analysis would be to identify the communities of people in the social network among which
a particular topic is more popular. Again, the messages are highly corrupted by noise due to the use of
slang and unstructured sentences. In such a case one definitely needs to use the notion of similarity
between the people in the network to identify the low-rank component, i.e., most commonly used
words and topics and as well as analyze the community structure.

Space-time low-rank: Consider a set of MRI scans (2D or 3D), collected from the brain of a subject,
which vary slowly over time. Since the brain responds to stimuli, it exhibits a dynamic activity over time.
However, the underlying brain structure does not change over time. One would like to separate the
clean low-rank components from dynamic activity which might correspond to some kind of abnormal
condition. Furthermore, the acquired scans might be corrupted with noise due to limitations of device
or the movement of patient, etc. This is a typical example of a space-time real world dataset which has
gained significant attention of the research community. For such a dataset, the notion of functional
connectivity between different regions of the brain plays an important role in addition to the structural
connectivity. Moreover, the acquired images can be related in time. Thus, it is important to consider
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the space-time relationship while extracting the low-rank representation.

Space-time-frequency low-rank: Consider Brain Computer Interface application, where a set of time
series is collected from electrodes on an EEG cap, mounted over the head of a subject. The EEG
signals have a higher time resolution, therefore, it is common to perform a time-frequency analysis of
these signals to obtain an information rich dataset. Thus the entire dataset has space-time-frequency
features. As EEG is well-known for its highly dynamic and noisy nature, one would like to extract the
clean signal from the noise. Assuming that EEG signals correspond to a specific set of brain activities,
it is reasonable to argue that this dataset is low-rank. Therefore, one would like to separate low-rank
component from noise.

Point-cloud denoising: Point clouds, both static and dynamic, span a plethora of applications in the
field of computer vision. However, they are often corrupted by noise and errors. Assuming that a
dynamic 2D or 3D point-cloud is just a small set of variations of the pose, point-cloud denoising can be
done via low-rank approximation.

1.1.2 Low-rank Matrix & Tensors

So far, we have discussed 'dimensionality reduction ' and 'low-rank approximation’ as two alternatives
for modeling a set of images with many common features. Now we begin to formalize our discussion
and show that the latter approach, i.e, low-rank approximation falls under the broad category of the
former, i.e, dimensionality reduction. The key to connecting the two approaches is matrix factorization.
Over the past couple of decades matrix factorization has been adopted as one of the key methods in
the context of dimensionality reduction. Given a data matrix ¥ € RP*" with n p-dimensional data
vectors, the matrix factorization can be stated as determining factors U € R”*" and Q € R"*"* such that
Y = UQT under different constraints on U and Q.

Low-rank Matrix

While, the state-of-the-art methods have proposed several constraints, such as non-negativity, sparsity,
joint non-negativity and sparsity, etc. on U and Q, our goal in this thesis is to deal with the special
case where U, € RP*" and Q, € R"*" are thin rectangular matrices, i.e, r < p < n. Let X = U, Q,, then
such an approximation of Y is known as a low-rank approximation. Hence, low-rank approximation is
equivalent to dimension reduction under the above mentioned constraints on U, Q. It is common to
call U, and Q; as 'factors’ of the low-rank matrix X.

Low-rank Tensor

Since the beginning, we have only considered the notion of a dataset in the context of a matrix. However,
a matrix is not always the most desirable and flexible arrangement of a dataset. In the modern era of
data deluge, one might be tempted to arrange multi-dimensional data in the form of high dimensional
entities, instead of 2D matrices. Such high dimensional entities are known as tensors. We represent
tensors with bold calligraphic letters %. Consider the example of a set of EEG signals collected from
the scalp of a few subjects using a 128 electrode apparatus, over different trials. It is straight-forward
to note that it is crucial to store and analyze this dataset in the form of a 4D tensor, where channels,
time, trials and subjects constitute different dimensions. One cannot come up with simple ways to
store such data in matrices without compromising the dependencies between various dimensions.
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Similarly to matrices, tensors can also be low-rank. Several of the low-rank datasets, we mentioned
earlier can be arranged in the form of tensors. Consider the static and dynamic surveillance video
example, where we have access to frames collected over time. This dataset, naturally arises in the form
of a 3D tensor, where the three dimensions correspond to the x and y spatial dimensions and the time
axis. Similarly, the space-time MRI low-rank example can also be treated as a 3D or 4D MRI tensor.

Unfortunately, the rank of a tensor is not unique, therefore we use the notion of multilinear rank [8].
For a tensor & € R™*"2*"5 jts y!" matricization / flattening Y* is a re-arrangement into a matrix such
that Y! e R *"27%3_ Simply put, a tensor is multilinear low-rank, if each of the matrices Y* formed by
flattening its various modes is low-rank. Thus, a multilinear low-rank approximation & of a 3D tensor
% is given as:

vec() = (U}, @ U2 @ U2 )vec(),

where ¥ € R"1*72*73 ig called the core tensor, ® denotes the Kronecker product, vec(-) denotes the
vectorization operation and Uﬁfl are the factors or singular vectors, similar to those obtained by PCA.
The tensor & is said to be low-rank with a multilinear rank (ry, 2, r3).

1.2 Linear Low-rank Matrix Approximation Methods
For a data matrix Y € RP*", the signal model for low-rank approximation can be stated as follows:
Y=X"+n,

where 7 is the noise and X* is the low-rank approximation which follows X* = U,Q,", where U, € RP*"
and Q, e R"**" and r <« p < n. Depending on the different types of noise 77, we can classify the low-rank
approximation techniques, discussed in this thesis into the following two types:

1. Standard Principal Component Analysis (PCA), when 1 is Gaussian.

2. Low-rank and sparse decomposition via Robust PCA, when 7 is sparse or Laplacian distributed.
Throughout this thesis, we will be mainly concerned with the above two types of low-rank approxima-

tion techniques in the context of various applications. Therefore, we provide a detailed explanation of
these techniques below.

1.2.1 Standard Principal Component Analysis (PCA)

Standard PCA [9] is a classical matrix factorization technique to determine the low-rank approximation
of a matrix Y, in the presence of Gaussian noise. The goal is to decompose a matrix Y into a product of
factors U, Q, by solving the following optimization problem:

min |V - U, Q] I

r¥«r

stU, eRP*", Q,eR™, U U, =1I, (1.1)

Note that in addition to the matrices U, Q, being thin, there exists an additional orthonormality

6
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constraint on the columns of U,. Assuming that each of the columns of the matrix Y consists of a
p-dimensional data sample, the factor U, € RP*" serves as a dictionary or ‘principal directions’ of
the matrix Y. Thus, it is possible to linearly combine the r atoms of this orthonormal dictionary to
approximate every p-dimensional data sample in Y. The linear combination is given by the rows of
the matrix Q,, commonly known as ‘principal components’ in the standard PCA literature. Note that
each row of matrix Q, is an r-dimensional embedding of the columns of Y in an r-dimensional space,
characterized by U,. Finally, the number of columns of U, and Q;, i.e, r is known as the rank of the
low-rank approximation of the data matrix Y.

Although, the optimization problem in eq. 1.1 is non-convex due to the presence of the orthornomality
constraint, its solution is given by a truncated singular value decomposition operation (TSVD). More
specifically, let the full SVD of Y be:

Y=UzZV',

where X € R”*P is a diagonal matrix of singular values which are sorted in the non-increasing order, U
the left singular vectors and V, the right singular vectors. Then, the rank r solution to eq. 1.1 is given by
truncating U, Z, V to the first 7 columns, i.e,

X=U,Q =U,2,V,), where Q,=ZX,V,

A primary limitation of PCA is that it can tolerate only Gaussian noise. However, for many real world
applications, such as those mentioned earlier, the noise is sparse. For example, the dynamic people in
the surveillance video example and sparse dynamic activity in the MRI and EEG examples. Consider
the arbitrary example in Fig. 1.1 where we show 3 different classes of low-dimensional points in a
3-dimensional linear subspace. The left plot shows that the principal directions U, are robust to
Gaussian noise £, i.e, they follow the variance of the data points. The right plot shows that in the case
of sparse noise (a few strong outliers here), the principal directions U, deviate significantly from the
data trend.

3-dimensional space

Figure 1.1 - Three different classes of points in a 3-dimensional linear subspace. The left plot shows that the principal directions
U, are robust to Gaussian noise +1, i.e, they follow the variance of the data points. The right plot shows that in the case of sparse
noise (a few strong outliers here), the principal directions U, deviate significantly from the data trend.
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1.2.2 Low-rank & Sparse Decomposition: Robust PCA

Applications which involve the separation of sparse and low-rank components of a data matrix, such as
the video surveillance, MRI and EEG examples discussed earlier, fall under the category of ‘Low-rank
and sparse decomposition. Candes et. al [1] proposed Robust PCA (RPCA), which can be used to model
robustness to sparse noise:

min | X[, + A8l
X

st.Y=X+8§, (1.2)

where X is the low-rank matrix, modeled by the nuclear norm operator || - || . and S models the sparse
noise. The nuclear norm, a sum of singular values of a matrix, is a convex relaxation to the rank
operator, similarly to £; norm being a convex relaxation to the £, norm. The solution of the nuclear
norm operator is given by the singular value soft-thresholding operation and thus requires an explicit
computation of the SVD of X. Since, SVD is an inherent step in the above optimization problem, one
can see this as a problem similar to the standard PCA, except that the data fidelity term involves an ¢,
norm.

In contrast to the standard PCA, the rank r of X is not explicitly specified. Instead, it is controlled
by the regularization parameter A. Smaller the A, bigger is the rank of X. Due to the presence of an
/1 norm, which is non-differentiable, it is not possible to compute a closed form solution of eq. 1.2.
Thus, one starts with a matrix X of full rank, performs an SVD, thresholds the singular values of X,
performs the minimization corresponding to the 1 norm and iterates until convergence. Hence, the
rank of X gradually reduces in every iteration of the algorithm. Furthermore, note that unlike the TSVD
based solution for PCA, the higher singular values are also thresholded in this algorithm. Finally, the
algorithm requires the computation of a full SVD of X is in every iteration. For a matrix of size ¥ € RP*",
this costs @ (p?n), where p < n, which can be computationally cumbersome when both 7 and p are
large.

1.3 Low-rank Tensor Approximation Methods
For a tensor %, the signal model for low-rank approximation can be stated as:
Y =" +1.

Again, depending on 7 to be either Gaussian or sparse noise, we will consider two types of methods.

1.3.1 Multilinear SVD

Multilinear SVD (MLSVD) [10], [11] is an alternative to standard PCA for the case of tensors. In standard
MLSVD, one aims to decompose a tensor & € R"1*"2*"3 into factors Uﬁ; € R"™>*"u which are linked by a
core . € R"*"2*73_ This decomposition is known as Tucker Decomposition [12], [13], [14], [15], and
can be mathematically stated as follows:

vec(X) = (U}, @ U. @ U;,) vec(.#), (1.3)
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where & is the low-rank tensor approximation of . This can be achieved by solving the Alternating
Least Squares (ALS) problem [11] which iteratively computes the SVD of every mode of ¢ until the fit
vec(®@) — (U}, ® UZ @ Uy, ) vec(.#)||5 stops to improve.

2
. 1 2 3
Uﬂrglgy|‘ vec@®) - (U}, 8 UZ 9 U} vee()|

stU*; Uk =1, Vp (1.4)

Just like the standard PCA, the factors Uﬁfi are orthornormal, however, the core tensor .% is not neces-
sarily diagonal like the singular value matrix Z. For the case of a 2D tensor, MLSVD reduces to standard
PCA for a matrix.

1.3.2 Alternating Least Squares for Candecomp Decomposition

Candecomp (CP) decomposition [11] is the alternative decomposition for low-rank tensors. For a
tensor & € R™*"*" it is defined as:
r
Z =Y U')eU*({)eoU®), (1.5)
i=1

where & is the low-rank tensor approximation of % and © denotes the outer-product. Note that in
contrast to the Tucker decomposition, CP approximates a tensor as a sum of rank-1 tensors. However,
itis limited in its modeling power, as it associates a unique rank r to reach of the modes of the tensor.
CP decomposition can be attained by solving the following Alternating Least Squares (ALS) problem,

Jpin ”@—gul(z’)ouz(i)@m(i) Hi (1.6)

The above optimization problem is non-convex. Furthermore, CP decomposition is known not to
provide a tight relaxation for the rank of a tensor [11]. Throughout this thesis, we will work with Tucker
decomposition.

1.3.3 Tensor Robust PCA

Similarly, to the case of matrices, one needs a method for low-rank and sparse decomposition of tensors,
when 77 is sparse. Tensor Robust PCA (TRPCA) [16], [17], [18] based methods have been used for this
purpose which can be stated as:

rrglifn ”vec(@)—vec(%)”l+Y;IIX”II*. 1.7

Like the RPCA algorithm [1] on a matrix, such methods need the notion of nuclear norm on a tensor.
Tensor nuclear norm Zy [|XH]|l« [19], which minimizes the sum of nuclear norms on each of the
matrices X* formed by flattening the various modes of a tensor is used for this purpose. For a 3D tensor
& € R"*"™ 7" this costs @ (n*) per iteration, which is computationally prohibitive, even for 7 as small as
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100.

1.4 From Linear Subspaces to Manifolds

Now that we have reviewed low-rank approximation methods for matrices and tensors, we are ready to
switch gears and discuss the short-comings of these methods. While, tensor based methods are quite
an important subject of this thesis, throughout this chapter, in order to motivate the utility of this work
in a simple manner, we limit our discussion to the matrix methods only.

Both, the standard PCA and Robust PCA fit a single subspace U, that characterizes the low-dimensional
data by capturing maximum variance. This is a good enough assumption about the slowly varying
images. Thus, a single subspace model, like PCA might work very well for the applications of static
low-rank separation from dynamic foreground.

Having described the single subspace models, we now move on to more complicated applications.
For the case of dynamic low-rank surveillance video example, it might not be possible to extract the
low-rank component via a single linear subspace model. One would need something slightly more
complex than this simple assumption. Another example where the linear subspace assumption might
fail is the case of a movie where the scenes change over time. A more reasonable assumption would
be to target a dynamically changing low-rank representation over short bursts of frames. This would
require some sort of grouping between the frames in time. The same holds for our multiclass low-rank
face database example. A linear subspace model would simply fail to extract a low-rank representation
from such a database of faces because it would not take into account the subgroups of the data samples.

In order to make our discussion more concrete, we consider the example of AT&T dataset of faces of
various people with some pose variations. A few example images from this dataset are shown in Fig. 1.2.
Each image consists of approximately 10,000 pixels, hence lies in a 10000 dimensional space. Note that
each of the classes of images undergoes a pose variation, thus, a single linear subspace model would
be unable to capture these variations. Furthermore, the images belong to different classes and each
class possesses a different structure from the other. It might be reasonable to assume here that a highly
non-linear subspace (manifold) can capture such variations. Fig. 1.2 shows an arbitrary mapping
of the three different classes of AT&T dataset on a 3D space. The left plot shows the mapping on a
linear subspace and the right plot fits an arbitrary non-linear surface to the data points. Clearly, the
non-linear surface is a better fit for such points than the linear one. Such a non-linear surface is known
as a manifold. Formally, a manifold is a low-dimensional non-linear subspace, embedded in the high
dimensional space. Different parts of the manifold would model different classes of images and the
non-linearity within each class would take into account the variational effect of the images. We call
such a set of images or a dataset to follow a non-linear low-rank structure.

In fact, many real world datasets have a linear or non-linear low-rank structure in a very low-dimensional
space. Unfortunately, one often has very little or no information about the geometry of the space,
resulting in a highly under-determined recovery problem. Under certain circumstances, as already
discussed, state-of-the-art algorithms like PCA and RPCA provide an exact recovery for linear low-rank
structures but at the expense of highly inscalable algorithms which use nuclear norm. However, the
case of non-linear structures remains unresolved. Thus, there is a dire need to revisit the problem of
low-rank recovery from a totally different perspective, involving manifolds and non-linear structures.

10



1.4. From Linear Subspaces to Manifolds

10,000-dimensional space

i G

elejejelele

3-dimensional space

Non-linear

Figure 1.2 — A few images from two different classes of the AT&T dataset and their arbitrary mapping on a 3-dimensional linear
and non-linear surface. Clearly, a non-linear surface is a better fit to the low-dimensional point.
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1.5 Graphs

In the previous section we discussed the need of manifolds and non-linear surfaces to represent several
real world datasets. A manifold is a continuous, smooth, low-dimensional surface, embedded in a
high dimensional space. It is imperative to have a mechanism for the discrete characterization of
this continuous surface. Given a dataset Y € RP*", one can view it as n-samples drawn from a p-
dimensional space, where the intrinsic dimensionality of these samples is r < p < n. Simply put, we
have access to a few samples on the manifold and we want to characterize this manifold with these
n-samples. Graphs [20] are the key to modeling manifolds.

1.5.1 Graph nomenclature

A graphis a tuple G = {V,E, W} where V is a set of vertices, E a set of edges, and W:V x V — R, a weight
function. The vertices are indexed from 1,...,|V| and each entry of the weight matrix W € RL}”XM
contains the weight of the edge connecting the corresponding vertices: W (i, j) = W(v;, v;). If there is
no edge between two vertices, the weight is set to 0. We assume W is symmetric, non-negative and
with zero diagonal. We denote by i < j that node v; is connected to node v;. For a vertex v; € V, the
degree d(i) is defined as the sum of the weights of incident edges: d(i) =}.;..; W(i, j).

In this framework, a graph signal is defined as a function s : V — R assigning a value to each vertex. It is
convenient to consider a signal s as a vector of size |V| with the i component representing the signal
value at the i vertex. The graph signal can be a scalar, a vector, a matrix or even a tensor residing
on the node of the graph, depending on the application. For a signal s on the graph G, the gradient
Ve : RV — RIE is defined as

.. - s()) s(i)
Vgs(i,j) =V W(, e )
GslL,J ) ( T(] T(i))

where we consider only the pair {7, j} when i — j. For a signal ¢ living on the graph edges, the adjoint
of the gradient V¢ : RIE — RVl called divergence can be written as

Vee(i) = Z VW3, j) ( c(i,i) — ——c(i, ]))
G = a0

The Laplacian corresponds to the second order derivative and its definition arises from Ls := V{ Vgs.
Finally, the graph can be characterized using a normalized or unnormalized graph Laplacian. The
normalized graph Laplacian L, defined as

L,=D *(D-W)D 2 =I-D :WD?

where D is the diagonal degree matrix with diagonal entries D(i, i) = d(i) and I the identity matrix.
The un-normalized Laplacian is defined as L=D - W.

Since the Laplacian L or L, is by construction always a symmetric positive semi-definite operator, it
always possesses a complete set of orthonormal eigenvectors which we denote with P. For convenience,
and without loss of generality, we order the set of eigenvalues A as follows: 0 =1y <A <Ay <..<
An-1 = Amax. When the graph is connected, there is only one zero eigenvalue. In fact, the multiplicity
of the zero eigenvalue is equal to the number of connected components. See for example [21] for more
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details on spectral graph theory.

1.5.2 What does a graph portray?

As already described, a graph G is characterized by its weight matrix W and a Lapalcian L. Each entry
W (i, j) of the weight matrix contains information about the strength of connectivity between the nodes
i and j. The stronger is this weight, the smaller is the distance between the nodes on the manifold.
Thus, pairwise relationships between the nodes of a graph give us information about the geometry
of the manifold [2]. Furthermore, the Laplacian L of a graph G is analogous to the Laplace Beltrami
operator on the manifolds, as shown in the seminal work of Belkin et. al. [2]. Thus, a graph can be used
as a way to discretely characterize a continuous manifold.

1.5.3 Graph construction: A k,,,-nearest neighbor graph

So far we have argued that a manifold can be characterized via a graph G. For a given application, the
data can either naturally arise in the form of a graph, such as for the case of a social network, where
each node models a user and the edges between different users depict that they are in each others’
social circle. However, for many applications, the data is unstructured, i.e, it does not come with a
natural graph. One might want to construct a graph from the data in such cases.

There can be many ways to construct graphs, see e.g, Ch.4 of [22] or Section 2 of [2]. However, for the
purpose of this thesis, we are concerned with a k,,,,-nearest neighbor graph G. Consider the example
of a data matrix Y € R”*", then, assuming that each column of Y is a signal on the graph node, a
knn-nearest neighbors graph needs to be built between the columns of the matrix Y. Such a graph can
be built using a three-step strategy as follows:

1. Nearest neighbors search: In the first step the search for the closest neighbors for all the samples
is performed using some distance metric. Depending on the application and dataset, several
distance metrics are possible. For example, a Euclidean distance metric is a good choice for a
graph between images and a correlation distance for a graph between time series. Thus, each
Y (i) is connected to its k,, nearest neighbors Y (j), selected based on the smallest distance,
resulting in |E| number of connections. Note that for our specific example of n-node graph,
IEl = nkyy.

2. Weight matrix computation: In the second step the graph weight matrix W is computed as

1Y @-Y (I3
p(— TZ

WG, i) ) if Y (i) is connected to Y (j)
i,j)=
otherwise.

The parameter o can be set experimentally as the average distance of the connected samples.

3. Graph Laplacian: Finally, the third step consists of constructing the normalized graph Laplacian
L=1-D"">?WD™2, or the unnormalized one L = D — W, where D is the degree matrix. This
procedure has a complexity of G (n|E|).
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1.5.4 Graph embedding: Non-linear dimensionality reduction

Given a graph G, it is often of interest to obtain the low-dimensional embedding of the data on a
manifold, such as the one visualized in Fig. 1.2. In contrast to the standard PCA for a dataset, a graph
embedding, computed from a data graph provides a non-linear r-dimensional embedding of the data
on the manifold, where r < n. Hence, a graph embedding corresponds to non-linear dimensionality
reduction. Several state-of-the-art methods exist for this purpose, which include but are not limited to
Laplacian Eigenmaps (LE) [2], Locality Preserving Projections (LPP) [23] and Locally Linear Embedding
(LLE) [24]. While, we do not describe these methods in detail here, we point out that a majority of these
methods rely on the r-Eigenvalue Decomposition (EVD) of a normalized or an unnormalized Laplacian.
For a Laplacian L € R™*", constructed between the columns of a matrix ¥ € RP*”, the EVD is given as:

L=PAP',

where the eigenvalues 1g < A1) <--- < 1,,_1. The first r eigenvectors P, contain information about the
geometry of the data on an r-dimensional manifold.

It is also interesting to point out that the complete set of eigenvectors P € R"*" correspond to the graph

Fourier atoms [20]. One can then perform a Graph Fourier Transform (GFT) for a matrix Y as follows:

vY=P'y.

The embedding methods, based on the graph eigenvectors are not limited to 2D matrices only. One
of the first extensions for tensors appeared in [25] as Tensor Subspace Analysis. Several variants of
this approach have been proposed for unsupervised and supervised dimensionality reduction since
then. For example, the authors of [26] proposed a discriminant LLE method for tensors which uses two
graphs, one to ensure the same behavior as LLE and the other to enforce class strucure between the
embedding. The authors of [27] propose a multilinear graph embedding method and its kernel variant
which uses the same two types of graphs as [26]. The authors of [28] propose a tensor based patch
alignment method for hyperspectral data and those of [29] propose a semi-supervised framework for
tensor based graph embedding.

1.6 Motivation: Non-linear Low-rank Structure & Scalability

Having described the linear and non-linear faces of dimensionality reduction in terms of PCA and
graphs, we are now ready to have a first glimpse at the type of problems targeted in this thesis and the
motivation behind them. For this purpose we recall:

e Examples of linear and non-linear low-rank datasets from Section 1.1.1. We argued why a single
linear subspace might not be a satisfactory assumption for many datasets.

* PCA based applications can be computationally cumbersome: For a matrix of size p x n, Robust
PCA scales with @ (p?n) per iteration. This problem is even more severe for tensors. For a tensor
¥ e R™*"*" TRPCA scales as 0(n*).

¢ Given an r-dimensional graph embedding, there is no method to obtain r-dimensional principal
components (PCA based embedding) or r-dimensional linear subspace. A computationally
inexpensive method for this task can be used to perform inexpensive subspace updates in the

14



1.6. Motivation: Non-linear Low-rank Structure & Scalability

linear low-rank approximation problems such as Robust PCA, eliminating the use of expensive
SVD updates.

Original data Noisy data RPCA via outlier pursuit Proposed

05 1 -1 05 0 05 1

e
n
bo,

Figure 1.3 — This figure shows the recovery of underlying clean low-rank structure of the noisy 2D or 3D manifolds using the
Robust PCA framework [1]. RPCA, which is a linear subspace recovery algorithm fails in all the scenario as it tries to reduce the
whole data to a point at the center of the manifold in an attempt to exactly recover the manifold. The last column shows the
approximate desired behavior for each of the cases.

While, the examples presented in Section 1.1.1 are cumbersome to visualize, we base our exposition
here on a set of very simple non-linear low-rank datasets, sampled from a manifold. In the first column
of Fig. 1.3, we present some examples of 1 or 2 dimensional manifolds embedded in a 2 or 3 dimensional
space. Given a noisy version of the samples in the space, the goal is to: 1) de-noise and recover the
underlying low-rank manifold if the data is low-rank, 2) simply de-noise the dataset and recover the
clean manifold if it is not low-rank.

We try to perform this task using the state-of-the-art algorithm Robust PCA (with an ¢, data fidelity
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Chapter 1. Introduction & Motivation

term) [1] from the regime of linear dimensionality reduction. This model has the tendency to exactly
recover the linear low-rank structure of the data. In very simple words the algorithm decomposes a
dataset into a low-rank and a noisy matrix.

The first two rows of Fig. 1.3 show two different manifolds lying in a 2D-space. We add noise in the
third dimension and create an artificial 3D data from these manifolds. The goal here is to de-noise and
recover the low-rank manifold in 2D. The Robust PCA (RPCA) framework, which is a linear subspace
recovery algorithm totally fails in this scenario. It can be seen that it tries to reduce all the data points
to a single point in the center of the manifold.

Next, consider the datasets shown in the third, fourth and fifth rows of Fig. 1.3. Here, the manifolds
are not low-rank, i.e, they only lie in the 2D space and the noise is introduced in the same dimensions.
Apparently, this task is easier than the first one because it only involves de-noising. Again we use RPCA
to recover the manifold. We observe it fails in this task as well.

The last column of Fig. 1.3 shows what we would approximately like to achieve for each of these datasets.
Clearly RPCA is far from achieving the goal. One can simply argue that RPCA can only extract linear
structure from the data so it is supposed to fail in such a scenario. The argument is entirely true. It
is possible to use some non-linear dimensionality reduction algorithm, like the LE framework but it
would recover the low rank structure of the manifold in a low-dimensional space.

To be more precise, given the principal components and principal directions, it is straight-forward
to do the inverse operation, i.e, go back to the data domain. However, given a graph and embedding,
one cannot go back to the data domain, due to non-linearity of the operation. Thus PCA has an
interpretation both in the data space and low-dimensional space, however, it does not capture the
non-linearity of a manifold.

Thus, currently we do not have algorithms that would simultaneously de-noise the data, recover the
manifold and as well as extract the low-rank structures in the data space itself. We need a framework
to recover low dimensional manifold structure in the original space of the data points. It should be
highly scalable to deal with the datasets consisting of millions of samples that are corrupted with noise
and errors. We should also be able to explore relationship between graph based non-linear embedding
and PCA based linear embedding. This thesis broadly deals with a class of algorithms which solve such
problems, all under one framework, using simple, yet very powerful tools, i.e, graphs.
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1.7. Goals of this thesis

1.7 Goals of this thesis

We now present the problem statement and goals of this thesis in a formal manner.

f OUR GOALS: Given a high dimensional big dataset (matrix or tensor) that follows some \
unknown linear or non-linear structure in the low-dimensional space,

1. devise an inexpensive method to recover the linear embedding from the non-linear
embedding for this dataset.

2. recover the underlying linear or non-linear low-rank structure in the data space via
highly scalable and efficient algorithms, which makes implicit or explicit use of the

k above method. )

Note that the two goals are inter-related, specially for the case of linear low-rank approximation
problems, such as Robust PCA. Such a method uses an SVD in every iteration to update the linear

subspaces. If we devise an inexpensive method to update the linear embedding from the fixed non-
linear embedding, then we can use it to avoid doing an SVD in every iteration of Robust PCA. This will
become more clear in the later chapters of the thesis.

DATA GOALS EVALUATION METRICS
/Low—rank manifolh
recovery

Low-rank & sparse Qualitative and quantitative
; comparison with ground truth

Low-rank noisy
dataset on a linear

/ non-linear
manifold

K-means on low-rank or
embedding in low-dimensional
space

\Via scalable algorithm/

Figure 1.4 - A summary of the main goals, applications and evaluation schemes used in this thesis.

Low-rank matrix and tensor approximation span a wide variety of applications, such as matrix and
tensor completion [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], convolutional neural
networks and sparse coding [42], [43], [44], [45], learning the data structure via multiple subspaces [46],
latent low-rank representation [47], [48], transfer learning [49], subspace clustering [50], dynamical
system modeling [51], such as human behavior modeling [52], dynamic Magnetic Resonance Imaging
Reconstructions [53], [54] and many others. However, throughout this thesis, we will use the following
two applications to evaluate our methods in terms of their linear and non-linear manifold modeling
capabilities.

1. Low-rank and sparse decomposition for several datasets. Recall from our previous discussion
that scalability is a primary issue for standard methods, such as matrix and tensor based Robust
PCA, which involve iterative SVD in every iteration. We will propose scalable but approximate
methods for this purpose and perform a qualitative evaluation of the recovered low-rank matrix
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Chapter 1. Introduction & Motivation

and tensors in this context. The importance of this application is already evident from the
discussion in terms of various examples in the previous sections of this chapter.

Furthermore, due to the lack of non-linear benchmark datasets, these experiments will be
compared with other linear state-of-the-art methods on the standard benchmark datasets. Hence,
this application will highlight the linear modeling capability of our proposed approximation
problems.

2. Clustering of the data in data space or low-dimensional space. We will perform a quantitative
evaluation of the clustering quality of our method by performing K-means on the low-rank matrix
or the low-dimensional embedding. It is crucial to point out here that the clustering is not a
standard application of PCA, because PCA is just a feature extraction method. However, clustering
experiments had been widely adopted as a standard procedure to demonstrate the quality of the
feature extraction methods [55], [56], [6], [57], [5], [58], [3]. Furthermore, a theoretical analysis
of our proposed methods for low-rank and sparse decomposition will show that clustering is a
by-product of our methods.

Recall that clustering corresponds to partitioning of data on a union of low-dimensional sub-
spaces or on a smooth low-dimensional manifold. Therefore, this application will highlight the
non-linear manifold modeling capability of our proposed approximation problems.

Fig. 1.4 visualizes the goals, applications and evaluation metrics for this thesis with a simple illustration.

1.8 Proposed Methodology & Thesis Contributions

In order to achieve the goals of this thesis, we look at the low-rank approximation problem in an entirely
novel way, from the perspectives of graphs. Unlike many other state-of-the-art methods, discussed in
Chapter 2, which incorporate graph regularization into the PCA framework, to get the best of linear
and non-linear worlds, we study the relationship between linear and non-linear embeddings. More
specifically, we explore if it is possible to extract low-rank structures without explicitly enforcing low-
rank constraints, via graphs only. Based on our study, we propose a new low-rank signal model, which
uses graph information, in the form of graph eigenvectors to encode or factorize a low-rank matrix
or tensor. Based on this model, we propose a plethora of approximation problems which use graph
eigenvectors or graph regularization to approximate low-rank matrices and tensors. Thus, we have at
our disposal, the following ingredients:

e kynn-nearest neighbor graphs
e First k graph eigenvectors

e graph regularization prior

It is important to remark here that we compromise the exactness of the recovery provided by the
state-of-the-art algorithms, such as PCA and Robust PCA. While, it seems to be a drawback of our work,
we recall that this is the price that we have to pay to make our algorithms scalable, a key goal of this
thesis. Dropping the low-rank constraints either alleviates the non-convexity or the computational
complexity of low-rank and sparse decomposition algorithms. This will be made clear in the following
chapters. Furthermore, we also recall Fig. 1.3, where we saw that even though our proposed framework
(rightmost column) is approximate, it does recover non-linear low-rank structures much better than the
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PCA based methods in certain cases. Although, the benefit of scalability and non-linear low-rankness,
comes at the price ofloss of exactness, compromising on the exactness of recovery might be useful for
many applications.

Finally, the use of graphs is not only limited to recover non-linear low-rank structures but is also tied to
the scalabiltiy aspect of our proposed solutions. We will make this connection clear in the later chapters
of this thesis. Simply, put, our proposed solutions exploit structure or the intrinsic non-linearity along
the different dimensions of the datasets and this property automatically comes with the scalability of
these algorithms as well. Thus, joint incorporation of structure and scalability is the primary reason we
choose graphs over a variety of other methods available in the literature (Chapter 2).

This thesis is divided into three different parts and each part contains a set of chapters as follows:

1.8.1 PartI: Introduction, Background & Motivation

This part of the thesis comprises of Chapters 1 and 2. Chapter 1 served as an introduction to the thesis
and laid down the foundation in terms of linear and non-linear dimensionality reduction. The pros and
cons of both were discussed. It was argued that low-rank approximation falls under the broad category
of dimension reduction. Several examples of low-rank approximation were presented, both for the
cases of matrices and tensors. The goals of this thesis, i.e, to recover linear and non-linear low-rank
structures and study the relationship between linear and non-linear embedding were stated. Finally, it
was stated that we would like to achieve the goals by using various graph based ingredients, such as
graph eigenvectors and graph priors, without the explicit use of low-rank constraints, for the purpose
of scalability.

Chapter 2: Related Work & Terminology

Chapter 2 introduces important notation and terminology that will be used throughout the thesis. It
also provides a detailed literature review on the different types of low-rank approximation methods for
matrices and tensors, which incorporate structure in the form of graph. The short-comings of each of
these methods are discussed.

1.8.2 PartII: Proposed Low-rank Decomposition Model

Part II of the thesis comprises of Chapters 3 and 4 and corresponds to the main contributions of this
thesis.

Chapter 3: Multilinear Low-rank Tensors on Graphs

Chapter 3 introduces our novel low-rank matrix and tensor decomposition model ‘Multilinear low-rank
tensor on graphs’ (MLRTG) which states that a low-rank tensor can be encoded as a multilinear combi-
nation of the graph eigenvectors. The eigen-gap assumption underlying MLRTG and its implications
such as approximate graph stationarity, low-frequency power concentration and k-clusterable nature
of the tensor along each of the modes are discussed in detail. The signal model is justified with a few
real world examples and methods to generate artificial MLRTG are discussed. Finally, the utility of
constructing graphs across the different modes of the tensor is explained.
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Chapter 4: From graph basis to PCA basis: Graph Multilinear SVD

Chapter 4 introduces the notion of Graph Multilinear SVD - an alternative to the standard SVD method,
using the MLRTG framework of Chapter 3. The GMLSVD method is derived both intuitively by con-
sidering an example of a real world low-rank tensor and as well as mathematically from the MLSVD
algorithm. This method provides a mechanism to extract PCA based linear embedding from the graph
based non-linear embedding. As the non-linear graph based embedding is fixed, the linear embedding
can be updated via low-cost operations on it. This is useful for defining a plethora of graph based
matrix and tensor low-rank approximation problems in the next part of the thesis.

1.8.3 PartIII: Proposed Approximation Methods & Applications

Based on the MLRTG and GMLSVD framework, this part, which comprises of Chapters 5, 6 and 7
presents three different matrix and tensor based scalable approximation problems for the applications
of low-rank and sparse decomposition and clustering of datasets in low-dimensional space. Our
proposed approximation problems fall into two categories:

* Those which make implicit use of the GMLSVD framework via graph Dirichlet / smoothness
priors (explained later).

* Those which make explicit use of the GMLSVD framework, i.e., the graph eigenvectors of each of
the modes of the tensor.

Chapters 5 and 6 present the matrix based approximation problems Fast Robust PCA on Graphs
(FRPCAG) and Compressive PCA (CPCA), which are meant for the cases when the number of samples
n and the features p are very large and one can afford to lose the exactness of the representation for
gain in speed. In this context, these methods fall under the first category, as computing the graph
eigenvectors and tuning the size of subspaces can be cumbersome. Chapter 7 presents tensor based
approximation problems for which 7 is not very large but n¢, where d is the number of modes of the
tensor is large. Such methods can afford to explicitly use the eigenvectors as their computation is not
expensive and scales linearly with the size of the tensor mode (n).

Chapter 5: Fast Robust PCA on Graphs

Fast Robust PCA on Graphs (FRPCAQ) is the first of the series of approximation problems for low-rank
and sparse decomposition of matrices. As already mentioned earlier, the method implicitly makes use
of the GMLSVD framework via a dual graph filtering approach to jointly filter the rows and columns
of a matrix and extract an approximate low-rank representation, without the use of a nuclear norm
operator. A detailed theoretical analysis has been carried out which quantifies the approximation error
in terms of the eigen-gap of the row and column graph Laplacians. The method scales linearly with
the number of elements in the matrix. Experiments on static background separation from dynamic
foreground and clustering of the low-rank features are presented.

Chapter 6: Compressive PCA on Graphs

Compressive PCA on graphs (CPCA) is a highly scalable extension of FRPCAG for matrices which
involves randomly sampling the rows and columns of the data matrix based on novel graph based
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coherence measures. Similarly to FRPCAG, the method brings the GMLSVD framework into use
implicitly. A restricted isometry property is introduced for MLRTG which quantifies the number of rows
and column or the nodes of the graphs to be sampled. FRPCAG is then run on the sub-sampled matrix
and the full low-rank matrix is decoded on the row and column graphs using a variety of decoders. The
approximate decoders presented in this chapter are of specific interest because they exploit certain
heuristics to decode the subspaces of low-rank matrix in a highly parallel manner without the explicit
need of parameter tuning. Approximation error for the decoders is characterized in terms of the
eigen-gap of the Laplacians. Experiments on low-rank and sparse decomposition and clustering are
presented.

Chapter 7: Tensor Low-rank Decomposition on Graphs

A primary short-coming of FRPCAG and CPCA is the manifold shrinking effect which is a consequence
of the non-linear penalization of the singular values of the matrix. Extending FRPCAG for tensors is
also computationally expensive. This chapter introduces a new set of approximation problems for
tensors, which explicitly bring into use the MLRTG and GMLSVD frameworks and overcome the high
computational complexity and manifold shrinking effect of FRPCAG. Two approximation problems,
Graph Core Tensor Pursuit (GCTP) and Tensor Robust PCA on Graphs (TRPCAG) are introduced for
the recovery of low-rank tensors from Gaussian and sparse noise. A detailed theoretical analysis and
experimental comparison of the method is performed with the previously proposed methods. It has
been proved that making an explicit use of the graph eigenvectors (GMLSVD framework) is equivalent
to introducing structured priors in the approximation problems.

An summary of the contributions of this thesis is presented in Fig. 1.5.

Chapter 8: Discussion & Conclusions

Chapter 8 concludes the thesis with an overview of the entire set of contributions and compares all
the approximation problems under a unified framework. Limitations of each of the methods are
summarized and future work is motivated based on the discussion. Finally, many different application
based extensions of the proposed framework are presented.
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Chapter 1. Introduction & Motivation

Signal model: Multilinear Low-
rank Tensors on Graphs

Chapter 3

' Algorithm for decomposition

Graph basis to PCA basis: Graph Multilinear SVD

Chapter 4

apProximation problems satisfying GI\/ILISVD

matrix tensors

* When n, p are very large
* Implicit use of GMLSVD
» Graph Dirichlet priors

» Graph eigenvectors

Chapter 5
Fast Robust PCA on Graphs (FRPCAG)

* When nAd is very large
» Explicit use of GMLSVD

Chapter 7

‘ sampling

Chapter 6
Compressive PCA on Graphs (CPCA)

Graph Core Tensor Pursuit (GCTP)
Tensor Robust PCA on Graphs (TRPCAG)

Low-rank & sparse decomposition

Applications

clustering

Figure 1.5 - A summary of the contributions and organization of this thesis.
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¥4 Related Work & Terminology

In Chapter 1, we pointed out that one of our two goals is to propose non-linear low-rank approximation
algorithms by taking advantage of PCA and graphs. Although, we mentioned that we will drop the low-
rank constraints to achieve scalability, there are several state-of-the-art methods which combine PCA
and graphs from the perspective of enhancing the performance of PCA. Another important aspect of
our proposed framework is its scalability. Several methods have been proposed in the last decade which
tend to scale up the standard low-rank decomposition methods. These methods should be studied here
before we go into the details of the contributions of thesis. Some of the methods mentioned here will
also be compared for the purpose of low-rank and sparse decomposition and clustering applications
with our proposed methods.

First, we describe the basic terminology and notation that will be used throughout the thesis.

2.1 Terminology & Notation

Throughout this thesis, we will follow a few conventions as stated below. Some of these have already
been described in Chapter 1. More specific convention and complex notation will be introduced as
needed.

2.1.1 Vectors & Matrices

e We represent vectors with small bold letters y, matrices with bold capital letters, such as ¥ and
tensors with bold caligraphic letters, such as %.

¢ The term 'dataset’ will broadly refer to either a matrix or a tensor, unless explicitly stated.
e Throughout, we refer to a matrix ¥ as a 2D tensor and vice versa.

» We denote the i*" column of ¥ as Y (i) and the i’ row of ¥ as Y ' (i).

* We represent the (i, j) entry of a matrix Y as Y (i, j).

¢ We denote the first 7 columns of amatrix Y as Y(;,1:7) = Y;.

e Unless stated otherwise, a data matrix Y is always assumed to be of the size p x n, where p is the
number of features or pixels and 7 is the number of samples and p < n. Hence, for a data matrix
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Y, we always assume that the data samples are vectorized and stacked in the columns of Y.

2.1.2 Tensors

In contrast to a data matrix, we do not associate the notion of features and samples to different
tensor dimensions. We call the different dimensions of a tensor as 'modes’.

We always work with 3D data tensors % of size n x n x n, i.e, equal number of samples in all the
dimensions or modes of the tensor. The concepts can be extended in a straight-forward manner
for higher dimensional tensors with arbitrary number of samples in every dimension.

Tensor Mode Indices: Let [ = {1,2, 3}, then, we use p € [ to refer to an index from this set. We also
write [, to refer to all indices except p.

P _ — 3 _ _ 2
Tensor Size: Let ny =[]y ny=n’ and n_y, = Hyeﬂfu ny =n-.

Tensor Rank: We will use r, and k, for the multilinear rank of tensors and lower frequency
indices of the Laplacians. A tensor is said to be multilinear low-rank if it is low-rank along each
of its modes [59]. Throughout we will assume without the loss of generality that k, = r, and
ki=ky=ks=k,aswellas r; =rp =r3 =r. Also let ky = [Tye1 ky = k%, 1y = [1pey 7y, = r°. Similarly,
k_, = k* and r_, = r* can be defined.

. . . . . . 3
Vectorization: For a tensor % its vectorization is denoted as vec (%) € R™ .

Tensor Matricization: The u/” matricization or flattening of % is its arrangement into a matrix

YHeR>"

For a tensor %, its i‘" slice along mode p is a sub-tensor formed by fixing the i’ index along the
©'" mode and is denoted as @f

2.1.3 Vector, Matrix & Tensor Operators

Throughout this thesis, we use the following notation for vector, matrix and tensor operators:
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vector £, norm: || x|, = \/m

vector #1 norm: ||x||;

Matrix Frobenius norm as the sum of ¢, norms of the rows or columns: IIXII% =) ;I1X() II§
Matrix £} norm as the sum of £; norms of rows or columns: || X|[; =Y ; X (@)

Matrix nuclear norm as the sum of the singular values of a matrix: || X||. = Zf’z 10

Tensor nuclear norm as the sum of matrix nuclear norms of each of the matrices X* formed from
XL XM

Kronecker product of the two matrices with ®.
Cartesian product of the two matrices with x.

Hadamard product of the two matrices with o.



2.1. Terminology & Notation

2.1.4 Low-rank Matrix
The definition of low-rank matrix and multilinear low-rank tensor has been provided in Chapter 1,
Sections 1.2 and 1.3. Here, we present general convention that we will maintain throughout the thesis.
¢ The low-rank approximation of a matrix / 2D tensor Y € RP*" is represented by X € R”*".
e The rank of a matrix is unique and is represented by r, where r < p < n.

» Referring to Chapter 1, Section 1.2.1, the low-rank approximation X of a matrix ¥ can also be
given as X = U, Q,, where U, e R"*" and Q, e R"*".

 GiventheSVD of X,i.e, X=U,2,V,], Q, = 2, V,.
* The singular values X € R”*” (as p < n) are sorted in the non-increasing order oy 2 0, = --- 2 7.

e We will call U and Q above as 'factors’ or ’principal directions’ and "principal components),
alternatively.

* Unless stated otherwise, the factors U and Q are always obtained via the standard PCA optimiza-
tion problem eq. 1.1.

2.1.5 Low-rank Tensor
¢ The low-rank approximation of a tensor & € R"**"**" is represented by & € R/,
e The multilinear rank of a tensor [11] is represented as a tuple (rq, 12, 1'3).
e We assume that r; = r» = r3 = r. Furthermore, we also assume r < n.

* The low-rank approximation & of % can also be given as vec(%Z) = (U} ® U? ® U3) vec(Z), where
Z e R™"™" vec(-) denotes the vectorization operation and ® denotes the Kronecker product of
matrices. This is known as the Tucker Decomposition [12], [13], [14], [15].

e We call U¥ € R"™", V uabove as 'factors’ of the decomposition.

¢ We do not associate the notion of principal directions and principal components with the tensor
factors.

e Unless stated otherwise, the tensor factors are always obtained via MLSVD [11], as described in
detail in Chapter 1, Section 1.3.1.

2.1.6 Graphs

Throughout this thesis, we refer to graphs as k,,,;-nearest neighbor graphs, represented as G. A general
introduction to graphs and graph construction was presented in Section 1.5. Here we specifically refer
to a few conventions we follow in the context of graphs constructed from data matrices and tensors.

e Unless stated otherwise we use the unnormalized Laplacian L = D — W, where D is the degree
matrix and W is the adjacency matrix, using the Gaussian kernel, as defined in Section 1.5.3.
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e For a matrix Y, the graph G can be either constructed between the rows or the columns of matrix
Y. This will be explicitly specified on a case-by-case basis.

We will refer to the graph Laplacian among the rows of a matrix as L' or L and among the
columns of the matrix as L? or L¢.

e Throughout we will assume that the graphs and their corresponding Laplacians are always
constructed from the rows or columns of the original data matrix Y.

 For a tensor %, there might be several ways to construct graphs. However, we specifically refer to
graphs constructed between the rows of matrices Y*, formed by flattening the ‘" mode of %
Such graphs and their corresponding Laplacians are represented as G* and L*. The significance
of this way of constructing graphs will be justified later in the thesis.

