Compressed Sensing in Multi-Signal Environments

by

Jae Young Park

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Electrical Engineering: Systems)
in The University of Michigan
2013

Doctoral Committee:

Professor Anna C. Gilbert, Co-Chair

Assistant Professor Michael B. Wakin, Colorado School of Mines, Co-Chair
Professor Selim Esedoglu

Professor Jeffrey A. Fessler



© Jae Young Park 2013

All Rights Reserved



To my youth

ii



ACKNOWLEDGEMENTS

I have met so many great people in graduate school who have influenced me in the most positive
way to be the person that I am today. I am grateful to each and every one of them and I would like
to take this moment to say a few words of appreciation.

First and foremost, I must thank Professor Wakin for the endless guidance, support and encour-
agement he has given me over past five years. He was the perfect advisor I could ever wish for
and it has absolutely been a privilege working with him. I would like to thank Professor Gilbert
for her invaluable suggestions and contributions to this dissertation. I had so much fun working
with her and I will definitely miss the enthusiastic conversations we had in our weekly meetings. I
would like to thank Professor Fessler for the insightful comments he has given me to strengthen this
dissertation. I am also grateful for his mentorship; he is by far the best graduate student mentor in
the EECS department. I would also like to thank Professor Esedoglu for helpful suggestions on this
dissertation.

I could not have survived grad school without the help and support of my friends I met in Ann
Arbor. T must thank Hyun Jeong Cho who has taught me so much in so many ways since the day I
started grad school. I will always be thankful for the encouragement and support she has given me
to help me come this far. Thank you. I am also grateful to Yoojin Choi who was always there to
listen and for being an incredible hyoung to me. I would also like to thank Jooseuk Kim, and Seung
Hyun Oh for the joyful memories that I will always remember. And to all my other friends in Ann
Arbor who have helped me get through graduate school; thank you all, you know who you are.

Also, big thanks to my HK friends across the world who made my yearly trips back home
unforgettable; Alex Kim, Jung Ho Lee, Sam Pyo, Kiung Um, Kevin Kim, Eun Kee Choi, Jun
Hyoung Hong, Mike Kim, Jong Gu Lee, Ki Cho Jung, Julia Ryu, Wendy Wang, Nayoung Kim,
Jenny Choi, Maria Park.

Finally, I would like to thank my parents and my sister for always being there for me when I

needed them most. Thank you umma, thank you abba, and thank you nuna.

iii



TABLE OF CONTENTS

DEDICATION . . . . . e e

ACKNOWLEDGEMENTS . . . . . . .. e e e e

LIST OF FIGURES . . . . . . . s e

LIST OF APPENDICES . . . . . . . . . s e

ABSTRACT . . . . .
CHAPTER

1. Introduction . . . . . .. L

1.1 Multi-Signal Environments . . . . . . . . ... L 0oL

1.2 Compressed Sensing in Multi-Signal Environment . . . . . .. ... ... ..

1.3 Outline and Contributions . . . . . . .. .. ... .. oL

2. Background on Signal Models and Compressed Sensing . . .. ... .. ..

2.1 Concise Signal Models . . . . . . . .. .. L

2.2 Compressed Sensing . . . . . . . ... Lo

3. Compressed Sensing in Video Acquisition and Reconstruction . .. .. ..

3.1 Imtroduction . . . . . . . . . ..

3.1.1 Motivation and Overview . . . . .. .. .. ... ... .......

3.2 On the Temporal Bandwidth of Video Signals . . . . . .. ... ... ....

321 Setup ...

3.2.2 Temporal Bandwidth Analysis . . . . . . ... ... ... ......

3.2.3 Supporting Experiments . . . . . ... ...

3.2.4 Videos with Two Spatial Dimensions . . . . . ... ... ... ...

3.3 Anchor Frames for Reducing Reconstruction Complexity . . . .. .. .. ..

3.3.1 Sampling and Interpolation Principles . . . . ... ... ... ...

3.3.2 CS in Streaming Scenarios . . . . . . . . . . ...

3.4 Multiscale Reconstruction Algorithm . . . . . ... ... .. ... .. ...

3.4.1 Problem Formulation . . . . . ... ... ... ... ... .. ...

3.4.2 The Multiscale Approach . . . .. .. ... ... ... .. ...,

3.4.3 Lifting-based Invertible Motion Adaptive Transform (LIMAT) . . .

3.5 Discussion and Simul

ations . . . . . .. e

3.5.1 Related Work . . . . . . . . . . ...

3.5.2  Simulations

iv

ii

iii

xi



4. Compressed Sensing in Multiview Imaging and Reconstruction. . . . . . .

4.1 Imtroduction . . . . . . . . . ..
4.2 Problem Setup and Related Work . . . . .. ... ... ... ... . ...,
4.2.1 Multi-view Imaging using Image-by-Image Random Measurements
4.2.2 Current Approaches to DCS Multi-view Image Reconstruction . . .
4.3 Manifold Lifting Techniques for Multi-view Image Reconstruction . . . . . .
4.3.1 Far-field Multi-view Imaging . . . . . . .. ... .. ... ... ...
4.3.2 Near-field Multi-view Imaging . . . . . . .. ... . ... ... ...
4.3.3 Dealing with Uncertainties in Camera Positions . . . . . . . . . ..
4.4 Manifold Lifting Case Study . . . . . . .. ... ... ... ... ......
4.4.1 Problem Setup . . . . . . ...
4.4.2 Manifold Lifting Algorithm . . . . . ... ... ... ... .....

5. Concentration of Measure for Block Diagonal Matrices with Applications
to Compressive Signal Processing . . . . . . .. ... .. ... ... ... ..

5.1 Imtroduction . . . . . . . . . . L
5.2 Background and Related Work . . . . . ... . ... Lo oo
5.2.1 Subgaussian Random Variables . . . . . ... ... ... ......
5.2.2  Concentration Inequalities . . . . . . . ... ... ... ... ...
5.2.3 Applications of Concentration Inequalities . . . . . . . . ... ...
5.3 Non-uniform Concentration of Measure Inequalities . . . . . . .. ... ...
5.3.1 Distinct Block Diagonal (DBD) Matrices . . . . . . ... ... ...
5.3.2 Repeated Block Diagonal (RBD) Matrices . . . . . ... ... ...
5.4 Applications . . . . . . L
5.4.1 Stable Embeddings and the Johnson-Lindenstrauss Lemma
5.4.2 Signal Detection in the Compressed Domain . . . . . . . ... ...
5.4.3 Classification in the Compressed Domain . . . . . . .. . ... ...
5.5 Favorable Signal Classes . . . . . . ... ... ... ... .. ...
5.5.1 Delay Networks and Multiview Imaging . . . .. ... .. .. ...
5.5.2 Frequency Sparse Signals. . . . . . . ... ... ... ... ...,
5.5.3 Difference Signals . . . . . .. ... oo
5.5.4 Random Signals . . . . . ... ... Lo
5.6 Conclusion . . . . . . . . L

6. Sketched SVD: Recovering Spectral Features from Compressive Measure-
ments . . . . ..o e e e e e e e e

6.1 Introduction . . . . . . . . . . . . e
6.2 Problem Setup . . . . . . ... L e
6.3 Related Work . . . . . . . . .
6.3.1 Absolute Bounds . . . ... .. ... ... ... ... .. .. ...
6.3.2 Relative Bounds . . . . . .. . ... ...
6.3.3 Relation to Simultaneous Iteration . . .. .. .. ... .. .....
6.3.4 Randomized Algorithms for Linear Algebra . . . .. ... ... ..
6.4 Main Result . . . . . . . . .o
6.4.1 Proposed Algorithm and Estimation Bounds . . . . . . ... .. ..
6.4.2 Proof of Theorem 6.2 . . . . . . . . . . . .. ... ... .....
6.5 Application to Spectral Analysis of Streaming Graphs . . . . . . . .. .. ..
6.6 Conclusion . . . . . . . . . . e

7. Compressed Sensing in Structural Health Monitoring Systems . . . . . . .



7.1 Introduction . . . . . . . . . . e 114

7.1.1 Structural health monitoring systems . . . . . . .. ... ... ... 114

7.1.2  The usefulness of wireless SHM systems . . . .. ... .. .. ... 115

7.2 Background . . . ... 118

7.2.1 Single-degree-of-freedom system . . . . . . ... ..o L 119

7.2.2  Multiple-degree-of-freedom system . . . . . . ... ... ... ... 120

7.3 Problem Formulation . . . .. .. ... ... .. .. ... ... ... 122

7.3.1 The analytic signal of {u(t)} . . . . . .. .. ... ... 122

7.3.2 The relationship to singular value decomposition . . ... .. ... 123

7.3.3 The implications of sampling . . . . ... ... ... ... ..... 124

7.4 Main Results . . . . . . . .. 125

7.4.1 Proposed method . . . . . ... ... ... . 125

7.4.2 Uniformsampling . . . . . ... .. ... oo 126

7.4.3 Random sampling . . . . . .. ... oL L oL 127

7.5 Proof of Main Results . . . . . . . . .. .. L 128

7.5.1 Perturbation analysis . . . . . . .. .. ... 128

7.5.2 Proof for random sampling . . ... ... .. ... ... ... 129

7.5.3 Proof for uniform sampling . . .. ... ... ... ... 135

7.6 Experimental Results . . . . . . . ... ... oo 139

8. Conclusion . . . . . .. .. 141
8.1 Joint signal model and reconstruction algorithm . . . ... ... ... .. .. 141

8.1.1 Video application . . . . . . .. ... ... o 141

8.1.2 Multi-view application . . . . . ... ... oL 143

8.1.3  Structural health monitoring application . . . . . . . .. ... ... 144

8.2 Measurement matrices in multi-signal scenarios . . . . . ... ... .. ... 145
APPENDICES . . . . . . . 147
BIBLIOGRAPHY . . . . . . e 156

vi



Figure

21

2.2

3.1

3.2

3.3

3.4

LIST OF FIGURES

A manifold M can be viewed as a nonlinear surface in RY. When the mapping between
0 and x¢ is well-behaved, as we trace out a path in the parameter space ©, we trace out
a similar path on M. A random projection ® from RY to a lower dimensional space R
can provide a stable embedding of M, preserving all pairwise distances, and therefore
preserving the structure within an ensemble of images. The goal of a manifold lifting
algorithm is to recover an ensemble of images from their low-dimensional measurements. .

The multiscale structure of manifolds. The top manifold in this figure corresponds to the
collection of images of a teapot that could be acquired from different camera positions 0.
While manifolds like this containing images with sharp edges are not differentiable, man-
ifolds of images containing smooth images are differentiable, and the more one smoothes
the images, the smoother the manifold becomes. . . . . . . . . . . . . ... ... ....

(a) Butterfly structure in the two-dimensional Fourier transform of a simple translational
1D video. The slope of the lines is proportional to the maximum speed of the translation.
(b) Bandlimiting the video in space (e.g., by spatial lowpass filtering) will also bandlimit
the video in time. The resulting temporal bandwidth will be proportional to the spatial
bandwidth times the maximum translational speed. . . . . . . . . . . . .. ... ....

Top row: (a) Video f(x,t) = g(x — h(t)) with bandlimited profile g(z) and bandlimited
translation signal h(t). (b) Estimated spectrum. Middle row: (c) 4096 sampled 1D rows
from Candle video. (d) Estimated spectrum with windowing to alleviate border artifacts.
Bottom row: (e) 4096 sampled 1D rows from Pendulum + Cars video. (f) Estimated
spectrum with windowing to alleviate border artifacts. . . . . . . . . . . . ... . ...

Reconstructed anchor frames of Candle video. Out of 512 original frames, 32 anchor
frames were reconstructed. From the top each row shows the 5th, 11th, 21st, and 28th
anchor frame and its reconstruction via various reconstruction methods. From the left
each column represents: (a) original frames, (b) 3D-DWT with rectangular interpola-
tion kernel, PSNR = 33.67 dB, (c) C,, n = 32, with rectangular interpolation kernel,
PSNR = 33.68 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion

vectors, PSNR = 33.80 dB, (e) LIMAT with linear interpolation kernel, PSNR = 36.76 dB. 40

Reconstructed anchor frames of Pendulum + Cars video. Out of 512 original frames, 32
anchor frames were reconstructed. From the top each row shows the 4th, 13th, 22nd, and
30th anchor frame and its reconstruction via various reconstruction methods. From the
left each column represents: (a) original frames, (b) 3D-DWT with rectangular interpo-
lation kernel, PSNR = 28.22 dB, (c¢) Cy, n = 32, with rectangular interpolation kernel,
PSNR = 29.58 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion

vectors, PSNR = 29.81 dB, (e¢) LIMAT with linear interpolation kernel, PSNR = 31.38 dB. 41

vii



3.5

3.6

4.1

4.2

4.3

4.4

4.5

Reconstructed anchor frames of Candle video. Out of 512 original frames, 16 anchor
frames were reconstructed. From the top each row shows the 3rd, 6th, 12th, and 15th
anchor frame and its reconstruction via various reconstruction methods. From the left
each column represents: (a) original frames, (b) 3D-DWT with rectangular interpola-
tion kernel, PSNR = 32.79 dB, (c) C,, n = 32, with rectangular interpolation kernel,
PSNR = 32.70 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion
vectors, PSNR = 32.64 dB, (e) LIMAT with linear interpolation kernel, PSNR = 35.49 dB.

Reconstructed anchor frames of Pendulum + Cars video. Out of 512 original frames, 16
anchor frames were reconstructed. From the top each row shows the 2nd, 6th, 11th, and
15th anchor frame and its reconstruction via various reconstruction methods. From the
left each column represents: (a) original frames, (b) 3D-DWT with rectangular interpo-
lation kernel, PSNR = 27.81 dB, (c) Cn, n = 32, with rectangular interpolation kernel,
PSNR = 28.30 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion
vectors, PSNR = 28.48 dB, (e) LIMAT with linear interpolation kernel, PSNR = 29.64 dB.

Multi-view compressive imaging setup. A common scene is observed by J cameras from
different positions. Each camera j encodes a small number of random measurements y; of
its observed image x;, and a single decoder jointly reconstructs all images {z;} from the
ensemble of compressive measurements {y;}. . . . . . . ... oo

Lumigraph geometry in compressive multi-view imaging. (a) Flatland-like illustration for
collecting 1D images of an object in the 2D plane. At each camera position, all viewing
directions may be considered. (b) Resulting 128 x 128 lumigraph for the ellipse-shaped
object. Each row corresponds to a single “image”. (In the real world each image is 2D
and the full Iumigraph is 4D.) The lumigraph can be repeated for viewing from all four
sides of the object. (c¢) Wedgelets provide a simple parametric model for local patches of
a 2D lumigraph; only two parameters are needed to describe the orientation and offset
of the linear discontinuity. (d) Wedgelet-based lumigraph reconstruction from M = 5
compressive samples of each image (row of lumigraph). (e) Scene geometry estimated
using local edge positions/orientations in the reconstructed lumigraph. FEach blue line
connects an estimated point on the object to a camera from which that point is visible.
The true ellipse is shown in red. . . . . . . . . . . . ..o

(a) Setup for manifold lifting demonstration. The original image x (courtesy USGS) has
size 192 x 192 and is observed by J = 200 satellites. The red boxes illustrate the limited
field of view for a few such cameras. (b) Image-by-image reconstruction from random
measurements, PSNR 14.4dB. (c) Joint reconstruction using our manifold lifting algorithm
with unknown camera positions, PSNR 23.6dB. . . . . . . . . .. . ... ... .....

(a) Initial ISOMAP embedding vi,vs,...,v; of the measurement vectors. (b) Initial es-
timates {é}} of camera positions after rotating and scaling the {v;}. (c) Final camera
position estimates after running the manifold lifting algorithm. In (b) and (c), the colored
points represent the estimated camera positions (color coded by the true OJH value), while
the blue vectors represent the error with respect to the true (but unknown) camera position.

(a) Scale-by-scale reconstruction of the underlying image proceeding from the coarsest scale
s1 on the left to the finest scale ss on the right. (b) The corresponding camera position
estimates used in the reconstruction of the images in (a) proceeding from the coarsest scale
s1 on the left to the finest scale ss on the right. . . . . . . . . . ... ... ... ...

viii

43

44

47

54

57

61



4.6

5.1

5.2

5.3

5.4

9.5

7.1

7.2

(a) Reconstruction using fully dense Gaussian random matrix, PSNR 21.9dB. (b) Joint
reconstruction using transform coding measurements with known camera positions, PSNR
22.8dB. (c) Joint reconstruction using random measurements with known camera positions,
PSNR 24.7dB. . . . . . . .

(a) Test signal for concentration in a DBD matrix. The main panel plots the energy
distribution v when the signal is partitioned into J = 16 blocks of length N = 64; the
subpanel plots the length-1024 signal x itself. (b),(c) Test signals for concentration in a
RBD matrix. The main panels plot the eigenvalue distributions \ for Sig. 1 and Sig. 2,
respectively, when partitioned into J = 16 blocks of length N = 64; the subpanels plot the
length-1024 signals themselves. . . . . . . . . . . . . .. o e e

Comparisons of concentration behavior for various matrix and signal types; each figure
shows the percentage of trials for which (1 — €) < ||®x||2/||z||2 < (1 + €) as a function of

€. (a) Performance of the dense and DBD matrices on the signal shown in Figure 5.1(a).

(b) Performance of the dense and RBD matrices on the signals shown in Figure 5.1(b),(c).

(a) Histogram of Pp for 10000 signals with uniform energy across blocks (signal class S1)
and for 10000 signals with decaying energy across blocks (signal class S2) when measured
with a DBD matrix. The compressive NP detector has the constraint Pr < «a = 0.1.
(b) Plots of the probability of misclassification Pg over a range of values of M = 1,--- , 20.
The first class of signals S1 are sparse in the frequency domain. The second class of
signals S are nonzero only on a single block in the time domain. While Pg decreases with
increasing M for both classes of signals, classification performs better for the signals in S1,
which are more amenable to a stable embedding with a DBD matrix. . . . . . . . . ..

Histograms of the normalized quantity I's for frequency sparse signals. (a) The distribution
of % for randomly generated frequency sparse signals of length N' = N x J = 64 x 64 for
sparsity levels S € {5,30,64}. Note that % accumulates near its upper bound of J = 64
for all three sparsity levels. (b) The distribution of % for randomly generated frequency
sparse signals with S = 5 and the number of signal blocks J € {64,200,400}. Note that

Iy .
315 accumulates near its upper bound of 1. . . . . . . . ...

Plots of the energy distributions of individual videos and of their differences for the best
video pair and the worst video pair among all possible (g) possible video pairs. (a) The
difference of the video pair, “Bridge close” and “Bridge far”, giving the best value of
Iy(z—y,M)/M = 149.9988. (b) The difference of the video pair, “Coastguard” and “Miss

America”, giving the worst value of I's(z —y, M)/M = 148.7550. . . . . . . . . . . ...

A plot of g(Ts) = sin(jw; — wn|Z*) in black and f(T) = “=2»lTs iy red. This plot
illustrates that g(7Ts) > f(Ts) when Ts <

o
Jw—wn”

Comparison of FDD with CS+FDD and our proposed method SVD(Y ). Each mode shape
returned by CS+FDD and SVD(Y ) is compared against the corresponding mode shape
returned by FDD. The result is evaluated by computing the correlation (COR) between
a pair of mode shapes. (a) CS+FDD: COR = 0.9382, SVD(Y): COR = 0.9867 (b)
CS+FDD: COR = 0.8726, SVD(Y): COR = 0.9701, and (¢) CS+FDD: COR = 0.5209,
SVD(Y): COR=10.9882.. . . . . . . . .« i it ittt it e

ix

62

73

73

81

86

89

137



8.1

Frame-by-frame PSNR values of high-rate Pendulum + Cars video estimate. This video
was obtained by interpolating the 32 anchor frames that were reconstructed with our
algorithm. Four of the reconstructed anchor frames are illustrated in Figure 3.4(e). The
blue line shows the PSNR values of each frame, and the red squares mark the PSNR values
of each anchor frame. The PSNR of the full reconstructed video sequence is 31.31 dB,
which is only slightly lower than the PSNR of the reconstructed anchor frames. . . . . .



LIST OF APPENDICES

Appendix
A. Appendix A: Proof of Theorem 5.3
B. Appendix B: Proof of Theorem 5.5
C. Appendix C: Proof of Theorem 5.9
D. Appendix D: Proof of Lemma 5.10

xi



ABSTRACT

Compressed Sensing in Multi-Signal Environments
by

Jae Young Park

Technological advances and the ability to build cheap high performance sensors make it possible
to deploy tens or even hundreds of sensors to acquire information about a common phenomenon of
interest. The increasing number of sensors allows us to acquire ever more detailed information about
the underlying scene that was not possible before. This, however, directly translates to increasing
amounts of data that needs to be acquired, transmitted, and processed. Compressed sensing (CS)
is a novel acquisition and reconstruction scheme that is particularly useful in scenarios when high
resolution signals are difficult or expensive to encode. When applying CS in a multi-signal scenario,
there are several aspects that need to be considered such as the sensing matrix, the joint signal
model, and the reconstruction algorithm. The purpose of this dissertation is to provide a complete
treatment of these aspects in various multi-signal environments.

In the application of CS in video, based on the observation that many videos should have limited
temporal bandwidth, we propose an algorithm that only involves reconstructing a low rate stream
of anchor frames. Together with motion compensated temporal transform we propose a multiscale,
iterative algorithm to successfully reconstruct video signals from streaming compressive measure-
ments.

In the application of CS in multi-view imaging, we propose a manifold lifting algorithm for recov-
ering an ensemble of images that describe a common scene. To model the joint signal correlations,
we employ a geometric modeling framework in which the image ensemble is treated as a sampling
of points from a low-dimensional manifold in the ambient signal space. We propose a multiscale
manifold lifting algorithm to simultaneously recover the signal ensemble as well as the unknown
camera positions.

In the application of CS in Structural Health Monitoring (SHM) systems, our proposed method ex-

xii



ploits the joint signal structure of vibration data that can be observed through equations describing
a simplified Multiple-Degree-Of-Freedom (MDOF) system. Our method is as simple as computing
the SVD of the signal matrix, and we evaluate the performance of this method for both uniform and
random sampling methods. For each sampling method, we give sufficient conditions on the required
sampling rate, the total sampling time span, and the total number of measurements for the accurate
recovery of mode shape vectors.

Finally, we study the characteristics of measurement matrices that appear frequently in multi-signal
environments. We prove Concentration of Measure (CoM) results for block diagonal matrices and
discuss applications of our results to various signal processing tasks. We also show that when each
signal in a signal ensemble is measured with the same random matrix, the singular values and the

right singular vectors of the underlying signal matrix can be well-preserved in the relative sense.
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CHAPTER 1

Introduction

1.1 Multi-Signal Environments

Technological advances and the ability to build cheap high performance sensors make it possible
to deploy tens or even hundreds of sensors to acquire information about a common phenomenon
of interest. The increasing number of sensors allows us to acquire ever more detailed information
about the underlying scene that was not possible before. It is incontrovertible that such multi-sensor
environments have already become a ubiquitous part of our lives, and this trend will continue for
the years to come.

There are countless applications where multiple sensors or multiple signals of the underlying
phenomenon are beneficial or desired. For example, in televised sporting events multiple video
cameras filming the game at various viewpoints and angles gives the viewer a dynamic experience.
The videos acquired at different viewpoints can also be jointly processed to interpolate between
neighboring viewpoints, which allows the viewer to follow the game in more detail. Or, in structural
health monitoring systems [121, 49, 92, 98, 148] where the goal is to detect damage in a structure,
increasing the number of sensors allows one to extract more detailed and accurate information about
the structure. The list goes on with seismic imaging, medical imaging, radar, cognitive radio, and
many more applications.

The increasing number of sensors, however, directly translates to increasing amounts of data
that needs to be acquired, transmitted, and processed. The amount of data can be overwhelming,
especially in applications that involve high-resolution signals such as images or videos. Fortunately,
as the signals all describe a common phenomenon or scene there likely exists vast amount of redun-
dancies and/or high correlation among the signals. In order to make the acquisition and processing

as efficient and accurate as possible it will be crucial to both remove the redundancies and to exploit



the joint signal correlation in the signal ensemble.

In a typical multi-signal environment, the sensor first acquires data about the underlying phe-
nomenon and then processes, e.g., compresses, the signal locally to reduce the number of measure-
ments that are subsequently transmitted to the central node. For the purpose of encoding the data,
there are two types of encoding strategies that one can think of in a multi-signal environment: joint
encoding or disjoint encoding strategy. For example, for the sake of maximizing the data compres-
sion rate, it may be best to jointly collaborate with other sensors in the network and remove all
intra- as well as inter-signal correlations. We refer to such an encoding strategy as a joint encoding
scheme. However, at the expense of minimizing the number of bits of the data stream, this scheme
will require significant resources for the additional communication and processing overhead. On the
other hand, encoding techniques that encode their information in a completely disjoint fashion, thus
referred to as disjoint encoding schemes, will require relatively much less resources but will generally
result in a lower compression rate.

After the data have been compressed or processed, it is frequently the case that they are sent
to a central node for further, more intense, processing. The user at the central node is then tasked
with jointly processing the received signals to further infer any desired information through post-
processing, such as estimation, detection, reconstruction, and so on. The main challenge at the
decoder is to fully exploit the joint structure among the signals and to maximize the performance
of the desired task with the given amount of information. The appropriate model for capturing the
joint structure will vary drastically from one application to another and one must choose the model

with care.

1.2 Compressed Sensing in Multi-Signal Environment

Compressed sensing (CS) [52, 26] is a novel acquisition and reconstruction scheme that has been
a prevalent research topic in the signal processing and computational harmonic analysis communities
over the past decade. The theory proposes to directly acquire a compressed version of the underlying
signal, bypassing the need for any additional compression schemes. The measurement process is very
simple and can be represented by a simple matrix-vector product such as y = ®x, where 2 € RY is
the underlying signal, ® an M x N measurement matrix with M < N, and y € RM the “compressed”
measurements that we obtain. The compression comes from the fact that ® has fewer rows than
columns.

CS is particularly useful in two scenarios. The first is when a high-resolution signal is difficult to



measure directly. For example, conventional infrared cameras require expensive sensors, and with
increasing resolution such cameras can become extremely costly. A compressive imaging camera has
been proposed [55] that can acquire a digital image using far fewer (random) measurements than
the number of pixels in the image. Such a camera is simple and inexpensive and can be used not
only for imaging at visible wavelengths, but also for imaging at nonvisible wavelengths.

A second scenario where CS is useful is when one or more high-resolution signals are difficult or
expensive to encode. Such scenarios arise, for example, in sensor networks and multi-view imaging,
where it may be feasible to measure the raw data at each sensor, but joint, collaborative com-
pression of that data among the sensors would require costly communication. As an alternative to
conventional Distributed Source Coding (DSC) methods [120], a disjoint encoding scheme known as
Distributed CS (DCS) [18] has been proposed that extends the idea of single-signal CS. In DCS, each
sensor encodes only a random set of linear projections of its own observed signal. These projections
could be obtained either by using CS hardware as described above (or below), or by using a random,
compressive encoding of the data collected from a conventional sensor.

There are various aspects that need to be considered when applying CS in a multi-signal scenario.
The first is the sensing aspect where we need to think about how we can physically acquire the CS
measurements or random measurements. Over the past decade numerous CS acquisition devices
have been proposed in a wide spectrum of applications. The hardware designs were proposed in
applications that include image processing [55, 66, 11, 62, 78], medical imaging [90, 110], seismic
imaging [95], cognitive radios [147], and biology [82], to name a few. The main difference between a
CS acquisition device and a conventional one is that the former typically needs to blend in a source
of randomness in the acquisition process. Additionally, for successful recovery, one also needs to
consider whether or not the corresponding measurement matrix is favorable for CS reconstruction,
e.g., whether or not the matrix satisfies the Restricted Isometry Property (see Definition 2.3).

Once we know what kind of measurement device to use to obtain CS measurements, the second
aspect that we need consider is the choice of a joint signal model. The model of sparsity has been
by far the prevalent model for signals in the CS community. To extend this notion of sparsity to
multiple signals, researchers have proposed various models such as the joint sparsity model [56], the
block-sparse model [58], or the union of subspaces model [59]. Depending on the application these
models may be a natural fit but for other applications one needs to design an accurate model for the
application at hand. Although CS has initially been proposed with the model of sparsity in mind,
we would like to point out that CS can also be applied to non-sparsity based models. As long as the

model conveys a notion of conciseness one may be able to adapt CS to the model for reconstruction.



For example, another notion of conciseness of signal ensembles is the broad class of low-dimensional
manifolds. A successful application of manifold models has been considered in [135, 136, 105, 33],
where [105] is discussed in Chapter 4 of this dissertation.

Once we choose the appropriate model for the joint signal structure, we need to tailor the
algorithm that successfully incorporates this model in the reconstruction. There are numerous
algorithms that have been proposed in the literature [13, 58, 56, 59, 136, 105] that adapt to the
proposed model of inter- and/or intra-signal structure. Again, depending on the application it could
be that one can modify an off-the-shelf reconstruction algorithm [26, 52, 102, 129, 21], or it may be

that one needs to start from scratch and develop an application specific algorithm.

1.3 Outline and Contributions

In this dissertation, we consider various multi-signal applications. In each application we are
interested in the case where there are limited resources available at the encoder and thus we require
an efficient, energy saving acquisition scheme. As a suitable encoding strategy we advocate the use
of a disjoint encoding scheme via a CS encoding protocol. More specifically, in all applications,
representing the signals from .J sensors as x1,Za, ...,z € RY, we propose that each sensor obtains
y; = ®;2; € RM. The following gives an outline of the dissertation and briefly highlights our
contributions in more detail. We begin with a general background of concise signals models and
more detailed coverage of the theory of CS in Chapter 2. Then, starting from Chapter 3 we look
into specific multi-signal applications where we apply CS.

In Chapter 3, we consider the application of CS to video signals, where each frame zx; is inde-
pendently encoded, i.e., y; = ®;x;. Our work could apply to the single-pixel camera [55] or any
type of device that is able to acquire streaming CS measurements. We propose a multiscale, it-
erative algorithm for reconstructing video signals from streaming compressive measurements. Our
algorithm is based on the observation that, at the imaging sensor, many videos should have limited
temporal bandwidth due to the spatial lowpass filtering that is inherent in typical imaging systems.
Under modest assumptions about the motion of objects in the scene, this spatial filtering prevents
the temporal complexity of the video from being arbitrarily high. Thus, even though streaming
measurement systems may measure a video thousands of times per second, we propose an algorithm
that only involves reconstructing a much lower rate stream of anchor frames. Our analysis of the
temporal complexity of videos reveals an interesting tradeoff between the spatial resolution of the

camera, the speed of any moving objects, and the temporal bandwidth of the video. We lever-



age this tradeoff in proposing a multiscale reconstruction algorithm that alternates between video
reconstruction and motion estimation as it produces finer resolution estimates of the video.

In Chapter 4, we consider general multi-view imaging problems in which an ensemble of cameras
collect images describing a common scene. Depending on the application, the CS measurements may
be acquired via one of the CS cameras discussed above or any other camera that is able to take CS
measurements. To capture the joint signal correlations, we propose a geometric modeling framework
in which the image ensemble is treated as a sampling of points from a low-dimensional manifold in
the ambient signal space. Building on results that guarantee stable embeddings of manifolds under
random measurements, we propose a manifold lifting algorithm for recovering the ensemble that
can operate even without knowledge of the camera positions. We divide our discussion into two
scenarios, the near-field and far- field cases, and describe how the manifold lifting algorithm could
be applied to these scenarios. At the end of this chapter, we present an in-depth case study of a
far-field imaging scenario, where the aim is to reconstruct an ensemble of satellite images taken from
different positions with limited but overlapping fields of view. In this case study, we demonstrate
the impressive power of random measurements to capture single- and multi-image structure without
explicitly searching for it, as the randomized measurement encoding in conjunction with the proposed
manifold lifting algorithm can even outperform image-by-image transform coding.

The main contribution of Chapter 5 is the proof of the concentration of measure (CoM) [87]
property of block diagonal (BD) measurement matrices. In the existing CS literature, for certain
classes of measurement matrices ®, the CoM property is an important result that is used to prove
stable embedding results such as the Johnson-Lindenstrauss Lemma [81] and the RIP of random
matrices. Block diagonal matrices arise frequently in multi-signal scenarios, where the overall system

of equations can be written in terms of a BD measurement matrix. In particular, by concatenating

all the measurements in one vector [yf,...,y%]T, the overall system of equations can be written as
Y1 1 31
Y2 o T2
Y , xy

We show that the CoM behavior of BD matrices depends on the characteristics of the signals in the
ensemble x1,...,x . This is in contrast to conventional results of fully populated random matrices,

e.g., subgaussian random matrices, that exhibit uniform concentration behavior, independent of the



underlying signal. Our CoM results show that BD matrices with distinct subgaussian blocks, i.e.,
®; # ®;, behave exactly the same as a fully populated subgaussian matrix when |z;]|3 = --- =
|lzs||3. We also show analogous results for BD matrices that have blocks that are all equal to each
other, i.e., ®; = ®;. The rest of the chapter discusses applications of our CoM results in ensuring
stable embeddings for various signal families and in establishing performance guarantees for solving
various signal processing tasks (such as detection and classification) directly in the compressed
domain.

In Chapter 6, we consider a streaming data model in which n sensors observe individual streams
of data, presented in a turnstile model. Our goal is to analyze the Singular Value Decomposition
(SVD) of the matrix of data defined implicitly by the stream of updates. Each column ¢ of the data
matrix is given by the stream of updates seen at sensor i. Our approach is to sketch each column
of the matrix, forming a “sketch matrix” Y, and then to compute the SVD of the sketch matrix.
We show that the singular values and right singular vectors of Y are close to those of X, with small
relative error.

In Chapter 7, we consider the application of CS in Structural Health Monitoring (SHM) systems.
The goal of SHM systems is to detect damage in structures that commonly arises due to natural
disasters or continuous use. In SHM, wireless sensors are deployed on structures to measure real-time
acceleration data when the structures vibrate. Our goal at the central repository is to infer modal
parameters such as modal frequencies, mode shapes, and modal damping ratios from the acquired
measurements; these can be used in damage detection algorithms. Our proposed method exploits
the joint signal structure of the vibration data that can be observed through equations describing
a simplified Multiple-Degree-Of-Freedom (MDOF) system. Our method is as simple as computing
the SVD of the signal matrix obtained by stacking each vibration signal into a matrix. We evaluate
the performance of this method for both uniform and random sampling methods. For each sampling
method, we give sufficient conditions on the required sampling rate, the total sampling time span,

and the total number of measurements for the accurate recovery of mode shape vectors.



CHAPTER 2

Background on Signal Models and Compressed Sensing

2.1 Concise Signal Models

Real-world signals typically contain some degree of structure that can be exploited to simplify
their processing and recovery. Sparsity is one model of conciseness in which the signal of interest
can be represented as a linear combination of only a few basis vectors from some dictionary. To
provide a more formal statement, let us consider a signal 2 € R™. (If the signal is a 2D image,
we reshape it into a length-N vector.) We let ¥ € RV*Y denote an orthonormal basis® for R,
with its columns acting as basis vectors, and we write £ = ¥a, where o := Tz € RY denotes the
expansion coefficients of = in the basis ¥. We say that x is K-sparse in the basis ¥ if a contains
only K nonzero entries. Sparse representations with K < N provide exact or approximate models
for wide varieties of signal classes, as long as the basis ¥ is chosen to match the structure in z. In
the case of images, the 2D Discrete Wavelet Transform (DWT) and 2D Discrete Cosine Transform
(DCT) are reasonable candidates for ¥ [94].

As an alternative to sparsity, manifolds have also been used to capture the concise structure
of multi-signal ensembles [124, 53, 138, 15, 137]. Simply put, we can view a manifold as a low-
dimensional nonlinear surface within RY. Manifold models arise, for example, in settings where
a low-dimensional parameter controls the generation of the signal (see Figure 2.1). Assume, for
instance, that * = xy € R depends on some parameter #, which belongs to a p-dimensional
parameter space that we call ©.2 One might imagine photographing some static scene and letting 6
correspond to the position of the camera: for every value of 8, there is some N-pixel image xg that the

camera will see. Supposing that the mapping 8 — xg is well-behaved, then if we consider all possible

11t is also possible to consider other more general non-orthonormal dictionaries.
?Depending on the scenario, the parameter space © could be a subset of RP, or it could be some more general
topological manifold such as SO(3), e.g., if 6 corresponds to the orientation of some object in 3D space.
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Figure 2.1: A manifold M can be viewed as a nonlinear surface in RY. When the mapping between 0
and z¢ is well-behaved, as we trace out a path in the parameter space ©, we trace out a similar path on
M. A random projection ® from RY to a lower dimensional space RM can provide a stable embedding of
M, preserving all pairwise distances, and therefore preserving the structure within an ensemble of images.
The goal of a manifold lifting algorithm is to recover an ensemble of images from their low-dimensional
measurements.
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signals that can be generated by all possible values of 6, the resulting set M := {zy : § € O} C RV
will in general correspond to a nonlinear p-dimensional surface within RY.

When the underlying signal  is an image, the resulting manifold M is called an Image Appearance
Manifold (IAM). Recently, several important properties of IAMs have been revealed. For example,
if the images xy contain sharp edges that move as a function of 8, the IAM is nowhere differentiable
with respect to 6 [53]. This poses difficulties for gradient-based parameter estimation techniques
such as Newton’s method because the tangent planes on the manifold (onto which one may wish
to project) do not exist. However, it has also been shown that TAMs have a multiscale tangent
structure [53, 138] that is accessible through a sequence of regularizations of the image, as shown in
Figure 2.2. In particular, suppose we define a spatial blurring kernel (such as a lowpass filter) denoted
by hs, where s > 0 indicates the scale (e.g., the bandwidth or the cutoff frequency) of the filter.
Then, although M = {xy : § € ©} will not be differentiable, the manifold My = {hs*xg : 0 € O} of
regularized images will be differentiable, where % denotes 2D convolution. Tangent planes do exist
on these regularized manifolds M, and as s — 0, the orientation of these tangent planes along a
given M changes more slowly as a function of §. In the past, we have used this multiscale tangent
structure to implement a coarse-to-fine Newton method for parameter estimation on IAMs [138].

The rich geometrical information that rests within an TAM makes it an excellent candidate for
modeling in multi-view imaging. Letting 6 represent camera position, all of the images in a multi-
view ensemble will live along a common TAM, and as we will later discuss, image reconstruction in

the IAM framework can ensure global consistency of the reconstructed images.



Figure 2.2: The multiscale structure of manifolds. The top manifold in this figure corresponds to the
collection of images of a teapot that could be acquired from different camera positions . While manifolds
like this containing images with sharp edges are not differentiable, manifolds of images containing smooth
images are differentiable, and the more one smoothes the images, the smoother the manifold becomes.

2.2 Compressed Sensing

In conventional signal acquisition devices such as digital cameras and camcorders, we first acquire
a full N-dimensional signal z and then apply a compression technique such as JPEG or MPEG [94].
These and other transform coding techniques essentially involve computing the expansion coefficients
« describing the signal in some basis W, keeping only the K-largest entries of o, and setting the rest
to zero. While this can be a very effective way of consolidating the signal information, one could
argue that this procedure of “first sample, then compress” is somewhat wasteful because we must
measure N pieces of information only to retain K < N coefficients. For certain sensing modalities
(such as infrared), it may be difficult or expensive to acquire so many high-resolution samples of the
signal.

The recently emerged theory of CS suggests an alternative acquisition scheme. CS utilizes an
efficient encoding framework in which we directly acquire a compressed representation of the under-
lying signal by computing simple linear inner products with a small set of randomly generated test
functions. Let us denote the full-resolution discrete signal as € RY and suppose that we generate
a collection of M random vectors, ¢; € RV, i=1,2,..., M. We stack these vectors into an M x N
matrix ® = [¢1 ¢ - ¢ar]T, which we refer to as a measurement matrix. A CS encoder or sensor
produces the measurements y = &z € RM possibly without ever sampling or storing x itself.

