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ANHA Series Preface

The Applied and Numerical Harmonic Analysis (ANHA) book series aims to provide
the engineering, mathematical, and scientific communities with significant develop-
ments in harmonic analysis, ranging from abstract harmonic analysis to basic appli-
cations. The title of the series reflects the importance of applications and numerical
implementation, but the richness and relevance of applications and implementation
depend fundamentally on the structure and depth of theoretical underpinnings. Thus,
from our point of view, the interleaving of theory and applications and their creative
symbiotic evolution is axiomatic.

Harmonic analysis is a wellspring of ideas and applicability that has flourished,
developed, and deepened over time within many disciplines and by means of cre-
ative cross-fertilization with diverse areas. The intricate and fundamental relation-
ship between harmonic analysis and fields such as signal processing, partial differ-
ential equations (PDEs), and image processing is reflected in our state-of-the-art
ANHA series.

Our vision of modern harmonic analysis includes mathematical areas such as
wavelet theory, Banach algebras, classical Fourier analysis, time-frequency analysis,
and fractal geometry, as well as the diverse topics that impinge on them.

For example, wavelet theory can be considered an appropriate tool to deal with
some basic problems in digital signal processing, speech and image processing, geo-
physics, pattern recognition, biomedical engineering, and turbulence. These areas
implement the latest technology, from sampling methods on surfaces to fast algo-
rithms and computer vision methods. The underlying mathematics of wavelet theory
depends not only on classical Fourier analysis, but also on ideas from abstract har-
monic analysis, including von Neumann algebras and the affine group. This leads
to a study of the Heisenberg group and its relationship to Gabor systems, and of the
metaplectic group for a meaningful interaction of signal decomposition methods.
The unifying influence of wavelet theory in the aforementioned topics illustrates the
justification for providing a means for centralizing and disseminating information
from the broader, but still focused, area of harmonic analysis. This will be a key role
of ANHA. We intend to publish the scope and interaction that such a host of issues
demands.
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Along with our commitment to publish mathematically significant works at the
frontiers of harmonic analysis, we have a comparably strong commitment to publish
major advances in the following applicable topics in which harmonic analysis plays
a substantial role:

Antenna theory Prediction theory

Biomedical signal processing Radar applications

Digital signal processing Sampling theory

Fast algorithms Spectral estimation

Gabor theory and applications Speech processing

Image processing Time-frequency and time-scale analysis

Numerical partial differential equations Wavelet theory

The above point of view for the ANHA book series is inspired by the history of
Fourier analysis itself, whose tentacles reach into so many fields.

In the last two centuries, Fourier analysis has had a major impact on the devel-
opment of mathematics, on the understanding of many engineering and scientific
phenomena, and on the solution of some of the most important problems in mathe-
matics and the sciences. Historically, Fourier series were developed in the analysis
of some of the classical PDEs of mathematical physics; these series were used to
solve such equations. In order to understand Fourier series and the kinds of solu-
tions they could represent, some of the most basic notions of analysis were defined,
e.g., the concept of “function.” Since the coefficients of Fourier series are integrals,
it is no surprise that Riemann integrals were conceived to deal with uniqueness
properties of trigonometric series. Cantor’s set theory was also developed because
of such uniqueness questions.

A basic problem in Fourier analysis is to show how complicated phenomena,
such as sound waves, can be described in terms of elementary harmonics. There are
two aspects of this problem: first, to find, or even define properly, the harmonics
or spectrum of a given phenomenon, e.g., the spectroscopy problem in optics; and
second, to determine which phenomena can be constructed from given classes of
harmonics, as done, e.g., by the mechanical synthesizers in tidal analysis.

Fourier analysis is also the natural setting for many other problems in engineer-
ing, mathematics, and the sciences. For example, Wiener’s Tauberian theorem in
Fourier analysis not only characterizes the behavior of the prime numbers, but also
provides the proper notion of spectrum for phenomena such as white light; this latter
process leads to the Fourier analysis associated with correlation functions in filter-
ing and prediction problems, and these problems, in turn, deal naturally with Hardy
spaces in the theory of complex variables.

Nowadays, some of the theory of PDEs has given way to the study of Fourier
integral operators. Problems in antenna theory are studied in terms of unimodular
trigonometric polynomials. Applications of Fourier analysis abound in signal pro-
cessing, whether with the fast Fourier transform (FFT), filter design, or the adaptive
modeling inherent in time-frequency-scale methods such as wavelet theory. The co-
herent states of mathematical physics are translated and modulated Fourier trans-
forms, and these are used, in conjunction with the uncertainty principle, for deal-
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ing with signal reconstruction in communications theory. We are back to the raison
d’étre of the ANHA series!

University of Maryland John J. Benedetto
College Park Series Editor



Preface

Frame theory is nowadays a fundamental research area in mathematics, computer
science, and engineering with many exciting applications in a variety of different
fields. Introduced in 1952 by Duffin and Schaeffer, its significance for signal pro-
cessing has been revealed in the pioneering work by Daubechies, Grossman, and
Meyer in 1986. Since then frame theory has quickly become the key approach when-
ever redundant, yet stable, representations of data are required. Frames in finite-
dimensional spaces, i.e., finite frames, are a very important class of frames due to
their significant relevance in applications. This book is the first comprehensive in-
troduction to both the theory and applications of finite frames, with various chapters
outlining diverse directions of this intriguing research area.

Today, frame theory provides an extensive framework for the analysis and de-
composition of signals in a stable and redundant way, accompanied by various re-
construction procedures. Its main methodological ingredients are the representation
systems which form a frame. In fact, a frame can be regarded as the most natural
generalization of the notion of an orthonormal basis. To be more specific, let (¢;) f‘i "
be a family of vectors in RV or CV. Then these vectors form a frame if there exist
constants 0 < A < B < 0o such that Allx|l2 < [|({x, @)™, ll¢, < Bllx|l2 holds for
all x in the underlying space. The constants A and B determine the condition of a
frame, which is optimal for A = B = 1, leading to the class of Parseval frames. It
is evident that the notion of a frame allows the inclusion of redundant systems in
the sense of overcomplete systems. This is key to the resilience of frames to dis-
turbances (such as, e.g., noise, erasures, and quantization) of the frame coefficients
({x, (pi))f‘i | associated with a signal x. These frame coefficients can be utilized, for
instance, for edge detection in an image, for the transmission of a speech signal,
or for recovery of missing data. Although the analysis operator x — ({x, (p,'))f‘i 1
maps a signal into a higher-dimensional space, frame theory also provides efficient
methods for reconstructing the signal.

New theoretical insights and novel applications are continually arising, because
the underlying principles of frame theory are basic ideas which are fundamental to
a wide canon of areas of research. In this sense, frame theory might be regarded
as partly belonging to applied harmonic analysis, functional analysis, and operator

ix
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theory, as well as numerical linear algebra and matrix theory. Some of its count-
less applications are in biology, geophysics, imaging sciences, quantum computing,
speech recognition, and wireless communication, to name a few.