We will often refer to the eigenvalue decomposition of a graph Laplacian L € R™*". This is given
as L=PAPT, where the eigenvalues A are sorted in the non-increasing order 0 =A1p<1; <--- <
An-1.

In the context of tensors, the eigenvalue decomposition of L¥#, computed from Y* is denoted as
PHAHPHT,

Very often, we will work with the set of smallest k-Laplacian eigenvectors and eigenvalues. We
will denote this set as (Py, Ag).

We will also refer to the eigenvectors and eigenvalues above k, i.e, (P} € R ("=, Ak e R0 (n=k)),
as the complement set.

e We will denote by P;Z“ e R"™*¥ the Kronecker product of all the smallest k eigenvector matrices,
except P, i.e, P;zl = PlzC ® Pz.

Note that k;, is different from k, where the former stands for nearest neighbors and latter for the
smallest eigenvectors of the graph.

Graph Dirichlet Energy

Similarly to the £, norm which is commonly used to characterize / model the smoothness of signals in
Euclidean domain, graph Dirichlet energy [20] can be used to do so for signals defined on the nodes of
a graph. For a 1D signal x, the smoothness w.r.t to a Laplacian L € R"*" is given as:

x' Lx.
This extends in a straight-forward manner for Laplacians defined for matrices of the form X € RP*":
tr(XLX "),

where tr(-) is the matrix trace operator.

Fast Computation of Graphs: The FLANN library

For big or high dimensional datasets, the exact k,,-nearest neighbors strategy, described in Section
1.5.3 can become computationally cumbersome (@ (n?), for n nodes). In such a scenario the computa-
tions can be made efficient using the FLANN library (Fast Library for Approximate Nearest Neighbors
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searches in high dimensional spaces) [60]. The quality of the graphs constructed using this strategy
is slightly worse as compared to the exact strategy, due to the approximate nearest neighbor search
method. However, for a graph of n nodes, the computationally complexity is as low as ¢ (nlogn) [61].
Throughout this work we construct our graphs using FLANN irrespective of the size of the datasets. It is
important to point out here that one can tune certain parameters of FLANN to trade-off between the
approximation / speed of the construction and the exactness of the nearest-neighbor search. We use
the Graph Signal Porcessing Toolbox GSPBOX [62] by Perraudin et al. which supports FLANN for all
types of graph computations.

Fast Computation of first 'k’ Laplacian Eigenvectors

The computation of the first 'k’ smallest eigenvectors of large sparse Laplacians lies at the heart of our
proposed framework. We rely on the notion that this computation is relatively inexpensive, i.e, scales
linearly with the number of nodes in the graph. Thus, for a 2D tensor Y € RP*", the cost of computing
the first k eigenvectors of a Laplacian L € R"*" is @ (nk?), where k < n. Nevertheless, we point out and
briefly discuss the state-of-the-art for the decomposition of large sparse matrices and encourage the
use of these techniques.

Many of the existing classical eigensolvers for sparse matrices employ the single-vector version of
iterative algorithms, such as the power method and Lanczos algorithm [63]. The Lanczos algorithm it-
eratively constructs the basis of the Krylov subspace to obtain the eigendecomposition, which has been
extensively applied in the well known eigensolvers, e.g., eigs in Matlab (ARPACK) [64] and PROPACK [65].
However, a primary constraint of the single-vector iterative algorithms is that they can only compute
the leading eigenvalue/eigenvector or have difficulty in computing multiplicities of eigenvalues. In con-
trast, the block version of iterative algorithms using multiple starting vectors, such as the randomized
SVD [66] and block Lanczos [63], avoid such problems by utilizing efficient matrix-matrix operations
with better caching behavior. Very recently the authors of [67] have introduced a multiscale spectral
decomposition approach which first clusters the graph into smaller clusters whose spectral decom-
position can be computed efficiently and independently. The union of the subspaces of the clustered
graphs have significant overlap with the subspace of the original graph if the graph is appropriately
clustered. For a matrix of the size mentioned above, the single core version of this algorithm still poses
a complexity of @ (nk?). However, this algorithm can parallelized for each of the ¢ clusters to gain a
significant reduction in the computational complexity 0(nk—;) with a negligible performance loss. Such
methods can be used for computation of Laplacian eigenvectors in the context of this thesis.

2.2 Graph Regularized PCA: A Review

A very common method to incorporate structure in the standard PCA problem is to use manifold
or graph regularization. Several state-of-the-art PCA based methods have proposed to do this in
various formulations. These methods can be divided into three types depending on the type of graph
regularization used:

1. Factorized models: graph regularization on factors
2. Non-factorized models: graph regularization on the low-rank matrix
3. Multiple subspace models
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Before describing the graph regularized PCA based methods, we point out that most of these methods
use a graph regularization w.r.t graph of samples. Thus, for a matrix of size ¥ € R”*", the graph
Laplacian is constructed between the columns of the matrix Y, i.e, between the data samples. Most of
the methods presented below, hence, incorporate graph regularization to improve the embedding of
samples in low-dimensional space. An exception to this convention in the regime of low-rank matrix
approximation methods is the work of Kalofolias et. al [33]. This work incorporates a dual graph
regularization, i.e, a graph between the samples and another between the features of the data matrix Y.
We briefly review a few of these methods.

2.2.1 Factorized Models

These models are of the form of standard PCA, i.e, they determine the low-rank approximation of a
data matrix ¥ € RP*" via a matrix factorization approach. With a small variation of constraints, these
methods incorporate graph structure via an explicit regularization on the principal components or the
embedding of data in low-dimensional space.

Graph Laplacian PCA (GLPCA)

The authors of [3] proposed graph Laplacian PCA (GLPCA) which solves the following optimization
problem

min |Y - U;Q; I+ tr(Q; LQy)

T r

s1Q/Q =1, @.1)

where the Laplacian L of the k;,;,-graph is computed from the columns of the data matrix Y. Note
that the orthornomality constraint is on Q;, thus, the model assumes that the data embedding is
orthonormal. This also results in a closed form solution of the problem, determined by the first r
eigenvectors of a generalized Laplacian. The authors show that the solution to this problem is a
linear combination of the solution of standard PCA and Laplacian embedding. Finally, note that the
model is non-convex due to the orthonormality constraint, nevertheless, it has a unique solution. The
computational complexity of this method is equivalent to that of a r-Eigenvalue Decomposition of a
Laplacian: @ (nr?).

Robust Graph Laplacian PCA (RGLPCA)

The GLPCA model above is not robust to outliers and gross errors in the dataset. Thus, in the same
work, the authors of [3] also propose a robust variant of GLPCA, which they call Robust Graph Laplacian
PCA (RGLPCA). RGLPCA solves the following problem:

min||¥ - U:Q/ 21 +7tr(Q] LQ,)

r¥«r

stQQ, =1, (2.2)

The ¢,,; norm above, makes the problem robust to outliers in the data samples. However, RGLPCA does
not possess a closed form solution like GLPCA and hence results in a non-convex optimization problem
due to the orthonormality constraint. The computational complexity of this method is equivalent to
that of an r-Eigenvalue Decomposition of a Laplacian in every iteration of the algorithm: @ (Inr?),
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where I is the number of iterations.

Manifold Matrix Factorization (MMF)

The authors of [6] introduced Manifold Regularized Matrix Factorization (MMF), in the same spirit
as [3] . However, a slight variation of the problem results in an entirely different framework.

min | Y - U, Q] II% +yr(Q] LQ,)

r¥«r

stU' U, =1, (2.3)

In contrast to [3], the optimization problem above has an orthonormality constraint on U, i.e, principal
directions instead of Q, (principal components). Hence, the problem structure resembles very closely
with that of standard PCA. It scales as @ (nr?).

Multiple Manifold Matrix Factorization (MMMF)

In the spirit similar to the MMF model above, the authors of [56] proposed an ensemble of graph regu-
larization terms, called multiple manifold matrix factorization (MMMF). MMMEF solves the following
optimization problem.

UinnanY—UrQIn%+ytr(QI(Za(i)L")Qr)+ﬁ||a||§
"« l

stU U, =1,
Y a)=1 (2.4)
i

The idea behind MMMF is that one can use a sparse linear combination of multiple graphs con-
structed via different methods to make the regularization term more robust to noisy data. However, the
best sparse combination is determined during the optimization process, which makes the problem
non-convex. The computational complexity of this method is more than that of MME as it requires
minimizing the MMF problem in every iteration.

Multiple Hypergraph Regularized Matrix Factorization (MHMF)

A hypergraph [68] is an important graph structure, that is capable of modeling more complictaed
relationships between the nodes, via multiple edge sharing among a set of nodes. A straight-forward
extension of the MMMEF model for hypergraphs was proposed by the authors of [57]. MHMF solves the
following optimization problem

min |V -U,Q/ I%+ytr(Q]  a)L})Q,)+pllal}

U, @ i
stU U, =1,
Y a)=1 (2.5)
i
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where Ly, is the hypergraph Laplacian. The problem is non-convex and the computational complexity
of this algorithm is the same as MMME

2.2.2 Non-factorized Models

Unlike the factorized models above, which involve a graph regularization on the factors, a few models
explicitly involve graph regularization on the low-rank matrix approximation.

Manifold Matrix Factorization (MMF)

Although, the MMF [6] model falls under the category of factorized models, with a simple change of
variables it can be tailored to possess a closed form solution and becomes more interpretable. Note
that for X = U, Q,

tr(Q; LQ,) = tr(U,Q; LQ,U;) = tr(XLX "),

holds due to invariance property of trace under cyclic permutation. Thus, the problem formulation of
MMF [6] is equivalent to a graph regularization on the columns of low-rank approximation.

Matrix Completion on Graphs

The authors of [33] propose matrix completion on graphs, as a method to fill in the missing entries of a
low-rank matrix via a dual graph regularization approach on the low-rank matrix X.

1
min 2| Mo (¥ =Xl +YIX 1L + 2 X TL7 30 + L woxex™, 2.6)
where M is the binary mask matrix, which contains ones for the known and zeros for the unknown
entries. Although the above problem is specifically for matrix completion, it can also be seen as a
low-rank matrix approximation in the context of simple PCA when M is the matrix of all ones. This
model is convex but it scales as @ (In pz), where I is the number of iterations.

2.2.3 Multiple subspace models: Low-rank Representation (LRR)

The third type, proposed by the authors of [69] treats the low rank representation as a coefficient
learning problem, where each data sample can be represented as a low rank combination of the atoms
of a fixed overcomplete dictionary. Commonly known as Low-rank Representation model (LRR), it
solves the following optimization problem:

rréinnY—Dcxn%mucxn*, @2.7)

where Cy € R"*" is the low-rank coefficient matrix for ¥ and D € R”*" is the representation dictionary.
The authors propose to use the data matrix Y itself as a dictionary. Thus, the goal of the above problem
is to determine the low-rank coefficients (columns) of Cy for self representing the training matrix
Y. Due to the low-rankness constraint, the model ends up learning the coefficients Cyx in a union of
subspaces.
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Graph regularized LRR (GLRR)

The authors of [70] propose to incorporate graph regularization to the LRR framework, known as GLRR.
They propose the following optimization problem:

min||Y = ¥ Cellf + AllCyll+ +y tr(CeLCy), 2.8)

Thus, it assumes that the low rank coefficients (not the principal components) lie on a smooth manifold.
This model (GLRR) is a subspace clustering model and it can be considered as an extension of PCA in
a union of low-dimensional subspaces. However, the recovered codes cannot be treated as principal
components or the low rank representation. This model is convex but it scales as @ (In?).

Graph Regularized Low-rank & Sparse Representation (GLRSR)

As GLRR can be used for subspace clustering and sparse subspace clustering is a widely used technique,
the authors of [71] propose to combine low-rank and sparse subspace clustering representations. They
also propose to incorporate graph regularization to the jointly low-rank and sparse codes to improve
the clustering property. Their proposed optimization problem is as following:

min | Y — ¥ Cxllf + ACxl. + BICxlh +ytr(CeLC{), 2.9)

The computational complexity of this method is the same as GLRR. Hence, it does not scale well for big
datasets.

2.3 Graph Regularized Tensor PCA

Tensor PCA refers to the standard MLSVD based algorithm to determine the Tucker Decomposition of
a tensor, as explained in Section 1.3.1. We saw how state-of-the-art graph regularized PCA methods
incorporate graph priors along the factor that corresponds to sample embedding. However, for the case
of a tensor, it is non-intuitive to assign the notion of samples and features to various modes. Thus, for
the case of tensors, the methods which use a graph regularization can be divided into two categories:

1. those which use graphs on all the factors of the decomposition and

2. those which use a single or multiple graphs between the tensor entities and impose regularization
on one of the factors.

A handful of tensor based methods have also appeared in the past which incorporate such graph
regularization. However, none of the proposed methods exactly fall under the tensor PCA framework
because they do not incorporate the orthonormality constraint on the factors.

2.3.1 Regularization on all the factors

Chen et al. [72] study the tensor completion problem by incorporating graph regularization into
the tensor decomposition framework as factor priors. Although, they study tensor completion, the
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optimization problem can be written in a general manner for a 3D tensor % as following:

min Y AU +ytr (U} e U2 0 U LWU} @ U2 0 UY)) + Blivec(Z) 5
UL U Uiz,

s.tvec(®@) = (U} @ U ® UP)vec(Z), (2.10)

where the nuclear norm | - ||« on the factors Uf guarantees their low-rankness. The above problem is
highly non-convex and computationally intensive, as for a tensor & € R"*"*"* the Laplacian L € R
is constructed between the elements of the vectorized tensor. The construction of such a Laplacian
alone scales as @ (n%). The optimization problem, on the contrary, scales as @ (In®) in every iteration
due to the trace term. However, the authors propose a manifold downsampling approach which
alleviates the complexity to some extent.

This class of methods assumes that the vectorized tensor is smooth on a product of manifolds in the low-
dimensional space. While this assumption seems to lead to a computationally cumbersome problem,
our proposed tensor methods will alleviate this problem. Also note that the problem formulation above
follows the Tucker Decomposition model.

2.3.2 Regularization on one of the factors

Wang et. al [73] proposed Laplacian regularized non-negative tensor factorization method. The method
does not fall under the PCA category, nevertheless, we discuss it here because it belongs to an interesting
class of problems. In contrast to the above problem, where the tensor is assumed to be smooth on a
product of low-dimensional manifolds, this method is more similar to the assumptions made in the
GLPCA based method (discussed earlier), i.e, the embedding of tensor entities in the low-dimensional
space. Each tensor is composed of a set of small tensors, each of which corresponds to a data sample.
The graph based smoothness is then modeled only on the factor corresponding to this embedding. The
proposed optimization problem is as follows:

2
. _ 1, 2. 3. 3T + 143
pmin o % U} e U s UL +yu@} LUY
stU' =0, (2.11)

where it is assumed that the 3rd tensor dimension corresponds to the tensor data samples and the
regularization is only on the factor U3. Furthermore, note that the above decomposition follows
CP-decomposition and does not possess a unique solution.

2.3.3 Other Methods

Other state-of-the-art low-rank tensor based methods have been proposed which are simple extensions
of the above methods. For example, Lui et al. [74], [75] studied the tensor geometry for gesture
recognition based on Grassmann manifold, where they consider action videos as the tensor objects, and
they are factorized using HOSVD. [48] and [76] proposed a discriminative low-rank tensor factorization
for action classification. A supervised low-rank tensor factorization framework was proposed in [77].
Inspired by similar ideas, a manifold regularized non-negative tucker decomposition was proposed
in [78].
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2.4 Scalable matrix and tensor methods

Several techniques have been proposed in the past to overcome the computational cost of the matrix
and tensor based methods. A primary class of such algorithms is the randomization algorithms.
Randomized techniques come into play to deal with the scalability problem associated with very high
dimensional data (the case of large p) [66, 79-86] using the tools of compression [87]. These works
improve upon the computational complexity by reducing only the data dimension p but still scale in
the same manner w.r.t n.

The case of large n can be tackled by using the sampling schemes accompanied with Nystrom method
[88]. However, this method works efficiently only for low-rank kernel matrices and does not recover the
low-rank data matrix itself. Furthermore, note that the kernel based methods are very different from
graph based methods. Although, a graph adjacency matrix and a kernel matrix have close connections
with each other as far as construction method is concerned, they have very different interpretations.
For example, consider the case of a Gaussian weight matrix for a k;,,-nearest neighbor graph. The
adjacency matrix W for this case is equal to a Gaussian / RBF kernel if k, — n. However, when
knn < n, the graph G and its corresponding adjacency matrix W characterize a low-dimensional
manifold, whereas a dense Gaussian kernel characterizes the dot product of data samples in an infinite
dimensional space. Thus, the two matrices have entirely different intuitions and methods from the
kernel sampling literature cannot be used for graphs.

Finally, scalable extensions of LRR such as [89] exist but they focus only on the subspace clustering
application. Recently, Aravkin et. al [90] proposed to speed-up RPCA and ease the parameter selection
problem, however, the variational approach does not qualify to represent the non-linear low-rank
structures.

2.5 Conclusion

State-of-the-art low-rank matrix and tensor decomposition methods tend to incorporate structure
in the approximation problems by using different forms of graph regularization. This mechanism, in
some cases results in an increase in the complexity of the algorithms. Furthermore, the techniques to
make these methods scalable involve sampling or randomization / projection on a low-dimensional
space, which cannot be used for graph based methods. Our proposed framework, as presented in the
next chapters of this thesis, models the scalabilty and structure jointly and recovers low-rank linear or
non-linear datasets by making use of the graph based priors only.
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k] Multilinear Low-Rank Tensors on
Graphs

Given a noisy low-rank tensor & € R’ or a matrix ¥ € RP*", our goal is to recover the low-rank
tensor & / matrix X, i.e:

Y= +n , Y=X"+p,

where 17 models noise. Similarly to the standard low-rank approximation problems, which follow a low-
rank signal model, our goal is to propose a signal model and then a set of generalized approximation
problems based on the signal model, regardless of the type of noise. However, in the later chapters of
this thesis, we will consider applications for the case when n corresponds to Gaussian and Sparse /
Laplacian noise.

3.1 Properties of Low-rank Signal Models

Before we begin to describe our proposed signal model, we point out here the two desired properties of
a general low-rank signal model.

1. Singular vector determination, i.e, singular vectors provide a basis for each of the data modes

2. Singular value thresholding

Recall the various matrix-and-tensor-based PCA methods presented in Sections 1.2 & 1.3. Each of the
methods possesses these properties. We revisit and build more on these properties here:

3.1.1 Matrix based model: PCA & RPCA

Given a noisy matrix Y and its full SVD Y = UXV T, PCA approximates the low-rank matrix X, with a
rank r, by truncating the singular vectors U, V and singular values X.

X=Uzx.V,

Thus, PCA obeys the two properties, i.e, it determines the singular vectors and values, directly from
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those of the original data matrix Y via truncation. Note that the above solution obtained by the
truncation of higher singular values and vectors is not the best one as noise might also be present on
the singular values below r. Thus, we can write the low-rank matrix X as:

X=X*"+X*"=U,Z;+2"V, =02V, +U, 2V,

where, n = U, Z;V, +U,Z,V,", i.e, the sum of noise on the lower singular values and higher singular
values.

Starting with the full SVD of ¥ and keeping into consideration gy = --- = 0, = -+- = 0, we can write the
SVD of Y as:

Y=U,2V+0,2, VS,

where U, € RP*(P~7) ¥, ¢ R™(P~7) is the set of singular vectors beyond r and £ € RP~7*(P=7) jg
diagonal matrix of singular values above r. The above equation can be re-written as:

Y=U,A+U,A,

where A€ R™*" and A € R?P~"*"_ Hence, we can state the following:

Y(@)espanU) Vi and lAlr < 1Alr = X(i) € span(U;) V i.

Thus, the columns of a low-rank matrix belong to the span of first r left singular vectors. In a similar
manner one can also state the following:

Y =BV, + BV,

where B € RP*" and B € RP*(P~7) This leads to:

Y'()espan(V)Vi and |Blr<|Bllr = X'(i)€span(V,)V i.

Thus, to summarize, low-rank signal models behind PCA can be stated as:

Y=UZ2V +0.Z,V |, IZIr<IZlr = X=U,2X, V'
Y=U,A+U,A , |Alr<|Alr = X=U;A
Y=BV,, +BV,) , |Blr<I|Blr = X=BV,

Since Robust PCA performs an SVD in every iteration along with the soft-thresholding of singular
values, it can remove noise from the lower singular values and thus has the tendency to recover X*.
Thus, the signal model behind RPCA can be stated as following.
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Y=UZV,+ ULV + U2V, , IZ e <IZ/p 2 0r < IZ/lF = X* =U,Z}V,
Y=UA"+UA" +U,A , |A"|p<|A"|p)AlF < A" = X" =U,A*
Y=B'V,/ +B*V, +BV] , |B*lr<IB"ls|Blr<IB*|r = X*=B*V,

3.1.2 Tensor based models: MLSVD & TRPCA

For a noisy tensor %, MLSVD determines the low-rank approximation & via Tucker Decomposition,
as described in Section 1.3.1.

vec(Z) = (U! ® U? ® U) vec(#).

Similarly to PCA, MLSVD is not an exact recovery method as it only thresholds the higher singular

values, thus:
X=X+,

and vec(Z) = (U} @ U? ® US)vec(#*) + (U} @ U ® U3)vec(#")

For the noisy tensor %, this can be written as:

vec(@) = (U} @ U @ US)vec(#*) + (U} @ U2 e US)vec(F ") + (U} ® U? ® U?) vec(),
where [[vec(#)" 2 < [|vec(#*)l2, | vec(F)ll2 < [ vec(F )2

For the Tucker Decomposition model, each of the modes X* of the tensor & satisfies the same
properties as standard PCA. Thus

1. XH(i) e spanU) V i,V .

2. The singular values of a mode are determined by truncating the singular values of Y* to first r
values.

3. Inaddition, the fibres, i.e, slices of .# also follow the property: IIy?IIF > IIygIIF > > IIy’fLIIF, Y u.
Thus, the norm of fibres along each mode has a singular value interpretation. Note that this
property reduces to the ordering property of singular values for a 2D tensor.

Since TRPCA performs an SVD in every iteration for each of the tensor modes along with the soft-
thresholding of singular values, the signal model behind TRPCA is similar to that behind RPCA.

3.2 Proposed Low-rank Model: Multilinear Low-rank Tensors on Graphs
(MLRTG)

Inspired by the signal models governing the standard low-rank approximation problems, described in
the previous section, we now present our novel model. Throughout this section, we treat a matrix as a
2D tensor and present a general model for matrices and tensors.
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Tensor Matricization Graphs Eigen-decomposition  Graph Tucker Decomposition
1
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P
X! Joct AL v eapnd [TF

Figure 3.1 — The proposed low-rank model for tensors and matrices.

Definition 3.2.1 (Multilinear Low-rank Tensor on Graphs). A tensor &* € R"*'"*" is said to be Multi-
linear low-rank on graphs if it can be encoded as a multilinear combination of the smallest k Laplacian
eigenvectors Pg , where k < n, of the graphs constructed from the rows of the flattened matrices X*, ¥V p.
We denote the set of such tensors as X € MIUT(PZL ).

Definition 3.2.2 (Multilinear Graph Rank). A tensor &* € R"*"™" is said to have a multilinear rank
(k, k, k), where k < n. The tuple (k, k, k) is known as the “Mutlilinear Graph Rank” of X *.

Definition 3.2.3 (Graph Tucker Decomposition). A tensor X* € I\/I]I]_TT(P;; ) can be expressed as a multi-
linear combination of the Laplacian eigenvectors P,’j and a core tensor Z* € RF*k*k gg:

vec(X*) = (P ® Pi ® P})vec(Z*), (3.1)

which we call as Graph Tucker Decomposition (GTD). The core tensor Z* € RF***¥ s called the “Graph
Core Tensor (GCT)”.

Definitions 3.2.1 to 3.2.3 imply that for any Z'* € IM]IUT(P;:) and Z** € RF*F p'" matricization X**
satisfies:
* * - T
xt=pz’'rf, v

where Z*# is the u'" matricization of Z* and Pl;” € R™*¥ is the Kronecker product of all the smallest

k eigenvector matrices, except PZ . The main idea of the proposed model is given in Fig. 3.1.

We mention two important points about the above definition

1. The flattened modes of a multilinear tensor can be expressed as follows:

(@) Let A*F=Z*FP [ then,

X"t =plA™t = X*H(i) e span(PY).

Thus, every column of X *# belongs to the span of the smallest k eigenvectors of the Lapla-
cian basis.

(b) Let A* H= P,‘jz*”, then,

* *— - s T . -
x*#=a"rpf = X () espan(Pf).

Thus, the rows of X*¥ belong to the span of the lowest eigenvectors of the basis PI;Z” .

2. Altogether, a tensor can be expressed as a multilinear encoding of the graph eigenvectors of all
the modes. The GCT Z* (multilinear core) has the interpretation of a very structured joint graph
fourier transform of & *. The properties of Z* will be explored later in this thesis.
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The above three definitions raise a number of questions about the choice of k, its relationship with
the multilinear rank (r, r, r) of the tensor, the relationship of the factors P,’CI with those of the Tucker
Decomposition U and the relationship of the core tensor obtained by standard MLSVD .#* € R™*"*"
with GCT Z* € R**F*k_While we will get back to answering each of these questions in detail in this
chapter, we first present the above definitions for the case of 2D tensors, i.e, matrices.

Remark 3.2.1 (Matrices). Below we present simplified versions of above definitions for the case of 2D
tensors, i.e, matrices.

e Unlike a tensor, a matrix possesses a unique rank, therefore, the notion of Multilinear Graph Rank
(k, k, k) reduces to that of a “Graph rank k” for a matrix.

* The Graph Tucker Decomposition of a matrix X can be given as a simplified version of eq. 3.1:
* * T
X*=P,Z*P} , 3.2)

where Z* € R¥**. Note that unlike the standard SVD of X*, the matrix Z* is not necessarily
diagonal.

3.3 Analysis of MLRTG Framework

Our MLRTG framework states that one can encode a low-rank tensor as a multilinear combination of
smallest k Laplacian eigenvectors. In this section we justify the use of ‘k’ Laplacian eigenvectors. We
perform a step-by-step analysis in the following order:

1. Asafirst step we reveal the underlying ‘eigen-gap’ assumption for the MLRTG framework. In order
to define the eigen-gap assumption in terms of tensors, we introduce several other definitions,
which are essential to its understanding.

2. Next, we point out two implications of this assumption for MLRTG: 1) approximate graph sta-
tionarity and 2) ‘k-clusterable’ nature of MLRTG in each of the modes of the tensor. We show
that eigen-gap implies graph stationarity and viceversa only if the graph is dense. As we are
concerned with sparse graphs, therefore, we rule out this possibility and define the notion of
‘approximate stationarity’ for our framework. Next, we focus on the ‘k-clusterable’ nature of
MLRTG, which implies eigen-gap for special cases of sparse graphs. Throughout the rest of this
thesis, we will rely on the existence of approximate graph stationarity and ‘k-clusterable’ nature
of MLRTG along each of the tensor modes.

3. In the final step we summarize with a highlight of the properties of MLRTG. Fig. 3.2 presents a
concise summary of our discussion in this and the next few sections of this chapter.

3.3.1 Assumption: The eigen-gap of a cartesian product graph

Our proposed MLRTG framework relies on the existence of an ‘eigen-gap condition’. In order to
understand this condition, we first define the notion of separable eigenvector decomposition of a graph
Laplacian as follows:
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Low-rank matrix / tensor

Graph stationarity Approximate graph
l stationarity
dense graphs sparse graphs
(not MLRTG) (MLRTG)
Noise, perturbations and or non k-clusterable
k-clusterable (no eigen-gap) (eigen-gap)
Approximate MLRTG Exact MLRTG
(e.g., USPS, FMRI, HSI, COIL20, (e.g., toy dataset of
noisy toy dataset of section 3.5) section 3.5)

Figure 3.2 — A summary of our analysis on MLRTG.

Separable Eigenvector Decomposition of a graph Laplacian: The eigenvector decomposition of a
combinatorial (unnormalized) Laplacian L of a graph G can be written as:

L=PAP" =P AcP] + P AP/,

where Py € Rk, P e R0 7 e RE*k A e RP-FO*(=K) denote the low and high frequency eigen-
vectors and eigenvalues in P, A.

Definition 3.3.1 (Eigen-gap of a graph). A graph Laplacian L with an eigenvalue decomposition L =
PAP' is said to have an eigen-gap if there exists a k > 0, such that Ay < Ags1 and A/ Ajiq =0.

Next, we guide the reader step-by-step through our analysis by defining the following terms:

e FEigen-gap of a graph
e Cartesian product of graphs

» Figen-gap of a cartesian product graph

Cartesian Product of Graphs

Definition 3.3.2 (Cartesian product). Suppose we have two graphsG' (V',E', W', D') and G*(V?,[E?, W?, D?)
where the tuple represents (vertices, edges, adjacency matrix, degree matrix). The Cartesian product

G =G x G? is a graph such that the vertex set is the Cartesian productV = V' x V? and the edges are set
according to the following rules: any two vertices (U%, v%) and (vé, vg) are adjacent in G if and only if
either

1

°* v = v% and v% is adjacent with v% inG?
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* v2 =03 and vy is adjacent with v} inG'.

The adjacency matrix of the Cartesian product graph G is given by the matrix Cartesian product:
W=w'xw?=w's > +I1' e W?

Lemma 3.3.1. The degree matrix D of the graph G = G! x G? which satisfies definition 3.3.2 is given as
D=D'®I*+I'®D*=D"'x D*

The combinatorial Laplacian of G is:

L=L'sPP+I'"o*=L'xL*
Proof. For the proof please see Appendix A.1. O

Now, for our purpose we define the eigen-gap of the Cartesian Product Graph as follows:

Definition 3.3.3 (Eigen-gap of a Cartesian Product Graph). A cartesian product graph as defined in
3.3.2, is said to have an eigen-gap if there exist k, such that, max{A}, )L?C} < min{/l}C 1 )L?C 1) Where /1‘;
denotes the k'"* eigenvalue of the u'™" graph Laplacian LF.

Consequence of ‘Eigen-gap assumption’: Separable eigenvector decomposition of a cartesian prod-
uct graph

The eigen gap assumption (definition 3.3.3) is important to define the notion of the ‘Separable eigen-
vector decomposition of a cartesian product graph’. We define the eigenvector decomposition of a
Laplacian of cartesian product of two graphs. The definition can be extended in a straight-forward
manner for more than two graphs as well. For the sake of generalization of this notion, we assume here
that ny # np and k; # ko.

Lemma 3.3.2 (Separable Eigenvector Decomposition of a Cartesian Product Graph). For a cartesian
product graph as defined in 3.3.2, the eigenvector decomposition can be written in a separable form as:

L=(P'e P)(A' x A*)(P' @ PY)" = PyA(P] + PArP] = PAPT,
where Py, € R"anXklkZ’I_)k € Rﬂlﬂzx(nl—kﬂ(nz—kz)’Ak € RklkZXk1k27Ak € Rm—k)(ma—k)x(m—k))(na=kz) o

note the low and high frequency eigenvectors and eigenvalues in P, A.

Proof. Please refer to Appendix A.2. O

3.3.2 Eigen-gap implies ‘Approximate Graph Stationarity’ & ‘k-clusterable’ nature
of MLRTG

Graph Stationarity

The notion of graph stationarity was introduced in [91]. This an extension of the classical notion of the
stationarity of signals to the signals defined on the nodes of a graph G. To keep our exposition simple,
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we introduce stationarity in an informal manner and then state one definition from [91] which directly
relates to our work. First we state two conditions for the stationarity of a graph signal X € RP*":

1. The first moment is constant over the vertex set V.

2. The covariance matrix is invariant to localization of the vertices of the graph.

The second condition can be explained in a more simpler manner in terms of the Fourier interpretation.
Recall that for the notion of time stationarity of a random process, the second condition above is
equivalent to stating that the frequencies of the random process are uncorrelated, i.e:

Cov(FFT(X))=E[F' XX"F]=|F'QxF|=T,,

where F is the discrete Fourier matrix and I'; is a diagonal matrix. The matrix I'; is called the ‘Spectral
Covariance’ of X. For the case of graph signal X, the above condition can be stated in terms of Graph
Fourier Transform (GFT) as follows:

Cov(GFT(X))=E[PTXX"P]=|PTQP|=T,

where I is called the ‘Graph Spectral Covariance’ matrix [91]. In simple words, € is diagonalizable by
the eigenvectors of the graph Laplacian L.

Now let Q* € R™" be the sample column covariance of X*, the p‘h matricization of &', then we define
the Graph Spectral Covariance matrix (GSC) I'* for X*, as [91]:

T+ = pﬂTﬂﬂp# (3.3)

From [91] we also know that for a Graph Wide Sense Stationary (GWSS) process:

I diag(T*) |l _

lI/ =
ST =",

1, (3.4)

which we call as GSC alignment order. In fact, the more close is s, (I'*) to 1, the more stationary is
the process on the graph G*. Thus, for our purposes we use the above definition of GWSS which is
equivalent to the original definition in [91].

Graph stationarity for a low-rank matrix implies eigen-gap only if the graph is dense

So far we discussed the notion of graph stationarity for a general matrix X. However, our primary
interest is to study low-rank matrices. We now show that ‘graph stationarity’ for a low-rank matrix X
implies the existence of eigen-gap assumption only if the graph G is dense.

Consider a low-rank matrix X with arank r. Let the SVD of X = U, X, VrT, then the empirical column
covariance € can be given as:
Q=X"x=U,zU/.
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Now, graph stationarity for this matrix implies:
P'UZ2UP=T,
where T is a diagonal matrix. This implies that
U,z*U] = PTP'.

Note that the L.H.S of this expression is the covariance Q and the R.H.S is a function of the Laplacian
g(), ie,
Q=g(L).

As P = U, the only possibility is that I' = 22, Thus,
g(L)=PTP" =Pg(A)P" = Plg(A,)|g(A)]PT,

where A, denotes the first r eigenvalues and A, denotes the complement / higher eigenvalues above r.
Assuming the graph eigenvalues A are sorted in the increasing order, we have,

gA) =D

To define the complete set of eigenvalues A, we append a small constant € < 1 and € < o, to the
diagonal entries above r in the matrix X. Thus,

gAN=?)"'=g=(""! and A=3"2

The above expression clearly implies that the graph eigenvalues are given as the squared inverse of the
covariance singular values. This implies

L=(Q+eD .

As 0,41 < 0, thisimplies A, < 1,41, which is the eigen-gap assumption. However, note that the graph
computed by inverting a covariance matrix is not sparse.

Thus, for a low-rank matrix, the existence of graph stationarity implies an eigen-gap and vice versa
only if the graph loses its sparsity property. We point out here explicitly that sparsity is one of the key
properties of graphs for modeling locally smooth signals [92]. Therefore, one cannot afford to lose
this property in a graph. Recently the work of Pavez et. al [93] has shown the connections between a
generalized Laplacian and precision matrices. They also present a sparse graph Learning framework as
a precision matrix learning estimation problem.

Consequence: Approximate Graph Stationarity
In practice, a signal is never perfectly stationary on the graph for the following reasons:
e For a signal to be perfectly stationary on graphs, the singular vectors of its covariance are equiva-

lent to the eigenvectors of the graph. This is never the case in practice as a k;;,-nearest neighbor
graph is computed differently from a covariance matrix.

* For alow-rank matrix, graph stationarity can only be true if the graph is not sparse. This counters
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the basic local smoothness assumption in graph signal processing framework.

Nevertheless, the concept of graph stationarity is of vital importance for MLRTG framework. Given
the definition of MLRTG, we can relax the strict stationarity assumption and introduce the notion of
approximate stationarity.

Definition 3.3.4 (Approximate Graph Stationarity for a matrix). A matrix X" € R satisfies ap-
proximate graph stationarity if its Graph Spectral Covariance alignment order (eq. (3.4)) is less than 1,
i.e

Il diag(T*)ll p

s =
ITHN

<1, (3.5)

Approximate graph stationarity & eigen-gap of sparse graph imply a k-clusterable MLRTG

So far we have argued that for a general low-rank matrix, the satisfaction of graph stationarity implies
eigen-gap and vice-versa only if the graph is dense. Since a dense graph is not meaningful for our
purpose, we relax the stationarity to ‘approximate graph stationarity. However, the question, i.e.,
under what conditions does a sparse graph possesses an eigen-gap and the corresponding low-rank
matrix possesses approximate graph stationarity remains unanswered. In this section we discuss the
k-clusterable property of MLRTG across each of its modes, which leads to an eigen-gap in a sparse
graph. Our discussion here is intuitive and based on the conclusions from the work of Belkin et. al. [2].

We know from the basic spectral graph theory that multiplicity of the zero eigenvalues of a graph
Laplacian represents the number of connected components / communities in the graph. The eigen-
vectors corresponding to the zero eigenvalues are the cluster indicators. Let us consider the example
of a data matrix X which is k-clusterable across its rows and columns, where k < n. Furthermore,
for the simplicity assume that each cluster has g samples, thus the matrix X € R¥9k9_ The matrix X
has a block structure, i.e., each of the k x k blocks have a constant value. While such a matrix may
seem hypothetical, we will show in the next section that it is possible to construct it with the desirable
properties. If k,,-nearest neighbor graphs, using Gaussian kernel as a choice for the weight matrices
are now constructed among the rows and columns of this matrix, using k;,, = g, then:

W(i,j)~1 if X(i)eN(X(j)and X(i),X(j) € Cy,

i.e., the edge between the nodes i and j carry a weight approximately equal to 1 if the two nodes are
in the same cluster and i is among the nearest neighbors of j. Arguing in a similar way, no edges
will exist between inter-cluster nodes. This would result in a graph with a block diagonal Laplacian
structure, such that each of the blocks is dense with similar weights. Recalling our Linear Algebra
and Numerical Analysis knowledge, it is possible to say that the eigen-value decomposition of a block
diagonal Laplacian, with constant blocks would result in a step function in the eigenvalues, where the
step occurs from the k*" to (k+1)*! eigenvalue. The eigenvectors corresponding to the zero eigenvalues
then represent the cluster indicators. The same holds for the graph across other modes as well. This
line of argument is similar to the NCut algorithm, where one would like to cut the nodes of a graph
into distinct clusters. Note that for this case, the first k-eigenvectors will exactly encode the MLRTG.
However, there will be a minimum correlation between the graph eigenvectors and the covariance ones,
which would result in an approximate graph stationarity (alignment order < 1) due to the interpretation
of the eigenvectors as cluster indicators. Thus, even though approximate stationarity holds, the entire
power will still be concentrated in the top k x k corner of the GSC I'. We call this as ‘low-frequency
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power concentration’.

To conclude, for a k,,-nearest neighbors graph constructed from a k-clusterable data X* one can
expect /1’;/ /’LzJrl ~0as /1’]: ~ 0 and /V]; < Agﬂ. Such a data matrix X* is approximately graph stationary
and has all the power concentrated in the top k x k corner of GSC (low frequencies).

3.3.3 Properties of Multilinear Low-rank Tensors on Graphs (MLRTG)

Now that we have studied all the concepts behind MLRTG in detail, we are ready to summarize the
properties of MLRTG. First note that the approximate graph stationarity was studied only in the case of
a matrix or a specific mode of the tensor. For an MLRTG, we would want this property to hold jointly
for all the modes of the tensor. Secondly, it is obvious to note that for an MLRTG, most of the energy
of the GSC would be concentrated in the top k x k entries. Having said that, we are ready to state the
properties of MLRTG explicitly.

1. Property 1: Joint Approximate Graph Stationarity:

Definition 3.3.5. A tensor X € MI]_TF(PZ ), whose cartesian product graph possesses an eigen-
gap (definition 3.3.3), satisfies Joint Approximate Graph Stationarity, i.e, its u'" matricization /
flattening X** € R n* satisfies approximate graph stationarity (definition 3.3.4) VY, =1,2,3.

2. Property 2: Low Frequency Power Concentration:

Definition 3.3.6. A tensor Z* € I\/I]I]_T(P;: ) satisfies low-frequency power concentration property,
i.e, power is concentrated in the top entries of the graph spectral covariance matrices TH,Vu =
1,2,---,d.

ITHA: k1 R)E _

A~ IJ —
S Tar

(3.6)
Property 1 above implies automatically that an MLRTG should be simultaneously k-clusterable across
all the modes X*¥ of the tensor & *. Intuitively, property 2 makes sense because if X** is low-rank
then the covariance Q* is also low-rank and a diagonalization of Q" with the complete set of graph
eigenvectors P* would result in a matrix T* € R”*" which will be zero for all the rows and columns
above k.

Summary of the analysis: “MLRTG: Approximate Stationarity in Low-Frequency”

In simple words, a tensor is said to be multilinear low-rank on the graphs constructed from its flattened
modes if it can be encoded as a multlinear combination of the first few eigenvectors of the respective
graph Laplacians.

It is trivial to note that an exact stationarity assumption means that all the power of GSC is concentrated
on the diagonal entries. This in turn implies that the eigenvectors of the Covariance are diagonalizable
by those of the Laplacian matrix or the eigenvectors of the two are equivalent. For a matrix X *# € R™* n*
the covariance of rows is given as Q* € R™*" and the left singular vectors of X* are the same as the
eigenvectors of Q* (up to a certain numerical precision). Thus, an exact stationarity assumption im-
poses that the SVD of X* gives the eigenvectors of the Laplacian L* which never holds. Our framework
on the other hand, although prefers most of the energy to be concentrated on the diagonal of GSC,
does not necessitate its need. Thus, we allow the power to spill out of the diagonal of the GSC.

47



Chapter 3. Multilinear Low-Rank Tensors on Graphs

This forms the basis of a recovery method for such tensors and the novel tensor decompositions we
will introduce in the next chapter, so we define it as following:

Definition 3.3.7 (Approximate Stationarity in Low-Frequency). A tensor ™ € MI]_TT(Pg ) is said to be
approximately stationary in the lower graph frequencies if it satisfies properties 1 and 2 stated above.

3.4 Approximate MLRTG

The MLRTG framework relies on computing the graphs G* from the flattened matrices of Z*. In
practice one never has access to & * itself, but a noisy version % and the graphs G* have to be
constructed from Y*. Furthermore, MLRTG requires the eigen-gap condition (definition 3.3.3) to hold.
For a k;,,,-graph constructed from the modes of a noisy tensor, the eigen-gap condition does not hold.
It might also be the case, as it is for many real datasets that the data is clusterable and the eigen-gap
does not exist. However, such a scenario arises solely due to the choice of a graph construction method,
the parameter kj,;, and the distance metric used.

In order to understand the intuition, we refer again to the example of a hypothetical block low-rank
and k-clusterable matrix X, its Laplacian, eigenvectors and values from the previous section. If the
weights in each of the blocks of the Laplacian are varied, which might result from small perturbations
or noise in the data blocks, then the higher eigenvalues show variation. Similarly, if some edges are
added between the different graph communities, then the number of zero eigenvalues decrease until a
certain point where only one eigenvalue is zero. This occurs when the graph has only one connected
component with weakly connected communities. The lower eigenvalues also show a variation until the
eigen-gap vanishes. In such a case, when the data is weakly clusterable, one can perform clustering on
the first few eigenvectors (excluding the one with zero eigenvalue). These eigenvectors represent the
low-dimensional embedding of the data on a non-linear manifold which is characterized by the graph.
This is the concept behind the Laplacian Eigenmaps algorithm [2].

An interesting concept that we will verify later in our experiments is that for the case of weakly connected
communities, the lowest Laplacian eigenvectors, due to their interpretation as a low-dimensional
embedding possess a greater correlation with the eigenvectors of the covariance which results in an
increased graph stationarity and a higher alignment order s(I'). Thus, they provide more information
then just the cluster indication, in contrast to the case of disconnected communities. However, the
choice of k becomes much more cumbersome due to the non-existence of eigen-gap. Our experiments
will show that greater the k, the better is the low-rank representation. This implies a reduced low-
frequency power concentration in the GSC as compared to the case of disconnected communities.

Throughout, the rest of this thesis we will assume that the data is k-clusterable across all the tensor
modes. Even when the eigen-gap does not exist, the graph stationarity and low-frequency power
concentration properties would hold approximately. The power spilling out of the top corner of GSC
can be attributed to the non-existence of the eigen-gap condition and contributes to the approximation
error of MLRTG which will studied theoretically in the later chapters of this thesis. Thus, we are now
ready to present the following lemma.

Lemma 3.4.1. Forany® =" +neR""" where X" € M[UT(P;C‘), 1 models the noise and errors, the
u'" matricization Y* of % satisfies

Yh=PlZ P B ZEP ) 4y
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Now, we can define the notion of “Approximate MLRTG” which corresponds to a more realistic scenario

for the real world applications.

Definition 3.4.1 (Approximate MLRTG). A fensor &% = X* +n € R"V'™" where X" € MI]_TT(P‘,;), n
_ = =T
models the noise and errors and Y* = X*F+n = PZZ* "szﬂT +P£Z*”Pk2# +1), is said to be approximate
MLRTG if
—uT

2 — 2 2
2 [z <e = IZM5 < I1Z*]1%.

|x*#-plz* P

Properties of Approximate MLRTG

Approximate MLRTG satisfies the following properties:

1. its u'" matricization Y* € R satisfies approximate graph stationarity (definition 3.3.4) V u =
1,2,3 and

2. the approximatelow-frequency power concentration, i.e, most of the power is concentrated in
the top entries of the graph spectral covariance matrices T'*,Vu=1,2,3.

THQ: k,1: k)%
§(r“)=uz1 (3.7

2
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Figure 3.3 — Examples of GSC for 1) joint approximate graph stationarity (left), 2) MLRTG (middle) and 3) approximate MLRTG
(right). The difference between the three concepts is illustrated in terms of the concentration of energy in the specific regions of
the GSC.

Summary: GSC for MLRTG & Approximate MLRTG

Fig. 3.3 shows examples of GSC matrices for 1) joint approximate graph stationarity (left), 2) MLRTG
(middle) and 3) Approximate MLRTG (right). As clear from the figure, Joint approximate graph sta-
tionarity corresponds to the concentration of energy on the diagonal of the GSC with some energy
spilling out of the diagonal. This condition together with the low frequency power concentration in the
first k = 20 eigenvectors (middle plot) constitutes the concept of MLRTG. However, MLRTG requires
the existence of eigen-gap, as evident from the jump in the energy concentration. This assumption is
unrealistic for the graphs constructed from many real world datasets, therefore, some energy spills out
of the red box. This gives rise to the notion of approximate MLRTG (the rightmost plot).
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Comments

The reader might note that the whole framework relies on the existence of the eigen-gap condition
(definition 3.3.3). Such a notion does not necessarily exist for the real data, however, we clarify a few
important things right away. The existence of eigen-gap is not strict for our framework, thus, practically,
it performs reasonably well for a broad range of applications even when such a gap does not exist.
Nevertheless, in the next section we will present several examples of artificial datasets which possess an
eigen-gap. 2) We introduce this notion to study the theoretical side of our framework and characterize
the approximation error. Experimentally, we will show that choosing a specific number of eigenvectors
of the graph Laplacians, without knowing the eigen-gap is good enough for our setup. Thus, at no point
throughout this thesis we will present a way to compute this gap. A summary of the properties of exact
and approximate MLRTG are presented in Table 3.2.