At the decoder, given the random measurements y and the measurement matrix ®, one must
attempt to recover x. The canonical approach in CS is to assume that x is sparse in a known basis

U and solve an optimization problem of the form [52, 26]

(2.1) min ||al; s.t. y = PVq,



which can be recast as a linear program. When there is bounded noise or uncertainty in the mea-

surements, i.e., y = ®x + n with ||n|l2 <, it is common to solve a similar problem [27]:
(2.2) min [|afl; s.t. [y — @Wallz <,
[

which is again convex and can be solved efficiently.

Depending on the measurement matrix ®, recovery of sparse signals can be provably accurate,
even in noise. One condition on ® that has been used to establish recovery bounds is known as
the Restricted Isometry Property (RIP) [30], which requires that pairwise distances between sparse
signals be approximately preserved in the measurement space. The following gives a formal definition

of the RIP.

Definition 2.1. An m x N matrix ® satisfies the restricted isometry property of order 2K when

there exists a constant dox > 0 such that the following holds for all K-sparse signals 1 and zs:
(2.3) (1= baxc) |1 — w23 < [|P(21 — 22)|13 < (1 + daxc) |21 — 22f5-

If @ satisfies the RIP of order 2K with ok sufficiently small, it is known that (2.1) will perfectly
recover any K-sparse signal in the basis ¥, and that (2.2) will incur a recovery error at worst
proportional to e [27]. The performance of both recovery techniques also degrades gracefully if x is
not exactly K-sparse but rather is well approximated by a K-sparse signal.

It has been shown that we can obtain an RIP matrix ® with high probability simply by taking
M = O(Klog(N/K)) and populating the matrix with ii.d. Gaussian, Bernoulli, or more gen-
eral subgaussian entries [14]. Thus, one of the hallmarks of CS is that this requisite number of
measurements M is essentially proportional to the sparsity level K of the signal to be recovered.

In addition to families of K-sparse signals, random matrices can also provide stable embeddings
for manifolds (see Figure 2.1). Letting M denote a smooth® p-dimensional manifold, if we take
M = O(plog(N)) and generate ® randomly from one of the distributions above, we will obtain an
embedding ®M := {®z : x € M} € RM such that all pairwise distances between points on the
manifold are approximately preserved [15], i.e., such that (2.3) holds for all xg,,zg, € M. Geodesic
distances are also approximately preserved. Again, the requisite number of measurements is merely
proportional to the information level of the signal, which in this case equals p (the dimension of the

manifold), rather than the sparsity level of the signal in any particular dictionary. All of this suggests

3 Although an TAM M may not itself be smooth, a regularized manifold M will be smooth, and later in this
chapter we discuss image reconstruction strategies based on random projections of My at a sequence of scales s.
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that manifolds may be viable models to use in CS recovery; see [136] for additional discussion on
the topic of using manifold models to recover individual signals.

We see from the above that random measurements have a remarkable “universal” ability to
capture the key information in a signal, and this occurs with a number of measurements just pro-
portional to the number of degrees of freedom in the signal. Only the decoder attempts to exploit
the signal structure, and it can do so by positing any number of possible signal models.

In summary, in settings where a high-resolution signal z is difficult or expensive to measure
directly, CS allows us to replace the “first sample, then compress” paradigm with a technique
for directly acquiring compressive measurements of . To do this in practice, we might resort to
CS hardware which directly acquires the linear measurements y without ever sampling or storing
x directly. Several forms of compressive imaging architectures have been proposed, ranging from
existing data collection schemes in Magnetic Resonance Imaging (MRI) [91] to more exotic CS-based
techniques. One architecture [55], for example, replaces the conventional CCD/CMOS sensor in a
digital camera with a digital micromirror device (DMD), which modulates the incoming light and
reflects it onto a single photodiode for measurement. Some intriguing uses of this inexpensive “single
pixel camera” could include infrared or hyperspectral imaging, where conventional high-resolution
sensors can cost hundreds of thousands of dollars.

Before proceeding, however, we note that CS can also be useful in settings where it is possible
to acquire high-resolution signals, but is difficult or expensive to subsequently encode them. For
example, x might represent a video signal, for which direct measurement is possible, but for which
subsequent compression typically requires exploiting complicated spatio-temporal correlations [96,
104]. A more straightforward encoder might simply compute y = ®a for some random, compressive
®. Other scenarios where data is difficult to encode efficiently might be in sensor networks or in

multi-view imaging, which is the topic of Chapter 4 and is discussed further in that chapter.
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CHAPTER 3

Compressed Sensing in Video Acquisition and

Reconstruction

3.1 Introduction

3.1.1 Motivation and Overview

The emerging theory of Compressed Sensing (CS) has inspired a number of efficient new designs
for signal acquisition in general and imaging in particular. Architectures such as the “single-pixel
camera” [139, 55] provide a promising proof-of-concept that still images can be acquired using small
numbers of randomized measurements. Despite the apparently incomplete data collected by such
devices, reconstruction of the signal can be accomplished by employing a sparse model specifying,
for example, that a high-dimensional image may have only a small number of significant coefficients
when expanded in the two-dimensional (2D) wavelet domain [94].

There are numerous applications where it could be helpful to extend the CS imaging framework
beyond still images to incorporate video. Standard video capture systems require a complete set
of samples to be obtained for each frame, at which point a compression algorithm may be applied
to exploit spatial and temporal redundancy. In some applications, such as imaging at non-visible
(e.g., infrared) wavelengths, it may be difficult or expensive to obtain these raw samples. In other
applications, it could be computationally challenging to implement a state-of-the-art video compres-
sion algorithm at the sensor. We argue that these burdens may be reduced by using compressive
imaging hardware where random measurements are collected independently from each frame in the

video and no additional compression protocol is needed.

This work is in collaboration with Michael B. Wakin [106], and builds upon earlier work that appeared in [104] in
collaboration with Michael B. Wakin, and also upon a technical report in [134] by Michael B. Wakin. The theoretical
discussions on the bandwidth of video signals presented in this work have initially been discussed in [134].
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From a hardware perspective, it is not difficult to envision extending standard compressive imag-
ing architectures to acquire compressive measurements of a video. For example, the single-pixel
camera takes random measurements serially in time. Each measurement corresponds to a random
linear function of the image on the focal plane at the instant that measurement is collected. When
the single-pixel camera is photographing a fixed scene, each measurement corresponds to the same
image. When the single-pixel camera is photographing a scene containing motion, each measure-
ment will correspond to a different “frame” of the video. The single-pixel camera is capable of
taking many thousands of measurements per second. While we will continue to use the single-pixel
camera as a specific example in this chapter, other compressive imaging architectures (such as a
CMOS-based transform imager [112] and a coded-aperture imager [97]) could be similarly used to
acquire streaming measurements of a video.

From a data processing perspective, though, there are two major reasons why implementing a

CS video system may be significantly more difficult than implementing a CS imaging system:

e Challenge 1: The complexity of a CS reconstruction algorithm is dependent on the number
of unknowns that must be recovered from the compressive samples. The sheer volume of data
in a raw video signal makes CS reconstruction a formidable task. As we explain in Section 3.3,
this problem is only exacerbated in compressive video systems that collect streaming measure-
ments, where the number of measured frames can be in the thousands per second. Naively
reconstructing all of the pixels in all of these frames could literally involve solving for billions

of unknowns every second.

e Challenge 2: Reconstructing a signal from compressive measurements requires an efficient
sparsifying transform and a corresponding algorithm that can promote this sparsity in the re-
constructed signal. In the long literature of standard video compression [143] (not video CS),
a variety of methods have been proposed to exploit spatial and temporal redundancies. One
common approach combines motion compensation and estimation algorithms [79] with image
compression techniques; for example, given a set of vectors describing the motion in the video,
the LIMAT framework [118] yields a motion-compensated wavelet transform (across the tem-
poral and spatial dimensions) intended to provide a sparse representation of the video. While
some of these central ideas can be absorbed into the CS framework, there is an important
challenge that we must address. Unlike the standard video compression problem where the
frames of the video are explicitly available to perform motion estimation, in CS only random

measurements of the underlying video are available. We are faced with a chicken-or-egg prob-
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lem [104]: Given the video frames, we could estimate the motion; but given the motion we

could better estimate the frames themselves.

In this chapter, we offer suggestions for confronting both of these challenges. We begin in Section 3.2
with a short discussion concerning the temporal bandwidth of video signals. We argue analytically
that, at the imaging sensor, many videos should have limited temporal bandwidth due to the spatial
lowpass filtering that is inherent in typical imaging systems. Under modest assumptions about the
motion of objects in the scene, this spatial filtering prevents the temporal complexity of the video
from being arbitrarily high.

We then explain in Section 3.3 how this limited temporal complexity can be exploited in address-
ing Challenge 1 above. Following standard arguments in sampling theory, we note that under various
interpolation kernels, a stream of high-rate video frames (such as those measured by a single-pixel
camera) can be represented as a linear combination of a low-rate (e.g., Nyquist-rate) “anchor” set of
sampled video frames. We then explain how the CS video problem can be reformulated by setting up
a system of linear equations that relate the compressive measurements to the underlying degrees of
freedom of the video (specifically, the anchor frames). This significantly reduces the number of un-
knowns that must be solved for. As we demonstrate, our use of interpolation kernels for reducing the
burden of processing streaming measurements can also be much more effective than the traditional
technique of partitioning the measurements into short groups and assuming that all measurements
within a group come from the same frame. Such raw aggregation of measurements—which actually
corresponds to using a rectangular interpolation kernel in our formulation—can introduce significant
interpolation error and degrade the reconstruction quality.

Our analysis of the temporal complexity of videos reveals an interesting tradeoff between the
spatial resolution of the camera, the speed of any moving objects, and the temporal bandwidth of
the video. In Section 3.4, we explain how this tradeoff can be leveraged to address Challenge 2
above. We propose a novel, multiscale algorithm for reconstructing video signals from compressive
measurements. Our algorithm begins by reconstructing a coarse-scale approximation to the video,
having low spatial and temporal resolution. From this, we obtain a crude estimate of the motion
vectors in the video, and we then use these motion vectors to define a sparsifying transform that
enables reconstruction of the next-finer scale approximation to the video. Our representation frame-
work is built around the LIMAT [118] method for standard video compression, in which motion
compensation is used to improve sparsity in the three-dimensional (3D) wavelet domain. We solve

the chicken-or-egg problem by alternating between motion estimation and video reconstruction, pro-
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ceeding to higher and higher spatial and temporal resolutions. At each scale, we employ the anchor
frames described above to manage the complexity of the reconstruction process.

We conclude in Section 3.5 by describing the differences between our work and several other
important ones in the literature. We also present simulations that demonstrate the performance of
our algorithm. We stress that to some degree, the algorithm we present in this chapter is a proof-
of-concept inspired by our temporal bandwidth analysis. We see our work as an addition to—mnot a
replacement for—the nascent CS video literature, and we believe that the ideas we expound (such
as using anchor frames to reduce the complexity of reconstruction) could be combined with other

existing ideas in the literature.

3.2 On the Temporal Bandwidth of Video Signals

3.2.1 Setup
3.2.1.1 Signal model and objectives

For the sake of simplicity, we begin by considering “videos” that have just one spatial dimension;
we extend this to videos with two spatial dimensions in Section 3.2.4. We also begin by considering
continuous-time, continuous-space videos; our analysis will reveal the implications of sampling these
videos. We use the variable ¢ € R to index time (which we measure in seconds), and we use the
variable z € R to index spatial position on the focal plane. For convenience, we measure x in an
arbitrary real-valued unit we call “pix”; this unit is intended to symbolize what might be the typical
pixel size in a subsequent discretization of this video. One could easily replace pix with micrometers
or any other arbitrary unit of distance.

We consider videos belonging to a simple but representative translational model. Let g(z) denote
a 1D function of space (think of this as a continuous-space “still image” ), and consider a continuous-
space, continuous-time video f(x,t) in which each “frame” of the video merely consists of a shifted

version of this prototype frame. More formally, suppose that

f(l’,t) = g(l’ - h(t))v

where h(t) is some function that controls how much (in pix) the prototype frame is shifted in the
focal plane at each time step. Because we have an interest in video imaging systems with high
temporal sampling rates, our purpose is to characterize the temporal bandwidth of the video f(x, ).

In particular, we suggest that f(x,t) could have limited temporal bandwidth in plausible scenarios
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where the prototype frame g(x) and translation signal h(t) have limited complexity. For example, in
a physical imaging system, one may envision f(x,t) as the video that exists at the focal plane prior
to being sampled by the imaging sensor. It is reasonable to expect that, due to optical blurring and
due to the implicit filtering that occurs from the spatial extent of each light integrator, the prototype
frame g(x) will have limited spatial bandwidth. Similarly, if the camera motion is constrained or due
to the physics governing the movement of objects in the scene, one might expect that the translation
signal h(t) will have limited slope and/or limited temporal bandwidth. In the sections that follow,

we explain how such scenarios can allow us to bound the approximate temporal bandwidth of f(x, ).

3.2.1.2 Fourier setup

Let F(wg,w;) denote the 2D Fourier transform of f(x,t), and let G(w,) denote the 1D Fourier
transform of g(z); in terms of units, w, is measured in rad/pix, and w; is measured in rad/s. From
the separability property of the 2D Fourier transform and the shift property of the 1D Fourier
transform, it follows that

F(wm,wt) = G(wx) . L(wm;wt);

where

(3.1) L(wg, wy) := F{e 79" (w,, wy)

and F;{-} denotes an operator that performs a 1D Fourier transform in the temporal direction.

h(t)

That is, for fixed w,, L(w,,w;) equals the 1D Fourier transform of e=7/%= with respect to time,

evaluated at the frequency w;.
3.2.2 Temporal Bandwidth Analysis

The appearance of the h(t) term within an exponent in (3.1) can complicate the task of charac-
terizing the bandwidth of f(z,t). However, by imposing certain assumptions on h(t), this analysis

can become tractable.

3.2.2.1 Constant velocity model for h(t)

As a starting example, we briefly discuss a “constant velocity” model for h(t) that is commonly
seen in textbook discussions of video bandwidth (see, e.g., [142]). We assume that h(t) = T't for

some constant I' (having units of pix/s). In this case we have L(w,,w) = 6(w; + w, ), and so
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F(wg,wt) = G(wy) - 8(ws + w,T'), which corresponds to a diagonal line in the 2D Fourier plane with
slope (Aw; over Aw, ) that depends linearly on I'.

To see the implications of this in terms of bandwidth, suppose that G(w,;) is bandlimited (or
essentially bandlimited) to some range of frequencies w, € [—Q,, Q] rad/pix. (Again, even if the
moving object has sharp edges, G(w,) may be bandlimited due to blurring in the imaging system.)
In this case, it follows that F'(w,,w;) must be bandlimited (or essentially bandlimited) to the range
of frequencies (wy,w;) € [—Qy, Qz] X [-T'Q, Q). In other words, the temporal bandwidth of the

video is no greater than I'Q2, rad/s.

3.2.2.2 Bounded velocity model for h(t)

We now consider a more robust “bounded velocity” model for h(t); we note that similar mathe-
matics have appeared in the analysis of plenoptic [48] and plenacoustic [7, 8] functions, which arise
from measuring light and sound, respectively, at various positions in a room. We assume that the
position function A(t) has bounded slope, i.e., that for some I" > 0, |dh(t)/dt| < T pix/s for all
t. This corresponds to a bound on the speed at which the object can move in the video, without
requiring that this speed be constant. We also assume that the translation signal h(t) is bandlimited,
with bandwidth given by €, rad/s.

M1 as a frequency-modulated (FM) sinusoid [149] having

For any fixed w,,, we can recognize e~ 7%=
carrier frequency 0 and instantaneous frequency (in rad/s) w;(t) = —w,, - dh(t)/dt. Let us also define

the deviation term

From Carson’s bandwidth rule for frequency modulation [149], we have that for fixed w,, at least

98% of the total power of e=7="(*) must be concentrated in the frequency range w; € [—2(D +

1)Qp,2(D 4 1)) rad/s. Since D < “?Z“}J’F, we conclude that at least 98% of the total power of
e~7%+M(1) must be concentrated in the frequency range w; € [—(2|w,|T + 2Q4), 2w, |T + 2Q4] rad/s.
We note that the dependence of this bandwidth on w, is essentially linear.

We conclude that L(w,,w;) will have a characteristic “butterfly shape” with most of its total
power concentrated between two diagonal lines that intercept the wi-axis at £22;, and have slope
approximately +2I". This shape is illustrated in Figure 3.1(a). Though not shown, the corresponding
figure for the constant velocity model discussed in Section 3.2.2.1 would involve a single diagonal
line intersecting the origin and having slope —I" (which is half as large as the slope that appears in

our more general bounded velocity analysis).
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Figure 3.1: (a) Butterfly structure in the two-dimensional Fourier transform of a simple translational 1D
video. The slope of the lines is proportional to the maximum speed of the translation. (b) Bandlimiting
the video in space (e.g., by spatial lowpass filtering) will also bandlimit the video in time. The resulting
temporal bandwidth will be proportional to the spatial bandwidth times the maximum translational speed.

To see the implications of this in terms of bandwidth, let us again suppose that G(w,) is ban-
dlimited (or essentially bandlimited) to the range of frequencies w, € [—, Q;]. We must then have
that F(wy,wt) = G(wy) - L(wg,wy) is also (essentially) bandlimited in the spatial direction to the
range of frequencies w, € [—$,,2,]. Because of the butterfly structure in L(w,,w;), however, this
will also cause F(w,,w;) to be (essentially) bandlimited in the temporal direction to the range of

frequencies
(3.2) wr € [—(2Q,T 4+ 2Qp), 20, T + 2Q] rad/s.

This fact, which is illustrated in Figure 3.1(b), exemplifies a central theme of our work: filtering a
video in the spatial direction can cause it to be bandlimited both in space and in time. Once again,
we note that similar conclusions were reached in the analysis of plenoptic [48] and plenacoustic |7, §]

functions.

3.2.2.3 Sampling implications

From a classical (not compressive) sampling perspective, the Nyquist theorem and the temporal
bandwidth predicted in (3.2) suggest that in order to avoid aliasing, the video should be sampled
at a minimum rate of w samples/s. Let us plug in some plausible numbers to illustrate the
implications of these bounds. First, consider the spatial bandwidth €2, of the prototype frame. In a
reasonable imaging system, we might expect the pixel size to be balanced with the spatial bandwidth

of the frame so that spatial aliasing is avoided. (This should occur naturally if we assume each pixel
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integrates spatially over a window of size approximately 1 pix.) Thus, one might anticipate that 2,
will be on the order of 7 rad/pix. (This corresponds to a spatial bandwidth of - = % cycles/pix,
which suggests a spatial Nyquist sample rate of one sample per pix.)

Under the assumption that €, = m, (3.2) suggests the video will have temporal bandwidth
limited to approximately 27I" 4+ 2Q, rad/s. We note that 2, the temporal bandwidth of h(t), does
not depend on the amplitude or slope of i(t), but only on its shape and smoothness. The term T', in
contrast, increases with the amplitude or slope of h(t), which in turn could increase for objects closer
to the camera. We conjecture that in practice (aside from exceptionally non-smooth motions h(t)),
the 27T term will typically dominate the 22, term, and therefore in general a temporal Nyquist
sampling rate of roughly 2" samples/s should suffice to avoid temporal aliasing. Stated differently,
to avoid temporal aliasing we should not allow a moving object to traverse more than =~ % pix
between adjacent sampling times. While this of course makes strong intuitive sense, we have arrived
at this conclusion through a principled analysis—one that illustrates the direct relationship between
the speed of object motion in the video and the video’s overall temporal bandwidth.

Again, to be clear, the paragraphs above concern the implications of our analysis in classical
(not compressive) sampling of a video. As we discuss in Section 3.3, the streaming compressive
measurements produced by a single-pixel camera may actually need to be acquired much faster than
the video’s temporal Nyquist rate (because only one measurement is collected from each frame). The
specific reason that the temporal bandwidth of the video will be relevant is because it will impact the

spacing of the “anchor frames” that we use to reduce the complexity of the reconstruction problem.
3.2.3 Supporting Experiments

3.2.3.1 Within our model assumptions

As an illustration, we can analytically define a continuous-space, continuous-time video that

allows us to test our predictions about spectral support. We let the prototype function g(z) =

sinc (£22), where sinc(z) = Smﬁi;m) and €, = 7 rad/pix. This definition ensures that g(x) is

bandlimited and that its bandwidth equals precisely €2, rad/pix. We let the motion signal

(3.3) h(t) = ; a;sine <Qh(t_d)> ,

™

where Qj, controls the total bandwidth (we set Q5 = 15 rad/s), the delays d; are chosen randomly,

and the amplitudes a; are chosen somewhat arbitrarily but ensure that the maximum value attained
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by |h(t)| equals some parameter I, which we set to 25 pix/s. (By changing Q; and T', we can
independently articulate the bandwidth and the maximum slope of this signal.) Figure 3.2(a) shows
the video f(z,1).

We oversample this video compared to its predicted spatial and temporal bandwidths, and in
Figure 3.2(b) we show the approximate spectrum using the FFT.! The blue lines in Figure 3.2(b)
indicate the predicted “butterfly shape” which should bound the nonzero support of F'(w,,w:). We
see that the empirical spectrum does largely concentrate within this region. For this video, the
temporal bandwidth is predicted not to exceed 2Q,I" 4+ 2Q, &~ 187 rad/s.

In other experiments, we have observed that as we vary the bandwidth and velocity parameters,
the approximate support of the estimated spectrum stays within the “butterfly shape” predicted
by our theory in Section 3.2.2.2. For the sake of space, these experiments are omitted from the
current manuscript; however, they are available in a companion technical report [134]. For several
videos, we have computed the empirical temporal bandwidth based on our estimated spectrum. To
do this, we determine the value of ; for which 99.99% of the energy in the FFT (or windowed
FFT) falls within the range |w;| < Q. In each case, the empirical bandwidth Q; equals roughly half
of the bandwidth 2Q,T" 4 2, predicted by our theory. (There are occasional exceptions where the
unwindowed FFT gives a higher estimate, but this is likely due to sampling artifacts.) This suggests

that in some cases, the bandwidth prediction based on Carson’s bandwidth rule may be pessimistic.

3.2.3.2 Beyond our model assumptions

Our formal analysis and the experiments described in Section 3.2.3.1 pertain specifically to trans-
lational videos in which g(z) is bandlimited, h(t) has bounded velocity and bandwidth, and the entire
contents of the frame translate en masse. However, real world videos may contain objects whose
appearance (neglecting translation) changes over time, objects that move in front of a stationary
background, multiple moving objects, and so on. We suspect that as a general rule of thumb, the
temporal bandwidth of real world videos will be dictated by the same tradeoffs of spatial resolution
and object motion that our theory suggests. In particular, the prediction of 2,T" + 282} given
by our theory may be approximately correct, if we let €2, be the essential spatial bandwidth of the
imaging system, I' be the maximum speed of any object moving in the video, and 2, be the essential
bandwidth of any object motion. This last parameter is perhaps the most difficult to predict for

a given video, but we suspect that in many cases its value will be small and thus its role minor in

LAll spectral plots in Figure 3.2 show the magnitude of the FFT on a log;, scale. In panels (d) and (f) we apply
a smooth Blackman-Harris window to the samples before computing the FFT; this helps remove artifacts from the
borders of the sampling region.
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Figure 3.2: Top row: (a) Video f(x,t) = g(x — h(t)) with bandlimited profile g(x) and bandlimited
translation signal h(t). (b) Estimated spectrum. Middle row: (c) 4096 sampled 1D rows from Candle video.
(d) Estimated spectrum with windowing to alleviate border artifacts. Bottom row: (e) 4096 sampled 1D
rows from Pendulum + Cars video. (f) Estimated spectrum with windowing to alleviate border artifacts.
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determining the overall temporal bandwidth.

To support these conjectures, we have identified the characteristic “butterfly shape” in experi-
ments where g(z) is not bandlimited (e.g., a Gaussian bump convolved with the unit-step function),
where h(t) is not bandlimited (e.g., a triangle wave), where there are multiple moving edges, and
where there are occluding objects. Again, these experiments are available in a companion technical
report [134]. In general, the estimated spectra continue to follow the predicted butterfly shape.
However, it remains an open problem to support this with theoretical analysis. We do note that we
believe our results are largely consistent with the classical study by Dong and Atick concerning the
statistics of real-world videos [50]. Although the videos in that study had relatively low temporal
resolution, Dong and Atick did note a certain radial symmetry to the spectrum (with one term
depending on w;/w,) and observe that at low spatial frequencies the power spectrum will have a
strong decay as a function of the temporal frequency.

We conclude this examination with our own series of experiments on real-world videos. These
videos (courtesy of MERL) were collected in a laboratory setting using a high-speed video camera,
but the scenes being imaged contained natural (not particularly high-speed) motions. For each video,
we select a 2D “slice” of the 3D video cube, extracting one spatial dimension and one temporal
dimension.

We begin with the Candle video which features two candle flames in front of a dark background;
the video was acquired at a rate of 1000 frames per second. We select 4096 consecutive time samples
from the video, and we extract 512 pixels from a certain row in each frame. Figure 3.2(c) shows the
video, and Figure 3.2(d) shows the estimated spectrum. Again, we recognize the approximate but-
terfly shape and an approximate limitation to the video bandwidth, both spatially and temporally.
More specifically, we see a collection of lines having various slopes, with the lines passing roughly
through the origin. However, there is also a bit of “thickness” near the origin due to a possible €2
term. The slopes of these lines match what might be expected based on an empirical examination of
the video itself. For example, the fastest motion in the video appears to occur at roughly ¢ = 2.6 s,
where the candle flame translates to the right with a speed of roughly 1500 pix/s. Consequently,
we see a portion of the estimated spectrum oriented along a line with slope of approximately 4000
pix/s. Overall, for this video the empirical temporal bandwidth (in this case, the value of ; for
which 99% of the energy in the windowed FFT falls within the range |w¢| < Q) equals 348 rad/s.
This suggests that the video’s temporal sampling rate (1000 frames/s) may have been higher than
necessary.

Next, we consider the Pendulum + Cars video, featuring two translating cars and an occlusion
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as one car passes in front of the other; the video was acquired at a rate of 250 frames per second.
We select 4096 consecutive time samples from the video, and we extract 640 pixels from a certain
row in each frame. Figure 3.2(e) shows the video, and Figure 3.2(f) shows the estimated spectrum.
Once again, we recognize the approximate butterfly shape and an approximate limitation to the
video bandwidth, both spatially and temporally, and once again, we see a collection of lines with
various slopes, but with a bit of “thickness” near the origin due to a possible €2;, term. The slopes
of these lines match what might be expected based on an empirical examination of the video itself.
For example, the maximum slope appears to be on the order of 140 pix/s, while the maximum
translational speed of the cars appears to be on the order of 70 pix/s. The overall empirical temporal
bandwidth is less than 35 rad/s, and consequently, this video’s temporal sampling rate (250 frames/s)

may also have been higher than necessary.

3.2.4 Videos with Two Spatial Dimensions
3.2.4.1 Signal model

Our analysis is easily generalized to the more conventional case of videos having two spatial
dimensions. We again use the variable ¢ € R to index time in seconds, and we use the variables
z,y € R to index spatial position on the focal plane in pix. We again consider videos belonging to
a simple but representative translational model. Let g(z,y) denote a 2D function of space (one can
think of this as a continuous-space “still image”), and consider a continuous-space, continuous-time
video f(z,y,t) in which each “frame” of the video consists of a shifted version of this prototype
frame. More formally, suppose that f(z,y,t) = g(@ — he(t), y — hy(t)), where h(t) = (hy(t), hy(t)) is
a function that controls how much (in pix) the prototype frame is shifted in the z- and y-directions

at each time step.

3.2.4.2 Fourier setup

Let F(wg,wy,w;) denote the 3D Fourier transform of f(z,y,t), and let G(w,,w,) denote the 2D

Fourier transform of g(z,y). Using similar analysis to the above, we will have

Fwg, wy,wy) = G(wg,wy) - L(wg, wy, wy),

where L(wy,wy, w;) = Fp{e IweheO=iwshs®Y (0w, w;). For fixed wy,wy, L(ws,wy,w;) equals the

ha (t) —jwyhy (t)

1D Fourier transform of e/« with respect to time, evaluated at the frequency wy.
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3.2.4.3 Temporal bandwidth analysis

We assume that the position functions h,(t) and h,(t) have bounded slope, i.e., that for some
I'y,T'y >0, |dhg(t)/dt| < T, pix/s and |dh,(t)/dt| < T, pix/s for all ¢t. This corresponds to a bound
on the “speed” at which the object can move in each direction. We also assume that both translation
signals h,(t) and hy(t) have bandwidths bounded by €, rad/s.

Using arguments that parallel our 1D analysis (see [134]), we conclude that L(ws, wy, w;) will have
a characteristic “polytope hourglass shape.” Considering the first octant of the 3D frequency space
(in which wg,wy,ws > 0), most of the total power of L(wy,wy,w;) will fall below (in the temporal
direction) a plane passing through the points (0,0,29Q4), (1,0,20; + 2Q4), and (0,1, 2T, + 2Q3).
The other seven octants follow symmetrically.

To see the implications of this in terms of bandwidth, suppose that G(w,,w,) is bandlimited
(or essentially bandlimited) to the range of frequencies (wg,wy) € [—Q4, Q] x [-Qy, Q,]. We must
then have that F'(wy,wy,wt) = G(wg, wy) - L(wg, wy, wy) is also essentially bandlimited in the spatial
direction to the range of frequencies (wy,wy) € [—Qy, Qz] x [—€y,Q,]. Because of the hourglass
structure in L(w,,w,,w;), however, this will also cause F(w,,w,,w;) to be essentially bandlimited

in the temporal direction to the range of frequencies

(3.4) wy € [—(20,T, + 29Q,T, + 20,), 20, T, + 2Q,T, + 20,).

Therefore, we see that filtering such a video in the spatial directions can cause it to be essentially
bandlimited both in space and in time.

From a classical (not compressive) sampling perspective, if we expect that both €, and Q, will
be on the order of 7 rad/pix, and if we assume that the 2Q,T', +2Q, T, term will typically dominate
the 2Q; term, then in typical scenarios, to avoid temporal aliasing we should not allow a moving
object to traverse more than ~ % pix in any direction between adjacent sampling times. Aside from
exceptionally non-smooth motions h(t), we do strongly suspect that the influence of the temporal
bandwidth €, will be minor in comparison to the influence of the 2Q,I';, 4+ 2Q,I'y term, and so in
general a temporal Nyquist sampling rate of 2(I'y+T'y) samples/s will likely serve as a reasonable rule
of thumb. Again, this rule of thumb illustrates the direct relationship between the speed of object
motion in the video and the video’s overall temporal bandwidth. As we will see in Section 3.3, this

bandwidth will impact the spacing of the anchor frames that we use to reduce the complexity of the

CS reconstruction problem.
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3.3 Anchor Frames for Reducing Reconstruction Complexity

The insight we have developed in Section 3.2 suggests that many videos of interest may indeed be
exactly or approximately bandlimited in the temporal direction. For problems involving CS of such
videos, this implies that there may be a limit to the “complexity” of the information collected by
streaming compressive measurement devices. One way of exploiting this limited complexity draws
from classical interpolation identities for bandlimited signals. We briefly review these identities in

Section 3.3.1 before exploring their applications for CS reconstruction in Section 3.3.2.

3.3.1 Sampling and Interpolation Principles

Before considering 2D or 3D video signals, let us first review the basic principles involved in non-
compressive sampling and interpolation of a bandlimited 1D signal. Suppose that f(t) is a signal
with temporal bandwidth bounded by €2; rad/s. The Nyquist theorem states that this signal can
be reconstructed from a discrete set of samples { f(nTs)}nez, where the sampling interval Ty < o

seconds. In particular, it holds that

(3.5) F(t) =" f(nT.)sinc (t _T”Ts) .

nez s

Instead of actually reconstructing the continuous-time signal f(t), a more important consequence of
(3.5) for us will be the fact that, for any to € R, f(to) can be represented as a linear combination of
the discrete samples {f(nTs)}nez.

With varying degrees of approximation, it is possible to replace the sinc interpolation kernel in

(3.5) with other, more localized kernels. We will write

(3.6) fO =S fnT) (t ‘T’ZTS) ,

nez

where () is a prototype interpolation kernel. In addition to the sinc kernel, for which ~(t) = sinc (¢),
other possible choices include the zero-order hold (rectangular) kernel, for which (¢) = 1 when
t| < 1 and ~(¢) = 0 otherwise, the first-order hold (triangular, or “linear interpolation”) kernel,
for which v(¢) = 1 — |t| when [t| < 1 and 7(t) = 0 otherwise, and a variety of cubic interpolation
kernels [100].

In general, a smoother choice for v(¢) will better approximate the ideal sinc kernel. However,
smoother kernels tend to have wider temporal supports, and it can be desirable in some applications

(such as the CS recovery problem discussed below) to limit the temporal support of the kernel.
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One way to improve the performance of the lower-order, more narrow interpolation kernels is to
decrease the sampling interval T. However, for our CS recovery problem discussed below, this too
will increase the complexity of the recovery algorithm by increasing the number of anchor frames.
For a 2D or 3D video with limited temporal bandwidth, the separability of the Fourier transform
implies that the interpolation formulas presented above should hold for each spatial location (i.e.,
for each pixel). Using the videos discussed in Section 3.2.3, we have confirmed this in experiments
evaluating the quality of interpolation as a function of the video properties, interpolation kernel,

etc. Again, these experiments are available in a companion technical report [134].

3.3.2 CS in Streaming Scenarios
3.3.2.1 Measurement process

To set up the CS problem, consider a continuous-space, continuous-time video f(z,y,t). Let
fa:{1,2,...,N} x R = R denote a sampled discrete-space, continuous-time version of this video,

where for p=1,2,..., N,

(37) fd(p7 t) = f(mp7yp7t)'

In the expression above, N specifies the number of pixels in each sampled frame, and (xp,yp)
represents the spatial location of pixel number p. Typically, {(z), yp)}évzl will form a 2D grid of
points in the focal plane. For notational convenience, we rasterize these pixel values and index
spatial position in f; using only the pixel number p.

We consider an imaging system that collects streaming measurements of the video f(x,y,t)
according to the following model. We let T denote a measurement interval (in seconds), and we
suppose that one linear measurement is collected from fy every T seconds. (As we will discuss
below, typically T will be much smaller than the Nyquist sampling interval suggested by the video’s

bandwidth.) Letting y(m) denote the measurement collected at time mT, we can write
N
(38) y(m) = Z¢7rz(p)fd(pa mT) = <¢mafd(:7mT)>a
p=1

where ¢, € RY is a vector of random numbers (see Section 3.4.2 for details on the measurement

vectors we prescribe), and we use “Matlab notation” to refer to a vector fu(:,t) € RV. In total, we
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suppose that M measurements are collected. Stacking all of the measurements, we have

v | [ ensemy | [ er 11 st
so | MO || sty | | fa:,21)
L y(M) | | (w fa( MT)) || $ar | | fals, MT) |
: MxMN @q: MNx1
Stacking the raw frames into a vector xg = [f4(:, T)T fa(:,2T)7 --- f4(:, MT)T]T € RMN  and

letting ® denote the M x M N block diagonal measurement matrix appearing in (3.9), we can write
y = ®xy. This appears to be a standard CS problem, with measurements on the left, unknowns
on the right, and a measurement matrix that relates the two. Unfortunately, this is a very difficult
CS problem to solve directly: first, the recovery problem is very highly underdetermined, with
the number of measurements representing only times the number of unknowns; and second, the

size of the recovery problem, with M N unknowns, can be immense. We stress that the frames

fd(i,T), fd(:, QT), ..

thousandth of a second apart), and so x4 gets very large very quickly.

, fa(:; MT) are assumed to be very close together in time (perhaps less than a

3.3.2.2 Simplifying the linear equations

Fortunately, if we assume that the video f(x,y,t) has limited temporal bandwidth, we can
simplify this recovery process to some degree. Let us assume that f(x,y,¢) has temporal bandwidth
bounded by §2; rad/s. We note that the temporal bandwidth of fy will also be bounded by €; rad/s.

Let T, denote a time interval no greater than the Nyquist limit (Qlt seconds) suggested by the

video’s bandwidth, and assume that T, = VT for some integer V' > 1. Then for any integer j, we

can apply (3.6) and write

fd(:ajT)

> faGnTa)y

n€e”Z

(;T nT)

Zfd nTy)

X s (=)
fd(:7 Ta)
fd(:,QTa) ’
fd(:, STa)
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where Iy denotes the N x N identity matrix. Therefore,

Ja(:,T) oy (F-DIn v (F-2) In
(3.10) faG:2T) | e (G-I (-2 v Fa( T
- fa(:,2Ty)
_fd(:,MT)_ | 7(%_1)[]\] 7(%_2)1—]\, I _

Assuming ~y(t) has temporal support within some reasonable bound, the matrix I" above will have
size MN x (M2 + O(1)) and so this allows a dimensionality reduction by a factor of V. In other
words, using the interpolation matrix I', we can relate the raw video frames (acquired T seconds
apart) to a reduced set of what we call anchor frames, which are spaced T, seconds apart. In the
equation above, the stack of anchor frames is denoted by x,, and the length of x, is approximately
V times smaller than the length of xg.

Putting all of this together, we have

(3.11) y = dxy ~ Plx,,

where ~ -
(v -Vl (v -2t (v -3)el
(v v v—3)oi

—Dé5 v (F -2 v

oI' =

v (2 —1) T, (2 -2)¢T, (3 -3)¢T,

Mx (MY 4+0(1))

We have arrived at a CS problem in which the total number of unknowns has been reduced from
MN to @ + O(1). Indeed, the largest dimension of any matrix or vector in this formulation is
now limited to % + O(1) instead of M N. Moreover, due to decay in +, the matrix ®I" will be
banded, with zeros in all positions sufficiently far from the diagonal. This facilitates storage of
the matrix and reconstruction of very long video sequences by breaking the recovery problem into
blocks. (However, we consider only reconstructing a single sequence of the video in this chapter.)
From the formulation above, we see that it is possible to focus the reconstruction process on
recovery of a relatively low-rate stream of anchor frames z,, rather than the high-rate stream of
frames x4 measured by the imaging system. Of course, in simplifying the CS problem, we have

changed the very unknowns that must be solved for. In many cases, we believe that it will suffice
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merely to reconstruct and display the anchor frames themselves; however, we note that the raw
video frames x4 can be estimated from the reconstructed anchor frames by using the interpolation
equation (3.10).

If the anchor frames are defined at the video’s temporal Nyquist rate, and if there are no ad-
ditional assumptions made about the video, then one should not expect any temporal correlations
to remain among the anchor frames. In many real world settings, however, there will be objects
moving within the scene, and the smoothness of the object motion can lead to temporal correla-
tions, e.g., that can be captured via motion-compensated transforms. Thus, in order to impose the
strongest possible model on the vector of anchor frames, it may be helpful to look for sparsity in
a motion-compensated wavelet transform.? In Section 3.4, we propose one method for doing this

while confronting the chicken-or-egg problem.

3.3.2.3 Optimizing the spacing between anchor frames

The quality of the interpolation approximation described in (3.10) relies on the assumption that
T, < Qlf However, in practical settings one may not know 2, exactly, and this raises the question

of how to properly set T,, the spacing between anchor frames. We note that when 7}, is chosen to
be too small a multiple of T' (that is, when V = % is small), the dimensionality of the reduced
problem (3.11) may not be small enough to permit reconstruction. Thus, in practice one should
generally aim to choose T, small enough that the interpolation approximation (3.10) holds to a
reasonable degree of accuracy but large enough that the number of unknowns is sufficiently reduced.
Our simulations in Section 3.5.2 explore these trade-offs and demonstrate that it can indeed be

possible to find a setting for T, that meets both of these criteria.