In this book we depict the current state of the research in finite frame theory and
cover the progress which has been made in the area over the last twenty years. It is
suitable for both a researcher who is interested in the latest developments in finite
frame theory, and also for a graduate student who seeks an introduction into this
exciting research area.

This book comprises (in addition to the introduction) twelve chapters, which
cover a variety of topics in the theory and applications of finite frames written by
well-known leading experts in the subject. The necessary background for the sub-
sequent chapters is provided in the comprehensive introductory chapter on finite
frame theory. The twelve chapters can be divided into four topical groups: Frame
properties (Chaps. 2—4), special classes of frames (Chaps. 5 and 6), applications of
frames (Chaps. 7-11), and extensions of the concept of a frame (Chaps. 12 and 13).
Every chapter contains the current state of its respective field and can be read in-
dependently of the others. We now provide a brief summary of the content of each
chapter.

Chapter 1 provides a comprehensive introduction to the basics of finite frame the-
ory. After answering the question why frames?, background material from Hilbert
space theory and operator theory is presented. The authors then introduce the basics
of finite frame theory and the operators connected with a frame. After this prepa-
ration the reader is equipped with an overview of well-known results on the re-
construction of signals, the construction of special frames, frame properties, and
applications.

Chapter 2 deals with constructing frames with prescribed lengths of the frame
vectors and a prescribed spectrum of the frame operator. Several years of research
have now led to a complete solution of this problem, which is presented in this
chapter. The authors show in great detail how methods stemming from the Spectral
Tetris algorithm can be utilized to achieve an algorithmic solution to the problem.

Chapter 3 is devoted to the problem of partitioning a frame into a minimal num-
ber of linearly independent or a maximal number of spanning subsets. A direct ap-
plication of the Rado-Horn theorem would solve the first problem, but it is much
too inefficient and does not make use of frame properties. However, the authors
improve the Rado-Horn theorem and derive various results solving the problem in
special cases using frame properties.

Chapter 4 accommodates the fact that (besides analytic and algebraic properties)
frames can also be analyzed from a geometric standpoint. Accompanied by several
examples, it is shown how methods from algebraic geometry can be successfully
exploited to obtain local coordinate systems on the algebraic variety of frames with
prescribed frame operator and frame vector lengths. After that, angles and metrics
on the Grassmannian variety are defined. They are then used to prove that the generic
Parseval frames are dense in the class of Parseval frames. The chapter ends with a
survey of results on signal reconstruction without phase from an algebraic geometry
viewpoint.



Preface xi

Chapter 5 establishes a connection between finite group theory and finite frame
theory. The frames of investigation are called group frames. These are frames which
are induced by unitary group actions on the underlying Hilbert space; harmonic
frames are a special class of group frames. One of the highlights of the chapter
is the utilization of group frames to construct equiangular frames, which are most
desirable in applications due to their resilience to erasures.

Chapter 6 provides a basic self-contained introduction to Gabor frames on finite
Abelian groups. In the first half of the chapter the main ideas of Gabor analysis
in signal processing are illuminated, and fundamental results for Gabor frames are
proved. The second half deals with geometric properties such as linear indepen-
dence, coherence, and the restricted isometry property for Gabor synthesis matrices,
which then gives rise to the utilization of Gabor frames in compressed sensing.

Chapter 7 studies the suitability of frames for signal recovery from encoded,
noisy, or erased data with controllable accuracy. After providing a survey of results
on the resilience of frames with respect to noisy measurements, the author analyzes
the effects of erasures and error correction. One main result states that equiangular
and random Parseval frames are optimally robust against such disturbances.

Chapter 8 considers frame quantization, which is essential for the process of
digitizing analog signals. The authors introduce the reader to the ideas and prin-
ciples of memoryless scalar quantization as well as to first order and higher order
sigma-delta quantization algorithms, and discuss their performance in terms of the
reconstruction error. In particular, it is shown that an appropriate choice of quanti-
zation scheme and encoding operator leads to an error decaying exponentially with
the oversampling rate.

Chapter 9 surveys recent work on sparse signal processing which has become
a novel paradigm in the last year. The authors address problems such as exact or
lossy recovery, estimation, regression, and support detection of sparse signals in
both the deterministic and probabilistic regimes. The significance of frames for this
methodological approach is, for instance, shown by revealing the special role of
equal norm tight frames for detecting the presence of a sparse signal in noise.

Chapter 10 considers the connection of finite frames and filter banks. After the
introduction of basic related operations, such as convolution, downsampling, the dis-
crete Fourier transform, and the Z-transform, the polyphase representation of filter
banks is proved to hold, and its properties and advantages are discussed. Thereafter,
the authors show how various desiderata for the frame connected with a filter bank
can be realized.

Chapter 11 is split into two parts. The first part presents a variety of conjectures
stemming from diverse areas of research in pure and applied mathematics as well
as engineering. Intriguingly, all these conjectures are equivalent to the famous 1959
Kadison-Singer problem. The second part is devoted to the Paulsen problem, which
is formulated in pure frame theoretical terms and is also still unsolved.

Chapter 12 presents one generalization of frames, called probabilistic frames.
The collection of these frames is a set of probability measures which contains the
usual finite frames as point measures. The authors present the basic properties of
probabilistic frames and survey a range of areas such as directional statistics, in
which this concept implicitly appears.
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Chapter 13 introduces fusion frames, which are a generalization of frames de-
signed for and perfectly suited to model distributed processing. They analyze signals
by projecting them onto multidimensional subspaces, in contrast to frames which
consider only one-dimensional projections. Various results are reviewed, including
fusion frame constructions, sparse recovery from fusion frame measurements, and
specific applications of fusion frames.

The first editor thanks Janet Tremain for her unending support and help during
the preparation of this book.

Columbia, MO, USA Peter G. Casazza
Berlin, Germany Gitta Kutyniok
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Chapter 1
Introduction to Finite Frame Theory

Peter G. Casazza, Gitta Kutyniok, and Friedrich Philipp

Abstract To date, frames have established themselves as a standard notion in ap-
plied mathematics, computer science, and engineering as a means to derive redun-
dant, yet stable decompositions of a signal for analysis or transmission, while also
promoting sparse expansions. The reconstruction procedure is then based on one of
the associated dual frames, which—in the case of a Parseval frame—can be chosen
to be the frame itself. In this chapter, we provide a comprehensive review of the
basics of finite frame theory upon which the subsequent chapters are based. After
recalling some background information on Hilbert space theory and operator theory,
we introduce the notion of a frame along with some crucial properties and construc-
tion procedures. Then we discuss algorithmic aspects such as basic reconstruction
algorithms and present brief introductions to diverse applications and extensions of
frames. The subsequent chapters of this book will then extend key topics in many
intriguing directions.