3.5 Examples of Exact and Approximate MLRTG

In this section we quote several examples of exact and approximate MLRTG to support the theoretical
analysis and properties described in the previous sections. While a simple low-rank matrix or tensor
qualifies for an approximate MLRTG irrespective of its clusterable nature, one can also generate an
approximate MLRTG by introducing noise, perturbations (pose variation, small rotation) to a jointly
k-clusterable data across all the modes, as summarized in Fig. 3.2. Our examples consist of both
artificial and real matrices and tensors with and without noise and perturbations. Based on Fig. 3.2, we
present several ways to construct exact and approximate artificial matrices first. Then, using a few of
these methods, we present and analyze a few datasets (Table 3.2).

3.5.1 Methods to generate MLRTG

Method 1: Exact MLRTG

Let 159 be a 50 x 50 matrix of all ones, then we generate the artificial data matrix ¥ € R?90*200 35 follows:

7150 5150 3150 150
5150 7150 150 3ls
3150 1s0 7150 5ls0
150 3150 5150 715

Y =

where 77 models a small amount of Gaussian noise. Although matrix Y is symmetric, it does not have to
possess this property for our analysis. The above matrix is low-rank, clusterable into 4 clusters across its
rows and columns, approximately graph stationarity, possesses the low-frequency power concentration
property and the kj,,-graphs possess eigen-gaps.

Method 2: Approximate MLRTG: Noise in k-clusterable MLRTG

The simplest method to construct an approximate MLRTG Y is to add noise in the matrix obtained
from above method. Depending on the level of noise, Y is approximately low-rank, might retain or
lose its k-clusterable property (eigen-gap), more graph stationary than Y obtained via method 1 and
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3.5. Examples of Exact and Approximate MLRTG

possesses approximate low-frequency power concentration property.

Method 3: Approximate MLRTG: From graph eigenvectors

The third method is to construct a tensor directly from the graph eigenvectors. We describe the
procedure for a 2D tensor in detail below:

1. Generate a random Gaussian matrix, ¥ € R"”*".

2. Construct a ky;, graph G! between the rows of ¥ and compute the combinatorial Laplacian L'.
3. Construct a k;,, graph G? between the rows of ¥ | and compute the combinatorial Laplacian L.
4. Compute the first k (where k < n) eigenvectors and eigenvalues of L' and L, (P}, A}), (P2, A3).
5. Generate a random matrix of the size X € R*K,

6. Generate the low-rank artificial tensor by using vec(Y) = (P,lC ® P,zc) vec(X), where ® denotes the
kronecker product.

Method 4: Graph filtering of a randomly generated tensor

The final method is by filtering a randomly generated tensor with the k,, combinatorial Laplacians
constructed from the flattened modes of the tensor. We describe the procedure for a 2D tensor below:

1. Follow steps 1 to 3 of method 3 above.
2. Generate low-rank Laplacians from the eigenvectors: L' = P I kPl;Cr and I? = P2 I, kPT?C.

3. Filter the matrix ¥ with these Laplacians to get the low-rank matrix ¥ * = L' Y £.2.

The tensors produced by the above two methods are low-rank, approximately graph stationary and
possess approximate low-frequency power concentration property. However, such tensors do not pos-
sess eigen-gaps (not clusterable). Since, the tensors are either generated from Laplacian eigenvectors
or by filtering with graphs, the GSC alignment order is high (graph stationarity). Table 3.1 summarizes
the properties of the artificial tensors generated by various methods.

It is imperative to point out here that the artificial tensors generated via methods 3 and 4 resemble more
closely to the real world MLRTG, as it will be clear from our real world examples of the USPS, FMRI,
Hyperspectral Image and COIL20 tensor examples in this section. Such tensors are not necessarily
k-clusterable along all the modes and are only approximately low-rank due to noise and perturbations
and the k,,-nearest neighbors graphs constructed from them do not possess an eigen-gap. Even
though our artificial data examples in this section are based on the tensors generated by methods 1
and 2, in the later chapters of this thesis, when we design the approximation problems, we will present
experiments on the tensors generated by methods 3 and 4 along with a plethora of real world datasets.
Such datasets do not follow the data model and will pose the necessary challenges to study the true
power of our framework and quantify the approximation error.
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Figure 3.4 — A summary of the variation of properties from exact to approximate MLRTG.
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3.5. Examples of Exact and Approximate MLRTG

Table 3.1 - Properties of exact and approximate artificial and real MLRTG.

Properties Exact MLRTG Approximate MLRTG
method 1 method 2 | method 3 | method 4
graph stationarity minimum medium high high
eigenvectors coherence minimum medium high high
power concentration exact high medium | medium
eigen-gap v v x x
k-clusterable v v x x

Table 3.2 — Example artificial and real exact and approximate MLRTG.

Ingredients Exact MLRTG Approximate MLRTG
data type artificial artificial real (USPS) real (FMRI, HSI, COIL20)
(method 1) (method 2)
artificial noise x v X X
perturbations x x v v
clusterable modes v v columns only x

matrix / tensor matrix matrix matrix tensor

low-rank v approx. approx. approx. multilinear

3.5.2 From exact to approximate MLRTG

Having presented the methods to generate artificial tensors, we are ready to discuss a few examples
now. Our examples comprise of two artificial MLRTG, one exact and the other approximate, generated
via methods 1 and 2. Furthermore, we also present examples of 4 real datasets, including USPS
hand-written digits, FMRI, Hyperspectral Image and COIL20 tensors. The ingredients of each of the
tensors in our examples are stated in Table 3.2. Note that the USPS dataset is an interesting example of
approximate MLRTG, as only one of its modes is clusterable.

Our goal here is to verify the properties of MLRTG and for that we need to study the following: 1) the
low-rankness of the tensor in terms of the singular values of its modes, 2) the clusterable nature, which
can be verified by looking at the graph eigenvalues and the community structure of the adjacency
matrices and 3) the stationarity and low-frequency power concentration properties which can be
verified by visualizing the GSC matrices. We should be able to study how these properties vary from
exact to approximate MLRTG, therefore, to study this effect, we focus on the matrices generated via
methods 1 and 2 and the USPS dataset of hand-written digits. For each of the three matrices, we
construct kp,-graphs G” and G° along the rows and columns of Y, where k,, = 40. Next we compute
the eigenvectors P", P¢ and eigenvalues A", A¢ of the Laplacians L", L¢. Fig. 3.4 presents a summary
of our analysis for each of the three datasets (exact on the left, approximate artificial in the middle
and approximate real on the right) in terms of the visualization of Y, the singular values Z, adjacency
matrices W, graph eigenvalues A} and GSC matrices I for each of the modes.

It is clear to see that as one goes from left to right (exact to approximate MLRTG), the community
structure of the MLRTG disrupts, which results in a loss of eigen-gaps of the row and column graphs.
The leftmost column shows the case of a purely clusterable data along all the modes with a clear
community structure and hence the eigen-gaps of the Laplacians. Since the approximate MLRTG in
the middle is just obtained by adding noise to the clusterable matrix ¥ (method 2), the community
structure disrupts slightly. This is evident from the intra-community edges in the adjacency matrices
and the decrease in the number of zero eigen-values. The right-most column presents the case of
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Chapter 3. Multilinear Low-Rank Tensors on Graphs

USPS hand-written dataset, where 100 images (16 x 16) of each of the digits 0, 1,2 are vectorized and
stacked in the columns to form the matrix ¥ € R?6*3%0_ Clearly, USPS has clusterable nature only along
the samples (columns), which is obvious from the adjacency matrices. Furthermore, note that the
community structure is not pure (no eigen-gap). Even though their is no artificial noise in the dataset,
the digits have perturbations, such as small rotations and scaling effect. This results in a Laplacian
spectrum which does not possess an eigen-gap.

The fourth row of Fig. 3.4 shows the variation of GSC matrices I'" and I'* from exact to approximate
MLRTG and it is straight-forward to verify that §(I'") = §(I'°) = 1 for the exact MLRTG and this reduces
as we move towards the approximate MLRTG. Due to the existence of an eigen-gap for exact MLRTG,
the first k eigenvectors are cluster indicators, therefore, they have minimum coherence with those
of the covariance, consequently a lower GSC alignment order s(I') (approximate graph stationarity).
This coherence goes on increasing (increasing graph stationarity), as the datasets lose their clustering
property. Thus more power is concenrated on the diagonal of the GSC for approximate MLRTG. Finally,
note that due to the non-existence of eigen-gap, the choice of k is cumbersome for the approximate
MLRTG. We will study this in detail in the next chapters of this thesis.

3.5.3 Real tensors

Finally, we quote three real world tensor examples for different applications to show that such a notion
exists in practice, almost always for a low-rank matrix as well as a tensor.

Our three examples consists of: 1) The COIL-20 dataset, the database of objects with pose variations.
Each image of this dataset has the dimension 128 x 128. We arrange the 72 images corresponding
to the first object in the form of a cube, hence, & € R128x128x72  Next we flatten % across each of
the modes, Y'! € R128%9216 y2 ¢ g128x9216 y3 ¢ g72x16384 an( construct k,,-nearest neighbors graphs
between the rows of Y!, Y2, Y3, with kj,,, = 10. The combinatorial Laplacians of the three graphs are
denoted as L' € R128*128 [2 ¢ R128x128 |3 ¢ R72x72 9) The Hyperspectral face dataset obtained from
the SCIEN [94], & € R3427333x148 \vhere 542 is the y-dimension, 333 is the x-dimension and 148 is the
number of channels in the spectrum. We flatten this tensor along all the three modes and construct
graphs in the same way as the COIL20 dataset. 3) The resting state and movie watching FMRI dataset of
one subject ¥ € R'23288 gbtained from [95], [96] with 1232 time points with alternating movie watching
and resting intervals and 88 ROIs. A Short Time Fourier Transform with a Hamming window of size 32
time points with a 50% overlap and 128 point DFT was used to convert this dataset into a 3D tensor
¥ € R129x79%88 ( frequency, time, ROIs). Although it is non-standard to study FMRI in a time-frequency
domain, out goal here was only to increase the dimension of the tensor in a meaningful manner. We
perform the same steps for this datasets as well. We do not introduce artificial noise in these tensors
but they possess natural perturbations (Table 3.2).

In order to demonstrate that each of the above datasets is MLRTG, we compute the eigenvector
decomposition of the Laplacians and plot in Fig. 3.5, from left to right, the original tensor, SVD
of flattened modes, Graph Spectral Covariance (GSC) I'',I'’?,T® (3.3) and its low-frequency power
concentration §(I'"), §(I'?), §(I'®) (3.5) for increasing values of k from 1 to 50 (as the exact value of k is
unknown). Each row of this figure corresponds to a different dataset. Clearly, all the three tensors are at
least approximately low-rank in each of their modes as seen from their respective SVDs. It is interesting
to note the same from GSC and power concentration plots which show that most of the energy of the
low-rank modes is concentrated in the first few eigenvectors. Thus, it is straight-forward to encode
these tensors as a multilinear combination of a few Laplacian eigenvectors.
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Figure 3.5 — Examples of approximate multilinear low-rank tensors on graphs. Each row shows the full tensor, the SVD of each of
its flattened modes, graph spectral covariance (eq. (3.4)) of mode 1 I'! and the low-rank power concentration §(I') (eq. (3.6))

from left to right. Clearly, the concentration of energy in the top corner of GSC shows that each of these

tensors is multilinear low-rank on graphs.

for each of the modes,
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Chapter 3. Multilinear Low-Rank Tensors on Graphs

3.6 Understanding MLRTG

Our signal model, MLRTG is a highly structured low-rank signal model which can characterize a low-
rank matrix in terms of graph eigenvectors. As we will see in the later chapters of this thesis, it is possible
to use this model to formulate a number of problems for low-rank recovery of matrices and tensors in
a scalable manner. While, we get back to applications in part III of this thesis, we will conclude this
chapter by discussing a number of interpretations of MLRTG. This is essential and important to the
understanding of MLRTG in simpler manner. Throughout this section, to keep our exposition simple,
we will focus on matrix based examples. For a noisy low-rank matrix

Y=X"+n,

MLRTG can be written as:
Y =P.Z*P?, +q,

where Z* € R¥*, Below we try to understand the significance of Z and the information provided by
Laplacian eigenvectors PZ in detail. First, we understand what does it mean to construct graphs along
each of the modes of a matrix / tensor and the information that it provides.

In order to make this more concrete, we take a simple example of digit 3 from the traditional USPS
dataset. We vectorize all the images and form a data matrix Y, whose columns consist of different
samples of digit 3 from the USPS dataset.

3.6.1 The graph of features provides a basis for data

In order to motivate the need of the graph of features we build the 10 nearest neighbors graph (of
features), i.e, a graph between the rows of Y using the FLANN. Fig. 3.6 shows the eigenvectors of
the Laplacian denoted by P!. We observe that they have a 3-like shape. In Fig. 3.6, we also plot
the eigenvectors associated to the empirical covariance matrix. The empirical covariance matrix is
computed as

where 7 is the number of samples and

_ 1 &
Y=Y-puy for uy=—3 > Y(@,j.
npizj=1

This definition is motivated in [91]. We observe that both sets of eigenvectors are similar. This is
confirmed by computing the GSC matrix:

r=p!'op!

In order to measure the level of alignment between the orthogonal basis P! and the one behind C, we
use the GSC alignment ratio:

1
LT )2 _ Idiag(D)llz

sp(I) =
' (zgl 013, ITIF
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When the two bases are aligned, the covariance matrix Q and the graph Laplacian L are simultaneously
diagonalizable, giving a ratio equal to 1. On the contrary, when the bases are not aligned, the ratio
is close to %, where p is the dimension of the dataset. Note that an alternative would be to compute
directly the inner product between P and the eigenvectors of . However, using I' we implicitly weight
the eigenvectors of Q according to their importance given by their corresponding eigenvalues.

In the special case of the digit 3, we obtain a ratio s,(I') = 0.97, meaning that the main covariance
eigenvectors are well aligned with the graph eigenvectors. Fig. 3.6 shows a few eigenvectors of both sets
and the matrix I'. This effect is in accordance with our previous analysis and has been studied in [91]

Covariance eigenvector Graph eigenvectors

Covariance matrix in the graph Fourier Domain

15

10

-5
20 40 60 80 100

Figure 3.6 - Studying the number 3 of USPS. Left: Covariance eigenvectors associated with the 16 highest eigenvalues. Right:
Laplacian eigenvectors associated to the 16 smallest non-zero eigenvalues. Because of stationarity, Laplacian eigenvectors are

(8]

o

similar to the covariance eigenvectors. Bottom: I' = P! T¢P! in dB. Note the diagonal shape of the matrix implying that P! is
aligned with the eigenvectors of C.

where the definition of stationary signals on graphs is proposed. A similar idea is also the motivation of
the Laplacianfaces algorithm [97]. A closer look at the bottom figure of Fig. 3.6 shows that most of the
energy in the diagonal is concentrated in the first few entries. This shows that the first few eigenvectors
of the Laplacian are more aligned with the eigenvectors of the covariance matrix. This phenomena
implies that digit 3 of the USPS dataset is MLRTG, i.e, only the first few eigenvectors (corresponding to
the low eigenvalues) are enough to serve as the features for this dataset.

Let us analyze how the graph eigenvectors evolve when all digits are taken into account. Fig. 3.7 shows
the Laplacian and covariance eigenvectors for the full USPS dataset. Again we observe some alignment:
sr(I)=0.82.

From this example, we can conclude that every column of a low-rank matrix X lies approximately in
the span of the eigenvectors P! of the features graph, where k denotes the eigenvectors corresponding
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Covariance eigenvector Graph eigenvectors

Covariance matrix in the graph Fourier Domain
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Figure 3.7 — Studying the full USPS dataset. Left: Covariance eigenvectors associated with the 16 highest eigenvalues. Right:
Laplacian eigenvectors associated to the 16 smallest non-zero eigenvalues. Because of stationarity, Laplacian eigenvectors are

similar to the covariance eigenvectors. Bottom: I' = PT QP! in dB. Note the diagonal shape of the matrix implying that P! is
aligned with the eigenvectors of Q.

to the smallest k eigenvalues. This is similar to PCA, where a low-rank matrix is represented in the
span of the first few principal directions or atoms of the basis. Alternately, the Laplacian eigenvectors
are meaningful features for the USPS dataset. Let the eigenvectors P! of L! be divided into two sets
(PllC e RP*k, I_’,i € RP*P=K)y Note that the columns of PllC contain the eigenvectors corresponding to the
low graph frequencies and 15]1c contains those corresponding to higher graph frequencies. Then we can
write, Y = X + 1= X" + X* + 1), where X" is the low-rank part and 7 models the noise or corruptions.
Thus,
X=PA*+PA* and

* _ pl g%
X*=PA

where A* € R¥*” and A* € RP~0*"_ From Fig. 3.6 it is also clear that IIP}C[l* lr < ||P,£A* ||  for a specific
value of k.

3.6.2 The graph of samples provides embedding for data

The smallest eigenvectors of the graph of samples provides an embedding of the data in the low-
dimensional space [2]. This has a similar interpretation as the principal components in PCA. We argue
that every row of a low-rank matrix lies in the span of the first few eigenvectors of the graph of samples.
This is similar to representing every row of the low-rank matrix as the span of the principal components.
Thus, the graph of samples L? encodes a smooth non-linear map towards the principal components of
the underlying manifold defined by the graph L?. This is the heart of many algorithms in clustering [98]
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3.6. Understanding MLRTG

and dimensionality reduction [2]. In the context of our MLRTG framework, this implies that if the data
has a class structure, the graph of samples will enforce the low-rank matrix X to benefit from this class
structure. This results in an enhanced clustering of the low-rank signals in a low-dimensional space.
Let the eigenvectors P? of L? be divided into two sets (P,zc e Rk, P,% € R (=K \where k denotes the
eigenvectors in P? corresponding to the smallest k eigenvalues. Note that the columns of P]% contain
the eigenvectors corresponding to the low graph frequencies and P,ZC contains those corresponding to
higher graph frequencies. Then, we write:

_=T
X=B*P?, +B*P2, and
X*=B*P?]
- _ - T
where B* € RP*¥ and B* e RP*("=K) Ag argued in the previous subsection, |B* P?; | p < ||B*P2z Il 7.

Thus, MLRTG can be seen as a signal model that encodes multilinear relationship between the graph of
features and samples for a low-rank data matrix, in a low-dimensional space.

3.6.3 Multi-dimensional embedding in a space of product of manifolds

Finally, we argue that the eigenvectors of the graph of features and samples jointly provide a multi-
dimensional embedding of the matrix or tensor X in a low-dimensional space. To understand this, we
first re-write our model in a vectorized form as following:

vec(X™) = (P,lC ® P,zc) vec(Z9)T,

where vec(-) denotes the vectorization operation and ® denotes the Kronecker product of the Laplacian
eigenvector matrices.

Recall from our previous analysis, that the matrix Py = Pi ® Pi is the matrix of the eigenvectors of the
cartesian product of graphs G! and G?. Thus, encoding a matrix X as a multilinear combination of k
graph eigenvectors is equivalent to saying that the low-rank signal vec(X) belongs to the span of the
first k? Laplacian eigenvectors of a manifold that is the product of row and column manifolds of the
matrix. Thus, the matrix Pi ® P,% € R"*** is a multi-dimensional embedding of X* in a k? dimensional
space.

3.6.4 Graph Core Tensor: The Joint Graph Fourier Transform

Having described the importance of constructing graphs across each of the modes of the matrix /
tensor, we now move on to explain the role of Graph Core Tensor (GCT).

For a signal x lying on the nodes of a graph G, the Graph Fourier Transform (GFT) is given as £ = P " x.
Starting from our MLRTG framework,
X*=PLZ* P,

we can re-write it as:
* 1T * 192
Z"=P X P;.

The above equation is equivalent to:

vec(Z*) = (P} ® P2) vec(X™).
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Thus Z* corresponds to the joint GFT of the low-rank matrix X* w.r.t to the first k eigenvectors only.

3.7 Conclusion

We present a novel low-rank signal model, ‘Multilinear Low-rank Tensors on Graphs’ (MLRTG) which
states that a low-rank tensor can be encoded as a multilinear combination of the graph eigenvectors
of each of its modes. The multilinear combination is called the Graph Core Tensor (GCT) which has
the interpretation of a joint k-fourier transform and encodes all the energy of MLRTG. Any MLRTG
satisfies approximate graph stationarity and low-frequency power concentration properties and can be
generated from a k-clusertable data along all of its modes which possesses an eigen-gap in the graph
constructed from its modes. Many real world low-rank matrices and tensors satisfy the approximate
MLRTG criterion, i.e., an approximate low-frequency power concentration property. The proposed
framework has the interpretation of providing an embedding of a high dimensional low-rank tensor
on a product of low-dimensional manifolds and that of a joint Graph Fourier Transform. A plethora
of low-rank approximation problems will be defined based on our proposed model in the next few
chapters of this thesis.
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From graph basis to PCA basis: Graph
Multilinear SVD

In Chapter 3, we introduced our novel low-rank signal model for matrices and tensors, MLRTG. Any
low-rank matrix or tensor is MLRTG if it can be encoded as a multilinear combination of the first few
Laplacian eigenvectors of the graphs constructed between the rows of its modes. We saw that MLRTG
is a highly structured signal model and has a rich interpretation as multi-dimensional embedding and
joint Graph Fourier Transform. As pointed out in Chapter 1, one of the two main goals of this thesis is
to propose scalable and approximate methods for recovering low-rank matrices and tensors and the
other goal is to understand the relationship between linear and non-linear embedding of low-rank data
in a low-dimensional space. We now argue that both of these goals are inter-related.

Why is it important to understand the connection between linear and non-linear embedding? In
the previous chapter we saw that the first few eigenvectors of row and column graphs provide em-
bedding of the data in row and column spaces respectively. We have already pointed out that linear
subspace based algorithms, i.e, PCA and its variants, also determine row and column subspaces. The
only difference is that graph eigenvectors do so in a non-linear space and PCA in a linear. Since our
goal is to propose scalable iterative algorithms for low-rank recovery, one of the possible ways to do
this is to fix the basis upfront and refine it iteratively via low-cost operations. Thus, one can avoid
expensive SVD operations on the full data matrix in every iteration of the algorithm. Obviously, it
is possible to use graph eigenvectors as a basis for rows and columns of the data, but the question
of how to refine this non-linear embedding to get a linear one remains unanswered. Thus, our goal
in this chapter is to understand this connection. Once, we understand how to determine a linear
low-dimensional embedding from a non-linear one, we would be just one step away from defining
a plethora of approximation problems for scalable recovery of low-rank matrices and tensors, using
graphs.

In this chapter we understand the connection between graph and PCA basis and develop an algorithm,
“Graph Multilinear SVD" to compute latter from former.

Recall that for a low-rank tensor
Y ="+,

where Z'* € R"*"*" has a multilinear rank (r, r, r) and 77 models noise, its Tucker decomposition can
be written as:
vec(Z*) = (U} e U? ® U3)vec(#™),

where U¥ € R"*" and .%* € R"™*"*". The standard method to obtain this decomposition is via an
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Alternating Least Squares (ALS) method, which is also known as Higher Order SVD or Multilinear
SVD (MLSVD) [11]. The ALS method iteratively computes the SVD of every mode of % until the fit
vec®) — (U} ® U} ® U})vec(#)|)5 stops to improve. This method costs G (nr?) per iteration for rank r.

For a tensor &* € N/I]I]_TT(P]’: ), the Graph Tucker Decomposition as proposed in Chapter 3, with a graph
multilinear rank (k, k, k) can be written as:

vec(Z*) = (P, & P{® P})vec(Z "),

where P]*: € R™*¥ are the graph eigenvectors and Z € R¥*¥*¥ is the Graph Core Tensor (GCT).

Note that our GTD is quite similar in structure to the standard Tucker Decomposition. This similarity
in structure raises important questions about the connection between . and Z, how are the basis U
related to the graph eigenvectors P,‘; and the relationship between multilinear and graph multilinear
ranks r and k. In the next section, we will define the Graph Multilinear SVD method which provides
answers to all these questions.

4.1 Graph Multilinear SVD (GMLSVD)

We are now ready to present a graph based multilinear SVD method which will reveal the relation-
ship between core tensor . and GCT Z and the vectors U and PZ . First we recall, the following
assumptions for any Z * € MI]_TT(P;: ) from Chapter 3.

¢ There exists an eigen-gap for every L¥, V (.

* There exists an eigen-gap in the cartesian product graph L = L' x L? x L3.

In simple words, the above assumptions guarantee that any Z* € MI]_T(P]’: ) can be exactly encoded as
a multilinear combination of graph eigenvectors P;: . In other words,

vec(Z*) = (P, ®P;& P}) vec(X™),

is a lossless compression of Z* into P;: and Z*. We will get back to this compression in detail later in
this chapter. It is possible to derive our GMLSVD algorithm in the following three different ways:

1. Derivation from the ‘Low-frequency power concentration property’ of MLRTG. This is an intuitive
derivation and our exposition here is based on an example MLRTG and its stationarity property.

2. Derivation from the MLSVD algorithm, which is a purely mathematical and algorithmic approach.

3. Derivation from an iterative tensor based approximation problem.

We will discuss the first two methods in this Chapter, while the third method will be discussed in
Chapter 7.
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4.1.1 Derivation from Low-frequency power concentration property of MLRTG

Recall the low-frequency power concentration property of approximate MLRTG from Chapter 3, which
states that most of the power is concentrated in the top k x k corner of the GSC matrix for every mode
of the tensor. Further recall several examples of approximate MLRTG from Chapter 3. We will re-visit
the example of the FMRI tensor here and derive our GMLSVD algorithm by performing an analysis on
the GSC of this tensor. Fig. 4.1 shows the GSC of mode 1 (time) and the power concentration plot of the
FMRI tensor. The power concentration curve for mode 1 (blue line) shows that more than 97% power is
concentrated in the first 20 eigenvectors of this mode. This corresponds to the top 20 x 20 corner of the
GSC, in Fig. 4.1.

Graph Spectral Covariance 101log;(I';) Low frequency power concentration
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20 35
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Figure 4.1 — GSC of the mode 1 (time) of the FMRI tensor.

Starting from the Graph Spectral Covariance (GSC), using covariance Q' = X' X T along mode 1 and
the eigen decomposition of the covariance Q!, we get:

rl= PITU122U1TP1

Dropping the superscript ‘1’ for the ease of notation and using U = [U|U), P = [Py|Py], and

2
2 Zk _02
0 Zk
we get:
_ — 2 — —_
= [PrlP] " U0y Ok 52 (U T;) T [Py| Py).
3

Now assuming that the matrix X is exactly rank k, then the covariance Q is also rank k and ii =0.
Using this, the expression can be expanded as below:

_|PlUZEU] P P UZEU] Py
PTUkZZUTPk PTUkZZUTPk '

Note that the upper left entry of the above expression corresponds to the k x k top left corner of the GSC
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I'. As most of the energy / power is concentrated in this corner - ‘Low-frequency power concentration
property’ of MLRTG, it is reasonable to argue that:

ITIF=IPTXX Pl =~ P UZ2U] Pillr

As the low-frequency power concentration and approximate graph stationarity hold jointly for all the
modes of a tensor, therefore,

ITH|F = | P*TQMPH|p ~ | PFLULSZUF (P IE ¥ .

For the ease of understanding, we imagine the case of a 2D-matrix X, then the above result can be
written as:
T T T
IT e = 1P XXTP I~ |P' UL ZRU"  Prllr and

T T T
IT2llp = 1P? X" XP?|lp ~ | P*  UZZiU% P2l p.

As the above two hold jointly, therefore it is possible to conclude the following about the matrix X:
T T T T
IP' XP*|p~ |P' U U Pillp = Py XP{llp=Zllp.

Note that the above result is just an alternative definition of MLRTG, thus, it is possible to re-state our
MLRTG model:
X=P.zP?,.

Now as X = U]iZkUiT, S0:
T T
IPLZP*, U2 U2 |7 —0,

only if the matrix Z encodes the singular values of X, which can be revealed by a full SVD of X. Thus,

IPLALS A2 P2 — U5 U2 2 —0 = 3~ 3, UL=PlAL and U= P A

The above relationship states that a linear PCA based r-dimensional embedding U for the rows or
columns of a matrix X* € I\/I]I]_T(P,‘j ) is given as a linear combination of the graph eigenvectors P,’: . This
linear combination is obtained as a result of the left / right singular vectors A’Ié that result from the full
SVD of the GCT Z € R¥*¥ (for the case of a matrix). Finally note that SVD of Z € R¥** is inexpensive as
it costs @ (k®), where k <« n. We call this method as ‘Graph SVD'. It is straight-forward to extend it for
the case of a tensor Z'. In fact, the only difference lies in the SVD step being replaced by the MLSVD
step of the GCT Z € R¥*k*k_ For the tensor, we call our method as ‘Graph MLSVD'. This will become
more clear from our mathematical derivation of Graph MLSVD in the next section, from the standard
MLSVD.

Thus for any Z'* € MI].]T(PZ‘ ), it is possible to compute PCA based linear embedding by rotating /
linearly combining graph eigenvectors. The entire procedure can be written in the form of an algorithm,
which we will state later in this chapter.
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4.1.2 Derivation from MLSVD algorithm
We start from the ALS problem that is used to perform MLSVD.

For a tensor % = Z* + 1, the MLSVD algorithm requires solving the following optimization problem:
min | vec(®) —vec(%) |3
vt,.s.x
T
stUF U =1,V
vec(Z) = (U} ® U? ® U?)vec(H). (4.1)

Our goal is to decompose % into factors HI‘: and a core tensor £ such that it resembles the Tucker
decomposition model, i.e,
vec(%) = (H;. ® H: ® H}) vec(%).

However, also recall that for our case &' * € MI]_T(PZL ), therefore,

vec(Z) = (P} & P; ® P})vec(Z).

This implies that the factors H]’; have a relationship with the eigenvectors PZ and the core tensor Z
with Z. Thus, the MLSVD problem problem (4.1) for our case can be re-written as following:

min |vec(®)—-vec(X) |I§
H\ 2,2
s.t vec(Z) = (H, ® Hz ® H}) vec(%),
vec(Z) = (P, ® P; ® P})vec(Z),
T
H' H =L,V
4.2)

Using vec(@) = (P} ® P ® P})vec(Z), vec(X) = (P, ® P ® P})vec(Z) and ||(P, ® P ® P})vec(Z) -
(P,lC ® Pi ® Pi)vec(Z) 1= vec(Z) —vec(Z) 15 we get

min | vec(Z) —vec(Z)Ilg
H!\%,Z

s.t (H} ® H ® H;) vec(%) = (P} ® P} ® P})vec(Z),
HY{H! = IV . 4.3)

To simplify this problem further, we need to understand the role played by the orthnormality constraint
above. Therefore, we try to analyze it for a simpler case, i.e, a matrix Y.
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min [|Z-Z|3
H,RZ

HM[HY =1V . (4.4)

The orthonormality constraint on H;: above clearly implies that R is a diagonal matrix of singular
values, which is obtained by the SVD of P}CZ Pzz, so we can re-write above eq. as:
min | Z - P'} H.RHZ, P2,
H{,R
stHM{HY =TV p. (4.5)

The only way for HI‘; to be orthonormal and R to be diagonal matrix is if HI‘: = PZ Az, where A’Z € Rk*k

is orthonormal. So, we can re-write as:
DA T
min ||Z - A{RA® |5
I
ALR
stAM LAY =L v . (4.6)

The solution to above problem is given by the SVD of Z. Now, getting back to the tensor case, eq. (4.3)
can be written as:

min [ vec(Z) - (A} ® A ® A})vec(R) |3
Al 7
StAM AL =T Y p, 4.7)

whose solution is given by the MLSVD of Z. Recall, that vec(Z) = (P,lC ® P]% ® P,%)Tvec(@ ). The MLSVD
can be performed by ALS method, whose complexity is @ (Ik*), where I is the number of iterations.

Finally, what needs to be shown is that Ul’j = P]’j AZ. Let & be the low-rank approximation obtained via
MLSVD eq. (4.1) and & be the one obtained by eq. (4.2). As both & and & are approximations of &%
and our problems are designed to minimize || vec(%) — vec(%) II§ and | vec(®¥) —vec(¥) |I§, this implies
| vec(X) —vec(X) 2 — 0.

The only way for || vec(¥) —vec(Z) 2 — 0isif:

Uf—»HI’: and & — %.

Thus, in order to obtain a rank r orthonormal MLSVD embedding U from rank k-graph eigenvectors
P,‘;, one can use:
Uy = (P A,

i.e, the first r columns of the matrix Pl’: Az ,assuming k > r.

Note that in practice, the eigen-gap assumptions do not hold. Therefore, one has to estimate the
graph eigen-vectors P,’; from the noisy tensor %. Thus, the above equalities hold only approximately.
Furthermore, the graph multilinear rank (k, k, k) is not known beforehand. For now, we advise to choose
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4.1. Graph Multilinear SVD (GMLSVD)

k > r and discuss this further in the experimental section of this chapter. We defer the quality of this
approximation to Chapter 7, where we will re-derive the GMLSVD algorithm from an approximation
problem and quantify the approximation error. Obviously, the error would depend on the eigen-gaps
of the graph Laplacians.

4.1.3 Algorithm for GMLSVD

For a tensor & = Z* + 11, one can compute GMLSVD in the following steps:

1. Matricize the tensor % along each of its modes Y*.

2. Compute kj,-graphs G* with combinatorial Laplacians L* among the rows of Y*.

3. Compute the first k eigenvectors P,’; for each of L¥.

4. Project the tensor & on the graph eigenvectors P,’: to get the GCT Z as following: vec(Z) =
(P} ® Pi®P}) vec(®).

5. Perform a full MLSVD of Z € R¥*¥*¥ using the ALS method (eq. (4.7)), to get the singular vectors

A’Z and the core tensor %.

6. Set Hf = (PZA‘;),, i.e, the first r columns of the product PZAi.

Note that for the case of a matrix Y, step 5 above reduces to an SVD and the matrix R to a diagonal
matrix. Therefore, we call the matrix version of GMLSVD as Graph SVD (GSVD).

4.1.4 Complexity

The complexity of graph construction using FLANN scales with @ (n®log(n)), the computation of
Laplacian eigenvectors scales with @ (nk?) and that of the ALS algorithm for the full MLSVD scales
with @ (Ik*), where I is the number of iterations. Thus, the overall complexity of GMLSVD scales with
@ (n®log(n) + nk? + Ik*), where k < n. For a k > r, this complexity is more than that of the simple
MLSVD algorithm (@(nr?)). However, we emphasize that the advantage of our GMLSVD method is
more prominent in iterative tensor PCA based methods, which require a full SVD in every iteration of
the algorithm. Such approximation problems and algorithms will be presented in the part III of this
thesis.

4.1.5 Properties of GMLSVD

Forany &* € MI]_TT(P]’: ), the core tensor Z obtained from GMLSVD satisfies the same properties as the
core tensor obtained from MLSVD. Here we review the following two properties satisfied by the core
tensor 2 € RF*kxk

* Any two subtensors / slices of the core tensor 2 along a ‘" mode are orthogonal, i.e, %”j%f =
0,Vi#]j.

* The subtensors / slices of the core tensor 2 along a u!” mode are ordered in the decreasing order
of their Frobenius norms,, i.e, [|%'ll2 = 925 ll2 = -+ = | %4 |l2.
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4.2 Examples

Our first example consists of the artificial exact MLRTG which can be generated using method 1 of
Section 3.5.1. Recall from Fig. 3.4, that the matrix Y € R?09*290 generated by this method has a rank
r =3 and is clusterable into k = 4 clusters across the rows and columns. We construct the k;,-graphs
along the rows and columns using the standard method and k;, = 40 and compute the eigenvectors
P,,P;. Then, we compute the left and right singular vectors and singular values as: ¥ = U; 23 U§T
and run the GMLSVD algorithm to get H}, H22. The two rows of Fig. 4.2 plot the actual and estimated
singular vectors and the Laplacian eigenvectors. It is clear to see that the estimated singular vectors H;
are exactly equal to U2“ for this exact MLRTG dataset. These singular vectors are obtained by a linear
combination of Laplacian eigenvectors, which are cluster indicators for our example. The singular
values obtained by GMLSVD are exactly equal to those of the actual matrix and are not shown here for
brevity.
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Figure 4.2 — A comparison of the first two singular vectors of the exact MLRTG Y and those estimated by the GMLSVD method.
The left most column shows the first two singular vectors in the left (upper) and right (lower) subspaces obtained via SVD. The
red line corresponds to the 1st singular vector and the blue to the 2nd. The middle plot shows the first four eigenvectors (black,
red, blue green) of the row and column graphs. The rightmost column shows the resulting left (upper) and right (lower) singular
vectors obtained by linear combination of the graph eigenvectors, i.e., by the GMLSVD method.

Now, consider the examples of several 2D and 3D datasets as shown in Fig. 4.3. The first four rows of
this figure correspond to the case of 2D datasets, where each image is vectorized and stacked in the
columns of a matrix. The last row corresponds to the example of a 3D hyperspectral face tensor, where
the x and y dimensions are the spatial dimensions and the z-dimension is the spectrum. The leftmost
plots in each row show a sample image from the dataset, the middle plot shows the first singular vectors
obtained via our GSVD (for matrices) or GMLSVD (for tensors) and the rightmost plot shows the first
singular vector obtained via SVD and MLSVD algorithms. It is quite obvious to see that the quality of the
first singular vectors obtained by our proposed method is very similar to that of the standard algorithms.
More specifically, the first two rows belong to specific classes of images from the benchmark COIL20
dataset. The singular vectors for these images have a different shape from the sample images because
the images in these dataset correspond to a 360 degree rotation. The third and fourth rows show the
cases for specific classes of benchmark face datasets ORL and CMUPIE. The singular vectors for these
datasets look like faces because the images undergo a small pose variation only.
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Figure 4.3 — A comparison of the 1st singular vectors obtained via GSVD and SVD for various 2D and 3D real face tensors. In
each row, the leftmost plot shows an example image from the database, the middle plot shows the 1st singular vector of mode 1
obtained via GSVD and the right plot shows the 1st singular vector of mode 1 obtained via SVD. It can be clearly seen that the
singular vectors determined by GSVD and SVD are equivalent.
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Note that this figure only shows the example of first singular vector. Furthermore, the behavior of
singular values is also of particular interest for our method. Therefore, we study this in detail for 3D
hyperspectral face tensor in Fig. 4.4. In Fig. 4.4, we plot the alignment of the singular vectors obtained
via GMLSVD and MLSVD and the singular values for each of the three modes of a hyperspectral
face tensor & € R542x333x146  [or our GMLSVD method, we use a GCT of size Z € R79%70x30 1 et
H! = (P! AZ) » be the singular vectors obtained via our GMLSVD method and U* be the ones obtained
by the MLSVD method, then, in order to study the alignment of the two types of singular vectors, we
plot IU”IHf |. Since both the singular vectors are orthonormal, the metric should be a diagonal matrix.
The first row of Fig. 4.4 shows that the first 20 singular vectors are very well aligned for the x and y
dimensions, however, the alignment deteriorates for higher singular vectors. Similar behavior can
be observed for the singular values in the second row. Furthermore, note that the alignment is even
worse for the spectrum dimension. This phenomenon can be explained in terms of the approximate
stationarity of the modes of this tensor on its graphs which was studied in the third row of Fig. 3.5.
Clearly, the eigen-gap assumption does not hold for this tensor which results in a leakage of energy
outside a given choice of k for each of the modes. In fact, larger the k is, better is the alignment of
singular vectors and singular values obtained via both methods. Nevertheless, the alignment of the first
few singular vectors and singular values is enough for our approximation purpose. Our experiment
shows that a normalized reconstruction ¢, error of 0.05 is obtained with this choice of GCT.
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Figure 4.4 — Visualization of the singular vector and singular values alignment for each of the three modes of hyperspectral face
tensor.

4.3 Choice of graph multilinear rank

In the previous section we saw that the quality of approximation of the singular vectors and values
depends on the size of GCT, which is called the graph multilinear rank. In this section, we study this
effect in detail for an artificial low-rank tensor. There can be many methods for the generation of
artificial low-rank tensors (Section 3.5.1). We do not consider the clusterable tensor example here as
it is very clear from previous chapter that the choice of k for such tensors is made according to the
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eigen-gap. Furthermore, an exact MLRTG, like the one we discussed in the previous section, does not
correspond to a real world scenario. Therefore, in order to understand the effect of the choice of k
on our GMLSVD method, we switch to more realistic data generation setup which does not result in
an eigen-gap, and requires tuning k, yet possesses approximate graph stationarity and low-frequency
power concentration properties. These properties are inherent in the artificial MLRTG generated via
methods 3 or 4 of Section 3.5.1.

Fig. 4.5 shows variation in the alignment of first 20 singular vectors | H 12TO UZIOI, where H corresponds
to the vectors obtained by GMLSVD and U to the ones obtained by MLSVD and singular values for a
tensor Y € R?90*290 with a multilinear rank (r, ) = (10, 10), generated with the method 3 from Section
3.5.1, for different graph multilinear rank k. Clearly, the alignment increases with an increase in k from
20 to 80 with a decrease in the ¢, reconstruction error of the tensor.
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Figure 4.5 - Increase in the singular vector and singular values alignment and decrease in the normalized reconstruction error for
mode 1 of an artificial tensor w.r.t increasing graph multilinear rank k.

In chapter 3, we pointed out that for a low-rank matrix of rank r, the eigen-gap assumption only
exists if the k,,-graph Laplacian L is constructed by inverting the low-rank empirical covariance
matrix. However, such an inversion results in a dense graph, which contradicts the local smoothness
assumption used in the graph signal processing framework. Since the eigen-gap assumption does
not hold for k;,-graphs constructed from a matrix Y, unless the matrix ¥ has a strong community
structure, we recommend to use a k > r, but k < n. Since a bigger k results in an increase in the
computational complexity, this also calls for a trade-off between the quality of approximation and
the complexity. Finally, we again point out that the advantage of the proposed GMLSVD method over
MLSVD is not obvious, from the discussion carried out in this chapter. However, in the next part of
this thesis, we will use this framework to define computationally efficient low-rank approximation
problems, which will reveal the advantage of our GMLSVD method.

71



Chapter 4. From graph basis to PCA basis: Graph Multilinear SVD

4.4 GMLSVD application: Tensor Compression

An obvious application of HOSVD or MLSVD is tensor compression, as one can store the factors and
core tensor instead of the entire tensor. For a tensor % € R™*"*" with a multilinear rank (r, r, r), MLSVD
results in a compression of the order n3/(3nr +r®). For example, for n = 100 and r = 10, this results in a
compression of approximately 250 times. As GMLSVD is an alternative to MLSVD, it can be used for
tensor compression as well. In fact, unlike MLSVD, one only needs the graph eigenvectors P,‘C‘ and the
GCT Z to compress. Thus, the ALS algorithm does not need to be run to do an additional MLSVD on
Z. Similarly to MLSVD, our GMLSVD algorithm can result in a compression of n®/(3nk + k) times.

Fig. 4.6 shows the compression results for four hyperspectral tensors obtained from the Stanford
database. The first row shows a slice of a face tensor of size & € R%42*333x148 '\vhich is compressed
using a GCT of size Z € R7070%30_ A compression of 150 times is obtained while maintaining an SNR
of 25dB. Second row shows a slice from another face tensor & € R615*376x148 for which a GCT of size
Z € R100%50x20 jq yy5ed to attain a compression of 186 times while maintaining an SNR of 25dB. The
third and fourth rows show results for landscape tensors % € R702*1000x148 31y g ¢ g801x1000x148 yyjch
were compressed using a GCT Z € R?00%200%50 while maintaining an SNR of 15dB.

4.5 Conclusion

We propose a Graph Multilinear SVD (GMLSVD) method for MLRTG which is an alternative to the
standard PCA and MLSVD for low-rank tensors. The method provides us with a mechanism to extract
a low-dimensional linear PCA based embedding from the non-linear graph embedding. This can
be done by linearly combining the first few Laplacian eigenvectors of the modes of a tensor, where
the linear combination is given by the singular vectors of the full SVD of the GCT. Although the
method is computationally not advantageous over the standard methods, it can be used to perform
cheap SVD updates in iterative algorithms, such as Robust matrix and tensor PCA algorithms. Such
computationally tractable approximation problems will be defined in the next part of this thesis.
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Figure 4.6 — Qualitative and quantitative results for the compression of various hyperspectral tensors from the Stanford database.
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5] Fast Robust PCA on Graphs (FRPCAG)

Note: Most of the parts of this chapter have been published in the following article:

“N. Shahid, N. Perraudin, V. Kalofolias, G. Puy, and P. Vandergheynst, “Fast Robust PCA on Graphs,” IEEE
Journal of Selected Topics in Signal Processing, vol. 10, no. 4, pp. 740-756, 2016.”

Some parts have also appeared in the following technical report on arXiv:

“N. Shahid, N. Perraudin, P Vandergheynst, "Low-Rank Matrices on Graphs: Generalized Recovery &
Applications”, arXiv: preprint arXiv:1605.05579. ”

In the previous chapters we presented our novel low-rank signal model, Multilinear Low-Rank Tensors
on Graphs (MLRTG), which states that a low-rank tensor or matrix can be encoded as a multilinear
combination of graph eigenvectors. We also presented a formal method to recover PCA based linear
row and column embedding for a dataset from the graph eigenvectors.

We recall, that our primary goal in this thesis is to recover the underlying non-linear low-rank structure
in data space via highly scalable algorithms, using graphs. From Chapter 1, we know that scalabilty
is a primary issue in the nuclear norm based iterative algorithms, such as matrix and tensor Robust
PCA. Therefore, our goal is to recover low-rank structures from sparse or grossly corrupted data, i.e,
low-rank and sparse decomposition. In this and the next chapters we propose a set of low-rank recovery
problems for matrices and tensors. More generally, we present a set of approximation problems which
can benefit algorithmically and computationally from MLRTG and the GMLSVD setup to improve the
scalability of low-rank recovery problems. We present the optimization problems and algorithms to
solve these problems as well as detailed theoretical analysis.