3.4 Multiscale Reconstruction Algorithm

Our analysis in the previous sections has (i) revealed that videos that are sampled by imaging
devices (including CS imaging devices) may have limited temporal bandwidth, (i) characterized the
tradeoffs between the spatial resolution of the camera, the speed of any moving objects, and the
temporal bandwidth of the video, and (i) explained how a relatively low-rate stream of “anchor
frames” can be used to reduce the complexity of the reconstruction problem. In this section, we
build on these insights and propose a complete algorithm for reconstructing a video from streaming

compressive measurements. In order to construct an effective sparsifying basis for the video, this

2For promising experiments that involve a simplified version of our algorithm (one that uses anchor frames but not
with a motion-compensated wavelet transform), we refer the reader to a companion technical report [134].
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algorithm involves a motion-compensated wavelet transform, and in order to confront the chicken-
or-egg problem, this algorithm is multiscale, employing anchor frames at a sequence of progressively
finer scales and alternating between reconstructing an approximation of the video and estimating

the motion vectors.

3.4.1 Problem Formulation

Following the setup in Section 3.3.2, we suppose that one linear measurement is collected from fy
every T seconds. Using (3.9), we can write the vector of M measurements as y = ®x4. Using (3.10),
we can write x4 &~ I'z,, where x, is formed by stacking the anchor frames. For the sake of simplicity
in formulating our algorithm, we specifically take x, = [f4(;,To)T fa(:,2T)T -+ fa(:, %TG)T]T,
i.e., we truncate the stream of anchor frames at the beginning and end so that we consider exactly
N, = % anchor frames, and we adapt I' at the borders to account for this truncation. To model
any interpolation errors, we introduce an error term e € RM and model the collected measurements
asy = ®l'x, +e.

As a sparsifying basis to be used for reconstructing x,, we employ the lifting-based invertible mo-
tion adaptive transform (LIMAT) [118]. Further details regarding LIMAT are given in Section 3.4.3
(and in [118]), but the key idea is this: Given a set of vectors describing the motion in a video, LI-
MAT yields a motion-compensated wavelet transform (across the temporal and spatial dimensions)
intended to provide a sparse representation of that video. For a given set of motion vectors v, we
let Uy (v) denote the resulting LIMAT transform. We will apply LIMAT transforms to videos of
various sizes; in all cases, U (v) is a square matrix, but its dimension will depend on the context.

If one had access to the anchor frames z,, it would be possible to examine the video and estimate
the vectors v describing motions between frames. Alternatively, if one had access to the motion
vectors v, one could write z, = ¥ (v)a, for some sparse coefficient vector «a, and solve a CS

reconstruction problem such as
(3.12) Qg = argmin,_[|agll1 s.t. [ly — PTV L (v)agll2 < €

to recover «, and subsequently z, from the compressive measurements [27]. In order to get around

this chicken-or-egg problem, we propose a multiscale reconstruction approach.
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3.4.2 The Multiscale Approach

Rather than reconstructing the full set of high-resolution anchor frames z, directly, our algorithm
aims to reconstruct a sequence of approximations to the anchor frames. These approximations begin
at a low temporal and spatial resolution and progress to successively finer resolutions.

To set our notation, we use the variable s to denote scale, with s = 1 denoting the coarsest
(low-resolution) scale and s = S denoting the finest (high-resolution) scale for some positive integer
S. For each s =1,2,...,5, let D, represent a 22(°~5) N x N linear operator that, when applied to a
video frame containing N pixels, performs a spatial low-pass filtering and downsampling operation
to produce a low-resolution frame containing 22~ N pixels. (When s = S, Dy is the identity;
when s = S — 1, D, averages over 2 X 2 blocks of pixels; when s = S — 2, D, averages over 4 X 4

blocks of pixels; etc.) Recalling that

Lag = [fd(:7Ta)T fd(:72Ta)T fd(:vNaTa)T]T € RNan

we define for each s =1,2,...,5, Ny := 2365 N, N and

La,s ‘= [Dsfd(zyTa : QS_S)T Dsfd(:a 2T, - 2S_S)T T Dsfd(:; NaTa)T]T € RNS-

The video z,, s contains 25=S N, frames, each with 226=5) N pixels. It represents a lowpass filtered
and downsampled version of the original set of anchor frames z,. We note in particular that =, ¢ =
Zq.

Our reconstruction begins at the coarsest scale with an attempt to estimate z,;. Motivated
by our temporal bandwidth analysis, we begin reconstruction at a low spatial resolution for the

following reasons:

e Our theory predicts that at low spatial resolutions, the temporal bandwidth of the video will
be small. This limits the amount by which the video can change between successive frames
and justifies the temporal downsampling in the definition of z, ;. This downsampling also
leaves us with a relatively small number of frames that must be sparsely represented, and so

this sequence can be reconstructed from a small number of measurements.

e The spatial downsampling leaves us with larger pixels in each frame, and so an object that
traverses, say, P pixels per second in the high-resolution anchor frames will traverse only

21=9 P pixels per second at scale s = 1. With relatively slow object motion, we can thus
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obtain a reasonable estimate of z, 1 without employing motion compensation, or equivalently,

with LIMAT motion vectors v set to 0.

After we have reconstructed an estimate of z, 1, it is then possible to compute a preliminary esti-
mate of the motion in the video. Although the resulting motion vectors will have limited spatial
and temporal accuracy (since z,; does), they can be used to perform a motion-compensated re-
construction of x, 2.3 From this point, we iterate (as detailed below), alternating between video
reconstruction and motion estimation, and proceeding to finer and finer scales. Between each pair
of adjacent scales, we double the spatial resolution and (as suggested by our analysis) double the
temporal resolution as well.

The following pseudo-code is an outline of our algorithm.
e Step 0: initialize scale s < 1 and motion vectors v; = 0

e Step 1: solve

(3.13) Qs = argming cpn, [ |1 s.t. |lys — PTs W (vs)a'||2 < €,

where, as explained below, y; contains all measurements in y that are associated with scales

1,2,...,s, @5 and I'; relate these measurements to z, s, and €5 accounts for interpolation error
e Step 2: form T, s = U, (vs)ly,s
e Step 3: if s =5, terminate algorithm; otherwise go to Step 4

Step 4: given 7, s use motion estimation to compute the set of motion vectors vs41

Step 5: set s < s+ 1 and go to Step 1

Our reconstruction algorithm places certain constraints on the measurement functions ¢, that
can be used. In particular, note that for each s € {1,2,...,S} solving the optimization problem
(3.13) requires a set of measurements y, that are assumed to obey ys = ®;I';x, s + 5. To facilitate
this, we assume that each measurement y(m) is associated with some scale s € {1,2,...,5}. A
measurement y(m) is said to be associated with scale s if y(m) can be written as y(m) = (brm Ds fal:
,mT)) for some bm € RZ“TIN - Stated differently, this requires that the frame fq(:, mT) be
measured using a function that is piecewise constant over blocks of size 2°7% x 297% pixels, i.e.,
that frame f;(:,mT) be measured with limited spatial resolution. This is easily accomplished using

programmable measurement devices such as the single-pixel camera. In particular, we suggest using

3Typically we choose S small enough so that the frames in Tq,1 contain enough pixels to obtain a reasonable
estimate of the motion vectors.
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noiselets [37] for measurement functions, as they incorporate both randomness and multiple spatial
resolutions.

The measurements y, that we propose to use for solving (3.13) are merely a subset of the mea-
surements in y. In particular, for each for s = 1,2,...,5, ys contains all measurements in y that
are associated with scales 1,2,...,s. Thus, measurements from coarser scales are re-used for recon-
struction at finer scales, and at the finest scale all measurements are used for reconstruction. Other
terms appearing in (3.13) are I';, an interpolation matrix that relates x, s to a spatially lowpass-
filtered stream of the original high-rate frames [D,fq(:, T)T Dsfa(:,2T)T -+ Dyfa(:, MT)T]T, and
®,, a measurement matrix populated with the vectors 5m. The term €5 appearing in (3.13) is to
account for interpolation error. In our current simulations we assume that we know the amount of
interpolation error as an oracle, and we set ¢, accordingly.

The specific number of measurements (call this M) that we associate with each scale s is a
design parameter. We find it useful to allocate a generous portion of the measurement budget to
M, for two reasons: (i) it is relatively cheap to reconstruct an accurate video at low resolution,
and (1) an accurate initial reconstruction is important to obtain an accurate initial estimate of the
motion vectors. As we progress in the algorithm to finer scales, the number of unknowns that
we are solving for increases by a factor of eight with each increment in scale. Therefore, it is also
natural to increase the number of measurements M, that we associate with each scale. Although the
size of the video increases by a factor of eight between one scale and the next, however, the sparsity
level may not necessarily increase by the same factor. To get a rough estimate of the increase in
sparsity level, consider that within a 3D video, the boundary of a moving object will generally trace
out a 2D surface. Using simple box-counting arguments, one would generally expect the sparsity
level in an isotropic 3D dictionary (such as a 3D wavelet transform) to increase by a factor of four
between adjacent scales. Based on this observation, we believe that an increase of M, by (very
roughly) a factor of four for every increment in scale would be a reasonable choice. Our simulations
in Section 3.5.2 use measurement rates inspired by this 4x rule of thumb and refined with a small
amount of trial and error.

Finally, we comment on the allocation strategy of the multiscale measurements across the M
frames, i.e., which of the M frames we associate with which scale. One straightforward allocation
strategy would be a random one, e.g., randomly choose M; out of the M original frames and associate
these with scale 1, randomly choose My out of the M — M, remaining frames and associate these
with scale 2, etc. However, we have found that in doing so, it is usually helpful to ensure that all

anchor frames at a given scale s are automatically associated with scale s (or a coarser scale). The
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remaining (non-anchor) frames are associated randomly.

3.4.3 Lifting-based Invertible Motion Adaptive Transform (LIMAT)

At each scale s = 1,2,...,5, we use LIMAT [118] as a sparsifying transform for the anchor frames
Zq,s- Recall that z, s contains 255N, frames, each with 22(s=5) vy pixels. To simplify notation in
this section, set n = 255N, and for k = 1,2,...,n, let 2, denote frame k from the sequence Za,s-

The lifting transform partitions the video into even frames {zox} and odd frames {zo11} and
attempts to predict the odd frames from the even ones using a forward motion compensation op-
erator. This operator, which we denote by F, takes as input one even frame and a collection of
motion vectors denoted vy that describe the anticipated motion of objects between that frame and
its neighbor. For example, suppose that xo, and woryp differ by a 3-pixel shift that is captured
precisely in vy; then as a result zopy1 = F(xak, vy) exactly. Applying this prediction to each pair
of frames and keeping only the prediction errors, we obtain a sequence of highpass residual detail
frames (see (3.14) below). The prediction step is followed by an update step that uses an analogous

backward motion compensation operator denoted B and motion vectors v,. The combined lifting

steps

(3.14) hy = opi1 — F(zak, vf)
1

(3.15) e = 2+ 5 B(hw, vs)

produce an invertible transform between the original video and the lowpass {l;} and highpass {h;}
coefficients. For maximum compression, the lifting steps can be iterated on pairs of the lowpass
frames until there remains only one. Ideally, with perfect motion compensation, the n — 1 highpass
frames will consist only of zeros, leaving only one frame of nonzero lowpass coefficients, and making
the sequence significantly more compressible. As a final step, it is customary to apply the 2D
discrete wavelet transform (DWT) to each lowpass and highpass frame to exploit any remaining
spatial correlations.

In our proposed algorithm, we use block matching (BM) [16] to estimate motion between a pair
of frames. The BM algorithm divides the reference frame into non-overlapping blocks. For each
block in the reference frame the most similar block of equal size in the destination frame is found
and the relative location is stored as a motion vector. There are several possible similarity measures;

we use the ¢1 norm.
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3.5 Discussion and Simulations

In this section, we conclude by describing the differences between our work and several other
important ones in the literature. We also present simulations that demonstrate the performance of

our algorithm.

3.5.1 Related Work

Our algorithm is intended for reconstructing a video from streaming compressive measurements;
specifically, we assume that one compressive measurement is collected at each time instant. (The
single-pixel camera is a prototypical example of an imaging device that produces such measurements.)
We note that a preliminary version of our algorithm [104] was intended for a different measurement
model—one in which multiple measurements are collected from each frame but at a much lower frame
rate. For example, 1000 measurements might be collected from each of 30 frames per second. While
acquiring such measurements may be possible using other compressive imaging architectures [112,
97], our particular interest in this chapter is on how to correctly deal with streaming measurements.

In addition to our preliminary algorithm [104], several others have also been proposed in the CS
video literature that incorporate motion estimation and compensation. These are discussed below.
We note that none of these algorithms were explicitly designed to handle streaming measurements.
However, any of these algorithms could be modified to (approximately) operate using streaming
measurements by partitioning the measurements into short groups and assuming that all measure-
ments within a group come from the same frame. Such raw aggregation of measurements actually
corresponds to using a rectangular interpolation kernel in our formulation (3.11). As one would ex-
pect, and as we will demonstrate in Section 3.5.2, one can achieve significantly better performance by
employing smoother interpolation kernels. To the best of our knowledge we are the first to propose
and justify the use of other interpolation kernels for aggregating measurements. We do note that one
algorithm from the literature [117] does present a careful method for grouping the measurements in
order to minimize the interpolation error when using a rectangular kernel.

One related algorithm [64] is based on the observation that nearby frames should have a sparse
or compressible residual when one frame is subtracted from the other. The authors employ motion
estimation and compensation to produce a sparse or compressible residual frame even in the presence
of fast or global motion. More specifically, let 1 and z2 denote two frames in a video sequence. Initial
estimates of 1 and x5 are obtained via independent reconstruction from the measurements y; = ®x;

and yo = ®xq, respectively. Motion vectors are then computed between these frame estimates, and
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subsequently a motion-compensated frame, X, is computed from z; and the estimated motion
vectors. When motion estimation is accurate, the residual x, = x5 — z is likely to be highly sparse
or compressible. The authors propose to reconstruct the residual frame, x,, from the measurements
Yr = Y2 — Yme = Pxy — Pxpe. The estimate of the residual frame, Z,, can be used to improve upon
the previous estimate of 25 via Tg = x, +Z,. This procedure is then carried out for the next pair of
frames x5 and x3. This method requires that the same matrix ® be used for measuring each frame.
In some cases, the use of such measurement matrices may decrease diversity in the measurements.
As an extreme example, if a video contains no motion, the measurements from every frame will be
identical.

Another related algorithm [123] has been proposed in the field of dynamic medical resonance
imaging (MRI). This algorithm relies on the assumption that the locations of the significant coef-
ficients of each video frame can be estimated via a motion-compensated frame. Similarly to the
above, a motion-compensated frame, x,,., is obtained from motion vectors computed between a pair
of estimates of the frames x; and x5. The initial estimates of the video frames are computed in a
frame-by-frame fashion from their respective random measurements. When motion compensation is
accurate, the indices of large coefficients of =, will provide an accurate prediction of the locations of
the significant coefficients of x5, and this knowledge can be used to reconstruct an accurate estimate
of 5. Once a new estimate of x5 is formed, this procedure is repeated for the next frame x3, and
SO on.

Another related algorithm [83] involves dividing a video sequence into several groups of pictures
(GOPs), each of which is made up of a key frame followed by several non-key frames. The authors
propose to reconstruct each key frame in a frame-by-frame fashion. Given the estimates of the key
frames, estimates of the non-key frames are computed via a technique called motion-compensated
interpolation. Refined estimates of the non-key frames are obtained in a frame-by-frame fashion,
using the initial motion-compensated frame as the starting point of a gradient projection for sparse
reconstruction (GPSR) solver. The authors propose a novel stopping criterion for the GPSR. solver
that helps find a solution that is not too different from the initial estimate. This procedure is then
carried out for the next non-key frame, and so on.

Finally, one other related algorithm involves a dual-scale reconstruction of a video [117]. First,
a sufficient number of low-resolution measurements are collected to permit a low-resolution preview
of the video to be obtained using simple least-squares. Motion information is then extracted from
this preview video, and this motion information is used to help reconstruct the high-resolution video

sequence. An optimization problem minimizes the sum of the #;-norm of the expansion coefficients
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of each individual frame in an appropriate sparsifying transform subject to a data fidelity constraint.

Additionally, the minimization problem is subject to a constraint such as

1Zi (2, y) = Tig1(z + va,y +vy)|l2 < €, Vi,

which ensures that the reconstructed video agrees with the motion vectors estimated from the pre-
view video. While this method can be relatively successful in recovering videos from small numbers
of measurements, according to the authors, the algorithm can have difficulty in reconstructing high
spatial frequency components.

We would like to point out that all of the above methods require, for each frame, a number of
measurements proportional to the sparsity level of that frame (after appropriate motion compen-
sation and a spatial sparsifying transform such as a 2D wavelet transform). This is true simply
because three of the above methods [64, 123, 83] involve reconstructing the video one or two frames
at a time. The fourth of the above methods [117] does involve jointly reconstructing the ensemble
of video frames. However, this algorithm still requires a total number of measurements proportional
to the sum of the sparsity levels of the individual frames because that quantity is what is minimized
in the ¢; optimization procedure.

We argue that a temporal sparsifying transformation can help to decrease the sparsity level of a
video signal and thus reduce the number of measurements that must be collected of that video. In
particular, for videos with slowly moving objects or videos with stationary backgrounds, temporal
redundancies may persist for longer than the duration of one or two frames. The above methods,
however, are essentially employing a temporal transform with a temporal support of one or two
frames. If one can successfully remove temporal redundancies over a longer temporal support,
the overall sparsity level of the video will decrease, and this in turn will reduce the number of
measurements that must be collected from each frame.

Some methods for CS video reconstruction have been proposed that do employ a 1D temporal
sparsifying transform along with a 2D spatial sparsifying transform. In essence, each of these al-
gorithms corresponds to applying a different 3D sparsifying transform ¥. One algorithm uses the
3D-DWT for ¥ and reconstructs the entire video all at once [139]. Another approach, termed “C,,”
and proposed for compressive coded aperture video reconstruction [96], relies on small inter-frame
differences together with a spatial 2D-DWT to produce a sparse representation of the underlying
video. Unfortunately, neither of these algorithms involves any motion compensation, and so these

3D transforms will not be successful in sparsifying videos containing any significant levels of motion.
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We see that the two classes of methods described above have two distinct strengths. Algorithms
in the first class employ motion information in the reconstruction to better reconstruct the video
sequence, while algorithms in the second class employ a temporal transformation to remove the
temporal redundancies over a longer temporal support. In this chapter (and in [104]), we use
LIMAT which essentially combines these two strengths: LIMAT performs a full motion-compensated
temporal decomposition that, when seeded with accurate motion vectors, can effectively remove
temporal redundancies even in the presence of complex motion.

We would like to point out, however, that LIMAT is just one of many possible 3D sparsifying
bases and that our algorithm can be modified to use other choices of basis as well. We also note
that the frame-by-frame reconstruction methods [64, 123, 83] have the advantage of being more
computationally efficient as they involve reconstruction problems of a smaller size. This may be
an important factor in applications where computational resources are scarce and full temporal
decompositions are not practical. We also reiterate that to some degree, the multiscale algorithm we
present in this chapter is a proof-of-concept inspired by our temporal bandwidth analysis. We see
our work as an addition to—not a replacement for—the nascent CS video literature, and we believe
that the ideas we expound (such as using anchor frames to reduce the complexity of reconstruction)
could be combined with some of the other existing ideas mentioned above.

Finally, to place our work in the proper context, we reiterate the differences between a stan-
dard (“non-compressive”) video capture system and the CS-based (“compressive”) video acquisition
strategy discussed in this chapter. As we discussed in Section 3.1, the primary advantages of a com-
pressive video system are twofold: first, it reduces the physical burden of measuring the incoming
video, as it does not require a complete set of samples to be obtained for every frame, and second, it
reduces the computational complexity of the encoding process, as it does not require any spatiotem-
poral transform to be implemented at the encoder. These advantages do not make a compressive
video system appropriate for all situations, however. For example, it is well known in CS that for a
given sparse signal, the requisite number of measurements is slightly higher (by a small multiplicative
factor) than one would require if the relevant sparse components could be directly extracted from the
signal. Standard video capture systems have the advantage of getting to “look at” the fully sampled
video before identifying the critical features to be encoded. One would naturally expect, then, that
for a given quality level, a traditional video encoder would require fewer bits than a compressive
video encoder (one in which the CS measurements were quantized and converted to bits). Standard
video capture systems also have a second main advantage: the decoding algorithm can be much

simpler than in a compressive video system. Our comments on these points are not unique to our
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particular CS framework; indeed they are fully consistent with observations made in another recent
paper dealing with CS for video [109].* For our algorithm, however, a detailed comparison against
a traditional encoder in terms of bit rate, power consumption, memory requirements, resiliency to

errors, etc., is beyond the scope of this chapter.

3.5.2 Simulations

In this section we present simulation results for our proposed algorithm. We compare our algo-
rithm (using a linear interpolation kernel) to the 3D-DWT [139] and C, [96] temporal sparsifying
transforms using a rectangular interpolation kernel. We also compare to a modified version of our
algorithm that uses LIMAT but with zero-motion vectors. The results demonstrate the benefits of
combining motion compensation with a temporal sparsifying transform and the benefits of using a
non-rectangular interpolation kernel.

We present results for two different test videos (courtesy of MERL), the Candle video and the
Pendulum + Cars video. These are the same videos that we described in Section 3.2.3.2, but we
have selected different time samples and cropped the frames to different image regions. Four of the
original anchor frames of each video are presented in Figures 3.3(a) and 3.4(a). Each video consists
of 512 frames; the frames in the Candle video are of size N = 128 x 128, while the frames in the
Pendulum + Cars video are of size N = 256 x 256. The first test video contains two candle flames
moving in front of a black (zero-valued) background. This video was acquired with a high-speed
camera at 1000 frames per second. The flames warp into different shapes and sway from left to right
as the video progresses. The typical speed of the moving edge of a flame is approximately 0.3 pixels
per frame. The second video contains a white car that is moving in front of a “Newton’s cradle” (a
pendulum with several silver metal balls) and a stationary background. As the video progresses, the
white car moves from right to left, and the two metal balls at each end of the Newton’s cradle swing
throughout the video sequence. This video was acquired with a high-speed camera at 250 frames
per second. The motion of the car is mostly translational (it moves from right to left at a speed of
roughly 0.025 pixels per frame), while the two metal balls swing at a much faster speed of roughly
1-1.5 pixels per frame.

In our simulations, we construct synthetic CS measurements from the original high-rate video

sequences. In order to reasonably apply CS to either of these video sequences, one would need more

4The encoder proposed in [109] also has some philosophical similarities and differences with our work and others
we have described. Like our work, the system in [109] can operate with frame-by-frame CS measurements and is
intended to exploit spatial and temporal correlations in the video. Unlike our work, however, the system in [109]
utilizes a special post-measurement encoding of the CS measurements to exploit temporal correlations. It also relies
on raw aggregation (rectangular interpolation) of the measurements.

39



(a) Original frames (b) 3D-DWT (c) Cn withn =32 (d) LIMAT with v =0 (e) LIMAT

Figure 3.3: Reconstructed anchor frames of Candle video. Out of 512 original frames, 32 anchor frames
were reconstructed. From the top each row shows the 5th, 11th, 21st, and 28th anchor frame and its
reconstruction via various reconstruction methods. From the left each column represents: (a) original frames,
(b) 3D-DWT with rectangular interpolation kernel, PSNR = 33.67 dB, (c) Cyn, n = 32, with rectangular
interpolation kernel, PSNR = 33.68 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion
vectors, PSNR = 33.80 dB, (e) LIMAT with linear interpolation kernel, PSNR = 36.76 dB.

than 1000 measurements per second, and thus with the available videos (acquired at 1000 and 250
frames per second) we would not have a sufficient number of measurements if we synthesized only one
measurement from each frame. Thus, for the purposes of testing our algorithm, we collect more than
one random measurement from each frame of the test video. (Still, the number of measurements
we collect from each frame is moderate—120 per frame for the first video and 800 per frame for the
second video.) Our setting remains very different from related ones [64, 123, 83|, however, because
we do not intend to reconstruct all of the high-rate frames directly (indeed, this would be difficult to
do with so few measurements per frame); rather we will reconstruct a reduced set of anchor frames.

We begin by reconstructing both videos using N, = 32 anchor frames. The total number of
unknowns that we are solving for in case of the Candle video is NN, = 128 x 128 x 32; in the case
of the Pendulum + Cars video it is NN, = 256 x 256 x 32. Note that the use of anchor frames
reduces the reconstruction complexity by a factor of V' = 512/32 = 16. For the Candle video, we

divide the reconstruction into S = 3 scales. At scale 1 we reconstruct a low-resolution video of size
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(a) Original frames (b) 3D-DWT (¢) Cp, withn =32 (d) LIMAT with v =0 (e) LIMAT

Figure 3.4:  Reconstructed anchor frames of Pendulum + Cars video. Out of 512 original frames, 32
anchor frames were reconstructed. From the top each row shows the 4th, 13th, 22nd, and 30th anchor
frame and its reconstruction via various reconstruction methods. From the left each column represents:
(a) original frames, (b) 3D-DWT with rectangular interpolation kernel, PSNR = 28.22 dB, (c) Cn, n = 32,
with rectangular interpolation kernel, PSNR = 29.58 dB, (d) LIMAT with rectangular interpolation kernel
and zero-motion vectors, PSNR = 29.81 dB, (e) LIMAT with linear interpolation kernel, PSNR = 31.38 dB.

Ny := 32 x 32 x 8, at scale 2 a low-resolution video of size Ny := 64 x 64 x 16, and at scale 3 the
full-resolution video of size N3 := 128 x 128 x 32. Similarly, we divide the reconstruction into S = 4
scales for the Pendulum + Cars video. Thus, at scale 1 we reconstruct a low-resolution video of size
Ny := 32x32x4, at scale 2 a low-resolution video of size Ny := 64 x 64 x 8, at scale 3 a low-resolution
video of size N3 := 128 x 128 x 16, and at scale 4 the full-resolution video of size N := 256 x 256 x 32.
For the Candle video we take 120 measurements from each of the 512 frames, and for the Pendulum
+ Cars video we take 800 measurements from each of the 512 frames. Out of the 512 frames in the
video, for the Candle video, we allocate 54 frames to scale 1, 250 frames to scale 2, and 208 frames
to scale 3. Thus, we have M7 = 54 x 120, My = 250 x 120, and M3 = 208 x 120 when reconstructing
the video. Similarly, for the Pendulum + Cars video we allocate 5 frames to scale 1, 30 frames to
scale 2, 130 frames to scale 3, and 347 frames to scale 4, so that M; = 5 x 800, My = 30 x 800,
M3 = 130 x 800, and My = 347 x 800 when reconstructing the video.

This means that when reconstructing the Candle video, at scale 1 we solve for N7 unknowns
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using M; measurements, and we have M7 /N; = 0.79. At scale 2, we solve for Ny unknowns using
M; + M, measurements, and we have (M; + Ms)/Ny ~ 0.56 (recall that we re-use coarser scale
measurements at the current scale). Finally, at scale 3, we solve for N3 unknowns using M7+ M+ M3
measurements, and we have (M7 4+ My + Ms)/N3 ~ 0.12. Similarly, for the Pendulum + Cars video,
at scale 1 we have M;/N; ~ 0.98,° at scale 2 we have (M; + Ms)/Ny ~ 0.85, at scale 3 we have
(My + My + Ms3)/Ns =~ 0.50, and at scale 4 we have (M; + My + Ms + M) /Ny =~ 0.20.

Figures 3.3 and 3.4 show the original anchor frames and their reconstructions via the various
reconstruction methods. The PSNR values shown in both figures have been computed across the 32
anchor frames. For each reconstruction method that we test, we use the same multiscale measure-
ments described above; the only differences are in what kernel is used for interpolating the measure-
ments and in what algorithm (i.e., sparsifying transform) is used for reconstruction. Columns (b)
and (c) show the performance of the 3D-DWT [139] and C,, [96] temporal sparsifying transforms,
respectively. For both we use a rectangular interpolation kernel. As discussed in Section 3.5.1, using
a rectangular interpolation kernel is equivalent to aggregating the CS measurements and assigning
them to the nearest anchor frame. Column (d) shows the performance of a modified version of our
algorithm that uses LIMAT with zero-motion vectors and a rectangular interpolation kernel. Col-
umn (e) shows the performance of our full algorithm, using a linear interpolation kernel and using
LIMAT with motion vectors estimated during the multiscale reconstruction procedure.

Using the same total number of measurements, we repeat the experiments above but using
N, = 16 anchor frames instead of 32 (we also use a different allocation of measurements across the
scales). The results are presented in Figures 3.5 and 3.6. For all reconstruction methods—including
ours—we see a decrease in the PSNR of the reconstruction. We believe that this is mainly due to
the inevitable increase in interpolation error that occurs when the anchor frames are spaced further
apart. In exchange for the decrease in PSNR, however, the complexity of the reconstruction problem
has been reduced by a factor of 2.

In all experiments, we see that our algorithm gives the highest PSNR value. Our reconstruction
algorithm also successfully recovers some features in the video frames that other methods cannot.
For example, we can see that the flames in column (e) of the Candle video reconstructions have
sharper and more detailed edges than those of other reconstructions shown in columns (b)—(d). We
can also see that the edges of the car and the details of features of the wheels are more pronounced

than those of the others. We note that objects with slow motion (e.g., cars) are most accurately

5Here we could consider taking a few more measurements so that M7 /N; > 1 and simply inverting the measure-
ment matrix to obtain a low-resolution estimate of the video. However, as the measurements contain error due to
interpolation, we believe it would be preferable to solve an ¢;-regularized problem instead.
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(a) Original frames (b) 3D-DWT (c) C,, withn =16  (d) LIMAT with v =0 (e) LIMAT

Figure 3.5: Reconstructed anchor frames of Candle video. Out of 512 original frames, 16 anchor frames
were reconstructed. From the top each row shows the 3rd, 6th, 12th, and 15th anchor frame and its
reconstruction via various reconstruction methods. From the left each column represents: (a) original frames,
(b) 3D-DWT with rectangular interpolation kernel, PSNR = 32.79 dB, (c¢) Cyn, n = 32, with rectangular
interpolation kernel, PSNR = 32.70 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion
vectors, PSNR = 32.64 dB, (e) LIMAT with linear interpolation kernel, PSNR = 35.49 dB.

reconstructed, while objects that are moving fast (e.g., metal balls) are less accurately reconstructed.
A different spacing of anchor frames could help to reconstruct more rapidly moving objects, and
one could even consider adaptively changing the spacing of the anchor frames throughout the video.
While such extensions are beyond the scope of this chapter, our companion technical report [134]
does contain additional discussion on this front.

Overall, both visually and in terms of PSNR, we have seen the benefits of combining motion
compensation with a temporal sparsifying transform and the benefits of using a non-rectangular
interpolation kernel. Though not shown, we have also tested our algorithm using zero-motion LIMAT
with a linear interpolation kernel. For N, = 32, the PSNR for the reconstructed Candle video is
36.60 dB, and the PSNR for the reconstructed Pendulum + Cars video is 30.79 dB; for N, = 16, the
PSNR for the reconstructed Candle video is 34.84 dB, and the PSNR for the reconstructed Pendulum
+ Cars video is 29.35 dB. Thus, while both the motion compensation and the interpolation kernel

are contributing to the gains that we see, the change in interpolation kernel seems to be a bit more
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(a) Original frames (b) 3D-DWT (¢) Cp, with n =16  (d) LIMAT with v =0 (e) LIMAT

Figure 3.6: Reconstructed anchor frames of Pendulum + Cars video. Out of 512 original frames, 16 anchor
frames were reconstructed. From the top each row shows the 2nd, 6th, 11th, and 15th anchor frame and its
reconstruction via various reconstruction methods. From the left each column represents: (a) original frames,
(b) 3D-DWT with rectangular interpolation kernel, PSNR = 27.81 dB, (c) Cy, n = 32, with rectangular
interpolation kernel, PSNR = 28.30 dB, (d) LIMAT with rectangular interpolation kernel and zero-motion
vectors, PSNR = 28.48 dB, (e) LIMAT with linear interpolation kernel, PSNR = 29.64 dB.

valuable.

The reconstruction time of our algorithm depends mainly on size of the unknown signal. Thus,
the reconstruction will be faster at coarser scales in the algorithm and slower at finer scales. The
reconstruction complexity also depends on the motion vectors, since the time to compute a matrix
vector product increases with the number of non-zero motion vectors used in LIMAT. Thus, the
reconstruction time when using LIMAT with zero-motion vectors will be comparable to the time
required for, e.g., the 3D-DWT (which is based on orthonormal linear filters) but shorter than the
time required for LIMAT with non-zero motion vectors. Using an off-the-shelf Windows-based PC
with quad-core CPU, the total times for our algorithm to reconstruct 16 and 32 anchor frames
of the Candle video were roughly 30 minutes and 230 minutes, respectively. To be more specific,
for the reconstruction involving 32 anchor frames, the algorithm required 9 seconds at scale 1, 552
seconds at scale 2, and 13679 seconds at scale 3. For the sake of comparison, the 3D-DWT, C,,, and

LIMAT with zero-motion vector algorithms took approximately 2204 seconds, 16106 seconds, and
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2796 seconds, respectively. Reducing the computational complexity of our algorithm is an important
problem for future research. We do note, though, that while our algorithm may not currently be
feasible for real-time reconstruction purposes, as with CS-MUVT [117] it would be possible to view

a low-resolution preview of the video in almost real-time.
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CHAPTER 4

Compressed Sensing in Multiview Imaging and

Reconstruction

4.1 Introduction

Armed with potentially limited communication and computational resources, designers of dis-
tributed imaging systems face increasing challenges in the quest to acquire, compress, and communi-
cate ever richer and higher-resolution image ensembles. In this chapter, we consider multi-view imag-
ing problems in which an ensemble of cameras collect images describing a common scene. To simplify
the acquisition and encoding of these images, we study the effectiveness of non-collaborative com-
pressed sensing (CS) [52, 26], also known as Distributed CS (DCS) [18], encoding schemes wherein
each sensor directly and independently compresses its image using a small number of randomized
measurements (see Figure 4.1). CS is commonly intended for the encoding of a single signal, and a
rich theory has been developed for signal recovery from incomplete measurements by exploiting the
assumption that the signal obeys a sparse model. In this chapter, we address the problem of how
to recover an ensemble of images from a collection of image-by-image random measurements. To do
this, we advocate the use of implicitly geometric models to capture the joint structure among the
images.

While DCS encoding is non-collaborative, an effective DCS decoder should reconstruct all signals
jointly to exploit their common structure. As we later discuss, most existing DCS algorithms for
distributed imaging reconstruction rely fundamentally on sparse models to capture intra- and inter-
signal correlations [18; 34, 96, 104]. What is missing from each of these algorithms, however, is

an assurance that the reconstructed images have a global consistency, i.e., that they all describe a

This work is in collaboration with Michael B. Wakin [105], and builds upon earlier work that appeared in [137]
by Michael B. Wakin.
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Figure 4.1: Multi-view compressive imaging setup. A common scene is observed by J cameras from different
positions. Each camera j encodes a small number of random measurements y; of its observed image x;, and
a single decoder jointly reconstructs all images {z;} from the ensemble of compressive measurements {y; }.

common underlying scene. This may not only lead to possible confusion in interpreting the images,
but more critically may also suggest that the reconstruction algorithm is failing to completely exploit
the joint structure of the ensemble.

To better extend DCS techniques specifically to problems involving multi-view imaging, we pro-
pose in this chapter a general geometric framework in which many such reconstruction problems
may be cast. We specifically focus on scenarios where a representation of the underlying scene is
linearly related to the observations. This is mainly for simplicity, and there is plenty of room for
the development of joint reconstruction algorithms given nonlinear mappings; however, we present
a number of scenarios where a linear mapping can be found. For these problems, we explain how
viewing the unknown images as living along a low-dimensional manifold within the high-dimensional
signal space can inform the design of effective joint reconstruction algorithms. Such algorithms can
build on existing sparsity-based techniques for CS but ensure a global consistency among the re-
constructed images. We refine our discussion by focusing on two settings: far-field and near-field
multi-view imaging. Finally, as a proof of concept, we demonstrate a “manifold lifting” algorithm
in a specific far-field multi-view scenario where the camera positions are not known a priori and we
only observe a small number of random measurements at each sensor. Even in such discouraging
circumstances, by effectively exploiting the geometrical information preserved in the manifold model,

we are able to accurately reconstruct both the underlying scene and the camera positions.
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4.2 Problem Setup and Related Work

4.2.1 Multi-view Imaging using Image-by-Image Random Measurements

Let us now turn to the problem of distributed image compression for multi-view imaging. We
imagine an ensemble of .J distinct cameras that collect images z1,zs,...,2; € RY describing a
common scene, with each image x; taken from some camera position 6; € ©. We would like to
efficiently compress this ensemble of images, but as in any sensor network, we may be limited in
battery power, computational horsepower, and/or communication bandwidth. Thus, although we
may be able to posit sparse and manifold-based models for concisely capturing the intra- and inter-
signal structures among the images in the ensemble, directly exploiting these models for the purpose
of data compression may be prohibitively complex or require expensive collaboration among the
sensors. This motivates our desire for an effective disjoint encoding strategy.

The encoding of multiple signals in distributed scenarios has long been studied under the auspices
of the distributed source coding (DSC) community. The Slepian-Wolf framework [120] for lossless
DSC states that two sources X; and X, are able to compress at their conditional entropy rate
without collaboration and can be decoded successfully when the correlation model (i.e., the joint
probability distribution p(x1,x2)) is known at the decoder. This work was extended to lossy coding
by Wyner and Ziv when side information is available at the decoder [144], and in subsequent years,
practical algorithms for these frameworks have been proposed based on channel coding techniques.
However, one faces difficulties in applying these frameworks to multi-view imaging because the inter-
image correlations are arguably better described geometrically than statistically. Several algorithms
(e.g., [126, 67, 125]) have been proposed for combining these geometric and statistical frameworks,
but fully integrating these concepts remains a very challenging problem.

As a simple alternative to these type of encoding schemes, we advocate the use of CS for
distributed image coding, wherein for each sensor j € {1,2,...,J}, the signal z; € RY is inde-
pendently encoded using an M; x N measurement matrix ®;, yielding the measurement vector
y; = P € RM;. Such an encoding scheme is known as DCS [18]. While the primary motivation
for DCS is to simplify the encoding of correlated high-resolution signals, one may of course bypass
the potentially difficult acquisition of the high-resolution signals and directly collect the random
measurements using CS hardware.

After the randomized encoding, the measurement vectors y1,ys, ...,y s are then transmitted to
a central node for decoding. Indeed, DCS differs from single-signal CS only in the decoding process.

Rather than recover the signals one-by-one from the measurement vectors, an effective DCS decoder
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should solve a joint reconstruction problem, exploiting the intra- and inter-signal correlations among
the signals {z;}, while ensuring consistency with the measurements {y;}.

The proper design of a DCS decoder depends very much on the type of data being collected
and on the nature of the intra- and inter-signal correlations. Ideally, compared to signal-by-signal
recovery, joint recovery should provide better reconstruction quality from a given set of measurement
vectors, or equivalently, reduce the measurement burden needed to achieve a given reconstruction
quality. For example, if each signal in the ensemble is K-sparse, we may hope to jointly recover
the ensemble using fewer than the O(K log(N/K)) measurements per sensor that are required to
reconstruct the signals separately. Like single-signal CS, DCS decoding schemes should be robust to
noise and to dropped measurement packets. Joint reconstruction techniques should also be robust

to the loss of individual sensors, making DCS well-suited for remote sensing applications.

4.2.2 Current Approaches to DCS Multi-view Image Reconstruction

For signals in general and images in particular, a variety of DCS decoding algorithms have been
proposed to date. Fundamentally, all of these frameworks build upon the concept of sparsity for
capturing intra- and inter-signal correlations.

One DCS modeling framework involves a collection of joint sparsity models (JSMs) [18]. In a
typical JSM we represent each signal z; € RY in terms of a decomposition x; = zc + z;, where
zc € RY is a “common component” that is assumed to be present in all {z;}, and z; € R is an
“innovation component” that differs for each signal. Depending on the application, different sparsity
assumptions may be imposed on zc and z;. In some cases these assumptions can dramatically restrict
the space of possible signals. For example, all signals may be restricted to live within the same K-
dimensional subspace. The DCS decoder then searches for a signal ensemble that is consistent
with the available measurements and falls within the space of signals permitted by the JSM. For
signal ensembles well-modeled by a JSM, DCS reconstruction can offer a significant savings in the
measurement rates. While each sensor must take enough measurements to account for its innovation
component z;, all sensors can share the burden of measuring the common component zc.