Keywords Applications of finite frames - Construction of frames - Dual frames -
Frames - Frame operator - Grammian operator - Hilbert space theory -
Operator theory - Reconstruction algorithms - Redundancy - Tight frames

1.1 Why Frames?

The Fourier transform has been a major tool in analysis for over 100 years. How-
ever, it solely provides frequency information, and hides (in its phases) information
concerning the moment of emission and duration of a signal. D. Gabor resolved this

P.G. Casazza
Mathematics Department, University of Missouri, Columbia, MO 65211, USA
e-mail: casazzap @missouri.edu

G. Kutyniok (&) - F. Philipp
Institut fiir Mathematik, Technische Universitit Berlin, 10623 Berlin, Germany
e-mail: kutyniok @math.tu-berlin.de
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problem in 1946 [92] by introducing a fundamental new approach to signal decom-
position. Gabor’s approach quickly became the paradigm for this area, because it
provided resilience to additive noise, quantization, and transmission losses as well
as an ability to capture important signal characteristics. Unbeknownst to Gabor, he
had discovered the fundamental properties of a frame without any of the formalism.
In 1952, Duffin and Schaeffer [79] were studying some deep problems in nonhar-
monic Fourier series for which they required a formal structure for working with
highly overcomplete families of exponential functions in L[0, 1]. For this, they in-
troduced the notion of a Hilbert space frame, in which Gabor’s approach is now a
special case, falling into the area of time-frequency analysis [97]. Much later—in the
late 1980s—the fundamental concept of frames was revived by Daubechies, Gross-
man and Mayer [76] (see also [75]), who showed its importance for data processing.

Traditionally, frames were used in signal and image processing, nonharmonic
Fourier series, data compression, and sampling theory. But today, frame theory
has ever-increasing applications to problems in both pure and applied mathematics,
physics, engineering, and computer science, to name a few. Several of these appli-
cations will be investigated in this book. Since applications mainly require frames
in finite-dimensional spaces, this will be our focus. In this situation, a frame is a
spanning set of vectors—which are generally redundant (overcomplete), requiring
control of its condition numbers. Thus a typical frame possesses more frame vec-
tors than the dimension of the space, and each vector in the space will have infinitely
many representations with respect to the frame. It is this redundancy of frames which
is key to their significance for applications.

The role of redundancy varies depending on the requirements of the applications
at hand. First, redundancy gives greater design flexibility, which allows frames to be
constructed to fit a particular problem in a manner not possible by a set of linearly
independent vectors. For instance, in areas such as quantum tomography, classes of
orthonormal bases with the property that the modulus of the inner products of vec-
tors from different bases are a constant are required. A second example comes from
speech recognition, when a vector needs to be determined by the absolute value of
the frame coefficients (up to a phase factor). A second major advantage of redun-
dancy is robustness. By spreading the information over a wider range of vectors,
resilience against losses (erasures) can be achieved. Erasures are, for instance, a se-
vere problem in wireless sensor networks when transmission losses occur or when
sensors are intermittently fading out, or in modeling the brain where memory cells
are dying out. A further advantage of spreading information over a wider range of
vectors is to mitigate the effects of noise in the signal.

These examples represent a tiny fraction of the theory and applications of frame
theory that you will encounter in this book. New theoretical insights and novel ap-
plications are continually arising due to the fact that the underlying principles of
frame theory are basic ideas which are fundamental to a wide canon of areas of re-
search. In this sense, frame theory might be regarded as partly belonging to applied
harmonic analysis, functional analysis, operator theory, numerical linear algebra,
and matrix theory.
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1.1.1 The Role of Decompositions and Expansions

Focusing on the finite-dimensional situation, let x be given data which we assume
to belong to some real or complex N-dimensional Hilbert space 7" . Further, let
((pi)ini | be a representation system (i.e., a spanning set) in 7’ N which might be
chosen from an existing catalog, designed depending on the type of data we are
facing, or learned from sample sets of the data.

One common approach to data processing consists in the decomposition of the
data x according to the system ((p,-)f‘i | by considering the map

X ((x,<p,-))l.ﬁil.

As we will see, the generated sequence ({x, (pi))i"il belonging to £>({1,..., M})
can then be used, for instance, for transmission of x. Also, a careful choice of the
representation system enables us to solve a variety of analysis tasks. As an exam-
ple, under certain conditions the positions and orientations of edges of an image
x are determined by those indices i € {1,..., M} belonging to the largest coeffi-
cients in magnitude |(x, ¢;}|, i.e., by hard thresholding, in the case that (go,')f.‘i pisa
shearlet system (see [115]). Finally, the sequence ({x, q)i))iﬁi | allows compression
of x, which is in fact the heart of the new JPEG2000 compression standard when
choosing (§0i),-Ai | to be a wavelet system [140].

An accompanying approach is the expansion of the data x by considering se-

quences (ci)il‘i | satisfying

M
X = Zci(pi.
i=l1

It is well known that suitably chosen representation systems allow sparse se-
quences (ci)i"i | in the sense that ||c|lo = #{i : ¢; # 0} is small. For example, certain
wavelet systems typically sparsify natural images in this sense (see, for example,
[77, 122, 133] and the references therein). This observation is key to allowing the
application of the abundance of existing sparsity methodologies such as compressed
sensing [86] to x. In contrast to this viewpoint which assumes x as explicitly given,
the approach of expanding the data is also highly beneficial in the case where x
is only implicitly given, which is, for instance, the problem all partial differential
equation (PDE) solvers face. Hence, using (go,-)f‘i | s a generating system for the
trial space, the PDE solver’s task reduces to computing (c,-)iﬁi 1» which is advan-
tageous for deriving efficient solvers provided that—as before—a sparse sequence
does exist (see, e.g., [73, 106]).
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1.1.2 Beyond Orthonormal Bases

To choosing the representation system (goi)lN: | to form an orthonormal basis for
N is the standard choice. However, the linear independence of such a system
causes a variety of problems for the aforementioned applications.

Starting with the decomposition viewpoint, using ({x, wi))f\': | for transmission
is far from being robust to erasures, since the erasure of only a single coefficient
causes a true information loss. Also, for analysis tasks orthonormal bases can be
unfavorable, since they do not allow any flexibility in design, which is needed, for
instance, in the design of directional representation systems. In fact, it is conceivable
that no orthonormal basis with paralleling properties such as curvelets or shearlets
does exist.

Also, from an expansion point of view, the utilization of orthonormal bases is
not advisable. A particular problem affecting sparsity methodologies as well as the
utilization for PDE solvers is the uniqueness of the sequence (cl-)f‘i |- This non-
flexibility prohibits the search for a sparse coefficient sequence.