Throughout this part of the thesis, our exposition will be centered around the two standard properties
of low-rank recovery methods, presented in Chapter 3, i.e, singular vector determination and singular
value thresholding. We will somehow indirectly or directly bring into use the GMLSVD framework we
proposed previously to provide us with an initial left and right singular estimate for the data matrix,
in terms of the graph eigenvectors. This will lead to computational advantages. We will conclude our
discussion via a detailed complexity comparison of each of the methods. We will present applications
of the proposed approximation problems for low-rank and sparse decomposition and low-rank feature
clustering.
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Given a noisy matrix Y, our goal is to recover the underlying low-rank matrix X* from sparse compo-
nent. We propose two problems for this purpose:

1. Fast Robust PCA on Graphs (FRPCAQG)

2. Compressive PCA on Graphs (CPCA)

Each of the above problems assumes that the recovered tensor / matrix is MLRTG. Our analysis will
show that in addition to recovering low-rank structures approximately, our methods also reveal the
class structure of the datasets, if it exists. Thus, we will show experiments on low-rank and sparse
decomposition and clustering for each of these methods.

We pointed out earlier in Chapter 1, that our proposed approximation problems fall into two categories,
one which makes implicit use of the GMLSVD framework and the other which makes explicit use of it.
We specifically highlight that FRPCAG and CPCA are meant for the cases when the number of samples n
and the features p are very large and one can afford to lose the exactness of the representation for gain
in speed. In this context, these methods implicitly bring into use the GMLSVD framework, i.e., they rely
on the graph Dirichlet priors rather than the explicit use of the graph eigenvectors, as computing the
graph eigenvectors and tuning the size of subspaces can be cumbersome.

5.1 Introduction to Fast Robust PCA on Graphs

FRPCAG is a fast, scalable, robust and convex method which recovers a low-rank matrix X* € MI]_TT(P;; )
from a sparsely or grossly corrupted matrix ¥ € RP*",

1. We propose an approximate low-rank recovery method for corrupted data by utilizing only the
graph smoothness assumptions both between the samples and between the features.

2. Our theoretical analysis proves that the proposed model is able to recover approximate low-rank
representations with a bounded error for clusterable data. Thus, the method can be used for
clustering of datasets.

3. Our model is convex and although non-smooth it can be solved efficiently, that is in linear
time in the number of samples, with a few iterations of the well-known FISTA algorithm. The
construction of the two graphs costs @ (nplogn) + G (nplogp) time, where n is the number of
data samples and p the number of features.

4. The resulting algorithm is highly scalable for large datasets since it requires only the multiplica-
tion of two sparse matrices with full vectors and elementwise soft-thresholding operations.

5. Our extensive experimentation shows that the recovered close-to-low-rank matrix is a good
approximation of the low-rank matrix obtained by solving the expensive state-of-the-art method
[99] which uses the much more expensive nuclear norm. This is observed even in the presence of
gross corruptions in the data.

Throughout this and the next chapter, for the ease of notation, we will refer to the row and column
graphs, Laplacians and eigenvectors with 1’ and ’'c’ super-scripts.
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Figure 5.1 — Main idea of Fast Robust PCA on Graphs.

5.2 Optimization Problem

In order to formulate FRPCAG, we begin from the definition of approximate MLRTG which states the
following:

Y=X+n=X*+X+17
=P;ZP{" + P{ZP." +q where, | Zlr < ZI5

=P{A+P[A+n=BP{ +BPT +n where, |Alr <[Alr and [Blr<IBlF

From Chapter 3 we know that this is equivalent to the following:
X(i)e span(P),Vi and X'(i)e span(P{),V i,

where P¢ and P" are the eigenvector matrices of the graph Laplacians L® and L" of the kj,;,-graphs
constructed between the columns and rows of Y.

The simplest method to recover X would be to solve the following optimization problem:

min [|Y - X
X

stX(i)e span(P;) Vi
X' (i) e span(Pf) Vi,

where ¢(-) is a proper, positive, convex and lower semi-continuous loss function (possibly #,-norms

(A IIz). The choice of ¢p(-) depends on the noise, for example, ¢ is an £, norm for Gaussian
noise and ¢; for sparse noise.

The above optimization problem is computationally prohibitive because the exact value of k is not
known and one might need a full eigenvalue decomposition of the graph Laplacians L¢ and L", which
costs @ (n®) and @ (p®) respectively. Furthermore, the span constraints do not dictate singular value
behavior of X. In order to avoid this cost and ambiguity, we recall the notion of smoothness of a signal
X lying on a graph G, measured by the graph Dirichlet energy tr(XL°X ). This measure of smoothness
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Chapter 5. Fast Robust PCA on Graphs (FRPCAG)

is equivalent to the notion of band-limitedness of a signal on the graph, i.e, the signal belongs to the
span of the first few Laplacian eigenvectors [100]. Using this measure for both of the constraints, we
write our proposed model as following:

min ¥ = X[l + Yetr(XLEXT) +y, tr(X L™ X), (5.1)

where L¢ and L" are combinatorial graph Laplacians of the k;,,,-graphs constructed from the rows and
columns of Y and y. and y, are the graph regularization parameters. We call the above model “Fast
Robust PCA on Graphs”. The main idea is summarized in Fig. 5.1. As we will explain shortly, the trace
terms model the joint smoothness of the rows and columns of X on their respective graphs and recover
alow-rank matrix and as well as dictate the decreasing behavior of the singular values of X.

Note that in eq. 5.1, we do not have direct access to the rank of matrix X. Instead, the rank is controlled
by regularization parameters y. and y,. The bigger these parameters, higher is the smoothness and
lower the rank of X. However, as explained in the later sections of this chapter, X is approximately
low-rank, since the lower singular values are never exactly zero. If one desires to obtain an exact
low-rank matrix X, then we propose to perform one SVD of X at the end of the algorithm and then set
the singular values below a certain threshold to zero. One can also use the “OptShrink” method for this
purpose [101].

5.3 Connections with the state-of-the-art

We discuss some important implications of our work and its connections with the state-of-the-art
that uses dual graph based filtering. Obviously, our dual graph filtering approach makes sense for a
number of real world applications mentioned throughout this thesis. This is proved experimentally
in the results section of this work as well. Apparently, the use of dual-graph filtering should help in a
broad range of clustering applications. However, we highly discourage that this approach cannot be
adopted as a rule-of-thumb in any graph based convex optimization problem, specially if one wants to
target an exact low-rank recovery. Interestingly, we point out a few examples from the state-of-the-art
which have close connections with our approach and justify why our model is different from those
works.

The collaborative filtering approach is commonly used in the recommendation systems where one
uses a notion of graph based similarity between the users and items to perform an effective recommen-
dation. The authors of [102] use an NMF based approach with dual graph filtering in their proposed
recommendation system. Similarly, the authors of [33] propose a hybrid recommendation with nuclear-
norm based exact recovery and dual-graph filtering. While the authors of [33] show that when the
number of measurements is very small then their proposed dual-graph filtering approach outperforms
the state-of-the-art methods, their method does not improve upon the exact recovery of the nuclear-
norm based approach [31]. Thus, it makes sense to use the dual-graph filtering to reduce the error of
approximation in the low-rank but it does not ensure an exact recovery if a standard exact recovery
mechanism (like nuclear norm) is not available.

Robust PCA on Graphs (RPCAG) [99], which incorporates a graph regularization to the RPCA framework
[99], has also proved that the use of graph filtering does not improve upon the exact recovery conditions
over the standard RPCA framework [1]. In fact, as shown in the rank-sparsity plots in [99], the graph
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based filtering reduces the error over RPCA [1] for various rank-sparsity pairs but it does not guarantee
an exact recovery in the region where the nuclear norm based recovery fails.

The conclusions drawn from the above two state-of-the-art techniques are exactly in accordance with
the motivation of this work. Our motivation is not to design a framework that returns an exact low-rank
representation but to present a system that works well under a broad range of conditions in contrast
to those required for exact recovery [1]. Thus, we target an approximate and fast recovery under a
broad range of conditions and data types. This is exactly why our proposed framework, apparently
very closely related to [102] & [33], is entirely different from these works. The recovery of our method
totally depends on the quality of information provided by the graphs. Moreover, our framework relies
on the assumption that the data matrices are dual band-limited on two graphs. Although, such an
assumption is implicit in [102] & [33], the authors do not discuss it theoretically or experimentally in
their works. Furthermore, RPCAG [99] uses only one graph. Thus, the assumption behind the RPCAG
model is totally different from our proposed framework.

5.4 Algorithm

We use the Fast Iterative Soft Thresholding Algorithm (FISTA) [103] to solve problem (5.1). Let g : RN — R
be a convex, differentiable function with a B-Lipschitz continuous gradient Vg and : RN — R a convex
function with a proximity operator prox,, : RN — R" defined as:

1
prox,,(y) = argminé lx— yll% + Ah(x).
X

Our goal is to minimize the sum g(x) + h(x), which is done efficiently with proximal splitting methods.
More information about proximal operators and splitting methods for non-smooth convex optimization
can be found in [104]. For model 5.1, g(X) = Y tr(XL°X ") +y, tr(X "L X) and h(X) = | Y — X||;. The
gradient of g becomes

Ve (X) =2(y XL +y,L" X). (5.2)

We define an upper bound on the Lipschitz constant $ as § < 8 =2y L |l2 + 2y, | L" |, where || L], is
the spectral norm (or maximum eigenvalue) of L. Moreover, the proximal operator of the function 7 is
the ¢; soft-thresholding given by the elementwise operations (here o is the Hadamard product)

prox;,(X) =Y +sgn(X — Y) omax(|Y — X|-1,0). (5.3)

The FISTA algorithm [103] can now be stated as Algorithm 1, where A is the step size (we use A = ﬁ), €
the stopping tolerance and J the maximum number of iterations.

5.5 Computational Complexity

The overall computational complexity of FRPCAG consists of the one time complexity of graph con-
struction between the rows and columns of ¥ and the per iteration complexity of the FISTA algorithm.
We discuss each of the two in detail below.

Complexity of Graph Construction: We use the Fast Approximate nearest neighbor search based
library (FLANN) [60] for construction of G° and G". For n p-dimensional vectors, the computational
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Algorithm 1 FISTA for FRPCAG
INPUT:Th' =Y, Xo=Y,61=1,€>0
for j=1,...] do

Xj = pI‘OX/ljh(Tj - Ang(Tj))

1+‘/1+4t12,

liv1= 2
Tjs1 = Xj+ ?j—j(Xi ~X; )
if | T4 - lel% <el lel% then
BREAK
end if
end for

OUTPUT: X1

complexity of the FLANN algorithm is @ (pnk;; (log(n)/1og(k;,))) for the graph G¢ between the samples
and O (pnky,(log(p)/log(ky,y))) for the graph G" between the features, where k;,, is the number of
nearest neighbors. This has been shown in [61] & [60] . For a fixed kj, the complexity of G° is
O(pnlog(n)) and that of G" is ©(nplog(p)). We use k;, = 10 for all the experiments reported in this
work. The effect of the variation of k,, on the performance of our model is studied briefly in the
experimental section of this chapter.

FISTA: Let I denote the number of iterations for the algorithm to converge, p is the data dimension, n
is the number of samples and r is the rank of the low-dimensional space. The computational cost of
our algorithm per iteration is linear in the number of data samples n, i.e. G(Ipn) for I iterations.

Final SVD: Our model, in order to preserve convexity, finds an approximately low-rank solution X
without explicitly factorizing it. While this gives a great advantage, depending on the application we
have in hand, we might need to provide explicitly the low dimensional representation in a factorized
form. This can be done by computing an “economic” SVD of X after our algorithm has finished.

Most importantly, this computation can be done in time that scales linearly with the number of samples
for a fixed number of features p < n. Let X = UZV" the SVD of X. The orthonormal basis U can be
computed by the eigenvalue decomposition of the small p x p matrix XX = UEU " that also reveals
the singular values X = VE since XX ' is s.p.s.d. and therefore E is non-negative diagonal. Here
we choose to keep only the r biggest singular values and corresponding vectors according to the
application in hand (the procedure for determining r is explained in Section 5.8). Given U and X the
sample projections are computedas V=2"'UTX.

The complexity of this SVD is @(np®) —due to the multiplication XX "— and does not change the
asymptotic complexity of our algorithm. Note that the standard economic SVD implementation in
numerical analysis software typically does not use this simple trick, in order to achieve better numerical
error. However, in most machine learning applications like the ones of interest in this paper, the
compromise in terms of numerical error is negligible compared to the gains in terms of scalability.

Overall Complexity: The complexity of FISTA is @ (Ipn), the graph G¢ is O (pnlog(n)), G" is G (pnlog(p))
and the final SVD step is @(np?). Given that p < n, the overall complexity of our algorithm is
O(pn(log(n) + I+ p+log(p))). Table 6.3 presents the computational complexities of all the models
considered in this work (discussed in Section 5.8).

Scalability: The construction of graphs G¢ and G" is highly scalable using the approximate k;,,-nearest
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neighbors scheme (FLANN). Next, our proposed FISTA algorithm for FRPCAG requires two important
computations at every iteration: 1) computation of proximal operator prox,;(X) and 2) the gradient
Vg(X). The former computation is given by the element-wise soft-thresholding (eq. (5.3)) that can be
performed in parallel for all the entries of a matrix. The gradient computation, as given by eq. (5.2),
involves matrix-matrix multiplications that involve sparse matrices L and L" and can be performed
very efficiently in parallel as well. Thus the overall algorithm is highly scalable in every iteration of the
algorithm.

5.6 Theoretical Analysis of FRPCAG

Before we start the theoretical analysis of FRPCAG, we first justify the following:
» FRPCAG satisfies the underlying signal model: Y = P]CZP;T + P;ZPIET +1, where | Z||r < | Z||F.
As | Z||F # 0, so it results in approximate rank k matrix.
* The underlying assumption of the existence of eigen-gap for FRPCAG.

In order to show that FRPCAG satisfies the signal model and results in an approximate rank mini-

T T T, cT T T
mization, we use X = PkZP,i +P,2ZP” L = P,iAch; P;AZP,E JL" = PkAZPIZ +P£AkP]C

the equation. We examine each of the terms in the objective function:

Y —X)=p(Y - P,QZP;T + P,ZZP_ET)

a(XLXT) =t ((PLZP{ T + PLZP ) (PEASPL + PEACPET)(PLZPL T + PLZPE")] )
=tr(ASZTZ+ASZ7 Z)
- 2 5 2
=[vaiz], +[vac],

where the 2nd step above follows from the fact that P,ZTP; =1, P,iTP,i =1, PiTP; =0, P,_CTPIZ =0
and invariance of trace under cyclic permutation. Similarly,

o v = | Rzl [ i)
Then the transformed optimization problem reads:
Vil WAz ezl - |Vaizl,)

which is a weighted Frobenius norm minimization problem. As the graph eigenvalues are sorted in the
increasing order, the norm of Z is penalized more as compared that of Z, resulting in || Zlr<IZ|p.

min o(Y-PLzP" + BLZPT )+

Next, we justify the underlying assumption behind MLRTG, i.e, the existence of an eigen-gap of the
cartesian product graphs governs this model (Section 3.3). In order to reveal the circumstances under
which this assumption is satisfied in the FRPCAG model, we study a simpler case. Using y, =7y, =7, we
get

min|| ¥ - X +y (rXLEX ) +tr(X T L' X))
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Let L= L¢ x L", where x denotes the cartesian product of graph Laplacians as defined in Section 3.3,
the above equation can we re-written as:

min || vec(Y)—vec(X)|; + yvec(X)TLvec(X),
vec(X)

where L € R"P*""P and vec(X) € R"”. The above optimization problem tends to recover the vectorized
form of X, such that it is smooth on the cartesian product graph L. Thus, the underlying signal model
behind this problem is:

vec(X) € span(P;® Pp),

where ® denotes the Kronecker product of Laplacian eigenvectors. Note that unless the eigen-gap
assumption for the cartesian product graph holds, the above model will lead to a worse approximation,
since higher frequency eigenvectors in P¢ and P" might get involved in the approximation. This
validates our claim in the beginning that FRPCAG is a method which implicitly brings into work the
GMLSVD framework, in terms of providing a linear combination of graph basis as an intial estimate for
the left and right singular vectors.

While the above optimization is a special and more specific case of FRPCAG eq. (5.1), the original model
is more general as it allows y. # y,. This is intuitive, since, different low-rank matrices X might portray
different levels of smoothness across the row and column graphs which calls for the use of different
graph regularization parameters. Therefore, our theoretical analysis deals with this general case.

5.6.1 Main Theorem

Now we are ready to formalize our findings mathematically and prove that any solution of (5.1) yields
an approximately low-rank matrix. In fact, we prove this for any proper, positive, convex and lower
semi-continuous loss function ¢ (possibly £,-norms | - ||y, | - 12, ..., II- IIZ).

Before presenting our mathematical analysis we gather a few facts which will be used later. Note that
some of these facts were already stated in Chapter 3.

e We assume that the observed data matrix Y satisfies ¥ = X* + 1 where X" € MI]_T(P;C‘) and n
models noise/corruptions. Furthermore, for any X* € IM][UT(PZ ) there exists a matrix C such that
X*=PICP{".

o L€=PCA°PT = PEAZPC;+P]€]\2P]€T, where A¢ € R¥*¥ is a diagonal matrix of lower eigenvalues
and [\2 € R=0x(n=H) j5 also a diagonal matrix of higher graph eigenvalues. All values in A€ are

sorted in increasing order, thus 0 = Ag < A{ <--- < )L; <---<A¢_,. The same holds for L" as well.

* For a kjj,-nearest neighbors graph constructed from a k-clusterable data (along samples /

columns) one can expect A7/A7 | = 0as A{ ~ 0and A < A{,,. The same holds for the graph of

features / rows L" as well.

e For the proof of the theorem, we will use the fact that for any X € R*", there exist A € Rkxn
and A € RP~0*n gych that X = P A+ P,:A, and B € RP** and B € RP*("%) gyuch that X =

T, ppcT
BP; +BP,€ .
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Theorem 5.6.1. Let X* € MII]_TT(P,‘:), Y >0, and n € RP*". Any solution X € RP*" of eq. (5.1) with
Ye=YIAip Yr =YIAL,, and Y = X* +1 satisfies

) - e A
¢>(Y—X)+yC||XP,§||§+y,||P,§TX||§s¢(n)+y||x*||2F(M’“ T ) (5.4)
k+1 k+1

where ’12'/1244 denote the k, k + 1 eigenvalues of A°, A7, A’ . denote the k, k + 1 eigenvalues of A".

k+1

Proof. Please refer to Appendix A.3. O

Eq. 5.4 implies that

- - 1 A¢ A
IIXPZ||i+IIP£TX||2Fs—¢(n)+||x*||%(ﬂk ok )
Y k+1 k+1

The smaller ||X13,€||f, + ||P,€TX||% is, the closer X to M[UT(PZ) is. The above bound shows that to recover
a low-rank matrix one should have large eigen-gaps, i.e, A;/A;, = 0and 1;/A; , ~ 0. This occurs
when the rows and columns of Y can be clustered into k clusters (Chapter 3). Furthermore, one should
also try to choose a metric ¢ (or £,-norm) that minimizes ¢(n).

The theoretical analysis of FRPCAG reveals that the method can recover low-rank representation for a
dataset Y thatis k clusterable across its rows / features and columns / samples. This is not strange, as
we show in the next section that FRPCAG is able to successfully recover meaningful clusters not only
across samples but features as well.

5.6.2 Why FRPCAG gives a low-rank solution? Implications of the Theoretical
Analysis

This section constitutes of a more formal and theoretical discussion of FRPCAG. We base our explana-
tions on two arguments:

1. FRPCAG penalizes the the singular values of the data matrix. This can be viewed in two ways: a)
1

In the data domain via SVD analysis and b) In the graph fourier domain .
2. FRPCAG is a subspace rotation / alignment method, where the left and right singular vectors of
the resultant low-rank matrix are being aligned with the singular vectors of the clean data.

FRPCAG is a dual graph filtering / singular value penalization method

In order to demonstrate how FRPCAG penalizes the singular values of the data we study another way
to cater the graph regularization in the solution of the optimization problem which is contrary to the
one presented in Section 5.4. In Section 5.4 we used a gradient for the graph regularization terms
Yetr(XLEX ) +y,tr(X T L X) and used this gradient as an argument of the proximal operator for the
soft-thresholding. What we did not point out there was that the solution of the graph regularizations
can also be computed by proximal operators. It is due to the reason that using proximal operators

I Here we assume that the data is stationary
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for graph regularization (that we present here) is more computationally expensive. Assume that the
proximal operator of y, tr(XL°X ") is computed first, and let Z be a temporary variable, then it can be
written as:

min||Y - Z|%+y tr(ZL°ZT)

The above equation has a closed form solution which is given as:
Z=Y(I+y.L™!

Now, compute the proximal operator for the term y, tr(X ' L" X)
min| Z - X% +y, tr(XTL"X)

The closed form solution of the above equation is given as:
X=(UI+y, LN 'z

Thus, the low-rank matrix X, in every iteration can be written as:
X=(I+y, LN YU +yL9)™!

after this the soft thresholding can be applied on X.

Letthe SVDof ¥, Y =UZV", L° = P°A°P°T and L" = P"A"P" T, then we get:
X={T+y,P AP ) 'UZV (T +y . PAPT)!

=P I+y, A" 'PTTUZV  PC(T+y A PCT

thus, the singular values Z of Y are penalized proportional to 1/(I +7y.A°)(I +7y,A") in every iteration
of the algorithm. Clearly, the above solution requires the computation of two inverses which can be
computationally intractable for big datasets.

The singular value penalization effect is also shown in Fig. 5.11, where the green vectors (scaled by their
singular values) as learned via our model tend to shrink with the increasing regularization parameter.

FRPCAG is a penalization method in the spectral graph fourier domain

Another way to analyze FRPCAG is to look at the penalization y,tr(XL°X ) +y, tr(X T L X) in the
spectral graph Fourier domain. For a signal x lying on a graph G with a combinatorial Laplacian L, its
graph Fourier transform is given as P x, where P is the set of Laplacian eigenvectors [20]. Using this, it
is possible to rewrite the graph penalization terms as a spectral penalization:

YetrXLEX D)+, tr(X T LX) =y IVASXIZ + 7, IVATXT|I2. (5.5)

The signal is thus penalized in the spectral graph domain with a weight proportional to the squared
root of the graph eigenvalue. As a result, the signal is pushed towards the lowest frequencies of both
graphs, enforcing its low-rank structure. This interpretation allows us to clearly identify the role of
the regularization constants y. and y,. With big constants y. and y, the resulting signal is close to
low-rank but we also attenuate the content inside the band as illustrated in Fig. 5.11.
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FRPCAG is a weighted subspace alignment method

Let Y = UXV be the SVD of Y and suppose that we use Y as an initialization of FRPCAG, then, we
have:

Yetr(XLX ) +y,tr(X LX) =y Ar(UEV PELCPCTVEU ) +y, tr(VEU PP TUZV)
=y tr(EV PCACPCTVE) +y, tr(EU P'A"P" T UY) (5.6)

min{n,p}
= Y @AV PY +y, AW PHY)
i,j=1
min{n, p} n
=y a?(yc(Z)L?(VlTp]?)z
j=1

i=1

+Yr

)

p

T 2
2 Wi Py
Jj=1

where /'l? and )L; are the eigenvalues in the matrices A° and A" respectively. The second step follows
from V'V = I and U'U = I and the cyclic permutation invariance of the trace. In the standard
terminology V; and U; are the principal components and principal directions of of the low-rank matrix
X. From the above expression, the minimization is carried out with respect to the singular values o;
and the singular vectors V;, U;. The minimization has the following effect:

1. Minimize o; by performing a penalization with the graph eigenvalues as explained earlier.

2. When o; is big, the principal components V; are more well aligned with the graph eigenvectors
P¢ for small values of A¢, i.e, the lower graph frequencies of L® as compared to the P¢ for higher
A;. The principal directions U; are also more aligned with the graph eigenvectors P]r. for small
values of )L;, i.e, the lower graph frequencies of L" as compared to higher frequencies. This
alignment makes sense as the higher eigenvalues correspond to the higher graph frequencies
which constitute the noise in data.

FRPCAG is a weighted GSC minimizer

Eq. (5.6) can be re-written as:

=y tr(PCAPTVEAV ) +y, tr(PTA P T UZ*UT)
=y tr(PCAPCT Q) +y, tr(P"TA"PT T Q")
=y tr(AP T Q' PO +y, tr(A"P" T Q?P")
=Y tr(ATE) +y, tr(A'T)
= YCZA?F?J +er,/1;r;,j’
i j

where Q¢, Q" are the sample and feature covariance matrices and I'*,T" are the sample and feature
Graph Spectral Covariance matrices as defined in eq. (3.3). Assuming the entries of A, A" are sorted in
the increasing order, the last equation above corresponds to a weighted minimization of the diagonal
entries of I'° and I'". Thus, the lower diagonal entries undergo more penalization than the top ones.

Now assume that there is a spectral gap, i.e, A{ < A{,, and A} < 1; ,, then the minimization above

k+1’
leads to a higher penalization of all the entries above k in I' and I'". This automatically leads to a

maximization of eq. (3.4).
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FRPCAG is a bi-clustering method

In the biclustering problem, one seeks to simultaneously cluster samples and features. Biclustering has
applications in a wide variety of domains, ranging from text mining to collaborative filtering [105]. Very
briefly, a typical bi-clustering method reveals:

1. the clusters across the rows and columns of a data matrix.

2. the checkerboard pattern hidden in a noisy dataset.

Our theoretical analysis reveals that FRPCAG is able to recover a low-rank representation for a matrix
that is simultaneously clusterable across the rows and columns, therefore, FRPCAG is a bi-clustering
method.

5.6.3 Conclusion

From the above detailed analysis, we can conclude the following facts about FRPCAG.

* FRPCAG recovers a low-rank matrix via a non-linear penalization of singular values, instead of a
“thresholding”. This non-linear penalization depends on the graph eigenvalues and has a scaling
effect, as demonstrated in the experiments later.

* FRPCAG recovers low-rank matrix by assuming that the rows and columns of X belong to the
complete set of graph eigenvectors, i.e,

X(i) € span(P") and X'(i)€ span(P°) Vi.

This is intuitive, as unlike the RPCA, FRPCAG does not involve a soft-thresholding of singular
values. The non-linear singular value thresholding effect only leads to an approximate low-rank
matrix, as the lowest singular values never reach zero. The rank is indirectly controlled by the
regularization parameters y. and y,. More formally, FRPCAG relies on approximate MLRTG
framework, i.e,

X=P[A+PA,

where |Allr < | AllF.

5.7 Studying the model: Working Examples of FRPCAG

We presented several different implications of FRPCAG in the previous section. These implications are
justified with some artificial and real world datasets in this section.

5.7.1 Low-rank recovery, singular value penalization and subspace alignment

We generate an approximate MLRTG Y of size 300 x 300 and rank r = 10 using the method 3 from
Section 3.5.1. Then, we corrupt Yy with Laplacian noise with standard deviation 0.1 to get Y. Finally
we perform FRPCAG on noisy Y to recover the low-rank matrix X for three different regularization
parameter settings: y. =y, = 0.01, 1,100 using 10-nearest neighbors graphs between the rows G" and
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columns G¢ of Y. Let X = UXV" be the SVD of low-rank X and ¥, = UpZ, VOT be the SVD of clean data.
To study the error of approximation || ¥y — X II%/ 'Yy II%, we plot the low-rank X, T'¢,T", low-frequency
power concentrations §(I'¢), §(I'"), the singular values X of X, the coherency between (U, Up), (V, Vp) in
Fig. 5.2. Following conclusions can be drawn:

1. The lowest error occurs for y, =y, =4 (it is possible to get a lower error with finer parameter
tuning but the purpose here is to study the effect of regularization only).

2. For this parameter setting, the singular values X decay to 0 after 10.

3. Aninteresting observation is the coherence between (U, Up) and (V, V}) for increasing regulariza-
tion. Clearly, for small parameters, these pairs are incoherent. The 157 9 vectors of U and V are
aligned with the 1°7 9 vectors of Uy and Vj for the best parameter y. = v, = 4. The coherency of
the pairs of singular vectors decreases again for higher parameters and the thresholding on the
singular values is more than required. The low-frequency power concentration also shows a very
high degree of alignment between the eigenvectors of graphs P¢, P" and those of the covariance
matrices C¢,C".

For the best parameters y. = y, = 4, there is a strong alignment between the 1! 9 singular vectors.
Furthermore, thresholding on the 10" singular value makes it slightly smaller than that of the clean

Oth

data Yp which results in a miss-alignment of the 10*" singular vector.

5.7.2 Clustering, singular value penalization and subspace alignment

The purpose of this example is to show the following effects of FRPCAG:

1. The model recovers an approximate low-rank representation.

2. The principal components V and principal directions U of X (assuming X = UZV ") align with
the first few eigenvectors of their respective graphs, automatically revealing a low-rank and
enhanced class structure, when the data belongs to multiple clusters.

3. The singular values of the low-rank matrix obtained using our model closely approximate those
obtained by nuclear norm based models even in the presence of corruptions.

Our justification relies mostly on the quality of the singular values of the low-rank representation and
the alignment of the singular vectors with their respective graph eigenvectors.

Experiment on MNIST dataset

We perform an experiment with 1000 samples of the MNIST dataset belonging to two different classes
(digits 0 and 1). We vectorize all the digits and form a data matrix ¥ whose columns contain the
digits. Then we compute a 10-nearest neighbor graph of samples between the columns of ¥ and a
graph of features between the rows of Y. We determine the low-rank matrix X by solving eq. (5.1) and
perform one SVD at the end X = UZV . Finally, we do the clustering by performing k-means (k = 2)
on the low-rank X. As argued in [46], if the data is arranged according to the classes, the matrix VV T
(where V are the principal components of the data) reveals the subspace structure. The matrix VV"
is also known as the shape interaction matrix (SIM) [106]. If the subspaces are orthogonal then SIM
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Figure 5.2 — A study of the error of approximation || Yp — X II%/ I Yo II% for a data generated from graph eigenvectors. We plot the
low-rank matrix X, the alignment order s(I'"), s(T'°) and §(T'®), $(T'") (k = 10), the singular values X of X, the coherency between

(U, o), (V, V)
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Figure 5.3 - The matrices VVT, Z, 2V P¢, SUT P" and the corresponding clustering errors obtained for different values of
the weights on the two graph regularization terms for 1000 samples of MNIST dataset (digits 0 and 1). The block diagonal
structure of VV'T becomes more clear by increasing . and y, with a thresholding of the singular values in Z. Furthermore, the
sparse structures of 2V T P€ and U T P" towards the rightmost corners show that the number of left and right singular vectors
(weighted by singular values) which align with the eigenvectors of the Laplacians L® and L” go on decreasing with increasing y

and yr. This shows that the two graphs help in attaining a low-rank structure with a low clustering error.

91



Chapter 5. Fast Robust PCA on Graphs (FRPCAG)

should acquire a block diagonal structure. Furthermore, our model eq. (5.1) tends to align the first few
principal components V; and principal directions U; of X to the first few eigenvectors P]? and P; of
L¢ and L" for larger o; respectively. Thus, it is interesting to observe the matrices 2V P¢ and U P’
scaled with the singular values X of the low-rank matrix X, as justified by eq. (5.6). This scaling takes
into account the importance of the eigenvectors that are associated to bigger singular values.

Fig. 5.3 plots the matrix VVT, the corresponding clustering error, the matrices X, SVTP¢ and U P’
for different values of y. and y, from left to right. Increasing y. and y, from 1 to 30 leads to 1) the
penalization of the singular values in X resulting in a lower rank matrix 2) alignment of the first few
principal components V; and principal directions U; in the direction of the first few eigenvectors P]?
and PJT of L° and L respectively 3) an enhanced subspace structure in VV' and 4) a lower clustering
error. Together the two graphs help in acquiring a low-rank structure that is suitable for clustering
applications as well.

150 Singular Values with No occlusions 150 Singular Values with 15% occlusions 150 Singular Values with 25% occlusions
—griginai)da/t:i N riginal data riginal data
=Robust PC onﬁGrap i Robust PCA on Graphs Robust PCA on Graphs
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Figure 5.4 — A comparison of singular values of the low-rank matrix obtained via our model, RPCA and RPCAG. The experiments
were performed on the ORL dataset with different levels of block occlusions. The parameters corresponding to the minimum
validation clustering error for each of the model were used.

Experiment on ORL dataset with noise

Next we demonstrate that for data with or without corruptions, FRPCAG is able to acquire singular
values as good as the nuclear norm based models, RPCA [1] and RPCAG [99]. We perform three
clustering experiments on 30 classes of ORL dataset with no block occlusions, 15% block occlusions
and 25% block occlusions. Fig. 5.4 presents a comparison of the singular values of the original data
with the singular values of the low-rank matrix obtained by solving RPCA, RPCAG and our model. The
parameters for all the models are selected corresponding to the lowest clustering error for each model.
It is straightforward to conclude that the singular values of the low-rank representation using our
fast method closely approximate those of the nuclear norm based models irrespective of the level of
corruptions.

5.7.3 Bi-clustering Example on ORL dataset

We perform a small experiment with 50 faces from ORL dataset, corresponding to 5 different classes.
We take the samples corresponding to 5 different faces and pre-process the dataset to zero mean across
the features and run FRPCAG with y. =3 =y, = 3. Then, we cluster the low-rank matrix X to 5 clusters
(number of classes in ORL) across the columns and 5 clusters across the features. While, clustering
across samples / columns has a straight-forward implication and will be discussed in detail in the next
section of this chapter, we discuss the feature clustering in detail here. Fig. 5.5 shows the 5 clusters of
the features of the ORL dataset for one face of each of the 5 different types of faces. It is interesting to
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note that clusters across the features correspond to very localized regions of the faces. For example, the
first cluster (first row of Fig. 5.5) corresponds to the region of eyes and upper lips while the fifth cluster
corresponds mostly to the smooth portion of the face (cheeks and chin). Of course, as FRPCAG is a
low-rank recovery method which exploits the similarity information of the rows and columns, it also
reveals the checkerboard pattern of the ORL dataset. This checkerboard pattern is visible in Fig. 5.6.
This pattern will become more visible for larger regularization parameters y. and y .
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Figure 5.5 — The clustering of features for ORL dataset. The top five rows show the five different feature clusters across five
different faces. The last row shows the actual face which is a sum of all the feature clusters.

5.8 Experiments

Experiments were done using two open-source toolboxes: the UNLocBoX [107] for the optimization
part and the GSPBox [62] for the graph creation. We perform two types of experiments corresponding
to two applications of PCA.

1. Data clustering in low-dimensional space.
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1000 1500 2000

Figure 5.6 — The checkerboard pattern of the low-rank representation of ORL dataset, obtained by FRPCAG.

2. Low-rank and sparse decomposition: Static background separation from dynamic foreground.

We perform our clustering experiments on 7 benchmark databases: CMU PIE, ORL, YALE, COIL20,
MNIST, USPS and MFEAT. CMU PIE, ORL and YALE are face databases with small pose variations.
COIL20 is a dataset of objects with significant pose changes so we select images for each object with
less than 45 degrees of pose change. USPS and MNIST contain images of handwritten digits and MFeat
consists of features extracted from handwritten numerals. The details of all the datasets used are
provided in Table 5.1.

Table 5.1 - Details of the datasets used for clustering experiments in this work.

Dataset | Samples | Dimension | Classes
CMU PIE 1200 32x32 30
ORL 400 56 x 46 40
COIL20 1400 32x32 20
YALE 165 32x32 11
MNIST 50000 28 x 28 10
USPS 3500 16 x 16 10
MFEAT 400 409 10

In order to evaluate the robustness of our model to gross corruptions we corrupt the datasets with two
different types of errors 1) block occlusions and 2) random missing pixels. Block occlusions of three
different sizes, i.e, 15%, 25% and 40% of the total size of the image are placed uniformly randomly in all
the images of the datasets. Similarly, all the images of the datasets are also corrupted by removing 10%,
20%, 30% and 40% pixels uniformly randomly. Separate clustering experiments are performed for each
of the different types of corruptions.

We compare the clustering performance of our model with 10 other models including the state-of-art:
1) k-means on original data 2) Normalized Cut (NCut) [108] 3) Laplacian Eigenmaps (LE) [2] 4) Standard
PCA 5) Graph Laplacian PCA (GLPCA) [3] 6) Manifold Regularized Matrix Factorization (MMF) [6] 7)
Non-negative Matrix Factorization (NMF) [4] 8) Graph Regularized Non-negative Matrix Factorization
(GNMF) [5] 9) Robust PCA (RPCA) [1] and 10) Robust PCA on Graphs (RPCAG) [99].

For ORL, CMU PIE, COIL20, YALE and USPS datasets we compare three different versions of our model
corresponding to the three types of graphs G° and G". FRPCAG(A) corresponds to our model using
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sample and feature graphs constructed using the default FLANN settings, FRPCAG(B) to the case using
a sample graph constructed from the default FLANN setting and feature graph whose nearest neighbor
search phase was made more approximate by making the algorithm highly parallel, and FRPCAG(C) to
the case where the nearest neighbor search algorithm for both the sample and feature graphs was made
highly parallel to compromise the approximation even further. The degree of parallelism of FLANN was
changed by tuning certain input parameters in the FLANN library. All other models for these datasets
are evaluated using a good quality sample graph G° and good quality feature graph G", i.e using the
default FLANN settings.

Due to the large size of the MNIST dataset and to have a fair comparison with other algorithms, we
construct both graphs by using high degree of parallelism in FLANN. We call such a graph as ‘noisy’
to differentiate it from the one constructed using default FLANN setting. Thus, the experiments on
MNIST dataset are kept separate from the rest of the datasets to emphasize the difference in the
graph construction strategy. We also perform a separate set of experiments on the ORL dataset and
compare the performance of our model with state-of-the-art nuclear norm based models, RPCA [1]
and RPCAG [99], both with a good quality and noisy graph. We perform this set of experiments only
on the ORL dataset (due to its small size) as the nuclear norm based models are computationally
expensive. Finally, the experiments on MFeat dataset are only performed with missing values because
block occlusions in non-image datasets correspond to an unrealistic assumption. The computational
complexities of all these models are presented in Table 6.3.

Pre-processing: All datasets are transformed to zero-mean and unit standard deviation along the
features for the RPCA, RPCAG and FRPCAG. For MMF the samples are additionally normalized to
unit-norm. For NMF and GNMF only the unit-norm normalization is applied to all the samples of the
dataset.

Evaluation: We use clustering error as a metric to compare the clustering performance of various
models. NCut, LE, PCA, GLPCA, MME NMF and GNMF are matrix factorization models that explicitly
learn the principal components V. The clustering error for these models is evaluated by performing
k-means on the principal components. RPCA, RPCAG and FRPCAG learn the low-rank matrix X. The
clustering error for these models can be evaluated by performing k-means on 1) principal components
V obtained by the SVD of the low-rank matrix X = UZV " or 2) the low-rank X directly. Note that RPCA
and RPCAG determine the exact low-rank representation X, whereas our model only shrinks singular
values and therefore only recovers an approximate low-rank representation X. Thus, if one desires to
use the principal components V for clustering, the dimension of the subspace (number of columns
of V) can be decided by selecting the number of singular values greater than a particular threshold.
However, this procedure requires an SVD and can be expensive for big datasets. Instead, it is more
feasible to perform clustering on the low-rank X directly. We observed that similar clustering results
are obtained by using either V or X, however, for brevity these results are not reported. Due to the
non-deterministic nature of k-means, it is run 10 times and the minimum error over all runs is reported.

Parameter selection for various models: Each model has several parameters which have to be selected
in the validation stage of the experiment. To perform a fair validation for each of the models we use a
range of parameter values as presented in Table 5.2. For a given dataset, each of the models is run for
each of the parameter tuples in this table and the parameters corresponding to minimum clustering
error are selected for testing purpose. Furthermore, GLPCA, NMF and GNMF are non-convex models
so they are run 10 times for each of the parameter tuple. All the other models are convex so they are
run only once.
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Table 5.2 — Range of parameter values for each of the models considered in this work. r is the rank or dimension of subspace, A
is the weight associated with the sparse term for Robust PCA framework [1] and y is the parameter associated with the graph
regularization term.

Model Para- Parameter
meters Range
NCut [108]
LE [2] r ref2!,22,... min(n, p)}
PCA
GLPCA [3] re{2h,2%,... min(n, p)}
nY,B vy = Pusing [3]
B€1{0.1,0.2,---,0.9}
MMF [6] Yy ref2l,22,... min(n, p)}
NMF [4] r
GNMEF [5] ny ye3,272,...,210
RPCA [1] A Aef{—=2—:01: —2—
v/max(n,p) v/max(n,p)
RPCAG [99] Ay ye273,272,... 210
FRPCAG YrYe YrYc€{1,2,---,100}
CPCA YrYe Yr,Yc€(0,30)
r (approximate decoder) Zrrl21,1<0.1

Parameter selection for Graphs: For all the experiments reported in this paper we use the following
parameters for graphs G¢ and G”: k;,, = 10 and o? is automatically set to the average of the nearest
neighbors. It is important to point out here that different types of data might call for slightly different
parameters for graphs. However, for a given dataset, the use of same graph parameters (same graph
quality) for all the graph regularized models ensures a fair comparison.

5.8.1 Clustering

Comparison with Matrix Factorization Models

Fig. 5.7 presents the clustering error for various matrix factorization and our proposed models. NMF
and GNMEF are not evaluated for the USPS and MFeat datasets as they are not originally non-negative.
It can be seen that our proposed model FRPCAG(A) with the two good quality graphs performs better
than all the other models in most of the cases both in the presence and absence of data corruptions.
Even FRPCAG(B) with a good sample graph G¢ and a noisy feature graph G’ performs reasonably well.
This shows that our model is quite robust to the quality of graph G”". However, as expected, FRPCAG(C)
performs worse for ORL, CMU PIE, COIL20, YALE and USPS datasets as compared to other models
evaluated with a good sample graph G°. Sometimes, as in the case of CMUPIE dataset, the clustering
error with corruptions is lower than the uncorrupted dataset. This is due to the fact that random
nature of the noise might make the clustering relatively easier for a certain noise case. However, it
is not a general result. Finally, our model outperforms others in most of the cases for the interesting
case of MNIST dataset where both graphs G¢ and G” are noisy for all models under consideration.
It is worth mentioning here that even though the absolute errors are quite high for FRPCAG on the
MNIST dataset, it performs relatively better than the other models. As PCA is mostly used as a feature
extraction or a pre-processing step for a variety of machine learning algorithms, a better absolute
classification performance can be obtained for these datasets by using FRPCAG as a pre-processing
step for supervised algorithms as compared to other PCA models.
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Figure 5.7 — A comparison of clustering error of our model with various dimensionality reduction models. The image data sets
include: 1) ORL 2) CMU PIE 3) COIL20 and 4) YALE. The compared models are: k-means, NCuts, LE [2], PCA, GLPCA [3], NMF [4],
GNMF [5], MMF [6], 9) RPCA [1], FRPCAG(A), FRPCAG(B) and FRPCAG(C). Two types of corruptions are introduced in the data:
1) Block occlusions and 2) Random missing values. NCut, LE, GLPCA, MMF and GNMF are evaluated with a good sample graph
G°. FRPCAG(A) corresponds to our model evaluated with a good sample and a good feature graph, FRPCAG(B) to a good sample
graph and a noisy feature graph and FRPCAG(C) to a noisy sample and feature graph. NMF and GNMF require non-negative
data so they were not evaluated for the USPS and MFeat datasets because they are negative as well. MFeat is a non-image dataset
so it is not evaluated with block occlusions. For MNIST both G¢ and G" are noisy.
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Figure 5.8 — Principal Components of 1000 samples of digits 0 and 1 of the MNIST dataset in 2D space. For this experiment all the
digits were corrupted randomly with 15% missing pixels. Our proposed model (lower right) attains a good separation between
the digits which is comparable and even better than other state-of-the-art dimensionality reduction models.

Comparison with Nuclear Norm based Models

Fig. 5.7 also presents a comparison of the clustering error of our model with nuclear norm based
models, i.e, RPCA and RPCAG for ORL dataset. This comparison is of specific interest because of the
convexity of all the algorithms under consideration. As these models require an expensive SVD step
on the whole low-rank matrix at every iteration of the algorithm, these experiments are performed on
small ORL dataset. Clearly, our proposed model FRPCAG(A) performs better than the nuclear norm
based models even in the presence of large fraction of gross errors. Interestingly, even FRPCAG(B) with
anoisy graph G” performs better than RPCAG with a good graph G°. Furthermore, the performance of
FRPCAG(C) with two noisy graphs is comparable to RPCAG with noisy graph, but still better than RPCA.

Principal Components

Fig. 5.8 shows the principal components of 1000 samples of MNIST dataset in two dimensional space
obtained by various dimensionality reduction models. 500 samples of digit 0 and 1 each are chosen
and randomly corrupted by 15% missing pixels for this experiment. Clearly, our proposed model
attains a good separation between the digits 0 and 1 (represented by blue and red points respectively)
comparable with other state-of-the-art dimensionality reduction models.

Effect of the number of nearest neighbors for graphs

In order to demonstrate the effect of number of nearest neighbors k;,, on the clustering performance
of our model we perform a small experiment on the ORL dataset which has 400 images corresponding
to 40 classes (10 images per class). We perform clustering for different values of k,,, = 5,10,25,40. The
clustering errors are 17.5%, 17%, 23% and 31% respectively. Interestingly the minimum clustering error
occurs for k;, = 5,10 which is less or equal to the number of images per class. Thus, when the number
of nearest neighbors k;,, is approximately equal to or less than the number of images per class then the
images of the same class are more well connected and those across the classes have weak connections.
This results in a lower clustering error. A good way to set k,, is to use some prior information about the
average number of samples per class or the rank of the dataset. For our experiments we use kj, = 10
for all the datasets and this value works quite well. The value of k;, also depends on the number of
data samples. For big datasets, sparser graphs (obtained with lower values of k;;) tend to be more
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useful. For example, our experiments show that for the MNIST dataset (70,000 samples), k,,, = 10 is
again a good value, even though the average number of samples per class is 7000.

5.8.2 Low-rank & Sparse Decomposition

In order to demonstrate the effectiveness of our model to recover low-rank static background from
dynamic foreground, as an application of low-rank and sparse decomposition, we perform experiments
on 1000 frames of 3 videos available online at https://sites.google.com/site/backgroundsubtraction/
test-sequences. All the frames are vectorized and arranged in a matrix ¥ whose columns correspond to
frames. The graph G° is constructed between 1000 frames (columns of Y) of the video and the graph G"
is constructed between the pixels of the frames (rows of Y) using FLANN. Both graphs for all the videos
are constructed without the prior knowledge of the mask of sparse errors (moving people). Fig. 5.9
shows the recovery of low-rank frames for one actual frame of each of the videos. The leftmost image in
each row shows the actual frame, the other three show the recovered low-rank representations using
RPCA, RPCAG and our proposed model (FRPCAG). The first row corresponds to a frame from the video
of a restaurant food counter, the second row to the shopping mall lobby and the third row to an airport
lobby. In each of the three plots it can be seen that our proposed model is able to separate the static
backgrounds very accurately from the moving people which do not belong to the static ground truth.
Our model converged in less than 2 minutes for each of the three videos, whereas RPCA and RPCAG
converged in more than 45 minutes. Due to the unavailability of low-rank ground truth for these videos
we do not present any quantitative results.

