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Abstract

The representation, processing and analysis of large-scale data as signals defined
over graphs has drawn much interest recently. Graphs allow us to embed natural inter-
connectivities between data points and exploit them during processing. As a result,
graph signal processing has laid a strong foothold in various modern application domains
such as machine learning, analysis of social, transportation, web and sensor networks,
and even traditional areas such as image processing and video compression. Although
powerful, this research area is still in its infancy. Recent efforts have therefore focused
on translating well-developed tools of traditional signal processing for handling graph
signals.

An important aspect of graph signal processing is defining a notion of frequency for
graph signals. A frequency domain representation for graph signals can be defined using
the eigenvectors and eigenvalues of variation operators (e.g., graph Laplacian) that take
into account the underlying graph connectivity. These operators can also be used to
design graph spectral filters. The primary focus of our work is to develop a theory of
sampling for graph signals that answers the following questions: 1. When can one recover
a graph signal from its samples on a given subset of nodes of the graph? 2. What is the
best choice of nodes to sample a given graph signal? Our formulation primarily works
under the assumption of bandlimitedness in the graph Fourier domain, which amounts
to smoothness of the signal over the graph. The techniques we employ to answer these
questions are based on the introduction of special quantities called graph spectral proxies
that allow our algorithms to operate in the vertex domain, thereby admitting efficient,
localized implementations.

We also explore the sampling problem in the context of designing wavelet filterbanks
on graphs. This problem is fundamentally different since one needs to choose a sam-

pling scheme jointly over multiple channels of the filterbank. We explore constraints
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for designing perfect reconstruction two-channel critically-sampled filterbanks with low-
degree polynomial filters, and conclude that such a design is in general not possible for
arbitrary graphs. This leads us to propose an efficient technique for designing a critical
sampling scheme that, given predesigned filters, aims to minimize the overall reconstruc-
tion error of the filterbank. We also explore M-channel filterbanks over M-block cyclic
graphs (that are natural extensions of bipartite graphs), and propose a tree-structured
design in a simpler setting when M is a power of 2.

As an application, we study the graph-based semi-supervised learning problem from
a sampling theory point of view. A crucial assumption here is that class labels form a
smooth graph signal over a similarity graph constructed from the feature vectors. Our
analysis justifies this premise by showing that in the asymptotic limit, the bandwidth (a
measure of smoothness) of any class indicator signal is closely related to the geometry
of the dataset. Using the sampling theory perspective, we also quantitatively show
that the label complexity (i.e., the amount of labeling required for perfect prediction of
unknown labels) matches its theoretical value, thereby adding to the appeal of graph-
based techniques for semi-supervised learning.
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Chapter 1

Introduction

Recent improvements in communication and electronic storage capabilities have cre-
ated an explosion in the amount of data generated from a variety of sources, so much
so that we have already stretched the boundaries of current data processing techniques
and ventured into unchartered territory. The exponential improvement in raw com-
puting power can only do so much to alleviate this problem — partly because current
processing techniques do not scale very well with the size of datasets, but more impor-
tantly because “modern” data is quite unstructured and irregular, and hence, there is an
alarming shortage of techniques required for understanding and processing such data.

Graph-structured data is one such form of unconventional data that cannot be easily
represented by regularly or irregularly spaced samples in a metric space. In many appli-
cation domains, such as social networks, web information analysis, sensor networks and
machine learning, a natural representation of the dataset can be provided by a graph.
Each observation or data point is attached to one of the vertices/nodes in the graph, and
the edges (directed or undirected, weighted or unweighted) capture important character-
istics of the dataset, e.g., similarity or proximity between the vertices, link capacity etc..
Specifically, such a mapping from the vertices of a graph to the set of scalars is known as
a graph signal. In order to study various properties of these signals (such as smoothness,
anomalous behavior etc.), one needs to take into account the underlying connectivity of
the data points. Common examples of graph signals include user ratings or preferences
on social graphs, class labels on similarity graphs in machine learning, signal values on
sensor nodes in a sensor network, collaborative filtering, etc. (Figure 1.1). Further, even
traditional applications such as image and video processing, and compression, can bene-
fit from a graph-based formulation [47, 30]. The set of tools that facilitate understanding
and processing graph signals are broadly covered by the emerging research area known
as Graph Signal Processing [66, 62].

Traditional signals in the Euclidean space can be analyzed and processed using well-
established techniques such as sampling, filtering, frequency transforms, etc.. Graph
Signal Processing aims to extend these tools for signals on graphs by exploiting the

underlying connectivity information. These extensions in most cases are non-trivial since



Figure 1.1: Commonly occurring examples of graph-structured data in modern appli-
cation areas such as ranking, user ratings prediction over social networks, collaborative
filtering and semi-supervised learning.

graph signals lie in irregular non-Euclidean spaces. For example, defining analogs of even
the simplest signal processing operations such as time shift, scaling, and downsampling is
not immediately obvious for graph signals. An additional consideration in graph signal
processing is complexity, therefore greater emphasis is laid on the design of localized
algorithms, where the output at each vertex depends only on its local neighborhood.
This allows algorithms to scale well with large graph sizes that have become increasingly
common in modern big data applications.

The primary focus of this dissertation is to formulate a sampling theory for graph
signals that is meant to form a Graph Signal Processing analog of the Nyquist-Shannon
sampling theorem. Contrary to the more common uniformly-spaced sampling strategy in
traditional signals, sampling in graphs can consist of choosing any subset of vertices over
the graph. Therefore, in our formulation, we seek an answer for the following questions:

1. When can one recover a graph signal from a given subset of sampled vertices on

the graph?

2. How can one choose the best vertices to sample a given graph signal?

Next, we consider the sampling problem in the context of designing wavelet filterbanks on
graphs. Finally, as an application, we view the problem of graph-based semi-supervised
learning from the perspective of sampling theory. A detailed description of the research

problems studied in this dissertation is provided in the following sections.



1.1 Sampling theory for graph signals

The Nyquist-Shannon sampling theorem is a landmark result in signal processing
theory that forms a bridge between continuous-time and discrete-time signals. It estab-
lishes a sufficient condition on the sampling rate required to capture all the information of
continuous-time signals satisfying certain modeling assumptions (most commonly, ban-
dlimitedness in the spectral domain). For example, the simplest form of the sampling
theorem states that a signal with bandwidth f in the Fourier domain can be uniquely
represented by its samples captured uniformly at a rate of at least 2f. An analogue
of the sampling theorem in the digital signal processing domain specifies conditions
on downsampling bandlimited discrete-time signals without losing information. There
also exist alternate variants of the sampling theorem under different sampling regimes
such as non-uniform sampling [31], or different modeling assumptions (for instance, non-
baseband signals, signals with finite rate of innovation [73]), or a combination of these
in the more recent compressed sensing literature [18].

Similarly, in the context of Graph Signal Processing, the sampling theorem gives
conditions under which a graph signal can be uniquely represented by its samples on
a subset of nodes. This problem is fundamentally different from traditional sampling
due to a lack of “ordering” of the samples, i.e., one cannot select uniformly spaced
samples. Further, signal properties such as smoothness/bandlimitedness are determined
by the topology or connectivity of the graph. As we shall see in Chapter 2, similar
to the Fourier domain for traditional signals, a graph Fourier domain is obtained if
one is able to represent graph signals in a basis that takes into account the underlying
connectivity of the graph. Such a basis can be obtained using the eigenvalues and
eigenvectors of special matrices associated with the graph that capture variation in a
graph signal (example of such matrices include the adjacency [63], the Laplacian [66],
and its normalized versions [4, 24]). The representation of a graph signal in this basis
is known as the Graph Fourier Transform (GFT) and is used to provide a notion of
frequency for graph signals, which is crucial for developing the theory of sampling.

In order to formulate a sampling theorem for graph signals, one needs to consider

the following questions —

P1. When can one recover a graph signal from its samples on a given subset of nodes?
Not all graph signals can be uniquely represented from their samples on a subset
of nodes. Since sampling results in an inherent reduction of dimensionality, we

need to impose certain modeling assumptions on signals for recovery. In this work,

3



P2.

P3.

we assume that our signals of interest are smooth over the graph. In quantitative
terms, this can be imposed by enforcing signals to be bandlimited or lowpass in
the graph Fourier domain. Therefore, for a given subset of nodes, we would like
to find the minimum bandwidth a signal can have in the graph Fourier domain
(also known as the cutoff frequency) so that it can be perfectly recovered from its

samples on the subset.

What is the best choice of nodes to sample a given graph signal?

Under the modeling assumption of bandlimitedness, we would like to find a set of
nodes of smallest possible size that uniquely represents all signals with bandwidth
lower than a given value. However, not all choices of sampling sets exhibit robust-
ness of reconstruction in the presence of noise and model mismatch, therefore we
would also like to focus on choosing sets that promote stable reconstructions of the
original signal. Note that the algorithms we consider for choosing the sets should

be scale well with graph sizes, since graphs in modern applications are quite large.

How can we reconstruct a signal from its samples?

Given samples of a graph signal on a set that satisfies the criteria posed by the
two questions above, one would like to design efficient algorithms for recovering the
entire signal. This is equivalent to the interpolation problem in traditional signal
processing, however, here we must focus on the design of localized algorithms,
where the signal value on a particular node can be computed from values on

neighboring nodes upto a certain connection depth.

Sampling theory for graph signals has applications in many research areas, most

prominent being machine learning and image processing. In the former case, class labels

are treated as graph signals over the similarity graph and predicting unknown labels

can be posed as an interpolation problem. In image processing, graphs can be used to

incorporate edge information in the images and are useful for designing edge-adaptive

wavelet transforms over images.

1.1.1 Existing work

Prior to our work, sampling theory for graph signals was considered first in [55],

where a sufficient condition was given for unique recovery of signals from a given subset

of nodes (called a sampling set). Using this condition, [49] computes a bound on the

maximum bandwidth that a signal can have, so that it can be uniquely reconstructed
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from its samples on a given subset of nodes. The uniqueness conditions are in fact
special cases of results pertaining to sampling signals from arbitrary subspaces presented
in [28]. Results along the same lines have been considered recently in [65, 22] after our
first work [3]. However, in order to apply results from the aforementioned papers, one
must have an explicit representation of the GFT basis corresponding to the bandlimited
space of interest thereby limiting their practical utility when the graphs are large. To
our knowledge, our approach is the first to circumvent this issue. Sampling theory
for graph signals has also been studied in other contexts such as designing filterbanks
on graphs [44, 52|, or more recently along the lines of alternative sampling strategies
such as shift-based sampling [43] and random sampling [57], and in connection with the

uncertainty principle for graph signals [71, 72].

1.1.2 Our contributions

The primary contribution of this dissertation is to develop a sampling theorem for
bandlimited graph signals by answering the questions posed in Section 1.1. We proceed
by first stating a necessary and sufficient condition under which a bandlimited signal
can be perfectly recovered from a given subset of nodes on the graph. This condition
guarantees uniqueness of sampling and is used to compute, for a given sampling set,
the maximum bandwidth (i.e., the cutoff frequency) that a signal can have so that it
can be perfectly reconstructed from its samples (thereby answering P1). Further, this
formulation also avoids explicit computation of the GFT basis for the graph by defining
quantities called Graph Spectral Proxies that allow a trade-off between complexity and
accuracy while computing the cutoff frequency. These quantities are based on a method
for estimating the bandwidth of any signal, upto different orders of accuracy, through
simple localized operations in the vertex domain.

In order to obtain the best sampling set (i.e., problem P2), we propose to use the cut-
off frequency, estimated via spectral proxies, as the objective function that is maximized
subject to a bandwidth constraint (or equivalently, a cardinality constraint that is deter-
mined by the dimensionality of the space of signals to be sampled). This optimization
problem is however combinatorial in nature, therefore we resort to a greedy algorithm
that uses binary relaxation and gradient ascent. Although the spectral proxies-based
objective function is designed to obtain sampling sets that guarantee uniqueness, we
show that it also considers robustness of reconstruction with respect to sampling noise

and model mismatch. This is because maximizing the objective function is shown to



be closely related to minimizing a bound on the worst case reconstruction error associ-
ated with a given sampling set. Further, our method is iterative and requires finding a
minimum eigenpair as the atomic operation, thereby making it efficient and amenable
for localized /distributed implementations. This is demonstrated through various exper-
iments that compare our sampling set selection method against other existing methods
in terms of robustness and complexity.

In this dissertation, we exclude the study of techniques for bandlimited reconstruction
of signals from their samples (i.e., problem P3) since they have been studied indepen-
dently elsewhere [50, 74, 76]. An example of a real-world application of our sampling
theory is the problem of active semi-supervised learning where the learning algorithm
can specify beforehand specific data points to label given a budget. Under the assump-
tion that class labels are smooth over the similarity graph, active learning is essentially
equivalent to a sampling set selection problem. It is shown in [29] that our method
performs well in comparison to other state-of-the art methods. The details of this work

are excluded from this dissertation for brevity.

1.2 Wavelet filterbanks on graphs

Graph wavelet transforms have recently been used for a variety of applications, rang-
ing from multiresolution analysis [47, 60], compression [48, 53, 19], denoising [25], and
classification [27]. These transforms allow one to analyze and process signals defined
over graphs while taking into consideration the underlying relationships between signal
values. The designs of these transforms are generally inspired by traditional wavelet
construction schemes and leverage principles from graph signal processing.

One of the recent techniques for constructing wavelet transforms on graphs is based
on filterbanks. This approach is quite appealing because it makes use of spectral graph
filters [66] that have a low complexity and enable a trade-off between vertex-domain and
frequency-domain localization. Besides designing the filters, sampling set selection is an
important aspect of graph wavelet filterbank design. The requirements are fundamen-
tally different in this case — instead of working with bandlimited signals for perfect and
stable recovery, one looks for a sampling scheme over two or more channels of a filterbank
that allows a multiresolution analysis, followed by recovery (or synthesis) of all signals
over the graph. An important property taken into consideration while designing these
filterbanks is critical sampling, which requires the total number of samples across chan-

nels to be equal to the number of nodes in the graph [45, 46]. Other desirable properties

6



of the sampling scheme involve ensuring near perfect reconstruction, near orthogonality,
and most importantly compact support that allows localized implementations of the
filterbank. These properties are suitable for compression applications where one would
like to obtain compact respresentations of signals of interest efficiently at the encoder,
followed by near lossless recovery at the decoder. Unlike traditional filterbanks that
boast numerous well-studied designs with wide-ranging properties, graph filterbanks are
more difficult to design as the structure of the Fourier basis is influenced by the structure
of the graph. Therefore, it is useful to understand and characterize graphs that admit

filterbanks with one or more of these properties.

1.2.1 Existing work

In order to ensure perfect reconstruction and compact support, state-of-the-art
wavelet filterbanks require imposing certain structural constraints on the underlying
graph. For example, the recently proposed two-channel filterbanks in [45, 46] are
designed specifically for bipartite graphs. The special structure leads to a natural
downsampling-upsampling scheme (on one of the two partitions) in each channel, accom-
panied by a spectral folding phenomenon that is exploited while designing the filters.
The design can be extended to arbitrary graphs through a multidimensional approach
that involves hierarchically decomposing the original graph into a sequence of bipartite
subgraphs. Techniques for bipartite subgraph decomposition such as those in [52, 77]
form an active area of research. There also exist filterbanks that exploit circulant graph
architectures, albeit with non-polynomial synthesis filterbanks [26, 27]. Recently, yet
another class of graphs suitable for the design of M-channel polynomial filterbanks have
been studied [69, 70]. These are called M-block cyclic graphs and are a natural directed
extension of bipartite graphs. The topology and the eigenstructure of these graphs also
induces a spectral folding upon downsampling-upsampling on one of the blocks, thus
providing a means to extend several concepts from classical multirate signal processing
to the graph signal processing domain. Perfect reconstruction conditions for M-channel

filterbanks on these graphs are stated in [70], albeit with a lack of concrete solutions.

1.2.2 Our contributions

Following the lines of [45], our work begins by spelling out design criteria for two-
channel filterbanks that satisfy the critical sampling, compact support, and perfect

reconstruction properties. We realize immediately that without the presence of special
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structure in the Fourier basis associated with the graph, it is in general difficult to satisfy
critical sampling and perfect reconstruction simultaneously with low-degree polynomial
filterbanks. Our analysis shows that the structural requirement on the Fourier basis
is identical to that of traditional signal processing — downsampling-upsampling should
induce a spectral folding in the graph Fourier domain. This makes bipartite graphs
particularly amenable to the design of perfect reconstruction two-channel filterbanks.
We shift our focus and seek to design filterbanks on arbitrary graphs (without altering
their topology) that are critically-sampled, have compact support, and satisfy the perfect
reconstruction and orthogonality conditions as closely as possible. The lack of a special
structure makes the problem of jointly designing low-degree polynomial filters and the
sampling scheme impossible. Therefore, as a starting step, we decouple the two by
focusing only on designing a critical sampling scheme while assuming that the analysis
and synthesis filters are predesigned for given frequency localization constraints. Our

main contributions are the following:

e A criterion based on the reconstruction error to evaluate any sampling scheme for

given predesigned filters.

e A greedy but computationally efficient algorithm to minimize the error criterion

that approximates the optimal solution, along with some theoretical guarantees.

Experiments show that our algorithm for choosing the sampling scheme performs better
than existing heuristics.

Finally, we turn our attention to the design of M-channel filterbanks on M-block
cyclic graphs. The perfect reconstruction conditions stated in [70] are meant for graphs
with balanced block sizes, where signals in each channel are sampled on the same block.
We first modify the conditions to work for disjoint sampling sets across different channels.
Next, we look into the design of possible polynomial solutions satisfying these conditions.
This problem is more complex than traditional M-channel filterbanks since the graph
Fourier domain (of graphs with a normalized adjacency) spans the complete unit-disc
instead of the unit-circle. In our work, we consider a simpler version of the problem where
M is a power of 2, and propose a tree-structured design composed of hierarchically
arranged two-channel designs. Our design allows disjoint sampling sets for different

channels, and also works for unbalanced block sizes. Our main contributions are:

e A scheme to represent a 2”-channel filterbank on 2%-block cylic graphs as a hierar-
chical tree-structure composed of 2-channel filterbanks on smaller directed bipar-

tite graphs.



e A perfect reconstruction 2-channel filterbank solution for a 2-block cyclic graph
(i.e., a directed bipartite graph). This is a generalization of the designs in [45, 46,

68], since the spectrum of directed bipartite graphs can be complex.

1.3 Sampling theory perspective of graph-based

semi-supervised learning

The abundance of unlabeled data in various machine learning applications, along with
the prohibitive cost of labeling, has led to growing interest in semi-supervised learning.
This paradigm deals with the task of classifying data points in the presence of very
little labeling information by relying on the geometry of the dataset. Assuming that the
features are well-chosen, a natural assumption in this setting is to consider the marginal
density p(x) of the feature vectors to be informative about the labeling function f(x)
defined on the points. This assumption is fundamental to the semi-supervised learning
problem both in the classification and the regression settings, and is also known as
the semi-supervised smoothness assumption [20], which states that the label function is
smoother in regions of high data density. There also exist other similar variants of this
assumption specialized for the classification setting, namely, the cluster assumption [78]
(points in a cluster are likely to have the same class label) or the low density separation
assumption [51] (decision boundaries pass through regions of low data density). Most
present day algorithms for semi-supervised learning are based on one or more of these
assumptions.

In practice, graph-based methods have been found to be quite suitable for geometry-
based learning tasks, primarily because they provide an easy way of exploiting informa-
tion from the geometry of the dataset. These methods involve constructing a distance-
based similarity graph whose vertices represent the data points and edge weights are
computed using a decreasing function of Euclidean distances between the points in the
feature space. The class labels are treated as a graph signal, and the known labels as
its samples. The semi-supervised smoothness assumption for the class labels translates
into a notion of “smoothness” of the signal over the graph, in the sense that labels of
vertices do not vary much over edges with high weights (i.e., edges that connect close or
similar points). This smoothness assumption can be imposed through quantities such as

the graph cut, or the graph Laplacian regularizer, and more recently, through bandwidth



constraints in the graph spectral domain. Further, predicting labels of the unknown
points can be considered as an intepolation problem over the similarity graph.
Although using the bandwidth of signals to impose smoothness is well-motivated in
graph-based learning methods, it is important to understand its connection to the under-
lying geometry of the dataset in a theoretical sense. One way of justifying this approach
is to explore its geometrical interpretation in the limit of infinitely available unlabeled
data. This typically involves assuming a probabilistic generative model for the dataset
and analyzing the bandwidth of class indicator functions in the asymptotic setting for
certain commonly-used graph construction schemes. Specifically, in this setting, we seek

answers for the following questions in the asymptotic setting:

1. What is the connection between the bandwidth of class indicator signals over the

similarity graph and the underlying geometry of the data set?

2. What is the interpretation of the bandlimited recontruction approach for label

prediction?

3. How many labeled examples does one require for perfect prediction?

The answers to these questions would help complete our theoretical understanding of
graph-based semi-supervised classification approaches, specifically bandlimited interpo-
lation over the graph, and strengthen their link with the semi-supervised smoothness

assumption and its variants.

1.3.1 Existing work

In the graph-based semi-supervised learning paradigm, there have been numerous
ways of quantitatively imposing smoothness constraints over label functions defined on
vertices of a similarity graph. Most graph-based semi-supervised classification algorithms
incorporate one of these criteria as a penalty against the fitting error in a regularization
problem, or as a constraint term while minimizing the fitting error in an optimization
problem. For example, a commonly used measure of smoothness for a label function f
is the graph Laplacian regularizer fZLf (L being the graph Laplacian), and many algo-
rithms involve minimizing this quadratic energy function while ensuring that f satisfies
the known set of labels [83, 78]. There also exist higher-order variants of this measure
known as iterated graph Laplacian regularizers f7 L™f, that have been shown to make
the problem more well-behaved [81]. On the other hand, a spectral theory based clas-

sification algorithm restricts f to be spanned by the first few eigenvectors of the graph
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Laplacian [10, 11], that are known to form a representation basis for smooth functions
on the graph. In each of the examples, the criterion enforces smoothness of the labels
over the graph — a lower value of the regularizer fTLf, and a smaller number of leading
eigenvectors to model f imply that vertices that are close neighbors on the graph are
more likely to have the same label.

Recent works have therefore focused on justifying these approaches by exploring
their geometrical interpretation in the limit of infinitely available unlabeled data. This is
typically done by assuming a probabilistic generative model for the dataset and analyzing
the graph smoothness criteria in the asymptotic setting for certain commonly-used graph
construction schemes. For example, it has been shown that for data points drawn from
a smooth distribution with an associated smooth label function (i.e., the regression
setting), the graph Laplacian regularizer converges in the limit of infinite data points
to a density-weighted variational energy functional that penalizes large variations of
the labels in high density regions [11, 15, 34, 12, 81, 82]. A similar connection ensues
for semi-supervised learning problems in the classification setting (i.e., when labels are
discrete in the feature space). If points drawn from a smooth distribution are separated
by a smooth boundary into two classes, then the graph cut for the partition converges
to a weighted volume of the boundary [51, 42]. This is consistent with the low density
separation assumption — a low value of the graph cut implies that the boundary passes

through regions of low data density.

1.3.2 Our contributions

The main contribution of our work is a novel theoretical justification of the sampling
theoretic approach to semi-supervised learning. This approach involves treating the class
label function/indicator signal as a bandlimited graph signal, and label prediction as a
bandlimited reconstruction problem. Our work is the first to consider, using sampling
theory, the label complexity of semi-supervised classification, that is, the minimum frac-
tion of labeled examples required for perfect prediction of the unknown labels. A key
ingredient in this formulation is the bandwidth of signals on the graph — signals with
lower bandwidth tend to be smoother on the graph, and are useful for modeling label
functions over similarity graphs. Label prediction using bandlimited reconstruction then
involves estimating a label function/indicator signal that minimizes prediction error on

the known set under a bandwidth constraint.
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In order to provide a geometrical interpretation of bandwidth of class indicator sig-
nals, we leverage our work on sampling theory and make use of spectral proxies. These
spectral proxies are computed over similarity graphs constructed from a two-class sta-
tistical model for the feature vectors. To make our analysis as general as possible, we
consider two data models: separable and nonseparable. These generative models are quite
practical and mimic most datasets in the real world. The separable model assumes that
data points are drawn from an underlying probability distribution in the feature space
and each class is separated from the others by a smooth boundary. On the other hand,
the nonseparable model assumes a mixture distribution for the data where the data
points are drawn randomly and independently with certain probability from separate
class conditional distributions. We also introduce a notion of “boundaries” for classes
in the nonseparable model in the form of overlap regions, defined as the set of points
where the probability of belonging and not belonging to a class are both non-zero (i.e.,
the region of ambiguity). This definition is quite practical and useful for characterizing
the geometry of such datasets.