It is evident that these problems can be tackled by allowing the system (¢;) f‘i | to
be redundant. Certainly, numerical stability issues in the typical processing of data

M

x ()i, = Y g A x
i=1

with an adapted system (g;) l"i | must be taken into account. This leads naturally to
the notion of a (Hilbert space) frame. The main idea is to have a controlled norm
equivalence between the data x and the sequence of coefficients ((x, ¢; ))f‘i 1

The area of frame theory is very closely related to other research fields in both
pure and applied mathematics. General (Hilbert space) frame theory—in particular,
including the infinite-dimensional situation—intersects functional analysis and op-
erator theory. It also bears close relations to the area of applied harmonic analysis,
in which the design of representation systems, typically by a careful partitioning of
the Fourier domain, is one major objective. Some researchers even consider frame
theory as belonging to this area. Restricting to the finite-dimensional situation—in
which customarily the term finite frame theory is used—the classical areas of matrix
theory and numerical linear algebra have close intersections, but also, for instance,
the novel area of compressed sensing, as already pointed out.

Nowadays, frames have established themselves as a standard notion in applied
mathematics, computer science, and engineering. Finite frame theory deserves spe-
cial attention due to its importance for applications, and might be even considered
a research area of its own. This is also the reason why this book specifically fo-
cuses on finite frame theory. The subsequent chapters will show the diversity of this
rich and vivid research area to date, ranging from the development of frameworks
to analyzing specific properties of frames, the design of different classes of frames,
various applications of frames, and extensions of the notion of a frame.
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1.1.3 Outline

In Sect. 1.2 we first provide some background information on Hilbert space theory
and operator theory to make this book self-contained. Frames are then subsequently
introduced in Sect. 1.3, followed by a discussion of the four main operators asso-
ciated with a frame, namely, the analysis, synthesis, frame, and Gramian operators
(see Sect. 1.4). Reconstruction results and algorithms naturally including the notion
of a dual frame are the focus of Sect. 1.5. This is followed by the presentation of
different constructions of tight as well as non-tight frames (Sect. 1.6), and a discus-
sion of some crucial properties of frames, in particular, their spanning properties, the
redundancy of a frame, and equivalence relations among frames in Sect. 1.7. This
chapter is concluded with brief introductions to diverse applications and extensions
of frames (Sects. 1.8 and 1.9).

1.2 Background Material

Let us start by recalling some basic definitions and results from Hilbert space the-
ory and operator theory, which will be required for all subsequent chapters. We do
not include the proofs of the presented results; instead, we refer to the standard
literature such as, for instance, [152] for Hilbert space theory and [70, 104, 129]
for operator theory. We emphasize that all following results are solely stated in the
finite-dimensional setting, which is the focus of this book.

1.2.1 Review of Basics from Hilbert Space Theory

Letting N be a positive integer, we denote by .7’V a real or complex N-dimensional
Hilbert space. This will be the space considered throughout this book. Sometimes,
if it is convenient, we identify .’V with RN or CV. By (-,-) and || - || we denote
the inner product on .’V and its corresponding norm, respectively.

Let us now start with the origin of frame theory, which is the notion of an or-
thonormal basis. Alongside, we recall the basic definitions we will also require in
the sequel.

Definition 1.1 A vector x € sV is called normalized if ||x|| = 1. Two vectors
x,y € AN are called orthogonal if (x, y) = 0. A system (¢;)*_, of vectors in SV
is called

(a) complete (or a spanning set) if span{e,'}f.‘:1 =N,

(b) orthogonal if for all i # j, the vectors e; and e; are orthogonal.
(c) orthonormal if it is orthogonal and each e; is normalized.

(e) an orthonormal basis for 7V if it is complete and orthonormal.
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A fundamental result in Hilbert space theory is Parseval’s identity.

Proposition 1.1 (Parseval’s Identity) If (ei),N: | is an orthonormal basis for N,
then, for every x € N we have

al 2
el =[x en)|*.
i=1

Interpreting this identity from a signal processing point of view, it implies that
the energy of the signal is preserved under the map x — ({x, ei))lN= 1» Which we
will later refer to as the analysis map. We also mention at this point that this
identity is not only satisfied by orthonormal bases. In fact, redundant systems
(“non-bases”) such as (e, %ez, %ez, %63, \%63, %e& el ﬁeN, e, ﬁeN)
also satisfy this equality, and will later be coined Parseval frames.

Parseval’s identity has the following implication, which shows that a vector x can
be recovered from the coefficients ({x, e,-))f.v= | by a simple procedure. Thus, from
an application point of view, this result can also be interpreted as a reconstruction
formula.

Corollary 1.1 If(e,-)f\/:1 is an orthonormal basis for €V , then, for every x € N,
we have
N
X = Z(x, eje;.

i=1

Next, we present a series of basic identities and inequalities, which are exploited
in various proofs.

Proposition 1.2 Let x, % € V.
(i) Cauchy-Schwarz inequality. We have
[, )| < Ix L

with equality if and only if x = cX for some constant c.
(i1) Triangle inequality. We have

llx +xIl < llxll + %]l
(iii) Polarization identity (real form). If Y is real, then
- 1 - ~
(e, 8 = 2 [l + 17 = e = 2117].

(iv) Polarization identity (complex form). If N is complex, then

- 1 B i . .
(x, %) = Z[”x +E 12—l — %]+ Z[”x +i%|* =l —i%]?].
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(v) Pythagorean theorem. Given pairwise orthogonal vectors (xl) -1 € HN,
have

2 M
2
= llxll*.

M
D
i=1

We next turn to considering subspaces in .7V, again starting with the basic
notation and definitions.

Definition 1.2 Let %, 7 be subspaces of V.
(a) A vector x € VN is called orthogonal to # (denoted by x L #), if

(x,x)=0 forallxe¥#.
The orthogonal complement of # is then defined by
Wt={xexN :x LW}

(b) The subspaces # and ¥ are called orthogonal subspaces (denoted by # L V),
if # C ¥+ (or, equivalently, ¥ c #'1).

The notion of orthogonal direct sums, which will play an essential role in
Chap. 13, can be regarded as a generalization of Parseval’s identity (Proposi-
tion 1.1).

Definition 1.3 Let (%)f‘i | be a family of subspaces of .77 N Then their orthogonal
direct sum is defined as the space

M
(Z@%) =X X Wy
i=1 02

with inner product defined by

M
(x, X) Zx,,x,) forallx—(x,)l 1,)c—(x,l 16(2@7/)
i=1

The extension of Parseval’s identity can be seen when choosing X = x yielding
el = oM a2
1.2.2 Review of Basics from Operator Theory

We next introduce the basic results from operator theory used throughout this book.
We first recall that each linear operator has an associated matrix representation.
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Definition 1.4 Let 7 : 7Y — X be alinear operator, let (¢;) lN: | be an orthonor-
mal basis for .7V and let (g; )iK: | be an orthonormal basis for .77 K Then the matrix
representation of T (with respect to the orthonormal bases (e;);_ and (g,')iK: pisa

matrix of size K x N and is given by A = (a,-j)f:’i\fizl, where
ajj = (Tej, gi).
For all x € N with ¢ = ((x, ¢;)))_; we have

Tx=Ac.

1.2.2.1 Invertibility
We start with the following definition.

Definition 1.5 Let T : 77 — K be a linear operator.