5.8.3 Computational Time

Table 5.3 presents the computational time and number of iterations for the convergence of FRPCAG,
RPCAG and RPCA on different sizes and dimensions of the datasets. We also present the time needed
for graph construction. The computation is done on a single core machine with a 3.3 GHz processor
using Matlab without any distributed or parallel computing tricks. An oo in the table indicates that
the algorithm did not converge in 4 hours. It is notable that our model requires a very small number
of iterations to converge irrespective of the size of the dataset. Furthermore, the model is orders of
magnitude faster than RPCA and RPCAG. This is clearly observed from the experiments on MNIST
dataset where our proposed model is 100 times faster than RPCAG. Specially for MNIST dataset with
25000 samples, RPCAG and RPCA did not converge even in 4 hours, whereas, FRPCAG converged in
less than a minute.

Table 5.3 - Computation times (in seconds) for graphs G¢, G, FRPCAG, RPCAG, RPCA and the number of iterations to converge
for different datasets. The computation is done on a single core machine with a 3.3 GHz processor without using any distributed
or parallel computing tricks. co indicates that the algorithm did not converge in 4 hours.

Dataset Samples | Features | Classes Graphs FRPCAG RPCAG RPCA
G* G" | time | Iters | time | Iters | time | Iters
MNIST 5000 784 10 10.8 | 4.3 13.7 27 1345 | 325 1090 | 378
MNIST 15000 784 10 32,5 | 13.3 | 354 23 3801 | 412 | 3400 | 323
MNIST 25000 784 10 40.7 | 22.2 | 58.6 24 0o 0o 00 oo
ORL 300 10304 30 1.8 | 56.4 4.7 12 360 301 240 320
USPS 3500 256 10 5.8 | 10.8 | 1.76 16 900 410 790 350
US census | 2.5 million 68 - 540 | 42.3 | 3900 | 200 fe's) [e's) le'S) [e's)

To demonstrate the scalability of our model for big datasets, we perform an experiment on the US
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Background Separation from Videos via PCA
RPCA RPCAG

Original FRPCAG

Figure 5.9 — Static background separation from three videos. Each row shows the actual frame (left), recovered static low-rank
background using RPCA, RPCAG and our proposed model. The first row corresponds to the video of a restaurant food counter,
the second row to the shopping mall lobby and the third to an airport lobby. In all the three videos the moving people belong to
the sparse component. Thus, our model is able to accurately separate the static portion from the three frames as good as the
RPCAG. Our model converged in less than 2 minutes for each of the three videos, whereas RPCA and RPCAG converged in more
than 45 minutes.
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census 1990 https://archive.ics.uci.edu/ml/datasets/US+Census+Data+(1990) dataset available at the
UCI machine learning repository. This dataset consists of approximately 2.5 million samples and
68 features. The approximate k;,,-nearest neighbors graph construction strategy using the FLANN
algorithm took only 540 secs to construct G° between 2.5 million samples and 42.3 secs to construct G
between 68 features. We do not compare the performance of this model with other state-of-the-art
models as the ground truth for this dataset is not available. However, we run our algorithm in order to
see how long it takes to recover a low-rank representation for this dataset. It took 65 minutes and 200
iterations for the algorithm to converge on a single core machine with 3.3 GHz of CPU power.

5.9 Generalized Fast Robust PCA on Graphs (GFRPCAG)

In principle, model 5.1, has some connections with the state-of-the-art nuclear norm based low-rank
recovery method RPCA [1]. RPCA determines a low-rank representation by: 1) Soft-thresholding the
singular values by a model parameter and 2) Determining the clean left and right singular vectors
iteratively from the data by performing an SVD in every iteration.

We discussed what makes our model an approximate recovery as compared to exact recovery and
studied what the approximation error is composed of. Now we use these arguments to motivate a more
general model. We say that our model (5.1) has connections with RPCA because it performs the same
two steps but in a different way, as explained in the previous section. In our model: 1) The singular
values are penalized by the graph eigenvalues. Therefore, one does not have a direct control on this
operation as the thresholding depends on the graph spectrum. 2) The left and right singular vectors are
constrained to be aligned with the low frequency eigenvectors of the row and column graph. Thus, we
take away the freedom of the singular vectors. In fact this is the primary reason our method does not
need an SVD and scales very well for big datasets.

5.9.1 Re-visiting the Approximation Error of FRPCAG

There are two main reasons of the approximation error, a glimpse of which has already been given
above. We now discuss these two reasons in detail:

Uncontrolled attenuation of the higher singular values: The Manifold Shrinking Effect

Ideally one would like the singular values corresponding to high frequency of the data matrix (smaller
in magnitude) to be attenuated more because they correspond to noise and errors in the data. Fur-
thermore, the singular values corresponding to the lower frequencies, which constitute most of the
data variance should be attenuated less. Such an operation would require the graph spectrum to be a
step function where the position of the step depends on the rank of the matrix. From our Ctheoreticral

. . . A A
analysis, one can see that the error of the optimal low-rank X* depends on the two ratios: Ac—’“ and ;L,—"
k+1 k+1

These ratios are known as the eigen-gaps of the graphs L¢ and L" respectively. In practice, the graphs
constructed via the k,;,-nearest neighbors strategy result in a smoothly increasing spectrum. Therefore,
these ratios are never small enough. As a consequence, the undesired singular values (smaller in
magnitude) are not attenuated enough and they are not exactly zero. If one forces higher attenuation by
increasing the constants y. and y, then the desired singular values are penalized more than required.
This results in a shrinking effect of the manifold as shown in Fig. 5.10. In this Fig. the first row shows
the recovery of manifold with increasing values of the graph regularization parameter in FRPCAG (with
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Original data Noisy data FRPCAG, =200 FRPCAG, 7=1000 FRPCAG, 7 =5000
o
o 00 2

0.1 0.1 90 B0 0.1 0.1 0.1

0 O 0 0 O 0 O 0 <
-0.1 -0.1 -0.1 -0.1 -0.1
1 1 1 1 1

1 1 1 1
0 0 0 0 0 0 0 0

20 20 20
15 15 15
10 10 10
5 5 5
0 0 0
1 3 1 2 3 2 3 1 2 3 1 2 3

Figure 5.10 — The manifold shrinking effect of a 2D manifold corrupted with noise. The first row shows the recovery of manifold
with increasing values of FRPCAG (with one graph only) and the second row shows the singular values. Clearly, the 3" d singular
value does not become zero with higher penalization which degrades the lower singular values and the manifold begins to shrink.

one graph only) and the second row shows the singular values. Clearly, the 3"¢ singular value does not
become zero with higher penalization which degrades the desired singular values and the manifold
begins to shrink. This calls for a procedure to manually threshold the singular values beyond a certain
penalization.

The subspace alignment gap

We do not allow the left and right singular vectors of the low-rank matrix to be determined freely via
SVD. This results in a slight misalignment of the clean singular vectors of the resultant low-rank matrix
as compared to the singular vectors of the original clean data. Note that the alignment occurs as a
result of a force acting on the singular vectors which depends on the regularization parameters. While
increasing this force results in more alignment, the downside is the shrinking effect of singular values.
Thus, a good parameter setting might still leave some alignment gap in order not to threshold the
singular values more than required.

These two effects with the increasing values of the graph regularization parameter for FRPCAG are
illustrated in Fig. 5.11. Here we show this effect for only one subspace (left singular vectors). Similar
phenomenon takes place for the right singular vectors as well. For very small values of the regularization
parameter, the singular vectors learned via FRPCAG are still aligned with the singular vectors of the noisy
data and penalization on the higher singular values is not enough to remove noise. With increasing
regularization, the singular vectors start aligning and the higher singular values are thresholded more.
Very high values of the regularization parameter might still provide a good alignment of the singular
vectors but the singular values might be thresholded more than required, resulting in a shrinking
effect. Thus, beyond a certain point, the increase of parameters contributes to higher errors due to the
excessive shrinking of the singular values.
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== Clean data

Clean data & d.NOISyddéta&l _—
singular vectors 1storted singular === Noisy data
vectors

= learned via
FRPCAG

The singular vector alignment / subspace rotation and singular value shrinking effect

Best solution,
lowest error

Not enough Subspace getting good regularization, best Too much regularization
regularization, noise aligned, more possible alignment, slight alignment still good but too
still dominant regularization needed shrinking of singular values much shrinking of singular
values
>

Increasing graph regularization parameter

Figure 5.11 - The alignment of the singular vectors with the singular vectors of clean data and the corresponding shrinking of the
singular values with the increasing graph regularization parameter. The first row shows the original and noisy data, where the
blue vectors show the first two singular vectors of the clean data and the red ones for the noisy data. The second row shows how
the singular vectors (green) learned with the FRPCAG eq. 5.1 are being aligned with the singular vectors of the clean data. All the
singular vectors are scaled by their singular values. Too much regularization shrinks the singular vectors.

5.9.2 Design of deterministic graph filters ‘g’ to improve approximation error

The thresholding of the singular values is governed by the graph spectra as also pointed out in theorem
5.6.1. While the subspace rotation effect is an implicit attribute of our graph based low-rank recovery
method and it cannot be improved trivially, we can counter the shrinking effect to improve the approxi-
mation. A straight-forward method to improve the approximation would be to have a better control on
the singular values by manipulating the graph spectra. To do so, it would be wise to define functions
of the graph spectrum which make the spectral gap as large as possible. In simpler words we need a
family of functions g(a) which are characterized by some parameter a that force the graph filtering
operation to follow a step behavior. More specifically, we would like to solve the following generalized
problem instead of eq. 5.1.

min(¥ - X) +7. tr(Xge (L)X ) +y,tr(X " g, (L") X) (5.7)

The term tr(X Tg(L)X) = g(A)%X | allows for a better control of the graph spectral penalization.

For our specific problem, we would like to have the lowest frequencies untouched as well as the highest
frequencies strongly penalized. In order to do so, we propose the following design.
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Let us first define a function
——b
—r . b
By (x) = e ¥2 1f.7cz2
0 otherwise.

Please note that this function is differentiable at all points. We then define g, as

hy(x)

) = )

This new function has a few important properties. It is equal to 0 for all values smaller than g, and then
grows. It is infinite for all values above %b. As aresult, choosing the function /g, in our regulariza-
tion term has the following effect: It preserves the frequency content for 1, << b and cuts the high
frequencies A, >> b. The parameter b acts as a frequency limit for our function. See Fig. 5.12.

Inner mechanism of the proposed regularization

Since we solve our problem with proximal splitting algorithm, we also need to compute the proximal
1 A

operator of tr(X" g()X) = 1gp(A)2X]||. The computation is straightforward and explains the inner

mechanism of such a regularization term. We first compute the gradient of

argmin | - yIj + Yligs(n)2 P x|13

and setit to 0.
2(x—y)+2yPg,(NP x=0

We then rewrite the following expression in the spectral domain:
XO) -y +ygr(Apx()=0, Vl€e{0,...,n—-1}

Shuffling the equation leads to the solution.

1
X({) = ———y(¥), Vle{0,...,n—-1 5.8
x(0) 1+ng(M)y( ) { n—1; (5.8)

Eq. (5.8) shows that the proximal operator of tr(X ' g(L)X) is a graph spectral filtering with

by = 1+7yg(x,b)
h(2b-x)

h(2b—-x)+vh(x)

In fact the filter f}, is infinitely many times differentiable and is smooth enough to be be easily ap-
proximated by a low order polynomial. We observe that fj,(-, 1) is a low pass filter with bandwidth b.
The computation cost of a filtering operation grows with the number edges e and the order of the
polynomial o: @ (oe) [7]. In figure 5.12, we show examples of the different aforementioned functions.
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Figure 5.12 — Example of functions. Here b = 0.4.

5.10 Conclusions

We present Fast Robust PCA on Graphs (FRPCAQG), a fast dimensionality reduction algorithm for mining
low-rank structure from high dimensional and large datasets. The idea lies on the novel concept of
multilinear low-rank matrices on graphs - matrices whose rows and columns belong to the span to
the first few eigenvectors of the graphs constructed between them. FRPCAG implicitly brings into
use the GMLSVD framework to determine the left and right singular vectors of low-rank matrix from
fixed graph eigenvectors via computationally feasible operations. The power of the model lies in its
ability to effectively exploit the hidden information about the intrinsic dimensionality of the smooth
low-dimensional manifolds on which reside the clusterable signals and features of the data. Therefore,
it targets an approximate recovery of low-rank signals by exploiting the local smoothness assumption
of the samples and features of the data via graph structures only. In short, our method leverages 1)
smoothness of the samples on a sample graph and 2) smoothness of the features on a feature graph.
This dual or bi-graph filtering approach has been proved to implicitly follow the MLRTG and GMLSVD
frameworks. The proposed method is convex, scalable and efficient and tends to outperform several
other state-of-the-art exact low-rank recovery methods in clustering tasks that use the expensive
nuclear norm. In an ordinary clustering task FRPCAG is approximately 100 times faster than nuclear
norm based methods. The double graph structure also plays an important role towards the robustness
of the model to gross corruptions.
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Compressive PCA on Graphs

Note: Most of the parts of this chapter have been published in the following article:

“N. Shahid, N. Perraudin, G. Puy, and P. Vandergheynst, “Compressive PCA for Low-rank Matrices on
Graphs,” IEEE transactions on Signal and Information Processing over Networks, 2016.”

In the previous chapter we introduced Fast Robust PCA, which approximates a scalable recovery method
for non-linear low-rank datasets X* € M[UT(P]‘CI ). FRPCAG does not require an SVD and scales linearly
with 7. It relies on fast dual graph filtering operations which involve matrix vector multiplications and
can be parallelized on a GPU in every iteration. However, the size of the problem is still an issue for
big datasets because the problem cannot be broken down into small sub-problems and the solution
merged at the end. Thus, for the non-GPU implementation, it still suffers from 1) memory requirements
2) cost of k-means for clustering 3) the cost of parameter tuning for large p and large n and 4) scalability
for very big datasets. This said, sometimes one might not even have access to the full dataset Y. This is
typical, for instance for biomedical applications, such as MRI and tomography. In such applications the
number of observations is limited by the data acquisition protocols. In MRI, the number of observations
is proportional to the time and dose required for the procedure. In tomography one might have access
to the projections only. Thus, FRPCAG is not usable if 1) the dataset is large and 2) only a subset of the
dataset or measurements are available. Despite the above limitations of data acquisition, one might
have access to some additional information about the unobserved samples.

In this chapter we answer the following questions:
* What would be an efficient and highly scalable recovery framework, involving compression, for
datasets which are jointly low-rank on two manifolds?
¢ Alternatively, given a few randomly sampled observations and features from a data matrix

Y e RP*" is it possible to efficiently recover the complete non-linear low-rank representation?

We mostly limit ourselves to the case 1 above, where a graphical prior is available or can be conveniently
constructed for the complete set of observations for the application under consideration. A brief initial
treatment of the 2nd case constitutes the future applications in Chapter 8. We call our proposed
framework, “Compressive PCA on Graphs (CPCA)".

We pointed out in Chapter 1, that our proposed approximation problems fall into two categories, one
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which makes implicit use of the GMLSVD framework and the other which makes explicit use of it. We
specifically highlight that CPCA is a method which is effective when the number of samples n and
the features p are very large and one can afford to lose the exactness of the representation for gain in
speed. In this context, CPCA implicitly brings into use the GMLSVD framework, i.e., it relies on the
graph Dirichlet priors rather than the explicit use of the graph eigenvectors, as computing the graph
eigenvectors and tuning the size of subspace can be cumbersome.

6.1 Contributions
Below we describe our contributions in detail.

1. Sampling & RIP for MLRTG: To solve the per iteration scalability problem of FRPCAG we propose to
perform a dual uniform sampling of the data matrices, along rows and columns. We present a restricted
isometry property (RIP) for low-rank matrices on graphs and relate it to the cumulative coherence of
the graph eigenvectors. FRPCAG is then used to recover the low-rank representation for the sampled
data.

2. Decoders for low-rank recovery: We present two (ideal and alternate) convex and efficient decoders
for recovering the full low-rank matrix from the corresponding low-rank matrix of the sampled data.
However, our main contribution comprises the set of 3 additional parallel, low-cost and parameter-free
approximate decoders, which significantly boost the speed of our framework by introducing a few
approximations. Our rigorous theoretical analysis also proves that the recovery error of the above
decoders depends on the eigen-gaps of the row and column graph Laplacians.

3. Low-Rank Clustering: For the clustering application of PCA, we propose a low-cost and parallel
scheme based on CPCA. The key idea is to decode the labels of the complete dataset from the labels of
a sampled low-rank dataset, without computing the complete low-rank matrix.

Low-rank recovery experiments on 3 real video datasets and clustering experiments on 5 benchmark
datasets reveal that the performance of our model is comparable to 10 different state-of-the-art PCA
and non-PCA based methods. We also study some cases where CPCA fails to perform as well as the
state-of-the-art.

Our proposed framework is inspired by the recently introduced sampling of band-limited signals on
graphs [100]. While we borrow several concepts from here, our framework is significantly different
from [100] in many contexts. We target the low-rank recovery of matrices, whereas [100] targets the
recovery of band-limited signals / vectors. For our framework it is important for the data matrix to be
low-rank jointly on the row and column graphs. Thus, our sampling scheme and RIP are generalized
for two graphs. The design of a sampling scheme is the major focus of [100], while we just focus on the
case of uniform sampling and instead focus on how much to sample jointly given the two graphs. Of
course, our method can be extended directly for other sampling schemes in [100]. A major difference
lies in the application domain and hence the experiments. Unlike [100], we target two applications
related to PCA: 1) low-rank recovery and 2) clustering. Thus, contrary to [100] our proposed decoders
are designed for these applications. A major contribution of our work in contrast to [100] is the design
of approximate decoders for low-rank recovery and clustering which significantly boost the speed of
our framework for big datasets.

108



6.2. A glimpse of Compressive PCA on Graphs

6.2 A glimpse of Compressive PCA on Graphs

Given a data matrix Y € RP*" = X* +n, where X* € MILT(P;:) and 7 models the errors and noise, the
goal is to develop a method to efficiently recover X*. We propose to

1. Construct graphs G" and G¢ with Laplacians L and L¢ between the rows and columns of Y.

2. Sample the rows and columns of Y to get a subsampled matrix ¥ = X* + E using the sampling
scheme of Section 6.3.

3. Construct the compressed Laplacians L¢, L from LS, L (Section 6.4.1).
4. Determine a low-rank matrix X for ¥ with L, L" in algorithm 1 of Chapter 5.

ming(¥ — X) +ytr(XL°X ") +y, tr(X L™ X),
X

where ¢ is a loss function (possibly /,, norm) and the sampled low-rank matrix follows the signal

model below:
X=X*+E
=M"X*M°+E,

where E models the errors in the recovery of the subsampled low-rank matrix X and M¢, M" are
the column and row sampling matrices whose design is discussed in Section 6.3.

5. Use the decoders presented in Section 6.5 to decode the low-rank matrix X* = X* + E* (where E*
denotes the error on the recovery of optimal X*) on graphs L¢, L" if the task is low-rank recovery,
or perform k-means on X to get cluster labels C and use the clustering algorithm (presented in
Section 6.6) to get the cluster labels C for the full matrix X.

Throughout this work we use the approximate nearest neighbor algorithm (FLANN [60]) for graph
construction whose complexity is ©(nplog(n)) for p < n [61] (and it can be performed in parallel).
Unlike, the previous chapter, where we assumed for simplicity that the matrix X* is MLRTG with the
same number k of eigenvectors across the rows and columns, here we will assume MLRTG w.r.t (k;, k)
eigenvectors across the rows and columns.

6.3 RIP for MLRTG

Let M" € RP7*P be the subsampling matrix for sampling the rows and M° € R"*P¢ for sampling the
columns of Y. M® and M" are constructed by drawing p. and p, indices Q. = {w; - w,,} and Q, =
{w; -+ w,,} uniformly without replacement from the sets {1,2,---,n} and {1,2,---, p} and satisfy:

1 fi=w; 1 ifj=w;
M¢. = J M. = ! 6.1
t { 0 otherwise, 1 { 0 otherwise. (6.1

Now, the subsampled data matrix ¥ € R°7*¢ can be written as ¥ = M"Y M¢. CPCA requires M" and
MF¢ to be constructed such that the “low-rankness” property of the data Y is preserved under sampling.
Before discussing this, we introduce a few basic definitions in the context of graphs G° and G'.
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Definition 6.3.1. (Graph cumulative coherence). The cumulative coherence of order k., k, of G° and
G" is:
T T
Vi, = max VAlPL TATlz & vi, = max VBIPE ATl

where A€ € {0,1}*, A" € {0, 1}? are binary vectors and Al? =1 ifthe jth entry of A° is 1 and 0 otherwise.
Thus, A{ corresponds to a specific node of the graph.

In the above equations PECTAI? and P]CYTA’. characterize the first k. and k, fourier modes [20] of the
nodes i and j on the graphs G° and G” respectively. Thus, the cumulative coherence is a measure
of how well the energy of the (k;, k.) low-rank matrices spreads over the nodes of the graphs. These
quantities exactly control the number of vertices p. and p, that need to be sampled from the graphs G”
and G° such that the properties of the graphs are preserved [100].

Consider the example where a particular node i has a high coherence. Then, it implies that their exist
some low-rank signals whose energy is highly concentrated on the node i. Removing this node would
result in a loss of information in the data. If the coherence of this node is low then removing it in the
sampling process would result in no loss of information. We already mentioned that we are interested
in the case of uniform sampling. Therefore, in order to be able to sample a small number of nodes
uniformly from the graphs, the cumulative coherence should be as low as possible.

We remind that for our application we desire to sample the data matrix Y such that its low-rank
structure is preserved under this sampling. How can we ensure this via graph cumulative coherence?
This follows directly from the fact that we are concerned about the data matrices which are also low-
rank with respect to the two graphs under consideration X* € MIUT(PZ ). In simple words, the columns
of the clean data matrix X* belong to the span of the eigenvectors P,Zr and the rows to the span of P,ﬁc.
Thus, the coherence conditions for the graph directly imply the coherence condition on the data matrix
X* itself. Therefore, using these quantities to sample the data matrix X * will ensure the preservation of
two properties under sampling: 1) the structure of the corresponding graphs and 2) the low-rankness
of the data matrix X*. Given the above definitions, we are now ready to present the restricted-isometry
theorem for MLRTG.

Theorem 6.3.1. (Restricted-isometry property (RIP) for MLRTG) Let M€ and M" be two random sub-
sampling matrices as constructed in (6.1). For any 0,¢€ € (0,1), with probability at least 1 — €,

1-8)IX" |2 < p"p

IM"X*MC||% < (1+8) 1 X115 (6.2)

rvc

forallX* e N/I]I]_TT(Pf ) provided that

27 ,

4k,
Pe= 53 Vk, log( ¢

€

27 4k,

) &pr= ﬁvirlog(T), (6.3)

where vy, Vv, characterize the graph cumulative coherence as in Definition 6.3.1 and % is just a
normalization constant which quantifies the norm conservation in (6.2).

Proof. Please refer to Appendix A.4. O

Theorem 6.3.1 is a direct extension of the RIP for k-bandlimited signals on a graph [100]. It states
that the information in X* € I\/I]I]_T(Pg ) is preserved with overwhelming probability if the sampling
matrices (6.1) are constructed with a uniform sampling strategy satisfying (6.3). Note that p, and p.
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depend on the cumulative coherence of the graph eigenvectors. The better spread the eigenvectors are,
the smaller is the number of vertices that need to be sampled.

Itis proved in [100] that v, = \/k_C and vy, = \/k_r . Hence, when the lower bounds are attained, one
only needs to sample an order of O(k.log(k,.)) columns and O(k,log(k,)) rows to ensure that the RIP
(eq. (6.3)) holds. This is the ideal scenario. However, one can also have v, = /n or v¢, = /p in some
situations. Let us give some examples. The lower bound on v is attained, e.g, when the graph is a
regular lattice. In this case the graph Fourier transform is the “usual” Fourier transform and v = v'k for
all k. Another example where the lower bound is attained is when the graph contains k disconnected
components of identical size. In this case, one can prove that v = v'k [100]. Intuitively, the coherence
remains close to this lower bound when these k components are weakly interconnected [100].

The upper bound on vy is attained when, for example, the graph has one of its nodes not connected to
any other node. In this case, one must sample this node. Indeed, there is no way to guess the value
of the signal on this node from any neighbour. As the sampling is random, one is sure to sample this
node only when all the nodes are sampled. Uniform sampling is not the best strategy in this setting.
Furthermore, note that such a case is only possible if the graph is noisy or the data has strong outliers.
One should resort to a more distribution aware sampling in such a case, as presented in [100].

We choose in this work to present the results using a uniform distribution for simplicity. Note however
that one can adapt the sampling distribution to the underlying structure of the graph to ensure optimal
sampling results. A consequence of the result in [100] is that there always exist distributions that ensure
that the RIP holds when sampling O(k,log(k;,)) rows and O(k.log(k.)) columns only. The optimal
sampling distribution for which this result holds is defined in [100] (see Section 2.2). Furthermore, a
fast algorithm to compute this distribution also exists (Section 4 of [100]).

However, note that the above discussion is only valid for X* € MI]_TF(P;: ). In reality, one never has access
to X*, but its noisy version ¥ = X* + 7). Therefore, the sampling is done on the matrix ¥ instead of X*.
Furthermore, the coherence bounds are also derived from the matrix Y. This results in an error in the
sampling process, such that the sampled matrix ¥ can be represented as:

Y=X*+E=M"X*M°+E,

where E models noise and errors.

6.4 Compressed Low-Rank Matrix

Once the compressed dataset ¥ € R *P¢ is obtained, the low-rank representation has to be extracted
which takes into account the graph structures. Thus we propose the following two step strategy:

1. Construct graphs for compressed data.

2. Run Fast Robust PCA on Graphs (FRPCAG) on the compressed data.

These two steps are elaborated in the following subsections.
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6.4.1 Graphs for Compressed data

To ensure the preservation of algebraic and spectral properties one can construct the compressed
Laplacians L" € R°"*Pr and L € R°<*P¢ from the Kron reduction of L and L¢ [109]. Let Q be the set of
sampled nodes and Q the complement set and let L(A,, A;) denote the (row, column) sampling of L
w.r.tsets Ay, A. then the Laplacian L¢ for the columns of compressed matrix ¥ is:

L°=LQ,Q) - L°Q,OL 1O, DL Q, Q).

Let L€ has k. connected components or AZC/ /lic +1 & 0. Then, as argued in theoren} II1.4 of [109],
two nodes a, § are not connected in L€ if there is no path between them in L¢ via Q. Assume that
each of the connected components has the same number of nodes. Then, if the sampling is done
uniformly within each of the connected components according to the sampling bounds described in
eq.(6.3), one can expect L° to have k. connected components as well. This is an inherent property of
the Kron reduction method. However, for the case of large variation of the number of nodes among
the connected components one might want to resort to a more distribution aware sampling scheme.
Such schemes have been discussed in [100] and have not been addressed in this work. Nevertheless,
the Kron reduction strategy mentioned here is independent of the sampling strategy used. The same

concepts hold for L as well.

Complexity: The Kron reduction method involves the multiplication of 3 sparse matrices. The only
expensive operation above is the inverse of L(Q, () which can be performed with G(0; ky,,, 1) cost using
the Lancoz method [7], where O; is the number of iterations for Lancoz approximation.

6.4.2 FRPCAG on the Compressed Data

Once the Laplacians L” € RP*Pr, L€ € RP<*P¢ are obtained, the next step is to recover the low-rank
matrix X € RP7*Pe,

Fc_ perepel — pe xc pe |4 be ke e |
Let L¢ = PCA°P¢ _PkcAchkC +pkcAchkc ,

where A¢ € Rf*ke js a diagonal matrix of lower eigenvalues and 1:\2 € R(Pe—k)x(pe=ke) js a diagonal
C C
matrix of higher graph eigenvalues.

Similarly, let L' = P"A" " = P| A] P| | +P[ AL P]

where all the values in A” and A€ are sorted in increasing order.
Assume Y = X* + E, where E models the noise in the compressed data and X* € MI]_T(I;]’:). The low-

rank matrix X = X* + E can be recovered by solving the FRPCAG problem as proposed in [110] and
re-written below:

ming(¥Y — X) +y tr(XL°X ") +y, tr(X L™ X), (6.4)
X

where ¢ is a proper, positive, convex and lower semi-continuous loss function (possibly /, norm). From
Theorem 1 in [110], the low-rank approximation error comprises the orthogonal projection of X* on

the complement graph eigenvectors (l:’cc,lz’lzr) and depends on the eigen-gaps iic / flic e ii, / ’12, 4188
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following:
T PpC 2 :rT~2 2 1 vk 12 /;‘tic 12r
IXPp I+ 1P XIp=IElp<—pE)+IX | w0—+=—| (6.5)
Y kc+1 A/kr+1
where y depends on the signal-to-noise ratio. Clearly, if Azcl/lzcﬂ =~ 0 and /l,’cr//lzﬁl =~ 0 and the

compressed Laplacians are constructed using the Kron reduction then A¢ /A¢ | =0and A} /A}  =0.
C C r r
Thus, exact recovery is attained.

6.5 Decoders for low-rank recovery

Let X € RP*P¢ be the low-rank solution of (6.4) with the compressed graph Laplacians L”, L¢ and
sampled data Y. The goal is to decode the low-rank matrix X € R”*" for the full Y. We assume that,

X=M'X*M°+E,

where E € RP*Pc models the noise incurred by (6.4) and characterized by eq. (6.5). The only informa-
tion available for the decode stage is: 1) the Laplacians L and L€ of the matrix ¥ and 2) the data matrix
X* e MLT(P}).

6.5.1 Ideal Decoder

A straight-forward way to decode X on the original graphs L" and L¢, when one knows the basis P’r , P;C
involves solving the following optimization problem:

min | M"XM* - X%
s.t: X(i) € span(Py. ), XT()e span(Py ). (6.6)

Theorem 6.5.1 below establishes an upper error bound for the recovery of the complete low-rank matrix
using this ideal decoder.

Theorem 6.5.1. Let M" and M€ be such that (6.2) holds and X* be the solution of (6.6) with X =
M’ X*M° +E, where X* € MLT (PY) and E € R°r*P<. We have:

o | np -
IX* =X lp<2y/| ————IElF (6.7)
F pcor(1-0) F

where\/nplp.p,(1—0) is a constant resulting from the norm preservation in (6.2) and IIEII% is bounded
by eq. (6.5).

Proof. Please refer to Appendix A.5. O

Thus, the error of the ideal decoder is only bounded by the error E in the low-rank matrix X obtained
by solving (6.4). In fact E depends on the spectral gaps of L¢, L", as given in eq. (6.5). So,
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np /12 Ay
X" =X SQ ) — (E)+1X"| +=—
F pepr(1-6) [ ¢ F(/lk +1 Ak, +1 ) ]

Hence, the ideal decoder itself does not introduce any error in the decode stage.

Complexity: The solution for this decoder requires projecting over the eigenvectors P and P of L"
and L°. As our motivation behind CPCA is to design a highly scalable low-rank recovery framework for
the case of very large n, it is computationally prohibitive to determine the graph eigenvectors, even
though the cost to determine these eigenvectors scales linearly with n, i.e., © (nk?), where k is the
number of eigenvectors. Moreover, even if one desires to solve the above optimization problem, the
constants k;, k. are not known beforehand and require tuning. This poses even more computational
challenges. Nevertheless, the problems of the form eq. (6.6) are interesting and a solution to such
problems is connected with out GMLSVD framework, which was presented in Chapter 4. We will get
back to such problems in detail in Chapter 7, where we will explicitly make use of the graph eigenvectors
to recover low-rank tensors for which the number of samples 7 in every dimension is not large enough.

6.5.2 Alternate Decoder

As the ideal decoder is computationally costly, we propose to decode X from X by using a convex and
computationally tractable problem which involves the minimization of graph dirichlet energies.

min || M" XM - X2+ 7 tr(XLEX ) +7, tr(X T L X). (6.8)

Theorem 6.5.2 below establishes an upper error bound for the recovery of the complete low-rank matrix
using this alternate decoder.

Theorem 6.5.2. Let M" and M be such that eq. (6.2) holds andy > 0. Let also X* = X* + E* be the
solution of eq. (6.8) with Ve =yIAL ,\, Vr =YIAL ., and X = M" X* M® + E, where X* € MLT (P}) and
E e RP*Pc. We have:

X" X*llp_,/p ; (1 6)[ |E"F+(7+\/_) r_kr)”X*”F , and
cMr
ILE*)| LElF, 1 ( e + k )llX e, 6.9)
V2y V2 Akc+1 k,+1

where X* = Projy 1 pty (X) and E* = X* - X*. ProjMH(Pﬁ) (.) denotes the orthogonal projection onto

MI]_TT(PZ ) and y depends on the signal to noise ratio.
Proof. Please refer to Appendix A.6 O

Theorem 6.5.2 states that in addition to the error E in X incurred by (6.4) and characterized by the
bound in eq. (6.5), the error of the alternate decoder (6.8) also depends on the eigen-gaps of the
Laplacians L and L€ respectively. This is the price that one has to pay in order to avoid the expensive

ideal decoder. Fora k;, k. clusterable data Y across the rows and columns, one can expect /V / /1,’C a =
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and )Lz ! /lz‘ﬂ =~ 0 and the solution is as good as the ideal decoder. Nevertheless, it is possible to reduce
this error by using graph filters g such that the ratios g(/lfcc) / g()Lic 1) and g()LLr) / g(ﬂtzr +1) approach
zero. However, we do not discuss this approach in our work.

Complexity: It is trivial to solve (6.8) using a conjugate gradient scheme that costs O (Inpk,,), where I
is the number of iterations for the algorithm to converge.

6.5.3 Approximate Decoder

The alternate decoder proposed above has a few disadvantages. First, note that it is almost as com-
putationally expensive as FRPCAG. Recall that our proposed method FRPCAG has a computational
complexity that scales with @ (np) per iteration. Since, the primary goal of CPCA is to come up with a
method that scales better than FRPCAG, the alternate decoder above is not feasible. Second, note that
It requires tuning two model parameters, which is computationally unfeasible as well.

In this section we describe the step-by-step construction of an approximate, parameter free and
computationally feasible decoder. The main idea is to breakdown the decode phase of low-rank matrix
X into its left and right singular vectors or subspaces. Let X = UZV ' and X = UZV " be the SVD of X
and X. We propose to recover U from U and V from V in 3 steps.

1. Split the alternate decoder to subspace learning problems.
2. Drop the orthonormality constraints on subspaces.

3. Run an efficient upsampling algorithm to solve the problem of step 2.

The goal of this step-by-step approach is to guide the reader throughout to observe the close relation-
ship between the alternate and approximate decoder. Note that U = U, and V = V,, i.e., both U and V
have r columns, however, we use U and V to keep the notation simple throughout our discussion. Now
we begin to describe these steps in detail.

Step 1: Splitting the alternate decoder

Using the SVD of X and X and the invariance property of trace under cyclic permutations, we can
replace (6.8) by:

rlr}i‘glnMrUZVTMc ~OSVT |2 +7.0(Z2VTLEV) +7, (U T L' UZ?)

st U'u=I,, vV'v=I,. (6.10)

The above eq. introduces two new variables based on the SVD of X, i.e, U € RP*" and V € R"*". Clearly,
with the introduction of these new variables, one needs to specify r as the dimension of the subspaces
U and V. We propose the following strategy for this:

1. First, determine £ by one inexpensive SVD of X € RP"*P¢, This costs @ (p?p.) for p, < pe.
2. Then set r equal to the number of entries in £ which are above a threshold.
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It is important to note that so far eq. (6.10) and the alternate decoder eq. (6.8) are equivalent. Also note
that we did not introduce the singular values X as an additional variable in eq. (6.10) because they
are related to the singular values Z of X. We argue this as following: If eq. (6.9) holds for the alternate
decoder then |£* — £ r (where £*, £ are the singular values of X*, X) is also bounded as argued below.

Let MUV M® = X*, then we observe that
o * & RN Y Cur T s s T ik =4
IX* - X|% =02V -0V |5 =10" 0"V V* -%|%

which implies that T 0*£* VT V* = £. This is equivalent to saying that for the significant values of Z,
the inner product of orthonormal matrices U ' U* and V' V* have to be almost diagonal. As a result, for
the significant values of £, U and V have to be aligned with U* and V*. The same reason also implies
that £* = £. Thus, the singular values X and £ of X and X differ approximately by the normalization

constant of theorem 6.3.1, i.e,
T L
prpc(1-0)

Note that with the above relationship, the subspaces U, V can be determined independently of each
other. Thus eq. (6.10) can be decoupled as following which separately solves the subspace (U and V)
learning problems.

min|| MU - O +y, uULU)
st U'U=1I,,
min|| V" M¢ - V7 +y  (VTLV)

stt Vv=I,. 6.11)

Step 2: Dropping Orthonormality Constraints
Solving eq. (6.11) is as expensive as eq. (6.8) due to the orthonormality constraints as explained below.
First, note that the problem can be reformulated as:
min tr(U L' U)
st U'U=1,, IMU-U|%<e
Let U’ is the zero appended matrix of U, then we can re-write it as:
ml}ntr(UTLr U)
st UU=1I, IMU-U)2<e

The above problem is equivalent to eq. (6.11), as the term |[M" (U — U) IIZF has been removed from the
objective and introduced as a constraint. Note that the constant y, is not needed anymore. The new
model parameter € controls the radius of the ¢, ball |[M" (U -U ’) II%. In simple words it controls how
much noise is tolerated by the projection of U on the ball that is centered at U'. To solve the above
problem one needs to split it down into two sub-problems and solve iteratively between:
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6.5. Decoders for low-rank recovery

1. The optimization ming tr(U"L'U) s.t: U'U = I,. The solution to this problem is given by
the lowest r eigenvectors of L”. Thus it requires a complexity of @ ((n + p)r?) for solving both
problems (6.11).

2. The projection on the ¢, ball | M" (U — U’) II% whose complexity is O (p. + p,).

Thus the solution requires a double iteration with a complexity of @ (Inr?) and is almost as expensive
as FRPCAG.

Therefore, we drop the constraints and get

min||M"U - U12+y ,u@ LD, (6.12)

min|| V"M~ VI +y  (VTLW). (6.13)

The solutions to (6.12) & (6.13) are not orthonormal anymore. The deviation from the orthonormality
depends on the constants y’, and y’c, but X = UZVT is still a good enough (error characterized in
Theorem 6.5.3) low-rank representation due to the intuitive explanation that we present here. We argue
that the solutions of egs.(6.12) &(6.13) are feasible solutions of the joint non-convex, factorized, and
graph regularized low-rank optimization problem like the one presented in [34]. Let A and B be the
subspaces that we want to recover then we can re-write the problem studied in [34] as following:

min |M"ABT M° - X} + y (AT L A) +y,tr(BT L°B)

The above non-convex problem does not require A and B to be orthonormal, but is still widely used
for recovering a low-rank X = ABT. Our problem setting (eqs.(6.12) &(6.13)) is just equivalent except
that it is convex as we decouple the learning of two subspaces due to the known X that relates U and V.
Thus, for any orthonormal U, V and a scaling matrix ~, A=U VvZ and B = VX is a feasible solution.

Step 3: Subspace Upsampling

Egs. (6.12) &(6.13) require the tuning of two parameters y’, and y’C which can be computationally
cumbersome. Therefore, our final step in the construction of the approximate decoder is to get rid of
the two parameters. But before we present the final construction step we study the problems eqs.(6.12)
&(6.13) and their solutions more closely.

First, note that solving eqs.(6.12) &(6.13) is equivalent to making the following assumptions:

U=MU+E" and V=VM°+E?,

where the columns of U, U(i) € span(P,C ), i =1,---,p, and the columns of 174 ij) € spun(Pz ),
j=1,---,nand E"“ e RPr*Pr, EY € RP<*Pc model the noise in the estimate of the subspaces.

Secondly, the closed form solutions of egs.(6.12) &(6.13) are given as following:
U=M"M +y.L')"'M "0, (6.14)
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V=(MM" +y L) MV, (6.15)

Thus, problems (6.12) & (6.13) decode the subspaces U and V such that they are smooth on their
respective graphs L” and L¢. This can also be referred to as:

1. simultaneous decoding and

2. subspace denoising stage.

We call it a ‘subspace denoising’ method because the operator (M’ T M" + y/r L")~! can be viewed as
low-pass filtering the subspace U in the graph fourier domain.

Note that we want to decode and denoise U and V which are in turn determined by the SVD of X.
Furthermore, X has been determined by solving the FRPCAG problem of eq.(6.4). FRPCAG is already
robust to noise and outliers, therefore, it is safe to assume that the subspaces determined from it, i.e, U
and V are also noise and outlier free. Thus, the extra denoising step (performed via graph filtering) of

eqs.(6.12) &(6.13) is redundant.

Therefore, we can directly upsample U and V to determine U and V without needing a margin for
noise. To do this, we reformulate eq.(6.12) as follows:

1 _
min —— IM"U-03%+ (U L"U).

Yr

For y’r — 0, X — oo, the emphasis on first term of the objective increases and it turns to an equality
Y

constraint M" U = U. The same holds for eq.(6.13) as well. Thus, the modified problems are:

Inl}ntr(UTLr U) and min tr(VTLEV)
st MU =10, st MCTV =V, (6.16)
Note that now we have a parameter-free decoding stage.

It is important now to study the theoretical guarantees on egs. (6.16). To do this, as eqgs. (6.16) are a
specific case of eqs. (6.12) & (6.13), we first study the guarantees on egs. (6.12) & (6.13) in Theorem
6.5.3. Then, based on this study we directly present the guarantees on the final approximate decoder of
eqs. (6.16) in Theorem 6.5.4.

Theorem 6.5.3. Let M" and M€ be such that (6.2) holds andy'.,y. > 0. LetalsoU* and V* be respectively
the solutions of (6.12) and (6.13) with U = M"U + E* and V = M°V + EV, where U(i) € span(P; ),
i=1,,p,V(j)espan(Pi), j=1,---,n, E* €RPr*Pr, EV € RP<*Pc. We have:

L 2 1 _ A%, _
1% —U||Fs\/pr(1—p_5)[ 2+\/T ||E”||F+( T n/M;,)nUuF
Tk +1 kr+l

, and
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2 Ak
IE*|F < T”Eu”F"‘ Z)L’ —IU| .
Yr kr+1 kr+1

where U* = P,Zr P,Zr TU* and E* = U* — U*. The same inequalities with slight modification also hold for
v,

(7 * 7 2n 1 v /lzc /1 qc (7
IV =Vig= T 2+ IE"IF+ M—ﬂ/}’clkc IVIg|, and
pC( - ) Y/C/lzc+l kCJrl
[2 . Mo
IE*|F < e IEY I F+ 2/10 IVIE,
Ye ke+1 ke+1
where V* = V*P;CTP,? andE* =V*-V*.
Proof. Please refer to Appendix A.7. O

Theorem 6.5.4. Let M" and M be such that (6.2) holds. Let also U* and V* be the solutions of (6.16)
withU = M"U and V = MV, where U(i) € span(P; ), i=1,+,p, V(j)e span(P{), j=1,--,n. We

have:
. 2p M, -
WU" -Ulp<y| ——= — T
Voo,

whereU* = P]Cr P,CrTU . The same inequalities with slight modification also hold for V*,

3 2 AL
WV =Vl <[ | S IV
pc(1-6) Akcﬂ

* _ T
where V* = VP,?C P,ic

Proof. The proof directly follows from the proof of Theorem 6.5.3 by using E“ = 0 and y’r =0. O

As X = UZVT, we can say that the error with egs.(6.16) is upper bounded by the product of the errors
of the individual subspace decoders. Also note that the error again depends on the eigen-gaps defined

by the ratios Ay /Ay ., and A} /AL ).

The solution to the above problems (egs. 6.16) is simply a graph upsampling operation as explained in
Lemma 6.5.1.

Lemma6.5.1. LerS € R and R € RA*" be the two matrices such that d < r and d < c. Furthermore, let
M € RY*¢ be a sampling matrix as constructed in (6.1) and L € R°* be a symmetric positive semi-definite
matrix. We can write S = [S;ISZ]T, where Sy, € RY*" and S, € RC~DXT gre the known and unknown
submatrices of S. Then the exact and unique solution to the following problem:

ngintr(STLS), st: MS=R 6.17)

a
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is given by Sg = —L; L., R.

Proof. Please refer to Appendix A.8. O

Using Lemma 6.5.1 and the notation of Section 6.4.1 we can write:

U- -L"1Q, Q)L (Q,, Q)T
7}
LY Q, QL Q,, Q)T
Ve Qe Q)L Qe QIV | 6.18)

| %4

Egs. (6.18) involves solving a sparse linear system. If each connected component of the graph has at
least one labeled element, L’ (Q,,Q,) is full rank and invertible. If the linear system above is not large
then one can directly use eq. (6.18). However, to avoid inverting the big matrix we can use the standard
Preconditioned Conjugate Gradient (PCG) method to solve it. Note that the egs. (6.18) and even PCG
can be implemented in parallel for every column of U and V. This gives a significant advantage over
the alternate decoder in terms of computation time.

Complexity: The cost of this decoder is © (O, k,, kn) where O; is the number of iterations for the PCG
method.

The columns of U and V are not normalized with the above solution, therefore, a unit norm normal-
ization step is needed at the end. Once U, V are determined, one can use X = USV " \/np/p,;p.(1-6)
to determine the required low-rank matrix X. The decoder for approximate recovery is presented in
Algorithm 2.

Algorithm 2 Subspace Upsampling based Approximate Decoder for low-rank recovery

INPUT: X € RPr*Pe, LT € RP*P, L¢ € R
1.do SVD(X)=UZVT
2.find r such that £, /2,7 <0.1
3. Solve egs. (6.16) for every column of U, V as following:
fori=1,...rdo
solve ming ;) U(i)TL"U(i) s.t M"U(i) = U(i) using PCG
solve miny ;) V(i) TL°V(i) s.t M®T V(i) = V(i) using PCG
end for
4.8etU@) =UD/NUDIE, V@ =VDO/INViE,Vi=1,---,1

_ [ np %
5.Set X = prpc(l_é)z

6.SetX=UZV'
OUTPUT: The full low-rank X € RP*"

6.5.4 Other Approximate Decoders

Alternatively, if the complete data matrix Y is available then we can reduce the complexity further by
performing a graph-upsampling for only one of the two subspaces U or V.
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Approximate decoder 2

Suppose we do the upsampling only for U, then the approximate decoder 2 can be written as:

ml}ntr(UTLrU) stt MU=0.