Using the data points, we consider a specific graph construction scheme that applies
the Gaussian kernel over Euclidean distances between feature vectors for computing
their similarities (our analysis can be generalized easily to arbitrary kernels under simple
assumptions). In order to compute the bandwidth of the indicator, we use graph spectral
proxies from our work on sampling theory. A significant portion of this work focuses
on analyzing the stochastic convergence of this bandwidth estimate (using variance-bias
decomposition) in the limit of infinite data points for any class indicator signal on the
graph. The analysis in our work suggests a novel sampling theoretic interpretation of
graph-based semi-supervised learning and the main contributions can be summarized as

follows:

1. Relationship between bandwidth and data geometry. For the separable model, we
show that under certain rate conditions, the bandwidth estimate for any class
converges to the supremum of the data density over the class boundary. Similarly,
for the nonseparable model, we show that the bandwidth estimate converges to

the supremum of the density over the overlap region.

2. Interpretation of bandlimited reconstruction. Using the geometrical interpreta-
tion of the bandwidth, we conclude that bandlimited reconstruction allows one
to choose the complexity of the hypothesis space while predicting unknown labels

(i.e., a larger bandwidth allows more complex class boundaries).
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3. Quantification of label complexity. We also show that the bandwidth of class
indicator signals is closely linked theoretically to the fraction of labeled points
required for perfect classification which is in turn related to the geometry of the
data.

Our analysis has significant implications: Firstly, class indicator signals have a low
bandwidth if class boundaries lie in regions of low data densities, that is, the semi-
supervised assumption holds for graph-based methods. And secondly, our analysis also
helps quantify the impact of bandwidth and data geometry in semi-supervised learning
problems, an aspect that was lacking in existing work. Specifically, our results enable
us to theoretically assert that for the sampling theoretic approach to graph-based semi-
supervised learning, the label complexity (minimum fraction of labeled points required)
of learning classifiers matches the theoretical estimate and is indeed lower if the boundary

lies in regions of low data density, as demonstrated empirically in earlier works [10, 11].

1.4 Outline

The rest of this dissertation is organized as follows:

e Chapter 2 begins by introducing notations used throughout this dissertation, along
with several useful definitions. This is followed by a brief review of graph signal

processing concepts and the introduction of notions of frequencies over graphs.

e In Chapter 3, we formulate our theory of sampling for bandlimited graph signals.
We begin by stating necessary and sufficient conditions for unique sampling, using
which we formulate methods to compute the cutoff frequency for a given sampling
set and conversely, the best sampling set of a given size. We also briefly discuss

stability considerations in sampling.

e Chapter 4 considers the sampling problem in a different, but related, problem of
designing graph filterbanks. We consider a general formulation for designing two-
channel filterbanks on arbitrary graphs and study conditions required for satisying
desirable properties such as critical sampling, compact support, perfect reconstruc-
tion and orthogonality. We characterize graphs that admit solutions satisfying
these properties. We then present an efficient algorithm for selecting the best

sampling scheme over the channels that aims to minimize reconstruction error,
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given predesigned filters. Finally, we also consider the design of M-channel filter-

banks on M-block cyclic graphs and propose a simple tree-structured design.

Finally, in Chapter 5, we view graph-based semi-supervised learning from the
perspective of sampling theory. This point of view allows us to explain why graph-
based methods are suited for this problem by looking at the geometrical interpreta-
tions of bandwidth of class indicator signals in the asymptotic limit. Further, using
sampling theory, we also shed light on the label complexity of the semi-supervised

learning problem.
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Chapter 2

Review of Graph Signal Processing

In this chapter, we review relevant concepts from Graph Signal Processing that will
be helpful in formulating our sampling theory. The most important concept is the notion
of frequency for graph signals that will help us characterize their level of smoothness. The
key idea is to introduce analogs of operators such as variation or shift from traditional
signal processing, that allow one to transform a signal or measure its properties while
taking into account the underlying connectivity on the graph. Such operators create
a notion of smoothness for graph signals through their spectrum. There can be many
different choices of variation operators depending the application at hand, we review a

few examples after introducing notations used throughout this proposal.

2.1 Basic concepts

A graph G = (V,€) is a collection of nodes indexed by the set V = {1,..., N} and
connected by links & = {(7, 7, w;;)}, where (i, j,w;;) denotes a link of weight w;; € R*
pointing from node ¢ to node j. The adjacency matrix W of the graph is an N x N
matrix with elements w;;. The degree d; of a node ¢ in an undirected graph is defined as
>-; wij, and the degree matrix of the graph is defined as D = diag{d,,ds,...,dy}. For
directed graphs, one can define in-degrees and out-degrees separately.

A graph signal is a function f : )V — R defined on the vertices of the graph, (i.e., a
scalar value assigned to each vertex, such that f(7) is the value of the signal on node 7).

It can be represented as a vector f € RY where f; represents the function value on the
th

17 vertex.
Sampling sets are subset of nodes & C V over which the values of a signal are
measured. For any signal x € RY and a set S C {1,..., N}, we use x5 to denote its

sampled version, which is an |S|-dimensional sub-vector of x consisting of components
indexed by S. Similarly, for any matrix A € RN Ag s, is used to denote the sub-
matrix of A with rows indexed by S; and columns indexed by S,. For simplicity, we
denote Ags by As. The complement of S in V is denoted by §¢ =V \ S.
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Figure 2.1: Variation in the eigenvectors of the Laplacian of a graph ordered according
to the eigenvalues. Note the increasing variation over edges.

2.2 Notion of frequency for graph signals

In order to formulate a sampling theorem for graph signals, we need a notion of
frequency that helps us in characterizing the degree of smoothness of various signals
with respect to the graph. This can be done by defining shift or variation operators that
allow one to transform a signal or measure its properties while taking into account the
underlying connectivity over the graph. We denote any operator that measures variation
of signals over the graph by L, an N x N matrix!. This operator essentially creates a
notion of smoothness for graph signals through its spectrum. Specifically, assume that
L has eigenvalues |\;| < ... < |[A\y| and corresponding eigenvectors {u!,... , u’}. Then,
these eigenvectors provide a Fourier-like basis for graph signals with the frequencies
given by the corresponding eigenvalues. For each L, one can also define a variation
functional Var(L, f) that measures the variation in any signal f with respect to L. Such
a definition should induce an ordering of the eigenvectors which is consistent with the
ordering of eigenvalues (see for example, Figure 2.1). More formally, if |\;| < ||, then
Var(L, u’) < Var(L, /).

The GFT f of a signal f is given by its representation in the above basis, f = U™'f,
where U = [u!...u”]. Note that a GFT can be defined using any variation operator.
Examples of possible variation operators are reviewed in the next section. If the variation
operator L is symmetric then its eigenvectors are orthogonal, leading to an orthogonal
GFT. In some cases, L may not be diagonalizable. In such cases, one can resort to the

Jordan normal form [63] and use generalized eigenvectors.

L Although L has been extensively used to denote the combinatorial Laplacian in graph theory, we
overload this notation to make the point that any such variation operator can be defined to characterize
signals of interest in the application at hand.
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Using this notion of frequency, filters can be designed on the graph using any of
the variation operators by manipulating its spectral response to satisfy desired prop-
erties. One useful way is to consider polynomial graph filters H = h(L) = ¢, h,L’
of different degrees, whose response in the spectral domain is given by the polynomial
h(\) = S hiA\'. These are particularly useful because of their simplicity — a k-degree
polynomial filter can be implemented in O(k|E|) complexity. Further, note that for

undirected graphs, L is symmetric, and hence H is symmetric.

Bandlimited graph signals

A signal f is said to be w-bandlimited if f; = 0 for all i with |\;] > w. In other words,
GFT of an w-bandlimited? f is supported on frequencies in [0,w]. If {\;, \g, ..., \.} are
the eigenvalues of L less than or equal to w in magnitude, then any w-bandlimited signal

can be written as a linear combination of the corresponding eigenvectors:

i=1
where R = {1,...,r}. The space of w-bandlimited signals is called Paley-Wiener space
and is denoted by PW,(G) [55]. Note that PW,(G) = range(Uyg) (i.e., the span of
columns of Uyr). Bandwidth of a signal f is defined as the largest among absolute

values of eigenvalues corresponding to non-zero GFT coefficients of f, i.e.,
w(f) = max {|\i] | £ # 0}, (2.2)

A key ingredient in our theory is an approximation of the bandwidth of a signal using
powers of the variation operator L, as explained in Section 3.3. Since this approximation
holds for any variation operator, the proposed theory remains valid for all of the choices
of GFT in Table 2.1.

20One can also define highpass and bandpass signals in the GFT domain. Sampling theory can be
generalized for such signals by treating them as lowpass in the eigenbasis of a shifted variation operator,
e.g., one can use L' = |Ay|I — L for highpass signals.
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2.3 Examples of variation operators

2.3.1 Variation on undirected graphs

In undirected graphs, the most commonly used variation operator is the combinato-
rial Laplacian [24] given by:
L=D-W, (2.3)

where D is the diagonal degree matrix diag{d,...,dy} with d; = >°; w;;. Since, w;; =
wy; for undirected graphs, this matrix is symmetric. As a result, it has real non-negative
eigenvalues \; > 0 and an orthogonal set of eigenvectors. The variation functional
associated with this operator is known as the graph Laplacian quadratic form [66] and

is given by .
i?j

One can normalize the combinatorial Laplacian to obtain the symmetric normalized

Laplacian and the (asymmetric) random walk Laplacian given as
Lsym — D71/2LD71/2’ Lrw — DflL. (25)

Both Ly, and L,, have non-negative eigenvalues. However the eigenvectors of L, are
not orthogonal as it is asymmetric. The eigenvectors of Ly, on the other hand, are
orthogonal. The variation functional associated with L, has a nice interpretation as

it normalizes the signal values on the nodes by the degree:

2
1 fi i
Var gragm(£) = £ Lgmf = = 3w ( - J) . (2.6)
2 i,J Vi \/4;

2.3.2 Variation on directed graphs

Note that variation operators defined for directed graphs can also be used for undi-
rected graphs since each undirected edge can be thought of as two oppositely pointing
directed edges.

Variation using the adjacency matrix This approach involves posing the adjacency
matrix as a shift operator over the graph (see [63] for details). For any signal f € R",
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the signal WT is considered as a shifted version of f over the graph, analogous to the
shift operation defined in digital signal processing. Using this analogy, [63] defines total

variation of a signal f on the graph as

1

Wit
|Nmax |

, (2.7)

p

Varhy (f) = Hf _

where p = 1,2 and . denotes the eigenvalue of W with the largest magnitude. It can
be shown that for two eigenvalues |;| < |u;] of W, the corresponding eigenvectors v; and
v; satisfy Varl,, (v') < Varl,,(v?). In order to be consistent with our convention, one can
define the variation operator as L = I — W /|jiax| which has the same eigenvectors as
W with eigenvalues \; = 1 — 11;/|ftmax|- This allows us to have the same ordering for the
graph frequencies and the variations in the basis vectors. Note that for directed graphs,
where W is not symmetric, the GFT basis vectors will not be orthogonal. Further, for
some adjacency matrices, there may not exist a complete set of linearly independent
eigenvectors. In such cases, one can use generalized eigenvectors in the Jordan normal
form of W as stated before [63].

Variation using the hub-authority model This notion of variation is based on the
hub-authority model [39] for specific directed graphs such as a hyperlinked environment
(e.g., the web). This model distinguishes between two types of nodes. Hub nodes H
are the subset of nodes which point to other nodes, whereas authority nodes A are the
nodes to which other nodes point. Note that a node can be both a hub and an authority
simultaneously. In a directed network, we need to define two kinds of degrees for each
node ¢ € V, namely the in-degree p; = 3, w;; and the out-degree ¢; = >°; wy;. The

co-linkage between two authorities i, j € A or two hubs ¢, j € H is defined as

Cij = Z M and Cij = Z M (28)
hen dn oed  Pa

respectively, and can be thought of as a cumulative link weight between two authorities
(or hubs). Based on this, one can define a variation functional for a signal f on the

authority nodes [80] as

i (Y
VarA(f)—QiJZG:A ij <\/E \/p_3> (2.9)
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In order to write the above functional in a matrix form, define T = D;l/ QWD; 172,

where D /% and D_/2 are diagonal matrices with

/Di lfpl 7é0 (D_l/g)“ _Jva if q; 7é0

7

~1/2
(D, / )i =

0 otherwise, 0 otherwise.

It is possible to show that Vary(f) = f'L4f, where Ly = I — T'T. A variation
functional for a signal f on the hub nodes can be defined in the same way as (2.9)
and can be written in a matrix form as Vary(f) = f'Lyf, where Ly = I — TT'. A
convex combination Var, (f) = yVar4(f) + (1 —~)Vary/(f), with v € [0, 1], can be used to
define a variation functional for f on the whole vertex set V. Note that the corresponding
variation operator L, = yL 4+ (1 —~)Ly is symmetric and positive semi-definite. Hence,
eigenvectors and eigenvalues of L, can be used to define an orthogonal GF'T similar to
the undirected case, where the variation in the eigenvector increases as the corresponding

eigenvalue increases.

Variation using the random walk model Every directed graph has an associated
random walk with a probability transition matrix P given by
w< .
P, = —7—. (2.10
’ 25 Wi )
By the Perron-Frobenius theorem, if P is irreducible then it has a stationary distribution
7 which satisfies 7P = 7 [36]. One can then define the following variation functional

for signals on directed graphs [23, 79]:

Var,,(f) = lszij ( fi i )2. (2.11)
247 VT /T

Note that if the graph is undirected, the above expression reduces to (2.6) since, in

that case, m; = d;/ >, d;. Intuitively, m;P;; can be thought of as the probability of

transition from node i to j in the steady state. We expect it to be large if ¢ is similar

to 7. Thus, a big difference in signal values on nodes similar to each other contributes

more to the variation. A justification for the above functional in terms of generalization
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of normalized cut to directed graphs is given in [23, 79]. Let II = diag{m,...,m,}.
Then Var,, (f) can be written as f ' Lf, where

1
L=1-g (/2PI'2 + TP TI2) | (2.12)

It is easy to see that the above L is a symmetric positive semi-definite matrix. Therefore,
its eigenvectors can be used to define an orthonormal GFT, where the variation in the
eigenvector increases as the corresponding eigenvalue increases.

Table 2.1 summarizes different choices of GFT bases based on the above variation

operators — our theory applies to all of these choices.

2.4 Summary

In this chapter, we introduced basic concepts of graph signal processing that our rele-
vant to our work. Specifically, we introduced variation operators that allow us to obtain
notions of frequency for graph signals and quantify their smoothness. We mentioned
several examples of variation operators from existing literature both for undirected and
directed graphs. A definition of the Graph Fourier Transform (GFT) is given using the
eigenvalues and eigenvectors of these operators. This framework allows us to quantify

smoothness of signals over the graph in terms of bandlimitedness.
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Chapter 3

Sampling Theory for Graph Signals

In this chapter, we focus on developing the sampling theorem for graph signals. As
mentioned earlier, our signals of interest are bandlimited in the graph spectral domain,
or in other words, smooth graph signals. Under this assumption, we answer the following
questions: (i) What is the maximum bandwidth a signal f can have so that it can be
perfectly recovered from its subset of samples on S(C V)? (ii) Given a bandwidth
(or dimensionality of the bandlimited space), what is the best set of nodes to sample
for unique reconstruction? Additionally, stability is an important issue while choosing
sampling sets, since in practice signals are only approximately bandlimited and/or their
samples are noisy. A good sampling set leads to robustness of reconstruction in the
presence of noise and model mismatch.

Most approaches to the sampling problem involve explicitly computing a portion of
the graph Fourier basis, followed by using these basis elements to check if a unique and
stable recovery is possible with the given samples or to choose the best subset of nodes
for sampling. This approach works well enough for small graphs, where computing and
storing a portion of the graph Fourier basis is practically feasible. However, current
applications demand the handling of large graphs with thousands or even millions of
nodes, and computing multiple eigenvectors of the variation operators can be burden-
some in terms of time and space complexity. Therefore, in our approach, we define
certain quantities called graph spectral proxies based on powers of the variation oper-
ator that allow one to estimate the bandwidth of graph signals. These proxies can be
computed using repeated application of the variation operator over signals in a localized
and distributed fashion with minimal storage cost, thus forming a key contribution of
our approach. Using these proxies, we provide an approximate bound on the maximum
bandwidth for unique recovery (i.e., the cutoff frequency) given the sampling set. We
show that this quantity also appears in an approximate bound on the reconstruction
error, and hence we maximize it using a greedy approach in order to select an approx-

imately optimal sampling set of given size. Our algorithm is efficient and scalable,

Work in this chapter has been published in [3, 29, 4].
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since it does not require explicit computation of the graph Fourier basis, and is shown
to achieve comparable performance in comparison to approaches such as [65, 22] with
lower computational cost.

The rest of this chapter is organized as follows: Section 3.1 reviews related work in
the area of sampling. In Section 3.2, we provide necessary and sufficient conditions for
sampling, and consider results in the scenario of known GFT. Section 3.3 introduces
graph spectral proxies along with their properties. Section 3.4 and 3.5 employs these
quantities to address the questions posed by the sampling theorem. Finally, we conclude
this chapter with experimental validation in Section 3.6, followed by a summary in
Section 3.7.

3.1 Related work

Sampling theory for graph signals was first studied in [55], where a sufficient con-
dition for unique recovery of signals is stated for a given sampling set. Using this
condition, [49] gives a bound on the maximum bandwidth that a signal can have, so
that it can be uniquely reconstructed from its samples on a given subset of nodes. The
uniqueness conditions in this section have also appeared prior to our work in [28] and
subsequently in [65, 22]. However, the specific form in which these conditions have been
presented require the explicit computation of the GFT, thereby limiting its practical util-
ity. Using spectral proxies defined later in Section 3.3, our work circumvents the explicit
computation of the graph Fourier basis and states conditions that ensure uniqueness and
find a good sampling set. Previous methods for sampling set selection in graphs can be
classified into two types, namely spectral-domain methods and vertex-domain methods,

which are summarized below.

Spectral-domain approaches

Most of the recent work on sampling theory of graph signals assumes that a portion of
the graph Fourier basis is explicitly known. We classify these methods as spectral-domain
approaches since they involve computing the spectrum of the variation operator. For
example, the work of [65] requires computation and processing of the first r eigenvectors
of the graph Laplacian to construct a sampling set that guarantees unique (but not
necessarily stable) reconstruction for a signal spanned by those eigenvectors. Similarly,

a greedy algorithm for selecting stable sampling sets for a given bandlimited space is
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proposed in [22]. Tt considers a spectral-domain criterion, using minimum singular values
of submatrices of the graph Fourier transform matrix, to minimize the effect of sample
noise in the worst case. The work of [71, 72] creates a link between the uncertainty
principle for graph signals and sampling theory to arrive at similar criteria in the presence
of sample noise. It is also possible to generalize this approach using ideas from the theory
of optimal experiment design [38] and define other spectral-domain optimality criteria
for selecting sampling sets that minimize different measures of reconstruction error when
the samples are noisy (for example, the mean squared error). Greedy algorithms can

then be used to find sets which are approximately optimal with respect to these criteria.

Vertex-domain approaches

There exist alternative approaches to sampling set selection that do not consider
graph spectral information and instead rely on vertex-domain characteristics. Examples
include [44] and [52], which select sampling sets based on maximum graph cuts and
spanning trees, respectively. However, these methods are better suited for designing
downsampling operators required in bipartite graph multiresolution transforms [45, 46].
Specifically, they do not consider the issue of optimality of sampling sets in terms of
quality of bandlimited reconstruction. Further, it can be shown that the maximum
graph-cut based sampling set selection criterion is closely related to a special case of
our proposed approach. There exists an alternate vertex-domain sampling approach,
described in [43], that involves successively shifting a signal using the adjacency matrix
and aggregating the values of these signals on a given node. However, sampling using
this strategy requires aggregating the sample values for a neighborhood size equal to the
dimension of the bandlimited space, which can cover a large portion of the graph.

The sampling strategies described so far involve deterministic methods of approxi-
mating optimal sampling sets. Following our work, [57] proposed a randomized sampling
strategy that guarantees a bound on the worst case reconstruction error in the presence
of noise by sampling nodes independently based on a judiciously designed distribution
over the nodes. However, one needs to sample many more nodes than the dimension of

the bandlimited space to achieve the error bound with high probability.
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3.2 Necessary and sufficient conditions

In this section, we address the issue of uniqueness and stability of bandlimited graph
signal reconstruction and discuss different optimality criteria for sampling set selection
assuming that the graph Fourier basis (i.e., the spectrum of the corresponding variation
operator) is known!. The results in this section are useful when the graphs under
consideration are small and thus, computing the spectrum of their variation operators is
computationally feasible. They also serve as a guideline for tackling the aforementioned
questions when the graphs are large and computation and storage of the graph Fourier
basis is impractical.

In order to give a necessary and sufficient condition for unique identifiability of any
signal f € PW,(G) from its samples fs on the sampling set S, we first state the concept

of uniqueness set [55].

Definition 3.1 (Uniqueness set). A subset of nodes S is a uniqueness set for the space
PW,(G) iff xs = ys implies x =y for all x,y € PW,(G).

Unique identifiability requires that no two bandlimited signals have the same samples

on the sampling set as ensured by the following theorem [3].

Theorem 3.1 (Unique sampling). S is a uniqueness set for PW,(G) if and only if
PW,(G) N Ly(S¢) = {0}.

Proof. Given PW,,(G) N Ly(S¢) = {0}, assume that S is not a uniqueness set. Then,
there exist f, g € PW,,(G),f # g such that fs = gs. Hence, we have f —g € Ly(S°),f —
g # 0. Also, f — g € PW,(G) due to closure. But this is a contradiction as PW,,(G) N
Ly(S°) = {0}. Therefore, S must be a uniqueness set.

Conversely, we are given that S is a uniqueness set. Let ¢ be any signal in PW,,(G)N
Ly(8¢). Then, for any f € PW,(G), we have g = f + ¢ € PW,(G) and f(S) = g(8).
But since S is a uniqueness set, one must have f = g, which implies ¢ = 0. Therefore,
PW,(G) N Ly(S°) = {0}. |

Let S be a matrix whose columns are indicator functions for nodes in §. Note that
ST : R® — RISl is the sampling operator with STf = fs. Theorem 3.1 essentially states
that no signal in PW,,(G) is in the null space N (ST) of the sampling operator. Any

IParts of this chapter focusing on stability of reconstruction and other optimality criteria, have been
done in collaboration with Akshay Gadde and appear in our joint paper [4].
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f € PW,(G) can be written as f = Uypgc. Thus, for unique sampling of any signal in
PW,(G) on S, we need STUyprc = Ugrc # 0 V ¢ # 0. This observation leads to the

following corollary (which is also stated in [21]).

Corollary 3.1. Let R ={1,...,r}, where A, is the largest graph frequency less than w.
Then S is a uniqueness set for PW,,(G) if and only if Usg has full column rank.

If Usg has a full column rank, then a unique reconstruction f € PW,(G) can be

obtained by finding the unique least squares solution to fs = Uggc:
f = UprUlxfs, (3.1)

where U, = (Ui, Usr) 1ULy is the pseudo-inverse of Ugz. The above reconstruction
formula is also known as consistent reconstruction [28] since it keeps the observed samples

unchanged?, i.e., fs = fs. Moreover, it is easy to see that if the original signal f €
PW,(G), then f = f.

3.2.1 Issue of stability and choice of sampling set

Note that selecting a sampling set S for PW,,(G) amounts to selecting a set of rows of
Uyr. It is always possible to find a sampling set of size r = dim PW,,(G) that uniquely

determines signals in PW,,(G) as proven below.

Proposition 3.1. For any PW,(G), there always exists a uniqueness set S of size
|S| =r.

Proof. Since {u'}!_; are linearly independent, the matrix Uyr has full column rank
equal to r. Further, since the row rank of a matrix equals its column rank, we can
always find a linearly independent set S of r rows such that Ugsgr has full rank that

equals r, thus proving our claim. [ |

In most cases picking r nodes randomly gives a full rank Ugr. However, all sampling
sets of given size are not equally good. A bad choice of S can give an ill-conditioned
Ugsx which in turn leads to an unstable reconstruction f. Stability of reconstruction is

important when the true signal f is only approximately bandlimited (which is the case

2Existence of a sample consistent reconstruction in PW,,(G) requires that PW,(G) @& La(S¢) =
RY [28].
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for most signals in practice) or when the samples are noisy. The reconstruction error
in this case depends not only on noise and model mismatch but also on the choice of

sampling set. The best sampling set achieves the smallest reconstruction error.