(a) The kernel of T is defined by ker T := {x € N : Tx =0}.Its rangeisran T :=
{Tx : x € sV}, sometimes also called the image and denoted by im 7. The
rank of T, rank T , is the dimension of the range of T'.

(b) The operator T is called injective (or one-to-one), if ker T = {0}, and surjec-
tive (or onto), if ranT = X . Tt is called bijective (or invertible), if T is both
injective and surjective.

(c) The adjoint operator T* : %X — N is defined by

(Tx, %) =(x, T*x%) forallx € 7" and ¥ € X,
(d) The norm of T is defined by
IT | = sup{ITx]|| : lx]| =1}
The next result states several relations between these notions.

Proposition 1.3
() Let T : 7N — K be a linear operator. Then
dim .Y = N = dimker T + rank 7.
Moreover, if T is injective, then T*T is also injective.
(i) Let T : N — N be a linear operator. Then T is injective if and only if it is

surjective. Moreover, ker T = (ran T*)J-, and hence

AN =kerT ®ranT*.
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If T : #N — sV is an injective operator, then T is obviously invertible. If an
operator T : N — X is not injective, we can make T injective by restricting it
to (ker T)*. However, T | (kerry+ might still not be invertible, since it does not need
to be surjective. This can be ensured by considering the operator 7T : (ker )+ —
ran T, which is now invertible.

The Moore-Penrose inverse of an injective operator provides a one-sided inverse
for the operator.

Definition 1.6 Let T : sV — #K be an injective, linear operator. The Moore-
Penrose inverse of T, T", is defined by

Th = (1*7) "' 1.
It is immediate to prove invertibility from the left as stated in the following result.
Proposition 1.4 If T : N — K is an injective, linear operator, then T™T = Id.

Thus, 77 plays the role of the inverse on ran T—not on all of 7% . It projects a
vector from .7#X onto ran T and then inverts the operator on this subspace.

A more general notion of this inverse is called the pseudoinverse, which can be
applied to a non-injective operator. In fact, it adds one more step to the action of
T by first restricting to (ker 7)™ to enforce injectivity of the operator followed by
application of the Moore-Penrose inverse of this new operator. This pseudoinverse
can be derived from the singular value decomposition. Recalling that by fixing or-
thonormal bases of the domain and range of a linear operator we derive an associated
unique matrix representation; we begin by stating this decomposition in terms of a
matrix.

Theorem 1.1 Let A be an M x N matrix. Then there exist an M x M matrix U
with U*U = Id, and N x N matrix V with V*V =1d, and an M x N diagonal
matrix X with nonnegative, decreasing real entries on the diagonal such that

A=UXV"

Hereby, an M x N diagonal matrix with M # N is an M x N matrix (a; j)lM:’llY i=1
with a;; =0 for i # j. '

Definition 1.7 Let A be an M x N matrix, and let U, X', and V be chosen as in
Theorem 1.1. Then A = U X'V* is called the singular value decomposition (SVD)
of A. The column vectors of U are called the left singular vectors, and the column
vectors of V are referred to as the right singular vectors of A.

The pseudoinverse A+ of A can be deduced from the SVD in the following way.
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Theorem 1.2 Let A be an M x N matrix, and let A = U XV* be its singular value
decomposition. Then

AT =vXtu*,

where XV is the N x M diagonal matrix arising from X* by inverting the nonzero
(diagonal) entries.

1.2.2.2 Riesz bases

In the previous subsection, we recalled the notion of an orthonormal basis. How-
ever, sometimes the requirement of orthonormality is too strong, but uniqueness of
a decomposition as well as stability are to be retained. The notion of a Riesz basis,
which we next introduce, satisfies these desiderata.

Definition 1.8 A family of vectors (¢;) lN: | in a Hilbert space .7 N is a Riesz basis
with lower (respectively, upper) Riesz bounds A (resp. B), if, for all scalars (ai)lN: I
we have

N 2 N
AY lail* < <BY lail*.
i=1 i=1

N
3 aie
i=1

The following result is immediate from the definition.

Proposition 1.5 Lert (goi)lN: | be a family of vectors. Then the following conditions
are equivalent.

(1) (90:'),N=1 is a Riesz basis for 7N with Riesz bounds A and B.

(ii) For any orthonormal basis (ei)lN= | for N the operator T on AN given by
Tei =q@; foralli =1,2,..., N is an invertible operator with ||T||2 < B and
17172 = A.

1.2.2.3 Diagonalization
Next, we continue our list of important properties of linear operators.

Definition 1.9 A linear operator 7 : /N — X is called

() self-adjoint,if AN = #K and T = T*.

(b) normal, if N = K and T*T =TT*.

(c) an isometry, if | Tx|| = | x| for all x € SN .

(d) positive, if #N = K T is self-adjoint, and (T x, x) > 0 for all x € SV .
(e) unitary, if it is a surjective isometry.
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From the variety of basic relations and results of those notions, the next proposi-
tion presents a selection of those which will be required in the sequel.

Proposition 1.6 Let T : N — 5K be a linear operator.

(i) We have | T*T || = ||T||?, and T*T and TT* are self-adjoint.
(i) If AN = K the following conditions are equivalent.
(1) T is self-adjoint.
(2) (Tx,%) = (x,TX) forall x,% € V.
(3) If AN is complex, (Tx, x) € R forall x € 7N
(iii) The following conditions are equivalent.
(1) T is an isometry.
2) T*T =1d.
(3) (Tx,TX) = (x,%) forall x,% € AN .
(iv) The following conditions are equivalent.
(1) T is unitary.
(2) T and T* are isometric.
B) TT*=1dand T*T =1d.
(v) If U is a unitary operator, then |UT| = ||T||=|TU||.

Diagonalizations of operators are frequently utilized to derive an understanding
of the action of an operator. The following definitions lay the groundwork for this
theory.

Definition 1.10 Let 7 : 57V — 7" be a linear operator. A nonzero vector x €
AN is an eigenvector of T with eigenvalue A, if Tx = Ax. The operator T is called
orthogonally diagonalizable, if there exists an orthonormal basis (ei)fv: , of SN
consisting of eigenvectors of 7.

We start with an easy observation.

Proposition 1.7 For any linear operator T : 4N — FXK | the nonzero eigenvalues
of T*T and TT* are the same.

If the operator is unitary, self-adjoint, or positive, we have more information on
the eigenvalues stated in the next result, which follows immediately from Proposi-
tion 1.6.

Corollary 1.2 Let T : 7N — N be a linear operator.

(1) If T is unitary, then its eigenvalues have modulus one.
(ii) If T is self-adjoint, then its eigenvalues are real.
(iii) If T is positive, then its eigenvalues are nonnegative.

This fact allows us to introduce a condition number associated with each invert-
ible positive operator.
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Definition 1.11 Let 7 : 57N — 5V be an invertible positive operator with eigen-
values A| > Ay > --- > Ay. Then its condition number is defined by 1\—;]

We next state a fundamental result in operator theory which has its analogue in
the infinite-dimensional setting called the spectral theorem.