The solution for U is given by eq. 6.18. Then, we can write V as:

pcpr(1-0)
np

v=y'us!

However, we do not need to explicitly determine V here. Instead the low-rank X can be determined
directly from U with the projection given below:

x=vus, |—" _ _vT_yu'y.
pcpr(1-0)

Approximate decoder 3

Similar to the approximate decoder 2, we can propose another approximate decoder which performs a
graph upsampling on V and then determines U via matrix multiplication operation.

m‘;ntr(VTLCV) st MCTV=V

The solution for V is given by eq. 6.18. Using the similar trick as for the approximate decoder 2, we can
compute X without computing U. Therefore, X = YVV.

Complexity: For the proposed approximate decoders, we would need to do one SVD to determine the
singular values (). However, note that this SVD is on the compressed matrix X € R?7*P¢, Thus, it is
inexpensive @ (p2p.) assuming that p, < p.. The cost of these decoders is the same as the approximate
decoder, i.e., 0(O; k,, kn) where O; is the number of iterations for the PCG method.

6.6 Decoder for clustering

As already mentioned earlier, PCA has been widely used for two types of applications: 1) low-rank
recovery and 2) clustering. Therefore, in this section, we present a method to perform clustering using
our framework.

For the clustering application we do not need the full low-rank matrix X. Thus, we propose to do
k-means on the low-rank representation of the sampled data X obtained using (6.4), extract the cluster
labels C and then decode the cluster labels C for X on the graphs L and L°.

Let C € {0, 1}<*¥ be the cluster labels of X (for k clusters) which are obtained by performing k-means.
Then,

. 1 if% e j* cluster
0 otherwise.
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Note that each of the columns C(i) of € is the cluster indicator for one of the k clusters. The goal now
is to decode the cluster indicator matrix C € {0, 1}"***. We refer to the Compressive Spectral Clustering
(CSC) framework [111], where the authors solve a similar problem by arguing that each of the columns
of C can be obtained by assuming that it lies close to the s pan(P,ic), where P,ﬁc are the first k. Laplacian
eigenvectors of the graph G°. This requires solving the following convex minimization problem:

mcin||MCTC—é||§+ytr(cTLCC) (6.19)
The above problem can be solved independently for each of the columns of C, thus,
min IM°TC(i) - Ci)I3 +yCi) T LEC(i) (6.20)
1

Furthermore, note that the graph G is not required for this process. Eq.(6.20) gives a faithful solution for
C(i) if the sampling operator M¢ satisfies the restricted isometry property RIP. Thus, forany é,¢. € (0, 1),
with probability at least 1 — ¢,

n
A-8)lwl3 < p—u w' M°|5<(1+80)lwl3 6.21)
[
forallwes pan(P,ic) provided that

ch) ) (6.22)

3 2
Pc= 6_%Vk” log(e—c

This holds true as a consequence of Theorem 6.3.1 (eq.(A.7) in the proof of Theorem 6.3.1 and Theorem
5in [100]).

Eq.(6.20) requires the tuning of a model parameter y which we want to avoid. Therefore, we use the
same strategy as for the approximate low-rank decoder in Section 6.5.3. The cluster labels C(i) are not
noisy because they are obtained by running k-means on the result of FRPCAG eq.(6.4), which is robust
to outliers. Thus, we set ¥ = 0 in eq.(6.20) and propose to solve the following problem:

I’(Ijl(i%lC(i)TLCC(i) st M°TC(i)=€(). (6.23)
4

According to Lemma 6.5.1, the solution is given by:

—LNQe, QO LE(Qc, Q) Ci)

Cc@) = Cii) (6.24)

Ideally, every row of the matrix C should have 1 in exactly one of the k columns, indicating the cluster
membership of that data sample. However, the solution C € R"** obtained by solving the above
problem is not binary. Thus, to finalize the cluster membership (one of the k columns), we perform a
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maximum pooling for each of the rows of C, i.e,

C:: 1 ifC,-jzmax{C,-jijl---k}
H 0 otherwise.

Algorithm 3 summarizes this procedure. The complete CPCA algorithm is stated in Table 6.1.

Algorithm 3 Approximate Decoder for clustering

INPUT: X € RPr*Pe, L€ € R
1. do k-means on X to get the labels Ce{0,1}1Pcxk
2. Solve egs. (6.23) for every column of C as following:

fori=1,...kdo
solve ming(;) C(i) T L°C(i) s.t M®' C(i) = C(i) using PCG
end for

3.Set C;j =1ifmax{C;; V j=1---k} and 0 otherwise.
OUTPUT: cluster indicators for X: C € {0, 1}"*¥

Theorem 6.6.1. Let M° be such that eq. (6.21) holds. Let also C(i)* be the solution of (6.23) with
C(i) = M7 C(i), where Cli) € span(P,‘éC), i=1,---,n. We have:

ICGH)* ~ €l = | —= WA
PP\ pea-so\ 2y,

where C(i)* = P{ P{ TC(D).

Proof. The proof directly follows from the proof of Theorem 3.2 in [100]. These steps have been repeated
in the proof of Theorem 6.5.3 in Appendix A.7 as well. Using C(i)* = U(i)", C(i) = U(i), n= p, pc = pr
in eq.(A.18) one can get theoretical guarantees for eq. (6.20). Then, by using E() “~0and vy =0 we get
the result of above theorem. O

Table 6.1 — Summary of CPCA and its computational complexity for a dataset ¥ € RP*". Throughout we assume that
knn, 1k, pr,pc, p < n.

The Complete CPCA Algorithm Complexity
1. Construct graph Laplacians between the rows L" and columns L€ of Y using FLANN. O(nplog(n))
2. Construct row and column sampling matrices M” € R°*P and M® € R"*F¢ -

satisfying (6.1) and theorem 6.3.1
3. Sample the data matrix Y as Y = M"Y M¢ -

4. Construct the new graph Laplacians between the rows L’ and columns L° O(Orkpnn)
of ¥ using Section 6.4.1.

5. Solve FRPCAG (6.4) using Algorithm 1 to get the low-rank X Oprpcknn)
6. For low-rank recovery: Decode X from X using the approximate decoder Algorithm 2 | @(O;nrkyy)
7. For clustering: Decode the cluster labels C for X using Algorithm 3 O (Onk)

6.7 Complexity, Memory & Convergence

Computational Complexity: Now that we have presented our proposed matrix based low-rank recov-
ery methods, we are ready to comment on the computational complexities of ours and other methods
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in detail. First, we present a set of rules which we follow for our calculations.

For a matrix X € R”*", let I denote the number of iterations for the algorithms to converge, p is the
number of features, n is the number of samples, p,, p. are the number of features and samples for
the compressed data ¥ and satisfy eq. (6.1) and theorem 6.3.1, r is the rank of the low-dimensional
space, k is the number of clusters, k;, is the number of nearest neighbors for graph construction,
0y, O, correspond to the number of iterations in the Lanczos and Chebyshev approximation methods.
Furthermore,

1. We assume that k., k, kr, k¢, 1, 07, pc << 1.
2. The complexity of ¢(Y — X) is @ (np) per iteration and that of ¢(Y — X) is G (p.p,).

3. The complexity of the computations corresponding to the graph regularization tr(XL°X ") +
tr(X T L' X) = G (p|EC| + n|E"|) = G(pnky, + npk,y), where E,, E. denote the number of non-zero
edgesin L", L°. Note that we use the k;;,-nearest neighbors graphs so E" = k;,,p and E® = kj,, n.

4. The complexity for the construction of L° and L” for compressed data Y is negligible if FLANN is
used, i.e, O(p.prlog(p.)) and O(p.p,log(p,)). However, if the kron reduction strategy of Section
6.4.1 is used then the cost is O'(k,, O;(n + p)) = O(k,, O;n).

5. We use the complexity @ (np?) for all the SVD computations on the matrix X € RP*" and @ (p.p?)
for X € RPe*Pr,

6. The complexity of ¢(M” X M° - X) is negligible as compared to the graph regularization terms
tr(XLXT) + tr(X "L X).

7. We use the approximate decoders for low-rank recovery in the complexity calculations (eq. (6.18)
in Section 6.5.3). All the decoders for low-rank recovery are summarized in Table 6.2.

8. The complexity of k-means [112] is @ (Inkp) for a matrix X € R”*" and @ (Ip,pk) for a matrix
X eRPr<Pe,

A summary of all the decoders and their computational complexities is presented in Table 6.2. The
complete CPCA algorithm and the computational complexities of different steps are presented in Table
6.1. All the models which use the graph G¢ are marked by '+ The construction of graph G” is included
only in FRPCAG and CPCA. For ky,;,, 1, k, pr, pc < n CPCA algorithm scales as O(nkk,,) per iteration.
Thus, assuming that the row and column graphs are available from external source, a speed-up of p/r
per iteration is obtained over FRPCAG and p?/r over RPCA.

Memory Requirements: We compare the memory requirements of CPCA with FRPCAG. For a matrix
Y € RP*"*, FRPCAG and CPCA require the construction of two graphs G’,G° whose Laplacians L" €
RP*P,L¢ € R™" are used in the core algorithm. However, these Laplacians are sparse, therefore the
memory requirement for L”, L is G (k,,, (|| +|E|)) respectively. The core algorithm of FRPCAG requires
operation on the full matrix ¥ and the graph Laplacians L", L°. As |E,| = ky, p and |E.| = kj, n therefore,
the memory requirement for the regularization terms tr(XL°X ") and tr(X " L" X) is @ (k,,np). For the
CPCA algorithm, assuming n > p and letting p, = p/b and p. = n/a, the complexity of FRPCAG on
the sampled data is G (k,,,np/(ab)) and the approximate decode stage for subspaces of dimension r
is O (kppnr). Thus the overall memory requirement of CPCA is @ (k,,n(p/(ab) +r)). As compared to
FRPCAG, an improvement of pab/(p + kab) is obtained. For example for n = 1000, p =200,a =10,b =
1,7 =10, areduction of approximately 6.6 times is obtained.

124



6.7. Complexity, Memory & Convergence

Table 6.2 — A summary and computational complexities of all the decoders proposed in this work. The Lancoz method used here
is presented in [7].

Type Low-rank
model complexity | Algorithm | parallel implementation
miny [|M"XM* - X|)%, o (n®) - -
ideal st:X() e span(Py, )
X)) e span(P,;)
miny |M" XM - X[ | ©Unpkny) gradient no
alternate +ytr(XLEXT) descent
+y,tr(X T L' X)
ming |M"U-U|3 GUpkyy) gradient yes
+y (U L'U) descent
approximate
miny |[M¢TV - VIZ O (Inkp,) gradient yes
+y (VT LEV) descent
X=UsvT O(p%p,) SVD
ming tr(U" L' U) O(pkOyknn) PCG
stM'U=TU
Subspace Upsampling
miny tr(VT LEV) O (nkOjkny) PCG yes
stMCTv=Vv
X=Uzv" O(p%p,) SVD
ming tr(UTL"U) O(pkOjkny) PCG yes
stM'U=TU
approximate 2
X=U0U"Y
miny tr(VT LEV) O (nkOjkpp) PCG yes
stM/ V=V
approximate 3
X=YVv'

125



Chapter 6. Compressive PCA on Graphs

Table 6.3 - Computational complexity of all the models considered in this work
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6.8. Experimental Results

Convergence of CPCA: The CPCA based algorithm (Table 6.1) has two main steps: 1) FRPCAG on the
compressed data matrix and 2) low-rank matrix or cluster label decoding. FRPCAG is solved by the
FISTA (Algorithm 1) and the decode step is solved using the PCG method. Both of these methods have
been well studied in terms of their convergence guarantees. More specifically, one can refer to [103] for
a detailed study on FISTA and [113] for PCG. Let X/ represent the iterates of the FRPCAG problem 6.4,
X* the optimal solution, F(X) the objective function and 2y, | L" |2 + 2y .|| L¢||» the Lipschitz constant,
then the Algorithm 1 (FISTA) converges as following:

4a(y 1L 2 +y I LI 1 X7 = X113,

o N,
F(X')-F(X") = G+17?2

’

where «a is the step size and j denotes the iteration number. The PCG method on the other hand can
theoretically be viewed as a direct method, as it produces the exact solution after a finite number of
iterations [113].

Tables 6.9 & 6.12 show detailed computational time and iterations for our CPCA based algorithms to
converge, for a wide variety and sizes of datasets.

6.8 Experimental Results

Similarly to FRPCAG (Chapter 5), we perform two types of experiments corresponding to two appli-
cations of PCA 1) Data clustering and 2) Low-rank recovery using two open-source toolboxes: the
UNLocBoX [107] and the GSPBox [62].

6.8.1 Clustering
Experimental Setup

Datasets: We perform our clustering experiments on 5 benchmark databases (as in [99,110]): CMU PIE,
ORL, YALE, MNIST and USPS. For the USPS and ORL datasets, we further run two types of experiments
1) on subset of datasets and 2) on full datasets. The experiments on the subsets of the datasets take less
time so they are used to show the efficiency of our model for a wide variety of noise types. The details
of all datasets used are provided in Table 6.4.

Table 6.4 — Details of the datasets used for clustering experiments in this work.

Dataset Samples | Dimension | Classes
ORL large 400 56 x 46 40
ORL small 300 28 x 23 30
CMU PIE 1200 32x32 30

YALE 165 32x32 11
MNIST 70000 28 x 28 10
MNIST small 1000 28 x 28 10
USPS large 10000 16 x 16 10
USPS small 3500 16 x 16 10

Noise & Errors: CPCA is a memory and computationally efficient alternative for FRPCAG. An important
property of FRPCAG is its robustness to noise and outliers, just like RPCA. Therefore, it is important to
study the performance of CPCA under noise and corruptions similar to those for FRPCAG and RPCA.
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To do so we add 3 different types of noise in all the samples of datasets in different experiments: 1)
Gaussian noise and 2) Laplacian noise with standard deviation ranging from 5% to 20% of the original
data 3) Sparse noise (randomly corrupted pixels) occupying 5% to 20% of each data sample. Note that
this is different from the experiments carried out for FRPCAG. For the experiments with Gaussian noise
we use ¢ = ¢, and for those with sparse we use ¢ = ¢; norm.

Similarly to FRPCAG, we compare with many different state-of-the-art methods, using similar validation
procedure and parameters for graph construction, pre-process all the datasets in a similar manner and
use clustering error as an evaluation metric. Although our CPCA approach is convey, it involves a bit of
randomness due to the sampling step. Due to the extensive nature of the experimental setup, most of
the clustering experiments are performed under one sampling condition. However, it is interesting
to study the variation of error under different sampling scenarios. For this purpose we perform some
additional experiments on the USPS dataset. For our proposed CPCA method, we use a convention
CPCA(a, b), where a and b denote the downsampling factors on the columns and rows respectively. A
uniform sampling strategy is always used for CPCA. The clustering error for RPCA, RPCAG and FRPCAG
is determined by performing k-means directly on the low-rank X. For our CPCA method, k-means is
performed on the small low-rank X and then the labels for full X are decoded using Algorithm 3.

Discussion on clustering performance

We point out here that the purpose of our clustering experiments is three-fold:

* To show the efficiency of CPCA for a wide variety of noise and errors and downsampling.
* To study the conditions under which CPCA performs worse than the other models.

* To study the variation of performance under different sampling scenarios.

For this purpose, we test CPCA under a variety of downsampling rates for different datasets. Cases with
p < nand n < p carry special interest. Therefore, we present our discussion below in the light of the
above goals.

Tables 6.5, 6.6, 6.7 & 6.8 present the clustering results for USPS small, USPS large, MNIST large, MNIST
small, ORL small, ORL large, CMU PIE and YALE datasets. Note that not all the models are run for all
the datasets due to computational constraints. The best results are highlighted in bold and the second
best in blue. From Table 6.5 for the USPS dataset, it is clear that our proposed CPCA model attains
comparable clustering results to the state-of-the-art RPCAG and FRPCAG models and better than the
others in most of the cases. Similar observation can be made about the MNIST large dataset from Table
6.8 in comparison to FRPCAG.

It is important to note that for the USPS and MNIST datasets p < n. Thus, for the USPS dataset,
the compression is only applied along the columns (n) of the dataset. This compression results in
clustering error which is comparable to the other state-of-the-art algorithms. As p = 256 for the USPS
dataset, it was observed that even a 2 times downsampling on p results in a loss of information and
the clustering quality deteriorates. The same observation can be made about ORL small, ORL large
and YALE datasets from Tables 6.6, 6.7 for CPCA (2,2). i.e, two times downsampling on both rows and
columns. On the other hand the performance of CPCA (1,2) is reasonable for the ORL small dataset.
Recall that CPCA (a,b) means a downsampling by a and b across columns and rows (samples and
features). Also note that for ORL dataset n < p.
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6.8. Experimental Results

Table 6.5 — Clustering error of USPS datasets for different PCA based models. The best results per column are highlighted in bold

and the 2nd best in blue. NMF and GNMF require non-negative data so they are not evaluated for USPS because the features of

the USPS dataset are also negative.
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Table 6.6 — Clustering error of ORL datasets for different models. The best results per column are highlighted in bold and the 2nd
best in blue.

Data Model no noise Gaussian noise \
set 5% 10% 15% 20%
k-means 0.40 0.43 0.43 0.45 0.44
LLE 0.26 0.26 0.26 0.26 0.19
O LE 0.21 0.18 0.19 0.19 0.19
R PCA 0.30 0.30 0.32 0.34 0.32
L MMF 0.21 0.20 0.18 0.18 0.17
R GLPCA 0.14 0.13 0.13 0.13 0.14
s NMEF 0.31 0.34 0.29 0.31 0.34
m GNMF 0.29 0.29 0.29 0.31 0.29
a RPCA 0.36 0.34 0.33 0.35 0.36
1 RPCAG 0.17 0.17 0.17 0.16 0.16
1 FRPCAG 0.15 0.15 0.15 0.14 0.16
CPCA (2,2) 0.23 0.23 0.23 0.24 0.25
CPCA (1,2) 0.17 0.17 0.17 0.14 0.17
O k-means 0.49 0.50 0.51 0.51 0.51
R LLE 0.28 0.27 0.27 0.24 0.25
L LE 0.24 0.25 0.25 0.24 0.25
PCA 0.35 0.34 0.35 0.36 0.36
1 MMF 0.23 0.23 0.23 0.24 0.24
a GLPCA 0.18 0.18 0.18 0.19 0.19
r NMEF 0.36 0.33 0.36 0.32 0.36
g GNMF 0.34 0.37 0.36 0.39 0.39
e FRPCAG 0.17 0.17 0.17 0.17 0.17
CPCA (2,2) 0.21 0.21 0.21 0.23 0.22

Finally, we comment about the results on MNIST small dataset (p = 784, n = 1000) from Table 6.5. It is
clear that FRPCAG (no compression) results in the best performance. CPCA (5,1) results in a highly
undersampled dataset which does not capture enough variations in the MNIST small dataset to deliver
a good clustering performance. This particular case supports the fact that compression does not always
yield a good performance at the advantage of reduced complexity. Therefore, we study this phenomena
below.

The above findings for the MNIST dataset are intuitive as it only makes sense to compress both
rows and columns in our CPCA based framework if a reasonable speed-up can be obtained without
compromising the performance, i.e, if both n and p are large. If either n or p is small then one
might only apply compression along the larger dimension, as compression on the smaller dimension
would not speed up the computations significantly. For example, for the USPS dataset, a speed-up of
plk =256/10 = 25 times would be obtained over FRPCAG by compressing along the samples (columns
n) only without a loss of clustering quality. Our experiments showed that this speed up increased upto
30 by compressing along the features but with a loss of performance (The results are not presented for
brevity).

Tables 6.5, 6.6, 6.7 & 6.8 also show that CPCA is quite robust to a variety of noise and errors in the dataset.
Even in the presence of higher levels of Gaussian and Laplacian noise, CPCA performs comparable to
other methods for the USPS dataset. Thus, CPCA tends to preserve the robustness property of FRPCAG.
This will also be clear from the low-rank recovery experiments in the next section.

Computation Time vs Performance & Sampling

It is interesting to compare 1) the time needed for FRPCAG and CPCA to perform clustering 2) the cor-
responding clustering error and 3) the sub-sampling rates in CPCA. Table 6.8 shows such a comparison

130



6.8. Experimental Results

Table 6.7 — Clustering error of CMU PIE and YALE datasets for different PCA based models. The best results per column are
highlighted in bold and the 2nd best in blue.

Data Model no noise Gaussian noise \
set 5% 10% 15% 20%
k-means 0.76 0.76 0.76 0.75 0.76
LLE 0.47 0.50 0.52 0.50 0.55
LE 0.60 0.58 0.59 0.58 0.60
PCA 0.27 0.27 0.27 0.27 0.29
C MMF 0.67 0.67 0.67 0.66 0.67
M GLPCA 0.37 0.39 0.37 0.38 0.38
18} NMF 0.24 0.27 0.24 0.25 0.27
P GNMF 0.58 0.59 0.56 0.58 0.59
1 RPCA 0.39 0.38 0.41 0.41 0.38
E RPCAG 0.24 0.24 0.24 0.24 0.25
FRPCAG 0.23 0.24 0.24 0.24 0.24
CPCA (2,1) 0.26 0.26 0.26 0.28 0.27
CPCA (2,2) 0.28 0.29 0.29 0.30 0.30
k-means 0.76 0.76 0.76 0.76 0.77
LLE 0.51 0.47 0.46 0.49 0.50
LE 0.52 0.56 0.55 0.54 0.54
PCA 0.53 0.52 0.53 0.56 0.55
MMF 0.58 0.59 0.56 0.57 0.58
Y GLPCA 0.47 0.46 0.47 0.45 0.48
A NMF 0.57 0.58 0.59 0.57 0.59
L GNMF 0.59 0.59 0.61 0.59 0.60
E RPCA 0.45 0.48 0.46 0.46 0.48
RPCAG 0.40 0.40 0.41 0.41 0.41
FRPCAG 0.40 0.37 0.40 0.40 0.40
CPCA (2,2) 0.43 0.45 0.42 0.46 0.43

for 70,000 digits of MNIST with (10, 2) times downsampling on the (columns, rows) respectively for
CPCA. The time needed by CPCA is an order of magnitude lower than FRPCAG. Note that the time
reported here does not include the construction of graphs G”,G¢ as both methods use the same graphs.
Furthermore, these graphs can be constructed in the order of a few seconds if parallel processing is
used. The time for CPCA includes steps 2 to 5 and 7 of Table 6.1. For the information about the graph
construction time, please refer to Table 6.9 and the discussion thereof.

Table 6.9 presents the computational time and number of iterations for the convergence of CPCA,
FRPCAG, RPCAG & RPCA on different sizes and dimensions of the datasets. We also present the time
needed for the graph construction. The computation is done on a single core machine with a 3.3 GHz
processor without using any distributed or parallel computing tricks. An oo in the table indicates that
the algorithm did not converge in 4 hours. It is notable that our model requires a very small number
of iterations to converge irrespective of the size of the dataset. Furthermore, the model is orders of
magnitude faster than RPCA and RPCAG. This is clearly observed from the experiments on MNIST
dataset where our proposed model is 100 times faster than RPCAG. Specially for MNIST dataset with
25000 samples, RPCAG and RPCA did not converge even in 4 hours whereas CPCA converged in less
than a minute.

It is interesting to study the reduction in the total time attained by using CPCA as compared to FRPCAG.
Table 6.9 can be used to perform this comparison as well. For example, for the MNIST dataset with 5000
samples, the total time (including graph construction) for FRPCAG is 28.2 secs and that for CPCA is 20.1
secs. Thus, a speed-up of 1.4 times is obtained over FRPCAG. The time required for the construction of
the graph between the samples or features is often more than that required for the CPCA to converge.
This is a small computational bottleneck of the graph construction algorithm. While graph learning
or graph construction is an active and interesting field of research, it is not a part of this work. The

131



Chapter 6. Compressive PCA on Graphs

Box plots for 10 runs of CPCA (10,1) on USPS
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Figure 6.1 — Box plots for clustering error over 10 random sampling runs of CPCA (10,1) for the full USPS dataset (256 x 10000)
with increasing levels of Gaussian noise. For each run CPCA is evaluated for the full parameter grid y’r,yrc € (0,30) and the

minimum clustering error is considered. A slight increase in the average clustering error with Gaussian noise shows that CPCA is
quite robust to sampling and noise.

state-of-the-art results [92], [93], [114] do not provide any scalable solutions yet.

Table 6.8 — Clustering error and computational times of FRPCAG and CPCA on MNIST large dataset (784 x 70,000).

Model FRPCAG | CPCA (10,2)
Error 0.25 0.24
time (secs) 350 58

Table 6.9 —- Computation times (in seconds) for graphs G, G¢, FRPCAG, CPCA, RPCAG, RPCA and the number of iterations to
converge for different datasets. The computation is done on a single core machine with a 3.3 GHz processor without using any
distributed or parallel computing tricks. An co indicates that the algorithm did not converge in 4 hours.

Dataset | Samples | Features | Classes Graphs FRPCAG CPCA RPCAG RPCA
G, Ge time | Iters | (a,b) | time | Iters | time | Iters | time | Iters
MNIST 5000 784 10 10.8 | 4.3 13.7 27 (5,1) 5 30 1345 | 325 1090 | 378
MNIST 15000 784 10 32,5 | 133 | 354 23 (5,1) 13 25 3801 412 | 3400 | 323
MNIST 25000 784 10 40.7 | 22.2 | 58.6 24 (10,1) 20 37 e} (e ) 0o [eS)
ORL 300 10304 30 1.8 | 56.4 | 24.7 12 2,1) 14 15 360 301 240 320
USPS 3500 256 10 5.8 10.8 | 21.7 16 (10,1) 12 31 900 410 790 350

Effect of random sampling

An interesting observation can be made from Table 6.8 for the MNIST dataset: the error of CPCA is also
lower than FRPCAG. Such cases can also be observed in USPS dataset (Table 6.5). As the downsampling
step is random, it might remove some spurious samples sometimes and the clustering scheme (Section
6.6) becomes robust to these samples. For the clustering application, the spurious samples mostly lie
on the cluster borders and deteriorate the clustering decision.

To incorporate the extensive nature of the experiments presented in this work, Tables 6.5 & 6.8 cor-
respond to one run of the CPCA for one specific sampling case. However, it is imperative to study
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Table 6.10 - Preservation of the rank of the datasets in the compressed low-rank X determined by solving FRPCAG (6.4).

Dataset downsampling factor | actual rank | Rank after FRPCAG on sampled matrix
(columns, rows) Gaussian noise Laplacian noise

5% | 10% | 15% | 5% | 10% | 15%
ORL large 2,1 40 41 41 41 41 41 42
USPS large (10,2) 10 10 11 11 11 11 11
MNIST (10,2) 10 11 11 11 11 11 11
CMU PIE 2,1 30 31 31 31 31 31 32
YALE 2,1 11 11 11 11 11 11 11

the effect of random sampling on the performance of CPCA. Therefore, in order to study the effect of
random sampling on the clustering performance, we perform an experiment on the full USPS dataset
(256 x 10000) with different levels of artificial noise. The results in Fig. 6.1 correspond to 10 runs of the
CPCA under different uniform sampling scenarios. For this experiment, we downsample 10 times along
the columns (digits), whereas no downsampling is used across the features and then add different
levels of Gaussian noise from 0 to 15% in the dataset. Thus, we downsample the dataset, run FRPCAG
to get a low-rank X € R?561000 perform k-means (k = 10) and then use the approximate clustering
decoder (Algorithm 3) to decode the labels for the full dataset. This process is repeated over the whole
parameter grid y’r,y; € (0,30) and the minimum error over the grid is considered. Each of the boxplots
in this figure summarizes the clustering error over 10 runs of CPCA(10,1) for different levels of Gaussian
noise. The mean clustering error is 15.05% for the case of no noise and 15.2%, 15.6% and 16% for 5%,
10% and 15% Gaussian noise respectively. Furthermore, the standard deviation for each of the boxplots
varies between 0.4% to 0.55%. This result clearly shows that the CPCA performance is quite robust to
random sampling. Similar results were observed for other datasets and are not reported here for the
purpose of brevity.

Rank preservation under downsampling

An interesting question about CPCA is if it preserves the underlying rank of the dataset under the
proposed sampling scheme. Table 6.10 shows that the rank is preserved even in the presence of noise.
For this experiment, we take different datasets and corrupt them with different types of noise and
perform cross-validation for clustering using the parameter range for CPCA mentioned in Table 5.2.
Then, we report the rank of X for the parameter corresponding to the minimum clustering error. As
X is approximately low-rank so we use the following strategy to determine the rank r: £, /%, ; <0.1.
FRPCAG assumes that the number of clusters = rank of the dataset. Our findings show that this
assumption is almost satisfied for the sampled matrices even in the presence of various types of noise.
Thus, the rank is preserved under the proposed sampling strategy. For clustering experiments, the
lowest error with CPCA occurs when the rank = number of clusters.

Table 6.11 — Variation of clustering error of CPCA with different uniform downsampling schemes / factors across rows and
columns of the USPS dataset (256 x 10,000).

downsampling
(rows / cols) 1 5 10 15 20
1 0.16 | 0.16 | 0.21 | 0.21 | 0.21
2 0.21 | 0.23 | 0.23 | 0.24 | 0.25
4 0.26 | 0.30 | 0.31 | 0.31 | 0.31
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Clustering error vs downsampling rate

Table 6.11 shows the variation of clustering error of CPCA with different downsampling factors across
rows and columns of the USPS dataset (256 x 10,000). Obviously, higher downsampling results in an
increase in the clustering error. However, note that we can downsample the samples (columns) by
a factor of 5 without observing an error increase. The downsampling of features results in an error
increase because the number of features for this dataset is only 256 and downsampling results in a
loss of information. Similar behavior can also be observed for the ORL small and ORL large datasets
in Table 6.6 where the performance of CPCA is slightly worse than FRPCAG because the number of
samples n for ORL is only 400.

original RPCA RPCAG

2-‘5' !'

Figure 6.2 - Static background separation from videos using different PCA based models. The first row corresponds to a frame
from the video of a shopping mall lobby, the second row to a restaurant food counter and the third row to an airport lobby. The
leftmost plot in each row shows the actual frame, the other 5 show the recovered low-rank using RPCA, RPCAG, FRPCAG and
CPCA with two different uniform downsampling schemes.

6.8.2 Low-rank and sparse decomposition

In order to demonstrate the effectiveness of our model to recover low-rank static background from
videos we perform experiments on 1000 frames of 3 videos available online 7. All the frames are
vectorized and arranged in a data matrix ¥ whose columns correspond to frames. The graph G° is
constructed between the columns of ¥ and the graph G" is constructed between the rows of Y using
FLANN with k;,,, = 10. Fig. 6.2 shows the recovery of low-rank frames for one actual frame of each of

https:/ /sites.google.com/site/backgroundsubtraction/test-sequences

alternate decoder approximate decoder 1 approximate decoder 2 approximate decoder 3

Figure 6.3 — A quality comparison of various low-rank decoders discussed in this work.
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the videos. The first row corresponds to a frame from the video of a shopping mall lobby, the second
row to a restaurant food counter and the third row to an airport lobby. The leftmost plot in each row
shows the actual frame, the other 5 show the recovered low-rank representations using RPCA, RPCAG,
FRPCAG and CPCA with two different uniform downsampling rates. For CPCA Algorithm 2 is used with
¢ = ¢; norm and the rank r for the approximate decoder is set such that ir,r /21,1 <0.1, where X are
the singular values of X.

For the 2nd and 3rd rows of Fig. 6.2 it can be seen that our proposed model is able to separate the static
backgrounds very accurately from the moving people which do not belong to the static ground truth.
However, the quality is slightly compromised in the 1st row where the shadow of the person appears
in the low-rank frames recovered with CPCA. In fact, this person remains static for a long time in the
video and the uniform sampling compromises the quality slightly.

Table 6.12 — Computational time in seconds of RPCA, RPCAG, FRPCAG and CPCA for low-rank recovery of different videos in Fig.
6.2.

Videos | RPCA | RPCAG | FRPCAG | CPCA (5,1) | CPCA (10,4)
1 2700 3550 120 21 8
2 1650 2130 85 15 6
3 3650 4100 152 32 11

Table 6.12 presents the computational time in seconds of RPCA, RPCAG, FRPCAG and CPCA for low-
rank recovery of different videos in Fig. 6.2. The time reported here corresponds to steps 2 to 6 of Table
6.1, Algorithm 1 of [110] for FRPCAG, [1] for RPCA and [99] for RPCAG, excluding the construction of
graphs G",G°. The speed-up observed for these experiments from Table 6.12 is 10 times over FRPCAG
and 100 times over RPCA and RPCAG.

Fig. 6.3 presents a comparison of the quality of the low-rank static background extracted using the
alternate (6.8) and approximate decoders discussed in (6.18) for a video (1st row) of Fig. 6.2. Clearly,
the alternate decoder performs slightly better than the approximate decoders but at the price of tuning
of two model parameters.

Fig. 6.4 presents a comparison of the quality of low-rankness for the same video extracted using the
approximate decoder (6.18) using different downsampling factors on the pixels and frames. It is obvious
that the quality of low-rankness remains intact even with higher downsampling factors.

6.9 Conclusion

We presented Compressive PCA on Graphs (CPCA) which approximates a recovery of multilinear
low-rank tensors on graphs from their sampled measurements. CPCA is supported by the proposed
restricted isometry property (RIP) which is related to the coherence of the eigenvectors of graphs
between the rows and columns of the data matrix. Accompanied with several efficient, parallel,
parameter free and low-cost decoders for low-rank recovery and clustering, the presented framework
gains a several orders of magnitude speed-up over the low-rank recovery methods like Robust PCA.
The method is specially effective when the number of samples n and the features p are very large and
one can afford to lose the exactness of the representation for gain in speed. CPCA implicitly brings into
use the GMLSVD framework, i.e., it relies on the graph dirichlet priors rather than the explicit use of
the graph eigenvectors. Our theoretical analysis reveals that CPCA targets exact recovery for low-rank
matrices which are clusterable across the rows and columns. Thus, the error depends on the spectral
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downsampling on pixels

downsampling on frames

Figure 6.4 — A comparison of the quality of low-rank frames for the shopping mall video (1st row of Fig. 6.2) extracted using the
approximate decoder (6.18) for different downsampling factors on the pixels and frames. It is obvious that the quality of low-rank
remains intact even with higher downsampling factors.

gaps of the graph Laplacians. Extensive clustering experiments on 5 datasets with various types of
noise and comparison with 11 state-of-the-art methods reveal the efficiency of our model. CPCA also
achieves state-of-the-art results for background separation from videos.
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fd Tensor Low-rank Decomposition on
Graphs

Note: Most of the parts of this chapter have appeared in the following arXiv submission:

“N. Shahid, E Grassi, P Vandergheynst, "Multilinear Low-rank Tensors on Graphs & Applications", arXiv:
preprint arXiv:1611.04835.”

In chapters 5 and 6 we presented our matrix based low-rank decomposition methods, FRPCAG and
its extension CPCA. The proposed methods are computationally much more feasible as compared to
those which use nuclear norm, such as RPCA and RPCAG. However, this scalability comes at the cost
of approximation which is quantified by the eigen-gaps of the graph Laplacians. We recall that the
underlying low-rank signal model for FRPCAG and CPCA based methods is MLRTG (chapter 3), which
states that a low-rank tensor can be encoded as a multilinear combination of the first few Laplacian
eigenvectors, constructed from the flattened modes of a tensor or between the rows and columns of a
matrix. FRPCAG and CPCA methods implicitly make use of the GMLSVD framework via graph Dirichlet
priors and are suitable for the matrix recovery when both 7 and p are large.

Recall, from our discussion in Chapter 1 that similarly to the matrices, tensors can also be low-rank.
In Chapters 1 and 3, we presented several applications of low-rank tensors. Typical examples of low-
rank tensors include 3D hyper-spectral images, 3D EEG data (time series, electrodes, frequency), 4D
FMRI data (x-dimension, y-dimension, slices, frequency) and 4D videos (x-dimension, y-dimension,
z-dimension, time). One of the many possible ways to perform low-rank decomposition on tensors
is to re-arrange them in the form of a matrix and apply the standard matrix methods that have been
presented in this thesis. However, such high dimensional tensors would lose the interpretation of their
distinct features / modes if arranged in the form of a matrix to perform low-rank decomposition. Simply
put, it is not possible to perform a multi-modal low-rank tensor analysis via matrix based methods.

To enable multi-modal analysis, Tensor Robust PCA (TRPCA) based methods have been proposed
which perform low-rank and sparse decomposition on the tensor as a whole [16], [17], [18]. Like the
RPCA algorithm on a matrix, such methods need the notion of nuclear norm on a tensor. Tensor
nuclear norm [19], which minimizes the sum of nuclear norms on each of the matrices Y* formed by
flattening the various modes of a tensor, is used for this purpose. For a 3D tensor & € R"*"**"*, this costs
O (n*) per iteration, which is computationally prohibitive, even for n as small as 100.

Tensors often possess some additional intrinsic structure which should be exploited during the analysis.
For example, for the case of 3D EEG tensor (time series, electrodes, frequency), the electrodes belong
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to the spatial locations of the brain. A small subset of the electrodes in a given neighborhood might
possess similar signal characteristics. In the sequel we call such types of correlations along a specific
mode of a tensor as intra-mode correlations. Furthermore, there might exist some correlations among
the features from different modes. For example, for the case of EEG tensor, some common patterns
might repeat in the joint time-frequency domain. We call such correlations as inter-mode correlations.

Graph regularized low-rank tensors: Some attempts to incorporate structure in the tensors via graph
regularization have appeared in the past [115], [72], [73], [116]. Similarly to the factorized PCA model [3],
these methods incorporate a graph regularization on the factors of the low-rank tensor. This strategy
enables a structured recovery of the factors of the low-rank tensor, but also makes these models
non-convex and compromises the orthonormality of the factors.

Fast tensor decomposition: Several methods have been presented in the past which propose fast
tensor based decompositions [117], [118], [119], [120], [121], [122], [123]. These methods can be divided
into three types based on the technique involved: 1) fast alternating least squares (ALS) algorithms
which mostly rely on speeding up the convergence of various methods, 2) randomized sampling of the
tensor in every dimension. Such methods iteratively sample the tensor along all the modes except the
one under consideration and then perform ALS updates, 3) the sketching of empirical moments of the
tensor. Such methods have recently started appearing in the literature and require the computation of
higher order moments of the datasets. However, none of these methods can be used for low-rank and
sparse decomposition and they do not use graphs to exploit intra-mode and inter-mode correlations.

Thus, our goal here is to propose a scalable tensor low-rank decomposition framework that can exploit
the intra and inter-mode correlations. A straight-froward extension would be to extend our FRPCAG
framework for tensors as well. For simplicity we work with 3D tensors of same size n and rank r in
each dimension. Let & € R™*™*" be a noisy tensor such that & = X* + 1, where Z* € MI]_IT(P,’j) and g
models noise and errors. Furthermore, let Y# and X +* be the ‘" matricization of % and 2 *. Then, a
straight-forward extension of FRPCAG for recovering 2 would be to solve the following optimization
problem:

ming(@ - %)+ vy tr(XHLAXHT), 7.1
u

where L* is the combinatorial graph Laplacian constructed between the rows of Y* and y/, are the
regularization parameters.

Let us analyze the above optimization problem in detail.

e First, note that the the term tr(X*L*X*") is differentiable V 1 and can be minimized by a
gradient step, i.e, V(-) = L*¥X*, which involves the multiplication of a sparse matrix L* € R™*"
with X € R""* . The computational complexity of this step is @ (n?|EX|) = @ (13 ky,,). Even though
this is less than @ (n*) for TRPCA, it is still infeasible for large n. Nevertheless, this cost can be
minimized using a GPU implementation of matrix multiplication.

Secondly, we point out the manifold shrinking effect, as discussed in Chapter 5, which is a draw-
back of FRPCAG, due to non-linear penalization of the singular values of X*, which indirectly
depends on the spectrum of Laplacians. This effect is even more prominent in the tensor based
optimization problem above, because the singular values of the tensor & are being penalized in
all the modes. Although, we proposed the design of deterministic graph filters 'g’ in Chapter 5 to
improve the singular value penalization property, the non-linear thresholding effect still exists
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and penalization occurs in an undesired manner.

e Finally, note that FRPCAG relies on approximate MLRTG framework, i.e, X = PIZA + P;A, where
lAllr < | Allr due to indirect control on the singular values of X. This implies that X (i) €
span(P"), the complete set of eigenvectors. Thus, one cannot come up with a simple modifica-
tion of FRPCAG to reduce the computational complexity.

To conclude, optimization problem (7.1) is not a feasible extension of FRPCAG for tensors due to the
above mentioned reasons. Thus, we need to come up with a novel generalized approximation problem
for tensor based applications.

In this chapter we propose a novel tensor low-rank decomposition method which overcomes the
limitations of the state-of-the-art. In particular, our method is convex, scalable, performs a multi-
modal analysis by analyzing the tensor in its actual form, exploits the intrinsic intra-mode correlations
or structures that might exist and also exploits inter-mode correlations which arise among the features
of various modes. The proposed methodology is general in the sense that it may also be used for
the recovery of low-rank matrices as well. A specialty of our proposed framework is that it makes
explicit use of the GMLSVD framework to determine the singular vectors of a low-rank tensor from the
graph eigenvectors. As the complexity of computing graph eigenvectors scales linearly with the 7, the
framework is reasonable for tensors for which the number of samples 7, in each mode is not large but
n?, where d is the number of dimensions of the tensor, is large.

7.1 The General Framework

In order to derive our proposed tensor based framework, we start by studying a simpler matrix based
approximation problem which is a state-of-the-art alternative to the FRPCAG framework. Throughout,
we will perform the derivation for a general £, loss function and discuss applications for different cases
of £, norm at the end. A number of such problems have been proposed under the framework of graph
regularized matrix factorization.

min (Y - U, V) +y,tr(U] LU, +y (VT LEV,). (7.2)
In fact we study a more general optimization problem involving the use of deterministic graph filters g’
for eq. (7.2), as following:

min ¢(¥ - U, V) +y, (U, g(LHU,) +y eV, g(LOV;). (7.3)
where U, € RP*" and V; € R™*" are the singular vectors or factors of the low-rank approximation of
Y and ¢(-) is £ loss function. For our purpose, we define the graph filter 'g’ to be a monotonically
increasing polynomial function as following:

glx)=x7 where g=2.

The above problem is computationally much less expensive as compared to FRPCAG, because it
requires the multiplication of thin matrices with sparse Laplacians. For U € R”*" and V € R"*¥, the
computational complexity scales with &((n + p)rk,,), which is much less as compared to that of
FRPCAG (@ (npkyy)) as r < p < n. However, the problem is non-convex and hence suffers from the
problem of local minima.
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We follow a 3-step approach to transform this problem into a convex and computationally tractable
optimization problem:

1. Transformation into a convex, weighted nuclear norm problem by analyzing the trace terms.

2. Transformation of the weighted nuclear norm problem into computationally tractable problem
using our MLRTG framework.

3. Extension to tensors.

7.1.1 Step 1: Weighted Nuclear Norm Problem

First note that the trace terms above can be re-written as:

2 2
et (U7 gMNU,) +yctr (V] g(LOYV;) = H\/Y_r\/ gL U +|vre\/gLNVy
F F
2 2
) H\/W\/g(A’)P”Ur +VTeVEBIPTV
F F

where the last step above follows from the fact that \/g(L¢) = P®,/g(A°)P°T, Vewn = P, \/g(A’)P'T

Using the results from [34], let A= P"g(A")""? and B = P°g(A°)~/2 and define a preferential atomic
set:
A={a; =TV, () : Up() = Aw;, V; (i) = Bhy, |w;l| = [ ;]| = 1}

and an atomic norm as following:

[Blla=inf ) lcil st.fp= ) cia;.

a; €A a; €A

Then, from Theorem 1 in [34],
R _
1Blla = inf S(4 "W+ 1BV 3 st B=U, V],

which is equivalent to

IBla=IA"BBI.= ”\/ﬁ\/g(A’)PrTﬁPC\/g(AC)\/Y_C

which corresponds to the equivalence of the factorized graph regularized problem to that of a weighted
nuclear norm, where the weights are given by

W= YrYc8(ACoAT),
where o denotes the Hadamard product. Now, as

AMysAi=s--sAl_, and AjsA{<---<Af

n—1, thisimplies

oA S AMAT << ApAT,
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Finally, for our definition of g(-), this implies

VB2 < \[gAi A9 < - <\ [gApA5),

assuming p < n. Thus, the weights are in the non-decreasing order. As nuclear norm provides a model
for singular value soft thresholding and singular vector determination, the weighted nuclear norm
above results in the following effect on the singular values and singular vectors during every iteration
of the algorithm:

2=sgn(2)max(|2|— ycyrg(ACoA’),O), U.(i)e span(P") and V,(i) € span(P°).

Thus, more preference is given to the lower atoms of the eigenvalue matrices P¢ and P’ in the low-
rank extraction framework, which is similar to the motivation behind our MLRTG framework and the
approximation problems proposed so far in this thesis.

Thus, the optimization problem (7.3), after the above transformations and using y = /¥,Y. can be
written as:
Vg P T XP°\/g(A%)

ming(¥ - X) +y (7.4)

*

Note that this problem is convex as it involves a weighted nuclear norm operator. The weights of the
nucelar norm are in the non-decreasing order, which according to Corollary 2 in [124], results in the
convexity of the above optimization problem.

7.1.2 Step 2: Computationally feasible weighted nuclear norm problem

Although eq. (7.4) is a convex equivalent of eq. (7.3), the weighted nuclear norm above requires the full
knowledge of the eigenvectors P° and P’ of the Laplacians L® and L. This requires a computational
complexity of @ (n®) and @ (p®). Furthermore, the nuclear norm above is on the full matrix of size p x n
and scales as @'(n p2 I), where I is the number of iterations. The nuclear norm operator starts from a
full rank matrix and gradually reduces the rank in every iteration of the algorithm which results in a
high complexity. So overall, including the cost of graph construction using FLANN, the solution of eq.
(7.4) scales as O (Ip*n + n® + p® + nplog(n) + nplog(p)), which is computationally prohibitive.

It is possible to re-write eq. (7.4) using our MLRTG framework, in a form which could reduce the
computational complexity significantly. Assuming that the eigen-gap of the cartesian product graph
L=L°xL" exists, i.e,

max{)t’]é} < min{)t’,;l} Y u,

max{\/g(ﬂ]:)} < min{ g(l’,jﬂ)} v u.