Effect of noise

We first consider the case when the observed samples are noisy. Let f € PW,(G)
be the true signal and n € Rl be the noise introduced during sampling. The observed

samples are then given by ys = fs +n. Using (3.1), we get the following reconstruction
f" = UVRU:S'i_RfS + UVRUERH- (32)

Since f € PW,(G), UprUlefs = f. The reconstruction error equals e = f — f =
UyprUZsn. If we assume that the entries of n are iid with zero mean and unit variance,

then the covariance matrix of the reconstruction error is given by
E =Elee'] = Upr(UixzUsr) 'U)g. (3.3)

Different costs can be defined to measure the reconstruction error as a function of the
error covariance matrix. These cost functions are based on optimal design of exper-
iments [16]. If we define the optimal sampling set S°P* of size m, as the set which
minimizes the mean squared error, then assuming Uyx has orthonormal columns, we
have

SAP' — argmin tr[E] = argmin tr[(UizUsgr) ™. (3.4)
|S|=m |S|=m

This is analogous to the so-called A-optimal design. Similarly, minimizing the maximum
eigenvalue of the error covariance matrix leads to E-optimal design. For an orthonormal

Uy, the optimal sampling set with this criterion is given by

SFOPY — argmin Apax(E) = argmax o (Usg), (3.5)

|Sl=m |Sl=m
where oppin(.) denotes the smallest singular value of a matrix. It can be thought of as a
sampling set that minimizes the worst case reconstruction error. The above criterion is
equivalent to the one proposed in [22]. Further, one can show that when Uyx does not
have orthonormal columns, (3.4) and (3.5) produce sampling sets that minimize upper

bounds on the mean squared and worst case reconstruction errors respectively. Note
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that both A and E-optimality criteria lead to combinatorial problems, but it is possible
to develop greedy approximate solutions to these problems.

So far we assumed that the true signal f € PW,(G) and hence, UyrU¥xfs = f.
However, in most applications, the signals are only approximately bandlimited. The

reconstruction error in such a case is analyzed next.

Effect of model mismatch

Let P = UyrU) be the projector for PW,(G) and Q = SS' be the projector
for Ly(S). Assume that the true signal is given by f = f* + Af, where f* = Pf is the
bandlimited component of the signal and Af = Pf captures the “high-pass component”
(i.e., the model mismatch). If we use (3.1) for reconstructing f, then a tight upper bound
on the reconstruction error [28] is given by

It — £l < IAL]], (3.6)

v
€08 (Omax)

where 0. is the maximum angle between subspaces PW,,(G) and Lo(S) defined as

inf[Qf]. (3.7)

cos(6 =
(Ormax) fEPW.,,(G),||f]|=1

c08(fmax) > 0 when the uniqueness condition in Theorem 3.1 is satisfied and the error
is bounded. Intuitively, the above equation says that for the worst case error to be
minimum, the sampling and reconstruction subspaces should be as aligned as possible.

We define an optimal sampling set S°** of size m for PW,(G) as the set which
minimizes the worst case reconstruction error. Therefore, Ly(S°P') makes the smallest
maximum angle with PW,,(G). It is easy to show that cos(0max) = Omin(Usr). Thus,
to find this set we need to solve a similar problem as (3.5). As stated before, this
problem is combinatorial. It is possible to give a greedy algorithm to get an approximate
solution. A simple greedy heuristic to approximate S°' is to perform column-wise
Gaussian elimination over Uy with partial row pivoting. The indices of the pivot rows
in that case form a good estimate of S°P' in practice.

The methods described above require computation of many eigenvectors of the varia-
tion operator L. We circumvent this issue in the next section, by defining graph spectral
proxies based on powers of L. These spectral proxies do not require eigen-decomposition

of L and still allow us to compute the cut-off frequency that also acts as a measure of
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quality for different sampling sets. As we will show, these proxies arise naturally in the
expression for the bound on the reconstruction error. Thus, a sampling set optimal with

respect to these spectral proxies ensures a small reconstruction error bound.

3.3 Graph Spectral Proxies

As discussed earlier, graphs considered in most real applications are very large.
Hence, computing and storing the graph Fourier basis explicitly is often practically
infeasible. We now present a tool to approximately compute the bandwidth w(¢) of
any given signal ¢ without computing the Fourier coefficients explicitly. These quan-
tities shall allow us to express the condition for unique bandlimited reconstruction, in
terms of the cut-off frequency, and methods for sampling set selection via simple oper-
ations using the variation operator. The following definition holds for any choice of the

variation operator L in Table 2.1:

Definition 3.2 (Graph Spectral Proxies). For any signal £ # 0, we define its k™ spectral

proxy wi(f) with k € Z1 as
Jk
o (1T

For an operator L with real eigenvalues and eigenvectors, wy(f) can be shown to increase

monotonically with k:
VE, k1 < ko = wi, () < wy, (f). (3.9)

These quantities are bounded from above, as a result, limy_,., wi(f) exists for all f.
Consequently, we can show that if w(f) denotes the bandwidth of a signal f, then
VEk >0, w(f) < lim w;(f) = w(f). (3.10)
Jj—00
Note that (3.10) also holds for an asymmetric L that has complex eigenvalues and
eigenvectors. The proofs of (3.9) and (3.10) are provided in Lemmas 3.1 and 3.2. These
properties give us an important insight: as we increase the value of k, the spectral proxies

tend to have a value close to the actual bandwidth of the signal, i.e., they essentially

indicate the frequency localization of the signal energy.

Lemma 3.1. If L has real eigenvalues and eigenvectors, then for any ki < ko, we have
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Proof. We first expand wy, (f) as follows:

(wp, ()2 = (HIﬁ?HfHY

_ Ty Eu (3.11)
>ij fifjuiTuj
i,J

where ¢;; = fif;ulu,/ i f.f;u ;. Now, consider the function f(x) = 2%/ . Note
that since ky < k2, f(z) is a convex function. Further, since 37, ;¢;; = 1, we can use

Jensen’s inequality in the above equation to get

ka/k1
(Z()\i)\j)klcij) <2 (()\i)\j)kl)b/kl Cij (3.13)

%)

1/2k; 1/2k2
= (Z(Ai/\j)klcz’j) = (Z(Ai/\j)’%ﬁ)
1,7 1,7

= wy, (F) < wy, (F) (3.14)

If L has real entries, but complex eigenvalues and eigenvectors, then these occur in
conjugate pairs, hence, the above summation is real. However, in that case, wg(f) is
not guaranteed to increase in a monotonous fashion, since ¢;;’s are not real and Jensen’s

inequality breaks down. [ |

Lemma 3.2. Let w(f) be the bandwidth of any signal £. Then, the following holds:

1/k
w(f) = lim wi(f) = lim (HkaH> (3.15)

k—oo k—o0 Hf”

Proof. We first consider the case when L has real eigenvalues and eigenvectors. Let
w(f) = A, then we have:

P O )R,
wk(f):< & ;( fj)f ke uﬂ) (3.16)
i,j=1 Lilju; Uj
& 1/2k
i A
= >\p (Cpp + (}\)j) cij) (317)
(@.3)#(p) \"P P



where ¢;; = fifju;uj/ > fifjujuj. Now, using logarithms, we can show

| A, 5 1/2k
,}1_{20 (Cpp " (i7j§p,p) </\p)\p> %) o 1)
Substituting (3.18) in (3.17), we get
lim wi(f) = A, = w(f). (3.19)

k—o0

Now, if L has complex eigenvalues and eigenvectors, then these have to occur in conjugate
pairs since L has real entries. Hence, for this case, we do a similar expansion as above
and take |\, out of the expression. Then, the limit of the remaining term is once again

equal to 1. [ |

3.4 Cutoff frequency

In order to obtain a measure of quality for a sampling set S, we first find the cutoff
frequency associated with it, which can be defined as the largest frequency w such that
S is a uniqueness set for PW,,(G). It follows from Theorem 3.1 that, for S to be a
uniqueness set of PW,,(G), w needs to be less than the minimum possible bandwidth
that a signal in L9(S¢) can have. This would ensure that no signal from L,(S¢) can be a
part of PW,,(G). Thus, the cutoff frequency w.(S) for a sampling set S can be expressed
as:

w(8) 2

In order to avoid computation of the GFT basis, we use wi(¢) as a proxy for w(¢)
(i.e. bandwidth of ¢) and this leads us to define the cut-off frequency estimate of order

k as 1/k
min wi(6) = min IL*¢| .
SELa(S°) sela(s°) \ | 9|

Using the definitions of Qx(S) and w.(S) along with (3.9) and (3.10), we conclude that
for any ki < ko:

i . 3.20
¢€L2r(glcr)l, ¢#0 w((b) ( )

2

Qi (S) (3.21)

Using (3.22) and (3.20), we now state the following proposition:
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Proposition 3.2. For any k, S is a uniqueness set for PW,(G) if, w < Qx(S). Qx(S)
can be computed from (3.21) as
wT((LT)kLk)SCw 1/2k

Qk’(S) = Hh]in wTw = (0-1776)1/%:’ (323)

where o1 denotes the smallest eigenvalue of the reduced matriz (L")*L*)sc. Further, if
Y1 is the corresponding eigenvector, and ¢j, minimizes wy(¢) in (3.21) (i.e. it approa-

imates the smoothest possible signal in Ly(S¢)), then

Pr(S) =Yk, 9R(S) =0. (3.24)

We note from (3.22) that to get a better estimate of the true cut-off frequency, one
simply needs a higher k. Therefore, there is a trade-off between accuracy of the estimate
on the one hand, and complexity and numerical stability on the other (that arise by

taking higher powers of L).

3.5 Sampling set selection

3.5.1 Best sampling set of given size

As shown in Proposition 3.2, €4 (S) is an estimate of the smallest bandwidth that
a signal in Ly(S¢) can have and any signal in PW,(G) is uniquely sampled on S if
w < Q(S). Intuitively, we would like the projection of Lo(S¢) along PW,,(G) to be as
small as possible. Based on this intuition, we propose the following optimality criterion

for selecting the best sampling set of size m:

S — aﬁ‘%‘r_nax Qk(S). (3.25)

To motivate the above criterion more formally, let P denote the projector for PW,,(G).

The minimum gap [40] between the two subspaces Ly(S¢) and PW,,(G) is given by:

inf  ||f - Pf|| = ik
feLa(89),|If]=1 | | it wz<:>\i i
i€l
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where Z = {i : w < \; < Q(S)} and £ denotes the i GFT coefficient of the minimizer
f* for the left hand side. The inequality on the right hand side holds because € (S)
is the smallest bandwidth that any signal in Ly(S¢) can have. Eq. (3.26) shows that
maximizing (S) increases the lower bound on the minimum gap between Lo(S¢) and
PW,(G). The minimum gap equals cos(fmayx) as defined in (3.7) [40]. Thus, maximizing
Q% (S) increases the lower bound on cos(€max) which, in turn, minimizes the upper bound
on the reconstruction error ||f — f|| given in (3.6), where the original signal f ¢ PW,,(G)
and f € PW,,(G) is obtained by (3.1).

We now show that Q4(S) also arises in the bound on the reconstruction error when

the reconstruction is obtained by variational energy minimization:

f,, = argmin |[L™y|| subject to ys = fs. (3.27)
yERN

It was shown in [56] that if £ € PW,,(G), then the reconstruction error ||f,, — f£||/|£],
for a given m, is upper-bounded by 2(w/€;(S))™. This bound is suboptimal and can
be improved by replacing Q4 (S) with Qx(S) (which, from (3.22), is at least as large as
2,(S)) for any k < m, as shown in the following theorem:

Theorem 3.2. Let £, be the solution to (3.27) for a signal f € PW,(G). Then, for any
kE<m,

I =<2 (%) Il (329)

A

Proof. Note that (f,, — f) € Ly(S°). Therefore, from (3.21)
I = £l <~y L7 (£ = )]
o e (L Bl + L7 E]) (3.29)

o 1L (3.30)

<220 el (3.31)
(
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(3.29) follows from triangle inequality. (3.30) holds because f,, minimizes ||L™f,,|| over
all sample consistent signals. (3.31) follows from the definition of w,,(f) and the last
step follows from (3.10) and (3.22). |

Note that for the error bound in (3.28) to go to zero as m — 0o, w must be less than
Q% (S). Thus, increasing €2 (S) allows us to reconstruct signals in a larger bandlimited
space using the variational method. Moreover, for a fixed m and k, a higher value of
Qx(S) leads to a lower reconstruction error bound. The optimal sampling set Sp** in

(3.25) essentially minimizes this error bound.

3.5.2 Obtaining the best sampling set

The problem posed in (3.25) is a combinatorial problem because we need to compute
Qk(S) for every possible subset S of size m. We therefore formulate a greedy heuristic
to get an estimate of the optimal sampling set. Starting with an empty sampling set S
(Q2x(S) = 0) we keep adding nodes (from S¢) one-by-one while trying to ensure maximum

increase in € (S) at each step. To achieve this, we first consider the following quantity:

3.32
T (3.32)

Tdiag(1
where 1s : V — {0,1} denotes the indicator function for the subset S (i.e. 1(S) =1
and 1(S°) = 0). Note that the right hand side of (3.32) is simply a relaxation of the
constraint in (3.21). When « > 1, the components x(§) are highly penalized during
minimization, hence, forcing values of x on S to be vanishingly small. Thus, if x¥(1s)

is the minimizer in (3.32), then [x%(1s)](S) — 0. Therefore, for a > 1,
gb]: ~ Xg(].,s), Qk(S) ~ /\2(13) (333)

Now, to tackle the combinatorial nature of our problem, we allow a binary relaxation of

the indicator 1g in (3.32), to define the following quantities

deiag(t)x>

3.34
. o (3.34)

() = (s +a

A (t) = min wif(x, t), (3.35)
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where t € RY. These relaxations circumvent the combinatorial nature of our problem
and have been used recently to study graph partitioning based on Dirichlet eigenval-
ues [54, 14]. Note that making the substitution t = 15 in (3.35) gives us (3.32) exactly.
The effect of adding a node to S on Qx(S) at each step can now be understood by
observing the gradient vector ViAZ(t), at t = 15. Note that for any x and t,

dup(x,t) _ - (x(i)\"
i =) (330

When t = 15, we know that the minimizer of (3.35) with respect to x for large « is ¢j.

=0 <¢Z(i>>2. (3.37)

Hence,
)| deg(dit)
dt(7) t=1s dt(i)

[ten

The equation above gives us the desired greedy heuristic - starting with an empty S (i.e.,
1s = 0), if at each step, we include the node on which the smoothest signal ¢ € Ly(S°)
has maximum energy (i.e. 1g(i) <= 1,7 = arg max;(¢;(j))?), then A%(t) and in effect,
the cut-off estimate Q4(S), tend to increase maximally. We summarize the method for
estimating S;** in Algorithm 3.1.

One can show that the cutoff frequency estimate Qx(S) associated with a sampling
set can only increase (or remain unchanged) when a node is added to it. This is stated

more formally in the following proposition.
Proposition 3.3. Let S and Sy be two subsets of nodes of G with S; C Sy. Then
Dk (S1) < Q(Sy).

This turns out to be a straightforward consequence of the eigenvalue interlacing

property for symmetric matrices.

Theorem 3.3 (Eigenvalue interlacing [32]). Let B be a symmetric n x n matriz. Let
R =A{L2,....r}, for 1 <r <n—1and B, = Br. Let \p(B,) be the k-th largest
eigenvalue of B,.. Then the following interlacing property holds:

)\r+1<BT+1> S Ar(Br) S)\T(BT+1) S v
SX(Brgr) < M(By) < M(Brya).

The above theorem implies that if & C &, then &§ C  S¢ and thus,
T\KT k T\KT k
A | (DY) | < [ (T)LE) .

c
1
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Algorithm 3.1 Greedy heuristic for estimating Sy

Require: G = {V, E}, L, sampling set size M, k € Z™.

Ensure: S = {0}.

while |S| < M do
For S, compute smoothest signal ¢; € L,(S°) using Proposition 3.2.
v < arg max; (¢} (7))%
S+ SuUuw.

end while

: gpt «— S.

S R Wy

Connection with Gaussian elimination

From Section 3.2, we know that the optimal sampling set can be obtained by max-
imizing o (Usg) with respect to S. A heuristic to obtain good sampling sets is to
perform a column-wise Gaussian elimination with pivoting on the eigenvector matrix U.
Then, a sampling set of size i is given by the indices of zeros in the (i + 1) column
of the echelon form. We now show that the greedy heuristic proposed in Algorithm
3.1 is closely related to this rank-revealing Gaussian elimination procedure through the

following observation:

Proposition 3.4. Let ® be the matrixz whose columns are given by the smoothest signals
¢k, obtained sequentially after each iteration of Algorithm 3.1 with k = oo, (i.e., ® =
[gbzo|‘3|:0 Ol is1=15 }) Further, let T be the matriz obtained by performing column-
wise Gaussian elimination on U with partial pivoting. Then, the columns of T are equal

to the columns of ®%_ within a scaling factor.

Proof. 1f S is the smallest sampling set for uniquely representing signals in PW,,(G) and
r = dim PW,(G), then we have the following:

L. |S]=r.
2. The smoothest signal ¢%_ € Lo(S¢) has bandwidth A, ;.

Therefore, ¢%_|s=r is spanned by the first r + 1 frequency basis elements {uy, ..., u,41}.
Further, since ¢}||s|=r has zeroes on exactly 7 locations, it can be obtained by performing
Gaussian elimination on u,,; using u;,u,...,u,. Hence the (r + 1) column of ® is

th

equal (within a scaling factor) to the (r + 1)™ column of T. Pivoting comes from the

fact that the (i + 1) sampled node is given by the index of the element with maximum
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Table 3.1: Comparison of complexity of different sampling set selection algorithms.

Methods in [65, 22] (with GFT) Proposed Method

Eigen-pair computations O((|E||S| + C|S|*)T1) O (k| E||S|Tx(k))
Sampling set search O(N|S]?) [65], O(N|S|*) [22] O(N|S|)
Space complexity O(N|S]) O(N)

magnitude in ¢% |s=;, and is used as the pivot to zeros out elements with same index

in subsequent columns. [ |

The above result illustrates that Algorithm 3.1 is an iterative procedure that approx-
imates a rank-revealing Gaussian elimination procedure on Uygk. For the known-
spectrum case, this is a good heuristic for maximizing o,,;, (Usg). In other words,
our method directly maximizes 0,,;, (Usg) without going through the intermediate step
of computing Uyr. As we shall see in the next subsection, this results in significant

savings in both time and space complexity.

Complexity and implementation issues

We note that in the algorithm, computing the first eigen-pair of ((LT)*L*)s. is the
major step for each iteration. There are many efficient iterative methods, such as those
based on Rayleigh quotient minimization, for computing the smallest eigen-pair of a
matrix [41]. The atomic step in all of these methods consists of matrix-vector products.
Specifically, in our case, this step involves evaluating the expression ((LT)*L*)s.x. Note
that we do not actually need to compute the matrix ((L")*L*)s explicitly, since the

expression can be implemented as a sequence of matrix-vector products as
(LT"LM)gex = IseyL" .. . LTL... LIpsex. (3.38)

Evaluating the expression involves 2k matrix-vector products and has a complexity of
O(k|E|), where |E| is the number of edges in the graph. Moreover, a localized and
parallel implementation of this step is possible in the case of sparse graphs. The num-
ber of iterations required for convergence of the eigen-pair computation iterations is a
function of the eigen-value gaps [41] and hence dependent on the graph structure and
edge-weights.

For the methods of [65] and [22], one needs to compute a portion of the eigenvector

matrix, i.e., Uyps (assuming |R| = |S|). This can be done using block-based Rayleigh
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quotient minimization methods [41], block-based Kryolov subspace methods such as
Arnoldi/Lanczos iterations or deflation methods in conjunction with single eigen-pair
solvers [59]. The complexity of these methods increases considerably as the number
of requested eigen-pairs increases, making them impractical. On the other hand, our
method requires computing a single eigen-pair at each iteration, making it viable for
cases when a large number of samples are required. Moreover, the sample search steps
in the methods of [65] and [22] require an SVD solver and a linear system solver,
respectively, thus making them much more complex in comparison to our method, where
we only require finding the maximum element of a vector. Our algorithm is also efficient
in terms of space complexity, since at any point we just need to store L and one vector.
On the other hand, [65, 22] require storage of at least |S| eigenvectors.

A summary of the complexities of all the methods is given in Table 3.1. The
eigen-pair computations for [65, 22] are assumed to be performed using a block
version of the Rayleigh quotient minimization method, which has a complexity of
O((|E||S| + C|SJ?)T1), where Ty denotes the number of iterations for convergence,
and C' is a constant. The complexity of computing one eigen-pair in our method is
O(k|E||S|Ts(k)), where Ty (k) denotes the average number of iterations required for con-
vergence of a single eigen-pair. T and Ty(k) required to achieve a desired error tolerance
are functions of the eigen-gaps of L and LF respectively. In general, Ty(k) > T}, since
L* has lower eigengaps near the smallest eigenvalue. Increasing the parameter k further
flattens the spectrum of L* near the smallest eigenvalue leading to an increase in Ty (k),
since one has to solve a more ill-conditioned problem. We illustrate this in the next
section through experiments that compare the running times of all the methods.

The choice of the parameter k£ depends on the desired accuracy — a larger value of k
gives a better sampling set, but increases the complexity proportionally, thus providing
a trade-off. Through experiments, we show in the next section that the quality of the
sampling set is more sensitive to choice of k for sparser graphs. This is because increasing
k results in the consideration of more global information while selecting samples. On the
other hand, dense graphs have a lower diameter and there is relatively little information

to be gained by increasing k.
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3.6 Experiments

We now numerically evaluate the performance of the proposed work®. The experi-
ments involve comparing the reconstruction errors and running times of different sam-
pling set selection algorithms in conjunction with consistent bandlimited reconstruc-

tion (3.1)%. We compare our approach with the following methods:

M1: This method [22] uses a greedy algorithm to approximate the S that maximizes
omin(Usgr ). Consistent bandlimited reconstruction (3.1) is then used to estimate

the unknown samples.

M2: At each iteration 7, this method [65] finds the representation of u; as 3-;; B;u; +
Yugs @uly, where 1, is the delta function on u. The node v with maximum |y |

is sampled. Reconstruction is done using (3.1).

Both the above methods assume that a portion of the frequency basis is known and
the signal to be recovered is exactly bandlimited. As a baseline, we also compare all

sampling set selection methods against uniform random sampling.

3.6.1 Examples with artificial data

We first give some simple examples on the following simulated undirected graphs:

G1: Erdos-Renyi random graph (unweighted) with 1000 nodes and connection proba-
bility 0.01.

G2: Small world graph [75] (unweighted) with 1000 nodes. The underlying regular
graph with degree 8 is rewired with probability 0.1.

(G3: Barabdsi-Albert random network [9] with 1000 nodes. The seed network is a fully
connected graph with my = 4 vertices, and each new vertex is connected to m = 4
existing vertices randomly. This model, as opposed to G1 and G2, is a scale-free

network, i.e., its degrees follow a power law P(k) ~ k3.

3Code available at https://github.com/aamiranis/sampling_theory

4Although reconstruction using (3.1) requires explicit computation of Uyg, there exist efficient
localized reconstruction algorithms that circumvent this [50, 74]. However, in our work, we restrict our
attention to the problem of sampling set selection.
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The performance of the sampling methods depends on the assumptions about the true

signal and sampling noise. For each of the above graphs, we consider the problem in the

following scenarios:

F1:

F2:

F3:

The true signal is noise-free and exactly bandlimited with r = dim PW,,(G) = 50.
The non-zero GFT coefficients are randomly generated from N(1,0.52).

The true signal is exactly bandlimited with » = 50 and non-zero GFT coefficients
are generated from N(1,0.5%). The samples are noisy with additive iid Gaussian
noise such that the SNR equals 20dB.

The true signal is approximately bandlimited with an exponentially decaying spec-
trum. Specifically, the GFT coefficients are generated from N (1,0.5%), followed by
rescaling with the following filter (where r = 50):

1, A< A
h(\) = (3.39)
e A=) N>\

We generate 50 signals from each of the three signal models on each of the graphs,

use the sampling sets obtained from the all the methods to perform reconstruction and

plot the mean of the mean squared error (MSE) for different sizes of sampling sets. For

our algorithm, we set the value of k to 2, 8 and 14. The result is illustrated in Figure 3.1.

Note that when the size of the sampling set is less than r = 50, the results are quite

unstable. This is expected, because the uniqueness condition is not satisfied by the

sampling set. Beyond |S| = r, we make the following observations:

1.

For the noise-free, bandlimited signal model F1, all methods lead to zero recon-
struction error as soon as the size of the sampling set exceeds the signal cutoff
r = 50 (error plots for this signal model are not shown). This is expected from the
sampling theorem. It is interesting to note that in most cases, uniform random

sampling does equally well, since the signal is noise-free and perfectly bandlimited.

For the noisy signal model F2 and the approximately bandlimited model F3, our
method has better or comparable performance in most cases. This indicates that
our method is fairly robust to noise and model mismatch. Uniform random sam-

pling performs very badly as expected, because of lack of stability considerations.

41



0.01

0.009
0.008
L
@ 0.007}
=
5 0.008(
S 0.005]
2 0.004/
Q
0.003
0.002
0.001}

C

[0}
o

0 20 40 60 80 100 120 140 160 180 200

(a) Graph G1 and signal model F2

0.01

0.009
0.008

L

@ 0.007¢

=

S 0.006

0.005|

2 0.004

Q

0.003

0.002}

0.001}

tructi

Rec

—6— Uni. rand.