Theorem 1.3 Let N be complex and let T : 7N — N be a linear operator.
Then the following conditions are equivalent.

(i) T is normal.
(1) T is orthogonally diagonalizable.
(iii) There exists a diagonal matrix representation of T .
(iv) There exist an orthonormal basis (ei)lN= L of H N and values 1y, ..., y such
that

N
Tx:ZAi(x,ei)ei for all x e N,

i=1
In this case,

I7] = max [A;].
1<i<N

Since every self-adjoint operator is normal, we obtain the following corollary
(which is independent of whether .7V is real or complex).

Corollary 1.3 A self-adjoint operator is orthogonally diagonalizable.

Another consequence of Theorem 1.3 is the following result, which in particular
allows the definition of the n-th root of a positive operator.

Corollary 1.4 Let T : N — 5N be an invertible positive operator with normal-
ized eigenvectors (e,-)lN: | and respective eigenvalues ()L,')[N: 1» let a € R, and define
an operator T* : AN — AN by

N
T% :ZA?(x,ei)e[ forall x € V.

i=1

Then T® is a positive operator and T*T? = T**? for a, b € R. In particular, T~
and T=% are positive operators.

Finally, we define the trace of an operator, which, by using Theorem 1.3, can be
expressed in terms of eigenvalues.
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Definition 1.12 Let 7 : 5V — 57N be an operator. Then, the trace of T is defined
by

N
TrT:Z(Te,-,e,->, (1.1)
i=1

where (¢;) lN: | is an arbitrary orthonormal basis for .7’ N,

The trace is well defined since the sum in Eq. (1.1) is independent of the choice
of the orthonormal basis.

Corollary 1.5 Let T : N — 5N be an orthogonally diagonalizable operator,
and let ()»,-)lN: | be its eigenvalues. Then

N
TrT=ZA,-.
i=1

1.2.2.4 Projection operators

Subspaces are closely intertwined with associated projection operators which map
vectors onto the subspace either orthogonally or not. Although orthogonal projec-
tions are more often used, in Chap. 13 we will require the more general notion.

Definition 1.13 Let P : N — N be a linear operator. Then P is called a pro-
jection, if P? = P. This projection is called orthogonal, if P is in addition self-
adjoint.

For brevity, orthogonal projections are often simply referred to as projections
provided there is no danger of misinterpretation.

Relating to our previous comment, for any subspace # of J#V, there exists
a unique orthogonal projection P of #V having # as its range. This projection
can be constructed as follows: Let m denote the dimension of %, and choose an
orthonormal basis (e;)2, of #. Then, for any x € 7 N we set

m
Px:Z(x,e,-)ei.
i=1

It is important to notice that also Id — P is an orthogonal projection of .7V, this
time onto the subspace #/ .

An orthogonal projection P has the crucial property that each given vector of
N is mapped to the closest vector in the range of P.
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Lemma 1.1 Let # be a subspace of N, let P be the orthogonal projection onto
W, and let x € SN . Then

lx —Px|| <|lx—x|| forallxeW.
Moreover, if ||x — Px|| = ||x — X|| for some X € ¥, then X = Px.

The next result gives the relationship between trace and rank for projections. This
follows from the definition of an orthogonal projection and Corollaries 1.3 and 1.5.

Proposition 1.8 Let P be the orthogonal projection onto a subspace W of N,
and let m = dim % . Then P is orthogonally diagonalizable with eigenvalue 1 of
multiplicity m and eigenvalue 0 of multiplicity N — m. In particular, we have that
Tr P =m.

1.3 Basics of Finite Frame Theory

We start by presenting the basics of finite frame theory. For illustration purposes,
we then present some exemplary frame classes. At this point, we also refer to the
monographs and books [34, 35, 99, 100, 111] as well as to [65, 66] for infinite-
dimensional frame theory.

1.3.1 Definition of a Frame

The definition of a (Hilbert space) frame originates from early work by Duffin
and Schaeffer [79] on nonharmonic Fourier series. The main idea, as discussed in
Sect. 1.1, is to weaken Parseval’s identity and yet still retain norm equivalence be-
tween a signal and its frame coefficients.

Definition 1.14 A family of vectors ((p,-)ini  in A N is called a frame for AN, if
there exist constants 0 < A < B < oo such that

M
Allx|? ngo, <B||x||2 forall x € 7N (1.2)

The following notions are related to a frame (¢;) f‘i 1

(a) The constants A and B as in (1.2) are called the lower and upper frame bound
for the frame, respectively. The largest lower frame bound and the smallest
upper frame bound are denoted by Aop, Bop and are called the optimal frame
bounds.
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(b) Any family ((pi)l.ﬁi | satisfying the right-hand side inequality in (1.2) is called a
B-Bessel sequence.

(c) If A= B is possible in (1.2), then ((p,)M | is called an A-tight frame.

(d) If A= B =1 is possible in (1.2), i.e., Parseval’s identity holds, then (gol) — s
called a Parseval frame.

(e) If there exists a constant ¢ such that ||¢;|| =c for all i =1,2,..., M, then
((p,)l | is an equal norm frame. If ¢ = 1, (¢; )l | 18 a unit norm frame.

(f) If there exists a constant ¢ such that [{g;, ¢;)| = c for all i # j, then (go,) — s
called an equiangular frame.

(g) The values ({(x, (p,))M | are called the frame coefficients of the vector x with
respect to the frame (<p,)l: I

(h) The frame ((pi)iﬂi | is called exact, if (¢;)ies ceases to be a frame for 77 N for
every I ={1,..., M}\ {io},io € {1,..., M}.

We can immediately make the following useful observations.

Lemma 1.2 Let ((p,-)(‘f be a family of vectors in N .

G If ((p, — | is an orthonormal basis, then ((pl) — | is a Parseval frame. The con-
verse is not true in general.
(i1) (go,) —1 Is a frame for AN if and only if it is a spanning set for N .
(iii) ((p,)M 1 is a unit norm Parseval frame if and only if it is an orthonormal basis.
av) If ((pl ~ | Is an exact frame for 7 N then it is a basis of N, i.e., a linearly
zndependent spanning set.

Proof (i) The first part is an immediate consequence of Proposition 1.1. For
the second part, let (e,) L, and (g,) | be orthonormal bases for 7’ N Then
(e /«/—)i:1 U(gi /\/—)i:1 is a Parseval frame for .2V, but not an orthonormal basis.

i) If (goi)iﬁi | is not a spanning set for JZ N | then there exists x # 0 such that
(x,pi)=0foralli=1,..., M. Hence, (p; )M i~ cannot be a frame. Conversely, as-
sume that (¢;)™ ;—;isnota frame Then there exists a sequence (x,,) ;2 ; of normalized
vectors in N such that Zl 1 X, oi)|? < 1/n for all n € N. Hence, the limit x
of a convergent subsequence of (x,)7° , satisfies (x,¢;) =0 foralli=1,..., M.
Since ||x|| = 1, it follows that (9"1)1=1 is not a spanning set.