Unfortunately, the applicability of JSMs to multi-view imaging scenarios can be quite limited.
While two cameras in very close proximity may yield images having sparse innovations relative to
a common background, any significant difference in the camera positions will dramatically increase
the complexity of the innovation components. Because conventional JSMs are not appropriate for
capturing any residual correlation that may remain among these innovations, we would expect JSM-

based recovery to offer very little improvement over independent CS recovery.
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Recently, a significant extension of the JSM framework has been proposed specifically for multi-
view compressive imaging [34]. This framework assumes that images of a common scene are related
by local or global geometrical transformations and proposes an overcomplete dictionary of basis
elements consisting of various geometrical transformations of a generating mother function. It is
assumed that each image can be decomposed into its own subset of these atoms plus the geometrically
transformed atoms of the neighboring images. The benefit of this approach is that information
about one image helps reduce the uncertainty about which atoms should be used to comprise the
neighboring images. Unfortunately, there seems to be a limit as to how much efficiency may be gained
from such an approach. To reconstruct a given image, the decoder may be tasked with solving for,
say, K sparse coefficients. While the correlation model may help reduce the measurement burden at
that sensor below O(K log(N/K)), it is not possible to reduce the number of measurements below K.
As we will later argue, however, there is reason to believe that alternative reconstruction techniques
based on the underlying scene (rather than the images themselves) can succeed with even fewer than
K measurements.

Other approaches for multi-view image reconstruction could draw naturally from recent work
in CS video reconstruction by ordering the static images {x;} according to their camera positions
and reconstructing the sequence as a sort of “fly-by” video. One approach for video reconstruction
exploits the sparsity of inter-frame differences [96]. For multi-view imaging, this would correspond
to a difference image z; — x; having a sparse representation in some basis W. Again, however, this
condition may only be met if cameras ¢ and j have very close proximity. We have also proposed a CS
video reconstruction technique based on a motion-compensated temporal wavelet transform [104].
For multi-view imaging, we could modify this algorithm, replacing block-based motion compensation
with disparity compensation. The challenge of such an approach, however, would be in finding
the disparity information without prior knowledge of the images themselves. For video, we have
addressed this challenge using a coarse-to-fine reconstruction algorithm that alternates between
estimating the motion vectors and reconstructing successively higher resolution versions of the video
using the motion-compensated wavelet transform.

What would still be missing from any of these approaches, however, is an assurance that the
reconstructed images have a global consistency, i.e., that they all describe a common underlying
scene. In the language of manifolds this means that the reconstructed images do not necessarily live
on a common IAM defined by a hypothetical underlying scene. This may not only lead to possible
confusion in interpreting the images, but more critically may also suggest that the reconstruction

algorithm is failing to completely exploit the joint structure of the ensemble—the images are in fact
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constrained to live in a much lower-dimensional set than the algorithm realizes.

4.3 Manifold Lifting Techniques for Multi-view Image Reconstruction

In light of the above observations, one could argue that an effective multi-view reconstruction
algorithm should exploit the underlying geometry of the scene by using an inter-signal modeling
framework that ensures global consistency. To inform the design of such an algorithm, we find it
helpful to view the general task of reconstruction as what we term a manifold lifting problem: we
would like to recover each image z; € RY from its measurements y; € R (“lifting” it from the
low-dimensional measurement space back to the high-dimensional signal space), while ensuring that
all recovered images live along a common TAM.

Although this interpretation does not immediately point us to a general purpose recovery algo-
rithm (and different multi-view scenarios could indeed require markedly different algorithms), it can
be informative for a number of reasons. For example, as we have discussed in Sec. 2.2, manifolds
can have stable embeddings under random projections. If we suppose that ®; = ® € RM*N for all
7, then each measurement vector we obtain will be a point sampled from the embedded manifold
®M C RM. From samples of ®M in RM | we would like to recover samples of (or perhaps all of)
M in RY | and this may be facilitated if ® M preserves the original geometric structure of M. In
addition, as we have discussed in Sec. 2.1, many TAMs have a multiscale structure that has proved
useful in solving non-compressive parameter estimation problems, and this structure may also be
useful in solving multi-view recovery problems.

While this manifold-based interpretation may give us a geometric framework for signal modeling,
it may not in isolation sufficiently capture all intra- and inter-signal correlations. Indeed, one cannot
disregard the role that concise models such as sparsity may still play in an effective manifold lifting
algorithm. Given an ensemble of measurements 1, ys, .. ., ys, there may be many candidates IAMs
on which the original images 1, x2, ...,z ; may live. In order to resolve this ambiguity, one could
employ either a model for the intra-signal structure (such as sparsity) or a model for the underlying
structure of the scene (again, possibly sparsity). To do the latter, one must develop a representation
for the underlying scene or phenomenon that is being measured and understand the mapping between
that representation and the measurements y;,yo, ...,y . To keep the problem simple, this mapping
will ideally be linear, and as we discuss in this section, such a representation and linear mapping
can be found in a number of scenarios.

To make things more concrete, we demonstrate in this section how the manifold lifting viewpoint
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can inform the design of reconstruction algorithms in the context of two generic multi-view scenarios:
far-field and near-field imaging. We also discuss how to address complications that can arise due
to uncertainties in the camera positions. We hope that such discussions will pave the way for the

future development of broader classes of manifold lifting algorithms.

4.3.1 Far-field Multi-view Imaging

We begin by considering the case where the cameras are far from the underlying scene, such
as might occur in satellite imaging or unmanned aerial vehicle (UAV) remote sensing scenarios. In
problems such as these, it may be reasonable to model each image x; € RY as being a translated,
rotated, scaled subimage of a larger fixed image. We represent this larger image as an element x
drawn from a vector space such as R? with Q > N, and we represent the mapping from x to Z;
(which depends on the camera position 6;) as a linear operator that we denote as Ry, : RP — RN,
This operator Ry, can be designed to incorporate different combinations of translation, rotation,
scaling, etc., followed by a restriction that limits the field of view.

This formulation makes clear the dependence of the TAM M on the underlying scene z: M =
M(x) = {Rpx : 0 € ©} C RY. Supposing we believe = to obey a sparse model and supposing
the camera positions are known, this formulation also facilitates a joint recovery program that can
ensure global consistency while exploiting the structure of the underlying scene. At camera j, we
have the measurements y; = ®;x; = ®; Ry, x. Therefore, by concatenating all of the measurements,

we can write the overall system of equations as y = ®piz Rz, where

Y1 Rgl P, 0 L 0

Y2 R02 0 Py ... 0
(4.1) y= ) , R= ) , and Ppe =

YyJ ROJ 0 0 .. Dy

Given y and PR, and assuming x is sparse in some basis ¥ (such as the 2D wavelet domain),
we can solve the usual optimization problem as stated in (2.1) (or (2.2) if the measurements are
noisy). If desired, one can use the recovered image Z to obtain estimates Z; := Ry, ¥ of the original

subimages. These are guaranteed to live along a common TAM, namely M(Z).

4.3.2 Near-field Multi-view Imaging

Near-field imaging may generally be more challenging than far-field imaging. Defining a useful

representation for the underlying scene may be difficult, and due to effects such as parallax and

52



occlusions, it may seem impossible to find a linear mapping from any such representation to the
measurements. Fortunately, however, there are encouraging precedents that one could follow.

One representative application of near-field imaging is in Computed Tomography (CT). In CT,
we seek to acquire a 3D volumetric signal z, but the signals x; that we observe correspond to slices
of the Fourier transform of . (We may assume y; = z; in such problems, and so the challenge is
actually to recover M(z), or equivalently just z, rather than the individual {z;}.) Given a fixed
viewing angle 6;, this relationship between x and z; is linear, and so we may set up a joint recovery
program akin to that proposed above for far-field imaging. Similar approaches have been used for
joint recovery from undersampled frequency measurements in MRI [91].

For near-field imaging using visible light, there is generally no clear linear mapping between a 3D
volumetric representation of the scene and the observed images ;. However, rather than contend
with complicated nonlinear mappings, we suggest that a promising alternative may be to use the
plenoptic function [71] as a centralized representation of the scene. The plenoptic function f is a
hypothetical 5D function used to describe the intensity of light that could be observed from any
point in space, when viewed in any possible direction. The value f(pg,py,P=,Po,De) Specifies the
light intensity that would be measured by a sensor located at the position (p,, py, p.) and pointing in
the direction specified by the spherical coordinates py and py. (Additional parameters such as color
channel can be considered.) By considering only a bounded set of viewing positions, the plenoptic
function reduces to a 4D function known as the lumigraph [71].

Any image x; € RY of the scene has a clear relationship to the plenoptic function. A given camera
j will be positioned at a specific point (pg, py, p-) in space and record light intensities arriving from
a variety of directions. Therefore, z; simply corresponds to a 2D “slice” of the plenoptic function,
and once the camera viewpoint §; is fixed, the mapping from f to z; is a simple linear restriction
operator. Consequently, the structure of the IAM M = M(f) is completely determined by the
plenoptic function.

Plenoptic functions contain a rich geometric structure that we suggest could be exploited to
develop sparse models for use in joint recovery algorithms. This geometric structure arises due to
the geometry of objects in the scene: when a physical object having distinct edges is photographed
from a variety of perspectives, the resulting lumigraph will have perpetuating geometric structures
that encode the shape of the object under study. As a simple illustration!, a Flatland-like scenario

(imaging an object in the plane using 1D cameras) is shown in Figure 4.2(a). The resulting 2D

IThe authors gratefully acknowledge Richard Baraniuk and Hyeokho Choi for many influential conversations
concerning the lumigraph and for their help in developing the lumigraph experiments presented here.
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Figure 4.2: Lumigraph geometry in compressive multi-view imaging. (a) Flatland-like illustration for
collecting 1D images of an object in the 2D plane. At each camera position, all viewing directions may be
considered. (b) Resulting 128 x 128 lumigraph for the ellipse-shaped object. Each row corresponds to a
single “image”. (In the real world each image is 2D and the full lumigraph is 4D.) The lumigraph can be
repeated for viewing from all four sides of the object. (c) Wedgelets provide a simple parametric model for
local patches of a 2D lumigraph; only two parameters are needed to describe the orientation and offset of
the linear discontinuity. (d) Wedgelet-based lumigraph reconstruction from M = 5 compressive samples of
each image (row of lumigraph). (e) Scene geometry estimated using local edge positions/orientations in the
reconstructed lumigraph. Each blue line connects an estimated point on the object to a camera from which
that point is visible. The true ellipse is shown in red.

lumigraph is shown in Figure 4.2(b), where each row corresponds to a single “image”. We see that
geometric structures in the lumigraph arise due to shifts in the object’s position as the camera
viewpoint changes. For the 4D lumigraph these structures have recently been termed “plenoptic
manifolds” [20] due to their own nonlinear, surface-like characteristics. If a sparse representation
for plenoptic functions can be developed that exploits these geometric constraints, then it may be
possible to recover plentopic functions from incomplete, random measurements using a linear problem
formulation and recovery algorithms such as (2.1) or (2.2). One possible avenue to developing
such a sparse representation could involve parameterizing local patches of the lumigraph using
the wedgelet [51] or surflet [32] dictionaries. Wedgelets (see Figure 4.2(c)) can be tiled together
to form piecewise linear approximations to geometric features; surflets offer piecewise polynomial
approximations.

As a proof of concept, we present a simple experiment in support of this approach. For the

lumigraph shown in Figure 4.2(b), which has J = 128 1D “images” that each contain N = 128
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pixels, we collect M = 5 random measurements from each image. From these measurements we
attempt to reconstruct the entire lumigraph using wedgelets [32] following a multiscale technique
outlined in Chapter 6 of [135]. The reconstructed lumigraph is shown in Figure 4.2(d) and is
relatively accurate despite the small number of measurements.

Finally, to illustrate the rich interplay between geometry within the lumigraph and the underlying
geometry of the scene, we show that it is actually possible to use the reconstructed lumigraph to
estimate the underlying scene geometry. While we omit the precise details of our approach, the
estimated wedgelets help us to infer three pieces of information: the positions of each local wedgelet
patch in the v and t directions indicate a camera position and viewing direction, respectively, while
the orientation of the wedgelet indicates a depth at which a point in the scene belongs to the object.
Putting these estimates together, we obtain the reconstruction of the scene geometry shown in
Figure 4.2(e). This promising proof of concept suggests that wedgelets or surflets could indeed play

an important role in the future for developing improved concise models for lumigraph processing.

4.3.3 Dealing with Uncertainties in Camera Positions

In all of our discussions above, we have assumed the camera positions #; were known. In some
situations, however, we may have only noisy estimates HAJ = 0; 4+ n; of the camera positions. Sup-
posing that we can define linear mappings between the underlying scene and the images z;, it is
straightforward to extend the CS recovery problem to account for this uncertainty. In particu-
lar, letting R denote the concatenation of the mappings Ry, as in (4.1), and letting R denote the
concatenation of the mappings R@j corresponding to the noisy camera positions, it follows that
y = PpigRr = @bigﬁx + n for some noise vector n, and so (2.2) can be used to obtain an approxi-
mation Z of the underlying scene. Of course, the accuracy of this approximation will depend on the
quality of the camera position estimates.

When faced with significant uncertainty about the camera positions, the multiscale properties of
TAMs help us to conceive of a possible coarse-to-fine reconstruction approach. As in Sec. 2.1, let h,
denote a blurring kernel at scale s, and suppose for simplicity that © = R. Based on the arguments
presented in [138], it follows that for most reasonable mappings § — x¢, we will have || % |2 — 0
as s — 0. What this implies is that, on manifolds of regularized images My = {hs*xg : 0 € O}, the
images will change slowly as a function of camera position, and so we can ensure that hg % (R@j x) is
arbitrarily close to hs * (Rg,x) by choosing s sufficiently small (a sufficiently “coarse” scale). Now,
suppose that some elements of each y; are devoted to measuring h, * x; = h, * (Rg,z). We denote

these measurements by y; s = ®; s(hs * z;). In practice, we may replace the convolution operator

55



with a matrix Hy and collect y; s = ®; Hsr; = ®; Hs Ry, v instead. Concatenating all of the

{yj.s}/=1, we may then use the noisy position estimates to define operators { R; } and solve (2.2)
J

as above to obtain an estimate Z of the scene. This estimate will typically correspond to a lowpass

filtered version of x, since for many reasonable imaging models, we will have hs* (Rg,z) ~ Ry, (h/,xx)

/!
Rl

for some lowpass filter A/, and this implies that y; , = ®; ; R, (h} * =) contains only low frequency
information about x.

Given this estimate, we may then re-estimate the camera positions by projecting the measure-
ment vectors y; s onto the manifold M(Z). (This may be accomplished, for example, using the
parameter estimation techniques described in [138].) Then, having improved the camera position
estimates, we may reconstruct a finer scale (larger s) approximation to the true images {xz;}, and
so on, alternating between the steps of estimating camera positions and reconstructing successively
finer scale approximations to the true images. This multiscale, iterative algorithm requires the sort
of multiscale randomized measurements we describe above, namely y; = ®; ;(hs * x;) for a se-
quence of scales s. In practice, the noiselet transform [37] offers one fast technique for implementing
these measurement operators ®; ;H at a sequence of scales. Noiselet scales are also nested, so
measurements at a scale s; can be re-used as measurements at any scale s > s1.

The manifold viewpoint can also be quite useful in situations where the camera positions are com-
pletely unknown, as they might be in applications such as cryo-electron microscopy (Cryo-EM) [119].
Because we anticipate that an TAM M will have a stable embedding ® M in the measurement space,
it follows that the relative arrangement of the points {z;} on M will be preserved in ®M. Since
this relative arrangement will typically reflect the relative arrangement of the values {4} in ©, we
may apply to the compressive measurements? any number of “manifold learning” techniques (such
as ISOMAP [124]) that are designed to discover such parameterizations from unlabeled data. An
algorithm such as ISOMAP will provide an embedding of J points in RP whose relative positions
can be used to infer the relative camera positions; a similar approach has been developed specifically
for the Cryo-EM problem [119]. (Some side information may be helpful at this point to convert
these relative position estimates into absolute position estimates.) Once we have these estimates,
we may resort to the iterative refinement scheme described above, alternating between the steps of
estimating camera positions and reconstructing successively finer scale approximations to the true

images.

2We have found that this process also performs best using measurements of hs * z; for s small because of the
smoothness of the manifold M at coarse scales.
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(b)

Figure 4.3: (a) Setup for manifold lifting demonstration. The original image x (courtesy USGS) has size
192 x 192 and is observed by J = 200 satellites. The red boxes illustrate the limited field of view for a
few such cameras. (b) Image-by-image reconstruction from random measurements, PSNR 14.4dB. (c) Joint
reconstruction using our manifold lifting algorithm with unknown camera positions, PSNR 23.6dB.

4.4 Manifold Lifting Case Study

4.4.1 Problem Setup

As a proof of concept, we now present a comprehensive multi-view reconstruction algorithm
inspired by the manifold lifting viewpoint. We do this in the context of a far-field imaging simulation
in which we wish to reconstruct a Q-pixel high-resolution image x of a large scene. Information about
this scene will be acquired using an ensemble of J satellites, which will collect N-pixel photographs
x; of the scene from different positions and with limited but overlapping fields of view, as illustrated
with red boxes in Figure 4.3(a).

We denote the vertical and horizontal position of satellite j by 6; = (9]‘-/, 0;1 ) € R%. The satellite
positions take real values and are chosen randomly except for the caveats that the fields of view
all must fall within the square support of x and that each of the four corners of x must be seen
by at least one camera. (These assumptions are for convenience but can be relaxed without major
modifications to the recovery algorithm.) We let Ry, denote the N x @ linear operator that maps
x to the image z;. This operator involves a resampling of x to account for the real-valued position
vector §;, a restriction of the field of view, and a spatial lowpass filtering and decimation, as we
assume that z; has lower resolution (larger pixel size) than x.

In order to reduce data transmission burdens, we suppose that each satellite encodes a random set
of measurements y; = ®;x; € RMi of its incident image x;. Following the discussion in Section 4.3.3,
these random measurements are collected at a sequence of coarse-to-fine scales s1, s2, ..., s using
noiselets. (The noiselet measurements can actually be collected using CS imaging hardware [55],

bypassing the need for a conventional N-pixel sensor.) We concatenate all of the measurement
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vectors {y; s, into the length-M; measurement vector y; = ®;x;. Finally, we assume that all

i=1
satellites use the same set of measurement functions, and so we define M := My = My = --- = M
and<I>::<I>1:<I>2:---:<I>J.
Our decoder will be presented with the ensemble of the measurement vectors yi, ¥y, ...,y but

will not be given any information about the camera positions (save for an awareness of the two
caveats mentioned above) and will be tasked with the challenge of recovering the underlying scene
x. Although it would be interesting to consider quantization in the measurements, it is beyond the

scope of this chapter and we did not implement any quantization steps in the following simulations.

4.4.2 Manifold Lifting Algorithm

We combine the discussions provided in Sections 4.3.1 and 4.3.3 to design a manifold lifting

algorithm that is specifically tailored to this problem.

4.4.2.1 Initial estimates of satellite positions

The algorithm begins by obtaining a preliminary estimate of the camera positions. To do this, we
extract from each y; the measurements corresponding to the two or three coarsest scales (i.e., y; s, ,
Yj,s5, and possibly y; s, ), concatenate these into one vector, and pass the ensemble of such vectors
(for all j € {1,2,...,J}) to the ISOMAP algorithm. ISOMAP then delivers an embedding of points
v1,%2,...,v; in R? that best preserves pairwise geodesic distances compared to the input points; an
example ISOMAP embedding is shown in Figure 4.4(a). What can be inferred from this embedding
are the relative camera positions; a small amount of side information is required to determine the
proper scaling, rotation, and (possible) reflection of these points to correctly align them with an
absolute coordinate system. Assuming that we know the correct vertical and horizontal reflections,
after reflecting these camera positions correctly, we then rotate and scale them to fill the square

support of x.

4.4.2.2 Iterations

Given the initial estimates {@\J} of our camera positions, we can then define the operators {Ré\j}
and consequently R. By concatenating the measurement vectors and measurement matrices, initially
only those at the coarsest scale (i.e., y;5, across all j), we write the overall system of equations as

y = ®Rx +n as in Sec. 4.3.1, and solve for
a = argmin, [|a[[1 subject to [y — ‘Pbigﬁkllaﬂg <e,
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Figure 4.4: (a) Initial ISOMAP embedding vi,vs,...,v; of the measurement vectors. (b) Initial estimates
{6,} of camera positions after rotating and scaling the {v;}. (c) Final camera position estimates after
running the manifold lifting algorithm. In (b) and (c), the colored points represent the estimated camera
positions (color coded by the true GJH value), while the blue vectors represent the error with respect to the

true (but unknown) camera position.

where W is a wavelet basis and € is chosen® to reflect the uncertainty in the camera positions 6;.
Given @, we can then compute the corresponding estimate of the underlying scene as 7 = ¥a.
After we obtain the estimate T, we refine the camera positions by registering the measurement

vectors y; with respect to this manifold. In other words, we solve the following optimization problem:
6; = argming||y; — PReZ|2,

where again in each y; we use only the coarse scale measurements. To solve this problem we use the
multiscale Newton algorithm proposed in [138].

With the improved estimates gj, we may then refine our estimate of Z but can do so by incorpo-
rating finer scale measurements. We alternate between the steps of reconstructing the scene Z and
re-estimating the camera positions 5]-, successively bringing in the measurements y; ¢, , ¥j,ss» - - - » Y5, 51+
(At each scale it may help to alternate once or twice between the two estimation steps before bring-
ing in the next finer scale of measurements. One can also repeat until convergence or until reaching
a designated stopping criterion.) Finally, having brought in all of the measurements, we obtain our

final estimate T of the underlying scene.

4.4.2.3 Experiments

We run our simulations on an underlying image x of size Q = 192 x 192 that is shown in

Figure 4.3(a). We suppose that x corresponds to 1 square unit of land area. We observe this scene

3In our experiments, we choose the parameter € as somewhat of an oracle, in particular as 1.1y — @bigﬁng. In
other words, this is slightly larger than the error that would result if we measured the true image z but with the
wrong positions as used to define R. This process should be made more robust in future work.
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using J = 200 randomly positioned cameras, each with a limited field of view. Relative to x, each
field of view is of size 128 x 128, corresponding to 0.44 square units of land area as indicated by the
red boxes in Figure 4.3(a). Within each field of view, we observe an image z; of size N = 64 x 64
pixels that has half the resolution (twice the pixel size) compared to z. The total number of noiselet
scales for an image of this size is 6. For each image we disregard the coarsest noiselet scale and set
$1, S2,..., 85 corresponding to the five finest noiselet scales. For each image we collect 96 random
noiselet measurements: 16 at scale s1, and 20 at each of the scales ss, ..., s5. Across all scales and
all cameras, we collect a total of 96 - 200 = 19200 ~ 0.52¢) measurements.

Based on the coarse scale measurements, we obtain the ISOMAP embedding vy, vs, ..., v; shown
in Figure 4.4(a). After rotating and scaling these points, the initial estimates {0@} of camera positions
are shown in Figure 4.4(b). These initial position estimates have a mean absolute error of 1.8 and
2.0 pixels (relative to the resolution of x) in the vertical and horizontal directions, respectively.
Figure 4.4(c) shows the final estimated camera positions after all iterations of our manifold lifting
algorithm. These estimates have a mean absolute error of 0.0108 and 0.0132 pixels in the vertical
and horizontal directions, respectively. The final reconstruction T obtained using these estimated
camera positions is shown in Figure 4.3(c). We note that the border areas are not as accurately
reconstructed as the center region because fewer total measurements are collected near the borders of
x. The scale-by-scale progression of the reconstruction of x and the estimated camera positions are
shown in Figure 4.5. Figure 4.5(a) shows the reconstructed images of = at each scale sy, s, .. ., 85,
where the left most image is the reconstruction at the coarsest scale s; and the right most image
is the reconstructed image at the finest scale s5. Figure 4.5(b) shows the corresponding camera
position estimates that were used in the reconstruction of the images in Figure 4.5(a). As we have
mentioned above, it can help to alternate between reconstruction of the image and estimation of the
camera positions at the same scale more than once before moving on to the next finer scale. In this
particular simulation, we have alternated between reconstruction and camera position estimation 3
to 4 times at each scale but the finest and 6 times at the finest scale.

In order to assess the effectiveness of our algorithm, we compare it to three different reconstruc-
tion methods. In all of these methods we assume that the exact camera positions are known and
we keep the total number of measurements fixed to 19200. First, we compare to image-by-image
CS recovery, in which we reconstruct the images x; independently from their random measurements
y; and then superimpose and average them at the correct positions. As expected, and as shown
in Figure 4.3(b), this does not yield a reasonable reconstruction because there is far too little data

collected (just 96 measurements) about any individual image to reconstruct it in isolation. Thus,
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Figure 4.5: (a) Scale-by-scale reconstruction of the underlying image proceeding from the coarsest scale s1
on the left to the finest scale s5 on the right. (b) The corresponding camera position estimates used in the
reconstruction of the images in (a) proceeding from the coarsest scale s1 on the left to the finest scale s5 on
the right.

we see the dramatic benefits of joint recovery.

Second, for the sake of completeness, we compare to a non-distributed encoding scheme in which
one measures the entire image x using a fully populated 19200 x N Gaussian random matrix. Fig-
ure 4.6(a) shows the reconstructed image obtained using a single invocation of ¢;-minimization.
Perhaps surprisingly, the reconstruction quality is actually inferior to that obtained using the man-
ifold lifting algorithm with distributed measurements (shown in Figure 4.6(c)). This is somewhat
counterintuitive since one would expect that the spatially limited measurement functions would
have inferior isometry properties compared to global measurement functions. Although we do not
have a concrete theoretical explanation for this phenomenon, we believe that this difference in re-
construction quality is mainly due to the multiscale nature of measurement functions employed in
our manifold lifting example. To support this argument with an experiment, we run the manifold
lifting algorithm with spatially limited but non-multiscale measurement functions: for each window,
we measure a total of 96 noiselet measurements at the finest scale only, where previously these 96
measurements were spread across several scales. In this case, the reconstructed image has a PSNR
of 19.8dB, which is worse than that obtained using a global Gaussian measurement matrix. This is
consistent with our intuition that, when using measurements with limited spatial support, one could
pay a penalty in terms of reconstruction quality.

Third, we compare to another alternative encoding scheme, where rather than encode 96 random

noiselet measurements of each image, we encode the 96 largest wavelet coefficients of the image in the
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Figure 4.6: (a) Reconstruction using fully dense Gaussian random matrix, PSNR 21.9dB. (b) Joint re-
construction using transform coding measurements with known camera positions, PSNR 22.8dB. (c) Joint
reconstruction using random measurements with known camera positions, PSNR 24.7dB.

Haar wavelet basis. (We choose Haar due to its similarity with the noiselet basis, but the performance
is similar using other wavelet bases.) This is a rough approximation for how a non-CS transform
coder might encode the image, and for the encoding of a single image in isolation, this is typically a
more efficient encoding strategy than using random measurements. (Recall that for reconstructing a
single signal, one must encode about K log(N/K) random measurements to obtain an approximation
comparable to K-term transform coding.) However, when we concatenate the ensemble of encoded
wavelet coefficients and solve (2.1) to estimate Z, we see from the result in Figure 4.6(b) that the
reconstructed image has lower quality than we obtained using a manifold lifting algorithm based
on random measurements, even though the camera positions were unknown for the manifold lifting
experiment. In a sense, by using joint decoding, we have reduced the CS overmeasuring factor from
its familiar value of log(N/K) down to something below 1! We believe this occurs primarily because
the images {x;} are highly correlated, and the repeated encoding of large wavelet coefficients (which
tend to concentrate at coarse scales) results in repeated encoding of redundant information across
the multiple satellites. In other words, it is highly likely that prominent features will be encoded
by many satellites over and over again, whereas other features may not be encoded at all. As a
result, by examining Figure 4.6(b) we see that strong features such as streets and the edges of
buildings (which have large wavelet coefficients) are relatively more accurately reconstructed than,
for example, forests or cars in parking lots (which have smaller wavelet coefficients). Random
measurements capture more diverse information within and among the images. To more clearly
illustrate the specific benefit that random measurements provide over transform coding (for which
the camera positions were known), we show in Figure 4.6(c) a reconstruction obtained using random

measurements with known camera positions.
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ML w/out cam.
J | Independent CS | TC w/ cam. | ML w/ cam.

PSNR | 330,16, — 6]
200 14.4 22.8 24.7 23.6 (0.0108, 0.0132)
150 13.7 22.9 24.6 23.7 (0.0110, 0.0148)
100 15.1 23.5 25.1 23.9 (0.0177, 0.0121)
70 15.6 23.7 24.6 23.8 (0.0059, 0.0143)

Table 4.1: Reconstruction results with varying numbers of camera positions J. From left to right, the
columns correspond to the PSNR (in dB) of image-by-image CS reconstruction from random measurements,
joint reconstruction from transform coding measurements with known camera positions, joint reconstruction
from random measurements with known camera positions, and joint reconstruction from random measure-
ments with unknown camera positions. The final subcolumn lists the mean absolute error of the estimated
camera positions in the vertical and horizontal directions, respectively.

Finally, we carry out a series of simulations with the same image x using different numbers J of
camera positions. We keep the total number of measurements (19200) and the sizes of the subimages
(64 x 64) constant. The results are summarized in Table 4.1. In all cases, our manifold lifting
algorithm without knowledge of the camera positions outperforms transform coding with knowledge
of the camera positions. We do note that as J decreases, the performance of transform coding
improves. This is likely because each satellite now has more measurements to devote to encoding
information about the underlying scene, and there are fewer total cameras to encode redundant

information.
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CHAPTER 5

Concentration of Measure for Block Diagonal Matrices with

Applications to Compressive Signal Processing

5.1 Introduction

Recent technological advances have enabled the sensing and storage of massive volumes of data
from a dizzying array of sources. While access to such data has revolutionized fields such as signal
processing, the limits of some computing and storage resources are being tested, and front-end
signal acquisition devices are not always able to support the desire to measure in increasingly finer
detail. To confront these challenges, many signal processing researchers have begun investigating
compressive linear operators ® : RN — RM for high resolution signals z € RY (M < N), either as a
method for simple dimensionality reduction or as a model for novel data acquisition devices [52, 26].
Because of their universality and amenability to analysis, randomized compressive linear operators
(i.e., random matrices with M < N) have drawn particular interest.

The theoretical analysis of random matrices often relies on the general notions that these ma-
trices are well-behaved most of the time and that we can bound the probability with which they
perform poorly. Frequently, these notions are formalized using some form of the concentration of
measure phenomenon [87], a powerful characterization of the tendency of certain functions of high-
dimensional random processes to concentrate sharply around their mean. As one important example
of this phenomenon, it is known that for any fixed signal z € RY, if ® is an M x N matrix populated
with independent and identically distributed (i.i.d.) random entries drawn from a suitable distribu-
tion, then with high probability ® will approximately preserve the norm of z. More precisely, for

many random distributions for ®, the probability that |[|®z||3 — ||z[|3| will exceed a small fraction

This work is in collaboration with Han Lun Yap, Christopher J. Rozell, and Michael B. Wakin. Jae Young Park
and Han Lun Yap are both primary authors to this work that appeared in [107]. This work also builds upon previous
work that appeared in [140, 113] in collaboration with the same authors.
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of ||z||3 decays exponentially in the number of measurements M.

As we discuss in Section 5.2, such concentration results have a number of favorable implications.
Among these is the Johnson-Lindenstrauss (JL) lemma [81, 1, 40], which states that when applied
to a finite set of points @ C RY, a randomized compressive operator ® can provide a stable, distance
preserving embedding of Q in the measurement space R™. This enables the efficient solution of a
broad variety of signal processing problems by permitting these problems to be solved in the low-
dimensional observation space (such as finding the nearest neighbor to a point z in a database Q).
Such concentration results have also been used to prove that certain families of random matrices
can satisfy the Restricted Isometry Property (RIP) [30, 14, 101] (see Definition 2.3). In the field of
Compressed Sensing (CS), the RIP is commonly used as a sufficient condition to guarantee that a
sparse signal x can be recovered from the measurements ®x.

Despite the utility of norm preservation in dimensionality reduction, concentration analysis to
date has focused almost exclusively on dense matrices that require each measurement to be a
weighted linear combination of all entries of x. Dense random matrices are often either imprac-
tical because of the resources required to store and work with a large unstructured matrix (e.g.,
one with i.i.d. entries), or unrealistic as models of acquisition devices with architectural constraints
preventing such global data aggregation. For example, in a distributed sensing system, communica-
tion constraints may limit the dependence of each measurement to only a subset of the data. For a
second example, applications involving streaming signals [9, 23] often have datarates that necessitate
operating on local signal blocks rather than the entire signal simultaneously.

In such scenarios, the data may be divided naturally into discrete subsections (or blocks), with
each block acquired via a local measurement operator. To see the implications of this, let us model a
signal z € RV as being partitioned into J blocks 1,2, ...,z; € RY and for each j € {1,2,...,J},
suppose that a local measurement operator ®; : RY — RM; collects the measurements y; = ®jx;.

Concatenating all of the measurements into a vector y € R Mj we then have

a1 (I)l T
Y2 D) T
(5.1) _
Ys D, zy
L J L 4 L J
y: (30, M;)x1 O: (32, Mj)xNJ z:NJx1
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In cases such as these, we see that the overall measurement operator ® will have a characteristic
block diagonal structure. In some scenarios, the local measurement operator ®; may be unique for
each block, and we say that the resulting ® has a Distinct Block Diagonal (DBD) structure. In other
scenarios it may be appropriate or necessary to repeat a single operator across all blocks (such that
by =Py =--- = dy); we call the resulting ® a Repeated Block Diagonal (RBD) matrix.

Starting from this block diagonal matrix structure, the main contributions of this chapter are
a derivation of concentration of measure bounds for DBD and RBD matrices and an extensive
exploration of the implications and utility of these bounds for the signal processing community.
Specifically, in Section 5.3 we derive concentration of measure bounds both for DBD matrices popu-
lated with i.i.d. subgaussian' random variables and for RBD matrices populated with i.i.d. Gaussian
random variables. In contrast to the signal agnostic concentration of measure bounds for i.i.d. dense
matrices, these bounds are signal dependent; in particular, the probability of concentration depends
on the “diversity” of the component signals z1, 9, ...,z ; being well-matched to the measurement
matrix (we make this precise in Section 5.3). As our analytic discussion and supporting simulations
show, these measures of diversity have clear intuitive interpretations and indicate that, for signals
with the most favorable characteristics, the concentration of measure probability for block diagonal
matrices can scale exactly as for an i.i.d. dense random matrix.

Sections 5.4 and 5.5 are devoted to a detailed investigation of the utility of these non-uniform
concentration results for signal processing practitioners. Specifically, in Section 5.4, we extend
our concentration results to formulate a modified version of the JL lemma appropriate for block
diagonal matrices. We also explain how this lemma can be used to guarantee the performance of
various compressive-domain signal inference and processing algorithms such as signal detection and
estimation. Given the applicability of these results for providing performance guarantees in these
tasks, a natural question is whether there are large classes of signals that have the diversity required
to make block diagonal matrices perform well. In Section 5.5 we provide several examples of signal

families that are particularly favorable for measurement via DBD or RBD matrices.

5.2 Background and Related Work

In this section, we begin with a definition of subgaussian random variables, describe more formally
several existing concentration of measure results for random matrices, and review some standard

applications of these results in the literature.

ISubgaussian random variables [25, 132] are precisely defined in Section 5.2.1, and can be thought of as random
variables from a distribution with tails that can be bounded by a Gaussian.
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5.2.1 Subgaussian Random Variables

In fields such as CS, the Gaussian distribution is often invoked for probabilistic analysis thanks
to its many convenient properties. Gaussian random variables, however, are just one special case in
a much broader class of subgaussian distributions [25, 132]. Where possible, we state our results in
terms of subgaussian random variables, which are defined below using standard notation from the
literature.

Definition 5.1. [152] A random variable W is subgaussian if 3a > 0 such that
(BE[W )P < a+/p for all p > 1.

The quantity ||W ||y, := sup,>, p~'/2(E[W|P)!/? is known as the subgaussian norm of W.

We restrict our attention to zero-mean subgaussian random variables in this chapter. Examples of
such random variables include zero-mean Gaussian random variables, =1 Bernoulli random variables
(each value with probability 1), and uniform random variables on [—1,1].

For a given subgaussian random variable W, the variance Var(W) is a constant multiple of

Var(W)

W7, with 0 < Wiz, < V/2; the exact value of

Var(W)
2
W2,

depends on the specific distribution for W
under consideration (Gaussian, Bernoulli, etc.). We also note that in some cases, we will consider

independent realizations of a subgaussian random variable W that are normalized to have different

Var(aW) _ o*Var(W) _ Var(W)
" laWll, o2 [W3, Wil

variances. However, it is useful to note that for any scalar a > 0 2
P2

5.2.2 Concentration Inequalities

Concentration analysis to date has focused almost exclusively on dense random matrices popu-
lated with i.i.d. entries drawn from some distribution. Commonly, when ® has size M x N and the
entries are drawn from a suitably normalized distribution, then for any fixed signal 2 € RY the goal

is to prove for any € € (0,1) that
(5.2) P([|®[l3 - |z]3] > ellz]3) < 2~ M),

where c(€) is some constant (depending on €) that is typically on the order of €2. When discussing

X we refer to X as the concentration

bounds such as (5.2) where the probability of failure scales as e~
exponent.
The past several years have witnessed the derivation of concentration results for a variety of

(ultimately related) random distributions for ®. A uniform concentration result of the form (5.2)
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was originally derived for dense Gaussian matrices populated with entries having mean zero and
variance ﬁ [76]; one straightforward derivation of this uses standard tail bounds for chi-squared
random variables [1]. Using slightly more complicated arguments, similar concentration results were
then derived for Bernoulli matrices populated with random % entries (each with probability %)
and for a “database-friendly” variant populated with random {\/iﬁﬂ, _\/LM} entries (with proba-
bilities {%, %, % ) [1]. Each of these distributions, however, is itself subgaussian, and more recently
it has been shown that uniform concentration results of the form (5.2) in fact holds for all subgaus-
sian distributions having variance ﬁ [101, 47].2 Moreover, it has been shown that a subgaussian
distribution is actually necessary for deriving a uniform concentration result of the form (5.2) for a
dense random matrix populated with i.i.d. entries [47].

Concentration inequalities have also been derived in the literature for certain structured (non-
i.i.d.) dense random matrices. Examples include matrices populated with random orthogonal rows [65]
or matrices constructed by combining a structured matrix with certain random operations [5]. A

concentration bound also holds for the randomized RIP matrices [6, 85] that we discuss in the final

paragraph of Section 5.2.3 below.

5.2.3 Applications of Concentration Inequalities

While nominally a concentration result of the form (5.2) appears to guarantee only that the
norm of a particular signal x is preserved in the measurements ®x, in fact such a result can be
used to guarantee that the information required to discriminate = from other signals may actually
be preserved in ®z. Indeed, one of the prototypical applications of a concentration result of the
form (5.2) is to prove that with high probability, ® will preserve distances between various signals

of interest.
Definition 5.2. Consider two sets U,V C R. We say that a mapping ® provides a stable embedding
of (U, V) with conditioning ¢ if

(5:3) (1= 0)|lu = vl3 < ®(u—v)[3 < (1+0)]u—vll3

holds for all wu € U and v € V.

To relate this concept to norm preservation, note that for a fixed z € RV, a randomized oper-

ator that satisfies (5.2) will, with high probability, provide a stable embedding of ({z},{0}) with

2This fact also follows from our Theorem 5.3 by considering the special case where J = 1.
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conditioning €. As we discuss in Section 5.4, this fact is useful for studying the performance of a
compressive-domain signal detector [43].