—4A— M1

—v— M2

—8— Prop. k=2

—&— Prop. k=8
Prop. k=14

Sample size

—6— Uni. rand.
—A— M1
—v— M2
—&— Prop. k
—&— Prop. k
Prop. k

2
8
14

0 L L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200

Sample size

(c) Graph G2 and signal model F2

0.01

0.009¢
0.008
L
® 0.007f1
=

S 0.0061
0.005
0.004 1
0.003
0.0021
0.001

Reconstructio

\ ¥

——6— Uni. rand.
—A— M1
—v— M2
—&— Prop. k=2
—&— Prop. k=8

Prop. k= 14

0 L L L L L L L L L
0 20 40 60 80 100 120 140 160 180 200

Figure 3.1: Reconstruction results for different graph and signal models.
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Plots for

signal model F1 are not shown since the reconstruction errors are identically zero for all
methods when |S| > dim PW,,(G) = 50. The large reconstruction errors for |S| < 50
arise due to non-uniqueness of bandlimited reconstruction and hence, are less meaningful.
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Effect of parameter k in the spectral proxy

Parameter k in the definition of spectral proxies controls how closely we estimate
the bandwidth of any signal f. Spectral proxies with higher values of k give a better
approximation of the bandwidth. Our sampling set selection algorithm tries to maximize
the smallest bandwidth that a signal in Ly(S¢) can have. Using higher values of k allows
us to estimate this smallest bandwidth more closely, thereby leading to better sampling
sets as demonstrated in Figure 3.2. Intuitively, maximizing € (S) with £ = 1 ensures
that the sampled nodes are well connected to the unsampled nodes [29] and thus, allows
better propagation of the observed signal information. Using & > 1 takes into account
multi-hop paths while ensuring better connectedness between & and S¢. This effect
is especially important in sparsely connected graphs and the benefit of increasing &
becomes less noticeable when the graphs are dense as seen in Figure 3.2. However, this
improvement in performance in the case of sparse graphs comes at the cost of increased

numerical complexity.

Running time

We also compare the running times of the sampling set selection methods for different
sizes of the graph. For our experiments, we generate symmetrized Erdés-Renyi random
graphs of different sizes with parameter 0.01, and measure the average running time of
selecting 5% of the samples in MATLAB. For computing the eigen-pairs, we use the code
for the Locally Optimal Block Prec-conditioned Conjugate Gradient (LOBPCG) method
available online [41] (this was observed to be faster than MATLARB’s inbuilt sparse
eigensolver eigs, which is based on Lanczos iterations). The results of the experiments
are shown in Table 3.2. We observe that the rate of increase of running time as the graph
size increases is slower for our method compared to other methods, thus making it more
practical. Note that the increase with respect to k is nonlinear since the eigengaps are a
function of k and lead to different number of iterations required for convergence of the

eigenvectors.

3.6.2 A real data example

In this example, we apply the proposed method to classification of the USPS hand-
written digit dataset [1]. This dataset consists of 1100 images of size 16 x 16 each
corresponding digits 0 to 9. We create 10 different subsets of this dataset randomly,
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Figure 3.2: Reconstruction performance for noisy signals (model F2) with different values
of k in Erdos-Renyi graphs having different connection sparsity levels. Higher connection
probability p implies lower sparsity.

consisting of 100 images from each class. The data points can be thought of as points
{x; 199 C R*S with labels {y;};%°. For each instance, we construct a symmetrized
k-nearest neighbor (k-nn) graph with & = 10, where each node corresponds to a data
point. We restrict the problem to the largest strongly connected component of the graph
for convenience so that a stationary distribution for the resultant random walk exists
which allows us to define the random walk based GFT. The graph signal is given by the
membership function f¢ of each class ¢ which takes a value 1 on a node which belongs

to the class and is 0 otherwise. To solve the multi-class classification task, we use the

44



Table 3.2: Running time of different methods (in seconds) for selecting 5% samples on
graphs of different sizes. The running time for M1 increases drastically and is ignored
beyond graph size 5k.

1k 5k 10k 20k
M1 16.76 | 12,322.72 - -
M2 2.16 57.46 | 425.92 | 3004.01
Proposed, k=4 | 2.00 11.13 | 84.85 | 566.39
Proposed, k£ =6 | 13.08 24.46 | 170.15 | 1034.21
Proposed, £ =8 | 31.16 53.42 | 316.12 | 1778.31

one-vs-rest strategy which entails reconstructing the membership function of every class.
The final classification for node 7 is then obtained by

y; = argmax {f{}. (3.40)

We first compare the performance of the proposed method against M1 and M2 using
the normalized adjacency matrix based GFT with the variation operator L = I-D~'W.
The bandwidth parameter r is set to 50. The plot of classification error averaged over
the 10 dataset instances vs. number of labels is presented in Figure 3.3a. It shows that
the proposed method has comparable performance despite being localized. The per-
formance is also affected by the choice of the variation operators (or, the GFT bases).
Figure 3.3b shows that the variation operators based on the hub-authority model and
random walk offer higher classification accuracy and thus, are more suited for this par-
ticular application. Their superior performance can be explained by looking at the signal
representation in the respective GFT domains. Figure 3.3c shows the fraction of signal
energy captured in increasing number of GFT coefficients starting from low frequency.
Since the hub-authority model based GFT and random walk based GFT offer more
energy compaction than adjacency based GFT, the signal reconstruction quality using
these bases is naturally better.

3.7 Summary

We studied the problem of selecting an optimal sampling set for reconstruction of
bandlimited graph signals. The starting point of our framework is the notion of the

Graph Fourier Transform (GFT) which is defined via an appropriate variation operator.
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GFTs.

Our goal is to find good sampling sets for reconstructing signals which are bandlimited
in the above frequency domain. We showed that when the samples are noisy or the
true signal is only approximately bandlimited, the reconstruction error depends not
only on the model mismatch but also on the choice of sampling set. We proposed
a measure of quality for the sampling sets, namely the cutoff frequency, that can be
computed without finding the GFT basis explicitly. A sampling set that maximizes
the cutoff frequency is shown to minimize the reconstruction error. We also proposed
a greedy algorithm which finds an approximately optimal set. The proposed algorithm
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can be efficiently implemented in a distributed and parallel fashion. Together with
localized signal reconstruction methods, it gives an effective method for sampling and

reconstruction of smooth graph signals on large graphs.

3.7.1 Future work

The present work opens up some new questions for future research. The problem of
finding a sampling set with maximum cutoff frequency is combinatorial. The proposed
greedy algorithm gives only an approximate solution to this problem. It would be useful
to find efficient algorithms with theoretical guarantees on the quality of approximation.
The accuracy-complexity trade-off provided by spectral proxies in computing the cutoft
frequency indicates the existence of simple heuristics that can be used for fast sampling
set selection at the expense of robustness of reconstruction. For example, maximizing
the spectral proxy for £k = 1 removes the need of computing even the smallest eigenpair
and can be implemented entirely in the vertex domain. The heuristic in effect ensures
that the unsampled nodes are strongly connected to the sampled ones. It would be
interesting to understand heuristics arising from higher-order spectral proxies.

Another avenue for research is the consideration of randomized sampling algorithms
(along the lines of [57]), that define a distribution over the nodes and provide probabilistic
tradeoffs between the sampling set size and bounds on the reconstruction error. This
would come however at the expense of increased size of the sampling set and increased
reconstruction error. By carefully designing probability distributions for selecting the
sampling sets, one can guarantee a probabilistic bound on the error as a function its
cardinality using concentration inequalities from probability theory.

Finally, it would also be interesting if one can estimate the bandwidth of any signal
using a few observed samples and L. This would help us decide “where to stop” while
computing the sampling set sequentially, or in other words, understanding the cardinality
of the sampling set required for recovering a signal without knowing it apriori. A possible
approach for achieving this is to randomly observe a few samples of the signal and
analyze the convergence of spectral proxies defined using these samples as a function of
the cardinality. This can potentially provide a handle on the accuracy of the bandwidth

estimate, that one can use to figure out when to stop sampling.
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Chapter 4

Wavelet Filterbanks on Graphs

In this chapter, we explore the sampling problem further and consider the design
of wavelet filterbanks on graphs. This problem is fundamentally different from sam-
pling bandlimited signals since one needs to find a joint sampling scheme spanning over
multiple channels of the filterbank and favoring all signals on the graph, i.e., not only
bandlimited signals. These filterbanks are designed taking into account several desir-
able properties such as compact support, critical sampling, near orthogonality and near
perfect reconstruction. Compact support implies using graph spectral filters that are
polynomials of the graph adjacency or Laplacian matrix, thus helping keep time and
space complexities in check. We show in this chapter that satisfying all these proper-
ties simultaneously for graph wavelet filterbanks is only possible under very restrictive
conditions, since the structure of the GF'T basis is dependent on the structure of the
graph.

Recent approaches in graph wavelet filterbank design impose certain structural con-
straints on the graphs, for example by requiring the graphs to be bipartite or circulant.
These assumptions significantly reduce the number of constraints needed to be satis-
fied for achieving the desirable properties mentioned earlier. Extending these designs to
arbitrary graphs involves approximate decomposition into multiple subgraphs that sat-
isfy the structural constraint at the cost of diminished multiresolution performance of
the system. In this chapter, we circumvent this issue and design filterbanks directly on
arbitrary graphs by decoupling the design of filters and choice of the sampling scheme.
Given graph spectral filters that achieve desirable frequency localization, we consider
the problem of choosing the best sampling scheme over multiple channels by minimizing
a bound on the reconstruction error for the entire filterbank. This objective is opti-
mized by a greedy minimization scheme that allows an efficient implementation, once
again without the need of explicitly handling the GFT basis. Experimental results show
that our scheme performs well in comparison to other adhoc sampling schemes in the

literature. Finally, we also explore an interesting directed extension of bipartite graphs

This chapter is based partly on our work in [7, §].
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called M-block cylic graphs [69]. These graphs are useful in modeling periodic finite
state machines (FSMs) and Markov decision processes (MDPs). The eigenstructure of
these graphs makes them particularly suitable for the design of M-channel filterbanks.

The rest of this chapter is organized as follows: In Section 4.1, we review existing
work on the design of graph wavelet filterbanks. Section 4.2 introduces some background
and notations relevant for this chapter. Section 4.3 focuses on the general formulation
behind two-channel filterbanks and introduces conditions required for attaining desirable
properties. In Section 4.4, we design a critical sampling scheme that can be obtained
efficiently given predesigned filters. We then turn to the design of M-channel filter-
banks on M-block cyclic graphs in Section 4.5. Finally, we conclude the chapter with a

summary and possible extensions of our work in Section 4.6.

4.1 Related work

State-of-the-art wavelet filterbanks that satisfy most of the above mentioned proper-
ties require imposing certain structural constraints on the underlying graph. For exam-
ple, the recently proposed two-channel filterbanks in [45, 46] are designed specifically
for bipartite graphs. The special structure leads to a natural downsampling-upsampling
scheme (on one of the two partitions) in each channel, accompanied by a spectral folding
phenomenon that is exploited while designing the filters. In order to extend the design
to arbitrary graphs, these works suggest using a multidimensional framework where the
input graph is decomposed into multiple bipartite subgraphs over which filterbanks are
designed and implemented independently. Various approaches have been proposed to
optimize the bipartite subgraph decomposition [52, 77] for designing these multidimen-
sional filterbanks. However, the limitation of this framework is that one is forced to work
with simplified graphs that do not contain all the connectivity information. Addition-
ally, there are also works that suggest expanding the input graph to create a bipartite
graph thereby leading to an oversampled filterbank [61], which may not be desirable for
some applications such as compression. There also exist filterbanks that exploit circulant
graph architectures [26, 27]. These works however consider only the analysis filterbank,
whereas the synthesis part is assumed to be obtained via least-squares inversion.

Recently, there has also been interest in designing M-channel polynomial filterbanks.
Once again, the filterbanks are designed on graphs with a special structure called M-
block cyclic graphs [69]. These graphs exhibit an M-fold spectral folding phenomenon
(in the GFT basis of the adjacency) upon downsampling-upsampling on any block.
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This phenomenon is exploited to state perfect reconstruction conditions for M-channel
filterbanks in [70]. However, these conditions are meant for graphs with balanced block
sizes and a sampling scheme that involves downsampling-upsampling on the same block
in each channel. Moreover, this work does not provide insight into possible solutions
satisfying the constraints and suggests using existing filter designs from classical DSP.
In our work, we remove the sampling restrictions and provide a possible solution for the

perfect reconstruction conditions when M is a power of 2.

4.2 Background and notation

In this chapter, we work with weighted graphs G = (V, £) consisting of a set of nodes
V={1,2,...,n} and edges €& = {w;;},7,j € V, with w; = 0. We denote the adjacency
matrix by A and the degree matrix by D, and assume that A has been normalized! so
that ||A|l2 = 1 (this facilitates the design of graph spectral filters).

When the graph is undirected, we shall work with the symmetric normalized form of
the Laplacian defined as L = I — D~/2AD~/2. L is a symmetric positive semi-definite
matrix and has a set of real eigenvalues 0 = A\; < Ay < --- < )\, < 2 and a corresponding
orthogonal set of eigenvectors denoted as U = [uy, uy, ..., u,].

We recall that the downsampling operation on a graph signal f is defined as the
restriction of the signal f to a certain subset of nodes S C V (known as the downsampling
set), and the downsampled signal is a vector of reduced length |S|. The downsampling
operator for § is obtained by sampling the corresponding rows of the identity matrix I,
ie., S =1Isy € {0, 1}15"  Similarly, the upsampling operation for signals downsampled
on S inserts zeros in place of the missing signal values at appropriate locations and is
given by ST.

Further, while designing filterbanks, we shall employ polynomial graph filters H =
h(L) = XF L (or alternatively, H = h(A) = ¥  h;A?, when we work with A
in case of directed graphs). These filters are useful because of their efficiency (since a
k-degree polynomial filter can be implemented in O(k|€|) complexity). Note that for

undirected graphs, L is symmetric, and hence H is symmetric.

!There can be different ways of normalizing depending on the application at hand, eg., A, or

1
‘Anzam ‘
random walk normalization D~1A.
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Figure 4.1: A generic two-channel filterbank on graphs.
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4.3 Two-channel filterbanks

We now describe the general formulation for two-channel wavelet filterbanks on arbi-
trary undirected graphs (this can be easily extended to directed graphs). A more detailed
description can be found in [45, 46] in the context of bipartite graphs. We make certain
changes to notation for compactness.

A generic two-channel wavelet filterbank on a graph decomposes any graph signal
x € RY into a lowpass (smooth) and highpass (detail) component (Figure 4.1). It
consists of an analysis filterbank with Hy and H; as lowpass and highpass filters, and a
synthesis filterbank with G and G as the lowpass and highpass filters. Sy € {0, 1}1SolxN
and S; € {0,1}1N are the downsampling operators for the lowpass and highpass
branch, respectively, while S and ST are the corresponding upsampling operators. The

outputs of the two branches after the analysis filterbank are y, € RI%l and y; € RIS

[y°] - {SOH‘]] x = T,x. (4.1)

These are given as

Y1

Similarly, the output of the synthesis filterbank (i.e., the reconstructed signal) is denoted

as X € RY and is given by

% = [GoST GyST] lyo -, || (4.2)
y1 yi
with the complete transfer equation for the system given by
% = (GoS§SoHy + G1S{S Hy ) x. (4.3)
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We now state some desirable characteristics of the filterbank along with the conditions

needed to satisfy each.

o Compact support requires that the filters {H;, G;}i— 1 be expressible as finite poly-
nomials of the graph Laplacian L (or A for directed graphs), a notion analogous
to FIR filters in classical DSP. A k-degree polynomial filter requires collecting

information from a k-degree neighborhood for each node.

o ('ritical sampling requires that the total number of samples after downsampling in
both branches should be equal to the dimension of the signal, i.e., |So| + |S1| = N.
If the sampling scheme is constrained to disjoint sets, this can be stated in terms

of the sampling operators as
SIS, +87s, =1 (4.4)

e Perfect reconstruction requires that the transfer function of the entire system be
identity, i.e.,
GoSiSoHy + G1STSH, =1 (4.5)

e Orthogonality requires the filterbanks to satisfy T, = TZ and TIT, = I, which
translates to substituting Go = Hyp and G; = H; in (4.5).

Note that the perfect reconstruction condition in (4.5) can also be interpreted using the

eigendecomposition of L or A as UAU™! as
go(A)UTISTS Uhy(A) + g1 (A)UT'STS, Uny(A) =1, (4.6)

For an arbitrary U, it is impossible to satisfy (4.6) using low-degree polynomial filters,
since the number of constraints (= N?) is much larger than the available degrees of free-
dom. Therefore, one would like to design the system such that GOSgSOHO +G;STS H,
is as close as possible to identity. Special structure in the graph results in a structured
U and therefore simplification of (4.6) by elimination of several constraints, as shown

next for bipartite graphs.

4.3.1 Special case: bipartite graphs

The special structure of bipartite graphs leads to a spectral folding phenomenon that

eliminates several constraints in (4.6), thereby allowing two-channel filterbank designs

02



using low-degree polynomial filters [45, 46]. We now explain this phenomenon in the
context of undirected bipartite graphs, however, this analysis can easily extended to
directed bipartite graphs, and also M-block cyclic graphs as we shall see in Section 4.5.1.
We begin by noting the following properties of the symmetric normalized Laplacian

L for bipartite graphs:
1. The eigenvectors of L exhibit a “spectral folding” phenomenon [45], i.e., if
{/\, (EO)} is an eigenpair of L (where uy and u; are values on partitions Sy

1

Uy

and Sy, respectively), then {2 — A, ( ) } is also an eigenpair.

u u
2. Using orthogonality of the eigenvectors ( 0) and ( 0 ) , we have ul ug—ulu; =
u; —u

0 = uluy = ul'uy. Further, since the eigenvectors are normalized, we have ul ug+

ulu; = 1, which gives uluy = ufu, =1/2.

ul u; u/
3. Further, using orthogonality of the eigenvector | ° | to ? and 0/ , wWe
u;

uq —u;
get uluf, +ulu] = 0 and ul'u, — ul'u) = 0, which gives us uluj = ufuj = 0.
We can use the above three properties to simplify (4.6). For simplicity, let us consider
balanced bipartite graphs (that have equal-sized partitions) with distinct eigenvalues.

The eigenvector matrix for such graphs can be written as

u-|Y Yo , (4.7)
U, -U;

where Uj and U7 are obtained from U, and U; by reversing or mirroring the column

order. Therefore, if Sy, S; are two sets of the bipartition, then it can be shown that

UTsl's, U = _Eg U, U: —11 I* 4.8

00 —UST{O 0]—§(+ ) (4.8)
TQT | [’,{ * 1 *

U’ S;5,U= U {Ul —UJ - 5(1—1 ), (4.9)

where I* is the anti-diagonal identity matrix. Noting that U~! = U7 for the undirected
case and substituting (4.8) and (4.9) in the left hand side of (4.6), we conclude that (4.6)
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is satisfied if the following conditions on the filter responses hold in the spectral domain
for 0 <\ <2

Go(M)ho(A) + g1(AN)hi(A) = 2, (4.10)

go(Mho(2 = A) — 1(Mhi(2—=X) = 0. (4.11)

These are exactly identical to the perfect reconstruction conditions stated in [45]. I*
causes the spectral folding phenomenon and thus generates N additional aliasing con-
straints besides the N diagonal constraints, resulting in a total of 2N constraints that
are easier to satisfy with low-degree filters. The analysis can be extended to bipartite
graphs with unbalanced partitions and possibly repeated eigenvalues through simple
modifications and can be shown to produce the same perfect reconstruction conditions.
Note that if we are not restricted to using polynomial filters for synthesis, one can use
least-squares inversion for inverting the analysis transfer function T,, provided it is

non-singular.

4.3.2 Characterizing graphs that admit perfect reconstruction
filterbanks

We now characterize graphs that admit a critically-sampled, compact support, per-
fect reconstruction design for the two-channel filterbank depicted in Figure 4.1. For
the analysis to hold for both undirected and directed graphs, we work with filters that
are polynomial in A with appropriate normalization?. Once again, we begin with the

transfer function in the spectral domain as

T = go(A)U'STSqUh(A) + g1 (A)U'STS, Uhy(A). (4.12)

Recall that for critically-sampled (on disjoint sets), perfect reconstruction polynomial

filterbanks, we should satisfy T = I with SISy + STS; = I and low-degree polynomial

2Normalization is carried out as D™*A or ﬁA for directed graphs and D~/2AD~1/2 for

undirected graphs. Note that both these normalizations lead to the following bound on the frequencies:
Ae-1,1].
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filter responses {hi(A), gr(A)}. Similar to [45], let us define a modulation function 8 €

{=1,4+1}" and a corresponding modulation operator €2 as

+1 UGS()

Q = diag(8), where B(v) = :
-1 ve s

(4.13)

The modulation operator satisfies Q% = I. With this definition, we have the following

relations for critical sampling in the two channels

1
SIS, = 5(I + ), (4.14)

1
STS, = S I—9), (4.15)

using which (4.12) can be rewritten as

T = 1 (s A00(4) + 1 A0 (1)
3 (AU 1QURA) ()0 QUM 4)). (4.16)

Talias

The first term on the right hand side of the above equation, denoted by T4y, is diagonal
in the spectral domain and therefore determines the gain of the transfer function. The
second expression, denoted by Tanas, is termed as the aliasing component since U™1QU
is not diagonal in general (€2 is not simultaneously diagonalizable with A). As a result,
we observe an input-dependent smearing in the spectrum which is difficult to reverse.
Therefore, for perfect reconstruction, the filter responses and the sampling scheme must
be chosen such that Tgain =T and Tajas = 0.

In order to characterize aliasing, we expand the modulated basis vectors 2U in the
original basis U, by finding a P such that

QU = UP. (4.17)

P contains the coefficients for expressing QU in U and since P = U~1QU, it also

determines the aliasing pattern in the transfer function (illustrated in Figure 4.2 for an
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Aliasing pattern: € (: . °> = <: ..

U U P
Anti-aliasing constraint: Tajas = go(A) <' . :) ho(A) — g1 (A) (' . :) hi(A) =0
(a)
Aliasing pattern: €} (: .. :) = <: .. :) ( o >
U U P

Anti-aliasing constraint: Taas = go(A) < . > ho(A) — g1(A) ( o ) hi(A)=0

=>Talias = go(Mho(—=A) = g1(A)hi(=X) =0

(b)

Figure 4.2: An illustration of aliasing patterns for two-channel filterbanks in (a) an
arbitrary graph, (b) a bipartite graph. Spectral folding in a bipartite graph results in a
concise anti-aliasing constraint in the spectral domain as seen in Section 4.3.1.

arbitrary graph and a bipartite graph). A minimum number of constraints is generated
from the condition T, = 0 when P is a permutation matrix. This happens if and
only if for all GFT basis vectors u, their modulated versions 2u are also elements of the

basis. In other words, if {\, u} is an eigenpair of A, then {u, Qu} is also an eigenpair.

Observation 4.1. Minimum number of anti-aliasing constraints is generated if there
exists a one-to-one mapping between GF'T vectors and their modulated versions. In other

words, modulating the GFT matrixz is equivalent to applying a column permutation.

To ensure that polynomial filters can be designed independent of the graph (i.e.,
without knowing its size or spectrum), the frequencies associated with u and Qu, A and
i respectively, must be related in a simple fashion. Specifically, we must have p = p(X),
where p(A) is a continuous function. Continuity of p(\) is required since piecewise
functions cannot be expressed as polynomials, and hence cannot be implemented as
polynomial filters in the vertex domain. Moreover, since p = p(\) and A = p(u), p must

be an involutory function (i.e., p(p(A)) = A) in [—1,1]. Using this relationship in the
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aliasing term in (4.16), we conclude that the following condition must be satisfied to

eliminate all aliasing:

9o(Mho(p(A)) — g1 (M) ha(p(A)) = 0. (4.18)

Note that (4.18) is satisfied if go(A) = h1(p(A)) and g1(A) = ho(p(N)). Further, in order
to ensure go(A) and g;(\) are polynomials, the only choice of p(\) is p(A) = ¢ — A (since
higher order polynomials are not involutory in [—1,1]). Note that Tr(A) = ¥Y, \; = 0.
But we also have Tr(A) = %, (c—\;) = 0. Therefore, ¢ = 0 is the only choice satisfying
all our design criteria. This means both {\, u} and {—\, Qu} are eigenpairs of A, and
this can be true if and only if the graph is bipartite [24]. We summarize our analysis in
the following observation:

Observation 4.2. Two-channel perfect reconstruction filterbanks satisfying the follow-
ing design criteria:

1. Polynomial filters,

2. Disjoint sampling sets,

3. Independent from graph size N (i.e., constraints expressible as a function of \),

4. Minimum number of anti-aliasing constraint equations (equal to two),

can be designed if and only if the graph is bipartite.

The criteria in the observation above reduce the problem to the design of four poly-
nomials hg(A), h1(A), go(N), g1(N) in the spectral domain satisfying two concise constraint
equations. Although this leads to a significant simplification of the design process, we
must remark that these criteria can be somewhat restrictive as the design is viable only
on one candidate graph, i.e., bipartite. We cannot deny the possibility that filterbanks
can be realized on other kinds of graphs if one or more of these criteria is relaxed. For
example, an alternative sampling approach has recently been proposed in [67], where
spectral folding is embedded in the sampling strategy itself through spectral domain
sampling. Such a sampling scheme allows for the design for filterbanks on any graph, at
the expense of increased complexity in the sampling step.