(iii) By the Parseval property, for each ip € {1, ..., M}, we have

M

M
leil3 = |t 0> = leuld + Y @i 00|
o

i=1,i#ip
Since the frame vectors are normalized, we conclude that

M
3 @i 00)[7 =0 forallige(l,..., M).
i=1, i
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Hence (¢;, ¢;) =0 for all i # j. Thus, (<pl~)f‘i | is an orthonormal system which is
complete by (ii), and (iii) is proved.

(iv) If (¢)¥, is a frame, by (ii), it is also a spanning set for V. Towards
a contradiction, assume that ((p,-)l.l‘i | is linearly dependent. Then there exist some
ipefl,...,M}and values A;,i € I :={1,..., M}\ {ip} such that

Pig = Z Ai@i-
iel
This implies that (¢;);¢; is also a frame, thus contradicting exactness of the frame. [

Before presenting some insightful basic results in frame theory, we first discuss
some examples of frames to develop an intuitive understanding.

1.3.2 Examples

By Lemma 1.2 (iii), orthonormal bases are unit norm Parseval frames (and vice
versa). However, applications typically require redundant Parseval frames. One ba-
sic way to approach this construction problem is to build redundant Parseval frames
using orthonormal bases, and we will present several examples in the sequel. Since
the associated proofs are straightforward, we leave them to the interested reader.

Example 1.1 Let (ei);\': | be an orthonormal basis for N
(1) The system
(61705 62705"'561\]’0)

is a Parseval frame for ##V . This example indicates that a Parseval frame can
indeed contain zero vectors.
(2) The system

( ep ey e3 ez e3 eN eN)
Cly — = Ty Ty T T s ey T = ey T —
PRV VAVAATUUNTTUN

is a Parseval frame for .77V . This example indicates two important issues. First,
a Parseval frame can have multiple copies of a single vector. Second, the norms
of vectors of an (infinite) Parseval frame can converge to zero.

We next consider a series of examples of non-Parseval frames.

Example 1.2 Let (ei)f\': | be an orthonormal basis for HON .

(1) The system

(er1,e1,...,e1,e2,e3,...,ey)
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Fig. 1.1 Mercedes-Benz frame

with the vector e; appearing N + 1 times, is a frame for .7#" with frame bounds
land N + 1.
(2) The system

(e1,€e1,€2,€2,€3,€3,...,eN)

is a 2-tight frame for 77V .
(3) The union of L orthonormal bases of 5% is a unit norm L-tight frame for
AN, generalizing (2).

A particularly interesting example is the smallest truly redundant Parseval frame
for R2, which is typically coined the Mercedes-Benz frame. The reason for this
naming becomes evident in Fig. 1.1.

Example 1.3 The Mercedes-Benz frame for R is the equal norm tight frame for R?

(5 ()

Note that this frame is also equiangular.

For more information on the theoretical aspects of equiangular frames we refer to
[60, 91, 120, 139]. A selection of their applications is reconstruction without phase
[5, 6], erasure-resilient transmission [15, 102], and coding [136]. We also refer to
the Chaps. 4, 5 in this book for more details on equiangular frames.

Another standard class of examples can be derived from the discrete Fourier
transform (DFT) matrix.

Example 1.4 Given M € N, we let o = exp(%). Then the DFT matrix in CM*M
is defined by

()

Dy = k=0

g~
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This matrix is a unitary operator on C* . Later (see Corollary 1.11) it will be seen
that the selection of any N rows from D), yields a Parseval frame for CV by taking
the associated M column vectors.

There also exist particularly interesting classes of frames such as Gabor frames
utilized primarily for audio processing. Among the results on various aspects of Ga-
bor frames are uncertainty considerations [113], linear independence [119], group-
related properties [89], optimality analysis [127], and applications [67, 74, 75, 87,
88]. Chapter 6 provides a survey on this class of frames. Another example is the class
of group frames, for which various constructions [24, 101, 147], classifications [64],
and intriguing symmetry properties [146, 148] have been studied. A comprehensive
presentation can be found in Chap. 5.

1.4 Frames and Operators

For the rest of this introduction we set Zg” :=4{2({1, ..., M}). Note that this space
in fact coincides with R or C¥ | endowed with the standard inner product and the
associated Euclidean norm.

The analysis, synthesis, and frame operators determine the operation of a frame
when analyzing and reconstructing a signal. The Gramian operator is perhaps not
that well known, yet it crucially illuminates the behavior of a frame (¢;) I"i | embed-

ded as an N-dimensional subspace in the high-dimensional space 612"’ .

1.4.1 Analysis and Synthesis Operators

Two of the main operators associated with a frame are the analysis and synthesis
operators. The analysis operator—as the name suggests—analyzes a signal in terms
of the frame by computing its frame coefficients. We start by formalizing this notion.

Definition 1.15 Let ((p,-)f‘i , be a family of vectors in 7 N Then the associated
analysis operator T : 7N — Eé” is defined by

M
Tx:=((x.¢)),_,. xen".
In the following lemma we derive two basic properties of the analysis operator.

Lemma 1.3 Let ((pi)l.ﬁi | be a sequence of vectors in N with associated analysis
operator T .

(i) We have

M
ITx|* = Z|(x, (pi)|2 forall x e V.
i=1

Hence, (gpi)f‘il is a frame for €N if and only if T is injective.
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(ii) The adjoint operator T* : ¢¥ — N of T is given by
2

M
T*(a)}L, = Za,-go,-.

Proof (i) This is an immediate consequence of the definition of 7 and the frame

property (1.2).
M
= <Zai€0i, )’>~
i=1

(ii) For x = (ai)f‘il and y € N, we have
Thus, T* is as claimed. O

M
(T*x,y)=(x. Ty) = (@)}, ((v. ¢1)) Z

The second main operator associated to a frame, the synthesis operator, is now
defined as the adjoint operator to the analysis operator given in Lemma 1.3(ii).

Definition 1.16 Let ((p,-)f‘i | be a sequence of vectors in 7 N with associated anal-
ysis operator T'. Then the associated synthesis operator is defined to be the adjoint
operator T*.

The next result summarizes some basic, yet useful, properties of the synthesis
operator.

Lemma 1.4 Let ((pi)ini | be a sequence of vectors in N with associated analysis
operator T .

(1) Let (e,-)f‘il denote the standard basis of Zg’l. Then foralli =1,2,...,M, we
have T*e; = T*Pe; = ¢;, where P : 612” — Eé” denotes the orthogonal projec-
tion ontoranT .

(i1) ((p,) 1 is a frame if and only if T* is surjective.