Now, let X = PL ZP¢", P" = [P!|P}] and P¢ = [P¢|P(], we get:

then for our choice of 'g’

(7.5)

” VEANP TXP¢\/g(A°)

” VgANIP}IPLITP;ZP{ T [PSIPC]\/g(A%)

* *
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Using P P} = I, P{' P{ = Ik,PC Pe= OandP’TP’ 0, we get:

»

”\/g(Ar)P’TXPC\/g(AC)

= ” V&WANZ\/g(Ac)

*

where Z € R¥*F and k <« p < n. Now, the optimization problem (7.4) reduces to:

min ¢>(Y—P,§ZP,$ )+7/ FADZFAS) (7.6)

*

where we use f(x) = \/g(x) = x9? and g = 2. As compared to eq. (7.4), the complexity of the above
problem scales with O (k3 1), where k < p < n. Similarly to eq. (7.4), it is a weighted nuclear norm
problem, where the weights are given by the Hadamard product of diagonal matrices f(A}) o f(A{)

Finally, we show that is possible to re-write eq. (7.6) in terms of X which reveals the intuition of this

optimization problem. Using Z = P,ZTX P backin eq. (7.6), we get,

min ¢(¥ - X) +7| f(AD P} XP{f(Af) (7.7)

which can also be written as:

min ¢(¥ - X) +y| P{ XP{

* f(AD)of(AS)

Note that multiplying the term inside nuclear norm by P/ from left and P,ﬁT from right does not change
the problem. Thus,

min ¢(¥ - X) +y|P[P{ XP{P{"

*f(AD)o f(A;;).
Now, let
h(L") = PLh(A)PLT + PLRADPLT st h(x) =1, ifx <A} & h(x) = 0if x> AL
h(LE) = PERAASPET + PERAASPET st h(x) =1, if x < AL & h(x) = 0if x> A¢.
It is easy to note that for the above definition of k(-), we have:
nL=L" = PkP and h(L9)=L‘= PkP
Using this, the final problem can be written as:

min (/)(Y —X) +yllLTxLe

* (AT )Of(Az)

The above problem states that our framework is equivalent to low-rank filtering the matrix X, jointly
with the rank k Laplacians L" and L° and then soft-thresholding the singular values with the graph
eigenvalues. It is possible to perform fast filtering of X by using Chebyshev polynomials [20]. However,
the nuclear norm on the full matrix X is still expensive to compute. Therefore, we solve eq. (7.6) directly.
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7.1.3 Step 3: Extension for tensors

It is straight-forward to extend eq. (7.6) for tensors. For the case of tenors, one uses the notion of tensor
nuclear norm [19], which is a sum of nuclear norms of the matrices formed by flattening out the various
modes of tensor. Consider a 3D-tensor & € R”*"*" and a GCT Z € RF***k and let

fulhp) = F(Ak)o (X#Hf(A;c))

’

ky

where x; denotes the Cartesian product of the matrices and [-] ku denotes the selection of the first k,
entries of the resultant matrix. E.g.,

fildp) = (Ao =f(Apo

k

(f(A?C) x f(A?C)) (f(A?C) ® I+ 1 ® f(A?C))

k

then we can re-write eq. (7.6) as following:

min ¢(vec(®) - (P} & P{® P vec(Z)) +v Y | fulA Z#| (7.8)
H *
where Y, || fu(Ar)Z*|| denotes a weighted tensor nuclear norm.
Comments

For the case of a matrix, as compared to FRPCAG, where U, = P{ A+ PIZA, such that || Al r < || Allp, this
framework explicitly assumes the following:

U.(i)€ span(P;) and V(i) €span(Py), V i.

Thus, unlike FRPCAG where one always gets an approximate low-rank representation, the rank for this
framework in every mode can be at-most k. The choice of an appropriate value of k for every mode of
the tensor was discussed in Chapter 4 and will be discussed again in the experimental section of this
chapter. A detailed theoretical analysis on the approximation error under the above framework and its
comparison to FRPCAG will be done in the up-coming section of this chapter.

7.2 Proposed Approximation Problems

Eq. (7.8) is a general setup for tensor based approximation problems which holds for an £, loss function
¢(-). Depending on the type of noise in %, eq. (7.8), with a proper choice of ¢(-) can be used for a
variety of applications. We point out two specific applications corresponding to the following cases: 1)
when noise is Gaussian and 2) when the noise is sparse or Laplacian. For the first case, one can use
¢ = ¢, norm and for the case of sparse noise one can use ¢ = ¢; norm. In this section we derive and
study in detail the two approximation problems for these two cases. More specifically, we propose two
approximation problems for the two cases:

1. Graph Core Tensor Pursuit (GCTP): when the noise is Gaussian. Our GMLSVD method, proposed
in Chapter 4 is a special case of GCTP.
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2. Tensor Robust PCA on Graphs (TRPCAG): when the noise is sparse. This method can be used for
tensor low-rank and sparse decomposition.

7.2.1 Graph Core Tensor Pursuit

When the noise is Gaussian, one can use ¢ = ¢, norm and eq. (7.8) becomes:

min | vec(®) - (P} & P} ¢ P)vec(Z) ”z +y Y | furp Z
Im

*

Using vec(%) = (P,lC ® P,% ® Pz) vec(Z), the above problem can be transformed as following:

fuA)ZH| (7.9)

*

ngn ” vec(Z) —vec(Z) ”z +Y;

where vec(Z) = (P,lC ® Pi ® Pz)Tvec(?V ) is the GCT determined from the noisy tensor %. We call the
above problem 'Graph Core Tensor Pursuit’ (GCTP). Starting from the GCT Z of a noisy tensor %,
we would like to determine the clean GCT Z such that the weighted tensor nuclear norm of Z is
minimized. Thus, one is solely concerned about recovering the GCT only.

Algorithm & Complexity

To solve the GCTP problem above, it is important to note that due to the £, norm, eq. (7.9) is in the
form that directly defines a proximal operator of the weighted nuclear norm operator }_, ” f(AR)ZH ” .
Thus, one just needs to solve for the proximal operator corresponding to a matrix nuclear norm (for
each of the matricized modes of Z) and iterate. We will defer defining an iterative algorithm for solving
GCTP until the next section, where we discuss Tensor Robust PCA on Graphs. The steps highlighted in
Algorithm 1, except the proxg (-) correspond to the GCTP algorithm. The tensor nuclear norm operator
scales with a complexity of @ (Ik*) for a GCT of size k5.

GMLSVD: A special case of GCTP

Recall that the role of nuclear norm is to decompose a data matrix into its singular vectors and singular
values, such that their product can best approximate the data matrix. Similarly to the case of a matrix,
the tensor nuclear norm plays a similar role, except that SVD operation is performed on the flattened
modes of the tensor. Thus, our GCTP problem above is implicitly performing an SVD of flattened
tensors in every iteration which is equivalent to doing an MLSVD of the tensor. This said, when Z or &
has no noise, then one does not need a thresholding of the singular values. This amounts to the case
where y — 0 and f(Ay) = I i.e., the optimization problem in eq. (7.9) can be re-written as following:

~ 2
min | vec(Z) - (4} 8 42 ® 43 vec(2)|
Al 2
st AFTAM =1, (7.10)

i.e., in terms of the singular vectors and the core tensor of the GCT Z. This is equivalent to the GMLSVD
framework which was proposed in Chapter 4. Thus GMLSVD is a special case of GCTP.
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Why a weighted nuclear norm?

Our framework results in a rank k approximation of the tensor in each of the modes and the noise in
the lower singular values is automatically removed. This thresholding can also be achieved by using
the GMLSVD framework only. However, for many real tensors, noise effects the higher singular values
as well but GMLSVD does not cater for this. In order to remove noise in the higher part of the spectrum,
a soft-thresholding algorithm, like the one used for nuclear norm minimization is more suitable. Our
proposed framework, however, uses a weighted nuclear norm and is even more efficient than the
standard nuclear norm operator to remove large amount of noise. While we show this in detail in the
experimental section, a simple argument to support our claim is as follows: The higher the noise in
tensor %, the more erroneous are the singular values of lower magnitude. As the weights of nuclear
norm in our framework are monotonically increasing function of the non-decreasing graph eigenvalues,
each of the singular values is thresholded smartly according to the spectrum of the graph. In simple
words, the high magnitude singular values are thresholded less than the lower magnitude and this
thresholding effect varies according to the spectrum of graph Laplacians.

7.2.2 Tensor Robust PCA on Graphs

For the case when the noise is sparse, one can use ¢ = 1 norm in eq. (7.8).

min |vec@) - PLo Pi e Phvec )| +y Y | futhnzt| (7.11)
m

*

which we call as "Tensor Robust PCA on Graphs’ (TRPCAG). A typical application of this optimiza-
tion problem is low-rank and sparse decomposition, several examples of which we will see in the
experiments.

Algorithm for TRPCAG

We use Parallel Proximal Splitting method [104] to solve this problem. First, we re-write TRPCAG (eq.
(7.11)) as:

fu(Ak)Zp )

min ||p,lcz1p,;;‘T —Y, Y
=3 T

*

where Y! is the flattened matrix across mode 1 and P;Z” = PllC ® P,ZC. The objective function above can

be split as s(x) = s(x) + ¥, 54(x), where so(-) = ||P]£21PI;2”T - Y| and s,() = Hfu(Ak)Z“H . To use
the parallel proximal splitting method for the problem above, we need to define the proximal operators
of each of the functions s (-).

Let Q(Z, 1) denote the element-wise soft-thresholding matrix operator:
Q(Z,7) =sgn(Z)max(|Z|—1,0),

then we can define
—uT
Dy(Z", 1) = AL QR DAL,

. . . —uT . .
as the singular value thresholding operator for matrix Z#, where Z* = AiR”A kZM is any singular value
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decomposition of Z*. Clearly,
PrOx,., (1) = Dy( 2V, £y (Ap).

In order to define the proximal operator of s, we use the properties of proximal operators from [104].
Using the fact that P,iTPi = I and P;Z”TP];Z’J = I;2, we get

T —uT —uT _
prox,, ()= 2"+ Pl' (Q(PLZ' Pl - Y ay) - PLZ' P - YR L,

where a is the step size. We represent a matrix UZ , to show the a'™ iteration, b'" function index and

matricization along u' mode, UY to show the u!* matricization along the a'" iteration and "reshape
to reshape the matrix along the proper mode. Algorithm 1 illustrates the steps needed for the proposed
method.

Algorithm 4 Parallel Proximal Algorithm for TRPCAG

INPUT: Y, f,(Ap) ¥ 1,7, € € (0,1),@ = 0.
Zyo Zy5 € Rk*¥* | all matricized along mode 1.
1_y3 gl
SetHy=270%,
forj=1,---,/do
F},o = proxso(HJI.,a)
forp=1,---,3do
F}.u = reshape(prox (H}l,y(f#(Ak)))
end for
e<fj<2-¢
1_ 1
Fi=Y.F;,
for'u:()’... ,3do
1 _ gl opl gl _pl
VA = Zj,u +B; (2Fj Hj Fj,u)

j+Lu
end for
1 _ gl 3l
H}, = Hj+p;(F} - H})
end for

.l
OUTPUT: H],,

Computational Complexity

The computational complexity of graph construction between the rows of a matrix of size Y* € R™* ”2,
using FLANN scales as @ (n®log(n)) and the eigenvector computation scales as @ (nk?). Computing
the ProXyg, involves the SVD of Z* € RF*K | so its computational complexity scales as @ (Ik*). The
computation of prox, involves matrix multiplications and scales as G (I n3k + In?k?). Thus, the overall
complexity of TRPCAG scales as @ (n>log(n) + nk? + I(n®k + n?k?)). However, note that the graph con-
struction and eigenvector decomposition are performed only once and the biggest computational cost
is incurred by the matrix multiplication @ (I(n®k + n?k?)), which can be parallelized on the GPU. This
is a significant reduction as compared to TRPCA, which scales as @ (In*) and camnnot be parallelized
on a GPU because it involves SVD computations in every iteration.

7.3 Properties of our framework

Our proposed method overcomes many limitations of the state-of-the-art methods and possesses the
following properties:
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7.4. Theoretical Analysis

1. Convexity: Assuming the graph eigenvalues are sorted in the non-decreasing order, the weights of
WNN are a non-decreasing polynomial function of the graph eigenvalues, which, according to Corollary
2in [124], results in eq. (7.8) being a convex optimization problem.

2. Factorized model: Our model is a combination of factorized tensor based models [115], [72], [73],
[116] and the convex tensor robust PCA based models [16]. Thus, it enjoys the speed up of the factorized
and the convexity of the robust PCA based models. However, it comes at the cost of explicitly specifying
the rank k for every mode.

3. Tensor compression: Note that tensor compression / decomposition in the form of graph eigenvec-
tors and graph core tensor is an implicit step of our model which is missing in the tensor Robust PCA
based models.

4. Scalability: We propose to use the fast nearest neighbors search algorithm based library FLANN [60]
for the construction of G*. For a graph G* constructed from Y* € R ”2, this costs @ (n? log(n)) and
is parallelizable. We also assume that a fast and parallelizable framework, such as the one proposed
in [125] is available for the computation of P;: which costs @(nk—;), where c is the number of processors.

Furthermore, as compared to the standard TRPCA problem, which solves for X* € R"* n* eq. 7.11 solves
for Z* e R¥ sz, where k <« n. This results in a significant reduction in the computational complexity of
the nuclear norm optimization from @ (In*) to @ (Ik*), where I is the number of iterations. Finally, note
that the graphs G and the eigenvectors P,‘: are fixed throughout the optimization. Thus the overall
complexity of TRPCAG is @ (I(k* + nk + n?k?>)n®log(n) + nk?), while that for TRPCA is @ (In*).

5. Structure & Approximation error: Our model implicitly exploits structures in the form of graph
regularization of factors along the various modes. However, it also introduces some approximation
error. We characterize this in Section 7.4.

7.4 Theoretical Analysis

We started this chapter by arguing the dire need of a scalable framework for low-rank decomposition of
tensors, which can exploit intra and inter-mode correlations as well. Recall, in Chapter 4, we presented
our GMLSVD framework which describes a method to linearly combine the first few graph eigenvectors
to obtain the first few singular vectors for a low-rank matrix or a tensor. Since then, we have presented
various approximation problems such as FRPCAG (Chapter 5), CPCA (Chapter 6) and GCTP and
TRPCAG (in this chapter), which make use of the graph priors to improve the scalability of low-rank
decomposition problems. In this section we present a summary of the entire MLRTG framework in
terms of a theoretical analysis which explains the following:

1. How GCTP and TRPCAG make explicit use of the graph eigenvectors to exploit structure along
the modes of a tensor.

2. Our intuition behind Graph Tucker Decomposition (GTD), which can be obtained by the GMLSVD
method.

3. The effect of the choice of the graph multilinear rank k.

4. Why tensor based approximation problems above result in a better approximation error as
compared to FRPCAG.
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Chapter 7. Tensor Low-rank Decomposition on Graphs

5. The approximation error of GMLSVD algorithm which was presented in Chapter 4.

We pointed out several state-of-the-art methods in the beginning of this chapter for fast tensor decom-
position. Therefore, an obvious question here is: Besides the speed-up benefit obtained by compressing
the tensor by projecting it on graph eigenvectors, why would one use graphs for modeling the low-rankness
of the tensor? The answer to this question is directly linked with the motivation to exploit structure
along various modes of a tensor. More specifically, we justify our choice of using graphs for scalability
and structure in this framework by linking points 1 and 2 above and quantifying the approximation
error of GCTP and TRPCAG. Then, we compare this error to that incurred by FRPCAG. Our theoretical
analysis and line of reasoning is similar to that used for FRPCAG in Chapter 5.

We perform our analysis for a simple case of 2D tensors, i.e, matrices of the form ¥ € R"*" and a general
linear operator M. The results can be extended for high order tensors in a straight-forward manner.
For the case of 2D tensor, eq. 7.8, using ||fu(Ak)Z|| . = ||f(A}C)Zf(A%C) |l+ can be written as:

ming(M(PLZPE) - Y| +y| Fapzrad)| (7.12)

Theorem 7.4.1. Forany X* e MLT(P}),

1. Let X* = U'ZU?' be the SVD of X* and Z* = Allc,‘RA?C,‘T be the SVD of the GCT Z*. Now, let
H* = PZ* A* ., VY, where P,’:* are the Laplacian eigenvectors of X}, then, H* = U" upto a sign
permutation and Z = R.

2. Solvingeq. (7.12), with a k > k* is equivalent to solving the following factorized graph regularized
problem:

min g(MH' H* )= ¥) +y u(H' ' fENVH) +y2te(H? ' (L2 HP), (7.13)
H', H

where H* = P A, X = H'H? and (L) = P F(AM)PET.

3. Any solution F* = H H?2" e g1 of (7.13), where H** € R™* and k > k* withy, = y//lllé*H

andY =]*1]*2T+n, wheren e R andy > 0 satisfies
- 2 - 2
o) - ) +y|[ P H | P2 EE <
fAL) 0, fA2)
¢>(n)+y(||1*1||%—+||1* 1% ——1, (7.14)
f(ll*ﬂ) f(/lz*ﬂ)

- T - .
where A’;*,AZ*H denote the k*'™", k* +1°! eigenvalues of L* and P;Cﬁ H**, where PZ* € R (k=k)

denote the projection of the factors on the (k — k*) complement eigenvectors.
Proof. Please see Appendix A.8.1. O

In the first part, we investigate how accurate are graph eigenvectors in modeling the low-rankness of a
tensor. This would involve studying the relationship between the eigenvectors of the graphs and those
of the covariance of various modes of the tensor. This provides another jutification of our GMLSVD
method, which was proposed in Chapter 4. Our detailed analysis shows that the one can linearly
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7.4. Theoretical Analysis

combine the first k graph eigenvectors to approximate the low-rank covariance eigenvectors, where
k is such that the eigen-gap )L’;/ )L’Ij .1 = 0 exists. Thus, our GCTP and TRPCAG methods can be seen
as explicitly specifying a basis PZ for each of the modes of the tensor, which is further refined while
solving these problems. Since we solve a smaller problem of size k < n along each mode, our method
enjoys scalability and exploits structure via graph regularization, but at the cost of an approximation.

The second part of the above theorem shows that the optimization problem in eq. (7.12) is equivalent
to a graph regularization problem. This verifies our claim since the beginning of the thesis that it is
possible to explicitly use the GMLSVD framework and the graph eigenvectors to formulate a structured
learning problem. The graph regularization on the factors H implies that they are smooth w.r.t. graphs
G*. Note that this is different from other factorized graph regularized problems [115], [72], [73], [116]
as our case involves a low-rank and filtered approximation of the Laplacians L. In simple words, we
restrict H € s pcm(PZ ) rather than the full set of eigenvectors P¥.

The third part characterizes the approximation error of GCTP and TRPCAG based method in terms of
the eigen-gap of Laplacians. The bound eq. 7.14 implies:

% = T
IE ||F=\/)|P1* H*!

f(AL)?

+1T21%
FA1)?

® 4 |P2. " -2
L+ |Ph

f(A2,)? )
FAZ %)
(7.15)

e 12
P s ;¢>('1)+ F

This occurs

2
+
F

: ; IOYs
that to recover an optimal low-rank tensor one should have large eigen gaps ;.. /1. ;.

- T
when the rows of the matricized % can be clustered into k* clusters. The smaller Pi* H*!

P 2
H P2, H*? - is, the closer F* is to MIUT(P;: ). In case one selects a k > k*, the error is characterized by

the projection of singular vectors H** on (k—k*) complement graph eigenvectors P_}c* . Our experiments
show that selecting a k > k* always leads to a better recovery when the exact value of k* is not known.

Next, we compare the approximation error of our GCTP and TRPCAG problems with that of FRPCAG
and CPCA. To compare, we recall the approximation error of FRPCAG from Chapter 5 as below:

. _ 3 1 M AL
IE ||F=\/||XP1* §:+||P,§,,TX||115J—</>(n)+||X*||§g(;Ll’c Uzk : (7.16)
Y k*+1 k*+1

and the approximation error of CPCA using the alternate decoder below:

1 (1 N A 1| M M
IE*Ilp < —=\ || =pm +I1X* % | ==+ =—— ||+ —= —+ ——IX"|F, (7.17)
V ZY ')/ F /lzc_{.l A/kr"'l \/E /125+1 AI’;,—-FI

where all the variables with a (-) represent the errors incurred by FRPCAG on the compressed matrix.

Comparing the bounds in egs. (7.15) and (7.16), it is easy to observe the following:

1. ¢(n) for eq. (7.15) is less than ¢(n) in eq. (7.16). This can be explained in terms of the fact
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Chapter 7. Tensor Low-rank Decomposition on Graphs

that H*'H*2" gives an exact rank k approximation of Y. Whereas X in eq. (7.16) gives an
approximate rank k matrix. Thus, the noise still exists in the smaller singular values of X.

I Hy2 N Y .

2. Forfixed A}, fFAA) fA, )7 <AL A -

3. Foragiven k* <k < n,

P Pg XI5

- 2 - 2 _
|PL " m | |2 E?| < xBL
F F k

This is intuitive as the matrix P;*C’* e R™*k=k") for eq. (7.15) and P, € R™ for eq. (7.16). Thus,

clearly HP_I,‘TH*1 is |xPL, iand ”P_Z*TH*2 is HPIZC_*TX”;

In Chapter 5, we pointed out the poor approximation of FRPCAG and attributed it to the manifold
shrinking effect. It is important to point out here that TRPCAG and GCTP based problems counter
this effect to a large extent as these methods involve a ‘thresholding’ of singular values instead of a
penalization. Thus, a larger regularization parameter does not induce an over-shrinking effect on the
manifold.

Finally, the error of CPCA (bound in eq. 7.17) is clearly greater than that of FRPCAG due to an added
term which quantifies the error of FRPCAG on the compressed matrix.

Thus, to summarize, GCTP and TRPCAG provide a lower approximation error as compared to FRPCAG
because of a better control over the singular value penalization, an exact rank k recovery and a smaller
set of the graph eigenvectors being used for modeling the singular vectors of the low-rank matrix /
tensor. We will study this phenomena in detail in the experimental section.

Finally, as our GMLSVD / GSVD is a special case of GCTP without noise, we can characterize the
approximation error of GMLSVD / GSVD (Chapter 4) from the bound (7.14).

Theorem 7.4.2. Forany X* € MLT (P}), any solution F* = H*'H*2" e R™" of the GMLSVD algorithm,
where H*F € R™* and k > k* withy, =y/AL, | and X* = 712" andy > 0 satisfies

k*+1
ST 2 e T2 gz T, fOAR)
|PL |+ |P2 E FS(III L N T A [ § (7.18)
FAL FR2.
- T - «
where AR, AY. . | denotethe k*'", k* +1°" eigenvalues of LV and P,  H*", where PY.. € R"™**~¥") denote

the projection of the factors on the (k — k*) complement eigenvectors.

Proof. The proof follows simply by using ¢p(n) = 0 in eq. (7.14), as GMLSVD is a case of GCTP for
1’ = 0 D

7.5 Experimental Results

We perform extensive experimentation to evaluate GCTP for the recovery of low-rank tensor from
Gaussian noise and TRPCAG in the following contexts:

e low-rank and sparse decomposition in terms of static background separation from dynamic
sparse foreground
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 robust subspace recovery, to study the quality of singular vectors and singular values obtained by
TRPCAG.

Datasets: To study the performance of GCTP and TRPCAG, we perform experimentation on 4 artificial
and 12 real 2D-4D tensors. All types of low-rank artificial datasets are generated by filtering a randomly
generated tensor with the k;,, combinatorial Laplacians constructed from its flattened modes (method
3 in Chapter 3). Then, different levels of Gaussian and sparse noise are added to the tensor. The real
datasets include Hyperspectral images, EEG, BCI, FMRI, 2D and 3D image and video tensors and 3
point cloud datasets. We report the source, size and dimension of each of the datasets used:

2D video datasets: Three video datasets (900 frames each) are collected from the following source:
https://sites.google.com/site/backgroundsubtraction/test-sequences. Each of the frames is vectorized
and stacked in the columns of a matrix. The datasets include: 1) Airport lobby: 25344 x 900, 2) Shopping
Mall: 81920 x 900, 3) Escalator: 20800 x 900

3D datasets:

1. Functional Magnetic Resonance Imaging (FMRI): 129 x 88 x 1232 (frequency bins, ROIs, time
samples), size 1.5GB. This dataset, originally ¥ € R8>1232 (ROIs, time samples), was obtained
from [96] and a Short Time Fourier Transform with a Hamming window of size 32 and 99%
overlap was applied along the time domain to transform it into a 3D tensor.

2. Brain Computer Interface (BCI): 513 x 256 x 64 (time, frequency, channels), size 200MB.

3. Hyperspectral face dataset: 542 x 333 x 148 (y-dimension, x-dimension, spectrum), size 250MB,
source: https://scien.stanford.edu/index.php/faces- 1-meter-viewing-distance/.

4. Hyperspectral landscape dataset: 702 x 1000 x 148 (y-dimension, x-dimension, spectrum), size
650MB, source: https://scien.stanford.edu/index.php/landscapes/.

5. Snowfall video: 1920 x 1080 x 500 (y-dimension, x-dimension, number of frames), size 1.5GB.
This video is self made.

3D point cloud datasets: Three 3D datasets (points x time x coordinates) are collected from the
following source: http://research.microsoft.com/en-us/um/redmond/events/geometrycompression/
data/default.html. For the purpose of our experiments, we used one of the three coordinates of the
tensors only. The datasets include: 1) dancing man: 1502 x 573 x 3, 2) walking dog: 2502 x 59 x 3, and 3)
dancing girl 2502 x 720 x 3

4D dataset: EEG dataset: 513 x 128 x 30 x 200, (time, frequency, channels, subjects*trials), size 3GB

Methods: GCTP and TRPCAG are programmed using GSPBox [62], UNLocBox [107] and Tensorlab [126]
toolboxes. As GCTP is just an extension of GMLSVD for noisy case, therefore we call it GMLSVD
throughout the experimental section. GMLSVD is robust to Gaussian noise, so its performance on 2D
and 3D artificial tensors is tested under varying levels of Gaussian noise in the tensor. The 3D version
of GMLSVD is compared with the standard MLSVD, while the 2D version - GSVD is compared with the
standard SVD.

TRPCAG is robust to sparse noise, therefore, its performance on artificial 2D and 3D tensors is tested
under varying levels of sparse noise. For 3D tensors with sparse noise, we compare TRPCAG with
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Tensor Robust PCA (TRPCA) [19] and Graph MLSVD (GMLSVD). For the 2D matrix with sparse noise
we compare TRPCAG with Robust PCA (RPCA) [1], Robust PCA on Graphs (RPCAG) [99], Fast Robust
PCA on Graphs (FRPCAG) [110] and Compressive PCA (CPCA) [127].

Parameters: For all the experiments involving TRPCAG and GMLSVD, the k,,, graphs are constructed
from the rows of each of the flattened modes of the tensor, using k;, = 10, a Gaussian kernel for
weighting the edges and the FLANN library [60]. For all the other methods the graphs are constructed
as required, using the same parameters as above. Each method has several hyper-parameters which
require tuning. For a fair comparison, all the methods are properly tuned for their hyper-parameters
(Table 5.2) and best results are reported. Since TRPCAG requires explicit specification of the rank k and
for every mode of the tensor, or the size of GCT & € Rk*kxk e use k> k*, where k* is the actual rank

of a given mode. Furthermore, we tune the regularization parameter y € (0, 30).

Evaluation Metrics: The metrics used for the evaluation can be divided into two types: 1) quantitative
and 2) qualitative. Three different types of quantitative measures are used: 1) normalized ¢, reconstruc-
tion error of the tensor || vec(Z) —vec(Z *)|l2/ || vec(Z *)|l», 2) the normalized ¢, reconstruction error
of the first k (typically k = 30) singular values along mode 1: |0}, — 017 ll2/l017 ll2, 3) the subspace
angle (in radian) of mode 1 between the 1st five subspace vectors determined by the proposed method
and those of the clean tensor: arccos|H 15TU51| and 4) the alignment of the singular vectors | H 15TU51 l,
where H' and U' denote the mode 1 singular vectors determined by the proposed method and clean
tensor. The closer this matrix is to a diagonal, the better is the alignment. The qualitative measure
involves the visual quality of the low-rank components of tensors.

7.5.1 Experiments on GMLSVD

Performance study on artificial datasets: The first two rows of Fig. 7.1 show the performance of GSVD
(for 2D) and GMLSVD (for 3D) on artificial tensors of the size 100 and rank 10 in each mode, for varying
levels of Gaussian noise ranging from 15dB to 1dB. The three plots show the ¢, reconstruction error of
the recovered tensor, the first k* = 30 singular values and the subspace angle of the 1st mode subspace
(top 5 vectors), w.r.t to those of the clean tensor. These results are compared with the standard SVD
for 2D tensor and standard MLSVD for the 3D tensor. The approximation baseline corresponds to
the reconstruction error of GMLSVD for the case of a non-noisy tensor. It is interesting to note from
the leftmost plot that the ¢, reconstruction error for GSVD tends to get lower as compared to SVD at
higher noise levels (SNR less than 5dB). The middle plot explains this phenomena where one can see
that the ¢, error for singular values is significantly lower for GSVD than SVD at higher noise levels.
This observation is logical, as for higher levels of noise the high magnitude singular values are also
affected. SVD is a simple singular value thresholding method which does not eliminate the effect of
noise on high magnitude singular values, whereas GSVD is a smart weighted nuclear norm method
which thresholds all the singular values via a function of the graph eigenvalues. This effect is shown
in detail in Fig. 7.2 for a 2D matrix corrupted with Gaussian noise (SNR 5dB). On the contrary, the
subspace angle (for first 5 vectors) for GSVD is higher than SVD for all the levels of noise. This means
that the subspaces of the GSVD are not well aligned with the ones of the clean tensor. However, as
shown in the right plot in Fig. 7.2, strong first 7 elements of the diagonal diag| H'{ U}| show that the
individual subspace vectors of GSVD are very well aligned with those of the clean tensor. This is the
primary reason why the ¢, reconstruction error of GSVD is less as compared to SVD at low SNR. At
higher SNR, the approximation error of GSVD dominates the error due to noise. Thus, GSVD reveals its
true power at low SNR scenarios. Similar observations can be made about GMLSVD from the 2nd row
of Fig. 7.1.
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Figure 7.1 — Performance comparison of GSVD and GMLSVD with SVD and MLSVD for 2D artificial (1st row), 3D artificial (2nd
row) and 4D real BCI, FMRI, Hyperspectral and EEG tensors (3rd to 6th rows) under different SNR scenarios. Clearly GSVD /
GMLSVD outperforms SVD / MLSVD in terms of computation time and error for big and noisy datasets.
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Performance of GSVD w.r.t SVD for 2dB noise
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Figure 7.2 — Singular values (left plot) of GSVD, SVD and clean data and singular vector alignment of GSVD and clean data (right
plot) for a 2D matrix corrupted with Gaussian noise (SNR 5dB). Clearly GSVD eliminates the effect of noise from lower singular
values and aligns the first few singular vectors appropriately.

Time, memory & performance on real datasets: The 3rd to 6th rows of Fig. 7.1 show the results of
GMLSVD compared to MLSVD for 4D real BCI, FMRI, Hyperspectral and EEG datasets with varying
levels of Gaussian noise and reveal how GMLSVD performs better as compared to MLSVD while
requiring less computation time and memory for big datasets in the low SNR regime. The leftmost
plots show the ¢, reconstruction error of the recovered tensor with the clean tensor, the 2nd plots
show the reconstruction error for 30 singular values, 3rd plots show the subspace angle between the
first 5 singular vectors, 4th plot shows the computation time, 5th plot shows the memory requirement
(size of original tensor, memory for GMLSVD, memory for MLSVD) and the rightmost plots show the
dimension of the tensor and the core along each mode and hence the amount of compression obtained.
Another interesting observation is that the computation time and memory requirement for GMLSVD is
less as compared to MLSVD for big datasets, such as EEG and hyperspectral images.

Let us consider the example of EEG dataset, which is 3GB in size with dimensions 513 x 128 x30x200. Itis
interesting to note that for low SNR scenarios the ¢, reconstruction error of both MLSVD and GMLSVD
methods is approximately same. Both methods show a significantly lower error for the singular values
(note that the scale is small), whereas GMLSVD’s subspaces are less aligned as compared to those of
MLSVD. Using a core tensor of size 100 x 50 x 30 x 50 for this experiment, GMLSVD requires 6GB of
memory whereas MLSVD requires 15GB. The rightmost plot of this figure compares the computation
time of both methods. Clearly, GMLSVD wins on the computation time (120 secs) significantly as
compared to MLSVD (400 secs). Note that the BCI and FMRI datasets are smaller in size. Thus, even
though the time required for GMLSVD is more than MLSVD for these datasets, GMLSVD scales far
better than MLSVD.

For a visualization of the clean, noisy and GMLSVD recovered tensors, their singular values and the
alignments of the subspace vectors (mode 1) for FMRI and hyperspectral tensors, please refer to Fig.
7.3. The first row shows the BCI tensor and second row shows the singular values recovered for this
tensor for various modes. Clearly, the singular values of the recovered tensor (black) are well aligned
with those of the clean tensor (blue). Note, how GMLSVD eliminates the effect of noise from the lower
singular values. The rightmost plot shows the alignment between the singular vectors of the recovered
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and clean tensors. This alignment is calculated as |H 1TU 1| where H! are the first mode singular
vectors obtained via GMLSVD and U! are the first mode singular vectors of the clean tensor. Again,
note that the first few singular vectors are very well aligned. Third and fourth rows show the same type
of results for hyperspectral face tensor.

7.5.2 Low-rank & sparse decomposition

Performance study on artificial datasets: The first two rows of Fig. 7.4 show experiments on the 2D
and 3D artificial tensors of size 100 and rank 10 along each mode with varying levels of sparse noise.

The 2D version of TRPCAG is compared with state-of-the-art Robust PCA based methods like RPCA,
FRPCAG and also with SVD based methods like MLSVD and GSVD. We use k = 30 as the initial rank
for all the tensor modes for TRPCAG. The three plots in Fig. 7.4 show the ¢, reconstruction error of
the recovered tensor, the first k = 30 singular values and the subspace angle of the 1st mode subspace
(top 5 vectors), w.r.t. those of the clean tensor. It is interesting to note from the leftmost plot that the ¢,
reconstruction error for TRPCAG is less as compared to RPCA and significantly less as compared to
FRPCAG for higher levels of sparse noise. Similarly to the GMLSVD results, the middle plot explains this
phenomena where one can see that the ¢, error for singular values is significantly lower for TRPCAG
than RPCA and FRPCAG at higher noise levels, as TRPCAG is an intelligent weighted nuclear norm
minimization method. This effect is shown in detail in Fig. 7.5 for a 2D matrix which is corrupted
uniformly (10%) with sparse noise of standard deviation 0.1. On the contrary, the subspace angle
(for first 5 vectors) for TRPCAG is slightly higher than RPCA and MLSVD for all the levels of noise.
This means that the subspaces of the TRPCAG are not well aligned with the ones of the clean tensor.
Even though the subspaces are not well aligned as a whole, we will show in Section 7.5.3 that each
of the individual subspace vectors of TRPCAG are very well aligned with those of the clean tensor,
independently of the other vectors. This is the primary reason why the ¢, reconstruction error of
TRPCAG is less as compared to SVD at low SNR. At higher SNR, the approximation error of TRPCAG
dominates the error due to noise. Thus, TRPCAG also reveals its true power at low SNR scenarios.

For the 3D tensor (2nd row), TRPCAG is compared with GMLSVD and TRPCA [19]. Interestingly, the
performance of TRPCA is always better for this case, even in the presence of high levels of noise. While
TRPCA produces the best results, its computation time is orders of magnitude more than TRPCAG
(discussed next).

Time & performance on 2D real datasets: The 3rd and 4th rows of Fig. 7.4 present experiments on the
2D real video datasets obtained from an airport lobby (25344 x 900) and shopping mall (81920 x 900),
where every frame is vectorized and stacked as the columns of a matrix. The goal is to separate the
static low-rank component from the sparse part (moving people) in the video. The results of TRPCAG
are compared with RPCA, RPCAG, FRPCAG and CPCA (5,1) with a downsampling factor of 5 along the
frames. Clearly, TRPCAG recovers a low-rank which is qualitatively equivalent to the other methods
in a time which is 100 times less than RPCA and RPCAG and an order of magnitude less as compared
to FRPCAG. Furthermore, TRPCAG requires the same time as sampling-based CPCA but it recovers a
better quality low-rank structure as shown by the 3rd and 4th rows.

The performance of TRPCAG is also evident from the point cloud experiments on 3 3D point cloud
datasets (points x time x coordinates). The datasets include: dancing man (1502 x 573 x 3), walking
dog: (2502 x 59 x 3) and dancing girl: (2502 x 720 x 3). For the purpose of our experiments, we used one
of the three coordinates of the point cloud tensors only. Fig. 7.6 shows the actual point clouds on the
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Figure 7.3 — A visualization of the clean, noisy and GMLSVD recovered BCI and hyperspectral face tensors along with a study of
the singular values and subspace vectors of various modes. First row shows the BCI tensor and second row shows the singular
values recovered for this tensor for various modes. Clearly, the singular values of the recovered tensor (black) are well aligned
with those of the clean tensor (blue). Note, how GMLSVD eliminates the effect of noise from the lower singular values. The
rightmost plot shows the alignment between the singular vectors of the recovered and clean tensors. This alignment is calculated
as IVIT U; |, where V7 are the first mode singular vectors obtained via GMLSVD and Uj are the first mode singular vectors of the
clean tensor. Again, note that the first few singular vectors are very well aligned. Third and fourth rows show the same type of
results for hyperspectral face tensor.
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Figure 7.4 — Performance analysis of TRPCAG for 2D artificial (1st row) and 3D artificial (2nd row) with varying levels of sparse
noise, 2D airport lobby (3rd row) and 2D shopping mall (4th row) video tensor. The artificial tensors have a size 100 and rank 10
along each mode. A core tensor of size 30 along each mode is used for the artificial tensors and 100 x 50 for the video tensors.
The leftmost plots in 1st two rows show the ¢5 reconstruction errors, the middle plots show the ¢ reconstruction error for 30
singular values and the right plots show the subspace angles for the 1st five subspace vectors. For the 2D real video datasets, the
rightmost frame shows the result obtained via TRPCAG. The computation time for different methods is written on the top of
frames. Clearly TRPCAG performs quite well while significantly reducing the computation time.
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Figure 7.5 - Singular values of GSVD, SVD, FRPCAG, RPCA, TRPCAG and clean data for a 2D matrix which is corrupted uniformly
(10%) with sparse noise of standard deviation 0.1. Clearly TRPCAG eliminates the effect of noise from lower singular values. In
addition note that under sparse noise, the 1st singular value deviates significantly. This effect is also eliminated via TRPCAG.
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Figure 7.6 - TRPCAG performance for recovering the low-rank point clouds from the sparse noise. Actual point cloud (left), noisy
point cloud (middle), recovered via TRPCAG (right).
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Frame of a 3D video

Low-rank frame via TRPCAG Sparse frame via TRPCAG
e i

Figure 7.7 — Low-rank recovery for a 3D video of dimension 1920 x 1080 x 500 and size 1.5GB via TRPCAG. Using a core size of
100 x 100 x 50, TRPCAG converged in less than 3 minutes.

left, the noisy ones in the middle and those recovered by TRPCAG on the right. It is clear that TRPCAG
performs quite well in recovering the clean low-rank tensor.

Scalability of TRPCAG on 3D video: To show the scalability of TRPCAG as compared to TRPCA, we
made a video of snowfall at the campus and tried to separate the snow-fall from the low-rank back-
ground via both methods. For this 1.5GB video of dimension 1920 x 1080 x 500, TRPCAG (with core
tensor size 100 x 100 x 50) took less than 3 minutes, whereas TRPCA did not converge even in 4 hours.
The result obtained via TRPCAG is visualized in Fig. 7.7.

7.5.3 Robust Subspace Recovery

It is imperative to point out that eq. 7.11 implicitly determines the subspace structures (singular vectors)
from grossly corrupted tensors. In this section we show that the singular vectors recovered by TRPCAG
from the sparse and grossly corrupted tensors align closely with those of the clean tensor. Fig. 7.8
shows the examples of images from 2D ORL, CMUPIE and COIL20 datasets. The leftmost plots show a
clean and a sparsely corrupted sample image. Other plots in the 1st row show the 1st singular vector
recovered by various low-rank recovery methods, SVD, FRPCAG, RPCA, RPCAG and TRPCAG and the
2nd row shows the alignment of the first 20 singular vectors recovered by these methods H' with those
of the clean tensor U' in terms of the matrix |H 1;0 U210|- The closer this matrix is to a diagonal, the
better is the alignment. The rightmost plots in each row clearly show that the recovered subspace with
TRPCAG is robust to sparse noise.

7.5.4 The effect of parameters on GMLSVD

The GCTP and TRPCAG have three parameters each: 1) the regularization parameter y, 2) the power
qin fu(Ay) = A9'2 and 3) the graph multilinear rank k. Fig.7.9 (left plot) demonstrates the effect of
varying the multilinear rank k on the singular values and the reconstruction error on the performance
of GMLSVD. For this experiment, we fix y = 1 and use a 100 x 100 matrix of rank 10 and add Gaussian
noise to attain a SNR of 5dB. The best error occurs at k = 35(> 10) as the eigen-gap condition does not
hold for the graphs and the dataset is noisy. Note also that the error decreases when k is increased
from 10 to 35 and then starts increasing again. This observation motivates the use of a k > k* (k* =10
here) in the absence of an eigen-gap, that supports our theoretical finding in Section 7.4. Next, we fix
k =35 and repeat the experiments for y. The best result (middle plot) occurs at y = 10. Finally, we fix
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Figure 7.8 — Robust recovery of subspace structures via TRPCAG. The leftmost plots show a clean and sparsely corrupted sample
image from various datasets. For each of the datasets, other plots in the 1st row show the 1st singular vector of the clean data and
those recovered by various low-rank recovery methods, SVD, FRPCAG, RPCA, RPCAG and TRPCAG and the 2nd row shows the
alignment of the 1st 20 singular vecors recovered by these methods with those of the clean tensor.
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k =35,y = 10 and run experiments for different values of g. No change in the error and singular values
was observed for different values of g. This shows that if the rank k and y are tuned, the optimization
problem is not sensitive to g. Although the graph k;,;, parameter is not a model parameter of GCTP,
it still effects the quality of results to some extent, as shown in the rightmost plot of Fig.7.9. For this
experiment we fix y = 10, k = 35, g = 2 and use the same dataset with 5dB SNR. The best result occurs for
knn = 15 which is not surprising, as this value results in a sparse graph which keeps the most important
connections only. Furthermore, note that the singular values of the recovered tensor for k, =15 are
closest to those of the clean tensor.
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Figure 7.9 - The effect of regularization parameter y, number of nearest neighbors k,,, and the power q in f,(Ay) (the weights of
nuclear norm) on the performance of GMLSVD. The experiments are performed a 100 x 100 matrix of rank 10 with Gaussian
noise to attain a SNR of 5dB.

7.6 Conclusion

We present a generalized set of approximation problems for low-rank tensors which makes use for our
MLRTG and GMLSVD frameworks. Two of the proposed methods include ‘Graph Core Tensor Pursuit’
(GCTP) and ‘Tensor Robust PCA on Graphs’ (TRPCAG), which can recover MLRTG from Gaussian and
sparse noise. The GMLSVD algorithm is a special case of GCTP, when the tensor is noiseless. Our
theoretical analysis shows that TRPCAG and GCTP perform better as compared to FRPCAG based
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methods due to their factorized nature and the thresholding effect of singular values (rather than a
scaling effect like FRPCAG). Our experiments on the recovery of tensor from Gaussian noise and
low-rank and sparse decomposition of tensors show the efficiency of our model as compared to the
state-of-the-art methods.
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Discussion & Conclusions

Low-rank matrix and tensor approximation span a wide variety of applications, such as matrix and
tensor completion [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], convolutional neural
networks and sparse coding [42], [43], [44], [45], learning the data structure via multiple subspaces [46],
latent low-rank representation [47], [48], transfer learning [49], subspace clustering [50], dynamical
system modeling [51], such as human behavior modeling [52], dynamic Magnetic Resonance Imaging
Reconstructions [53], [54] and many others. However, the state-of-the-art methods suffer from a few
important limitations:

 Linearity of the low-rank recovery: As argued throughout the thesis, for many datasets, a non-
linear smooth low-dimensional manifold is a better fit as compared to a linear subspace. This is
equivalent to exploiting the intrinsic structure in the dataset.

 Susceptibility to sparse noise: An important application in this context is low-rank and sparse
decomposition. Examples include static background separation from videos, dynamic activity
separation from MRI, FMRI and EEG scans.

e Computational complexity: State-of-the-art low-rank and sparse decomposition methods suffer
from high computational complexity due to the use of nuclear norm. For a matrix of size
Y € RP*" these methods scale as 6’(1;92 n) and for a tensor of size % € R "*" the tensor nuclear
norm based methods scale as G (In).

8.1 This thesis in a nutshell

This thesis provides solutions to the above problems by proposing a new low-rank matrix and tensor
decomposition model, known as ‘Multilinear Low-rank Tensors on Graphs’ (MLRTG). MLRTG states
that a low-rank tensor can be encoded as a multilinear combination of first k combinatorial Laplacian
eigenvectors, which come from kj,,-nearest neighbor graphs constructed between the rows of the
matricized tensor (Chapter 3).

First, MLRTG is used to define an alternative to the expensive SVD and MLSVD operations for a matrix
and tensor. These alternatives are known as Graph SVD and Graph MLSVD (Chapter 4). In simple
words, GSVD and GMLSVD are methods which can be used to recover the first k singular vectors of a
low-rank tensor by linearly combining the first k graph eigenvectors. This linear combination can be
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computed in a complexity which is much less as compared to the standard SVD. This framework can
be used for the compression of tensors.

Second, GMLSVD framework is used to define a series of convex, scalable and generic approximation
problems for recovering low-rank matrices and tensors from noisy measurements. More specifically,
we define the following three approximation problems:

1. FRPCAG: Fast Robust PCA on Graphs (Chapter 5)
2. CPCA: Compressive PCA on Graphs (Chapter 6)

3. GCTP: Graph Core Tensor Pursuit (GCTP) and TRPCAG: Tensor Robust PCA on Graphs (Chapter
7)

The first two methods are meant for matrices, whereas GCTP and TRPCAG are meant for tensors.
Furthermore, CPCA is just a highly scalable extension of FRPCAG which involves the use of sampling
techniques for matrices.