However, much richer embeddings may also be considered. For example, suppose that a signal
family of interest Q C RY consists of a finite number of points. If a randomized operator ® satisfies
(5.2) for each vector of the form u — v for u,v € @, then it follows from a simple union bound
that with probability at least 1 — 2|Q|>e=< () & will provide a stable embedding of (Q, Q) with
conditioning e. From this fact one obtains the familiar JL lemma [81, 1, 40], which states that
this stable embedding will occur with high probability if M = O (%) Thus, the information
required to discriminate between signals in @) is preserved in the compressive measurements. This
fact is useful for studying the performance of a compressive-domain nearest-neighbor search [76], a
compressive-domain signal classifier [43], and various other signal inference strategies that we discuss
in Section 5.4.

In certain cases (particularly when dealing with randomized operators that satisfy (5.2) uniformly
over all signals € RY), it is possible to significantly extend embedding results far beyond the JL
lemma. For example, for a set @ consisting of all signals with sparsity K in some basis for R,
one can couple the above union bound approach with some elementary covering arguments [14, 101]
to show that if M = O (K log(N/K)), then ® will provide a stable embedding of (Q, Q) with high
probability. This guarantee is known as the RIP (see Definition 2.3) in CS, and from the RIP, one can
derive deterministic bounds on the performance of CS recovery algorithms such as ¢; minimization
[27]. Concentration of measure type results have also been used to prove the RIP for random
matrices with subexponential columns [2], and a concentration result of the form (5.2) has also been
used to probabilistically analyze the performance of ¢; minimization [47]. Finally, we note that one
can also generalize sparsity-based embedding arguments to the case where @ is a low-dimensional
submanifold of RV [15].

In a different direction of interest regarding stable embeddings of finite collections of points, we
note that several authors have also recently shown that the direction of implication between the JL
lemma and the RIP can be reversed. Specifically, it has been shown [6, 85] that randomizing the
column signs of a matrix that satisfies the RIP results in a matrix that also satisfies the JL lemma.
One of the implications of this is that a computationally efficient stable embedding can be achieved

by randomizing the column signs of a partial Fourier matrix [31, 72, 114].
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5.3 Non-uniform Concentration of Measure Inequalities

In this section we state our concentration of measure results for Distinct Block Diagonal (DBD)
and Repeated Block Diagonal (RBD) matrices. For each type of matrix we provide a detailed
examination of the derived concentration rates and use simulations to demonstrate that our results
do indeed capture the salient signal characteristics that affect the concentration probability. We also

discuss connections between the concentration probabilities for the two matrix types.

5.3.1 Distinct Block Diagonal (DBD) Matrices
5.3.1.1 Analytical Results

Before stating our first result, we define the requisite notation. For a given signal x € RV’
partitioned into J blocks of length N as in (5.1), we define a vector describing the energy distribution
across the blocks of : v = y(z) := [||21]13 |22/ --- ||xJH§}T € R7. Also, letting My, Ma,..., My
denote the number of measurements to be taken of each block, we define a J x J diagonal matrix
containing these numbers along the diagonal: M := diag(Mj, Ma, ..., M ). Finally, for a given signal

2 € RN/ and measurement allocation M, we define the quantities

2
7113 / 2
(5.4)  To(eM) = 000 _(Ertett) R Vopp | Rp &Y LT
‘ AT M 1242 7 i T M ey LelE
j=1"M; 7 M;

Using this notation, our first result concerning the concentration of DBD matrices is captured in

the following theorem.

Theorem 5.3. Suppose x € RNY and for each j € {1,2,...,J} suppose that M; > 0. Let ¢ denote
a subgaussian random variable with mean 0, variance 1, and subgaussian norm ||¢||y,. Let {®;}]_,
be random matrices drawn independently, where each ®; has size M; x N and is populated with
i.1.d. realizations of the renormalized random variable \/%, and let ® be a (ijl Mj) x NJ DBD

J

matriz composed of {®;}7_, as in (5.1). Then

2 2 2 . C2e? Coe
(5.5) P(‘”‘DSCHQ - ||17||2| > ¢el|z]]3) < 2exp { —C1 min WPQ(‘TaM)v Wroo(%M) )
2 P2

where C1 and Cy are absolute constants.

Proof: See Appendiz A.

From the tail bound (5.5), it is easy to deduce that the concentration probability of interest

70



1912, Doo (2,M)

Cz FQ (ZE,M) and

decays exponentially as a function of €2F2<$,M) in the case where 0 < € <

19112, Doc (2, M)

ot M One striking thing

exponentially as a function of el'o (2, M) in the case where € >
about Theorem 5.3 is that, in contrast to analogous concentration of measure results for dense
matrices with i.i.d. subgaussian entries,® the concentration rate depends explicitly on the signal
being measured.

To elaborate on this point, since we are frequently concerned in practice with applications where €
is small, let us focus on the first case of (5.5), when the concentration exponent scales with I'y(z, M).
In this case, we see that larger values of I';(x, M) promote sharper concentration of ||®x||3 about
its mean ||z||3. Using elementary inequalities relating the £; and ¢ norms, one can bound the range
of possible I'y values by min; M; < T's(z,M) < ijl M;. The worst case, I's(x, M) = min; M}, is
achieved when all of the signal energy is concentrated into exactly one signal block where the fewest
measurements are collected, i.e., when |23 = 0 except for a single index j/ € {arg min; M;} (where
{argmin; M;} is the set of indices where {M;} is minimum). In this case the DBD matrix exhibits
significantly worse performance than a dense i.i.d. matrix of the same size (Z‘jjzl M;)x N J, for which
the concentration exponent would scale with ijl M;. This makes intuitive sense, as this extreme
case would correspond to only one block of the DBD matrix sensing all of the signal energy. On
the other hand, the best case, I'y(xz, M) = ijl M;, is achieved when the number of measurements
collected for each block is proportional to the signal energy in that block. In other words, letting
diag(M) represent the diagonal of M, when diag(M) o 7 (i.e., when diag(M) = C~ for some
constant C' > 0) the concentration exponent scales with Z}]:1 M; just as it would for a dense i.i.d.
matrix of the same size. This is in spite of the fact that the DBD matrix has many fewer nonzero
elements.

The probability of concentration behaves similarly in the second case of (5.5), where the con-
centration exponent scales with T',(z,M). One can bound the range of possible 'y, values by
min; M; < Tz, M) < ijl M;. The lower bound is again achieved when ||z;||3 = 0 except for a
single index j’ € {argmin; M;}, and the upper bound again is achieved when diag(M) o .

The above discussion makes clear that the concentration performance of a DBD matrix can vary
widely depending on the signal being measured. In particular, DBD matrices can perform as well
as dense i.i.d. matrices if their measurement allocation is well matched to the energy distribution
of the signal. Such a favorable event can occur either (i) by design, if a system designer has some

operational knowledge of the energy distributions to expect, or (ii) by good fortune, if favorable

3The uniformity of such concentration results comes not from the fact that these matrices are dense but rather that
that are populated with i.i.d. random variables; certain structured dense random matrices (such as partial Fourier
matrices) could have signal-dependent concentration inequalities.
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signals happen to arrive that are well matched to a fixed system design. We note that even in
the former situation when the general energy distribution across blocks is known, this does not
imply that the designer has a priori knowledge of the signal being sensed. Furthermore, even when
significant information about the signal (or a finite class of signals) is known, there may still be
much to learn by actually measuring the signal. For example, Section 5.4 outlines several interesting
signal inference problems that benefit from a norm-preservation guarantee for a known signal (or
finite signal family). Also, in the second of these situations, it may not be unreasonable to expect
that a fixed measurement allocation will be well matched to an unknown signal most of the time.
For example, in Section 5.5 we describe several realistic signal classes that are favorably matched to
fixed systems that have equal measurement allocations (M; = My = --- = My).

Two final comments are in order. First, while Theorem 5.3 was derived by considering all signal
blocks to be of equal length N, one can see by a close examination of the proof that the same
theorem in fact holds for signals partitioned into blocks of unequal lengths. Second, it is instructive
to characterize the range of € for which the two cases of Theorem 5.3 are relevant; we do so in the

following lemma, which can be proved using standard manipulations of the ¢;, ¢, and ¢, norms.

Lemma 5.4. If J > 2, the point of demarcation between the two cases of Theorem 5.3 obeys

19113, - 2(v/J = 1) min; /3 _ 18015, Too(@, M) _ ||¢Hiz.

C2(J — 1) max; /Mj - OQFQ(.T,M) - Oy
Examining the bound above, we note that for J > 2 it holds that 2(‘52;1) > % Thus, as an
example, when M; = My = --- = M, the first (“small €”) case of Theorem 5.3 is guaranteed to

2
at least permit € € [O, lcd)i}%} . We note further that when the measurement matrix is well-matched
2

2
to the signal characteristics, the first case of Theorem 5.3 permits e as large as Hﬂ‘;’% which is

independent of J.

5.3.1.2 Supporting Experiments

While the quantity I's(x, M) plays a critical role in our analytical tail bound (5.5), it is reasonable
to ask whether this quantity actually plays a central role in the empirical concentration performance
of DBD matrices. We explore this question with a series of simulations. To begin, we randomly
construct a signal of length 1024 partitioned into J = 16 blocks of length N = 64. The energy
distribution v of the signal z is plotted in Figure 5.1(a) (and the signal x itself is plotted in the

top right corner). For this simulation, to ensure diag(M) oc v with integer values for the M;, we
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Figure 5.1: (a) Test signal for concentration in a DBD matrix. The main panel plots the energy distribution
~ when the signal is partitioned into J = 16 blocks of length N = 64; the subpanel plots the length-1024
signal x itself. (b),(c) Test signals for concentration in a RBD matrix. The main panels plot the eigenvalue
distributions X for Sig. 1 and Sig. 2, respectively, when partitioned into J = 16 blocks of length N = 64; the
subpanels plot the length-1024 signals themselves.
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Figure 5.2: Comparisons of concentration behavior for various matrix and signal types; each figure shows
the percentage of trials for which (1 —€) < ||®z||2/||z|l2 < (1 + €) as a function of €. (a) Performance of
the dense and DBD matrices on the signal shown in Figure 5.1(a). (b) Performance of the dense and RBD
matrices on the signals shown in Figure 5.1(b),(c).

begin by constructing M (populated with integers) and then normalize each block of a randomly
generated signal to set v accordingly.

Fixing this signal x, we generate a series of 10000 random 64 x 1024 matrices ® using zero-mean
Gaussian random variables for the entries. In one case, the matrices are fully dense and the entries
of each matrix have variance 1/64. In another case, the matrices are DBD with diag(M) o ~
and the entries in each block have variance 1/M;. Thus, we have I's(x, M) = Z;‘le M; and our
Theorem 5.3 gives the same concentration bound for this DBD matrix as for the dense i.i.d. matrix
of the same size. For each type of matrix, Figure 5.2(a) shows the percentage of trials for which
(1 —€) < ||®z|l2/]|z|l2 < (14 €) as a function of €, and indeed, the curves for the dense and DBD
matrices are indistinguishable.

Finally, we consider a third scenario in which we construct 10000 random 64 x 1024 DBD matrices

as above but with an equal number of measurements in each block. In other words, we set all M; = 4,

and obtain measurement matrices that are no longer matched to the signal energy distribution. We
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quantify this mismatch by noting that I's(z,4 - Ixy) = 32.77 < ijl M;. Again, Figure 5.2(a)
shows the concentration success probability over these 10000 random matrices. It is evident that

these mismatched DBD matrices provide decidedly less sharp concentration of ||®z||5.
5.3.2 Repeated Block Diagonal (RBD) Matrices

5.3.2.1 Analytical Results

We now turn our attention to the concentration performance of the more restricted RBD matrices.
Before stating our result, let us again define the requisite notation. Given a signal z € RN/

partitioned into J blocks of length N, we define the J x N matrix of concatenated signal blocks
(5.6) X =[xz 29 --- x4]%,

and we denote the non-negative eigenvalues of the N x N symmetric matrix A = X7 X as {\ Y.
We let A = A(z) := [A1,...,An]" € RY be the vector composed of these ecigenvalues. We let
M = M; = Ms = --- = M  denote the number of measurements to be taken in each block. Finally,

for a given signal z € RYY and per-block measurement rate M, we define the quantities

M
Pl

M 2
(5.7) As(z, M) = ”myl and Ao (z, M) :=
2

Equipped with this notation, our main result concerning the concentration of RBD matrices is as

follows.

Theorem 5.5. Suppose x € RN/, Let ® be a random M x N matriz populated with i.i.d. zero-mean

Gaussian entries having variance o? = ﬁ, and let ® be an MJ x NJ block diagonal matriz as

defined in (5.1), with &; = ® for all j. Then
(5.8)  P([llex]3 — ll2l3] > €llz]3) < 2exp {~Cymin (C5e*Aa(x, M), CseAo(z,M))},

where C1 and C3 are absolute constants.

Proof: See Appendiz B.

From (5.8), one can deduce that the concentration probability of interest decays exponentially

Ao (z,M)

as a function of €2Ay(x, M) in the case where 0 < € < e ERTil and exponentially as a function of

Ao (z,M)

€Aoo(x, M) in the case where € > N AERTIR

Thus, we see that the concentration rate again depends

explicitly on the signal = being measured.
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Again, since we are frequently concerned in practice with applications where € is small, let us
focus on the first case of (5.8), when the concentration exponent scales with As(z, M). It follows
from the standard relation between ¢; and fs norms that M < As(x, M) < M min(J, N). One
extreme, M, is achieved when A = Zj xjx? has only one nonzero eigenvalue, implying that the
blocks x; are the same modulo a scaling factor. In this case, the RBD matrix exhibits significantly
worse performance than a dense i.i.d. matrix of the same size M J x NJ, for which the concentration
exponent would scale with MJ rather than M. However, this diminished performance is to be
expected since the same ® is used to measure each identical signal block.

The other extreme, Ag(z, M) = M min(J, N) is favorable as long as J < N, in which case the
concentration exponent scales with M J just as it would for a dense i.i.d. matrix of the same size. For
this case to occur, A must have J nonzero eigenvalues and they must all be equal. By noting that
the nonzero eigenvalues of A = X7 X are the same as those of the Grammian matrix G = X X7, we
conclude that this most favorable case can occur only when the signal blocks are mutually orthogonal
and have the same energy. Alternatively, if the signal blocks span a K-dimensional subspace of RY
we will have M < Ag(z, M) < M K. All of this can also be seen by observing that calculating the
eigenvalues of A = XT X is equivalent to running Principal Component Analysis (PCA) [77] on the
matrix X comprised of the J signal blocks. Said another way, an RBD matrix performs as well as a
dense i.i.d. matrix of the same size when the signal has uniform energy distribution across its blocks
(as in the DBD case) and has sufficient variation in the directions exhibited by the blocks.

We note that there is a close connection between the diversity measures I's(x, M) and Ag(z, M)
that is not apparent at first glance. For a fair comparison, we assume in this discussion that
M := diag(M, M, ..., M). Now, note that |[A||7 = ||v||? and also that |\[|3 = [[A||% = | X XT||% =
Z;']:1 l|lz:||3+2 ED]-(;U?%)Q = [|v|I3+2 Dis (zfz;)?. Using these two relationships, we can rewrite
As(z, M) as

M3 M||y|? M||y|f?
(5.9) Aoz, M) = = < = Dy(z, M).
2 IME W3 +25,6@T2)2 = (a7

From this relationship we see that Ay and I's differ only by the additional inner-product term in the
denominator of Ay, and we also see that Ay = I'y if and only if the signal blocks are mutually orthog-
onal. This more stringent condition for RBD matrices—requiring more intrinsic signal diversity—is

expected given the more restricted structure of the RBD matrices.
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5.3.2.2 Supporting Experiments

While the quantity As(z, M) plays a critical role in our analytical upper bound (5.8) on the
concentration tail probabilities, it is reasonable to ask whether this quantity actually plays a central
role in the empirical concentration performance of RBD matrices. We explore this question with
a series of simulations. To begin, we randomly construct a signal of length 1024 partitioned into
J = 16 blocks of length N = 64, and we perform Gram-Schmidt orthogonalization to ensure that
the J blocks are mutually orthogonal and have equal energy. The nonzero eigenvalues of A = XTX
are shown in the plot of A in Figure 5.1(b) (and the signal z itself, denoted “Sig. 17, is plotted in
the top left corner).

As we have discussed above, for signals such as Sig. 1 we should have Aq(x, M) = MJ, and
Theorem 5.5 suggests that an RBD matrix can achieve the same concentration rate as a dense i.i.d.
matrix of the same size. Fixing this signal, we generate a series of 10000 random 64 x 1024 matrices
® populated with zero-mean Gaussian random variables. In one case, the matrices are dense and
each entry has variance 1/64. In another case, the matrices are RBD, with a single 4 x 64 block
repeated along the main diagonal, comprised of i.i.d. Gaussian entries with variance %. For each
type of matrix, Figure 5.2(b) shows the percentage of trials for which (1 —¢€) < ||®z||2/|z]l2 < (1+€)
as a function of €. As anticipated, we can see that the curves for the dense and RBD matrices are
indistinguishable.

In contrast, we also construct a second signal  (denoted “Sig. 2”) that has equal energy between
the blocks but has non-orthogonal components (resulting in non-uniform \); see Figure 5.1(c). This
signal was constructed to ensure that the sorted entries of A exhibit an exponential decay. Due to
the non-orthogonality of the signal blocks, we see for this signal that As(x, M) = 21.3284 which is
approximately 3 times less than the best possible value of MJ = 64. Consequently, Theorem 5.5
provides a much weaker concentration exponent when this signal is measured using an RBD matrix
than when it is measured using a dense i.i.d. matrix. As shown in Figure 5.2(b), we see that the

concentration performance of the full dense matrix is agnostic to this new signal structure, while

the concentration is clearly not as sharp for the RBD matrix.

5.4 Applications

As discussed briefly in Section 5.2.3, a concentration of measure inequality—despite nominally
pertaining to the norm preservation of a single signal-—can lead to a number of guarantees for

problems involving multi-signal embeddings and signal discrimination. In this section, we extend
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our concentration bounds to formulate a modified version of the JL lemma appropriate for block
diagonal matrices. We also survey a collection of compressive-domain inference problems (such as
detection and classification) in which such a result can be leveraged. For simplicity we will focus
on DBD matrices in this section, but parallel results can be derived in each case for RBD matrices.
Given the nonuniform nature of our concentration bounds, the performance of algorithms for solving
these problems will depend on the signals under consideration, and so, in Section 5.5 we provide
several examples of signal classes that are particularly favorable for measurement via DBD or RBD

matrices.

5.4.1 Stable Embeddings and the Johnson-Lindenstrauss Lemma

RNJ 71“2'7@,1\]\/2). and

j=13

foo (z,M) := w Note that both quantities are upper bounded by 1, with equality achieved

j=1 M;

For a given signal z € and measurement allocation M, let us define fg(:c, M) =

for signals best matched to M as discussed in Section 5.3.1. Using this notation, Theorem 5.3 allows

us to immediately formulate a version of the JL lemma appropriate for DBD matrices.

Theorem 5.6. Let U,V be two finite subsets of RN, let ® be a randomly generated DBD matriz

as described in Theorem 5.3 with measurement allocation M, and let p € (0,1) be fized. If

J
(5.10) > M; >

)
— . 252 . = Cad . ~
j=1 C min (Idflﬁ ming,eyvey No(u — v, M), Ti mingeypey Lot — v, M)
2 2

log |U| + log |V| + log(2/p)

Il

then with probability exceeding 1 — p, ® will provide a stable embedding of (U, V') with conditioning §.
Alternatively, under the same conditions, with probability exceeding 1 — p the matriz ® will provide

a stable embedding of (U, V') with conditioning

(5.11) 3(U,V, M, p)

I max( ¢ log |U| +log|V| +log(2/p)  log|U] +log |V'| +log(2/p) >

Co Ch minueU,vEV Iy (u -, M) ’ Ch minuGU,UGV I'ss (u -, M)

Proof. Taking the union bound over all w € U and v € V' and using (5.5), we then know that the

desired (near) isometry holds over all difference vectors u — v except with probability bounded by

252
(5.12) 2|U||V|exp (Clmin<c 0 in  To(u—v, M), C9 i Foo(uv,M)>>.

2
_— m _— min
||(b||i2 uelU,veV ||¢H12bz uelU,veV

Ensuring that (5.10) holds guarantees that the above failure probability is less than p. The bound in
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(5.11) follows from (5.10) and the observation that min(ad?,bd) = ¢ implies that § = max (y/<, §).
O

Similar theorems can be formulated for RBD matrices, as well as for stable embeddings of a
signal subspace rather than just a finite family of signals. Equation (5.10) gives a lower bound on
the total number of measurements to guarantee a stable embedding with conditioning §. One can see

that the denominator on the right-hand side will scale with 6% -miny,ecy vev fg(U*’U, M) when 0 < § <

9113, minuev,vev Foo (u—v,M) 1912, minuev,vev Foo (u—v.M)

and with 6-min,ecy yev foo (u—v, M) when § >

Cs minyev,vev D2 (u—v,M) Cs minyev,vev D2 (u—v,M)

Thus, focusing just on cases where § is small, in order to guarantee a stable embedding with a mod-
erate number of measurements, we require fQ(u — v, M) to be sufficiently close to 1 over all u € U
and v € V. Equivalently, if I's(u — v, M) is uniformly close to Y M; over all w € U and v € V,
the conditioning & provided in (5.11) is comparable to what would be achieved with a dense i.i.d.
random matrix of the same size. In Section 5.5, we provide several examples of signal classes of U
and V for which it may be reasonable to expect such uniformly favorable T's (or As) values.

The attentive reader may notice that the failure probability in (5.12) is in fact loose, since we
have bounded the sum of the individual failure probabilities by |U||V| times the worse case failure
probability. Due to the exponential form of these probabilities, however, it seems that the worse case
probability—even if it is rare—will typically dominate this sum. Therefore, in most applications we
do not expect that it is possible to significantly improve over the bounds provided in (5.12) and thus
(5.10). Unfortunately, it appears that this fact would forbid the derivation of a sharp RIP bound for
block diagonal matrices via the elementary covering arguments mentioned briefly in Section 5.2.3.4
However, such an RIP result, which would guarantee the stable embedding of an infinite family of
signals that are sparse in a particular basis, is not necessary for problems that require embeddings
of only finite signal families or appropriate for problems where the signals may not all be sparse
in the same basis (e.g., using the RIP to derive embedding guarantees such as Theorem 5.6 could
require many more measurements than using a concentration bound).

Indeed, ensuring a stable embedding of even a finite signal class is very useful for guaranteeing
the performance of many types of compressive-domain signal inference and processing algorithms.
In the following subsections, we explore two canonical tasks (detection and classification) in detail

to show how signal characteristics affect one’s ability to solve these problems using measurements

4As an aside, since the submission of the corresponding journal paper [107] of this chapter, some of the authors
(with an additional collaborator) have shown that using tools from the theory of empirical processes [114], it is possible
to derive RIP bounds for DBD matrices [145] that are in fact dependent on the basis used for sparse representation
of the signals. This does not make the present results obsolete, however: neither our concentration bounds nor our
measurement bound (5.10) follow as a consequence of the RIP result.
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acquired via a block diagonal matrix. Performing tasks such as these directly in the measurement
space not only reduces the data acquisition burden but can also reduce the computational burden
far below what is required to solve these problems in the high dimensional ambient signal space.
Before concluding this subsection, we briefly note that there are several other tasks (aside from
detection and classification) that can be performed in the measurement space when a block diagonal
matrix provides a stable embedding of a finite signal family. For one example, when a block diagonal
matrix ® provides a stable embedding of (S, {z}) for some signal database S and query signal z,
it is possible to solve the approximate nearest neighbor problem [76] (finding the closest point in
S to z) in the compressed domain without much loss of precision. Another potential application
in compressive signal processing involves a simple compressive-domain linear estimator [43]. When
® provides a stable embedding of (£,X U —X) for some sets £ and X, then for any ¢ € £ and
x € X, we can estimate the value of (¢, z) from the measurements (®¢, ®x). Signal families £ and X
whose sum and difference vectors £ 4+ x have favorable I'y values will have favorable and predictable
estimation performance. Finally, a similar result also discussed in [43] shows that filtering vectors in
order to separate signal and interference subspaces is possible when the difference vectors between

these subspaces are stably embedded by .

5.4.2 Signal Detection in the Compressed Domain

While the canonical CS results center mostly around reconstructing signals from compressive
measurements, there is a growing interest in forgoing this recovery process and answering certain
signal processing questions directly in the compressed domain. One such problem that can be
solved is binary detection, where one must decide whether or not a known template signal was
present when the noisy compressive measurements were collected [74, 44, 43, 116]. In particular,
let s € RV/ denote a known signal, and suppose that from the measurement vector y, we wish to

decide between two hypotheses:

Ho: y=zor Hy: y=>ds+ z,

where ® is a known compressive measurement matrix, and z is a vector of i.i.d. zero-mean Gaussian

noise with variance o2

. If one were designing a measurement matrix specifically for the purpose
of detecting this signal, then the optimal choice of ® would be the matched filter, i.e., ® = s7.
However, implementing a measurement system that is designed specifically for a particular s restricts

its capabilities to detecting that signal only, which could require a hardware modification every time
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s changes. A more generic approach would be to design ® randomly (perhaps with a block diagonal
structure out of necessity or due to efficiency considerations) and then use the acquired measurements
y to test for one or more candidate signals s.

Given the measurements y, a Neyman-Pearson (NP) optimal detector [43] maximizes the proba-
bility of detection, Pp := P {H; chosen |H; is true}, subject to a given limitation on the probability
of a false alarm, Pr = P {H; chosen |H, is true}. The optimal decision for this problem is made
based on whether or not the sufficient statistic ¢ := y” ®s surpasses a threshold &, i.e., t:zl K, where
Kk is chosen to meet the constraint Pr < « for a specified a. As can be seen from the analy;is in [43],
the performance of such a detector depends on || ®s||2. In effect, if @ “loses” signal energy for some
signals the detector performance will suffer, and if ® “amplifies” signal energy for some signals the

detector performance will improve. A stable embedding of any signal the detector may encounter,

however, guarantees consistent performance of the detector.

Theorem 5.7. Suppose S is a finite set of signals and let  be a randomly generated DBD matriz as
described in Theorem 5.3 with a number of measurements denoted by the matriz M. Fiz 0 < p < 1
and pick a such that Pr < . Then with probability exceeding 1 — p, any signal s € S can be detected

with probability of detection bounded by

Q (Q_l(a) - \/1 - 5(87 {0}7M,p) ”S”%> < PD(a) <

o2

o2

Q (Ql(a) — 1455, {01, M, p) ”5”3> |

where Q(a) = \/% = e~ du and where 5(S, {0}, M, p) is as defined in (5.11).

The proof of this theorem follows by combining the fact that

g

Po() =@ (@7 (@) - 1202

(see [43]) with (5.11) and the monotonicity of the function @Q(-). While achieving the best possible
Pp for a given Pr is of course desirable for a detector, another very important consideration for a
system designer is the reliability and consistency of that system. Large fluctuations in performance
make it difficult to ascribe meaning to a particular detection result and to take action with a certain
level of confidence. The theorem above tells us that the consistency of the detector performance is
tied to how reliably ® preserves the norm of signals in §. Examining this relationship, it is clear that

more favorable values of I'y(s, M) for a signal class result in tighter bounds on Pp(«) and therefore
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frequency

Figure 5.3: (a) Histogram of Pp for 10000 signals with uniform energy across blocks (signal class S1) and for
10000 signals with decaying energy across blocks (signal class S2) when measured with a DBD matrix. The
compressive NP detector has the constraint Pr < a = 0.1. (b) Plots of the probability of misclassification
Pr over a range of values of M = 1,--- ,20. The first class of signals S1 are sparse in the frequency domain.
The second class of signals S are nonzero only on a single block in the time domain. While Pg decreases
with increasing M for both classes of signals, classification performs better for the signals in S1, which are
more amenable to a stable embedding with a DBD matrix.

in stronger consistency guarantees for the detector.

To illustrate this fact with an example, we create a single DBD measurement matrix ® € RMJxNJ
having an equal number of measurements M; = M per block. We take M =4, J =16 and N = 64,
and we draw the nonzero entries of ® as i.i.d. Gaussian random variables with variance 1/M. We
test the detection performance of this matrix by drawing 10000 unit-norm test signals randomly
from two classes: Sp, in which signals have uniform energy across their blocks, and Ss, in which

signals have decaying energy across their blocks. We choose the noise variance o2 such that each test

llsli3
o2

signal s has a constant signal-to-noise ratio of 10logy,, ( ) = 8dB. Because of the construction of
81, Ta(s, M) attains its maximum value of M J for all signals s € Sy, resulting a small conditioning
§ and a tight bound on Pp. In contrast, Sy will have a smaller value of I's (s, M), resulting in larger
values of & and much looser bounds on Pp. We choose the maximum probability of failure to be
a = 0.1 and use the equation Pp(a) = Q (Q_l(a) — @) to calculate the expected Pp for each
signal.

Figure 5.3(a) shows the histogram of Pp for the signals in S§; and S when measured with
a DBD matrix. We see that for the uniform energy signals in S7, the detector performance is
indeed tightly clustered around Pp = 0.9; one can see that this is the point of concentration
predicted by Theorem 5.7 since @ (Q*I(O.l) — \/W) ~ 0.8907. Thus for this class of signals,
the detector performance is consistent and we can be assured of a favorable Pp when using the

detector for all signals in &;. However, when using the DBD matrix on the signal class Ss, the

Pp values are widely spread out compared to those for S1, despite the fact that the average Pp is
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nearly the same. Although some individual signals may have above average performance because
the measurement matrix happened to amplify their energies, other signals may have very poor
performance because the measurement matrix significantly attenuated their energies. Thus this
experiment shows how the signal statistics affect the performance reliability in compressive detection

tasks when the measurements matrices have block diagonal structure.

5.4.3 Classification in the Compressed Domain

Rather than determining the presence or absence of a fixed candidate signal, some scenarios
may require the classification of a signal among multiple hypotheses [44, 43]. In particular, let
51,82,...,5r € RV/ denote known signals, and suppose that from the measurement vector y, we

wish to decide between R hypotheses:

Hi:y=Ps;+2z, fori=1,2,... R,

where ® is a known compressive measurement matrix, and z is a vector of i.i.d. zero-mean Gaussian
noise with variance o2.
It is straightforward to show that when each hypothesis is equally likely, the classifier with

minimum probability of error selects the hypothesis that minimizes the sufficient statistic ¢; :=

|ly—®s;]|3. As can be imagined, the performance of such a classifier depends on how well ® preserves

| Psp—Psqll2

was small
Hsp_sqlb

pairwise distances among the signals {s;}. If a situation were to occur where
for some p, g, then s, could easily be mistaken for s, in the measurements y. Therefore, having
a stable embedding can again be particularly useful for guaranteeing consistent and predictable

performance.

Theorem 5.8. Let S denote a fized set of signals with |S| = R < oo and fix 0 < p < 1. Suppose @
is a randomly generated DBD matriz as described in Theorem 5.8 with a number of measurements
denoted by the matriz M. Assume we receive the measurements y = ®s;« + z for some i* €

{1,2,..., R} and z ~ N(0,0%1). Then, with probability at least

R_1 @ (1-3(5,8,M, p))
1-— (2) exp | — 352 — 2p,
we have i* = argmingcqi . gryti and thus the signal s;» can be correctly classified. Here d :=

min, ; ||s; — s;|l2 denotes the minimum separation among the signals in S and 5(S,8,M, p) is as

defined in (5.11).
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The proof of this theorem again follows by combining bounds from [43] with (5.11). From this
theorem it follows that, if ® is a block diagonal matrix, signal families S whose difference vectors
sp — 8q have favorable I'y values will have consistent and predictable classification performance.

The following simulation demonstrates the potential for predictable classification of signals ac-
quired using compressive block diagonal matrices. We again consider DBD matrices having an equal
number of measurements M; = M per block, and we consider signals having J = 16 blocks of length
N = 64. We first create a favorable class of unit-norm signals §; with R = J elements such that
each signal has just 4 nonzero DFT coefficients at randomly chosen frequencies. To ensure that
the signals are real, we restrict the coefficients on conjugate pairs of frequencies to have complex
conjugate values. We also ensure that no frequencies are repeated amongst the signals in ;. As
we show in Section 5.5.2, frequency sparse signals with randomly selected frequency support will
have large I'; values with high probability; therefore the difference of any two signals from S; will
also have a large I'y value with high probability. We also create a second class of unit-norm signals
Sy with R = J elements such that each signal s, for r = 1,2,..., R has nonzero (and randomly
selected) values only on its r-th block and is zero everywhere else. Difference signals from this class
will have small I's values since their energies across the blocks are not uniform.

For each M ranging from 1 to 20, we create 1000 instances of a random DBD matrix ® of size
MJ x NJ. For each ® and for each signal class §; and Sy, we identify the indices i1, 72 that minimize
|®s;, — Ps;,|l2. The signals corresponding to s;; and s;, will be among the most difficult to classify
since they each have a close neighbor (either ®s;, or ®s;,, respectively) after projection by ®. Then
for each of these signals {sij }j=1,2, we create 1000 noisy measurement vectors y = ®s;, + z with
z ~ N(0,0%I) and with o chosen such that 10log, (g—z) = 15dB. Finally, we let p = argmint; be
the output of the classifier and calculate the probability of misclassification, Pg(M), for each M as
the proportion of occurrences of p # i1 or p # i, respectively, over the combined 1000 instances of
noise z and 1000 instances of ®.

Figure 5.3(b) plots Pr(M) for both classes of signals. As expected, the curve for S is lower
than that for S since the signals in S; are expected to have a stable embedding with a tighter
conditioning. Both curves also show a decreasing trend for increasing M (although it is much more
obvious for signal class Sy) as should be expected. Lastly, we see that Pg (M) saturates at a certain
level with increasing M. This is also predicted by Theorem 5.8, where the smallest upper bound
that can be provided for Pg is given by % exp (—8"%) > 0. With the parameters used in this
experiment, it can be calculated that the smallest theoretical upper bound for Pg is approximately

0.144. This shows that Theorem 5.8 may be slightly pessimistic.
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5.5 Favorable Signal Classes

The various compressive signal processing guarantees presented in Section 5.4 are built upon the
premise that a DBD matrix provides a stable embedding of the signals of interest; as we have noted,
these arguments can be extended to RBD matrices as well. Our analysis has also indicated that
such stable embeddings are most easily realized with matrices that are well matched to the energy
distribution (and sometimes orthogonality) of the signal blocks. In many applications, however—
perhaps for the sake of generality, or because little advance knowledge of the signals is available—it
may be most natural to use a fixed and equal allocation of measurements. Fortunately, there are
a number of interesting signal families (and, in some cases, the corresponding difference signals)
that provide favorable I'y values for “uniform” DBD matrices where all M; are equal (for all j, we
suppose M; = M for some M) and in some cases also provide favorable A, values for RBD matrices.

In this section we survey several such examples.

5.5.1 Delay Networks and Multiview Imaging

One favorable signal class for uniform DBD and RBD matrices can occasionally arise in certain
sensor network or multi-view imaging scenarios where signals with steeply decaying autocorrelation
functions are measured under small perturbations. Consider for example a distributed sensor network
of J sensors where we would like to detect the presence of a known signal given the observations from
each sensor. Due to limited resources, each sensor uses random measurement matrices ®1, @5, ..., P
to efficiently capture the underlying information with only a few random projections. Suppose that
the received signals 1, x2,...,2; € RN represent observations of some common known underlying
prototype signal w € RY. However, due to the configurations of the sensors, these observations
occur with different delays or translations. More formally, we might consider the one-dimensional
delay parameters d1,02,...,0; € Z and have that for each j, z;(n) = w(n — d;). Then, denoting
the measurements at sensor j as y; = ®;x; it is straightforward to see that the overall system of
equations can be represented with a DBD matrix, or when &; = &5 = --- = ®; with an RBD
matrix.

Assuming w is suitably zero-padded so that border and truncation artifacts can be neglected,
we will have ||z;]|2 = [Jw||2 for all z;; this gives I'y([z] 21 ---2%]T,M) = M.J, which is the ideal
case for observation with a uniform DBD matrix. This suggests that the outputs from distributed
network systems can be highly amenable to the sort of compressive-domain signal inference and

processing tasks described Section 5.4.
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Moreover, the correlations among the components x; can be characterized in terms of the auto-
correlation function R,, of w: we will have (z;,z;) = ij:l zi(n)z;(n) = Zﬁ;l w(n —&)w(n —9;),
which neglecting border and truncation artifacts will simply equal R,,(|6; —0;|). Therefore, signals w
that exhibit strong decay in their autocorrelation function will be natural candidates for observation

with RBD matrices as well. For example, equation (5.9) gives

_ MJ?|wl3
Tllwlz + 23255 ; Ru(10; — 651)*

Ao([a] @3 ---af]", M)

When R, (|6; — ;) is small for most i and j, the quantity As([# 21 ---2T])T, M) is near its optimal

value of M J.

5.5.2 Frequency Sparse Signals

Signals having sparse frequency spectra arise in many different applications involving communi-
cations intelligence systems and RF sensor networks. Based on time-frequency uncertainty princi-
ples and the well-known incoherence of sinusoids and the canonical basis (i.e., “spikes and sines”)
[127, 29], it is natural to expect that most signals that are sparse in the frequency domain should
have their energy distributed relatively uniformly across blocks in the time domain. In the following
theorem, we make formal the notion that frequency sparse signals are indeed likely to be favorable
for measurement via uniform DBD matrices, producing values of I's(x, M) within a log factor of its

maximum possible.

Theorem 5.9. Let N, 3 > 1 be fized, suppose N' = NJ > 512, and let M = diag{ M, M, ..., M} be
a DBD measurement allocation with M fized. Let Q C [1, N'] be of size S < N generated uniformly
at random. Then with probability at least 1 — O(J(log(N'))"/2(N")=),% every signal x € CN' whose

DFT coefficients are supported on Q will have:S

0.0779 1
A% , 2
(ﬁ + 1) IOg(N ) ( 6(6 ¥ 1) log N’ + (10g]\1]\7 )2)

(5.13) [y(z,M) > MJ - min

Proof: See Appendiz C.

Note that as N’ grows, the lower bound on T'y(z, M) scales as which (treating the

MJ
L log (V)

5The O(-) notation is with respect to N’. With the component length N fixed, this means that only the number
of blocks J is growing with increasing N’.

6We consider complex-valued signals for simplicity and clarity in the exposition. A result with the same spirit
that holds with high probability can be derived for strictly real-valued signals, but this comes at the cost of a more
cumbersome derivation.
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Figure 5.4: Histograms of the normalized quantity T’z for frequency sparse signals. (a) The distribution
of % for randomly generated frequency sparse signals of length N' = N x J = 64 x 64 for sparsity levels
S € {5,30,64}. Note that F—Aj accumulates near its upper bound of J = 64 for all three sparsity levels. (b)
The distribution of % for randomly generated frequency sparse signals with S = 5 and the number of

signal blocks J € {64,200,400}. Note that % accumulates near its upper bound of 1.

fixed value N as a constant) is within log*(N’) of its maximum possible value of MJ. Thus the
concentration exponent for most frequency sparse signals when measured by a uniform DBD matrix
will scale with ¢2M.J/log*(N’) for small e. Also note that the failure probability in the above
theorem can be bounded by O(57+—) since both J and,/log(N’) are less than N’

To explore the analysis above we use two illustrative simulations. For the first experiment,
we generate 5000 signals with length N’ = NJ = 64 x 64 = 4096, using three different sparsity
levels S € {5,30,64}. The DFT coefficient locations are selected uniformly at random, and the
corresponding nonzero coefficient values are drawn from the i.i.d. standard Gaussian distribution.

w, showing that this quantity is indeed near the upper bound of

Figure 5.4(a) plots the ratio
J = 64, indicating a favorable energy distribution. This gives support to the fact that the theoretical
value of I's (2, M) predicted in Theorem 5.9 does not depend strongly on the exact value of S. For the
second experiment, we fix the sparsity at S = 5 and vary the signal block length J € {64, 200,400}
(and thus the total signal length N’ = NJ changes as well). For each J we generate 5000 random

(z,M)

signals in the same manner as before and plot in Figure 5.4(b) the distribution of L a7 Ibis

clear that this value concentrates near its upper bound of 1, showing the relative accuracy of the
prediction that F—Aj scales linearly with increasing J. While some of the quantities in Theorem 5.9
appear pessimistic (e.g., the scaling with log*(N’)), these simulations confirm the intuition derived
from the theorem that frequency sparse signals should indeed have favorable energy distributions
and therefore favorable concentration properties when measured with DBD matrices.