In the next section, we relax the perfect reconstruction requirement and explore

critically-sampled polynomial designs on arbitrary graphs.
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4.4 Critical sampling for filterbanks on arbitrary
graphs

4.4.1 Approximately optimal sampling scheme

For a critically sampled design, we must choose Sy and S; such that |Sy| + |S1| = N
and the filterbank is as close to perfect reconstruction as possible. One way to achieve
this is by minimizing the deviation of the overall transfer function of the system from
identity in terms of Frobenius form, i.e., |GoSESoHy + G1STS;H; — I||%, which is in
fact an upper bound on the squared relative error for all signals on the graph. Further,
in our design, we assume that we have already designed filters Hy, Hy, G, G; to satisfy
GoHy + GiH; = 2I which is the overcomplete case. The filters can be designed, for
example, using the methods of [45, 46]. In order to minimize the reconstruction error
over the choice of sampling sets Sy and Sy, we first introduce a concatenated setting (of

2N dimensions) by defining

H = HO GRQNXN7 G: GO ER2NXN,
H1 Gl

y= Yo emsoiist g = [P0 O o rp pyasoiisieey (4.19)
Y1 0 S

Note that the concatenated downsampling operator S can be obtained by sampling rows
of the 2N-dimensional identity corresponding to indices in a concatenated sampling set
S C {1,...,2N} that contains sampled nodes for both the channels such that |S| =
|So| + |S1|. Further, S¢ = {1,...,2N} \ S and Sy and S; can be recovered from S as
So={vjveS1<v<N}and § = {v—NJjp e S;n+1<wv <2N}. With these
definitions, the transfer function of the system can be written as GT'STSH and finding

a critical sampling scheme requires solving

I (4.20)

min HGTSTSH 1
S:[S|=N F
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Algorithm 4.1 Basic greedy minimization

Ensure: S = {0}.
1: while |S| < N do
2. S8+« SU{u}, where u = argmin,.g. ¢(SU{v}).
3: end while

Since we choose the filters such that GTH = 2I, we can rewrite the objective as

1 2

6(S) = HGTSTSH - ;G'H

F

(4.21)

2
1 1
= §Zgih;‘r—§ > gihj|l |
F

€S jeSe

where g; and h; denote the i'" columns of G and H” respectively. In order to minimize
¢(S), we propose to use a simple greedy procedure (Algorithm 4.1) that begins with an
empty S and keeps adding nodes one-by-one that minimize ¢(S) at each step. However,
this algorithm requires O(N?) evaluations of the objective ¢(S) which can be quite
expensive. Explicitly storing the matrices G and H requires O(N?) space. We now show
how one can efficiently implement the algorithm in O(N) graph filtering operations and
O(N) space. Using (4.21), the change in the objective ¢(S) when anodev C {1,...,2N}
is added to & is given by:

2

st 5 )
i€S jese F

where we defined

po(S) =Tr |h,g; (Z ghf — > gjhf)] : (4.23)
ieS jese
¢ = |lgo|* [ 1% (4.24)
Thus, we have
argmin ¢(SU{v}) = argmin (p,(S) + ¢,) - (4.25)
veES® vES®
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Algorithm 4.2 Efficient algorithm for critical sampling

Require: Graph G = {V, F'}, concatenated filters H, G.
Ensure: § = {@}7 pP,q € RV such that Do = —2 <gv>hv>> Qv = HgvH2Hth2
while |S| < N do
S «+ SU{u}, where u = argmin, g (P, + @)
p < p +2(Ggy) o (Hhy).
end while

In order to compute p,(S) for each S, we first note that
po(®) = Tr [h,g! (-G"H)| = —2(g,, h,) . (4.26)

Further, for a node u, p,(S U {u}) can be computed as

po(SU{u}) =Tr

h,g (Z gih! — > ghl + 2guh5)]

= jese

= pu(S) + 2 (g, 8u) (hy, hy) . (4.27)

To make the notation compact, we introduce the vectors p(S),q € R?Y, whose v

elements are p,(S) and ¢,. Therefore, using “o” to denote element-wise vector product

(Hadamard product), we have
p(SU{u}) = p(S) + 2(Ggu) o (Hh,). (4.28)

We summarize the efficient method for choosing S in Algorithm 4.2. Note that the
algorithm is allowed to produce sampling sets Sy and S; that are not disjoint. In order
to avoid this, a simple heuristic is to constrain the algorithm in each iteration to disregard
“images” (created in the concatenated setting) of already selected indices (eg., selection
of i < N rules out i + N from list of candidate indices in subsequent iterations).
Complexity: The vectors h, and g, can be computed using two filtering operations
each as H?§, and G746, respectively, where ¢, is the graph delta signal on node v.
Therefore, in terms of time complexity, computing p(f)) and q require 4N one-time
graph filtering operations in total. Further, each greedy iteration requires performing 8
filtering operations. Therefore, Algorithm 4.2 requires O(N) graph filtering operations.
The space complexity of the algorithm is O(V) since it is matrix-free, i.e., A is the only

matrix that needs to be stored.
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4.4.2 Theoretical guarantees

We now show that it is possible to obtain some theoretical insight into the perfor-
mance of (a randomized variant of) our greedy algorithm when G = H. Note that for
81 g 82 and a v ¢ 81,82,

po(S1) = Y (hy,h)> — 3 (h,, h))?

i€S jESE
<3 (h,,h)’> = 3 (h,, h)? = p,(Sy). (4.29)
i€Sa JESS

Using this in (4.22), we obtain

O(S1U{v}) = ¢(S1) < ¢(S: U{v}) — ¢(Sa), (4.30)

which implies ¢(S) is supermodular in S. Therefore, the function ¥(S) = ¢(0) — ¢(S) is
submodular, non-monotone and normalized (¢() = 0). As a result, the set S* obtained
by the greedy maximization of ¢(S) (or equivalently greedy minimization of ¢(S)) with
a randomized version of Algorithm 4.1, that selects one node uniformly at random from
the best N nodes at each iteration, is at least a 0.3-approximation of the optimal set
Sopt [17]. To be precise, we have the following guarantees for S* obtained from the

randomized greedy algorithm

¥(Sopr) = ¥(S*) = 0.3¢(Sopr) (4.31)
= QS(SOPT) < gb(S*) < O.3¢(SOPT> + 0.7N. (432)

Although, guarantees for the deterministic version of the greedy algorithm are part
of ongoing research, we observe empirically that its performance is competitive. Note
that for the biorthogonal design when G # H, ¢(S) is no longer supermodular, hence
we cannot state guarantees on the performance of the greedy algorithm in this case.

However, experiments show that the algorithm performs well in this case as well.

4.4.3 Multi-channel extension

In order to extend our formulation to M-channel filterbanks with analysis/synthesis
filter pairs {Hy, Gg }r=o v-1 (Se € {1,...,N}), one

..........
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RMNXN

can create the concatenated filters H, G € and the concatenated sampling set

S c{l,...,MN} in a manner similar to that of the two-channel case:
Hy | Go
H=— H, RMNXN o — Gy RMNxXN
Hy |G
Yo _So 0 0
Y1 s 0 5 Skl)x MN
y=| 7 | e RXUwISH s = , € {0,112kt [SDXMN (4 33)
YM—I L O 0 N SM_l

Note that each Sy can be then be recovered from S as S = {v —kN|v € S,kN +1 <
v < kN+ N}. Further, in this case, we require predesigned filters such that GTH = MT,

resulting in the objective

2

, (4.34)

(s e

€S jEeS®

o]

where g; = GT§; and h; = H?§;. The objective can be optimized under the constraint
|S| = N using the same technique as that of the two-channel case by computing the

change with respect to incremental node additions. In this case,

2

(SU{U} H(l_ zngt_izg] )‘{'gvhf

1€S ]ESC

F
= o(S) + pu(S) + qu, (4.35)
where we defined
pv<8> =2Tr hvgyT ((1 - ) ZglhT a5 Z thT> (436)
i€S ]ESL
= llgo|I*lIh % (4.37)
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To compute p,(S) for each S, we note that

po(0) = 2Tr hUgUT(—]\ZGTH) = —2(g,,h,), (4.38)

where we used GTH = MI. Further, for a node u, the update p,(S U {u}) can be
computed as

po(SU{u}) =2Tr

1 1
h,g! (1 - ) Yoghl — — 3 ghl + guhf)]
( M ieS M jese 7
= pv<8) +2 <gva gu> <hva hu> . (439)

Note that the computations required to initialize ¢, and update p,(S) are identical to
that of the two-channel case. Thus, one can use Algorithm 4.2 to obtain the optimal
sampling set with one change — the vectors p(S), q are now M N-dimensional, with v
elements p,(S) and ¢,. In order to force the algorithm to produce a disjoint sampling
scheme, one can once again disregard images of selected indices (eg., choice of index
i < N rules out indices i + kN, k = 1,..., M — 1 in subsequent iterations). In terms of
complexity, computing p(f)) and q require 2M N one-time graph filtering operations and
each greedy iteration requires performing 4M filtering operations. Therefore, similar
to the two-channel case, computing an approximately optimal sampling scheme for M-
channel filterbanks requires O(NV) graph filtering operations, with a space complexity of
O(N). Note that the theoretical guarantees discussed in Section 4.4.2 hold in this case

as well.

4.4.4 Experiments

In this section, we present simple experiments® to demonstrate the effectiveness of our
critical sampling scheme for two-channel filterbanks. In our first experiment, we test its
performance on three simple bipartite graphs (Figure 4.3) with filters obtained using the
Graph-QMF design [45] (that approximates the Meyer kernel with a polynomial filter of
chosen length 4), and GraphBior(6,6) [46]. We observe that the output of Algorithm 4.2,
in most cases, matches exactly with that of the optimal sampling scheme for bipartite
graphs, that is to downsample the filtered signal in each channel on either partition.

However, due to the greedy nature of the algorithm, we occasionally observe that the

3Code available at https://github.com/aamiranis/cs_fb_arbitrary
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Figure 4.3: Sampling scheme obtained using Algorithm 4.2 for bipartite graphs with
length 4 Graph-QMF filters: (a)-(c), and GraphBior(6,6) filters: (d)-(g). Red and blue
colors indicate nodes in low-pass and high-pass channels. The sets are heuristically
forced to be disjoint in (g).

obtained sampling scheme differs slightly from the optimal one, as seen in Figure 4.3f
for the biorthogonal filters case. Notice that the sampling scheme is not disjoint, we
heuristically force the algorithm to obtain disjoint sets in Figure 4.3g. The sampling
pattern obtained in this case is nearly perfect with one wrongly assigned pair.

For our second experiment, we design a critically-sampled two-channel filterbank on
the Minnesota road network graph using two configurations of analysis/synthesis filters:
(i) Graph-QMF [45] with 8-degree polynomial approximations of the Meyer kernel, and
(ii) GraphBior(6,6) [46]. The sampling scheme obtained for each of these configurations
is plotted in Figures 4.4a and 4.4b. We observe that the sampling pattern for each
channel colors nodes in a predominantly alternating fashion indicating a propensity
towards bipartition. The response of the filterbank after determining the sampling set
is plotted in Figures 4.4c and 4.4d for unit magnitude delta functions in the spectral
domain. We observe that it is close to 1 for all frequencies. Since the transfer function
is not diagonalizable in the GFT basis U, there is an associated aliasing effect with the
filterbank. We characterize this by plotting the maximum aliasing coefficient in terms of
magnitude for each frequency component in Figures 4.4e and 4.4f. We also compare the

recontruction performance (in terms of ratio of energies of error signal and original) of
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Figure 4.4: Performance of our critical sampling scheme (Algorithm 4.2) on the Min-
nesota road network graph. (a), (c¢) and (e) denote the sampling scheme obtained,
spectral response, and maximum aliasing component for Graph-QMF design. (b), (d)
and (f) illustrate corresponding results for GraphBior(6,6).

our method against one instance of a randomly selected sampling scheme, and a spectral
approximation of MaxCut for 1000 random signals. The average squared relative errors
along with the standard deviations are listed in Table 4.1. Observe that our method has
superior performance.

In the final experiment, we compare the sampling scheme obtained from our method
against random sampling schemes and the optimal sampling scheme that minimizes the
objective: S, = argming ¢(S). Since determining the optimal scheme requires an
exhaustive search, we limit ourselves to small graphs. Specifically, we test the methods

on a ring graph with N = 10 nodes that also contains cross-links with a probability p.
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Table 4.1: Recontruction error results for random signals on Minnesota road graph.

Graph-QMF (poly 8)  GraphBior(6,6)
Random 0.4842 + 0.0113 0.4629 4+ 0.0108
MaxCut 0.1125 £ 0.0069 0.0972 4 0.0061
Proposed 0.0779 £+ 0.0049 0.0664 £ 0.0045

Table 4.2: Comparison of our method against an optimal sampling scheme obtained
through exhaustive search. The experiment is performed for ring graphs of size N =
10 that have randomly added cross-links with probability p. Reconstruction error is
averaged over 100 signals, and also 100 sampling schemes for the random sampling case.

Graph \ Random \ Proposed \ Optimal
p=0.1 0.4104+0.168 | 0.100 4+ 0.098 | 0.100 £ 0.098

O
{0

0.375 £0.142 | 0.199 + 0.093 | 0.190 £+ 0.086

@
@

0.375 £0.133 | 0.204 + 0.091 | 0.205 £ 0.098

{
{0

0.364 £0.131 | 0.223 + 0.102 | 0.183 £ 0.080

L,
R
{0
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Note that when p = 0, such a graph is bipartite, and increasing p results in a deviation
from the bipartite property. We also compare the mean error for reconstructing 100
random signals in each case. For the random sampling scheme, the mean is computed
over all combinations of 100 randomly generated sets and 100 random signals. The

results are illustrated in Table 4.2. We make two significant observations:

1. Despite making use of a greedy approximation for efficiency, our method’s perfor-
mance is comparable to the optimal sampling scheme.
2. As we deviate from the bipartite property, the structure of the graph limits the

performance of the filterbank significantly.

The results in this experiment, along with the analyses in Sections 4.3.1 and 4.3.2,
suggest that there is little wiggle-room for designing filterbanks on arbitrary graphs in
terms of reconstruction error. Specifically, one needs to exploit special structures in
the graph, or special sampling strategies (such as the one suggested in [67]) in order to
achieve perfect reconstruction. In the next section, we explore a certain class of graphs
where the special structure makes them suitable for the design of perfect reconstruction
M-channel filterbanks.

4.5 Filterbanks on block-cyclic graphs

We saw in Section 4.3.1 that the special structure in bipartite graphs greatly simplifies
the design of two-channel filterbanks with low-degree polynomials filters. In this section,
we explore the design of filterbanks in another such class of graphs called M-block cyclic
graphs [69]. These graphs are directed with M components, Sy, S1, ..., Sy_1, connected
in a cyclic fashion, with no edges within each partition (for M = 2, it is a directed

bipartite graph). The adjacency of this graph has a block-cyclic structure given by

0 A, O 0 0
0 0 A, 0
O 0 o0
A=| (4.40)
0O 0 O 0 Ay
Ay 0 0 0 0 |

where each A; has arbitrary but appropriate size to make A square. The adjacency
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Figure 4.5: A 3-block cyclic graph.

matrix of an M-block cyclic graph has a special eigen-structure suitable for designing
filterbanks, as described by the following theorem from [69]:

Theorem 4.1. For any M-block cyclic graph, if (\, V) is an eigenpair of its adjacency

matriz A, then (wy ), Qav), (WA Q3,v), .. (WA QYY) are also eigenpairs of
A, where
1 veS
wn = e Qur = ding(8), B(v) = ”}” veS (4.41)
w](\y_l) v € Sy-1

The special form of the eigenstructure of M-block cylic graphs, i.e., the existence
of M modulated copies of the eigenvalues and eigenvectors, naturally facilitates the
design of M-channel filterbanks. Specifically, modulating an eigenvector with €2, pro-
duces another eigenvector whose eigenvalue is also a modulated version of the original
eigenvalue. In other words, modulating a signal results in a structured remapping (or
folding) of its Fourier coefficients in the spectral domain — akin to the well-known spectral
folding phenomenon in traditional sampling theory. Using the fact that downsampling-
upsampling operations can be expressed as weighted sums of modulated versions of the
original signal, one can succinctly express the perfect reconstruction conditions for an
M-channel filterbank on M-block cyclic graphs in the spectral domain, as illustrated

next.
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4.5.1 Perfect reconstruction conditions for M-channel filter-

banks on M-block cyclic graphs

Let us assume for now that the adjacency A of the M-block cyclic graph is diago-
nalizable and has distinct eigenvalues?. Therefore, we have A = UAU™!. The transfer
function of an M-channel filterbank is given by

M-1
T =) g:(A)S;Sihi(A). (4.42)

k=0
where S, € {0, 1}V is the downsampling operator for the block Sy, and SY is the
corresponding upsampling operator. {hgz(A)}i—o,. m—1 and {gx(A)}k=o, . m—1 are the
set of analysis and synthesis filters respectively, these are polynomial functions of the

5

adjacency matrix’. The transfer function can be expressed in the spectral domain as

T=U"'TU e
T= > g(A)U SIS, Uhy(A). (4.43)
k=0

Note that using properties of the discrete Fourier basis, the downsampling-upsampling

operation in each channel can be expressed as
1 M-1 _—
S!S, = 7 > w . (4.44)
§=0

Substituting this in the transfer function, we get

T = Mi ge(A)U™ (]\14 Af w;jkﬂgﬁ) Uhy,(A) (4.45)
- ]\1/[[ Z__: gr(M)hi(A) + X__ﬁ X__: wrf“ge (AU, Uhi(A) | (4.46)

aliasing components

4With simple modifications, the analysis can be extended to the case of repeated eigenvalues. The
frequency interpretation for the non-diagonalizable case is more complex since one might need to work
with the Jordan form [64]. We leave this aspect for future work.

5Tt is easier to work with the adjacency in this case since M-block cyclic graphs are directed.
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Using Theorem 4.1 in the aliasing terms, we obtain the following set of perfect reconstruc-

tion constraints on polynomials {gi(\), hx(A)} for [A| < 1 (assuming A is appropriately

normalized):
M—1
> gNh(X) = M, (4.47)
k=0
M-1 .
S W g (N hi(wifA) =0, foralll<j<M—1. (4.48)
k=0

Similar perfect reconstruction conditions in the spectral domain have been proposed
in [70], where filtered signals in each channel are downsampled on the same subset
of nodes (i.e., Sy) leading to the absence of the summation weights “w;7*” in (4.48).
Ssampling each channel on a different subset of nodes is more amenable to the polyphase
implementation carried out in [68] for the two-channel case.

The analyses in this subsection and in [70] do not provide insight about possible
solutions for the perfect reconstruction conditions. The problem can be particularly
challenging for the M-channel case since one needs to design M pairs of filters satisfying
the constraint equations (4.47), (4.48). Further, since the spectrum of M-block cyclic
graphs encompasses the entire complex unit disc and not just the complex unit circle
(as in classical DSP), the choice of sub-bands for these filterbanks also remains unclear.

In order to gain some insights regarding these questions, we consider the problem
under a simpler setting in the following subsection. Our solution works for M-block cylic
graphs when M is a power of 2. Specifically, when M = 2L, we propose to use an L-stage
hierarchical tree-structured design for the filterbank that naturally extends the two-
channel design for bipartite graphs. Our design also suggests a sub-band decomposition
of the frequency domain (enclosed in the unit-disc), that in turn provides a frequency

interpretation for the M > 2 case.

4.5.2 Tree-structured filterbank design

When M = 2L, we propose a hierarchical tree-structured filterbank design consisting

of L stages that can be succinctly explained in the following two points:

e In each stage, we group even-numbered and odd-numbered blocks together into two
partitions and treat the original graph as a directed bipartite graph over which a

2-channel filterbank can be implemented. Existing solutions meant for undirected
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Figure 4.6: A 4-block cyclic graph visualized as a directed bipartite graph by grouping
even and odd blocks.

bipartite graphs in [45, 46, 68] are extended to this directed setting via simple

modifications.

e We create a new subgraph for each channel that is closely related to the original
graph in the spectral domain. The 2-channel design from the previous stage is

replicated on these subgraphs, leading to the hierarchical design.

This approach simplifies the design of the filterbank significantly since the problem
is reduced to designing two prototype half-band filters (for the biorthogonal case) or one
prototype half-band filter (for the orthogonal case), which can be repeatedly used in
every stage. In contrast, for the general M-channel design, one would have to design M
and 2M filters for the orthogonal and biorthogonal cases respectively, with appropriate

responses for each sub-band.

Filterbank architecture

By definition, it is easy to see that block cyclic graphs with M = 2% blocks are
directed bipartite, where the two partitions are given by the set of even and odd blocks
respectively. This is easily seen, for example in M = 4, where one can observe the
bipartite structure by applying a block permutation on A in order to group even and

odd blocks (also illustrated graphically in Figure 4.6):

0 A, 0 O 0 0 A, O
0 0 A, O 0 0 0 A,
—

0 0 0 A, 0 A, 0 O
A, 0 0 O A, 0 0 O

To make our notation concise, let us denote the set of all even blocks by S, and the

set of all odd blocks by S, Therefore, we can design a two-channel filterbank for these
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graphs, where the filtered signal in one channel is sampled on the even set S, and on
the odd set S, in the other channel. After downsampling, we create new subgraphs for

each channel with adjacencies A, and A, based on the idea proposed in [68]:

A, =S,A*ST,

A, =S,A*ST. (4.49)

We now highlight some useful properties of these subgraphs that are crucial to our

design.

Lemma 4.1. If A is the adjacency matriz of an M-block cylic graph, then A. and A,
are adjacency matrices of M /2-block cyclic graphs.

Proof. Using the structure of A in (4.40), we have

) 0  AA, 0o |

A2 = 0 0 0 AM_QAM_l (45())
Ay_1Ap 0 0 0
I 0 AjA, 0 0 |

Using the defintions of S, and S, that are meant to sample even and odd block indices

respectively, we get

A A, 0 0
0 0 AsA, 0
A.=S.A%ST = : : : , (4.51)
0 0 0 A 3An s
_AM—1A0 0 0 0
[0 AA; 0 0o |
0 0 ALA; 0
A, =S,A’S = | : : : (4.52)
0 0 0 Apr_oAp
AoA, 0 0 V.
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Figure 4.7: A tree-structured filterbank for block cyclic graphs consisting of two stages.

Clearly, A, and A, are adjacency matrices of M /2-block cyclic graphs. [

Lemma 4.1 allows us to reuse the same two-channel design on the new subgraphs
in the next stage. This reduces the design complexity since we are required to design
only one perfect reconstruction two-channel filterbank for a directed bipartite graph. By
hierarchically implementing this two-channel design on a 2%-block cylic graph, we end
up with a perfect reconstruction tree-structured filterbank of depth L that effectively
has 2% channels. Note that in every stage, we keep splitting the blocks into even and
odd in order to sample the two channels until the last stage where we are left with only
one block for each channel. An example of the tree-structured filterbank containing two
stages (i.e., up to depth L = 2) is shown in Figure 4.7. Since every stage involves splitting
the even blocks from the odd blocks, the labels of the blocks in the last stage with respect
to the original parent graph can be obtained by the bit-reversal permutation sequence
(similar to decimation-in-frequency for the radix-2 FFT algorithm). For example, after
two stages of decimation in a 4-block cylic graph, the sampling sets for each channel
comprise of one of the four blocks — these are S.. = Sy, Seo = So, Soe = S1, and S, = Ss.

The next Lemma gives a relation between the spectrum of the two new subgraphs
and the parent graph:

Lemma 4.2. If {\, v} is an eigen-pair of A, then {\*,S.v} is an eigenpair of A. and
{N2,S,v} is an eigenpair of A,.

Proof. Since A is bipartite with partitions S, and S, the following relations are true by
definition:
S, AST =S,AS” =0, S.A?ST =S,A?ST =o. (4.53)
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Let {\,v} be an eigenpair of A, then we have A*v = A\?v. Further, let us define a

Se
. Note that PTP = PP? =1, and therefore, we have

o

permutation matrix P =

PA?(PTP)v = \*Pv

S. . 'S,
= A?[sT ST v=x|"v
SO o SO
0
287§ A2ST| [s.v] [S.v]
S.A v v
= |7 Te Tett Mo =) ing (4.53
S,A?ST S,A’ST| [S,v s,v|  (wing (453))

0
N A, 0] |S.v _ S.v
0 A,| [S,v S,v
ASv] _ \2 S.v]

A S, v S,v

Therefore, A.(S.v) = A\?(S.v) and A,(S,v) = A*(S,v), and this completes our proof.
|

Lemma 4.2 has a significant implication: the eigenvectors of A, and A, are obtained
by downsampling the eigenvectors of A. Intuitively, this relationship is quite important
for multi-resolution analysis, since it allows us to “zoom in” on a particular portion of
the GFT matrix of the parent graph in order to attain finer resolution.