Recall that a nuclear norm prior determines 1) singular vectors and 2) thresholds the singular values
iteratively by performing an SVD in every iteration. The main idea behind these approximation
problems is given below:

( Given a set of fixed, first k graph eigenvectors, one can mimic the behavior of nuclear norm\
prior by defining graph priors, which:

e determine singular vectors by linearly combining graph eigenvectors in a complexity
much less as compared to the standard SVD, thus avoiding SVD altogether:

e threshold or penalize singular values as a function of graph eigenvalues, directly or
\ indirectly. )

More specifically, FRPCAG and CPCA indirectly ‘penalize’ the singular values as a non-linear function
of graph eigenvalues, whereas, GCTP and TRPCAG directly ‘threshold’ the singular values by a function
of graph eigenvalues. We will compare the two types of methods in detail in the next section.

The entire framework relies on the notion of existence of eigen-gap and approximate stationarity of
signals on graphs. This has been explained in detail in Chapter 3. As the eigen-gap assumption does
not exist in general for a k,,-nearest neighbor graph, the problems FRPCAG, CPCA, GCTP and TRPCAG
result in an approximate low-rank recovery. The approximation error has been characterized in terms
of the eigen-gap of the graph Laplacians.

The proposed methods should not only be considered as scalable alternatives to the state-of-the-art
methods but also as propositions which exploit the intrinsic structure along various modes of matrix or
tensor via graph regularization priors. Our theoretical characterization of this equivalence is included
in the various chapters of this thesis.

Finally, to evaluate the performance of each of the proposed models, we performed experiments
corresponding to two applications: 1) low-rank and sparse decomposition and 2) clustering of the data
in low-dimensional space. The contributions of this thesis are summarized in Fig. 8.1.

164



8.1. This thesis in a nutshell

Tensor Graph Tucker Decomposition =
P2
k
- GMLSVD
" (Ch. 4)
P; '
FRPCAG (ch. 5) GCTP / TRPCAG. (ch. 7)
min (Y — X) + vtr(XLEXT) + v, tr(X TL'X)
X min ¢(vec(Y) — (P @ P2 ® P)vec(Z))
sampling z
i 1) N fulM) 2
CPCA (ch. 6) g

\Applications/

Low-rank & sparse decomposition

Clustering

Figure 8.1 — This thesis in a nutshell.
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8.2 Comparison of approximation problems

In this section we compare the approximation problems FRPCAG / CPCA with GCTP / TRPCAG in
detail in terms of a number of metrics. The corresponding problems are stated in Fig. 8.1.

Matrix / tensor: FRPCAG and CPCA are matrix based methods, whereas GCTP and TRPCAG can be
used for tensors as well as matrices.

Signal Model: FRPCAG / CPCA determine a low-rank matrix which satisfies the following signal model:
* 5 7 | ~ *
Y=P,Z"P.' +P,ZP¢ +n where |Zlp<IZ"|p,

whereas GCTP / TRPCAG determine a low-rank matrix / matricized tensor which satisfies the following
signal model:
YH = P;CJZ*“P];Z”T +n where [|ZM|F=0

Utilization of GMLSVD: As already explained earlier, our proposed approximation problems fall into
two categories: 1) Those which make implicit use of the GMLSVD framework via graph Dirichlet /
smoothness priors (explained later). 2) Those which make explicit use of the GMLSVD framework, i.e.,
the graph eigenvectors of each of the modes of the tensor. The matrix-based approximation problems
FRPCAG and CPCA, are meant for the cases when the number of samples n and the features p are very
large and one can afford to lose the exactness of the representation for gain in speed. In this context,
these methods fall under the first category, as computing the graph eigenvectors and tuning the size of
subspaces can be cumbersome. The tensor based method, TRPCAG is used when 7 is not very large
but n¢, where d is the number of modes of the tensor is large. Such methods can afford to explicitly use
the eigenvectors as their computation is not expensive and scales linearly with the size of the tensor
mode (n).

Singular Value thresholding / penalization: FRPCAG and CPCA result in a low-rank matrix whose
singular values are penalized as a non-linear function of the inverse of graph eigenvalues, i.e.,

1
L+y AN L +yeAd)

(3','0( (o]

Furthermore, this control is not explicit, as the trace terms implicitly perform this penalization. How-
ever, in GCTP and TRPCAG, the singular values are ‘thresholded’ as a non-linear function of the graph
eigenvalues as follows:

3 =sgn (Z)max{|Z| -y f(Ag),0}.

This thresholding is explicit and hence provides a better control of singular values in these methods as
compared to FRPCAG / CPCA.

Rank of the resultant matrix / tensor: Due to indirect non-linear penalization of the singular values in
FRPCAG and CPCA, the resultant matrix is only approximately low-rank. As the lower singular value are
scaled (not thresholded), they never reduce to zero. Thus, one needs to do a final SVD step to manually
threshold the singular values of the resultant low-rank matrix X. On the other hand, the matrix or
tensor obtained from GCTP / TRPCAG can only be at most rank k along every mode. This results in an
exact rank k matrix or tensor.

Computational Complexity: Excluding the cost of graph construction, FRPCAG method scales linearly
with the number of elements in the matrix. Thus, for a matrix ¥ € RP*”, FRPCAG scales as O (Inpkyy).

166



8.3. Discussion on the choice of appropriate method

As CPCA is an accelerated version of FRPCAG, it scales as O (nkO;ky,;, + pcpﬁ +Ip,pcknn), where
pr < p,pc < n, Oy is the order of the Lancoz approximation, k;, the number of nearest neighbors
for graph and k the rank of matrix X. GCTP, for a matrix ¥ € R”*" scale as € (Ik®) and TRPCAG as
O (pnk+nk? + k%) + nk?).

Parallel Implementation on GPU: FRPCAG involves only matrix multiplications, subtractions and
additions in every iteration. Thus, the computations in every iteration of the algorithm can be easily
parallelized with a GPU implementation. GCTP and TRPCAG, on the other hand, involve SVD of the
GCT in every iteration which cannot benefit from a GPU implementation.

Approximation Error: Due to an indirect control over the singular values and the scaling effect of
penalization, FRPCAG results in a worse approximation error as compared to GCTP / TRPCAG which
offer a ‘thresholding’ effect instead. It is intuitive, since FRPCAG results in an approximate low-rank
matrix, whereas, GCTP and TRPCAG result in an exact rank k matrix. Finally, the approximation error
incurred by CPCA is even worse than FRPCAG, as the sampling of low-rank matrix across the rows and
columns may result in a loss of information. Moreover, the approximation error of CPCA is the sum of
errors incurred by solving the FRPCAG problem on the sampled data matrix and the error incurred by
the approximate decoder.

Model Parameters: FRPCAG has only two model parameters y,,y. which can be tuned via cross-
validation. CPCA also has only two parameters for solving FRPCAG on the sub-sampled matrix, whereas
the approximate decode stage of CPCA is parameter free. However, GCTP and TRPCAG have several
parameters, such as the regularization parameter y, the power g of the non-linear function f(-) and the
graph multilinear rank k. Even though our experiments in Chapter 7 show that g does not effect the
performance of these methods once the other parameters are properly tuned, choosing an appropriate
k can be a cumbersome task.

Problem Ingredients: Both types of methods require the computation of graphs. GCTP and TRPCAG,
however, also require the computation of graph eigenvectors and eigenvalues.

8.3 Discussion on the choice of appropriate method

We point out that our motivation, in this thesis, was not to design a framework that recovers an exact
low-rank representation. In fact the goal was to present a system that works well under a broad range
of conditions in contrast to those required for exact recovery [1]. Thus, we target an approximate and
fast recovery under a broad range of conditions and data types. Nevertheless, if the quantitative error
of the low-rank recovery is under concern then one might resort to Robust PCA based methods or their
fast alternatives which involve randomly projecting the dataset on a low-dimensional space. However,
if one is concerned about recovering a good enough low-rank representation for big datasets, then it is
possible to choose from one of the techniques presented in this thesis.

Given a low-rank and sparse decomposition task, one can choose from FRPCAG, CPCA or TRPCAG,
depending on if the dataset is a matrix or tensor, its size, approximation error tolerance and the number
of model parameters which can be tuned easily. Our general recommendation is that TRPCAG is used for
tensors and FRPCAG and CPCA for matrices. However several exceptions to this recommendation exist
depending on the type of dataset. We present some general guidelines for the choice of an appropriate
method.

FRPCAG: This method is suitable if the dataset is a matrix of size p x n, where p < n and one wants to
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make use of a GPU implementation. Furthermore, the method is more suitable when one is concerned
only about the visual quality of the low-rank recovery and the dataset is not highly corrupted by noise,
as the method only gives an approximate low-rank solution. Typical examples include background
separation from dynamic foreground in videos, where every frame of the video can be vectorized and
stacked in the columns of a matrix. The method incurs a higher approximation error in the presence
of large amounts of noise, therefore, care should be taken to properly tune the parameters and avoid
over-regularization (manifold shrinking effect) in such scenarios. Finally, in terms of computational
complexity, the method is more suitable when both 7 and p are very large and an approximate low-rank
recovery is sufficient. The method involves a final SVD step if an exact low-rank representation is
desired, which can be expensive @ (n3) if both n and p are large and p — n.

CPCA: CPCA is an accelerated version of FRPCAG, where the low-rank recovery problem is solved
on a sub-sampled data matrix and the full low-rank matrix decoded at the end via an approximate
but parameter free decoder. Therefore, it is more suitable when speed is of greater concern than the
approximation error of the method, i.e., for the cases, when both n and p are large and p — n. In fact
CPCA is less suitable for the cases where n and p are small because the sampling on smaller matrices
can result in a loss of information across the rows and columns of a matrix. This was also evident from
our clustering experiments in Chapter 6.

TRPCAG: This method can be used for tensors as well as matrices. However, in terms of computational
complexity, it is more useful when the dataset is in the form of a tensor and the number of samples
in each of the modes of the tensor, i.e., n is not very large and the rank is very low, i.e., r < n (for
computational complexity considerations). Furthermore, the method is more useful when the modes
of a tensor are such that it is meaningful to construct graphs between the rows of each of the modes.
For example, it is intuitive to construct graphs for the modes of an FMRI tensor (time, voxels, subjects)
but it is less intuitive to construct graphs for the modes of a video tensor (x-dimension, y-dimension
of the frame, time). In the video example, a graph among the rows and columns of a video frame is
less intuitive as compared to a graph between the patches of a frame or a graph among the different
frames of the video in time. For the video example, therefore, it is preferable to vectorize the frames and
stack them in the columns of a matrix and then either use FRPCAG or the matrix version of TRPCAG. A
caution should be taken when using TRPCAG as it requires tuning more parameters than FRPCAG and
CPCA.

8.4 Short-comings & Future Directions

The proposed methods provide scalable alternatives to the standard matrix and tensor low-rank
decomposition methods which exists in the literature. However, the methods suffer from a number of
short-comings whose remedy will be the focus of our future work.

Manifold shrinking effect of FRPCAG and CPCA: In Chapter 5 we observed the manifold shrinking
effect of FRPCAG which is a cause of the undesired and excessive penalization of singular values.
Generalized graph filters were proposed to overcome this effect but our experiments, which we do not
present in this thesis, show that this effect is not significantly reduced. Although our TRPCAG based
method provides an alternative to reduce this effect but TRPCAG has its own short-comings which will
be discussed next.

Parameters of TRPCAG: TRPCAG improves over the manifold shrinking effect of FRPCAG method,
however, it requires tuning many parameters, which involve the graph multilinear rank, regularization

168



8.4. Short-comings & Future Directions

parameter and the power of the polynomial function. Therefore, care needs to be taken to appropriately
tune the parameters. Our future work will focus on defining automated tuning procedures for some of
these parameters.

The approximation error and its dependence on graph quality: The approximation error of all the
methods proposed in this thesis depend on the eigen-gap of the Laplacians. We pointed out in Chapter
3 that it is possible to construct a graph with a large eigen-gap at the k*" eigenvalue if the data is
clusterable into k-clusters and these clusters are disconnected but possess strong intra-connections.
However, when a k;,,-nearest neighbor graph is constructed using FLANN, this property does not hold,
which results in a poor approximation of these methods. While graph learning is not a focus of this
thesis, methods which construct graphs possessing such properties are a requirement of our framework.
Therefore, the future work should focus on graph learning methods in this respect. State-of-the-art
graph learning frameworks, such as the one proposed by Kalofolias et. al. [92] do not provide us with
a solution to counter the above mentioned problem. Ideally, one would like to construct a graph by
inverting the covariance matrix, however, such a method would require an expensive inversion process.
Moreover, the covariance of a low-rank matrix can be ill-conditioned and the inversion might not
be possible. Another limitation of such a method is that the graph would loose its local smoothness
property which results from the sparsity of the graph edges, as inverting a covariance results in a dense
graph. Finally, a plethora of methods exist which propose to learn sparse precision matrices from a
covariance matrix [128], [129], [130]. However, such methods do not learn a Laplacian which renders
them useless for the graph signal processing framework. Recently, Pavez et. al. [93] proposed to learn a
generalized Laplacian from a covariance matrix, however, the graph learned by this method does not
possess the eigen-gap property. Therefore, there is a dire need to develop a graph learning framework
which possesses the desired properties.

Error Metrics: Our proposed framework is meant to recover non-linear low-rank manifolds, as ex-
plained in Chapter 1. However, throughout the thesis, we compare our methods to the linear ones. This
is potentially due to a lack of metrics for evaluating the performance of non-linear low-rank recovery
and non-linear low-rank datasets. Thus, new benchmark non-linear low-rank datasets need to be
defined to evaluate the performance of all the methods in a fair manner. Finally, we compare the
alignment of the subspaces recovered by our methods with those recovered by the linear ones. Our
experiments in Chapter 7 show that the angle between the subspaces is big even when the individual
subspace atoms are quite well aligned. Therefore, we need new metrics to measure the alignment
between subspaces. Such a metric would also help obtain tighter bounds on the approximation error
for all the proposed methods, as compared to the current characterization in terms of eigen-gaps.

Online Methods: A primary limitation of the proposed framework is that it is offline. Thus, it does not
propose how new data samples can be incorporated into the dimensionality reduction and low-rank
feature extraction framework without re-training the model on the entire dataset. A bottleneck for
such methods is the online update of the graphs based on the arrival of new data samples. One needs
efficient graph update methods which can re-run the nearest neighbor algorithm on a subset of the
dataset based on the new data sample. Furthermore, mechanisms are needed to update the graph
eigenvectors for the tensor framework and assign low-rank features to ensure smooth learning of the
entire low-rank matrix X on the row and column graphs, as guided by the graph regularization terms in
the matrix based framework.
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8.5 Further Applications

The proposed approximation problems can be extended for a number of applications. Here, we discuss
a few of them for which we have done some initial work. Extensive evaluation of these methods
constitutes the future work.

8.5.1 Matrix Completion

Matrix completion plays an important role in recommendation systems, where the goal is to complete
a matrix of movie recommendation for a set of users [33], [131]. Our FRPCAG and TRPCAG based
problems can be extended for this purpose in a straight-forward manner, given that the graphs of users
and movies are available using some external information. Similar users would like similar movies and
similar movies are liked by similar users, therefore, it is possible to extend our graph based methods. Let
M be a mask binary mask operator for the user-movie matrix, where M(i, j) = 1 if the recommendation
exists and 0 otherwise, then one can extend FRPCAG as follows:

min | Mo (Y - X) 1%+, tr(X LX) +y tr(XLEXT),

where o denotes the hadamard product. Similarly, the tensor based inverse problems can be proposed
for this purpose:

min | Mo (Y - PLZP{D)I% +YI (A9 Z].. 8.1)

We use the tensor based method above to present our initial experiments on the completion of a small
artificial matrix of size ¥ € R'90*200 possessing a community structure with noise. This dataset has
been used in the work of Kalofolias et. al. [33]. We randomly remove 60% of the entries from the matrix
and construct k;,-graphs across the rows and columns using k;, = 10 and the following rule for the
edge weights:

.. Bijo(Y(@)-Y())
W(t,])=exp(— p) ),
where B;; is a binary operator which has 1 for the entries which are known both in Y (i) and Y (j). We
use the method of eq. 8.1 with y = 1 and g = 2 (the power in function f) and k = 20. Finally, we measure
the root mean squared error (RMSE) which turns out to be 0.87 for this experiment. The original matrix,

the incomplete and the one recovered using our method are presented in Fig. 8.2.

Figure 8.2 — Initial results for our matrix completion approach of eq. 8.1.
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While the above results just correspond to an initial experiment, there are several issues which have
to be dealt before such a method can be used for real data. The first issue is that the above matrix
has only 60% missing entries and the graph construction using the above mentioned weighting rule
led to a connected graph. However, for real applications, the fraction of missing entries can be much
more than 60%. Thus, the graphs constructed using this strategy could result in disconnected nodes.
One might need external features for graph construction as used in the experiments of [34]. Further
experimentation should be done on highly sparse matrices for which the graphs are constructed using
external information and the community structure does not hold.

The proposed method can also be directly extended for tensor completion. Tensor completion, is
another widely studied problem. We refer the readers to the review paper by Evgeny et al. [41] for a
detailed survey of exisiting techniques while we briefly shed light on a few of them which resemble
in their anatomy with the tensor robust PCA. One of the first works in this field were done by Liu
et al. [37] and Gandy et al. [35] using the tensor nuclear norm minimization. Several variants for
solving the problem have been proposed since then. For example, the authors of [18] propose an
iterative hard-thresholding based method to fit the factors of a Tucker Decomposition and those of [38]
propose to do so in the hierarchical Tucker format. In contrast to the Tucker Decomposition, [36]
proposes an optimization scheme to fit the factors of CP decomposition for incomplete data. Kressner
et al. [132] propose a technique which exploits the manifold structure of the tensors of fixed multilinear
rank [133]. The authors of [40] propose a Gauss-Seidel based method to minimize the multilinear rank
in an attempt to reduce the computational cost of the standard approaches. Another method which
performs the factorization of all the matricized modes of a tensor in parallel has been proposed in [39].
A detailed theoretical analysis for this type of problems has been carried out in [134].

8.5.2 Tensor non-linear embedding & clustering

Another important application aspect corresponds to the tensor counterparts of non-linear embedding
methods, such as Laplacian Eigenmaps (LE) [2], Locality Preserving Projections (LPP) [23] and Locally
Linear Embeddings (LLE) [24]. One of the first extensions for tensors appeared in [25] as Tensor
Subspace Analysis. Such methods can then be used for applications such as tensor clustering in the
low-dimensional space.

Throughout the thesis, we show several examples of clustering for our matrix based model, i.e., FRPCAG,
however, we do not present any tensor clustering methods. Tensor clustering is one of the potential
applications of our proposed tensor based framework. Since, our GCT has the interpretation of a low-
dimensional tensor embedding in a product of low-dimensional manifolds, the proposed framework
can be extended for this application. In order to explain this we consider the example of clustering along
the time dimension of an EEG tensor (time, frequency, channels). Let us assume that we want to cluster
chunks of activities along the time axis, i.e., we have access to sub-tensors along the time dimension,
where, each 3D sub-tensor consists of a small portion of time axis and full frequency and channel axes.
Let us further assume that each of the sub-tensors can be clustered into one of the possible ¢ activity
types (clusters). Since each of the subtensors can have large number of samples along each of the
modes, it will be computationally unfeasible and counter-intuitive to cluster by using a distance metric
between the sub-tensors. Therefore, we recommend to extract low-dimensional features from each of
these sub-tensors and use these features for clustering. Our features here correspond to the GCT from
each of the sub-tensors, which is rich in information and has nice interpretation of a low-dimensional
embedding on a product of manifolds and joint k-GFT. In this respect, we propose the following
algorithm.
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* Define the clusterable mode of the tensor, i.e., a mode along which the clustering needs to be
performed, e.g., time for our EEG example. Declare all the other modes as ‘global modes), i.e., the
modes which are not clusterable.

* Construct k,,-graphs along the global modes by matricizing along them and determine the first
k eigenvectors.

* Divide the tensor into sub-tensors along the clusterable mode.
* Project each of the sub-tensors on the eigenvectors.

* Use these low-dimensional features in a k-means or spectral clustering algorithm.

Fig. 8.3 shows the result of our clustering algorithm on the 4 classes of COIL20 dataset. Each of the
images of the dataset are arranged slice by slice to form a tensor. We declare the x and y dimensions
of the tensor as the global modes and construct k;,,-graphs with k,, = 10 along these modes and
then determine the first k = 10 eigenvectors. Each of the slices needs to be clustered into one of the
4 classes, therefore, we project each slice on the k-eigenvectors of x and y dimensions of the images
and then perform spectral clustering on these low-dimensional features. Fig. 8.3 shows the adjacency
matrices computed from the low-dimensional features (left) and the original images (right). We obtain
a clustering error of 10% as compared to the error of 28% with the original images. The proposed
method should be extended, improved and tested on many other tensor datasets.

4-classes of COIL-20 dataset
Using core-tensor Error = 10% Using original features Error = 28%

Figure 8.3 — A result of tensor clustering algorithm on the COIL20 dataset.

8.5.3 Tensor Segmentation

Tensor segmentation is another important application for hyperspectral tensors. For such cases it
is important to merge all the slices of the tensor and perform segmentation on the resultant slice or
perform segmentation on each of the slices separately. We propose a simple core tensor contraction
based method for clustering the slices of a hyperspectral image tensor and present our results on two
examples.

The hyperspectral image tensor segmentation involves clustering on the joint x — y image dimension,
therefore, information along all the frequency slices needs to be merged. We propose to first decompose
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the tensor via our GTD method using k,, = 10 nearest neighbor graphs and k = 20 graph eigenvectors
along each of the modes. Then, we propose to perform a tensor contraction (summing all the slices)
along the frequency mode of the GCT. This results in the contracted GCT of size k x k. Finally we recover
a single slice by taking the outer-product of the contracted GCT with the eigen-vectors of thex and y
dimensions and perform k-means on the pixels of this slice.

New image obtained by
One image of the cube core-tensor contraction

50 10 150 20 0 %0 50 w0 we @0 om0 w0

Segmentation on the contraction of actual tensor

200 300
Segmentation on the new image: contraction of core tensor

Figure 8.4 — Segmentation result on the hyperspectral face tensor from Stanford database.

Fig. 8.4 shows the results of segmentation of a Hyperspectral face tensor into 5 clusters using our
method and a simple contraction of all the tensor slices. The first row shows a single slice of the tensor
(left) and the slice obtained by our method (via GCT contraction). The 2nd and 3rd rows compare the
results of segmentation using the two approaches. It is quite clear to see that our method results in
more meaningful clusters as compared to the other method. For example, note that one of the clusters
using our method (3rd figure in the middle) consists of the collar portion of the tensor only, whereas
this part is mixed with other clusters for the other method. Fig. 8.5 shows results of segmentation on
the hyperspectral tensor of the Geneva city into 4 clusters.

8.5.4 Low-Rank Recovery from Random Projections

Throughout the CPCA work (Chapter 6) we assumed that the graphs G¢ and G" for the complete data
matrix Y are either available or can be constructed directly from Y itself using the standard graph
construction algorithms. This is a reasonable assumption if one wants to reduce the computational
burden by downsampling on the datasets. However, often the complete data matrix Y is not available
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Figure 8.5 — Segmentation result on the Geneva hyperspectral tensor.

and the goal is to obtain an estimate of Y from some side information. Typical examples include
Magnetic Resonance Imaging (MRI), Computational Tomography (CT) and Electron Tomography (ET)
where one only has access to the projections b of Y acquired through a known projection operator A.
The purpose here is not to reduce the computational burden but to acquire a good enough estimate of
Y from b. Furthermore, for such applications, there is no notion of row or column projection / sampling
operators. Nevertheless, one might want to exploit the row and column smoothness assumption for the
purpose of reconstruction. While, this is not a significant part of our current work, it is still an obvious
open question and the answer comes from an extension of this work. Therefore, to be complete, we
propose a framework for such problems which might require a low-rank reconstruction from a few
projections. It is important to emphasize though that the goal is not to compare and evaluate the
performance rigorously with the state-of-the-art. In fact we mention this here just to give a flavour of
how the current framework can be extended for such problems.

Assume that a CT sample, for example, a Shepp-Logan phantom of the size X € R”*" needs to be
reconstructed from its projections b € R, obtained via a line projection matrix A € R”™*"P, Thus,
b = Avec(X) + e, where e € R™ models the noise in the projections. We propose to reconstruct the
sample X by solving the following optimization problem:

min | Avec(X) - b5 +y, tr(X LX) +y tr(XL°X "), (8.2)

where L", L¢ are the row and column graph Laplacians between the rows and columns of X. Since,
these graphs are not available in the beginning, one can obtain an initial estimate of X by running a
standard compressed sensing problem for a few iterations and then construct these graphs from this
estimate. The estimated graphs can also be improved after every few iterations from the more refined
X.

Fig. 8.6 shows the reconstruction of a 64 x 64 Modified Shepp-Logan phantom from 20% projections
using eq.(8.2). The initial estimate of the graphs G", G° between the rows and columns of the phantom
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Original Phantom Reconstruction
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50 50
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Figure 8.6 — The reconstruction of a 64 x 64 Modified Shepp-Logan phantom from 20% projections using eq.(8.2).

is obtained from the first 3 iterations of the compressed sensing based recovery problem and then these
graphs are updated every 5 iterations. Our future work will focus on a detailed study of this method.

8.5.5 Dynamic MRI Reconstructions

In MR, the goal is to efficiently reconstruct the 3D specimen under examination from a few frequency
samples acquired over the scan time. In static MRI (sMRI) [135], [136], [137], where the specimen does
not move or change in time, the goal is to sample sparsely to reduce the scan time while maintaining a
good reconstruction quality of the image [54]. However, dynamic MRI (dMRI) [138], which involves
applications such as dynamic cardiac imaging [139], spectroscopic imaging [140], diffusion imaging
[141] and multiparameter mapping [142], is different in the sense that it is inherently undersampled
because the specimen is changing as the data is being collected. In addition to being inherently
under-sampled, dMRI is also high dimensional, which results in an exponential increase in the number
of samples needed for imaging [143]. This poses a higher computational burden on the imaging
algorithms, which need to cope simultaneously with the speed while maintaining a good reconstruction
quality from highly undersampled data. The data collected from dMRI is a sequence of 2D slices or 3D
volumes, corresponding to an image of a certain part of the body, varying over time, resulting in a 3D,
4D or even a higher dimensional tensor. It is hence desirable to use tensor models for reconstructing
this data from the raw measurements.

An important application in dMRI is to recover the low-rank and sparse tensors corresponding to
the specimen being imaged. More formally, the goal is to recover the low-rank &' ; € R"”*"**"* and
sparse & s € R components of the tensor & € R"*"*" from measurements y in an efficient and
accelerated manner. We propose the following general class of convex optimization problems for this
purpose:

2
min | vec()(vec(# ) + (P} @ PY® PYvec(2)) - y| +y X 12 1. + AR ),
! 1

A sy

s.t. vec(Z ) = (P} ® P; ® P})vec(Z), (8.3)
where R(-) is a general sparsity regularizer and P,‘j are the Laplacian eigenvectors of graphs G*.

Note that in constrast to the MLRTG framework [144], one needs to recover & from the measurements
y in eq. 8.3. Thus, the graphs G* cannot be estimated directly from &', because & itself is the
optimization variable and is updated in every iteration of the algorithm. We propose to determine an
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initial estimate of Z from y by a simple CS based algorithm to recover each of the spatial frames of the
tensor & independently of the other frames in time.

Finally, several regularizers R(-) can be tested. The most common choice involves the use of a simple /;
norm on & s or an /; norm in a suitable transform basis on each of the frames in the tensor & ;. Other
choices of interest include a total variation (TV) norm or a graph total variation norm (GTV) in a spirit
similar to the works [145], [146] and [147].

Instead of fixing the transform basis upfront, one can modify eq. 8.3 to incorporate data-adaptive
dictionary learning for the sparse tensor &', in the spirit similar to the works of [148] and [54]. Problem
(8.3) can be reformulated as follows:

o ooz o

N 2
F ML NZill+As Y |4 vee@ ) = Dsj| +AsISIh,
i j=1

st vec(%)) = (P ® P ® P})vec(Z),
[Slloo = a, rank(Rp(d))<r, ldil2=1Vi, (8.4)

where A; is a patch extraction vector that extracts a spatio-temporal patch of size my x m, x ms from the
tensor X', N is the total number of 3D patches and D € R K where m = m; moms is the dictionary
to be learned and s; € RK is the sparse code for the j*" patch. We arrange all the sparse codes s j in the
form of a matrix § € RX*V, The I, norm on S prevents pathologies that may arise due to non-coercive
nature of problem (8.4) and the unit norm constraint on the atoms of the dictionary D prevents the
scaling ambiguity between D and S [54]. R () is an operator that reshapes d; into a matrix of size
mymy x ms. The rank constraint on d; comes from the empirical observations made in [54].

8.5.6 Discriminative Feature Learning for Tensors

Several variants of the tensor non-linear embedding methods have been proposed for supervised and
discriminative feature learning. For example, the authors of [26] proposed a discriminant LLE method
for tensors which uses two graphs, one to ensure the same behavior as LLE and the other to enforce
class strucure between the emebddings. The authors of [27] propose a multilinear graph embedding
method and its kernel variant which uses the same two types of graphs as [26]. The authors of [28]
propose a tensor based patch alignment method for hyperspectral data and those of [29] propose a
semi-supervised framework for tensor based graph embedding.

Our proposed framework can also be extended for learning discriminative features for classification of
low-rank tensors. Let (Z';, [;) be the tensor-label pairs for a certain application. The goal is to learn a
discriminant function and discrimnative graph core tensor based features -Z; for each of the training
pairs by training a model. We propose the following class of optimization problems for this purpose:

min 3 (gb(vec(P}c ® P; ® P})vec(Z ;) —Vec(%i)) +Y L IFAOZE L+ ah(Z, 1, w) | + BQ(w),
bW 7

where h(:) is a certain loss function for classification, w the discriminant parameters and Q(:) an
optional regularizer on the parameters w.
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8.5.7 Low-Rank Tensors for Convolutional Neural Networks

Low-rank tensors have also been shown to be of profound importance for convolutional neural net-
works (CNNSs). These deep networks learn a high level non-linear representation of the input images for
the purpose of classification and consist of several layers with millions of parameters. Interestingly, the
parameters at every layer of a CNN, also called the weights, can be represented in the form of tensors.
Since these weight tensors are large in number and possess the physical interpretation of filters, they
are extremely redundant. One can exploit this redundancy to speed up the convolution operations
by using tensor based low-rank decompositions. Such ideas started appearing very recently with the
introduction of low-rank expansions for CNNs in [42] and [43]. Other techniques based on further
optimizations for a better speed up have also been proposed, for example in [44] and [149].

Our proposed method can be used to decompose the low-rank weight tensors in a manner similar to
the one used in the state-of-the-art techniques, specially in the first few layers of the network, where the
weight tensor has large size along each of its modes. Note that our proposed framework is equivalent to
a factorized graph regularized problem, therefore, using our framework would also exploit the intrinsic
structure in the different modes of the weight tensor. Thus, enabling structured learning of weight
tensors.
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.\Appendices

A.1 Proofof Lemma 3.3.1

Proof. The adjacency matrix of the Cartesian product graph G is given by the matrix Cartesian product:
W=W'xW?=w'e I’ +I'e W?*

With this definition of the adjacency matrix, it is possible to write the degree matrix of the Cartesian

product graph as cartesian product of the factor degree matrices:

d=wl'e1)=W'eP+I'eWw?(1'e1?)
=Wler)ale1>)+I'ew?H(1le1?)
=w'he I*1?) + 1'1h e (W?1?)
=d'91'+1?°0d?

where we have used the following property
(A'® BY)(A*® B*) = (A' AY) ® (B' B?).

This implies the following matrix equality:
D=D'®I*+I'®D*=D'xD?

The combinatorial Laplacian of the cartesian product is:

L=D-W=D'xD*-W'xWw?
=D'eP+I'eD*) - W' I’ +I' e W?)
=D'-WhHe’P+I'e (D*-W?)
=L'elP+I'eI’>=L'xI?
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A.2 Proofof Lemma 3.3.2

Proof. The eigenvector matrix of the cartesian product graph can be derived as:
L=L'eP+I'o[*=(P'A'P' Yo P+ I' o (P*A’P?)
= (P'A'P e (P22P? ) + (P I'P ) @ (P*A2P?)
=P e P)(A' e (P e P*)+ (P e PO(I' o A%)(P' ® P?)
=(P'eP)YA' e P+ T'®A*)(P' o PH)T
= (P'e PH(A' x A (P' @ P*)T = PAPT
So the eigenvector matrix is given by the Kronecker product between the eigenvector matrices of the

factor graphs and the eigenvalues are the element-wise summation between all the possible pairs of
factors eigenvalues, i.e. the cartesian product between the eigenvalue matrices.

L'sP+I'eI?=P' '@ PH)(A' x A®)(P' o P*)T
_ 1 1l 2 D2 1 Al 2 a2
= ((P,Cl +P ) (P, + sz))((Akl +Ag) x (AY, + Akz))
(P +PL)e (Pl +PL)), A1)

where we assume that Py, € R"™>"™ with the first k,, columns in P! and 0 appended for others and
ﬁku € R™> " with the first k,, columns equal to 0 and others copied from P'. The same holds for A#, A*
as well. Now

1 . Bl 2 52 v_(pl op2 1 bl b2 LBl ap? LBl ob2
(P, +P )& (P +Pp) = (Pk1 ® P, +P, ®P, +P; ®P; +P; ® sz)
= Py i, + Pryky»

where we use Py, k, = Pk, ® Pak,. Now removing the zero appended columns we get P = (Py, k,, Pk, r,)-
Now, let

(Alk1 +[\1k]) x (A%C2 +[\i2) = Ay, + Ak,

removing the zero appended entries we get A = (A, k,, Ak k,). For a kp,-nearest neighbors graph
constructed from a k;-clusterable data (along rows) one can expect Ay, /A, +1 = 0 as Ay, = 0 and
Ak, < Ay +1. Furthermore mﬁlX(/lku) < muin(/lkuﬂ) (definitions 3.3.1 & 3.3.3). Thus eq. (A.1) can be

written as:

L'® I? + I' ® L? = [Py, 1| Py 1, [ Ak oy | Ak ) [Py o | Py )

A.3 Proof of Theorem 5.6.1

Proof. As X is a solution of eq. 5.1, we have
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P —X)+ 1 tr(XL' X ) + 2 tr(X T L2X) < () + 7y, tr(X L' X* 1) 4 yp tr(X* T L2X7). (A.2)

Using the facts that L! = PLLLP1" + PLL1 P! and that there exists B € R”* and B € RP*("-0 guch

C TRk ek
that X = BP,IC-r + 1§P]1C , we obtain

tr(XL'X") = tr(BALBT) + tr(BA BT)
>t(ALB"B)
2 s IBI

1 512
= A1 IX Pl

Then, using the fact that there exists C € R¥*¥ such that X* = P}CCP,ZCT, we obtain

tr(X*L'X* ") = tr(CALCT) < ALICI% = ALIX ™ |12

Similarly, we have

- T
(X L2X) 2 A%, P2 X|3,

r(X*TL2X") < A2 X7 2.
Using the four last bounds in eq. A.2 yields
_ -5 T
PX = Y)+y1 AL IXPrlF+72A7,, IP2 XI5 < ) + 71 AN XF 17+ 12 AL X115,

which becomes

512 527 v 112 o [ M A%
Y - X)+YIXPIE+7IPL XIE=om+yIX I Y +7L2
k+1 k+1
for our choice of v, and y». This terminates the proof. O

A.4 Proof of theorem 6.3.1

Proof. We start with the sampling of the rows. Theorem 5 in [100] shows that for any 6,,¢;, € (0, 1), with
probability at least 1 —¢,,

(1-6lzl2 < pﬁnM’znﬁ <(1+6,)zl2
r
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forallze span(P,Z ) provided that

2k,
) . (A.3)

€r

3
pr= gvir log(
r

Notice that Theorem 5 in [100] is a uniform result. As a consequence, with probability at least 1 — ¢,

A-8)IX* (D)5 < pﬁuM’X*(z‘)né <A+8)IX* D5, i=1,...,n, (A.4)
r

forall X*(1),...,X*(n) € span(Pzr) provided that (A.3) holds. Summing the previous inequalities over
all i shows that, with probability at least 1 —¢,,

1= IX" |2 < pﬁ M7 X" 1% < (1+6)1X7 12, (A5)
r

for all X* € RP*" with column-vectors in span(P,;).

Let us continue with the sampling of the columns. Again, Theorem 5 in [100] shows that for any
6¢,€.€(0,1), with probability at least 1 — ¢,

n
1-8)llwls < p—u w' M°|5<(1+60) w3
C

forallwes pan(P,ic) provided that

3, 2k,
Pc= 6—%vkclog(€—c). (A.6)

As a consequence, with probability at least 1 — ¢,

n
(1—6C)||z,-||§sp—uZ(z‘)TMCu%s(1+6c)||zu)u§, i=1,...,0r (A7)
C

forall Z(1),...,Z(p/) €s pan(Pz ) provided that (A.6) holds. Summing the previous inequalities over
all i shows that, with probability atleast 1 —¢,,

n
A-8)ZII% < p—||ZMC||2Fs(1+6c)||Z||% (A.8)
C

for all Z € RP"*" with row-vectors in span(Plgc). In particular, this property holds, with at least the
same probability, for all matrices Z of the form M”" X* where X* € RP*" is a matrix with row-vectors in
span(P; ).

We now continue by combining (A.5) and (A.8). We obtain that

(=801 -8)1X"I% < p”—p M7 X" MEI% < (1480 (1+ 81 X712 (A.9)
cMr

for all X* € RP*" with column-vectors in s pan(P,zr) and row-vectors in span(P]iC), provided that (A.3)

and (A.6) hold. It remains to compute the probability that (A.9) holds. Property (A.9) does not hold

if (A.5) or (A.8) do not hold. Using the union bound, (A.9) does not hold with probability at most

€, +€c. To finish the proof, one just need to choose €, =€, =¢/2 and §, = §. = §/3, and notice that

(1+6/3)><1+6and (1-6/3)>=1-6ford € (0,1). O
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A.5 Proofof Theorem 6.5.1

Proof. Using the optimality condition we have, for any Z € RP*",
IM"X*M® - X|lp<|M ZM* - X|F.

For Z = X*, we have
IM"X*M® - X||p <M X*M° - X||,

which gives
IM"X*M®~M"X*M°-E|r<|E|F.

As (6.2) holds, we have

IM"X*M~M"X"M°~E|p=|M" (X" - X")M°| - |Ellr

-0 .. . 3
2| PP O R X - Bl
np

Therefore, by combining the above equations we get

e o [ np _
X" —X"llp<2,/ ———IElF.
F prpc(1-0) F

A.6 Proof of Theorem 6.5.2

Proof. Using the optimality condition we have for any Z € RP*" and optimal solution X* = X* + E*:

1M X* M= X2 +7 tr(X* LX) 4y, (X L' X*) < |M" ZMC =X |34y, te(ZLE ZT ) +7, t(ZT L' Z)

(A.10)

using Z = X* = P,Z YbPz T as in the proof of theorem 2 in [110], where Y}, € R¥r ke and it is not
o " - T - T
necessarily diagonal. Note that | Y3z = | X ||, PECTP;C =1I, PIZ,TPIC, =1, P,ic Plic =0, P]Cr P,Zr =

0. From the proof of theorem 2 in [110] we also know that:

(X" LEX" ) < AL XI5

(X LX) < AL X113

o ol v D
(X LX) = A IX*PE 11T

_ _ - T oo
X LX) = A IPL XTI
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Now using all this information in (A.10) we get

IMTX* ME = X3 +7eAS 1K PG I3+ 7 AL L 1P, T X2 < NEIS + (eAS, +7r AL IX" 13

From above we have:

IM"X* M= Xllp < |Ellp+/(FeAf, +Tr A IX I (A.11)

and
\/m AL NX*PE I+ TrAL L IPE X*||2F)s||E||p+,/(mzc+M;r)||x*||p (A.12)
using
Ye=Y L and Yr=v !
r— )
At A1
and
* v* D 7|
IE*I% = 1X"PLIE = 1P, X1
we get:
c r
= x ~ ~ kc
IM"X*M® - X||p < |Ellp+ (M +M )nX Il F (A.13)
ke+1 kr+1
and
cr s R T
V2YIE*IlF < |Ellp+ ot Il (A.14)
ke+1 kr+1

which implies

o MBI 1 W A T
IE"|F < \/Z'i‘T Y 1 + I X" F (A.15)

ke+1

Now focus on | M” X* M€ — X||p. As M", M€ are constructed with a sampling without replacement, we
have ||[M"E* M°| g < | E*||r. Now using the above facts and the RIP we get:

IM"X*M°-X|rp= M (X*+E*YM°-~M X*M° - E|r

prpc(1-0)

IX* = X"p—Ellp— I E*|lF
np

this implies

X -X < 2+ Ellp+(—+
I IF \/pcpr(l—é)[( \/ﬂ]ll I (\/E V)
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A.7 Proofof Theorem 6.5.3

Proof. We can write (6.12) and (6.13) as following:

plhin )Z (IM"UG) -UWI3+y , UG L UG)] (A.16)

y i )Z [IMCV (i) - Vi)l +y cV(z)TLCV(z)] (A.17)

In this proof, we only treat Problem (A.16) and the recovery of U. The proof for Problem (6.13) and
the recovery of V is identical. The above two problems can be solved independently for every i. From
theorem 3.2 of [100] we obtain:

- _ 1 -
||U*(i)—U(i)||2S‘/ﬁ 2 Nz ||E(i)”||2+( AZ+1+\/%/V)IIU(1)II2,
r k+1 r

(A.18)
and
r
IE*(D)llz < ——IIE()"“ll2 + S —— U@,
\/YV k+1 kr+1
which implies
2
- - p 1 = U2
1U*() - U5 <2 2+ IEG) 5+ +\/le’ 1OIHE
pr(1=0) s AL,H
and
* a2 2 TUy2 rr T2
1E* ()15 = ——IEW) 15 + 25— 10T,
Tr kr+1 ky+1

Summing the previous inequalities over all i’s yields

N p 1
U*-0)%<2 2 E" VYL | IaIE |,
I ”F pr(l—a) + Yr I ”p ( /12 N + ’}’r ) I ”F
kr+1

l‘

and

”E*”%Smr ||E”||F+2M 1a%.

kr+1 kr+1

Taking the square root of both inequalities terminates the proof. Similarly, the expressions for V can be
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[

derived:
1 =v Ake Y 3
F e [ | g V17
C

_ _ 2n
”V*_V”stﬁ
Pc( - ) kc+l kCJrl
IE*|IF < 2 IE lF + |2 Ai” (14
F= F F-
V 7edi Aest

and

O
A.8 Proofof Lemma 6.5.1
Proof. LetS= [S;IS;]T. Further we split L into submatrices as follows:
L= Ly, Lab
Lpa Lpp
Now (6.17) can be written as:
. Su Laa Lah Sa
min
Sa | Sp Lpa Lpp Sp
s.t: S,=R
further expanding we get:
oT T T
H;lnsa L,Sa+ Sa L,,R+R L,,S,+RLy,R
using VS, =0, we get:
2L,,R+2L;,S,=0
Sa=-L,:L.,R
O

A.8.1 Proofof Theorem 7.4.1

Proof. We prove the 3 parts of this Theorem as following:

1. The existence of an eigen-gap and the fact that X* € IM]I]_TT(PZ ) imply that one can obtain a
loss-less compression of the tensor X* as:

* 1 T yxp2
Z'=P.. X'P..
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Note that this compression is just a projection of the rows and columns of X* onto the basis
vectors which exactly encode the tensor, hence the compression is loss-less. Now, as Z* is
loss-less, the singular values of X* should be an exact representation of the singular values of
Z*. Thus, theSVD of Z* = Alk* RA?C* T implies that R = X, where X are the singular values of X*.
Obviously, H* = PI’CJ* AZ* upto a sign permutation because the SVD of Z* is also unique upto a
sign permutation (a standard property of SVD).

. The proof of second part follows directly from that of part 1 (above) and Theorem 1 in [34]. First,

note that for any matrix (2D tensor) ¥ € R**" eq. (7.12) can be written as following:

ming(M(PLZP} ) - Y| +y| fapzrad)| (A.19)

where f (Alk) and f (Ai) are diagonal matrices which indicate the weights for the nuclear norm
minimization.

Let W!= f(A}c)PlT, w?= Plch(Ai) and X = PIICZPzT, then we can re-write eq. (A.19) as follow-
ing:

min¢(M(X) - ¥) + yH wixw? “ (A.20)
X *

Eq. (A.20) is equivalent to the weighted nuclear norm (eq. 11) in [34]. From the proof of the first
part we know that H' = P} A} and H? = P? A%, thus we can write X = H' H2". From Theorem 1

Kk
in [34]

min H wlxw?
X

1 .
= min ~(IW'H" |2+ |W2H?%), st X=H'H?' (A.21)
* Hl,H22

using f(L*) = P;c‘ f (A’;)P‘k‘ T this is equivalent to the following graph regularized problem:

nllinqu(M(Hl H ) =Y )+ yaH | fFAYHY +yo o(H | FEA HD), (A.22)
H', H

. To prove the third point we directly work with eq.(7.13) and follow the steps of the proof of
Theorem 1 in [110]. We assume the following:

(a) We assume that the observed data matrix Y satisfies Y = M(X*) + p where X* € I\/I]I]_T(Pg )

and n models noise/corruptions. Furthermore, for any X* € MI]_T(PZ ) there exists a matrix
*ZT

C such that X* = Pi* CPi,FT and C = B}C*B,I*T, so X*=Jryp2,
(b) For the proof of the theorem, we will use the fact that
H'' =P Al + PL AN, cR™K,
where PY, e R™*", PF, e R7<*-K) and AY, e RE'*K", A}, e RU—KIXK",

As F* = H*' H*2" is the solution of eq.(7.13), we have

gb(M(H*lH*ZT) - Y) e FENHY +y te(H? FUERH) <

o+ e FAN T + 202 F(ED ) (A.23)
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Now using the facts 3b and the eigen gap condition we obtain the following two:

* [ * = X T
wH ' FEYH) = w(AL f(AL)AL ) + (AL fF(AL)AL )
_ - T
> fA e DIALNE = FAL DIPL HYE (A.24)
and similarly,

%2 T

tr(H* f(LHH*™?) = f(/12*+1)||P_2*TH*2||§ (A.25)

Now, using the fact 3a we get

%1 T

(7 FAHTY = FANTIE (A.26)

and

%2 T

tr(J*? fFAAHT) < FATINT2E (A.27)

using all the above bounds in eq.(A.23) yields

2 5 T 2
v | P E

S +y1 fALINT NE +y2 fAZIIT21Z, (A.28)

GME") - Y) 471 ke, )| PL H

for our choice of y; and vy, this yields eq.(7.14).
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