Because differences between frequency sparse signals are themselves sparse in the frequency

domain, it follows immediately that not only do frequency sparse signals  have favorable I'y(z, M)
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values for uniform DBD matrices, but also that most differences x1 — x5 between frequency sparse
signals have favorable I's(z; — 2o, M) values. Thus, when measured by a uniform DBD matrix,
many families of frequency sparse signals are likely to perform favorably and predictably in the
compressive signal processing scenarios outlined in Section 5.4.

Importantly, Theorem 5.9 can also allow us to guarantee the stable embedding of certain infinite
collections of frequency sparse signals. In particular, for any sparse support 2 on which (5.13) holds
uniformly, one can apply standard covering arguments (as discussed briefly in Section 5.2.3) to
guarantee that with a moderate total number of measurements MJ = O (L%l log4(N ! )), a uniform
DBD matrix will simultaneously approximately preserve the norm of all frequency signals supported
on Q. This fact allows one to consider compressive-domain interference cancellation (as discussed in
Section 5.4.1 and in [43]) from a set of frequency sparse signals, where the set of possible interferers

live in a known subspace of frequency sparse signals.

5.5.3 Difference Signals

In applications such as classification, we require a stable embedding of difference vectors between
signals in a certain signal class. It is interesting to determine what signal families in addition to
frequency sparse signals will give rise to difference signals that have favorable values of T’y (for
uniform DBD matrices) or As (for RBD matrices).

We provide a partial answer to this question by briefly exemplifying a signal family that is

favorable for measurement via uniform DBD matrices. Consider a set @ C R7Y

of signals that, when
partitioned into J blocks of length N, satisfy both of the following properties: (i) each x € @ has
uniform energy across the J blocks, i.e., |z1]|3 = [|z2[3 = -+ = |lzs||3 = +||z||3, and (ii) each € Q
has highly correlated blocks, i.e., for some a € (0,1}, (x;, z;) > a%HxH% for all i,5 € {1,2,...,J}.
The first of these conditions ensures that if M = diag{M, M, ..., M}, then each x € @ will have
Ty(z,M) = MJ and thus be highly amenable to measurement by a uniform DBD matrix. The
second condition, when taken in conjunction with the first, ensures that all difference vectors of the

form x — y where x,y € @ will also be highly amenable to measurement by a uniform DBD matrix.

In particular, for any 4,5 € {1,2,...,J}, one can show that

42| z2|lyll2v1 —a
J b

i — will3 — llz; — y;l3] <

meaning that the energy differences in each block of the difference signals can themselves have small

differences. One implication of this bound is that as a — 1, Ta(x — y, M) — M J.
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Signal families of the form specified above—with uniform energy blocks and high inter-block
correlations—may generally arise as the result of observing some phenomenon that varies slowly as
a function of time or of sensor position. As an empirical demonstration, let us consider a small
database of eight real-world video signals frequently used as benchmarks in the video compression
community, where we will treat each video frame as a signal block.” We truncate each video to
have J = 150 frames, each of size N = 176 x 144 = 25344 pixels, and we normalize each video (not
each frame) to have unit energy. Because the test videos are real-world signals, they do not have
perfectly uniform energy distribution across the frames, but we do observe that most frame energies

are concentrated around % = 0.00667. For each video, we present in Table 5.1 the minimum and

Video name | Akiyo | Bridge close | Bridge far Carphone

max(x;, ;) | 0.00682 0.00668 0.00668 0.00684

min(x;, z;) | 0.00655 0.00664 0.00665 0.00598
Ty/M 149.9844 149.9998 149.9999 149.9287

Video name | Claire Coastguard | Foreman | Miss America

max(z;,z;) | 0.00690 0.00742 0.00690 0.00695
min(x;, z;) | 0.00650 0.00562 0.00624 0.00606
Ty/M 149.9782 149.2561 149.9329 149.9301

Table 5.1: The maximum and minimum inner products between all pairs of distinct frames in each video,

and the quantity I's /M for each video. The best possible value of T's/M is J = 15(][, (o,M)
maximum inner products (x;,x;) over all i # j, and we also list the quantity % for each video.

As we can see, the minimum inner product for each video is indeed quite close to 0.00667, suggesting
from the arguments above that the pairwise differences between various videos are likely to have
highly uniform energy distributions. To verify this, we compute the quantity % for all possible (g)
pairwise difference signals. As we are limited in space, we present in Figure 5.5 plots of the energies
llz;l13, [ly;1|3, and ||z; — y;||3 as a function of the frame index j for the pairs of videos z,y that give

f W We see that even the smallest %

the best (highest) and the worst (smallest) values o
value is quite close to the best possible value of % = 150. All of this suggests that the information
required to discriminate or classify various signals within a family such as a video database may be

well preserved in a small number of random measurements collected by a uniform DBD matrix.

5.5.4 Random Signals

Our discussions above have demonstrated that favorable I's values (for uniform DBD matrices)

and Ag values (for RBD matrices) can arise for signals in a variety of practical scenarios. This is no

"Videos were obtained from http://trace.eas.asu.edu/yuv/.
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Figure 5.5: Plots of the energy distributions of individual videos and of their differences for the best video
pair and the worst video pair among all possible (2) possible video pairs. (a) The difference of the video pair,
“Bridge close” and “Bridge far”, giving the best value of I's(xz — y, M) /M = 149.9988. (b) The difference of
the video pair, “Coastguard” and “Miss America”, giving the worst value of T'2(z — y, M)/M = 148.7550.

accident. Indeed, as a blanket statement, it is true that a large majority of all signals € RV when
partitioned into a sufficiently small number of blocks J and measured uniformly, will have favorable
values of both I's and A;. One way of formalizing this fact is with a probabilistic treatment such as

that given in the following lemma.

Lemma 5.10. Let ¢ denote a subgaussian random variable with mean 0, variance o2, and sub-

gaussian norm ||@|ly,, and suppose x € RN is populated with i.i.d. realizations of ¢. Let M =

diag{M, M, ..., M} with M fized. Picke < % and suppose that J < __GIGINE where Cy, Co

2[¢ll3, log(12/¢€) 7
2 2

are absolute constants as given in Theorem 5.3. Then, with probability at least 1—2 exp (—; Cll\iﬁ Ne )
KCP)

we have

2
Dy(z, M) > Ag(z, M) > M + M G;E) (J—1).

Proof: See Appendiz D.

We see from Lemma 5.10 that when random vectors are partitioned into a sufficiently small
number of blocks, these signals will have their norms preserved giving rise to I's(z, M) and Ag(z, M)
values close to their optimal value of M J. To give some illustrative numbers, numerical simulations
showed that over 10000 random draws of Gaussian i.i.d. signals with J = 16 and N = 64 the average
value of I'y(x, M) /M was 15.5 and the average value of Ay(z, M)/M was 12.6, which are both large
fractions of the maximum possible value of 16. We also note that by using the same argument we
can show that the differences of random signals will exhibit large I's and As values. One possible use
of this lemma could be in studying the robustness of block diagonal measurement systems to noise
in the signal. The lemma above tells us that when restrictions are met on the number of blocks,

random noise will tend to yield blocks that are nearly orthogonal and have highly uniform energies,
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thereby guaranteeing that they will not have their energy amplified by the matrix.

5.6 Conclusion

In this chapter we have derived concentration of measure inequalities for compressive DBD and
RBD matrices. Our experimental results confirm what our theoretical bounds suggest: that the
actual probability of concentration depends on the degree of alignment between the allocation of
the measurements and the energy distribution (and sometimes orthogonality) of the signal blocks.
However, in situations where one can optimize the measurement allocation in anticipation of certain
signal characteristics or where a fixed system may be measuring certain favorable classes of signals,
we have shown that the highly structured DBD and RBD matrices can provide concentration perfor-
mance that is on par with the dense i.i.d. matrices often used in CS. We have highlighted a number
of compressive signal processing applications that benefit from having a stable embedding of a finite
signal family, and we have presented a modified JL lemma for block diagonal matrices that reflects
the number of measurements required to ensure such a stable embedding. Finally, we have surveyed
a number of signal classes whose blockwise energy distribution and/or orthogonality makes them
well-suited to measurement via uniform DBD matrices or via RBD matrices. Despite not leading to
state-of-the-art RIP bounds, we conclude that our nonuniform concentration results can provide a
valuable tool for understanding and possibly mitigating the potential pitfalls of working with highly
constrained block diagonal matrices.

There are many natural questions that arise from these results and are suitable topics for future
research. For example, it would be natural to consider whether the concentration results for Gaus-
sian RBD matrices could be extended to more general subgaussian RBD matrices (to match the
distribution used in our DBD analysis), or whether strong RIP results can be established for RBD
matrices. Also, as more applications are identified in the future, it will be important to examine the
diversity characteristics of a broader variety of signal classes to determine their favorability for mea-
surement via block diagonal matrices. Additionally, it would be interesting to examine whether the
concentration of measure result for RBD matrices could prove useful in the analysis in the multiple
measurement vector (MMV) problem [60, 45] that arises, for example, in array signal processing.

As a final note, we briefly mention that our concentration bounds for block diagonal matrices
can actually be useful for studying certain other types of structured matrices that arise in linear
systems applications. In particular, these results can be applied to derive concentration bounds

and RIP results for compressive Toeplitz matrices that arise in problems such as channel sensing
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and for compressive observability matrices that arise in the analysis of linear dynamical systems.
Although space limitations prevent us from detailing these results here, we refer the interested reader

to [146, 141] for more information.
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CHAPTER 6

Sketched SVD: Recovering Spectral Features from

Compressive Measurements

6.1 Introduction

Consider a collection of data arranged in a matrix X of size N x n. Each column represents a
length- N signal (or image, frequency counts of terms in a particular document, etc.) and there are

n such observations. The singular value decomposition (SVD) of X,
X =UxvT,

carries important information about the structure of the data set, especially when the rank k of
X is small. In particular, the columns of U (known as the left singular vectors of X) span the
principal directions of the data set and can be used as basis vectors for building up typical signals,
and the diagonal entries of ¥ (known as the singular values of X) reflect the energy of the data
set in each of these directions. The extraction of these features is commonly known as Principal
Component Analysis (PCA), and PCA is a fundamental and commonly used tool in data analysis
and compression. This exact same process can be viewed through a slightly different lens when one
imagines the columns of X as independent realizations of a length-NV random vector . Computing
the left singular vectors of X is equivalent to computing the eigenvectors of X X7 which (up to
rescaling) is the N x N sample covariance matrix of the data. In this context, PCA is also known as
the Karhunen-Loeve (KL) Transform, and the KL Transform is a fundamental and commonly used
tool in statistics.

There are in fact a number of applications where the right singular vectors V of a data matrix X

This work is in collaboration with Michael B. Wakin and Anna C. Gilbert [69].
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are more important, or equivalently, where the eigenvectors of X7 X carry the structure of interest.
For example, the product XV 7 gives a low-dimensional embedding of the data set that preserves
distances and angles between the n data vectors. This embedding can be used for clustering or
categorizing the signals [103, 19]; for example, this is used for comparing documents in latent se-
mantic analysis. The right singular vectors of X can also be viewed as the result of applying the
KL Transform to the rows, rather than the columns, of X. In this sense, the columns of V' describe
the inter-signal (rather than intra-signal) statistical correlations. In cases where the column index
corresponds to a distinct sensor position, or a vertex in a graph, etc., this correlation structure can
carry important structural information [122, 35].

Unfortunately, many of the applications in which we seek the right singular vectors of X (equiv-
alently, the eigenvectors of X7 X) are those in which the data is simply too large, too distributed, or
generated too quickly for us to store the data or to process it efficiently in one, centralized location.
There are, however, settings in which the data sets—while large—have low intrinsic dimension or are
of low rank. Let us suppose that the length of each data vector N is much larger than the number
of observations n, and suppose that X has rank & < n. The data may or may not be generated in
a dynamic, streaming fashion and it may or may not be collected in a distributed fashion amongst
7 Sensors.

We wish to design a joint observation process (which can be distributed amongst n sensors) that
maintains a “sketch” of the data stream and a reconstruction process that, at a central location,
reconstructs mot an approximation of the original data, but rather a good approximation to the
singular values ¢; and the (right) singular vectors v; of the original matrix X. The sketch of the
data stream should be a linear, non-adaptive procedure, one that is efficient to update, and one that
uses as few observations of the data matrix as possible so that as little communication as possible is
required from the sensors to the central processing entity. Because the procedure is linear and non-
adaptive, we can represent the sketch as a matrix-matrix product ®X = Y, where the observation
matrix @ is of size m x N and the sketch Y is of size m x n. We want m as small as possible.
From the sketch matrix Y, we want to produce estimates 03 of the k non-zero singular values and

estimates v} of the associated (right) singular vectors of X such that
(1—e)?0; <0} < (1+¢)'?0;

and

lv; = vjll2 < €,
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where + is a function of the smallest gap between the singular values of X.

Most of the current work on low-rank matrix approximations, robust PCA [28], rank-revealing
QR factorizations (see [73] and the references therein for a comprehensive survey), etc. has focused on
obtaining a good approximation X to the original data matrix X, albeit one that is parsimonious.
Some of the measurement schemes [28] sketch both the row and column space of X, collecting
measurements Y = ®X &7, and some sketch the column space only so as to derive a few orthogonal

vectors that span the column space [73]. These results are of the form
[X = X[lx < (14 6)[|X]|x

for some norm X (typically, the Frobenius norm, but others as well). Our goal is an approximation
to the singular vectors and singular values of X themselves, directly, and while one could apply
standard perturbation theory techniques to compare the singular vectors of an approximation X to
those of the original data X, the error guarantees would be rather poor. Furthermore, while one could
ask about preserving the subspaces spanned by the singular vectors, there are many applications
from PCA to data clustering, image segmentation, graph embedding, and modal analysis in which
the individual singular vectors are critical for data analysis tasks, and data reconstruction is not
necessarily required.

Our algorithmic approach is straightforward. We sketch one side of the N x n data matrix
X, maintaining a sketch matrix Y = ®X of size m x n. (The fact that the sketch is one-sided
allows it to be computed sensor-by-sensor in distributed data collection settings.) We then compute
the SVD of the sketch matrix Y, using standard (iterative) SVD algorithms. Our analysis is quite
different from that of most randomized linear algebra methods. We assume that the sketching matrix
® is randomly generated and satisfies the distributional Johnson-Lindenstrauss (JL) property (see
Definition 6.1) so that with high probability it acts as a near isometry on the column span of X, and
we then exploit relative error (as opposed to absolute error) perturbation analysis for deterministic
(as opposed to random) matrices to obtain our results. As detailed in our main result, Theorem 6.2,
we can obtain accurate relative estimates for the singular values, and in some cases we can obtain
accurate estimates for the singular vectors as well. However, we struggle to achieve high accuracy
in the singular vectors when the corresponding singular values are close. This is a consequence of
well-studied perturbation theory and seems inherent in our approach.

One major application of our work is to determining structural graph properties of streaming

graph data, albeit for low-rank graphs (ones with many connected components). Recent work on the
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structure and evolution of online social networks [86] suggests that a significant fraction of vertices
in such networks participate in isolated communities, “small groups who interact with one another
but not with the network at large.”

In Section 6.2, we set the stage for our mathematical problem and in Section 6.3, we outline the
related work, including an overview of the relative error perturbation techniques from linear algebra
that we will use. In Section 6.4, we present our main result which we apply, in Section 6.5, to the

spectral analysis of streaming graphs.

6.2 Problem Setup

Let X denote the N x n real-valued data matrix. For example, one may envision that each
column represents a length-/N time series signal collected from one of n sensors. Let us assume that
N > n, and that rank(X) = k < n. We write the truncated SVD of X as X = UXZXV;, where
unlike the full SVD, Ux is N x k, ¥x = diag(o1,...,0k) with o1 > --- > 03 > 0, and Vx is n x k.
Our goal in this chapter is to estimate the singular values ¥ x and the right singular vectors Vx from
a low-dimensional sketch obtained by left-multiplying X with a compressive matrix. In particular,
we let ® denote a sketching matrix of dimension m x N, and we denote the sketch of X by Y = &.X.
We are specifically interested in cases where m < N and thus Y is a shorter matrix than X. We
also note that the sketching matrix ® can be applied individually to each column of X, and these
sketched columns can be concatenated to form the m x n matrix Y. In other words, the sketching
can be performed sensor-by-sensor.

Our algorithm for estimating Xy and Vx from Y is explained in Section 6.4.1. This algorithm
is very simple and is based on the idea that under a suitable choice of @, the singular values and
right singular vectors of Y will approximate the singular values and right singular vectors of X. In
order to state our results, we write the truncated SVD of Y as Y = Uy Xy V;T, where Uy is m x k,
Yy = diag(o},...,05,) with o] > --- > 0}, > 0, and Vy is n x k. (We will be interested in cases
where m > k, and typically Y will have rank k just like X.) It will also be useful for us to write the
eigendecompositions of XTX and YTV as XTX = VxAxVE and YTY = Vi Ay Vil respectively,
where Ax = diag(A1,...,Ax) and Ay = diag(A],...,AL). (Although it is not common practice we
will use the “truncated” eigendecomposition so that Vx and Vy are both of dimension n x k and
Ax and Ay are both of dimension k x k; when k = n we will have the usual eigendecomposition.)
Note that A\j = 0% and \; = o2 for j = 1,... k.

To ensure that the spectral information about X is preserved in the sketched matrix Y = & X,
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we rely on randomness to construct the sketching matrix ®. Any random distribution that can be

used to construct a Johnson-Lindenstrauss (JL) embedding can be used to generate ®.

Definition 6.1. An m x N random matrix ® is said to satisfy the distributional JL property if for

any fixed z € RV, and any 0 < € < 1,
Pr[[|®z]2 — [[l2] > €|z]2] < 26~/

where f(e) > 0 is a constant depending only on e.

For most random matrices satisfying the distributional JL property, the functional dependence
on €, f(e€), is quadratic in € as ¢ — 0. For compactness, we suppress this except where necessary
for quantifying the number of measurements or the run time of our algorithm. There are a va-
riety of random matrix constructions known to possess the distributional JL property. Notably,
random matrices populated with independent and identically distributed (i.i.d.) subgaussian entries
(see Definition 5.1) will possess this property [41]. Subgaussian distributions include suitably scaled
Gaussian and +1 Bernoulli random variables. Other examples of non-i.i.d. JL matrices and dis-
cussions of the function f(e) are contained in works such as [80, 39]. There are many papers that
address the sparsity of a JL matrix, the speed of its application to a vector, the minimum number
of rows it must possess, the minimum amount of randomness necessary to generate such a matrix,
etc. For our results, a random matrix satisfying the distributional JL property is sufficient and,
depending on the particular application (streaming versus static data), we want either fast update
times (i.e., a sparse transform) or a fast transform. We appeal to a long line of work in assessing
the qualities of such transforms and in constructing them, either randomly or deterministically.

Finally, we note that a primary objective of this work is to quantify the amount of perturbation
of the right singular vectors of X under the random measurement operator ®. For j =1,...,k, let

us denote the jth column of Vx as v; and the jth column of V3 as v;. Our bounds concern the

!/
i
quantity [lv; — v}l|2. However, we note that the right singular vectors v; and v are each unique
only up to multiplication by —1. Thus, without loss of generality, we will assume that the sign of

each v; is chosen so that it is positively correlated with v;. That is, we will assume for each j that

<Uj,1};> > 0.
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6.3 Related Work

In order to quantify the amount of change in the singular values and the right singular vectors,
we approach this problem from the matrix perturbation theoretic perspective. To see the connection

to matrix perturbation theory, let us write
YTV = XToToX = VX xULdTdUx B V.
Defining Ag := ®7® — I, YTY becomes
YTY = Vy SxUL(I + Ap)Ux Sx VT = V52 VE 4+ Vi Sx UL AgUx Sx VT

Given this equation, we can think of the symmetric matrix Y7Y as being the summation of some
original symmetric matrix

A= VY3 VE

and a perturbation matrix

E:=VxYxUkAgUxEx Vi,

Roughly speaking, when E is small in some sense, it would be reasonable to expect Y7Y to have
approximately the same spectral information as A. Thus we can think about our problem as quanti-
fying the amount of change between the eigenvalues and eigenvectors of A (which equal the squared
singular values and the right singular vectors of X ) and those of Y7'Y under the additive perturbation
E.

In the following sections, we briefly review some of the important results in the matrix perturba-
tion theory literature and also discuss the connection of our problem to the simultaneous iteration

method, an important algorithm for computing the eigendecomposition of a matrix.

6.3.1 Absolute Bounds

There is an extensive literature in the field of matrix perturbation theory quantifying the amount
of change in the eigenvalues and eigenvectors of a symmetric n x n matrix A when it undergoes an
additive perturbation. A perturbed matrix, Z, may be written in the form of A=A+ E, where E
is the perturbation matrix that is being added to A. It is well-known that the eigenvalues of A and
those of A will be close to one another when the amount of perturbation E is small (typically with

respect to the 2-norm of F). Let us denote the jth largest eigenvalues of A and A as A; and Xj,
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respectively. Then, it is known [70] that for j =1,...,n,
(6.1) 1A = N < TIE2.

Thus we can see that the distance between each perturbed eigenvalue and the corresponding original
eigenvalue will depend on the amount of perturbation, i.e., || E||2.

To discuss the perturbation in the eigenvectors let us first represent the eigenvectors of A as v;
such that Av; = A\jv;. Similarly, let us define the eigenvectors of A as ¥; such that Ay, = inj. It is
well known that for general matrices A and E, the eigenvectors v; and v; may vary drastically even
when the amount of perturbation is small. In other words, ||v; —v;||2 can be large even when || E||2 is
small. To see why, let us for example look at the case when two eigenvalues, A1 and A, of A are equal
to each other. For such a case, we know that the eigenvectors corresponding to those eigenvalues,
v1 and v, will not be unique: any linear combination of the two eigenvectors will also be a valid
eigenvector corresponding to the same eigenvalue. A perturbation to this matrix will generally cause
A1 and Ag to split into two eigenvalues Xl and X27 each of which will satisfy equation (6.1) above.
If X1 and Xg are distinct, the corresponding eigenvectors v; and v will now be uniquely identified.
Since v; and ve were not unique, it is possible for v; to differ from any particular choice of v; and
for v to differ from any particular choice of vs.

The perturbation in the eigenvectors, however, is not completely arbitrary. It is known that the
angle between the space spanned by v; and vo and the space spanned by v; and vy will be small if

E is small. To state this result more concretely, let us represent the eigendecompositions of A and

A as
Ay O vr
A=VAVT = (1, V)
0 A v
and
A=VAVT = (V1 V2)
0 A, 124

The eigenvalue matrices are such that,

A1 = diag(/\l, ey Ap), AQ = diag(/\p_H, ‘g )\n),

Kl = diag(Xl, e ,Xp), KQ = diag(XpH, ey )\n)
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for an arbitrarily chosen p € {2,...,n—1}.
It is possible to quantify how close the spaces spanned by the columns of V; and ‘71 are. In order
to provide a measure of closeness between the two spaces, the following notion of angle matrix was

defined in [46]:

N

O(X1, X») := arccos <(X1TX1)7%XlTX2(X2TX2)71X2TX1(X1TX1)*%)_ 7

where X; and X5 are two matrices of the same dimension n X p with n > p and full column rank.
The singular values of ©(X;, X5) are the angles required to rotate the space spanned by X; onto

that of X5. Going back to our notation of Vp, V3, ‘71, and ‘72, it was shown [46] that

Isin©(V3, Vi)l| = (V2" VA |
for any unitarily invariant norm. This fact can be used to bound the angle between V; and ‘71. In
particular, if £ := min [A(A;) — A(A3)| > 0, then

1Bl r

Isin©(VA, Vo)l = [T Vil < 1=

Once again we note that the above bound relies on the absolute separation between eigenvalues (in
contrast with the relative separation, which appears in Section 6.3.2). The above can be further

generalized to any invariant norm. Detailed discussion on this subject can be found in [46].

6.3.2 Relative Bounds

The perturbation results discussed above are in terms of the absolute differences between eigen-
values. These types of results are most useful for ensuring the preservation of the largest eigenvalues
but least useful for ensuring the relative preservation of the smallest eigenvalues; a small absolute
change in a small eigenvalue could actually correspond to a large relative change in that eigenvalue.
The absolute perturbation results are the best we can do when the perturbation to A is completely
arbitrary. However, when the perturbation exhibits some structure one can do much better than
what the absolute error bounds indicate.

Consider the class of perturbations that take the form A=A+FE = DT AD, where D is non-
singular. It was shown [57] that in this case a relative perturbation bound for the eigenvalues is
given by

X = A1 < IIIDTD = 1|l
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where the factor |[DTD — I|| represents how close D is to being an orthonormal matrix. In the
extreme case when D has orthonormal columns we will have that Xj = )\; as expected.

Similarly, the angle 0 < #; < 7 between the jth eigenvector and its corresponding perturbed
eigenvector has been shown [57] to satisfy

[IDT Dl|2|[(DDT) " — Il

sinf; <
77 pi(A) = IDTD — 1|

+ ||D - IH27

provided that p;(A) > ||[DTD — I||5, where the jth relative gap, p;(A), of the eigenvalues of A is
defined as

We can see that for the type of perturbation described above we obtain a much stronger perturbation
result that depends on the relative gap between the eigenvalues. There are many variants of relative
perturbation results that have been proposed to date [89, 88, 57, 17] that differ from one another
depending on the underlying matrix A (e.g., whether it is a symmetric matrix, positive definite

matrix, indefinite matrix, etc.) and also on the type of perturbation.

6.3.3 Relation to Simultaneous Iteration

Our problem also has a close connection to various algorithms for computing the eigenvalues
and eigenvectors of symmetric matrices. One algorithm that we shall focus on is the simultaneous
iteration method [115, 36]. This method is best suited for cases when we are interested in computing
the top few eigenvalues and their corresponding eigenvectors and when the underlying matrix is
sparse.

To state the algorithm explicitly, let us set some notation. Let A be an n x n positive-semidefinite
matrix with eigendecomposition A = VAVT. We let \; and v; denote the jth eigenvalue of A and its
corresponding eigenvector. We also assume that the eigenvalues are ordered in descending order such
that Ay > Xy > --- > X\, > 0. We then pick a set of trial vectors and denote them as pq,po,..., Pk,
where the number of trial vectors k depends on how many eigenvectors we wish to compute. The

trial vectors can be any set of orthonormal vectors such that

(6.2) span(pi,...,Pk) nspan(ka, .oy ) = {0}

One possible choice of trial vectors is a set of k orthonormal vectors that are chosen randomly. Let

us stack the trial vectors into columns of a matrix and denote it as P = [py,...,px]. Given this
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notation the simultaneous iteration method is carried out as follows:?

1. WO AP
2. fori=1,2,...

(a) QWR® <« W via the QR-decomposition
(b) WD  AQ®

(c) if stopping criterion is not met, set i <— i + 1 and go back to step (a), otherwise output
Q.
As we can see, the simultaneous iteration method iteratively refines the set of eigenvectors of A.
Denoting the jth column of Q) as qj(»i), it is known [115] that

g\ = v;ll2 = O(Y),

where p; = max{\;+1/A;,\;/A;j—1}. From this we can see that the rate of convergence of the
eigenvectors depends on the ratio between the eigenvalues. Put differently, an eigenvector that
corresponds to an eigenvalue with a favorable eigenvalue ratio p; will converge faster to the true
eigenvector. This is also similar in spirit to the relative perturbation results that we discussed above
in that p; provides relative measure of the closeness between the eigenvalues, and the accuracy
between v; and qj(-i) depends on p;.

Lastly, let us focus on the very first step in the simultaneous iteration algorithm, in which we
multiply the original matrix A with k (potentially randomly chosen) vectors. Interestingly, this
is similar in spirit to our algorithm, except that our data matrix X is not necessarily square or
positive-semidefinite, and we do not require the rows of ® to be orthonormalized. We would like
to note that—when they are used in the simultaneous iteration method—random trial vectors are

merely chosen as a way to satisfy the condition (6.2). We believe, however, that randomness will

also help to better preserve the true eigenvectors in the first iteration.

6.3.4 Randomized Algorithms for Linear Algebra

In a similar vein, there have been a large number of results on what we will refer to as randomized
algorithms for linear algebra. The monograph [93] covers a number of these methods and references.
There are several lines of work that are closely related to our results. The first involves the

spectral analysis of random matrices and the application to algorithmic tasks such as information

IThere are a few variants of the simultaneous iteration method. Here, we use the algorithm presented in [115].
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retrieval and spectral random graph analysis. Two representative works are [10, 38] which build
random matrix models (or random perturbations of random matrices) for data and graphs and then
use those models to find the approximate spectral structures in the data (or the SVDs). Many of
the perturbation results used in these papers fall into our category of absolute bounds.

A second line of work is that of robust PCA or low-rank matrix completion, of which [28] is
just one example (there are many other such papers). In this problem, the data matrix X is either
sampled or random linear measurements of the form ®X®7 are obtained, from which a sparse,
low-rank approximation X to the original data matrix is produced. The primary goal of this line of
work is to approximate the original data with a parsimonious representation. Our work, in contrast,
aims to recover or to approximate the parsimonious representation itself.

A third line of work is the recovery of principal components of a data matrix X from compressive
projection measurements [111, 63]. Briefly speaking, in these works, a rectangular data matrix X
of size p x n is considered where p < n, i.e., X has more columns than rows. Each column of X
represents a data sample, and the objective in these works is to compute the left singular vectors of
X from compressive projections of the columns of X. However, different random projection matrices
are applied to different columns of X. The key differences between the work proposed in [111, 63]
and our work are that 1) we are interested in the right singular vectors of X, 2) the data matrix
X in our problem is assumed to have more rows than columns, 3) our measurement matrix is a JL
matrix, and 4) we apply the same random matrix to every column of X.

Finally, we emphasize the distinction between subspace approximation and the approximation
of the singular vectors themselves. Feldman et al. [61] give coreset and sketching algorithms for
approximating subspaces spanned by portions of the data set. This problem is also similar to the
work of Halko et al. [73], in which one constructs a basis for an approximate subspace spanned by
the columns of X from a sketch Y = ®X of the data. Finally, we note that the work of Drineas
et al. [54] that approximates leverage scores of a matrix is similar in nature to ours but does not

produce approximate singular vectors.

6.4 Main Result

6.4.1 Proposed Algorithm and Estimation Bounds

Recall the problem setup discussed in Section 6.2. Our algorithm for estimating ¥x and Vx from
the sketched matrix Y = ®X is stated in Algorithm 1. This algorithm is very simple: we simply

return the truncated singular values and right singular vectors of Y.
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Algorithm 1: Pseudo-code for sketched SVD.

Input: Sketched matrix ¥ = X

Output: Y x and Vx (estimates of the singular values and right singular vectors,
respectively, of X)

(Uy, Zy, Vy) — SVD(Y)

gx — Yy

VX — Vy

The computational complexity of our algorithm can be divided into two parts. The first part
concerns the complexity of computing the sketch Y from ® and X. If both ® and X are available
at a central processing node, Y can be computed simply by multiplying ® and X; as discussed in
Section 6.2, there may be a fast algorithm for doing this, depending on the structure of ®. As
we have noted, however, it is also possible to compute the sketch column-by-column by applying
® separately to each column of X; when data is collected in a distributed fashion, this may be
the natural way to construct a sketch. Let us denote the computational complexity computing Y
as Ti(m, N,n). In distributed scenarios, we will have Ty(m, N,n) = nT’'(m, N), where T'(m, N)
denotes the computational complexity of one matrix-vector multiplication with ®.

The second part concerns the complexity of computing the SVD of Y. Using standard techniques,
computing the SVD of an m x n matrix with m > n requires O(mn?) operations. (When k is very
small compared to n, we may have m < n and the SVD of Y can be computed even more efficiently
than this.) Combining this fact with the bound on m provided in our main result (see (6.3))
and assuming f(e) is quadratic in €, the computational complexity of this second part will be
O(n?ke=2(log(1/€) + log(1/8)), where § denotes the failure probability. One can add this cost to
T1(m, N,n) to determine the overall computational complexity, although it is important to stress
that the computation of Y may be streaming or distributed over many sensors, while the computation
of the SVD of Y may be performed all at once at a central computing node.

We are now ready to state our main result.

Theorem 6.2. Let X be an N xn matriz with N > n and rank(X) = k <n, and let X = UXZXV;
denote the truncated SVD of X as explained in Section 6.2. Let ¢ € (0,1) denote a distortion factor
and 0 € (0,1) denote a failure probability, and suppose ® is an m x N random matriz that satisfies

the distributional JL property with

S klog(42/€) + log(2/6)

(65) L NG

Let Y = ®X denote the sketched matriz, and let f]x = Yy and ‘//\'X = Vy denote the estimated
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singular vectors and right singular values of X returned by Algorithm 1. Then with probability

exceeding 1 — 3, rank(Y) = k and both of the following statements hold:

1. (Preservation of singular values) For all j =1,...k,
o’
(1-a2< 2 <1+
0j

where o1 > -+ > o > 0 denote the singular values of X (the diagonal entries of ¥x) and

o) > --- > 0}, > 0 denote the singular values of Y (the diagonal entries of ix)

2. (Preservation of right singular vectors) For all j =1,...k,

\[ ev1+e \/iaiaj

v; — ]|z < min 2, max ,
l[v; = vjll2 < VI g r[ni{ll]ﬂo'? —a2(1+ce)|}
ce|—1,

where v1,...,v, denote the right singular vectors of X (the columns of Vx) and vi,..., v},

denote the right singular vectors of Y (the columns of 17X)
Proof: See Section 6.4.2.

Corollary 6.3. When ® is generated randomly from an i.i.d. subgaussian distribution (suitably
scaled) or some other random distribution satisfying the distributional JL property with quadratic

f(*), the bounds in Theorem 6.2 will hold with m = O(ke~2(log(1/€) + log(1/6)).

This result states that from Y we can obtain accurate relative estimates for the singular values
of X, and in some cases we can obtain accurate estimates for the right singular vectors of X as
well. However, we struggle to achieve high accuracy in the singular vectors when the corresponding
singular values are close. This is a consequence of well-studied perturbation theory (recall the role
that the relative gap played in Section 6.3.2) and seems inherent in our approach.

We note that, naturally, we could obtain similar results for preserving the left singular vectors of
X were we to sketch its rows, rather than its columns. We also note that when the exact rank & of
the data matrix is unknown (or if the rank of X is not necessarily below n), substituting n for & in

the measurement bound (6.3) yields a guarantee that applies to any N X n matrix X with N > n.

6.4.2 Proof of Theorem 6.2

In this section we prove Statements 1 and 2 within Theorem 6.2. As noted in Section 6.2, it will

be useful for us to write the truncated eigendecompositions of X7 X and Y7Y as X7X = VxAx V):(F
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and YTY = Vo Ay Vi¥, respectively, where Ay = diag(\1, ..., Ax) and Ay = diag()\], ..., \}). Recall

that )\jzojz and )\;-:Uf forj=1,...,k.

6.4.2.1 Proof of Statement 1

In order to prove Theorem 6.2, we require the following result, adapted from Lemma 5.1 in [14]

and Theorem 4.3 in [42].

Lemma 6.4 ([14, 42]). Let X denote a k-dimensional subspace of RN. Let ¢ € (0,1) denote a
distortion factor and 6 € (0,1) denote a failure probability, and suppose ® is an m X N random

matriz that satisfies the distributional JL property with

m klog(42/€) + log(2/9)
a fe/V2) .

Then with probability exceeding 1 — 6,

VI —ellzfz < [[@xfls < V14 €zl

forallz e X.

To see how this lemma can help us guarantee the preservation of the singular values of X (or,

equivalently, the eigenvalues of X7 X), we begin by noting that

YTV = XToToX = VxXx U@ dUx S V.

We define a new k x k matrix

M =VEYTYvy = SxULeToUx Y x

and represent its eigendecompostion as M = VjyAp V. Noting that YTY = Vo X2 Vi we have

M =VEYTYyVy = ViV B2V Vx.

From this we can infer that Ay, = 2., i.e., M has the same set of eigenvalues as Y7Y. Thus, we

turn our attention to proving that the eigenvalues of M approximate the eigenvalues of X7 X. Let
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us define Ag := ®T® — I and consider the ratio

T Mz B TS xULdTOUx Y xx B 2TSx (I +ULAsUx)Sxz
T¥2z 2T¥% N zT¥%
ITZXU§A<DUXsz

zT¥%x '

We will be interested in the range of values that the fraction (z7 Mz)/(2T%% ) can take over all
nonzero x € R¥. We note that for any vector x € R¥ we can associate a vector y := X xz € R and
write

T Mz 14 yTULAsUxy

TY%r yTy
To bound the range of values that this quantity can take, it suffices to consider all vectors y € R*

with unit norm. Thus, we focus on the quantity
(6.4) 14+ 9y UL AsUxy =1+ yTUL(®T® — NUxy = yT UL T OUxy = || PUxy||2.

Our next step is to apply Lemma 6.4 on the subspace X = colspan(Ux), using the fact that

lUxyll2 = |lyll2 = 1. This tells us that with a probability of at least 1 — 4,
1—e<|[®Uxy|3 <1+e,

holds for all unit norm vectors y € R*. Combining this inequality with (6.4) we get

(6.5) —e< yTUggAq)UXy <,

which implies that for any nonzero = € R¥,

2T Mz

6.6 1—€e<
(6.6) €= zT¥%

<1l+e.
In order to complete the proof we use the following lemma, which is a simplification of Lemma 1

in [17].

Lemma 6.5 (Lemma 1, [17]). Let H be a diagonal matriz and suppose 6H has the property that

for all nonzero x,
2T (H + 0H)z

<
2T Hzx = Ju

g <
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where 0 < g; < gy. Then
Xi(H +0H)

<
Ni(H) T o

g <

for all i, where \;(Z) denotes the ith eigenvalue of the matriz Z.

Applying Lemma 6.5 to (6.6) with H = %% (which is diagonal) and H +§H = M completes the

proof of Statement 1 of Theorem 6.2 and also implies that rank(Y") = k.

6.4.2.2 Proof of Statement 2

In order to prove Statement 2 of Theorem 6.2, we require the following important theorem.

Theorem 6.6 (Theorem 1, [99]). Let H = UTU* and H = H+6H = UTU* be p X p positive definite
matrices. Assume that U and U are unitary and that T = diag(71, . . . Yp) and I = diag(F1, ... 2 p)

are diagonal. Let S = U*ﬁ, and assume
n=|H 36HH *| <1,
where H=2 = UT~Y2U*. Then for any j and for any set T not containing j we have,

1/2 7;/2§1/2
Z EN <min{ 1, max —2— il ,
Z AN

and, in particular, for any i # j,

1/2=1/2
|sij| <min< 1, % il .
lvi =91 vVI—n

To prove Statement 2, we continue from the proof of Statement 1. In particular, we suppose (6.5)
holds for all unit norm vectors y € R* (recall that this event happens with probability at least 1— ).

Our first goal will be to prove that this implies that
(6.7) [UXAeUx|l2 <e.

To see why this follows, let us for notational simplicity denote A = ULAgUx. Note that A is a
symmetric matrix. Then, (6.5) says that —e < y” Ay < € holds for all unit norm vectors y € R¥. Note
that this is equivalent to —e < % < e. This fraction is the well known Rayleigh quotient. It can
be shown that the range of values that the Rayleigh quotient takes is confined between the minimum

and the maximum eigenvalues of A. Let us denote the maximum and minimum eigenvalues of A as

107



Omax and apmin, Tespectively. Since equation (6.5) says that the Rayleigh quotient is in between —e
and € we can infer that —e < apin, < nyT—A;’ < amax < €. Thus, || A|l2 = max{|amin|, |@max|} < € and
so we have proved that (6.7) holds.

To quantify [[v; — v|[2, we look at a different yet equivalent quantity that may simplify the
problem. Let us again look at the matrix M that we introduced in the proof of Statement 1. We
have seen that there is a close connection between the eigenvalues of M and those of Y7Y. We now
show that in order to prove that the eigenvectors of Y7Y approximate those of X7 X, it suffices to
study the eigenvectors of M.