Although the definition of these subgraphs seems arbitrary at first sight, there are
many reasons for why we would like to work with this specific choice. Lemmas 4.1
and 4.2 allow us to conclude that these subgraphs not only preserve the block cyclic
structure in the vertex domain, but also maintain a close association with the parent
graph in the spectral domain. Yet another justification for using these definitions is
that they arise naturally while working with polyphase analysis and structures of two-
channel filterbanks over bipartite graphs [68]. However, the most important reason in
our opinion is that these definitions allow us to apply the noble identities stated in [69]

in order to provide a spectral interpretation for the filterbank as explained next.
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ho(A)ho(A2) 90(A)go(A?)
ho(A)n (A2) go(A)g1 (A2)
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hi(A)hy(A) 91(A)g1(A?)

Figure 4.8: Two-stage tree-structured filterbank simplified using the noble identities for
bipartite graphs.

y

y

Filterbank spectral interpretation

We now analyze the spectral behavior of the proposed tree-structured design. The key
idea here is to use the noble identities [69] for the filters in the second stage. Specifically,
for any polynomial filter p(A) on a bipartite graph with S, and S, denoting its odd and

even partitions, one has

P(A.)S. = p(S.A®S])S, = S.p(A?),
P(AL)S, = p(S,A’S])S, = S,p(A?),
SIp(A.) = SIp(S.A’ST) = p(A*)ST,
SIp(A,) = SIp(S,A’SY) = p(A?)S].

Equations (4.54) and (4.55) are the first noble identities, whereas (4.56) and (4.57) are
the second noble identities for bipartite graphs. Note how these identities serve as a
justification for the choice of subgraphs in each channel. We reduce the depth of the
filterbank using these identities on the filters of the second stage to obtain a single stage
filterbank with filters as indicated in Figure 4.8. This simplification approach can easily
be extended to a tree-structured design of depth L by applying the noble identities in

a cascaded fashion starting from the last stage and moving backwards until only stage
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remains. The resultant analysis and synthesis filters of any particular channel can then

be written as

L

hi(A) = hi, (A)hi, (A?)hi (AY) . by (AP7) = [T hi(A%7), i€ {0,1},  (4.58)
=1

L ll

[T (A7), 4 €{0,1}.  (4.59)

=

gi(A) = i, (A)gi, (A g, (AY) ... gi, (AZT)

—

It is interesting to observe the behavior of a tree-structured filterbank constructed
with ideal filters. For a two-channel filterbank on a directed bipartite graph, the ideal
lowpass filter ho(A) has a half-disc response (in the spectral domain of A) with a pass-
band on the positive real-axis. Similarly, the ideal highpass filter h;(A) has a passband
on the negative real-axis. These ideal kernels are plotted in Figure 4.9a. The responses
of ho(A?), hi(A?) are given in Figure 4.9b and the spectral responses of the four channels

of a two-stage tree-structured filterbank are given in Figure 4.9c.

Polynomial filter design

The perfect reconstruction conditions for a two-channel filterbank on bipartite graphs
can be obtained by plugging M = 2 in (4.47) and (4.48). Specifically, we need to design
filters ho(N), h1(N), go(A) and g;(A) that satisfy the following conditions for |A| < 1 (A
is complex):

ho(A)go(A) + hi(N)g1(N)
ho(—=A)go(A) — hi(=A)g1(N)

, (4.60)

2
0 (4.61)

When the graph is undirected, X is restricted to the real axis. Orthogonal solutions
for these equations cannot be obtained using polynomial filters, thus an approximate
solution is proposed in [45]. However, perfect reconstruction using polynomial filters is
possible for the biorthogonal design, and a solution based on the CDF maximally-flat
filter design approach is presented in [46].

Since M-block cyclic graphs are directed, our problem requires designing polynomial
filter responses in the complex unit disc. In the following, we focus on the biorthogonal

design since it allows perfect reconstruction. Similar to the approach in [46], we choose
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DO <

ho(A) hi(A) ho(A?) hi(A?)

(a) Ideal lowpass and highpass kernel (b) Second stage filter responses ho(A?)
responses ho(A) and hq(A). and hy(A?).

ho(A)ho(4%) —+(§S)— ‘
ho(A)hi (A?)
B (A)ho(A?) ‘
hi(A)hy (A?)

(c) Responses of the four channels of a two-stage tree-structured filterbank. The right-
most and left-most pie slices correspond to the lowest and highest frequency sub-bands
respectively.

\

]

\

\

Figure 4.9: Spectral characterization of a two-stage tree-structured filterbank with ideal
filters. Gray-shaded areas indicate passbands.

hi(A\) = go(—X) and ¢1(X) = ho(—A) so that (4.61) is automatically satisfied leaving us

with the design criterion:
ho(N)go(A) + ho(=A)go(=A) =2, V{A:[A| < 1} (4.62)
We then define p(A) = ho(A)go(A), so that (4.62) can be rewritten as

) +p(=N) =2, V{\: |\ <1} (4.63)
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Since p(A) is the product of two lowpass kernels, it is also a lowpass kernel. Therefore,
our objective is to design a polynomial half-band kernel p()) that satisfies the comple-
mentarity condition (4.63), followed by its spectral factorization to obtain hg(\) and
go(A). It is immediately clear from (4.63) that p(A) must have the following the form:

p(\) =1+ f: cp AL (4.64)
k=0

We now describe an approach for obtaining p(A) by generalizing the maximally-flat
design presented in [46] for undirected bipartite graphs. The key idea is to force p(\)
to have K roots at A = —1. However, since we are working in the complex unit disc,
this does not guarantee a flat response as we move on the imaginary axis away from
the real axis (i.e. the top and bottom of the complex unit disc). In order to have a
better transition band, we also place Ky roots at —1+i and —1 —i (note that they must

be equal in number to have a polynomial with real coefficients). Therefore, the design

approach involves finding a polynomial r(\) = % _ 7,,A™ such that
A+ DN +F 1+ N+ 1 —9)%2r(\) = p()) (4.65)
R D
= A+ DF (A2 420 +2)f (Z rm/\m> =1+ A (4.66)
m=0 k=0

Comparing highest powers on both sides of (4.66), we have R+ K +2K5 = 2D +1. The
left hand side of (4.66) has R+1 unknowns and the right hand side has D+1 constraints.
Therefore, to have a unique polynomial p(\) that satisfies (4.63), we should have the
same number of constraints as unknowns, which implies R = D = (K; + 2K, — 1). We

can thus rewrite (4.66) as

Ki1+2K2—1 Ki+2K2—1
(A +DFT (A2 42X 4-2)%2 S AT =14+ Y gL (4.67)
m=0 k=0

The K; 4 2K, unknowns {r,,} can be found by solving a linear system of K; + 2K,
equations. Once 7(A) is found, we obtain p(\) using (4.65). Note that we can also place
roots at other locations to shape the response accordingly and modify (4.66) to obtain

the appropriate 7(\) and the corresponding p(\).
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Figure 4.10: Spectral responses (magnitude and phase) of polynomial filters designed
using the maximally-flat approach with K1 = K2 = 2: (a) lowpass kernel ho(\) (length
= 6), (b) highpass kernel hy(\) (length = 7). (c¢) Channel responses of a two-stage
tree-structured filterbank built using the polynomial kernels h(\) and hy(A).
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Once we have p(\), we factor it to obtain the kernels hg(A) and go(\) using the
approach presented in [46]. This approach produces maximally-balanced kernels by
splitting roots of p(\) between hy(A) and go(A) as evenly as possible while ensuring that
the filterbank is as close to orthogonal as possible. Examples of a lowpass filter kernel
ho(A) and hy(A)(= go(—A)) designed using this approach are plotted in Figures 4.10a
and 4.10b. The spectral responses of the four channels of a two-stage tree-structured

polynomial filterbank built using these kernels is illustrated in Figure 4.10c.

4.5.3 Preliminary experiment

In this section, we perform a simple filtering experiment® on a synthetically generated
4-block cyclic graph to evaluate our tree-structured filterbank design. The graph consists
of 100 nodes and is generated in the following way:

1. We first create 25 disjoint directed cycles, each consisting of 4 nodes and oriented

in the same direction with edges of weight 1. Note that these cycles collectively

form a disconnected 4-block cylic graph of 100 nodes.

2. Next, we add directed edges of weight 1 randomly with probability p = 0.2 while
preserving the block-cyclic property (i.e., by only connecting adjacent blocks with

edges of consistent directionality).

3. Finally, we normalize the edge weights to ensure that the rows of the adjacency A
sum to 1 (random-walk normalization). Such a normalization makes A a stochastic

matrix with a cyclic structure, that is commonly used to model periodic Finite
State Machines (FSMs) and Markov Decision Processes (MDPs) [37, 58].

Before performing the experiment, we ensure that the generated graph instance is
connected. In order to evaluate its performance, we consider a two-stage tree-structured
filterbank and compute the filtered channel outputs for a given input signal that is zero
on all the blocks except one where it has i.i.d. values chosen uniformly from [0,1]. The
graph chosen for our experiment is illustrated in Figure 4.11a, along with its eigenvalues
in Figure 4.11b, and the input signal in Figure 4.11c.

We first perform the filtering experiment using ideal filters (illustrated in Figure 4.9¢),
followed by resorting to the polynomial kernels ho(A) and hy(\) obtained from the
maximally-flat design for K1 = K2 = 2 (these filters have length 6 and 7 respec-

tively, the spectral response of each channel in this case is illustrated in Figure 4.10c¢).

6Code available at https://github.com/aamiranis/tree_structured_fb
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Figure 4.11: (a) A 4-block cyclic graph considered in the filtering experiment (the edges
are oriented in counter-clockwise fashion). (b) The spectrum of its adjacency in the
complex unit disc. (¢) An input signal on the graph used for filtering experiments with
the two-stage tree-structured filterbank.

The output of each channel for both cases is illustrated in Figure 4.12. We observe that
the filtered output for the first channel (filtered by hg(A)hg(A?)) in both cases has rela-
tively little variation across the blocks, thus confirming our intuition that it corresponds
to the lowest frequency sub-band. Similarly, the output of the third channel (filtered
by ho(A)ho(A?)) has the highest variation with significant sign changes across blocks,
thus making it the highest frequency sub-band. The other two channels have moderate

variation and therefore correspond to the intermediate frequency sub-bands.

4.6 Summary and future work

In this chapter, we considered the sampling problem in the context of designing
graph wavelet filterbanks. This is fundamentally different from the earlier problem of
sampling bandlimited graph signals since one is required to choose a sampling scheme
over multiple channels of the filterbank while satisfying useful properties such as perfect
reconstruction, critical sampling and polynomial filter responses.

We began by spelling out design criteria for two-channel polynomial filterbanks that
are critically sampled, and satisfy perfect reconstruction. We showed that it is not
possible in general to attain perfect reconstruction with low-degree polynomial graph
filters using any critical sampling scheme unless the graphs have a special eigen-structure.
Specifically, downsampling-upsampling or modulating signals over such graphs should
lead to a spectral folding phenomenon. Bipartite graphs, for example, are particularly

suited for designing perfect reconstruction two-channel filterbanks.
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Figure 4.12: Output obtained in each channel of a two-stage tree-structured filterbank
after filtering the input signal from Figure 4.11c using ideal filters (Figure 4.9¢) and
polynomial filters (Figure 4.10c).

We then shifted our focus to the design of critically-sampled near-perfect reconstruc-
tion wavelet filterbanks on arbitrary graphs. This problem has two intertwined aspects
— designing polynomial filters and designing a critical sampling scheme. Our formula-
tion decouples the two design problems and focuses only on choosing the best possible
sampling scheme. Specifically, given a predesigned set of analysis/synthesis filters, our
algorithm efficiently chooses the best sampling set for each channel in order to minimize

a bound on the overall reconstruction error associated with the filterbank. Experiments
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show that the sampling scheme produced by our method outperforms existing heuristics,
however, the reconstruction error is indeed significantly limited by the graph structure.
Searching for graphs and sampling schemes that are amenable to perfect reconstruction
filterbanks would be an interesting direction of future research. An immediate exam-
ple of such graphs are Kronecker graphs where the Kronecker product structure of the
adjacency matrix leads to a regular eigen-structure akin to bipartite graphs. Further,
the spectral domain sampling scheme presented in [67] allows for the design of perfect
reconstruction filterbanks on any arbitrary graph, at the cost of increased complexity of
sampling.

Finally, we turned our attention to the design of M-channel perfect reconstruction
filterbanks on M-block cylic graphs. In this case, we simplified the problem by assuming
that M is a power of 2 and proposed a tree-structured design where the original graph
is decomposed hierarchically into smaller graphs over which one can implement a two-
channel filterbank. This formulation significantly reduces the design complexity, since
the problem boils down to designing and reusing only one two-channel filterbank for
a directed bipartite graph. We proposed a maximally-flat polynomial design in this
case that extends the approach presented in [46] for undirected bipartite graphs. Our
design produces sub-bands that have a simple spectral interpretation, which we validate
in simple filtering experiments. For future work, we would like to extend the design
to cases when M is not a power of 2. One possibility is to design p-channel perfect
reconstruction filterbanks, where p is a small prime number, and use it to hierarchically
construct a larger filterbank when M can be factored as a product of small primes. This

approach is similar to the mixed-radix implementations of FFT in traditional DSP.
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Chapter 5

Sampling Theory Perspective of

Semi-supervised Learning

In this chapter, we explore the semi-supervised learning problem from a graph sam-
pling theory perspective. Graph-based methods have been shown to be quite effective
for this problem because they provide an easy means to exploit the underlying geometry
of the dataset. These methods involve the construction of a distance-based similarity
graph from the feature vectors, whose vertices represent the data points and edge weights
capture the similarity between them. The key assumption here is that class labels vary
smoothly over the graph, i.e., there is little variation between labels corresponding to
vertices connected by high-weight edges.

There are numerous ways of quantitatively imposing smoothness constraints over
label functions defined on vertices of a similarity graph. Most graph-based semi-
supervised classification algorithms incorporate one of these criteria as a penalty against
the fitting error in a regularization problem, or as a constraint term while minimizing
the fitting error in an optimization problem. Examples of commonly used measures of
smoothness include the graph Laplacian regularizer fTLf [83, 78], the iterated graph
Laplacian regularizers fTL™f [81], etc., and many algorithms involve minimizing these
functions while ensuring that the label function on the vertices f satisfies the known set
of labels. On the other hand, a spectral theory based classification algorithm restricts
f to be spanned by the first few eigenvectors of the graph Laplacian [10, 11], that are
known to form a representation basis for smooth functions on the graph. Similarly, a
more recent approach, derived from sampling theory considers class indicator signals
as smooth signals over the similarity graph. This assumption is incorporated via band-
width in the graph Fourier domain. The classification algorithm then involves estimating
a label function that minimizes prediction error on the known set under a bandwidth
constraint and can be carried out without explicit eigendecomposition of the Laplacian,

as illustrated in our recent work [50, 29]. In each of the examples, the criterion enforces

This chapter is based on our work in [5, 6].
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smoothness of the labels over the graph — a lower value of the regularizer fLf, a smaller
number of leading eigenvectors and a smaller bandwidth of f imply that the labels vary
less across similar vertices.

The focus of this chapter is to provide a formal justification for using bandwidth
as a regularizer, thereby providing a sampling theory perspective of graph-based learn-
ing methods. An interpretation of this smoothness measure would help complete our
theoretical understanding of graph-based semi-supervised classification approaches and
strengthen their link with the semi-supervised smoothness assumption and its variants.
Under a generic statistical model of the data and a graph construction scheme, we pro-
vide a geometric interpretation of the bandwidth (estimated via spectral proxies) of
class indicator signals in the asymptotic limit of infinite data points. We show that
this quantity is closely connected to the supremum of the data distribution at the class

boundaries. This result helps us justify sampling theory based learning:

1. A lower bandwidth of class indicator signals indicates that the class boundary

passes through regions of low data density.

2. Given enough labeled data, bandlimited reconstruction of the class indicator learns
a decision boundary that respects the labels and over which the maximum density

of the data points is as low as possible, similar to other graph-based methods.

3. And finally, we also show that sampling theory based learning attains the theo-
retical label complexity, i.e., the minimum number of labels required for perfectly

predicting the unknown labels from the known ones.

In summary, our results reinforce the smoothness assumption on class indicator signals
in graph-based learning methods. From previous analyses of spectral clustering we
observe that asymptotically, there is a strong link between the value of a cut and the
bandwidth of its associated indicator signal. Thus, the geometric properties desired of
“minimal cuts” in clustering translate to those of “minimal bandwidth” indicator signals
for classification in the presence of labels.

The rest of this chapter is organized as follows: In Section 5.1, we introduce the
statistical models of the data, the graph construction scheme and relevant concepts from
sampling theory, particularly bandlimited interpolation. Section 5.2 reviews existing
work in the literature and their relation to our work. In Section 5.3 we state and discuss

our main results (without proofs), followed by their numerical validation in 5.4. We
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provide a brief discussion along with directions in Section 5.5. Finally, the proofs of our

results are laid out in Section 5.6.

5.1 Preliminaries

5.1.1 Data models
The separable model

In this model, we assume that the dataset consists of a pool of n random, d-
dimensional feature vectors X = {Xj,Xs,...,X,} drawn independently from some
probability density function p(x) supported on R? (this is assumed for simplicity, the
analysis can be extended to arbitrary manifolds M C R¢, but would more technically
involved). To simplify our analysis, we also assume that p(x) is bounded from above,
Lipschitz continuous and twice differentiable. We assume that a smooth hypersurface
9, with radius of curvature lower bounded by a constant 7, splits R? into two disjoint
classes S and S¢, with indicator functions 1g(x) : R — {0,1} and 1g.(x) : R? — {0, 1}.
This is illustrated in Figure 5.1a. Thus, the n-dimensional class indicator signal for class
S is given by 1g € {0, 1}" such that 15(i) = 15(X;), i.e., the i*" entry of 15 is 1if X; € S

and 0 otherwise.

The nonseparable model

In this model, we assume that each class has its own conditional distribution sup-
ported on R? (that may or may not overlap with other distributions of other classes).

The data set consists of a pool of n random and independent d-dimensional feature

VN
.~ /'7{" — //”// - \\\
n /N a \ |
( /: AN - j
\\\/ TN - 4 ’3
pac(x)
(b)

Figure 5.1: Statistical models of data considered in this work: (a) the separable model,
(b) the nonseparable model.
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vectors X = {Xy, Xy, ..., X, } drawn independently from any of the distributions p;(x)
with probabilities «;, such that >°, oy = 1. For our analysis, we consider a class denoted
by an index A with selection probability a4, class conditional distribution p4(x) and an
n-dimensional indicator vector 14 whose i** component takes value 1 if X; is drawn from
class A. This model is illustrated in Figure 5.1b. Further, we denote by aqe = 1 — ay
the probability that a point does not belong to A and by pac(x) = ;24 aipi(x)/aae
the density of all such points. The marginal distribution of data points is then given by
the mixture density

P(X) = aapa(X) + aaepac(x). (5.1)

Once again, to simplify our analysis, we assume that all distributions are Lipschitz
continuous, bounded from above and twice differentiable in R¢. Next, we introduce the
notion of a “boundary” for classes in the nonseparable model as follows: for class A, we

define its overlap region 0A as
OA = {x € R | pa(x)pac(x) > 0}. (5.2)

Intuitively, A can be considered as the region of ambiguity, where both points belonging
and not belonging to A co-exist. In other words, JA can be thought of as a “boundary”
that separates the region where points can only belong to A from the region where points
can never belong to A. Since class indicator signals on graphs will change values only
within the overlap region, one would expect that the indicators will be smoother if there
are fewer data points within this region. We shall show later that this is indeed the case,
both theoretically and experimentally. Note that the definition of the boundary is not
very meaningful for class conditional distributions with decaying tails, such as the Gaus-
sian, since the boundary encompasses the entire feature space. However, in such cases,
one can approximate the boundary with appropriate thresholds in the definition and
this approximation can also be formalized for distributions with exponentially decaying
tails.
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5.1.2 Graph model

Using the n feature vectors, we construct an undirected distance-based similarity
graph where nodes represent the data points and edge weights are proportional to their

similarity, given by the Gaussian kernel:

]_ 2 2

- X )= = IR XE 20
wy; = K2 (X, X;) = (27m2)d/26 J , (5.3)
where o is the variance (bandwidth) of the Gaussian kernel. Further, we assume w;; = 0,
i.e., the graph does not have self-loops. The adjacency matrix of the graph W is an n xn
symmetric matrix with elements w;;, while the degree matrix is a diagonal matrix with
(D—W). Normalization

by n ensures that the norm of L is stochastically bounded as n grows. Since the graph

elements D;; = >°; w;;. We define the graph Laplacian as L = %
is undirected, L is a symmetric matrix with non-negative eigenvalues 0 < \; < --- < )\,
and an orthogonal set of corresponding eigenvectors {uy,...,u,}. It is known that for
a larger eigenvalue A, the corresponding eigenvector u exhibits greater variation when

plotted over the nodes of the graph [66].

5.1.3 Estimating bandwidth

Recall that the bandwidth w(f) of any signal f on the graph as the largest eigenvalue

for which the projection of the signal on the corresponding eigenvector is non-zero, i.e.,
w(f) = max{\; | ul f > 0}. (5.4)

Ideally, computing the bandwidth w(f) of a graph signal f requires computing the eigen-
vectors {u;} and the corresponding projections f, = u!f. However, analyzing the con-
vergence of these coefficients is technically challenging. Therefore, we resort to Graph
Spectral Prozies introduced in Section 3.3 in order to estimate the bandwidth. Since, in

this chapter, we deal with a symmetric L, we slightly modify the definition for simplicity:

frLme\ VM
)" o

wmf) = (fo
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where w,, (f) is the m*®-order spectral proxy. Recall that the bandwidth estimates satisfy
the property: for all my, ms such that 0 < my < ma, wy, (f) < wi, (f) < w(f). Therefore,
we have:

WE, w(f) = lim w,(f), (5.6)

Analyzing the convergence of wy,(1g) and w,,(14) as n — oo, 0 — 0 and m — oo consti-
tutes the main subject for the rest of this chapter. Specifically, we relate these quantities
to the underlying data distribution p(x) and class boundaries (the hypersurface 05 in
the separable case and the overlap region dA in the nonseparable case).

Note that the limit in (5.6) holds in a point-wise sense. This means that analyzing
the convergence of the bandwidth estimates w,,(1s) and wy,(14) as n — oo and then
applying the limit m — oo gives only an idea about the convergence of actual bandwidths
w(1lg) and w(1ls) as n — oo. Specifically, it does not imply convergence of w(1lg) and
w(14) to the same values as wy,(1g) and w,,(14), since the limits are not interchangeable
unless (5.6) holds in a uniform sense. However, based on our experiments and results on
label complexity, we believe that our intuition is accurate, i.e., the convergence results
hold for the actual bandwidths, not only their estimates. We leave the analysis of this

intricacy for future work.

5.1.4 Bandlimited interpolation for classification

Bandwidth plays an important role in the spectral approach for semi-supervised
learning. In this approach, one finds a label assignment by minimizing the error over
the known set, while ensuring that the resulting class indicator vector is bandlimited
over the similarity graph, i.e,

Minimize ||f(L) — y(L)||* subject to w(f) < wy, (5.7)

where L denotes the set of known labels, y denotes the true class labels and f(L) and
y(L) denote the values of f and y on the set L respectively. wy, restricts the hypothesis
space by constraining it to a set of bandlimited signals which is equivalent to enforcing
smoothness of the labels over the graph. Therefore, it is important to understand its
connection to the geometry of the dataset. A good choice for wy, is the cutoff frequency
associated with the labeled set that can be estimated using results in Section 3.4.

Note that the bandwidth-based approach for semi-supervised learning differs from the

Fourier eigenvector approach suggested in [10, 11] since it can be implemented without
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explicitly computing the eigenvectors of L. The method is based on iteratively and
alternately projecting onto convex sets and can be implemented in an efficient manner
via graph filtering operations [50].

Note that if the original indicators 1g (or 14) are bandlimited with respect to the
labeled set, i.e., w(1lg) < wy (or w(14) < wyg), then the estimate fg in (5.7) is guaranteed
to be equal to 1g (or 14) as a consequence of the sampling theorem. Moreover, in this
case, 1g and 14 can also be perfectly estimated by the solution of the following “dual"

problem:

fin = arg min w(f) s.t. (L) =1g(L) (or f(L) = 14(L)). (5.8)
£
These facts leads to the following insight regarding bandlimited interpolation for classi-

fication:

Observation 5.1. If w(1ls) < wy and w(la) < wg, then
1. 15 and 14 can be perfectly recovered using either (5.7) and (5.8).

2. 1g and 1,4 are guaranteed to have minimum bandwidth among all indicator vectors

satisfying the label constraints.

The observations above have significant implications: Given enough and appropriately
chosen labeled data, bandlimited interpolation effectively recovers an indicator vector
with minimum bandwidth, that respects the label constraints. Note that by labeling
enough data appropriately, we mean to ensure that the cut-off frequency wy of the
labeled set is greater than the bandwidths w(1g) and w(14) of the indicator functions
of interest. If this condition is not satisfied, both observations break down, i.e., the
solutions of (5.7) and (5.8) would be different and serve only as approximations for 1g
and 1,4. Moreover, the minimum bandwidth signal f,,;, satisfying the label constraints,
would differ from 15 and 14 and may not even be an indicator vector. To help ensure
that the condition is satisfied, one can use the efficient algorithm in Section 3.5. We

note that in practice, (5.7) can be solved via efficient iterative techniques [50].

5.2 Related work and connections

Existing graph-based semi-supervised learning and spectral clustering methods have
been justified by analyzing the convergence of graph-based smoothness measures (such

as the graph cut and the Laplacian regularizer) for various graph construction schemes in
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two different settings — classification and regression. The classification setting assumes
that labels indicate class memberships and are discrete, typically with 1/0 values. Note
that both the separable and nonseparable data models considered in our work are in the
classification setting. On the other hand, in the regression setting, one allows the class
label signal f to be smooth and continuous with soft values, i.e, f € R™ and later applies
some thresholding mechanism to infer class memberships. For example, in the two class
problem, one can assign +1 and —1 to the two classes and threshold f at 0. Convergence
analysis of smoothness measures in this setting requires different scaling conditions than
the classification setting, and leads to fundamentally different limiting quantities that
require differentiability of the label functions. A summary of convergence results in the
literature for both settings is presented in Table 5.1. Although these results do not focus
on analyzing the bandwidth of class indicator signals, the proof techniques used in this
paper are inspired by some of these works. We review them in this section and discuss

their connections to our work.

5.2.1 Classification setting

Prior work under this setting assumes the separable data model where the feature
space is partitioned by smooth decision boundaries into different classes. When m = 1,
the bandwidth estimate w,,(1s) for the separable model in our work reduces (within
a scaling factor) to the empirical graph cut for the partitions S and S¢ of the feature
space, i.e.,

Cut(S, 5% = > w;=15L1g. (5.9)

X;€5,X, €8¢
Convergence of this quantity has been studied before in the context of spectral clustering,
where one tries to minimize it across the two partitions of the nodes. It has been shown

in [42] that the cut formed by a hyperplane 9S in R? converges with some scaling under
d+1

the rate conditions ¢ — 0 and no — 00 as
ERTA RPN 1/ p2(s)ds (5.10)
no * o \/ 21 Jos ’ ’

where ds ranges over all (d — 1)-dimensional volume elements tangent to the hyperplane
05, and p. denotes convergence in probability. The analysis is also extended to other
graph construction schemes such as the k-nearest neighbor graph and the r-neighborhood

graph, both weighted and unweighted. The condition o — 0 in (5.10) is required to have

92



a clear and well-defined limit on the right hand side. We borrow this convergence regime
in our work, since it allows a succinct interpretation of the bandwidth of class indicator
signals. Intuitively, it enforces sparsity in the similarity matrix W by shrinking the
neighborhood volume as the number of data points increases. As a result, one can
ensure that the graph remains sparse even as the number of points goes to infinity.
The analysis is also extended to other graph construction schemes such as the k-nearest
neighbor graph and the r-neighborhood graph, both weighted and unweighted. The
condition ¢ — 0 in (5.10) is required to have a clear and well-defined limit on the right
hand side. We borrow this convergence regime in our work, since it allows a succinct
interpretation of the bandwidth of class indicator signals. Intuitively, it enforces sparsity
in the similarity matrix W by shrinking the neighborhood volume as the number of data
points increases. As a result, one can ensure that the graph remains sparse even as the
number of points goes to infinity. A similar result for a similarity graph constructed with
normalized weights w;; = w;; / \/m was shown earlier for an arbitrary hypersurface 05
in [51], where d; denotes the degree of node i. In this case, under the condition n — oo,

and for a vanishing sequence {o,} that satisfies o, > 1/ (n#) one has

11115 &

mlfn \/12_7T/85p(s)ds, (5.11)

where L’ denotes the Laplacian with normalized weights. Normalization leads to a
different weighting factor on the right hand side than (5.10). The results in [51, 42] aim
to provide an interpretation for spectral clustering — up to some scaling, the empirical
cut value converges to a weighted volume of the boundary. Thus, spectral clustering is a
means of performing low density separation on a finite sample drawn from a distribution
in feature space.

Although these works provide inspiration for the proof techniques used for analyzing
the separable model in this paper, they cannot be directly used in the convergence
analysis of w,,(1g) for m > 1, which is the main focus of our paper. Additionally, our
work is the first to propose and analyze the nonseparable model in the classification

setting, i.e., convergence results for w,,(14).
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5.2.2 Regression setting

To predict the labels of unknown samples in the regression setting, one generally min-

imizes the graph Laplacian regularizer f7Lf subject to the known label constraints [83]:
min fTLf such that f(L) = y(L). (5.12)

One particular convergence result in this setting assumes that n data points are drawn
i.i.d. from p(x) and are labeled by sampling a smooth function f(x) on R?. Here,
the graph Laplacian regularizer f'Lf can be shown to converge in the asymptotic limit

under the conditions ¢ — 0 and no? — oo as in [15, 34]:

1
no?

FTLE 2 C/Rd 1V £ () ||12p% (x)dx, (5.13)

where for each n, f is the n-dimensional label vector representing the values of f(x) at
the n sample points, V is the gradient operator and C'is a constant factor independent of
n and o. The right hand side of the result above is a weighted Dirichlet energy functional
that penalizes variation in the label function weighted by the data distribution. Similar
to the justification of spectral clustering, this result justifies the formulation in (5.12) for
semi-supervised classification: given label constraints, the predicted label function must
vary little in regions of high density. The work of [34, 33] also generalizes the result for
arbitrary kernel functions used in defining graph weights, and data distributions defined
over arbitrary manifolds in R?. Similar convergence results have also been derived for the
higher-order Laplacian regularizer fZL™f obtained from uniformly distributed data [81].
In this case, it was shown that for data points obtained from a uniform distribution
on a d-dimensional submanifold M C R" such that Vol(M) = 1 and 2m-differentiable

functions f(x), one has as n — oo, 0 — 0,

L ogrpme 2 ¢ » FX)A™f(x)dx, (5.14)

m
nol!

where A is the Laplace operator and o, = n~/@d+4+a)

is a vanishing sequence with
a > 0. Extensions for non-uniform probability distributions p(x) over the manifold can
be obtained using the weighted Laplace-Beltrami operator [12, 82]. More recently, an /-
based Laplacian regularization has been proposed for imposing smoothness constraints
in semi-supervised learning problems [2]. This is similar to higher-order regularization

but is defined as J,(f) = X, jepwis| fi — f5P, where wy; = K(||X; — Xj[/o) and K(.)
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is a smoothly decaying Kernel function. It has been shown for a bounded density p(x)

defined on [0, 1]¢ that for every p > 2, as n — oo, o — 0,

a0 25 C [ VI G (5.15)

Although our work also uses higher powers of L in the expressions for w,,(1s) and
wm(1a), we cannot use the convergence results in (5.14) and (5.15) since they are only
applicable for smooth functions (i.e., differentiable upto certain order) on R¢. Specifi-
cally, these results cannot be applied for the bandwidth of discrete 0/1 class indicator
functions.

To summarize, the results in the literature mostly pertain to convergence analysis
of variants of the graph cut or the graph Laplacian regularizer for different models of
data and graph construction schemes, and do not provide insight into the convergence
of bandwidths of discrete 0/1 class indicator signals. In contrast, we analyze bandwidth
expressions involving these class indicator signals and higher powers of L, and for the
first time, extend it to a nonseparable data model. As opposed to other smoothness
measures considered earlier, analyzing the bandwidth allows us to interpret graph-based
semi-supervised learning using the sampling theorem [4] and provide a quantitative

insight into label complexity based on data geometry.

5.3 Main results and discussion

5.3.1 Interpretation of bandwidth and bandlimited reconstruc-
tion

We first show that under certain conditions, the bandwidth estimates of class indi-

cator signals, over the distance-based similarity graph described earlier, converge to

quantities that are functions of the underlying distribution and the class boundary for

both data models. This convergence is achieved under the following asymptotic regime:
1. Increasing size of dataset: n — oo.
2. Shrinking neighborhood volume: o — 0.
3. Improving bandwidth estimates: m — oo.

Note that an increasing size of the dataset (Condition 1) is required for the stochastic

convergence of the bandwidth estimate. Condition 2 ensures that the limiting values
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are concise and have a simple interpretation in terms of the data geometry. Intuitively,
Condition 2 ensures that as the number of data points increases, one looks at a smaller
neighborhood around each data point, as a result, the degree of each node in the graph
does not blow up. Finally, Condition 3 leads to improving values of the bandwidth

estimate. The convergence results are precisely stated in the theorems below:

Theorem 5.1. If n — oo, 0 — 0 and m — oo while satisfying the following rate

conditions

1. (no™d)/(mC™) — oo, where C' = 2/(2m)%?,
m/no — 0,

mo? — 0,

glt/m 1,

then for the separable model, one has

wm(Ls) 2+ sup p(s), (5.16)
s€asS

where “p." denotes convergence in probability.

Theorem 5.2. If n — oo, 0 — 0 and m — oo while satisfying the following rate
conditions

1. (no™)/(mC™) — oo, where C' = 2/(2r)%?,
2. m/n —0,

3. mo? =0,

then for the non-separable model, one has

wm(14) 2= sup p(x). (5.17)
x€0A

The dependence of the results on the rate conditions will be explained later in the
proofs section. An example of parameter choices that allow all the scaling laws to hold

simultaneously is illustrated in the following corollary:
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Corollary 5.1. Equations (5.16) and (5.17) hold if for each value of n, we choose m

and o as follows:

m = [mg (logn)’], (5.18)
o= o n "/md, (5.19)
for constants mg,00 > 0, 1/2 <y <1 and 0 <z < 1. [.] indicates taking the nearest

integer value.

Theorems 5.1 and 5.2 give an explicit connection between bandwidth estimates of
class indicator signals and the underlying geometry of the dataset. This interpretation
forms the basis of justifying the choice of bandwidth as a smoothness constraint in graph-
based learning algorithms. Theorem 5.1 suggests that for the separable model, if the
boundary 0S passes through regions of low probability density, then the bandwidth of
the corresponding class indicator vector w(1lg) is low. A similar conclusion is suggested
for the nonseparable model from Theorem 5.2, i.e., if the density of data points in the
overlap region 0A is low, then the bandwidth w(1,4) is low. In other words, low density
of data in the boundary regions leads to smooth indicator functions.

From our results, we also get an intuition behind the smoothness constraint imposed
in the bandlimited reconstruction approach (5.7) for semi-supervised learning. Basically,
enforcing smoothness on classes in terms of indicator bandwidth ensures that the learn-
ing algorithm chooses a boundary passing through regions of low data density in the
separable case. Similarly, in the nonseparable case, it ensures that variations in labels
occur in regions of low density. Further, the bandwidth cutoff w;, effectively imposes a
constraint on the complexity of the hypothesis space — a larger value increases the size
of the hypothesis space and results in choosing more complex boundaries.

As a special case of our analysis, we also get a convergence result for the graph cut
in the nonseparable model analogous to the results of [42] for the separable model. Note
that the cut in this case equals the sum of weights of edges connecting points that belong

to class A to points that do not belong to class A, i.e.,

Cut(A,A) = Y wy=14L1,. (5.20)

X;€A,X;cA°

With this definition, we have the following result:
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Figure 5.2: 1-D example illustrating the theoretical label complexity for (a) the separable
model, (b) the nonseparable model. Note that labeling all points where density is lower
than supremum density over the boundary resolves all ambiguity and results in perfect
prediction.

Theorem 5.3. If n — o0, 0 — 0 and no®! — oo, then
1 c D.
2 Cut(A, A%) 2 / QA aepA(X)pac(x)dx (5.21)
n

The result above indicates that if the overlap between the conditional distributions
of a particular class and its compliment is low, then the value of the graph cut is lower.

This justifies the use of spectral clustering in the context of nonseparable models.

5.3.2 Label complexity of SSL

In the context of semi-supervised learning, we define the label complexity as the
minimum fraction of labeled examples required for perfectly predicting the labels of the
unlabeled data points. This quantity essentially is an indicator of how “good" the semi-
supervised problem is, i.e., how much help do we get from geometry while learning. A
low label complexity is indicative of a favorable situation, where one is able to learn from
only a few known labels by exploiting data geometry. In the following discussion, we
first estimate the theoretical label complexities of the data models we consider, and then
show that the expected label complexity of the sampling theoretic approach to learning

exactly matches these values in the asymptotic limit.
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Theoretical label complexities

A simple way to compute the label complexity, for the data models we consider, is
to find the fraction of points belonging to a region that fully encompasses the boundary.

To formalize this, let us define the following two regions in R%:

Xs={x:p(x) < sseuar;p(S)}, (5.22)
Xa={x:pkx) < Xseua[i‘p(x)}. (5.23)

Note that by definition, 05 is fully contained in Xs and 0A is fully contained in X4 (see
Figure 5.2 for an example in R!). To perfectly reconstruct 1g and 14, it is sufficient
to know the labels of all points in Xg and X4 respectively, as this strategy removes
all ambiguity in labeling the two classes. Based on this, we arrive at the following

conclusions:

Observation 5.2. The theoretical label complexity of learning 1g and 14 in the asymp-
totic limit are P(Xs) and P(X4) respectively, where P(E) = [ p(x)dx.

Label complexity of graph-based learning

Using our results, we can show that the same label complexities hold for the graph-
based sampling theoretic approach to semi-supervised classification. In this context,
label complexity can be seen as the fraction of samples required for perfectly reconstruct-
ing a signal on the similarity graph. It is known that the fraction of samples required
for perfectly reconstructing a bandlimited signal cannot be more than the fraction of
eigenvalues of the Laplacian below the signal’s bandwidth [4]. Since our bandwidth con-
vergence results relate the bandwidth of indicators for the two data models with data
geoemtry, we only need to asymptotically relate the number of eigenvalues of L below

any constant in terms of data geometry. This is achieved through the following result:

Theorem 5.4. Let Ni(t) be the number of eigenvalues of L below a constant t. Then,
as n — oo and o — 0, we have

E {iNL(t)} L P({x:px) <)), (5.24)

Proof. See Section 5.6.4. [ |
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Substituting the bandwidth convergence results from Theorems 5.1 and 5.2 (i.e.,
t =wn(ls) and t = w,,(14)), we immediately get the desired value of the expected label

complexity of graph-based semi-supervised learning:

Theorem 5.5. If the conditions in Theorems 5.1 and 5.2 hold, then the expected label
complexities of bandlimited reconstruction for the separable and nonseparable models are

given as

lim iE{NL(wm(ls)} s P(Xy), and (5.25)

1
The following remarks are in order:

1. Note that Theorem 5.4 and Theorem 5.5 can be strengthened by proving conver-
gence of %J\/’L(t) rather than its expected value. This requires further analysis,
which we leave for future work. The result in Theorem 5.5 also encourages us to
conjecture that the convergence results for bandwidth estimates also hold for the

convergence of the bandwidth itself.

2. This result further strengthens the connection between graph-based learning meth-
ods and the semi-supervised smoothness assumption, since one can conclude that
the number of labeled examples required for perfect prediction depends on the
geometry of the data around the boundary. A low value of the density at the

boundary results in a lower label complexity.

3. One might ask what is the advantage of using graph-based methods for semi-
supervised learning, if we can predict the class labels by the simple labeling strategy
used to compute label complexities in Observation 5.2. Note that our definition of
label complexity is an ideal one which aims for perfect reconstruction. The power
of graph-based methods would be more evident for a more practical definition of
label complexity, where one tries to find the number of labels required for achieving

a certain error tolerance. We leave this issue for future work.

In the following two sections, we first numerically validate our results through experi-

ments and then provide theoretical proofs.
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Table 5.2: Illustrative boundaries used in the separable model.

Boundary Description SUDgcys P(8)
051 x =0 0.0607
095, r=-—1 0.2547
0S5 r=9y*-1 0.2547
S, y =0 0.5969
S 2y =1 0.5969

5.4 Numerical validation

We now present simple numerical analyses! to validate our results and demonstrate
their usefulness in practice. For simulating the separable model, we first consider a
data distribution based on a 2D Gaussian Mixture Model (GMM) with two Gaussians:
pup = [—1 0],%; = 0.25I and pp = [1 0], X5 = 0.16I, and mixing proportions «a; = 0.4
and as = 0.6 respectively. The probability density function is illustrated in Figure 5.3.
Next, we evaluate the claim of Theorem 5.1 on five boundaries, described in Table 5.2.
These boundaries are depicted in Figure 5.4 and are illustrative of typical separation
assumptions such as linear or non-linear and low or high density.

For simulating the nonseparable model, we first construct the following smooth

(twice-differentiable) 2D probability density function

(z,y) = LA (5.27)
ey 0 2212 >1 '
: y? >

Note that datapoints (X, Y) can be sampled from this distribution by setting the coordi-
nates X = V1 — U4 cos(2nV), Y = V1 — U/4sin(27V), where U,V ~ Uniform(0, 1).
We then use ¢(z,y) to define a nonseparable 2D model with mixture density p(x,y) =
aapa(@,y) + aaepac(z,y), where pa(z,y) = q(z — 0.75,y), pac(z,y) = q(z + 0.75,y)
and ay = aye = 0.5. The probability density function is illustrated in Figure 5.3. The

overlap region or boundary dA for this model is given by

0A = {(z,9): (x = 0.75)* + y* < Land (z +0.75)* + ¢* < 1}. (5.28)

LCode available at https://github.com/aamiranis/asymptotics_graph_ssl
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p(x,y)

p(x,y)

Figure 5.3: Probability density functions to generate data for (a) separable model, (b)
nonseparable model.

Further, for this model, we have supy, p(x) = 0.2517.

In our first experiment, we validate the statements of Theorems 5.1 and 5.2 by
comparing the left and right hand sides of (5.16) and (5.17) for corresponding boundaries.
This is carried out in the following way: we draw n = 2500 points from each model and
construct the corresponding similarity graphs using o = 0.1. Then, for the boundaries
05; in the separable model and A in the nonseparable model, we carry out the following
steps:

1. We first construct the indicator functions 1g, and 14 on the corresonding graphs.

2. We then compute the empirical bandwidth w(1lg,) and w(14) in a manner that

takes care of numerical error: we first obtain the eigenvectors of the corresponding
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Figure 5.4: Boundaries {0S;} considered in the separable model.
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Figure 5.5: Convergence of empirical value of bandwidths w(1g,) and w(14) for different

boundaries {05;} and 0A on corresponding graphs. Dark shaded regions denote standard
deviation over 100 experiments. Red bars indicate theoretical values.

L, then set w(1g,) and w(14) to be v for which energy contained in the Fourier
coefficients corresponding to eigenvalues A; > v is at most 0.01%, i.e.,

w(lg,) = min{u‘ > (ujrlsi)2 < 1074} (5.29)
Jixj>v
w(ly) = min{y‘ Z (uflA)Q < 10—4}, (5.30)
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Figure 5.6: Standard deviation of w(1lg,) and w(14) as a function of n.
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Figure 5.7: Mean reconstruction errors averaged over 100 experiments for (a) 1g,, and
(b) 14. Red-dashed lines indicate the theoretical label complexities of 0S5 and JA.

The procedure above is repeated 100 times and the mean of w(1lg,) and w(l,) are
compared with sup, g p(s) and sup, 54 p(x) respectively. The result is plotted in Fig-
ure 5.5. We observe that the empirical bandwidth is close to the theoretically predicted
value and has a very low standard deviation. This supports our conjecture that stochas-
tic convergence should hold for the bandwidth. To further justify this claim, we study the
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behavior of the standard deviation of w(1g,) and w(1,4) as a function of n in Figure 5.6,
where we observe a decreasing trend consistent with our result.

For our second experiment, we validate the bound on the label complexity of graph-
based SSL in Theorem 5.5 by reconstructing the indicator function corresponding to 955
and 0A from a fraction of labeled examples on the corresponding graphs. This is carried
out as follows: For a given budget B, we find the set of points to label pivoted column-
wise Gaussian elimination on the eigenvector matrix U of L. This method ensures that
the obtained labeled set guarantees perfect recovery for signals spanned by the first
B eigenvectors of L [4]. We then recover the indicator functions from these labeled
sets by solving the least squares problem in (5.7) followed by thresholding. The mean

reconstruction error is defined as

No. of mismatches on unlabeled set
Emean =

31
Size of unlabeled set (5.31)

We repeat the experiment 100 times by generating different graphs and plot the averaged
Elean against the fraction of labeled examples. The result is illustrated in Figure 5.7.
We observe that the error goes to zero as the fraction of labeled points goes beyond
the theoretically predicted label complexity as predicted. This reinforces the intuition
that the bandwidth of class indicators is closely linked with the inherent geometry of
the data.

5.5 Summary

In this chapter, we provided an interpretation of the graph sampling theoretic
approach to semi-supervised learning. Our work analyzed the bandwidth of class indi-
cator signals with respect to the Laplacian eigenvector basis and revealed its connection
to the underlying geometry of the dataset. This connection is useful in justifying graph-
based approaches for semi-supervised and unsupervised learning problems, and provides
a geometrical interpretation of the smoothness assumptions imposed in the bandlimited
reconstruction approach. Specifically, our results have shown that an estimate of the
bandwidth of class indicators converges to the supremum of the probability density on
the class boundaries for the separable model, and on the overlap regions for the nonsepa-
rable model. This quantifies the connection between the assumptions of smoothness (in

terms of bandlimitedness) and low density separation, since boundaries passing through
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regions of low data density result in lower bandwidth of the class indicator signals. We
numerically validated these results through various experiments.

Our analysis also sheds light on the label complexity of graph-based semi-supervised
learning problems. We showed that perfect prediction from a few labeled examples
using a graph-based bandlimited interpolation approach requires the same amount of
labeling as one would need to completely encompass the boundary or region of ambiguity:.
This indicates that graph-based approaches achieve the theoretical label complexity as
dictated by the underlying geometry of the problem. We believe that the main potential
of graph-based methods will be apparent in situations where one can tolerate a certain
amount of prediction error, in which case such approaches shall require fewer labeled

examples. We plan to investigate this as part of future work.

5.5.1 Future work

There are several directions in which our results can be extended. In this work, we
only considered Gaussian-weighted graphs, an immediate extension would be to consider
arbitrary kernel functions for computing graph weights, or density dependent edge-
connections such as k-nearest neighbors [42]. Another possibility is to consider data
defined on a subset of the d-dimensional Euclidean space. It will also be useful to have
uniform convergence results over all possible boundaries. Moreover, our definition of
label complexity considers perfect label predictions, it would be interesting to study
trade-offs between prediction error, the number of labeled examples, and the impact of
labeling noise.

Finally, note that our results on label complexity are theoretical at this point — we
assume complete knowledge of the indicator signal in order to quantify the amount of
labeling required. However, this result can be made useful in a practical sense if one
were able to apriori estimate the bandwidth of a class indicator as this would give
an indication of “when to stop” labeling. One possible approach is to estimate the

bandwidth of any signal through randomly (or possibly, cleverly) chosen samples:

£\ " (7 STS Lm ST £\
) o () = (ff) ~( S S ) S 6

where S is the sampling operator. Analyzing the convergence of this bandwidth estimate

along with our prediction error trade-offs will give us a handle on how much labeling is

required for achieving a particular error tolerance.
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5.6 Proofs

We now present the proofs of Theorems 5.1 and 5.2 through a sequence of lemmas.
The main idea is to perform a variance-bias decomposition of the bandwidth estimate
and then prove the convergence of each term independently. Specifically, for the indicator
vector 1 € {0,1}" of any region R C R"™, one can consider the random variable:

(o (L))" = 1ZLm1p _ 1170 1p
AR 151, T

(5.33)

We study the convergence of this quantity by considering the numerator and denominator
separately (it is easy to show that the fraction converges if both the numerator and
denominator converge). By the strong law of large numbers, we conclude the following
for the denominator as n — oo:

1 a.s.
2171, o / p(x)dx. (5.34)
n XER

For the numerator, we decompose it into two parts — a variance term for which we show
stochastic convergence using a concentration inequality, and a bias term for which we

prove deterministic convergence.

5.6.1 Convergence of variance terms

Let V = 217L™1, then we have the following concentration result:

Lemma 5.1 (Concentration). For every e > 0, we have:

Pr(|[V—E{V} >e¢)

—[n/(m + 1)]o™e?
< 2exp <20mE (VY + % |Cm — omdE {V} €>’

(5.35)

where C = 2/(2m)%2.