Remembering that

M =VEIYTYVyx = ViV S2 Vi Vy,

we can see that the eigenvectors of M are closely related to the right singular vectors of X and Y.
Specifically, we have that Vi = V{{Vy, and denoting the jth eigenvector of M as vj, it is easy to
see that v; = ;vg This implies that (vj,e;) = (v;,v}) for j = 1,...,k, where e; represents the
jth canonical basis vector. Furthermore, we note that colspan(Vy) = rowspan(Y) = rowspan(X)
since every row in Y is a linear combination of the rows in X and since we have argued above
that rank(Y) = rank(X). From this (and the fact that v} € colspan(Vy)) it follows that |[v;]l2 =
[VE)ll2 = 1. Now, using the relation (0}, e;) = (v;,v}) and the facts that [|0;[l2 = |le;ll2 = l|v;l2 =
[vi]l2 = 1, we see that |[v; — ;|2 = [[vj; — v}[|2. To make sense out of the quantity [[v; — e;]|2, let us
examine the expression M = Eﬁ( +Xx U;Aq)UX Y x. We can view M as the sum of a diagonal matrix
Eg( and a perturbation matrix EXU§A¢UXEX. The eigenvectors of Egg are the canonical basis
vectors e;. Therefore, the quantity ||v; —e;||2 reflects the amount of perturbation in the eigenvectors
of M. This is why, to bound |lv; — v}||2, it suffices to focus on the perturbation analysis of M.

We apply Theorem 6.6 as follows: As we have discussed, we will quantify [|v; —vj||2 via [[v; —e;||2.

Let us set the original unperturbed matrix as H = X% and the perturbation to this matrix as

0H = ExU§A¢;UXzX7 such that
H=H+H=%x(I+UsAsUx)Sx = M,

and both H and H are k x k. Clearly, H is positive definite since it is a diagonal matrix with all
positive entries along the diagonal (because rank(X) = k). To check that M is positive definite,
note that M = EXU§@T<I>UXEX is of the form M = BTB, where B = ®UxXx is an m X k

matrix with m > k. The fact that B has full column rank will follow because all diagonal entries of
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Y x are nonzero (again, because rank(X) = k) and because in the proof of Statement 1 we applied
Lemma 6.4 on the subspace X = colspan(Ux ). Because B has full column rank, M will be positive
definite.

We further have that
n=|H 26HH |, = [S'0HS |2 = [UX AeUx|».

Then, applying (6.7), n = |[U¥AsUx|l2 < €. Let us set S = ITVy; = Vi and denote the jth

eigenvalue of M as Xj. Then, straightforward application of Theorem 6.6 yields

1/2
J

31/2 31/2
E |51 < min<¢ 1, ma i " <min<{ 1, ma i <
Sij < min , max ————— < min , Mmax ———=— .
’ 7ot = X VI 7ot = Nl VT

i#]

As we have discussed in Section 6.2 we assume that s;; = (v;,¢;) = (vj,v;) > 0. Then,

lo; = vill2 = [17; — ejll2 = \/||5j||§ = 2(Tj, ¢5) + [le;13,

=VayT=sy;,

oA e
S\@min{l, max ——2 },

i# |02 — X]-| V1—e¢

where the last inequality is due to the fact that 1 — 1 —z <z for 0 <z < 1.
To write the above only in terms of the unperturbed singular values, ¢, we make use of Statement

1 and the fact that Xj = (0})? for j =1,...,k to obtain

evV1+e \/iaiaj
max :
V1—e€ i#j min ]{|oi2—(f]2-(1+ce)\}

ce[—1,1

oy = vlla < min{ V2,

6.5 Application to Spectral Analysis of Streaming Graphs

In this section, we apply our data analysis framework to streaming graphs, a model of data

collection where edges of a graph are updated dynamically. We consider a scenario in which edges
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are inserted and deleted over an observation period, and our goal is to maintain a small data structure
that encodes the graph information so that we may analyze the spectrum of the graph quickly at
any point during or after the sequence of edge updates. Spectral graph analysis has a multitude of
applications including graph embedding, graph isomorphism testing, data clustering/segmentation
(of which there are yet many more applications!), numerical linear algebra, etc. We refer the reader
to just a few in [19, 103, 122, 35]. Determining the spectrum of a graph is at the heart of many
modern data analysis and graphical information processing algorithms.

Let G = (V, E) be a graph with vertex set V' and undirected, unweighted edges E. Let A denote
the symmetric binary adjacency matrix of G, denote by d,, the degree of a vertex v € V, and define
the graph Laplacian as

d, ifu=v
La(u,v) =4 -1 if uand v are adjacent

0 otherwise.

There is a compact definition of L using the adjacency matrix: Lg = diag(d,) — A.
Let X be the incidence matrix of the graph G. This matrix has N = |E| rows and n = |V|
columns and to define each entry of X, consider an edge (u,v) between vertices u and v. Since the

graph is undirected, the ordering of the vertices is chosen arbitrarily. Then,

X(u,v),u =1 and X(u,v),v =—1.

It is well-known that the rank of the graph is the rank of the incidence matrix and that this value is
|V| — ¢ where ¢ is the number of connected components in G. If the graph G is weighted, we replace
the +1’s with the appropriate weights in the incidence matrix.

From the definitions of the graph Laplacian and the incidence matrix, it is clear that Lg = X7 X.

The singular values of X are, therefore, related to the eigenvalues of L¢ in a straightforward fashion:

UZ(X) =V )\Z(Lg)

Furthermore, the right singular vectors V of X = UxX XV% are the eigenvectors of the Laplacian.
Thus, it is sufficient to compute (good) approximations to the singular values and the right singular
vectors of X to obtain (good) approximations to the top eigenvalues of Lg and the corresponding

eigenvectors. From standard spectral graph theory, we know that the eigenvalues \; of the Laplacian
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satisfy Ay > --- > A, = 0 and, with the assumption that G has ¢ connected components,
AL > Z)\nfc>>\nfc+1:"‘:)\n:0'

In particular, rank(X) = rank(Lg) =n — c.

Next, we define the streaming graph model. Following [4, 3], we define a dynamic graph stream
as a stream of edge updates (both insertions and deletions). This is a faithful model of the evolution
of an online social network, for example, in which users connect and disconnect to other users over

time [86].

Definition 6.7 (Dynamic graph stream). A stream S = (ai,...,ar) where a; = (i, ki, A¢) €
[n] x [n] X R defines a weighted graph G = (V, E) where V = [n] and the weight of an edge (j, k) is
given by

A(j, k) = > A

t:(je,ke)=(4,k) or (k,j)
We assume that at any update time ¢, the adjacency matrix A is well-formed; that the edge weight

is non-negative; and that the graph has no self-loops.

In this prototype application, the stream of edge updates S defines the edge-vertex incidence
matrix X of the graph G. The matrix X has N = (g) rows and n columns, and for each stream

item, we update two entries in X as

X(jt,kt),j,, = X(jtka)ajt + Ay,

Xjo ko) ke = X(josko) ke — At

We collect sketches of each column of X and aggregate them into a matrix Y. Denoting the jth
column of X by z;, the jth column of the sketched matrix is given by y; = ®x;. We can update the

sketch in a streaming fashion. Upon receipt of a stream item (us, vy, A¢), we update y,, and y,,:

Yuy = Yuy + At¢(u,,vt)a

Yoy = Yo, — At¢(ut,vt)a

where ¢; denotes the jth column of ®.
Our main result, Theorem 6.2, tells us that a sketch of the matrix X is sufficient to recover

information about its singular value decomposition.
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Corollary 6.8. Assume that the undirected, weighted graph G = (V, E) is presented in a streaming
fashion so that its incidence matriz X has n = |V| columns, N = (g) rows, and rank k <n—1. Let
e € (0,1) denote a distortion factor and § € (0,1) denote a failure probability, and suppose ® is an

m X N random matrixz that satisfies the distributional JL property with

. klog(42/€) + log(2/9)
B fe/V2) .

Let Y = ®X denote an m X n sketch of X maintained in the streaming graph model, and let
iX = Yy and ‘A/X = Vy denote the estimated singular vectors and right singular values of X

returned by Algorithm 1. Then with probability at least 1 — ¢, the following statements hold:

1. (Preservation of eigenvalues) For all j =1,... k,

S~

y‘y

1—€e< <1l-+e

J

where \; denote the true eigenvectors of the graph Laplacian Lo and )\3 denote the estimated

etgenvalues obtained by squaring the diagonal entries of Sx.

2. (Preservation of eigenvectors) For all j =1,...,k,

— 1/21/2
v — v ]l2 < min{ V2, < 1+€max - \/Q/\i/ )\j/ ,
7 V1—e i#j er[l'll?l]{|)\i_)\j(1+06)|}
cel—1,

where v; are the eigenvectors of the graph Laplacian Lo and v;- denote the estimated eigenvec-

tors obtained from the columns of Vx.

Because the adjacency matrix A of G has at most |V|? non-zero entries, this result is useful only
when the rank k of L¢ is significantly smaller than n = |V, the number of vertices; or, equivalently,
when G has many connected components. In this case, the size of the sketch is smaller than that of
the adjacency matrix. In summary, for highly disconnected graphs presented in a streaming fashion,
we can recover the approximate eigenvalues and eigenvectors of the Laplacian. The sparsity of the
matrix ® and the speed with which we can update the sketch matrix Y under a stream of updates
are functions of the quality of the JL transform. The structural evolution of online social networks
[86] suggests that it is reasonable to assume that the underlying graph has a significant fraction of

vertices in small, disconnected components so that the graph is essentially a low-rank graph.

112



6.6 Conclusion

We present a data collection and analysis scheme that permits the distributed collection of
data X by resource constrained sensors in a network and the central computation of the spectral
decomposition of X7 X or the right singular vectors of the data itself. The algorithm returns not an
approximation to the original data, but a good approximation to the singular values o; and the right
singular vectors v; of the data. This data collection and analysis framework makes a small number
of linear, non-adaptive measurements of the data. The number of measurements each sensor makes
is comparable to the rank of the data and, if the data are full rank, the number of measurements at
each sensor is comparable to the total number of sensors. This efficient data collection is especially
important for sensors that are severely resource constrained and cannot store or transmit a large
amount of data to a central device; we believe that one possible application of such an algorithm

would be in operational modal analysis of structures (buildings, bridges, etc.) [108].
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CHAPTER 7

Compressed Sensing in Structural Health Monitoring

Systems

7.1 Introduction

7.1.1 Structural health monitoring systems

Over the past decade, more than 5 million commercial buildings®, 130 million housing units?, and
0.6 million bridges® have been built in the United States. This trend will continue and engineers and
architects will continue to build ever more complex and larger structures in the future. Although
buildings are built safe and robust at the time of construction, structural damage caused over time by
continuous use is inevitable. In order to maintain safely operable structures for as long as possible,
periodic inspections are a must. The purpose of these inspections is to locate damaged areas such
as cracks or wear and tear in structures. Once damage is detected and considered repairable the
structure will undergo repairs to maintain safely operable conditions and to extend its life expectancy.
If, on the other hand, the damage is considered irreparable and the state of the structure inoperable,
the structure must be taken out of service immediately.

Due to the large sizes and complex natures of structures, the task of inspection is labor intensive,
costly and time consuming. In light of these problems, there have been significant efforts in the
structural engineering community to automate the task of health monitoring of structures. Structural
Health Monitoring (SHM) systems are precisely designed to address this issue. Throughout the SHM

literature, researchers in the field have proposed numerous methods to make this task as efficient

This work is in collaboration with Michael B. Wakin and Anna C. Gilbert.
12003 Commercial Buildings Energy Consumption SurveyOverview of Commercial Buildings Characteristics,
http://www.eia.gov/consumption/commercial/data/2003/pdf/a5.pdf
2http://factfinder2.census.gov/faces/tableservices/jsf/pages/productview.xhtml?pid=AHS_2011_C01AH&prod Type=table
Shttp://www.infrastructurereportcard.org/fact-sheet/bridges
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and as accurate as possible. Although the details of each of the proposed SHM systems vary, there
are common features that are shared among many methods [121, 49].

A typical SHM system monitors in-service structures in real-time. To do so, it makes use of a
network of sensors installed on structures to collect relevant vibration data for damage detection.
These may include acceleration data, strain data, or displacement data. The acquired data from
each sensor are transmitted over a network to the central data repository where damage detection
algorithms are run to detect, localize, classify, etc., possible damage in structures.

An important part of damage detection is the identification of modal parameters, which is called
modal analysis. It is carried out to infer modal properties such as modal frequencies, mode shapes
and modal damping ratio. These parameters describe the vibrational characteristics when external
forces such as wind, earth quakes, or vehicle loadings are subjected to structures. For example, when
a structure is forced to vibrate close to a modal frequency, the shape of vibration of the structure
will be dominated by the corresponding mode shape. This vibration will eventually die out in the
absence of external force, and the size of damping ratio will determine how fast the vibration will
come to an end.

Many damage detection algorithms make use of these parameters to detect, localize, and assess
the severity of damage. Briefly speaking, damage detection methods rely on the notion that struc-
tural properties will change once the structures become damaged, thus causing the modal parameters
to change. Assuming that one has the modal parameters at the time when the structure was healthy,
these are compared to the current estimates of modal parameters to judge whether or not damage

has occurred. A comprehensive survey of damage detection methods is presented in [121, 49].

7.1.2 The usefulness of wireless SHM systems

In the early designs of SHM systems, sensors were linked via coaxial cables that provided reliable
communication to the central data repository. In addition, power cables were coupled with the
coaxial cables providing requisite power to run the sensors. However, due to the large sizes and
complex designs of structures, installing the sensors together with the coaxial cables and power
cables was expensive, difficult, and time-consuming. Hence, it was generally the case that the
deployment of dense networks of sensors were too expensive, allowing only a few sensors to be
installed. A dense network of sensors is generally desired as it allows for more accurate damage
detection analysis.

As a way to overcome this issue researchers have proposed to deploy wireless sensors on structures

to acquire and transmit data to the central repository. With the rapid advancement of wireless
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technology and the ability to build sensors at low cost, it has become possible to deploy a much
denser network of sensors for a given budget. Therefore, the use of wireless sensors in place of wired
ones provides the advantages of low installation cost, rapid installation time and density of sensors.

The challenges of wireless sensor networks in SHM are quite different from those of wired sensor
networks. Contrary to a wired sensor network, a primary challenge in a wireless network is to
maximize the life expectancy of the battery that is used to power each sensor in the network. There
are important questions that need to be asked when designing a wireless sensor from the battery
saving point of view: Should we compress the time data before we transmit it to the central data
repository? This will allow us to transmit less information at the cost of additional power for
processing. Or, would we save more battery by sending the raw data itself without processing the
data at all?

In [92], the authors presented thorough answers to these questions in real world applications for
a certain wireless sensor. The authors found that on average, significant savings in battery can be
expected by locally compressing and processing the data first compared to sending the raw time
data. The main reason for this was that the radio that transmits the data drains much more power
(almost 3 times as much) than the processor that carries out the local computation. As long as the
execution time of the local algorithm is reasonably short, it would be more beneficial to first process
and compress, then transmit less information.

Another factor that contributes to the severe draining of the battery is the sampling interval.
Obviously, the faster and/or the longer we sample the more power is required. As we know, the
Nyquist-Shannon sampling theorem tells us that the sampling frequency should be proportional
to the maximum frequency content in the signal. For the purpose of modal analysis the highest
frequency content will be determined via the highest modal frequency of the underlying structure.
Intuitively, structures that are stiff and light will generally posses high modal frequencies and for
such structures we may have to sample at relatively high frequencies. The length of total sampling
interval also plays an important role in optimizing the battery life. Obviously, it would be best to
sample only for the requisite amount of time and turn the sensor off once we have all the information
we need.

In light of these observations, we believe that wireless sensors equipped with Compressed Sensing
(CS) architectures will be a perfect fit to address the concerns in the conventional wireless systems.
To see how, let us highlight the advantages that a CS wireless sensor could bring to this scenario. CS
in wireless sensors will be able to minimize the battery usage by directly obtaining the compressed

time data, bypassing the need for any local processing. This also allows us to sample at a rate lower
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than the Nyquist rate providing a further reduction in battery usage. As a result, each sensor will
transmit minimal amount of data (typically proportional to the information level of each signal) to
the data repository, which in turn will reduce the power drained by the transmission radio. Lastly, all
of the sensors will acquire the time data in a completely disjoint fashion eliminating the need for any
additional communication amongst sensors. This, again, will help reduce the power drained by the
transmission radio. Mathematically, denoting the continuous-time displacement signal at each sensor
as v, (t), where n = 1,..., N and N denotes the number of nodes, a CS architecture would simply
sample at time points t1,...,¢y and transmit the resulting vector {v,} = {v,(t1),...,vn(trm)}-
The compression would come from the fact that M is smaller than the number of Nyquist samples.
Typically, one would choose t1,...,t) randomly.

The aforementioned ideal attributes of CS equipped sensors come with a price. Because we
have significantly undersampled the original signal at each node, the decoder has to face a severely
ill-posed system of equations. There have been several papers presenting the application of CS
to SHM systems. In [98], the authors have implemented a prototype wireless sensor, which takes
compressed measurements locally once the wireless sensor acquires the time data. By sending both
compressed measurements and the raw time measurements to the central node, the authors evaluate
the performance of CS reconstruction of the raw data. It is shown that a number of measurements
M =~ 0.8L is needed for an accurate reconstruction of the raw data, where L represents the length
of the original signal. Once the time data are reconstructed, conventional modal analysis techniques
are carried out that aid in damage detection. In [148], the authors also reconstruct the original time
data from CS measurements obtained at each sensor. Similarly to the work in [98], the authors
claim that many measurements were required to reach an accurate level of reconstruction.

The main reason for the above methods to require such large fractions of measurements is because
each signal was simply not sparse enough in the Discrete Wavelet Transform (DWT) or the Discrete
Fourier Transform (DFT). The lack of sparsity of each individual signal suggests that the model of
sparsity of each signal may not be an appropriate model for the types of signals that arise in modal
analysis. A joint signal model for the signal entire ensemble may serve as a better model to exploit
the abundant correlations that potentially exist across the signals.

A timely question to ask at this point is whether or not we truly need to reconstruct the underlying
signal at all. The only reason to reconstruct the signals in the above methods is to utilize conventional
modal analysis tools that all rely on signals that are sampled at the Nyquist rate. Although this
approach to first reconstruct then extract modal parameters is a viable option, there are two reasons

to contemplate this question. The first reason is the potential loss of performance. The frequency
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content within the signals plays an important role in the subsequent modal analysis algorithm. For
example, a popular modal analysis algorithm proposed in [24] is very sensitive to the accuracy of each
frequency component of the signal. As we anticipate noise in our acquired signals the reconstruction
of each signal will also be noisy. These errors will propagate to the modal analysis step, which could
potentially lead to misidentification and errors in modal parameters.

The second reason is the added computational complexity. Taking the above method for exam-
ple, using an off-the-self CS reconstruction algorithm presented in [102], the total computational
complexity for N signals will scale as N L log? (L). Added to this will be the additional computa-
tion required for the subsequent modal analysis step. One can view this step of reconstruction as
being somewhat wasteful as this is carried out only to utilize one of the conventional modal analysis
algorithms.

The main objective of this chapter is to propose a novel method that directly extracts the
mode shapes from CS measurements without ever reconstructing the individual time signals. Our
proposed method differentiates itself from the previously proposed CS based methods in that it
exploits the joint signal structure that can be observed through equations describing a simplified (no
damping and free-decay) Multiple-Degree-Of-Freedom (MDOF) system. Our method is as simple
as computing the Singular Value Decomposition (SVD) of the signal matrix obtained by stacking
each {v,} into a matrix. We evaluate the performance of this method when ¢1,...,t) are uniform
time points, and also when ¢, ...,t); are random time points. For each sampling method, we give
sufficient conditions on the required sampling rate, the total sampling time span, and the total
number of measurements for the accurate recovery of mode shape vectors. Our analysis reveals the
surprising fact that the requisite sampling rate for the uniform measurement case is lower than the
Nyquist rate, but that the required number of measurements is structure dependent. The analysis
on the random measurements shows that we can achieve the same recovery guarantee as the uniform
sampling case at the expense of more but structure independent number of measurements. At the
end of this chapter, we present promising simulation results that show that our algorithm is able
to accurately estimate the mode shapes given only a small fraction of measurements of the original

signal.

7.2 Background

In this section, we give an introduction to the frequently used mathematical model that governs

the motion of structures. We begin with the simplest system called the Single-Degree-Of-Freedom
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(SDOF) system, and then move on to the MDOF system. Following what is standard in structural
dynamics community, we will use {z} to denote a vector z and [A] to denote a matrix A. We will
denote the Ith entry of {z} as {z}(j), and denote [4];,, as the Ith row and nth column entry of
[A]. Furthermore, we will reserve i = \/—1 to denote the imaginary unit and [A]* to denote the

conjugate transpose of [A].

7.2.1 Single-degree-of-freedom system

An SDOF system under no external force can be described by the following differential equation,
(7.1) mi(t) + Cz(t) + kx(t) =0,

where m, C, and k denote the mass, damping, and stiffness parameters of the underlying system.
To solve for the signal x(t) that satisfies the above equation, let us assume a solution of the form
x(t) = Ae’t, where A, s € C. Then, #(t) = As?est | i(t) = Ase’!, x(t) = Ae®!, and by plugging in

these expressions into equation (7.1) we get,
(ms*+ Cs+k) z(t) = 0.

Since the above needs to be satisfied for all ¢, it must be that ms? 4+ Cs 4+ k = 0, and it is easy to
see that § = —CEVC—dmk W. In the structural dynamics community it is customary to rewrite this

solution as,

(7.2) s =—Cwo wo\/E% —1,

where wg = \/% , €= anwo represent the natural frequency and damping ratio, respectively. As we
can see, the natural frequencies and damping ratios will always be positive, and depending on the
value of £, s may be real or complex and there may be one or two possible solutions.

In this chapter, we will be restricting ourselves to the case when there is no damping, i.e., C' =0
and thus £ = 0. From equation (7.2) we can see that when £ = 0, we will have two purely imaginary
solutions s1 = iwg, and so = —iwg. Thus, z1(t) = Ae™ot and xo(t) = Be~#ot are both eligible
solutions to equation (7.1). In fact, any solution to the above equation can be expressed as linear

combinations of x;(¢) and x2(t), such that the general equation can be written as
x(t) = Ae™0t 4 Be~iwol,
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We can also express the above as,

z(t) = Ae™°! 4 Be ™! = (A + B) cos(wot) + i(A — B) sin(wot).

Furthermore, noting that x(0) = A + B, and #(0) = i(A — B)wo,

#(0)

wo

z(t) = x(0) cos(wot) + sin(wot).

Since the signals that we acquire from a sensor are real, we want to deal with real valued signals
z(t), and this means it must be that B = A*. Denoting A = a + ib, we can once again rewrite the
above as,

2b
z(t) = 2a cos(wpt) — — sin(wot).
wo

Finally, because any linear combination of sines and cosines with the same frequency is also a

sine wave with the same frequency, we can rewrite the above as,

x(t) = psin(wot + 6),

where
arcsin ﬁ b S 0
2 o=
P P _ R
(7.3) p=2/a*+ —, and 0 =
wo
T — arcsin % b>0.
a2+5—2
0

7.2.2 Multiple-degree-of-freedom system

Similarly to the SDOF system, an N-degree MDOF system* can be formulated as

[M{a(t)} + [CHa(@)} + [KH{u(®)} = {0()},

where [M] is an N x N diagonal mass matrix, [C] is a symmetric N x N damping matrix, [K] is
an N x N symmetric stiffness matrix, and {u(¢)} is an N x 1 vector of displacement signals. Note

that {u(t)} = {ui(t),...,un(t)}, and each {u(t)}(l) = w(t), where I = 1,..., N, is a displacement

4Theoretically, a structure will have infinitely many degrees of freedom. However, the number of mode shapes and
their corresponding modal frequencies and modal damping ratios that we are able to detect is equal to the number
of sensor nodes placed on structures. In the following, whenever we are dealing with an N-degree MDOF system we
are implicitly assuming that we have N sensor nodes deployed on the structure.
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signal. One can view w,(t) as the signal being observed at the Ith sensor node. Let us again consider

an undamped system and set [C] = [0]. This simplifies the above equation to

[M{a(t)} + [K{u()} = {0(8)}-

Let us assume {u(t)} = {¢}Ae™? to be a solution to the above equation, where w,t € R. Note that
{¢} is an N x 1 spatial vector that is independent of time and we define it so that it has unit energy,
ie, |[{¢}l2 =1 (we can assume this as the normalization can be absorbed into the scalar variable

A). Plugging in the appropriate derivative to the above expression we get,
(—[Mw® + [K]) {¢} A" = {0(1)}.
Since the above must hold for all values of ¢ it must be that,

([K] = w?[M]) {¢} = {0}.

This equation represents a generalized eigenvalue problem and our objective is to find pairs of w? and
{#} that satisfy the above equation. Notice the similarity to the conventional eigenvalue problem
which corresponds to the case when [M] = I. To solve the above problem, as in the conventional

eigenvalue problem, one starts off by computing the generalized eigenvalue w that satisfies
det ([K] — w?*[M]) = 0.

Assuming that this does not vanish as a function of w? and M is full rank, the above will represent

an Nth order polynomial and there will be N generalized eigenvalues w?

as solutions to this poly-
nomial. Each w? when plugged back in to the above equation will have a corresponding generalized
eigenvector {¢} satisfying the above equation. Thus, there will be N generalized eigenvalues, i.e.,
modal frequencies, wq,...,wy and their corresponding generalized eigenvectors, i.e., mode shape
vectors, {¢1},...,{on}. Note that each modal frequency must be real and w, > 0. Also, without
loss of generality, let us assume that the frequencies are sorted, i.e., wi > ws > --- > wy > 0.
Going back to our assumption about the solution to the MDOF system equation it is clear that

each {u,(t)} = {¢n}Ane™nt will be valid solutions, where n = 1,..., N. Furthermore, as in the

SDOF system {¢,, } B,e~ ! will also be valid solutions and thus for each n a complete solution will
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be of the form
4 {un(0)} = {dn} (Ane™" + Bue ")

We want {u,(t)} to be real, which we can get when {¢,} is real (there exists a real eigenvector that
satisfies the above equation given that the mass and stiffness matrices are real and symmetric) and

B,, = A}. Thus, as with the SDOF case we can rewrite the solution as

{un(t)} = {Pn}pnsin(wnt + 0,),

where p,, and 6,, are as defined in (7.3).
Finally, it is easy to see that all linear combinations of {u,(¢)} are valid solutions to the MDOF

system equation and thus the general solution is of the form

N
(7.5) {u(t)} = > {¢n}pnsin(wnt + 0,).

n=1

In the structural dynamics community this is also known as the modal superposition equation.

7.3 Problem Formulation

7.3.1 The analytic signal of {u(t)}

In order to simplify the upcoming analysis, we are going use what is known as the analytic signal

of {u(t)} [22]. The definition of an analytic signal is given as,

Definition 7.1 (Definition 1.2.1, [22]). A signal v(t) is said to be analytic iff
V(f)=0for f <O,

where V(f) is the Fourier transform of v(¢).

Essentially, an analytic signal can be obtained by removing all the negative frequencies in the
original signal. The analytic signal is a frequently used representation in mathematics, signal pro-
cessing, and communications, prevalently for easing the mathematical manipulations.

To see what the analytic signal of {u(¢)} is, let us take a step back and look at each entry in
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{u(t)}, i.e., ui(t). Each u;(t) can be written as

N N
Ul(t) - Z{¢n}(0pn Sin(wnt + on) = Z{(bn}(l)(Aneiw"t + A:eiiw"t).
n=1 n=1

Note that the variable A, and A¥ corresponds to what we have seen in equation (7.4). Then, it is

easy to see that the analytic signal of u;(t), represented as v;(t), is simply

N .
ult) = Y {ou} D Auer,

Twpt

which only contains non-negative frequencies, i.e., e"“»*. Then, the analytic signal of the entire

vector {u(t)}, denoted as {v(t)}, can be written as

N
ot)} = S {6} Aneet,

Note that {v(¢)} is no longer real but complex. The practical implementation of obtaining an
analytic signal involves the application of a Hilbert transform. However, detailed discussion on this
matter is out of scope of this chapter and we will refer interested readers to [84] for more detail. For
the remainder of this chapter, we will assume that we have successfully extracted the analytic signal

from each w;(t). Thus, all the derivations from here onwards will be in terms of {v(¢)}.

7.3.2 The relationship to singular value decomposition

We can write the modal superposition equation in a matrix-vector multiplication format such as

Ay 0 ... 0 giwit
N . 0 Ag [P 0 6iw2t
{v®)} =D {dntAne™" = [{¢1}, {g2}, ..., {on}]
et @] N (
0 0 ... An eiwnt
(r] {s®)}

(7.6) = [2][T{s()},

where [®] denotes the N x N mode shape vector matrix with orthonormal columns, [I'] is an N x N

diagonal matrix with diagonal entries A,, and {s(¢)} is an N x 1 vector known as the modal
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coordinate vector. The above equation establishes an explicit relationship of the observed time data
{v(¢)} to the modal parameters such as the mode shape vector and modal frequencies. This equation
plays the key role of motivating the use of the SVD as a way to extract the modal parameters.

In order to see how the SVD can be used to extract the modal parameters, let us suppose that

we sample each row of {v(t)} in time at M distinct points 1, ...,ta. Let us denote the resulting

N x M data matrix as

Ul(tl) Ul(tg) Ul(tM)
(%) tl (%) t2 (%) t
vy | e e N —
i 'UN(tl) 'UN(tQ) ’UN(tM) ]

The sampling of {v(t)} at t1,...,ty implies the sampling of {s(¢)} at the exact same time points

which results in

eiwltl eiwltz . eiwltM
eiw2t1 eiw2t2 . eiU.)QtM
[S] = e RV*M,
eintl eintz . eiUJNt]\/I
Overall, this means that after sampling {v(¢)} at t1,..., ¢y, equation (7.6) becomes
(7.7) [V] = [®][T][S].

The above equation makes explicit the relationship between SVD and the modal parameters. At
this point, we know that [®] is a square matrix with orthonormal columns, and [I'] is a diagonal
matrix. If [S] is a matrix with orthogonal (or orthonormal) rows, then equation (7.7) describes

nothing but the SVD of [V]. In that case, we can obtain the modal parameters by simply computing
the SVD of [V].

7.3.3 The implications of sampling

Note that we have not made any assumptions on how we select the sampling times t1,...,ty). In

fact, it is easy to see that the orthogonality of the rows in [S] will depend highly on how we sample
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{s(t)}. A natural example that comes to mind is when the rows of [S] are the Discrete Fourier
Transform (DFT) vectors. As we know, any subset of the DFT vectors are perfectly orthogonal to

one another. Then, the SVD of [V] would exactly recover the modal parameters. This particular

example corresponds to the case when the modal frequencies lie on a grid such that w, = ?V’;;,
where k, € {1,..., N} and T} represents the sampling interval, and we sample at t,, = Ts(m — 1),
where m € {1,..., M}, assuming N < M. This, however, is an unrealistic model for the purpose of

modal analysis specifically because the modal frequencies will typically not lie on a grid as explained
above.

If we drop the assumption that the modal frequencies lie on a grid, the problem becomes much
more complicated and it is very likely for the rows of [S] to be correlated to each other. However, it
seems possible to carefully design a sampling scheme that would make the rows nearly orthogonal.
Then, intuitively, we would expect for the SVD of V' to give us mode shape vectors that are good

approximations to the true ones. All of this will be discussed in the following sections.

7.4 Main Results

In this section, we present our two main results. For each result, we propose to use Algorithm 2 to
recover the mode shape vectors. We propose two sampling schemes, uniform and random sampling,
and for each sampling scheme we provide a sufficient condition for the accurate recovery of mode

shapes via Algorithm 2.

7.4.1 Proposed method

Our proposed method to recover the mode shape vectors is very simple and is described in

Algorithm 2.

Algorithm 2: Pseudo-code for mode shape estimation

Input: Data matrix [V]
Output: [®] (left singular vectors of [V])
SVD(V) = [@][I[5]

As described above, our method simply computes the SVD of [V] and returns the matrix of left
singular vectors [®] = [{$1},..., {dn}] as estimates of the true mode shape matrix [®]. One point to
note about the algorithm is that because [V] is N x M, where we assume M > N, the dimensions of

each [®], [I'], and [S] will be N x N, N x M, and M x M, respectively. This is unlike the dimensions

of their supposedly respective counterparts given in equation (7.7). Actually, by noting that only N
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diagonal entries in [I'] are non-zero we can compute the truncated SVD to obtain a decomposition

with the desired dimensions.

7.4.2 Uniform sampling

Equipped with the above algorithm, let us now suppose that we sample each complex exponential
e’nt at uniform sampling interval denoted as Ts. The sampling times will be denoted as t,, =
(m—1)Ts, m=1,..., M. Note that this means that we are sampling within the time span [0, t;,ax],

where tpay := (M —1)Ts. For this uniform sampling scenario, we can establish the following theorem.

Theorem 7.2. Let [V] = [®][T][S] be as given in (7.7) describing an N-degree of freedom system
sampled according to the uniform sampling scheme described above. Let us define the minimum and
mazimum spacing of the modal frequencies as dmin 1= Milj£y, W —wy|, and dmax = MaX;sy, |wWi —wp |,
respectively. Let us sample for a time span of at least

S 27 (log(| N/2] +1.01))

tmax -

9
65min

us

with sampling interval Ts = s7—. Or, equivalently, let us take number of measurements satisfying,

M> 2(log|N/2] +1.01) dmax

1
€ 6min i ’

s

taken at the sampling interval Ts = 5"—. Then, the mode shape estimates [i)] obtained via Algo-

rithm 2 satisfy the following bound,

evI+te V29

7.8 w} = {on}2 < min{ V2,
(7.8) [{én} = {&n}2 < min N i Ef{li{l”ﬂ%z v TTR
where v, 1= |Ay| are the magnitudes of the diagonal entries of [T].

Note from equation (7.8) that the error in the estimate will be small when € is small. The
variable € essentially captures how close the rows of [S] are to being orthogonal. Furthermore, the
bigger the smallest separation between +,, the better our estimate. Turning our attention to the
sampling parameters, the above theorem essentially tells us that we need to sample for a time span
that is inversely proportional to the minimum spacing between the modal frequencies. Thus, the
smaller the minimum spacing between the modal frequencies, the longer we have to sample to get an

accurate estimate. Also, the maximum spacing between modal frequencies determines how fast we

s
6111 ax '

need to sample, i.e., Ty = Comparing this sampling interval to the Nyquist sampling interval
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which would be Ty = it is interesting to note that Ts > Tj. This suggests that for the

2 mazn Wy’
purpose of mode shape extraction, we can sample at a rate lower than the Nyquist rate and still
accurately recover the mode shapes. Finally, note that the condition on M is fairly satisfactory as it
log(N)

essentially scales with ==~=*. The only disturbing factor is the ratio ‘f;‘#, which suggests that the

required number of measurements is structure dependent.

7.4.3 Random sampling

Let us now consider a simple random sampling scheme, where we sample M time points t1,...,typ

uniformly at random in the time interval [0, t;hax]. Then, the following theorem can be established.

Theorem 7.3. Let [V] = [®][T][S] be as given in (7.7) describing an N-degree of freedom system
sampled according to the uniform sampling scheme described above. Let us define the minimum
spacing of the modal frequencies as Omin = mingz, |w; — wy|. Let us sample for a time span of at
least

S 4(log(|N/2]) + 1.01)

tmax -

)
62 5min

and within this time span let us take number of measurements satisfying,

log(NV)

M= B+ a/N A+ @)/N)

where D(a||b) := a(log(a) —log(b)) + (1 — a)(log(1l — a) — log(1 — b)) for a,b € [0,1], is known as
the binary information divergence, or the Kullback-Leibler divergence. Then, there exists a constant

c1 > 0 such that with probability at least 1 — e~*M we will have that the mode shape estimates [®]

obtained via Algorithm 2 satisfy the following bound,

7 . evVlte V291%n

7.9 = {dn}]2 < V2,

(7.9) [{#n} = {Pn}ll2 < min N I{li?l]{lvf—vi(lv%e)l}
ce|—1,

where v, := |Ay,| are the magnitudes of the diagonal entries of [T).

The above theorem looks very similar to that of the uniform sampling case. The recovery

guarantee and the required time span is essentially the same. The only major difference is the

requisite number of measurements, which no longer has the dependency on ‘;‘“% and scales slightly

log(N
worse than %.
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7.5 Proof of Main Results

In this section we provide the proofs of the main results. To do so, we take a perturbation
theoretic viewpoint. We first describe how we can formulate our problem as a perturbation problem
and then provide separate proofs for each theorem.

7.5.1 Perturbation analysis

We start with the equation,

where we assume that we sampled at some arbitrary times t1,...,¢ps.

To carry out perturbation analysis let us note that

where
1 M J(w1—w2)t 1 M J(w1—wn)t
1 MZm:le ( 1 2) m . MZm:le ( 1 ) m
1 M J(wo—w1)tm 1 M J(wa—wnN)tm
. Mzmzle 1 Mzm=1e
[S][S]" =
A1 SMjwn—wi)t 1M j(wn—w2)tm
A Qam=1€ "N am=1© e 1

Thus, we can decompose this product as, [S][S]* = [I] + [A], where [A] contains the off-diagonal
entries of [S][S]*. Then,

The above expression allows us to view [V][V]* as the summation of the original matrix H and the
perturbation matrix §H. To quantify how much the mode shapes [®] change due to dH, we are

going to use Theorem 6.2 presented in Chapter 6. In order to use this theorem all we need to do is
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to quantify = |[H] =5 [SH][H] 3, where []~% = [#] ([T][T}¥)

1

|[H) 3 [5H][H] 7% ||> = @] ([T)[T]*)~* [@]*[@][T][A][r]*[@)* [@] ([T][T]) % [][,

3
Il

= Imax

z#0 me |
e &I DA A (1)) ~F
z#0 me 7
HAT* 1
= %128( y[ﬁjjy[A]y’ let Yy = [P]* ([F][F]*)7§ x and note y*y —
= [ITA]l2;

which in turn tells us that we need to quantify ||[A]|l2. Since the exact expression of ||[A]ll2 is
difficult to obtain we are going to compute an upper bound of ||[A]]|2 instead. To bound ||[A]]|2
let us take a step back and note that A, ([S][S]*) = A ([I] + [A]) = 1 + A ([A]), where use A, ([A])
to denote the nth largest eigenvalue of [A]. This can be seen by looking at the eigendecomposition
[S][S] = [Us][As][Us]* = [I] + [A] and writing [As] = [I] + [Us]*[A][Us]. Note that [Us]*[A][Us]
must be a diagonal matrix, which corresponds to the eigenvalues of [A].

Once we can find an upper and lower bound on the eigenvalues of [S][S]* such that Ag <
An([S][S]*) < Ay holds for all n, then we can easily see that A\g—1 < A, ([A]) < Ay, — 1, which in turn
implies that [|[A]ll2 = max, [\, ([A])] < max{|A, — 1],| ¢ — 1|}. Therefore, our strategy is to bound
An([S][S]*) from below and above in order to bound [|[A]|]2. In the following sections we establish
this result for both the random and uniform sampling cases. Our main results follow directly from

the respective results on A, ([S][S]*) and the above arguments.

7.5.2 Proof for random sampling

Let us first consider how to establish a bound on ||[A]||2 if we were to sample t1, ..., ¢y at uni-
formly random in the time interval [0, tmax]. We can establish the following bound on the eigenvalues

of [S][S]*.
Theorem 7.4. Let [S][S]* be the matriz as described above. Given that we sample

log(NV)
D((1+€)/NJ|(1+¢€)/N)’

M >
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and choose

4
> .
tmax > a5 (log(|N/2]) + 1.01),

where Suin = Minyx, lw; — wy,|, there exists a constant ¢c1 > 0 such that with probability at least

1 — e~ M we will have that,
I—e< A ([9]1S]) <1+¢€ Vn.