Proof. Recalling that w;; = K,2(X;,X;), we begin by explicitly expanding V =
117(D — W)™1 into the following summation
1
Ve X g (X Xip, o, Koy ) - (5.36)

i17i27~--’im+1
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The above expansion has the form of a V-statistic. Details on how to explicitly write the
summation are given in Section 5.6.5. Note that ¢ is composed of a sum of 2™ terms,

each a product of m kernel functions that are non-negative. Therefore,

2 "ooom
<MK = —n | = —. 5.37
e e (5.37)
In order to apply a concentration inequality for V, we first re-write it in the form of a
U-statistic by regrouping terms in the summation in order to remove repeated indices,

as given in [35]:

1 *
V= n(m+1) (n%;q) 9 (Xiu Xi27 cee 7Xim+1) ; (538)

where 33, ,,+1) denotes summation over all ordered (m+1)-tuples of distinct indices
taken from the set {1,...,n}, n™) =n.(n —1)...(n — m) is the number of (m+1)-
permutations of n and ¢* is a convex combination of specific instances of g that absorbs

repeating indices (see supplementary material for a complete expansion):

n(m—i—l)
9" (X1,X2, ..., Xmy1) = WQ (X1, X2, -+ s Xmp1)
+ (terms with repeated indices). (5.39)

Therefore, g* has the same upper bound as that of g derived in (5.37). Moreover, using
the fact that E{V} = E{g*}, we can bound the variance of ¢g* as

Var {5} < lo'IlE 6"} = S BV (5.40)

md

Finally, plugging in the bound and variance of g* in Bernstein’s inequality for U-statistics
as stated in [35, 33|, we arrive at the desired result of (5.35). |

Note that as n — 0 and o — 0 with rates satisfying (no™?)/(mC™) — oo, we have
P([V —E{V}|>¢€) — 0 for all ¢ > 0. The continuous mapping theorem then allows us
to conclude that V1/™ 23 (E{V})V/™,
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5.6.2 Convergence of the bias term for the separable model

To evaluate the convergence of bias terms, we shall require the following properties

of the d-dimensional Gaussian kernel:

Lemma 5.2. If p(x) is twice differentiable, then

/Ko.2xy y)dy = p()+0<a2).

(5.41)

Proof. Using the substitution y = x + t followed by Taylor expansion about x, we have

/sz

- / 27r02 a/2°¢ e 16127 p(x +t)dt
_ 2 /952
= / sz e (p(X) +t"Vp(x)
+ 5tTV2p(x)t + .. .)dt

=p(x)+0+ O;Tr(VQp(X)) +...
= p(x) + O(c?).

where the third step follows from simple component-wise integration.

Lemma 5.3. If p(x) is twice differentiable, then
[ Ko (x,2) Ko (2, y)p(2)dz
bx + ay 9
= Kooy (0557 +0(7)).

Proof. Note that

1 L=z 1 llz—y|*
K2 (X, Z)Kb(ﬂ (Z,y) = ———€ 20? ——¢ 2002
(2mac?)z (2mbo?)z2
z bx+ay 2
1 _ ux—yu2 1 7%
— i e 2(a+b)o? 3 — e +b
(2m(a+b)o?)z (2m-250?)>
bx + ay
= Katpo2 (X,Y) K;fbaz< P> )
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Therefore, we have

| Kugr(x,2) K2 (2. )p(2) 2

b
= Koz (X, y /Km ( );izy2> p(z)dz

bx + ay
= K(atp)o2 (X, ) <p< p— >+0(02)>,

where the last step follows from Lemma 5.2. [ |

In order to prove convergence for the separable model, we need the following results:

Lemma 5.4. If p(x) is Lipschitz continuous, then for a smooth hypersurface 0S that

divides R? into Sy and S, and whose radius has curvature that is bounded by T > 0,

lim — / K2 (x1, X2)p®(x1)p (Xg)dX1dX2
S 52

o—0 o

— | p**P(s)ds, 5.43

\/ﬂ ) (5.43)
where « and 3 are positive integers. Moreover, for positive integers a,b, and o, 3,0/, 3
such that a + 8 = o/ + ' =, we have:

lim — /51 /S1 { ac2 (X1, X2)p” (Xl)pﬂ(x2)

o—0 o
— Kyp2 (%1, %0)p® (31 )p” (X2)]dxldx2

_Vb—a

Tox Jos p’(s)ds. (5.44)

The proof of this lemma is given in Appendix 5.6.6. We now prove the deterministic

convergence of {%lngl s} in the following lemma:
Lemma 5.5. Asn — oo, ¢ — 0 such that m/n — 0,mo* — 0, we have

1 (1
E{lgL”"qS}
n

g

\/%/as P (s) ds, (5.45)

where t(m) = St () (<17 (Vi T = V7).
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Proof. We evaluate E {%lnglg} term by term by expanding L™ as (D — W)™ (D —
W). Details on the intermediate steps of this expansion are given in Section 5.6.5. Using

(5.41) repeatedly, we have for the first two terms of the expansion:

(1
“E {n1§D .. DD- W)lg}

= i /S /S Koz (x, y)p™ (x)p(y)dxdy

m
+0(0)+0(22). 5.46
o) +o(™ (5.46)
For the rest of the terms, we also require the use of (5.42). However, in this case, we
encounter several terms of the form p(fx + (1 — 0)y) for some 6 € [0, 1]. Since mo? — 0
and p(x) is assumed to be Lipschitz continuous, we can approximate such terms by p(x)
or p(y). Therefore, for all terms in the expansion of (D — W)™~! containing r > 1

occurrences of W (there are (m;l) such terms), repeated use of (5.41), (5.42) gives:

1_(1
“EL{A1ED™ T WD — W1 }
“E{ 14D WD - W)t
1
_O'

l /S /S Koz (x, y)p* (X)pﬂ (y)dxdy

—/S/SK(r+1)02(x’y>pa/(x)pﬂl(Y)dXdy1

m
O(0) + 0 () . 5.47
+o) o (™ (5.47)
where a + 3 = o/ + 8 = m + 1 and [D™ 7", W’] denotes an expression containing
r occurrences of W and m — 1 — r occurrences of D. Now, using Lemma 5.4, we
conclude that the right hand sides of (5.46) and (5.47) converge to \/#2? Jos D™ (s)ds

and TT/%‘/; [55 P (s)ds, respectively, as ¢ — 0 and m/no — 0. Putting everything
together in the expansion of E {%ICSFL"‘IS}, we get the desired result. [
Since o'/ — 1, we have

1 1/m 1 1 1/m
(B{;1rms}) " = ot (CE{ afums )

tm) [ e L/m
— (ﬁ P (s)ds) (5.48)
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Finally, we note that as m — oo, we have

t(m) f m+1 d 1/m
V2r as P (S) S s
— sup p(s 5.49
( T () sup p(s) (5.49)
Therefore, we conclude for the separable model
wm(1s) = sup p(s) (5.50)

s€dS

5.6.3 Convergence of bias term for the nonseparable model

For the nonseparable model, we need to prove convergence of E {%1£Lm1 A}. This

is illustrated in the following lemma:

Lemma 5.6. As n — oo, ¢ — 0 such that m/n — 0,mo? — 0, we have
1 T m m—1
E {nlAL 1A} — /aAaAcpA(x)pAc(x)p (x)dx. (5.51)

Proof. Similar to the proof of Lemma 5.5, we evaluate E {%lngl A} term by term
by expanding L™ as (D — W)™ (D — W). Details on the intermediate steps of this
expansion are given in Section 5.6.5. Using (5.41) repeatedly, we have for the first two

terms of the expansion:
L_p
E {nlAD .. DD- W)lA}

— /aAaAcpA(X)pAc(X)pm_l(X)dX +0 (02) + 0 (m) : (5.52)

n

Further, for all terms in the expansion of (D — W)™~! containing r > 1 occurrences of
W (there are (mr_l) such terms), repeated use of (5.41), (5.42) gives:

E {iﬁ[Dm—l—’",W’"](D _ W)lA} ~0(s*)+0 (7:) . (5.53)

Therefore, as 0 — 0, m/n — 0, we get the desired result. [

We finally note that as m — oo, we have

3 sup p(x) (5.54)

<f QA0 APA(X)PAc (X)pm_l(x)dx> L/m
XEDA

Jap(x)dx
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Therefore, we conclude for the nonseparable model

wm(1a) — sup p(x) (5.55)
xXEDA

Note that Lemma 5.6 for special case for m = 1 yields

1
ﬁlngA — /OéAOéAcpA(X)pAc(X)dX (556)

which proves Theorem 5.3.

5.6.4 Proof of Theorem 5.4

We begin by recalling the definition of the empirical spectral distribution (ESD) of
L: p,(z) = 30, 6(x — \;), where {\;} are the eigenvalues of L. For each z, i,()

is a function of Xi,...,X,,, and thus a random variable. Note that the fraction of

eigenvalues of L below a constant ¢, and its expected value can be computed from the
ESD as

iNL(t) -/ () de, (5.57)
]E{:LNL(t)} — /Ot]E{un(x)}dx, (5.58)

Therefore, to understand the behavior of the expected fraction of eigenvalues of L below
t, we need to analyze the convergence of the expected ESD in the asymptotic limit.
The idea is to show the convergence of the moments of E {u,(z)} to the moments of a
limiting distribution p(z). Then, by a standard convergence result, E {y, (1)} — u(I) for
intervals I. More precisely, let the = symbol denote weak convergence of measures, then

we use the following result that follows from the Weierstrass approximation theorem:

Lemma 5.7. Let u, be a sequence of probability measures and p be a compactly supported
probability measure. If [ x™p,(dz) — [2™u(dz) for allm > 1, then p, = .

We then use the following result on equivalence of different notions of weak con-
vergence of measures [13, Theorem 25.2] in order to prove our result for cumulative

distribution functions.

Lemma 5.8. p, = p if and only if p,(A) — p(A) for every p-continuity set A.
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We begin by writing the m™ moment of E {u,(z)}:
[ amE )} o = ZE () = E{ T (Lm)} (5.59)

Now, note that L™ = (D — W)™ = D™ + 55, (7)[D™ %, W*], where [D™*, W¥|
denotes product terms with m — k occurrences of D and k occurrences of W. Therefore,
we have for the right hand side of (5.59):

{ v (Lm)}

/ (/ (X4, Xiy)D (xig)dxh) e (5.60)
([ K0 ) ) 9 D,
4

@) < ) (expected value of other terms)

Using (5.41) repeatedly in the equation above, we get:
E {1Tr (Lm)} = /pm+1(x)dx +0 (m> +0 (o) (5.61)
n n '
Therefore, as n — oo and ¢ — 0, we have:
[ e E {pn(@)} e = [ 9 (0p(x)dx (5.62)

From the right hand side of the equation above, we conclude that the m'™ moment of the
expected ESD of L converges to the m™ moment of the distribution of a random variable
Y = p(X), where p(x) is the probabilty density function of X. Moreover, since py (y)
has compact support, E {u,,(x)} converges weakly to the probability density function of

py (y). Hence, the following can be said about the expected fraction of eigenvalues of L:

= | py(y)dy = / p(x)dx. (5.63)
0 p(x)<t

This proves our claim in Theorem 5.4. Note that, to prove the stochastic convergence of

the fraction itself rather than its expected value, we would need a condition similar to
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those in Theorems 5.1 and 5.2 to hold for each moment. In that case, o will go to 0 in a
prohibitively slow fashion. We believe that this is an artifact of the methods we employ
for proving the result. Hence, our conjecture is that the convergence result must hold

for LN (t) itself, and we leave the analysis of this statement for future work.

5.6.5 Expansions of 1JL™15 and E{%lnglg}

To expand 11L™1g in terms of the elements w;; of W, we first write the expression
for each product term. Since L™ = -L(D — W)™, there are 2™ such terms. Let us
first introduce the following notation: [D, W],, denotes a product term containing the
matrices D and W, such that there are m matrices in the product. Note that L™ is
essentially a summation of all possible [D, W],,, with appropriate signs.

Now, the explicit expression for 15[D, W],,15 can be obtained using the following

procedure:
1. All product terms have a form defined by the following template:

11D, W],,15
= Z (1S)i1wili2w*i3 .. .w*imw*im+1(1g)* (564)

i17~~-»7:m+1

where the locations with * need to be filled with appropriate indices depending on
the product term. Note that each w;; is contributed by either a D or W depending

on its location in the expression.

2. We fill the locations one-by-one from left to right, using the following set of rules. Let

Wep be the term preceding w,., then

o If wy, is contributed by D, then % = a.

e If wy, is contributed by W, then * = b.
3. Let wy;,,,, denote the term preceding (1g).. Then, we have the following rule:

o If wg,, ., is contributed by D, then * = a.

o If wg;,,,, is contributed by W, then * = 4,,,;.
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The expansion of 15L™1g can be found by summing up the expansions of the individual
product terms 15[D; W],,15. Recalling that w;; = K(X;,X;), we conclude

1

1
51§Lm15 =

nerl )

Z 9( X5, Xy o X)) (5.65)

The expression for £ {%lngls} can be evaluated in a similar fashion, except that the
summations are replaced by integrals. We first evaluate the expected value of individual
product terms E {%lg[D, Wi, 1 g} by the following rules:

1. The template for the expected value of any product term can be expressed through

the following template:
1 T
E{nls[D,W]mls}
:// (15(x1)K(x1,x2)K(x*,x3)

oo K (%, Xm+1)15(X*)>p(X1)dX1 oo DXy 1) dX g1 (5.66)

where the locations with * need to be filled with appropriate indices depending on

the product term. Once again, each K(x;,x;) is contributed by either a D or a W.

2. We fill the locations one-by-one from left to right, using the following set of rules. Let
K (x4,xp) be the term preceding K (x.,X.). Then

o If K(x,,xp) is contributed by D, then * = a.
o If K(x,,xyp) is contributed by W, then * = b.

3. Further, let K (x4, X;,+1) be the term preceding 1g(x.). Then

o If K(x4,X;41) is contributed by D, then x = a.
o If K(x4,X;y1) is contributed by W, then « = m + 1.

5.6.6 Proof of Lemma 4

The key ingredient required for evaluating the integrals in Lemma 5.4 involves select-

ing a radius R (< 7) as a function of o that satisfies the following properties as o — 0:

1. R—0,
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2. R/o — o0,
3. R?*/o — 0,
4. €r/o — 0, where €g 1= [),.p Ks2(0,2)dz.
A particular choice of R is given by R = \/m. Note that R — 0 as ¢ — 0.

Further, substituting this expression in the tail bound for the norm of a d-dimensional

Guassian vector gives us:

1
R_ 2 K,2(0,2z)dz
o o Jz>R
1 (o2d\ ? _ R 4
< — | — e 20272
— o\ R?
1 d
= — (eo®log(1/0%) 2 (5.67)

Therefore, if d > 1, then eg/0 — 0 as ¢ — 0. Further, it is easy to ensure R < 7 for the
regime of ¢ in our proofs.

We now consider the proof of equation (5.43), let

1
[;:—/ / Ko (%1, %2)p™ (x1)p” (%2) dxy dx (5.68)
g JS1 JS,

Further, let [S;]g indicate a tubular region of thickness R adjacent to the boundary 05

in Sy, i.e., the set of points in 5; at a distance < R from the boundary. Then, we have

I= —/ po‘(xl)/ K0-2(X1,X2)pﬂ(X2)dX2 dx;
[S1lr Sa

I

1
+ /[s . po‘(xl)/s K2 (x1,%0)p° (x2)dxy dx; (5.69)
1% 2

o

Ey
E is the error associated with approximating I by I; and exhibits the following behavior

Lemma 5.9. lim,_,o F; = 0.
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Proof. Note that

1
B < maxﬂ/ o (/ K2 (x1. %) )d
l_a(p ) 9] p(x1) s (X1, X2)dxy | dx,

c

R

< - max “ Kcr 07 d d
<~ (P [Sﬂc“"l)(”m +(0,2) ) x1

R
€R 5/ a
— (Pmax X1 )dx
pu (Prnax) [Sl]?{P (x1)dxy

€R

S ; (pmax>a+ﬂ (570)

Using lim, ., €g/0 = 0, we get the desired result. [ |

In order to analyze I1, we need to define certain geometrical constructions (illustrated

in Figure 5.8) as follows:
Definition 5.1. Geometrical constructions for analyzing the integrals

1. For each x;1 € [S1]r, we define a transformation of coordinates as:
x; = 81 + mn(sy), (5.71)

where sy is the foot of the perpendicular dropped from x1 onto 05, ry is the distance
between s and X1, and n(sy) is the surface normal at sy (towards the direction of
x1). Since the minimum radius of curvature of S is T and R < T, this mapping

18 injective.

2. For each s, € 0S, let HJ denote the halfspace created by the plane tangent on s,
and on the side of Sy. Similarly, let Hy, denote the halfspace on the side of Sy,
that is, H;, = R\ Hg .

3. Let Wi (x) denote an infinite slab of thickness x tangent to S at s; and towards
the side Sy. Let W (y) denote a similar slab of thickness y on the side of Si.

4. Finally, for any x, let B(x, R) denote the Euclidean ball of radius R centered at

X.
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Figure 5.8: Geometrical constructions in Definition 5.1.

We now consider I, the main idea here is to approximate the integral over Sy by an

integral over the halfspace H . Hence, we have:

1
I :f/ a / K2 (%1, %2)p" (x5 ) dxad
1 pu [S1]Rp (Xl) o (Xl Xz)p (Xz) XoaXy

S1

1P

- @ K p e
* o [Sl]Rp (Xl) /Sz—Hng 02(X17X2)p (XQ) XoUX1

E>

where Fs is the error associated with the approximation. Therefore, we have
I = IQ + E2 + E1

We now show that as ¢ — 0, [, — \/% Jo5 P2 TP(s)ds, and Ey — 0.
Lemma 5.10. lim,_,o [, = \/#2? Jog TP (s)ds.

Proof. Using the change of coordinates x; = s; + rin(s;), we have

h=5 /85/ (81 +71n(s1))
(/H; Ky2(sy + Tln(sl)7X2)pﬁ(x2)dx2>

1

detJ(sy,r1)|ds1dry
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where J(s1,71) denotes the Jacobian of the transformation. Now, an arc PQ of length
ds at a distance r; away from 05 gets mapped to an arc P'(Q’ on 0S5 whose length lies
in the interval [ds(1 — ™), ds(1 4 ™)]. Therefore, for all points within [Si]g, we have

d—1 d—1
(1 _ R) < |detJ(s1,m)| < <1 + R) . (5.75)
T

T

Further, since p(x) is Lipschitz continuous with constant L,, p*(x) is also Lipschitz
continuous with constant L, ,. Therefore, for any x; € [S1]r, we have p*(x1) = p*(s1) +

L, ,R. This leads to the following simplification for I:

12 = (]. —+ O(Rd_l)) /Bspa(sl)fg(sl)dsl + O(Rd) /85’ Ig(Sl)dsl, (576)

where we defined

1 (R
[3(51) = E/ /H+ ng(Sl -+ Tln(Sl),Xg)pB(Xg)dXQd’f’l. (577)
s1
Note that every x; € Hy can be written as sy 4 7on(s2), where n(s;) = —n(s;). Hence,
we get
1 _lsi=sl® g
Ig(Sl) :/ 76 202 p (SQ — T’QH(Sl))dSQ
Ré—1 (2#02 B
(r1+r2>2
X — dridr
/ / 27r<72 e

[E

([ e i+ 0t

1 R proo 1 _(n +T2)2
X — / e dridry
o Jo

1 R poo 1 r1+ro)?
X —/ / o=t drydry, (5.78)
o Jo



where we used Lipschitz continuity of p®(x) in the second equality and applied
Lemma 5.2 to arrive at the last step. Further, using the definition of the ()-function and

integration by parts, we note that

1 /R /°° 1 _%d J
- e 2 ridr
oJo Jo 2ro2 e
Rjo roo ] (z+y)?
= e 2 dxd
/0 /0 V2T Y
R/o
= [ Qwy

R/o

R/o
- [ Qwdy

Ry, L

Therefore,
I3(s1) = (p°(s1) + O(0”) + O(R)) x
(@) ramlimem) e

Combining (5.76) and (5.79) and using the fact that R/oc — oo as 0 — 0 (from the

definition of R), we get
1

OB (s)ds, (5.80)

lim [, =
om0 2 V2T asp
which concludes the proof. [ |

We now consider the error term Es and prove the following result:

Lemma 5.11. lim,_,g £ = 0.

Proof. Let us first rewrite Fsy as follows:

1
Ey = — / P2 () T (x1)dx, (5.81)
0 JISi]r
where we defined
Li(x1) = / | Ko (1, %0)p” (x0)dxs (5.82)
SQ—HSI
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Figure 5.9: Worst-case scenarios for the boundary 95 when (a) S; is a ball of radius 7,
(b) S is a ball of radius 7.

The key idea is to lower and upper bound [I,(x;) for all x; using worst case scenarios
and evaluate the limits of the bounds. Note that I4(x;) is largest in magnitude when
Sy or Sy is a sphere of radius 7, as illustrated in Figures 5.9a and 5.9b. We now make
certain geometrical observations. For any x; = s; + rin(sy) € [Si]g, we observe from
Figure 5.9b that

]4(X1) S / _ ( R27T% ) K02 (X17X2)pﬁ(x2)dx2
s1\ 2(7—r1)
+ / K2 (x1, %2)p" (x2)dx2
B(x1,R)°
< / K2 (X1, %2)p" (x0)dxs + pl  er. (5.83)
W, (R)

where R’ = Q(TRin)' Similarly, from Figure 5.9a, we observe that

2(7+r7)

]4(X1) > — [/Wj ( R2_2 ) Kg2(X17X2)p5<X2)dX2

+ / K,2(xq, XQ)pﬁ(Xz)dX2‘|
B(x1,R)°

> — [/Wﬁ - K,2(xq, x2)p5(xg)dx2 + pgaXeR] ) (5.84)
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Substituting these in (5.81) and using a simplification similar to that of I5 in (5.76), we

get
B < (1+0(RY) [ (015 (s1)ds:
FO(RY) [ 15 (s1)dsi + i
Bz~ (1+0(Y) [ ()5 (s1)dsy
—0 Rd / ]—l— d SR a4
( ) 85 5 (Sl) S1 — Upmax7
where we defined
/ / 02 81 + 7”11’1(51) Xg)pB(X2>dX2dT1,

I+(Sl = / /W+ ) Kg2 (Sl + 7”11’1(51) XQ) (Xg)dXQdTl

Similar to the evaluation of I3(s;) in (5.78), we have

_(ri+4ry)” +T2>

(s = (P04 000 4 0(m) x 2 [* 7 e
I (s = (1 (s0) + 0 +0m) x - [* [T

(71 Tz)
dT’l dTQ.

27T02
We now evaluate the two 1-D integrals as follows:
1 (R R 1 (r1+79)?
—_ - o2 drid
0‘/ / —27T0_2€ 2 r1aro
R/o R’/U z
:/ / <+y> dzdy
R/o R’
[ (ew- ( o))
0
R+R/

=/OR/UQ(:L/ dy+/R, dy—/ T Qy)dy
RQ(R>+ Q(R’)_R+R’Q<R+R’>

g
1 _R% _R2 _(R+R)?
1—e 22 —¢ 2.2 +¢ 202 .

T

o
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(5.88)

(5.89)

(5.90)



Similarly,

Qi - [ ety
() R ) S

o o

1 _R? _(R+R')? _R?
—— (e 22 —1+e¢ 202  — e 202

V21

Noting that as 0 — 0, R/oc — oo and R'/o — 0, we conclude that lim, ,o B =0. W

The proof of (5.44) proceeds in a similar fashion by approximating the inner integral
using hyperplanes. Specifically, similar to the proof of (5.43), we can show that the

integral on the left hand side can be written as I + F, where
Fim o [ Kt ()
== w2 (X1, X X X
o Jisin Juz 1,X2)p (X1)p (X2
— K2 (x1,%2)p™ (x1)p” (x2) | dxy dxs, (5.91)

and F is the residual associated with the approximation that can be shown to go to zero
as 0 — 0 (we skip this proof since it is quite similar to the analysis for (5.43)). In order

to evaluate I, we perform a change of coordinates x; = s; + rn(s;) as before to obtain

1 R
=l
o Jos Jo

_ pal(Sl -+ rln(sl))</H_ Kbo-2(sl + Tln(Sl),XQ)pﬁ/(Xz)dX2>] |detJ(sl,r1)|ds1dr1

p*(s1 + mn(sy)) </H_1 Kp2(s1 + rln(sl),x2)pﬁ(xg)dx2>

_ /aspo‘(sl)fﬁ(sl)dsl - /aspal(sl)]ﬁ/(sl)dsl +0 (R, (5.92)
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where we defined

/ / Kop2(s1 +mn(sy), x )pﬂ(X2)dX2d7“1,
Iy(s) =~ /0 /H  Kue(ou + rin(sy), xa)p” (xo)dxadr
By using change of coordinates for x, similar to the steps in (5.78), we obtain
Iy(s1) = (p°(s1) + O(0®) + O(R)) x

1 1 _(m—ry)? Tz)

— 2a02 d d 593

a/o /0 Vi 27ra02 ez, ( )
Io(sy) = (pﬁ’(sl) +0(c?) +0(R)) x

1 T 2
/ / o=t drydrs, (5.94)

27rba2

The 1-D integrals can be evaluated as follows:

_(r1=ro)” T2)
— 2002 dridre
277@02

R/Vao 1 _ (z— y)2
=/a dzd
\/_/0 0 \/27r Y

=va [ QU

R/\ac

=va [ (1= Q)dy

R R (RN Va e
- 750 (55) - g (-
/R/OO ! e <r12b;2> dridr

0 Jo +2mbo? e

R R R Vb R 2be
= ()—\/%(1—6 2 )

bo
Using the fact that a + 5 = o’ + ' = =, and taking the limit ¢ — 0 after putting
everything together, we conclude

Y

SH,

(5.95)

o—0

lim [ = W/@Spw(s)ds
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