Proof. To bound ||[S][S]*||2 we are going to use a slightly modified theorem that appeared in [128].

Let us first state the original theorem.

Theorem 7.5. [[128], Theorem 5.1] Consider a sequence {Z,, : m = 1,...,M} of independent,

d-dimensional, random, self-adjoint matrices that satisfy
Zm = 0 and Apax(Zm) < 1 almost surely.

Compute the minimum and mazimum eigenvalues of the average expectation,

ﬁmin = )\min (1 % EZm) ﬁmax = >\max (1 i EZm) .
M m=1 M m=1

Then

de~MD(e]lfimin) for 0 < a < fimin

g
——
>

g

5
VR

=[=

-

3
N———

IN

Q
——

IN

M
1 _
P {Amax ( > Zm> > a} < deMPElima) for fi,. < o < 1.

The binary information divergence D(al|b) := a(log(a) —log(b)) + (1 —a)(log(1 —a) —log(1 —b)) for
a,be0,1].

As the exact expression of [imax and fimi, is difficult to compute, we are going to need the

following corollary that only requires an upper bound on fiynax and a lower bound on fiyiy.

Corollary 7.6. Consider a sequence {Zm :m=1,..., M} of independent, d-dimensional, random,

self-adjoint matrices that satisfy

Zm =0 and /\max(Zm) < ¢ almost surely.
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Then for any fimin and fimax Such that,

1 U 1 U
Hmin S >\min (M Z EZm) ) and Mmax Z )\max (M Z EZm) 5
m=1 m=1
we have
| M
(7.10) P {/\min <M > Zm> < a} < de=MP/ellimin/€) for 0 < o < fimin,
m=1
1 &
(7.11) P {)\max (M > Zm> > a} < de=MD(@/llimx/) for i < o <.
m=1

The binary information divergence D(a||b) := a(log(a) —log(b)) + (1 — a)(log(1 — a) —log(1 — b)) for
a,beo,1].
Proof. Let us denote Zm = ¢Zy, where Z,, is such that Z,, »= 0 and Ayax(Z,,) < 1. This simply im-

plies Z,, = 0 and Amax(Zm) < ¢, and that figa.y = )\max(ﬁ Z%:l EZm) = c)\max(ﬁ Zi\le EZ,) =

Climax- 1o derive the probability for Zm, let us look at the following chain of inequalities,

i) rfon (15
e ()]

< de_MD(D‘/CHﬁmax) — de_j\/[D(o‘/cHﬂmaX/C)'

The range of « that admits the above probability is fimax < /¢ < 1, which is equivalent to

fmax < a < c¢. Similarly, we have iy, = /\min(ﬁ fo:l EZm) = c)\min(ﬁ Z%Zl EZ,.) = Cimin

for the minimum eigenvalue. Then,

S de*MD(a/CHp«min) — defMD(a/cHﬂmin/c).

Again, the above is valid for 0 < a/¢ < fimin and equivalently 0 < a < fipin.
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Next we need to show that the above probability is also valid for an upper bound fimax > fimax
and a lower bound fimin < fimax. We show this for the maximum eigenvalue by noting the fact that
the information divergence (also known as the Kullback-Leibler divergence) D(al[b) is a decreasing
function with respect to the second argument b when a > b. Similarly, for the minimum eigenvalue
we use the fact that D(a||b) is an increasing function with respect to b when a < b.

Let us first look at the derivative of D(al|b) with respect to b.

dD(al|b) a l1l—a —a(l->0)+b(1—-a) b—a

db 1o b(1 — b) b(1—b)

Note that the above derivative will be negative when a > b and positive when b > a, which is what
we wanted to show. This essentially means that for any b < b <1as long as a > b, we will have
D(a||b) > D(a||b"). Similarly, for any 0 < b < b, as long as a < b we will have D(a|[b) > D(a|[b").

This completes the proof. O

In order to apply Corollary 7.6, let us write

eiwl tm

1 & } .
[S} [S}* = M Z . {ei’LL")ltnL7 . ,eflet"L

m=1

eiUJN tm

Let us define the vector {S,,} = {e"™@itm . . e iwntml* where ||{S,,}]3 = N. Let us set the
matrix Z,, that appears in the above theorem as Z,, = {S,,}{Sm}*. As a result, Z,, will be i.i.d.
positive semi-definite matrix, i.e., Z,, = 0, of rank 1 with Apax(Zm) = [[{Sm}|3 = N. We wish to

compute

Auin (AZ > E{Sm}{Sm}*> = Auin (B{Sm}HSn)").

M
)\max (]\14 Z E{Sm}{s7n}*> = /\max (E{Sm}{SWL}*) ’
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or the appropriate lower and upper bound on the above quantities. Note that

1 eilwi—w2)tm L eilwimwn)tm
e—i(wl —wz)tm 1 L ei(UJz_WN)t'm
E{Sp,H{Sn} =E
e—i(wl—wN)tm e—i(ng—wN)tm o 1
1 when l =n

eilwi—wn ) o sinc((w; — wn)t‘“;") when [ # n.

The eigenvalues can also be written as A, (E{Sp, }{Sm}*) = A (I +[As]) = 1 + A ([As]), where
[Ag] is the off-diagonal matrix of E{S,,}{Sm}*. According to Gershgorin’s circle theorem [68] we
know that every eigenvalue of E{S,,}{Sn}* must lie within at least one of the Gershgorin’s disk.
As [Ag] has zero diagonal entries, every Gershgorin’s disk must be centered at zero. Essentially, all
we need to do is to find the Gershgorin’s disk that has the largest radius. Then, it will follow that
the largest radius corresponds to the bounds on the minimum and maximum eigenvalues.

The lth row of [Ag] will be associated with the following disk,

N ; N 5
IA[As])] < Z | sine((wi — wn) m;x)\ < Z |m|
n=1,nl n=lntl n/tmax

At this point, we do not know which row will correspond to the largest radius as we do not know all
the separation of the modal frequencies w; — w,. We tackle this problem by considering the worst
case upper bound on each disk radii. Then, the radius of the disk with the largest upper bound will
correspond to the lower and upper bound on the smallest and largest eigenvalues.

To do so, let us assume that there is some minimum spacing between the modal frequencies that
we denote as dmin = Ming peq1,... N} |w; —wn| > 0. The worst case bound on each of the radii will be
when all the modal frequencies are separated equally by the minimum spacing dmyin. To show how

we can use this fact, let us focus on the first row such that [ = 1. In this case we find that,

N-1

2
A([As]) |<E | sinc((wy — wy) max\<§ <
|wl_wn|tmax max — 6mmn

n=2 n=1

N—

et
mm max | _ n’

n=1
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It is easy to see that the largest upper bound on the radius will be due to the middle row of [Ag].

Let us denote the index of the middle row as I (when N is even we can take either of N/2 or N/2+1

as the middle row) then,
A[AshI < > [sine((wy —wn) 5ol < > |—( - |
, , (W — wn)tmax
n=1,n#l n=1,n#l
[N/2]
2 2
L =z,
o 6mintrna,x ; n

In summary, all the eigenvalues of [Ag] will lie within the following disk,

The summation term in the above bound is also known as the Harmonic number. We can simplify

the above expression a little by using the following upper bound on the Harmonic number.

Theorem 7.7 ([133], Theorem 1). For any natural number n > 1, the following inequality is valid:

! i log(N) < !
1 oe(N) —
IN L2 & & TSoN+I

The constant v = 0.57721 - - s known as Euler’s constant. The constants ﬁ —2=0.3652--- and

L are the best possible, and equality holds only for N = 1.

3

Using this theorem we have
4(log([N/2]) +7 +3/7)

1
Mbe]< —b 5 1 20Nt o)
§ o 6mintmax n—1 n 6mintmax 6mintmax
4(log(| N/2]) + 1.01)
(Smintmax .
Collecting everything together, we will have for all n,
4(log(|N/2]) +1.01)
5mintmax

Aog(IN/2)) + LOD) g, 1S ) = 1+ An([As]) < 1+

1—
5min tmax

For the above bound to be useful we require that the right hand side to be less than or equal to n

In fact, we need much more than this. Let us choose

4
Smintmax = g(log(LN/2J) +1.01),
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where 0 < ¢ < 1. Then, we have that

fimin =1 — €% < A (E{SmH{Sm}") <1+ €% =: [imax-

Note that fimax < 1+ € and fipin > 1 — €. Then, according to the above theorem, inequality (7.11)
will hold for any 1+¢? < a < N, which will always include a = 1+e¢. Similarly, inequality (7.10) will
hold for any 0 < o < 1—¢2, which will always include o = 1 —e€. Substituting the appropriate values
of & = 1€, fimax, and fimin into Corollary 7.6, with probability at least 1 — Ne~MP((+e)/N|I(1+¢*)/N)
we will have

1— € < Amin([S1IST*) < A (ISTIS]*) < Amax([S][S]*) < 1+ €.

All that remains is to show that there exists a constant ¢; > 0 such that

Ne—MD((1+€)/N|(1+¢)/N) < emaM,

It is easy to see that this can be accomplished by choosing

log(N)

M= DT o/ T )Ny

This conditions means, D((1 + €)/N||(1 + €2)/N) — % > 0, and if we choose ¢; > 0 sufficiently
small we can have that D((1+ €)/N||(1 + €2)/N) — % > ¢ > 0. With simple manipulation we

can see that this will guarantee Ne~MDP((1+)/N[[(14+€*)/N)  o—eiM O

7.5.3 Proof for uniform sampling

For the uniform sampling scenario, we can establish the following theorem on the eigenvalues of

[S1LS]"

Theorem 7.8. Let [S][S]* be the matrixz as described above. Let us define the minimum and maz-
imum spacing of the modal frequencies as Omin 1= Mming , |w; — wy|, and max = max; , lw; — wy,

respectively. Let us sample for a time span of at least

. 2m(log(|N/2] + 10L))
= 6(Smin
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with sampling interval Ts = s7—. Or, in other words, let us take at least

2(log| N/2] 4+ 1.01) dmax

€ 6min

M >

+1

measurements with sampling interval Ts = 57—. This will ensure the following bound on the eigen-
values of [S][S]*:

IT—e< N (SIIS]") <1+

Proof. Let us recall that the off-diagonal matrix of [S][S]*, denoted as [A], has the following entries,

1 S M-1 (w1 —w2)mT J(wi1—wn)mTs
0 3 Dom=0 € M Zm o€
1 M-1 e—J(w1—w2)mTs eJ(w2—wn)mTs
M Z =0 € 0 T M Z
[A] =
1 M-1 _j(w—wn)mTs 1 1 —j(wa—wn)mTs
M Zm:O e ? Zm 0 € e 0

We can evaluate each off-diagonal entry [A];,, as

_1 j(wp—wgymr, _ 11— el T

MT)

' MT,
_ pilwr—wn) T (M —1)/2 sin(w; — wy| *5=)

j(wi—wn)Ts(M—1)/2 sin((w; — wn) ™5 |
M sin((w; — wn)%5) M sin(|wy — wn| L)

:e]

The above expression looks quite similar to a sinc function. In fact the real part of the above is

known as the periodic sinc function or the Dirichlet function and is defined as

inc(z) sin(M 5)
psine(z) = ——2+.
M sin(%)
More specifically,
SPOMES when @ # 2wk, k= 0,41, £2, ..

psinc(z) =

(—1)*M=1D) when x = 27k, k = 0,+1,42,....

As its name implies, the psinc function is a periodic function where the period is equal to 2 when

M is odd, and 47 when M is even. Every time x is equal to an integer multiple of 27, the psinc
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14 g(Ty) = sin(|w; — wn| %)

T T
us 27 T,

Wi —wn Jwi —wn |

Figure 7.1: A plot of g(T) = sin(lw; — wn|%) in black and f(T%) = % in red. This plot illustrates

that g(Ts) > f(Ts) when Ty, < —F

— Jwp—wnl’

function will reach its maximum value.
Again, we are going to bound the eigenvalues of [A] using the Gershgorin’s disk theorem. The
theorem says that every eigenvalue of [A] will lie in at least one Gershgorin’s disk. This disk is of

the form,

sin(|w; — wﬂ%)
L) ’
2

We need to find the disk with the maximum radius and thus it is our next objective to compute an

M sin(|lw; — wp,

NNIESMIINEESY

n=1

upper bound on the radius of all disks.

As the psinc function fluctuates between low and high values depending on the combination of
w;—wn, Ts, and M, we have to restrict ourselves to only certain values of w; —w,,, Ts, and M, to make
sure that we can guarantee the evaluation of psinc to be small. Note that all w, forn =1,..., N
are arbitrary and unknown but fixed and therefore cannot be controlled. Thus we have to find a
condition on T, and/or M.

Let us first look at each [A];,,. One way to find an upper bound of [A];, is to note that the
denominator can be lower bounded by a linear function for a certain range of Ts. More specifically,

note that for T, < we have that,

sin | jw; — w |E >7|WI_0J"‘TS.
! "o ) = s

Y
|Wl*wn|

This is illustrated in Figure 7.1. Applying this lower bound to each |[A]; | we get,

sin(|w; —wn\MQTS) 7 sin(|w; —wn|M2TS) . MT;
[Alin] = X T = — |sinc(|w; — why| ),
MSIH(‘OJ[ — Wn, 7*) |wl — WnIMTs 2 2
when T < m We can see that the off-diagonal entries behave essentially like a sinc function

when Ty, < —Z—. To further upper bound the above we simply note that sinc(z) < 1/|x|, and

= |wi—wnl”
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apply this to get

™ ™

Al < —" _ whenT, <
|[ ]p#]l— ‘OJp—CUq|MTs

|wp — wql
As we need to make sure that the above holds for all pairs of p and ¢ we need to choose a

sampling interval such that

™

(7.12) T, <

51113.)(

Overall, given that we sample with Ty satisfying inequality (7.12), we will have that

N
AN < 3

Following the same arguments as we have seen for random sampling this will give us

W29 or(log(IN/2]) + 1.01)  2n(log(|N/2)) + 1.01)
|)\([A])| S 5minMTs 7;1 E 5minMTs < 5min(M - ]-)Ts

Now, note that (M — 1)Ts = timax and if we choose tiyax so that

S 27 (log(|N/2]) + 1.01)

tmax -

9
5rni n€

we will have that

IA(AD] < e

In summary, when we sample at sampling interval satistying T < ﬁ and a time span satisfying

~ 2m(log(|N/2))+1.01)

tmax = , We will have

min€

1—e< M(SIIS]) =1+ M ([A]) < 1+e

Or, in other words, if we set Ty = 5", and remembering that tmax = (M — 1)T5, this means that

we need to sample at least
(log(|N/2]) +1.01) dmax

€ 6min

2
M > +1

)

to achieve the above eigenvalues guarantee. Note that this is the smallest number of measurements
we need since we set Ty as large as possible. If we were to reduce the sampling interval we would

need to take more measurements to cover the same time span t.x.
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7.6 Experimental Results

In order to see how the proposed method performs, we present simulation results with real data
collected from a bridge in Ypsilanti, MI°. On this bridge, there are N = 18 wireless nodes each of
which are equipped with an accelerometer. Each sensor measures acceleration data and transmits
them to the central node for analysis.

We compare the proposed method to the method presented in [98, 148]. In the following we
term this method “CS+FDD”. This method reconstructs each signal {u;} from random Gaussian
measurements, {y;} = [®]{w}, one-by-one and feeds them in to the Frequency Domain Decompo-

sition (FDD) method presented in [24] for modal analysis. The reconstruction solves the following

problem,
(7.13) min [[{a}y sty = [@][W]{er},
oy
where {u;} = [¥){a;} and [¥] represents the discrete Wavelet transform (our simulations were

carried out with DWT, but similar results were obtained with DFT). To solve this problem, we use
the SPGL1 solver [131, 130].

For both the proposed method and the CS+FDD method, we took M = 50 measurements for
each {u;} using the same measurement matrix [®]. Since we do not know of the true mode shapes
of our dataset we benchmark the mode shapes returned via FDD. There are three dominant mode
shapes identified via FDD in this data set.

To assess the closeness between two mode shapes we compute the correlation (COR) between

two vectors {a} and {b},

(7.14) COR({a}, {b}) = m e [0,1].

This function will equal to 1 when {a} and {b} are equal and 0 when they are orthogonal. The
results are presented in Figure 7.2. As we can see, the mode shapes of CS+FDD, plotted in black,
are not highly correlated with the mode shapes of FDD, plotted in blue. This is because there were

not enough measurements to accurately reconstruct the original signal {u;} € R¥, which in turn

5We would like to thank Sean O’Connor and Prof. Jerome P. Lynch at the University of Michigan for helpful
discussions on modal analysis and providing us with real datasets to carry out the experiments presented in this
chapter.
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Figure 7.2: Comparison of FDD with CS+FDD and our proposed method SVD(Y). Each mode shape
returned by CS+FDD and SVD(Y') is compared against the corresponding mode shape returned by FDD.
The result is evaluated by computing the correlation (COR) between a pair of mode shapes. (a) CS+FDD:
COR =0.9382, SVD(Y'): COR = 0.9867 (b) CS+FDD: COR = 0.8726, SVD(Y ): COR = 0.9701, and (c)
CS+FDD: COR = 0.5209, SVD(Y'): COR = 0.9882.

resulted in bad estimates of mode shapes by FDD. In fact, the number of measurements we took
corresponded to M = 50 = 0.02L and each signal was simply not sparse enough for an accurate
recovery. On the other hand, given the same set of measurements our proposed method, plotted in
red, was able to extract highly correlated mode shapes.

The simulation results indeed support our theoretical results that the SVD of the data matrix
Y should return accurate estimates of the true mode shape vectors. We would like to emphasize
the fact that the dataset that we have used for this simulation contained noise and were acquired
from a real structure with damping. Despite these conditions, the fact that our method was able
to successfully identify the mode shape vectors suggest that our theoretical findings are potentially

extendable to more complicated scenarios.
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CHAPTER 8

Conclusion

In this dissertation, we have applied CS to various multi-signal applications. We gave thorough
treatments of the sensing, joint signal model, and reconstruction algorithm aspects that need to be

considered for a successful application of CS in these multi-signal environments.

8.1 Joint signal model and reconstruction algorithm

8.1.1 Video application

In the video application, based on the observation that many videos should have limited temporal
bandwidth we proposed an algorithm that only reconstructs a small set of anchor frames of the video.
The proposed algorithm is multiscale and iterative in nature and accurately compensates for the
motion between anchor frames by using LIMAT as the sparsifying transform in the reconstruction
step. By alternating between video reconstruction and motion estimation our algorithm is able to
successfully reconstruct the anchor frames. Simulation results show that our algorithm outperforms
other sparsifying transforms proposed in the literature.

There are various future directions one can think of based on our work. For example, although
we have reported results in terms of the reconstruction quality of the anchor frames themselves,
it is worth reiterating that from the estimated anchor frames Z, one can, if desired, also obtain
an estimate of the original high-rate video sequence via Z;, = I'T,. As an example, we construct
an estimate of the full 512-frame Pendulum + Cars video sequence by interpolating the 32 anchor
frames that were reconstructed in Figure 3.4. In Figure 8.1, we plot in blue the PSNR for each of
the 512 reconstructed frames. Among these 512 frames, of course, are the 32 anchor frames that
were reconstructed in the first place; the PSNR for each of these anchor frames is marked with a red

square. We note that the PSNR of the full reconstructed video sequence is 31.31 dB, which is only

141



—PSNR of each frame
34+ o PSNR of anchor frames

100 200 300 400 500
frame indices

Figure 8.1: Frame-by-frame PSNR values of high-rate Pendulum + Cars video estimate. This video was
obtained by interpolating the 32 anchor frames that were reconstructed with our algorithm. Four of the
reconstructed anchor frames are illustrated in Figure 3.4(e). The blue line shows the PSNR values of each
frame, and the red squares mark the PSNR values of each anchor frame. The PSNR of the full reconstructed
video sequence is 31.31 dB, which is only slightly lower than the PSNR of the reconstructed anchor frames.

slightly lower than the PSNR of the reconstructed anchor frames. This confirms that the anchor
frames capture much of the critical information in the video, and of course reconstructing the anchor
frames was an essential step in recovering the full video, because the full video (with 256 x 256 x 512
unknowns) would be very difficult to reconstruct directly from just 800 x 512 measurements.

Based on the above observation, our work can be of great value to conventional high-rate video
acquisition systems that suffer from an explosion of high-resolution video frames. In such systems
a video sequence of only a few seconds or minutes can amount to tera-bytes of data. It is easy to
see how the entire process from video acquisition to data storage can be extremely challenging even
for the most state-of-the-art computers. Our analysis of temporal complexity of videos provides a
interesting guideline on how to make each step in the process more efficient. For example, our analysis
on the limited temporal complexity suggests that the temporal bandwidth is essentially limited to
a bandwidth that is proportional to the maximum motion content in the video. Therefore, the
speed of motion essentially dictates the information level of the video, and depending on the motion
content and the desired spatial resolution one may be able to sample at a much lower rate reducing
the overall complexity of the system.

Another direction of future work is to establish the overall and/or scale-by-scale reconstruction
guarantees of the multiscale algorithm using LIMAT as the sparsifying transform. This guarantee
will depend on how accurately we can extract the motion vectors after each scale and also on how

these motion vectors may affect the coherence of the columns of the LIMAT matrix. A good starting
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point would be to study the effects of motion vectors on the coherence, i.e., what kind of motion
vectors will cause the coherence to be high and what kind of motion will cause the coherence to be
low. Based on these findings we would then need to think about how the combination of a block
diagonal matrix with the LIMAT matrix will affect the reconstruction performance. Since both
block diagonal matrices and LIMAT are dependent on the underlying signal it would be important

to devise an appropriate assumption about the signal to carry out the analysis.

8.1.2 Multi-view application

In the multi-view imaging application, we have discussed how non-collaborative CS measurement
schemes can be used to simplify the acquisition and encoding of multi-image ensembles. We have
presented a geometric framework in which many multi-view imaging problems may be cast and
explained how this framework can inform the design of effective manifold lifting algorithms for joint
reconstruction. We conclude with a few remarks concerning practical and theoretical aspects of the
manifold lifting framework.

First, let us briefly discuss the process of learning camera positions when they are initially com-
pletely unknown. In our satellite experiments, we have observed that the accuracy of the ISOMAP
embedding depends on the relative size of the subimages x; to the underlying scene x, with larger
subimages leading us to higher quality embeddings. As the size of the subimages decreases, we need
more and more camera positions to get a reasonable embedding, and we can reach a point where
even thousands of camera positions are insufficient. In such cases, and in applications not limited to
satellite imaging, it may be possible to get a reliable embedding by grouping local camera positions
together. On a different note, once an initial set of camera position estimates have been obtained,
it may also be possible to build on an idea suggested in [75] and seek a refinement of these position
estimates that minimize the overall /; norm of the reconstructed image. A multiscale approach
could again help such a technique converge if the initial estimates are far off.

Second, an interesting open question is whether the measurement matrices utilized in DCS multi-
view imaging scenarios satisfy the RIP with respect to some reconstruction basis ¥. Establishing an
RIP bound would give a guide for the requisite number of measurements (ideally, at each scale) and
also give a guarantee for reconstruction accuracy. Although we do not yet have a definitive answer to
this question, we suggest that there may be promising connections between these matrices and other
structured matrices that have been studied in the CS literature. For example, the measurement
matrix ®pigR employed in the satellite experiment is closely related to a partial circulant matrix,

where the relative shifts between the rows represent the relative offsets between the camera posi-
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tions. RIP results have been established for circulant matrices [12] that are generated by a densely
populated random row vector. In our case, ®pis R has more of a block circulant structure because it
is generated by the submatrices ®;, and so there may also be connections with the analysis in [96].
However, each row of @i, R will contain a large number of zeros, and it is conceivable that this
could degrade the isometric property of ®p;z . We believe, though, that by collecting multiple mea-
surements from each camera, we are compensating for this degradation. Other possible directions
for analysis could be to build on the concentration of measure bounds recently established for block
diagonal matrices [140] and Toeplitz matrices [116].

Finally, another open question in the manifold lifting framework is what could be said about
the uniqueness of M(z) given samples of ®M(x). When all points on the manifold M(z) are K-
sparse, the RIP can be one avenue to proving uniqueness, but since our objective is to sample fewer
than O(K log(N/K)) measurements for each signal, a stronger argument would be preferable. By
considering the restricted degrees of freedom that these signal ensembles have, it seems reasonable

to believe that we can in fact establish a stronger result.

8.1.3 Structural health monitoring application

In this work, we identified the joint signal structure of signal ensembles that arise in SHM systems
from equations describing an MDOF system. This allowed us to relate the acquired measurements
from each sensor node to the underlying modal parameters via a simple SVD of the data matrix. We
provided sufficient conditions for the accurate recovery of mode shapes via the SVD for uniform and
random sampling schemes. Our experimental results on a real dataset! showed that the proposed
method is able to successfully recover the underlying mode shapes.

An immediate extension of our work would be to consider the problem of extracting the modal
frequencies in addition to the mode shapes. Essentially, the SVD of [V] indirectly reveals an estimate
of the modal frequencies. More specifically, let us consider the case when {v(t)} is sampled according

to the uniform sampling scheme. Then the matrix [S] that is a byproduct obtained via SVD of [V]

implicitly contains the information of the modal frequencies because each row of [S] can be written as
[S]i: = {e™!r, ... ety {n} where {n} € RM represents an error component. A straightforward

way to estimate the frequency content of each [S]; ., is to use Fourier transform and locate the peaks

in the spectrum. However, it is possible that such a method may not work well (due to potential

1 As we had limited access to real datasets we were only able to test our method against one particular dataset. To
get a better idea of how our method performs given this dataset we could use cross-validation and test our method
on various subsamples of {u1},...,{u1s}. We could also create synthetic vibration data by simulating a system of
ordinary differential equations.
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aliasing) for frequencies that are higher than dmax/2. In such a case, random sampling schemes
together with sparsity enforced reconstructions may serve as a better method for extracting modal
frequencies.

Other extensions are also possible such as considering damping in an MDOF system, and in-
cluding a forcing term in the equation. Each extension will lead to a more realistic modeling of the
underlying structural dynamics that will lead to a more precise and accurate algorithm.

Finally, all of our theory is based on the fact that we are sampling each vibration signal at the
same time points t1,...,ty. This facilitated the extraction of important geometrical information
such as the right singular vectors of the signal matrix. Another interesting alternative to this
sampling method would be to use different sampling times at each sensor node. This may potentially
increase the diversity in the measurements. However, to utilize these measurements in the extraction
of the modal parameters we have to design a completely new algorithm since the signal matrix can no
longer be related to the modal parameters via the SVD. The key to designing such algorithm would

be to identify an appropriate signal model to fully exploit the added diversity in the measurements.

8.2 Measurement matrices in multi-signal scenarios

We have also analyzed important characteristics of CS measurement matrices. In particular,
we have studied the CoM behavior of BD matrices, and also established that random matrices are
able to closely preserve the singular values and right-singular vectors of matrices in the relative
sense. Although the meaning and purpose of each result differs, the common thread between the

two results is that they are both applicable in multi-signal scenarios. Interestingly, when each signal

T € R¥ is measured with the same measurement matrix @, i.e., y; = ®x; i = 1,...,.J, the overall
equation can be represented with an RBD matrix but also via Y = ®X, where Y = [y1,...,ys] and
X =[z1,...,z]. Our results provide a useful guideline that if we desire a CoM guarantee it is best

when the signals have equal energies and are orthogonal to one another, but if we want to obtain
accurate right singular vectors of X it is best when the singular values of X are sharply decaying.
A curious line of future work is to establish a unifying theory on the advantages/disadvantages,
the gains/losses, etc., of using the same versus different measurement matrices for the acquisition
of multiple signals. In the applications that we have discussed in this dissertation we have seen
both cases. For example, in CS video we have used different measurement matrices to measure each
video frame. In both multiview imaging and SHM systems we have used the same measurement

matrices to measure each image/vibration signal. It is easy to see that using different measurement
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matrices will help us acquire more diverse information about the underlying signals. For example,
in the extreme case when z; = --- = x 7, each corresponding measurement vector yi,...,y s will
give us more information about x;. However, for the same example, using the same measurement
matrix to acquire zi,...,2 7, each corresponding measurement vector yi,...,y; will give us the
same information over and over again. On the other hand, using the same measurement matrix can
give us important insights into the geometry that relates the signal ensemble. For example, in both
multiview imaging and SHM systems it was crucial for us to use the same measurement matrix to
estimate the initial camera positions and the mode shape vectors, respectively.

An interesting application of our work on the singular values and singular vectors is to the
recovery of a low-rank, N x N symmetric matrix X. Let us write the eigendecomposition of X as
X = UAUT, where we assume that A only has a few non-zero eigenvalues that are sharply decaying,
or sufficiently separated. Suppose we wish to recover X from Y = ®X. A simple way to achieve this
is to compute the SVD of Y to get estimates of U and A. This can be used to build X = UAUT. In
some sense, it is remarkable how we can recover X without exploiting any sparsity within and/or
across the signals in X, which are what most reconstruction methods rely on in the multi-signal CS

literature.
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APPENDIX A

Appendix A: Proof of Theorem 5.3

Proof. Let y = ®x. For each matrix ®;, we let [®;]. ~denote the nth entry of the i*" row of ;.

Further, we let y;(i) denote the i*" component of measurement vector y;, and we let z;(n) denote
the n'? entry of signal block Zj.

We begin by characterizing the point of concentration. One can write y; (i) = 25:1 (@], ,, zj(n),

2
and so it follows that Ey?(i) = E (ZN [q)J]anj(n)) . Since the [®,], ~are zero-mean and

n=1 7,1

independent, all cross product terms are equal to zero, and therefore we can write Ey?(z) =

Ezgzl [@ﬂfﬂ z3(n) = ofllz;|3 = M$7||x]||§ Combining all of the measurements, we then have
J M; ‘ J M; ||z || J
Elyl3 = 37, S By () = oy, Y Bz = 5 a3 = 1203,
Now, we are interested in the probability that ||ly[|3 — ||z[|3| > el|lz||3. Since E[jy[|3 = |lz[3,

this is equivalent to the condition that |||y/[3 — E[jy[|3| > €E||y||3. For a given j € {1,2,...,J}

and i € {1,2,..., M;}, all {[®;], | N_| are ii.d. subgaussian random variables with subgaussian
norms equal to || \/%Hw = Hj‘llwi?. From above, we know that y;(¢) can be expressed as a linear
J J

combination of these random variables, with weights given by the entries of z;. As with Gaussian
random variables, linear combinations of i.i.d. subgaussian random variables are also subgaussian.
In particular, from [132, Lemma 9] it follows that each y;(¢) is a subgaussian random variable with
. . ol i
subgaussian norm ||y, (¢)||y, < Clﬁ“%‘ |l2, where ¢; is an absolute constant.
In order to obtain a concentration bound for ||y||3, we require the following important theorem

regarding sums of squares of subgaussian random variables.

Theorem 1. [132] Let Xy,..., X be independent subgaussian random variables with subgaussian

norms || Xy, for alli =1,...,L. Let T = max; | X;||7,. Then for every t > 0 and every a =
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(ai,...,ar) € RE, we have

t2 t
P >t SQeXp{—C’lmin( , )},
{ } 1672l Tl

where C1 > 0 is an absolute constant.

L

> ai(X7 —EX})

i=1

Proof. From [132, Lemma 14], we know that each X7, ... ,X% is a subexponential random variable

with subexponential norm || X7, < 2||Xi||12/)2. For each i = 1,2,..., L, we define ¥; = X? —EX? is

a zero-mean subexponential random, and from [132, Remark 18], it follows that || Y;|[y, < 2[| X2y,
The theorem follows by applying [132, Proposition 16] to the sum Zle a;Y; with K = 4T >

max; || Yilly, - 0

Now, let us define 7; (i) := % so that ||7; ()|, = 1, and note that
w2

P ([llyl3 = Ellyli3] > ellzl3) = P { DD lws @I, @) — B ()] > ell«ll3
7 i

We apply Theorem 1 to the subgaussian random variables y; (i) (over all 4, j) with weights a;(i) =

y:(?)||%.. Letting a denote a vector of length 3. M; containing these weights, we have that
J P2 7 J

lal3 =" a2@) = SN Ny @15, < cHlglls, SO llaylis/M?
7 7 7 7 J 1

= cillolls, D llzslia/M; = etllolly, IM~ 2|3,
j

and

lalloo = maxa; (i) = max|ly; (0) 15, < ellllly, max|lz;ll3/M; = et ]I, Moo

Further note that ||z||3 = ||y]1 and ||z||3 = ||v]|3. We complete the proof by substituting these

quantities into Theorem 1 with T'=1 and ¢ = €||z||3 and by taking Co = . O
1
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APPENDIX B

Appendix B: Proof of Theorem 5.5

In order to prove Theorem 5.5, we will require the following two lemmas.

Lemma B.1. Suppose x € RN’ and ® is an M x N matriz where ®T = [p1 @2 -+ opr) with each
¢; € RN. Let @ be an MJ x NJ RBD matriz as defined in (5.1) with all ®; = ®. If y = dz, then
llyll3 = Zf\il ¢T Ay, where A= XT X with X defined in (5.6).

Proof of Lemma B.1.

J J M
IS QT P (z mT) .
=1 =1 i=1
J M
=D ol | Dol | 6= ol Ags.
i=1 j=1 i=1

O

Lemma B.2. Suppose z € RY is a random vector with i.i.d. Gaussian entries each having zero-
mean and variance a*. For any symmetric N x N matriz A with eigenvalues {\;}_, there exists a

collection of independent, zero-mean Gaussian random variables {w;}Y | with variance o® such that

N
2T Az =300 w?

Proof of Lemma B.2. Because A is symmetric, it has an eigen-decomposition A = VT DV, where D
is a diagonal matrix of its eigenvalues {)\;}2; and V is an orthogonal matrix of eigenvectors. Then
we have 2T Az = (V2)TD(Vz) = Zivzl \iw?, where w = Vz and w = [wy, wa, ---, wy]T. Since V
is an orthogonal matrix, {w;}X; are i.i.d. Gaussian random variables with zero-mean and variance

o2, ]

150



Proof of Theorem 5.5. Let y = ®x. We first calculate E||y||3 to determine the point of concentration.
Applying Lemma B.1 to y and Lemma B.2 with z = ¢; for each i = 1,2,..., M, we have ||y||3 =
SM T Ag =M, Z;\f:l %wiﬁ where each {w; ;}, ; is an independent Gaussian random variable
with zero mean and unit variance. After switching the order of the summations and observing that
Tr(XTX) = Tr(XXT) where Tr(-) is the trace operator, we have El|y||3 = Z;\le )‘MJ Zi\il Ew}; =
YA = Tr(XXT) = ||z3.

Having established the point of concentration for ||y||3, let us now compute the probability that
19113 — [|z[|3] > ell[|3. Since E||y[|3 = ||z||3, this is equivalent to the condition that |||y||3 — E[|y/|3] >
€E||y||3. We again apply Theorem 1 to establish a concentration result. To do so, note that each
w; ; is a subgaussian random variable with the same subgaussian norm ||w||y, := ||w; ;|ly,; because

these variables are Gaussian with unit variance, it is also known [132] that there exists an absolute

’u)i’]‘
HwHU’Q

constant ¢y such that ||wl|y, < c2. Let us define w; ; := so that ||w; j|l¢, = 1, and note that

lwlg, _
P(llyll3 = Ellyl3] > ellzll3) = P | > = 2N (@, — Eay,)| > e«
7 %

We apply Theorem 1 to the subgaussian random variables w; ; (over all 4, j) with weights a; (i) =

2
%/\j. Letting a denote a vector of length M.J containing these weights, we have that |a||3 =

llwl]

. 4 ol ol 1 .
3 ay (i) = 3200 A = Tt A = a2 IME < FIIAIE and [lafle = max; ja; (i) =

2 2
Ilis pax; Aj = L2082 13 < B [A]|oe. Note that [|z]2 = Te(XTX) = | Ay and [l[|$ = | A|? since

M

the eigenvalues {\; }évzl are non-negative. We complete the proof by substituting these quantities

into Theorem 1 with T'=1 and ¢ = ¢[|z[|3 and by taking C5 = .
2
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APPENDIX C

Appendix C: Proof of Theorem 5.9

Our result follows from an application of the following.

Theorem 2. [29, Theorem 3.1] Let x € CN' and B > 1. Suppose N’ > 512 and choose Ny and Ng

such that:
(log N')?
5533 N V2/3N’ (L - sl
Nr + Nq < 0.5583N"/q and Np + Ng < (q N )
(8 +1)log(N) (B+1)log(N')

Fiz a subset T of the time domain with |T| = Np. Let Q be a subset of size Nq of the frequency
domain generated uniformly at random. Then with probability at least 1 — O((log(N"))/2N'=F),
every signal x supported on Q in the frequency domain has most of its energy in the time domain

2
outside of T. In particular, ||x7|3 < %, where x7 denotes the restriction of x to the support T.

Proof of Theorem 5.9. First, observe that ||v]|3 = |z||3 and [v]3 = Z;j:l |lzx|l3. Next, apply
Theorem 2 with N =S and Ny = N = N'/J, being careful to select a value for ¢ such that (C.1)

is satisfied. In particular, we require

(N+S) \/7/ N2
Lo (N+8)VB+DlogN 1 /s (B+1)log N’ + (log N")
q 0.5583 N/ q = N .
This is satisfied if we choose
0.5583N’ N

(C.1) ¢ < min

77 (N+S) 7 N2
(N+S8)\/(B+1)logN Jis (B+1)log N’ + (log N')
Choosing any ¢ satisfying (C.1), we have that with failure probability at most
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O((log(N")V/2(N")=8), ||ay]|2 < ”2”3 for each k = 1,2, ...,.J, implying that each block individually
is favorable. Taking a union bound for all k£ to cover each block, we have that with total failure

probability at most O(J(log(N"))Y/2(N")=7), |73 = Zi:l llzx]ls < %ﬁ”g. Thus with this same

failure probability, % = H;Hg > ?. Combining with (C.1) and using the fact that S < N, we thus
2
have:
Ty . 0.55832N2J N2J
M Y (N9 (B+ 1) log N z
((\J};TS; (B+ 1) log N’ + (log Nf)?)
o) (055832/22)7 J
- B+ DlogN)' 7 N
7, (ogN')
(m\/(ﬁ—kl)logN-i- i )

153



APPENDIX D

Appendix D: Proof of Lemma 5.10

Proof. Let X be the J x N matrix as defined in (5.6). Without loss of generality, we suppose the

min(J,N)
i=1

nonzero eigenvalues {\;},_ of XTX are sorted in order of decreasing magnitude, and we let

Amax = A1 and Apin = Apin(s,n). We can lower bound A5 in terms of these extremal eigenvalues

by writing
2
Ay — M||\|? _ MZi A7 D00 D NiA S M+M)\min DD N
(D.l) ||)‘||§ Zz )‘12 N Amax 21 Ai
>\min
=M+M (J=1).

AI‘l'laX

2
Assume that € < %, and let us define the following events:

XT3

12113

A:{N02(1—€)2< < No?(1+¢)?, VzERJ},

B = {Amax < No®(1+€)°} [ {dmin = No?(1 — )’}
>\min 1—e ?
= >
¢ {/\max<1+e> }’
D=dhy> M+ M (1= Q(Jfl)
o 2= 1+4¢ ’

These events satisfy A = B C C C D, where the last relation follows from (D.1). It follows that

P(D¢) < P(A°), where A° represents the complement of event A. Because X7 is populated with
i.i.d. subgaussian random variables, it follows as a corollary of Theorem 5.3 (by setting M < N and

2
J + 1in the context of that theorem) that for any z € R’ and € < %, P(||XT2|3 — No?||z|3| >
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C1C§N52
T
[

eNo?|z]|3) < 2exp (— ) . Thus, for an upper bound for P(A¢), we can follow the straight-

forward arguments in [14, Lemma 5.1] and conclude that P(A°) < 2 (%)J exp < Cllilgivg) . Thus
P2

1 % c _lw .
by choosing J < 3T, log(12/e)” we see that P(D¢) < 2exp ( 2 Teis, ) - Finally, the fact that

Ty > As follows from (5.9). O
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