Proof The first claim follows immediately from Lemma 1.3 and the fact that
ker T* = (ran T)L. The second claim is a consequence of ran T* = (ker 7)1 and
Lemma 1.33i). O

Often frames are modified by the application of an invertible operator. The next
result shows not only the impact on the associated analysis operator, but also the
fact that the new sequence again forms a frame.

Proposition 1.9 Ler @ = ((pi)l.ni | be a sequence of vectors in N with associ-
ated analysis operator Te and let F : 7N — N be a linear operator. Then the
analysis operator of the sequence F® = (Fgo,»)?il is given by

Tre = T F*.
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Moreover, if ® is a frame for €N and F is invertible, then F® is also a frame
for AN

Proof For x € 7N we have

Trox = ((x, Foi))i, = ((F*x. ¢i))I, = To F*x.

This proves Trep = T F*. The moreover part follows from Lemma 1.4(ii). O

Next, we analyze the structure of the matrix representation of the synthesis op-
erator. This matrix is of fundamental importance, since this is what most frame
constructions in fact focus on; see also Sect. 1.6.

The first result provides the form of this matrix along with stability properties.

Lemma 1.5 Let ((pi)inil be a frame for N with analysis operator T. Then a
matrix representation of the synthesis operator T* is the N x M matrix given by

| [
Y1 Y2 0 PM
| |

Moreover, the Riesz bounds of the row vectors of this matrix equal the frame bounds
of the column vectors.

Proof The form of the matrix representation is obvious. To prove the moreover part,
let (e j)j'v=1 be the corresponding orthonormal basis of .7 N and for j=12,...,.N
let

Vi =[le1.ej). (g2, ej), ... (om. ej)]

be the row vectors of the matrix. Then for x = Zj»v:l aje; we obtain

M M| N 2 N M
Yol ="\ ajles | = D aam y_tej. eieiex)
i=1 i=11j=1 jk=1 i=1
N N 2
Z ajak (Y, WJ Zaﬂ/fj
J.k=1
The claim follows from here. O

A much stronger result (Proposition 1.12) can be proven for the case in which
the matrix representation is derived using a specifically chosen orthonormal basis.
However, the choice of this orthonormal basis requires the introduction of the frame
operator in the following Sect. 1.4.2.
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1.4.2 The Frame Operator

The frame operator might be considered the most important operator associated
with a frame. Although it is “merely” the concatenation of the analysis and synthe-
sis operators, it encodes crucial properties of the frame, as we will see in the sequel.
Moreover, it is also fundamental for the reconstruction of signals from frame coef-
ficients (see Theorem 1.8).

1.4.2.1 Fundamental properties
The precise definition of the frame operator associated with a frame is as follows.

Definition 1.17 Let ((p,-)f‘i | be a sequence of vectors in 7’ N with associated anal-
ysis operator T. Then the associated frame operator S : #N — N is defined
by
M
Sx:=T*Tx = Z(x,q)i)(pi, xeHN.

i=1

A first observation concerning the close relation of the frame operator to frame
properties is the following lemma.

Lemma 1.6 Let ((p,»)?i | be a sequence of vectors in I N with associated frame
operator S. Then, for all x € AV,

(Sx,x) =[x, o0

s

1

Proof The proof follows directly from (Sx,x) = (T*Tx,x) = ITx|> and
Lemma 1.33i). O

Clearly, the frame operator S = T*T is self-adjoint and positive. The most funda-
mental property of the frame operator—if the underlying sequence of vectors forms
a frame—is its invertibility, which is crucial for the reconstruction formula.

Theorem 1.4 The frame operator S of a frame (¢; f‘i | for A N with frame bounds
A and B is a positive, self-adjoint invertible operator satisfying

A-Id<S<B-Id.
Proof By Lemma 1.6, we have

M
(Ax,x) = Allx|? < Y| 00> = (Sx,x) < Bllx|® = (Bx,x) forall x € V.
i=1

This implies the claimed inequality. g



22 P.G. Casazza et al.
The following proposition follows directly from Proposition 1.9.

Proposition 1.10 Let (ga,')iﬁi | be a frame for ¥ N with frame operator S, and let

F be an invertible operator on 7N . Then (F (pl-)?i | is a frame with frame operator
FSF*.

1.4.2.2 The special case of tight frames

Tight frames can be characterized as those frames whose frame operator equals
a positive multiple of the identity. The next result provides a variety of similarly
frame-operator-inspired classifications.

Proposition 1.11 Let (goi)iAi | be a frame for N with analysis operator T and
frame operator S. Then the following conditions are equivalent.

() (¢!, is an A-tight frame for SN .
(i) S=A-Id.
(iii) For every x € N,

M
x=A"") x ei)ei
i=1
(iv) For every x € N,
M 2
Allxl? =Y. o)
i=1

(v) T/VA is an isometry.

Proof (1) < (i1) < (iii) < (iv) These are immediate from the definition of the frame
operator and from Theorem 1.4.

(i) < (v) This follows from the fact that 7'/ VA is an isometry if and only if
T*T =A-1Id. O

A similar result for the special case of a Parseval frame can be easily deduced
from Proposition 1.11 by setting A = 1.
1.4.2.3 Eigenvalues of the frame operator
Tight frames have the property that the eigenvalues of the associated frame opera-

tor all coincide. We next consider the general situation, i.e., frame operators with
arbitrary eigenvalues.



1 Introduction to Finite Frame Theory 23

The first and maybe even most important result shows that the largest and small-
est eigenvalues of the frame operator are the optimal frame bounds of the frame.
Optimality refers to the smallest upper frame bound and the largest lower frame
bound.

Theorem 1.5 Let ((p,-)f‘i | be a frame for N with frame operator S having eigen-
values A1 > --- > An. Then X\ coincides with the optimal upper frame bound and
AN is the optimal lower frame bound.

Proof Let (e;) lN: | denote the normalized eigenvectors of the frame operator S with
respective eigenvalues (A ;) ;V=1 written in decreasing order. Let x € V. Since x =

Zﬁ/lzl(X,ej>ej,We obtain

N
Sx = ij(x,ej)e
j=1

By Lemma 1.6, this implies

j=1 j=1

Thus BOp < A1, where B, denotes the optimal upper frame bound of the frame
((p,) (- The claim By, = A then follows from

M

Z|(€1,§0i>|2=<561,€1) = (Aie1, e1) = A1

i=1

The claim concerning the lower frame bound can be proven similarly. g

From this result, we can now draw the following immediate conclusion about the
Riesz bounds.

Corollary 1.6 Let (¢;) lN: | be a frame for 7 N Then the following statements hold.

(1) The optimal upper Riesz bound and the optimal upper frame bound of ((p,-)lN: "
coincide.

(i1) The optimal lower Riesz bound and the optimal lower frame bound of ((pi)lN: 1
coincide.
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Proof Let T denote the analysis operator of ((p,-)lN: , and § the associated frame
operator having eigenvalues (A;) [N: | written in decreasing order. We have

=8I =17 =72 = | T*|?
and
—1- —1y- —1)-2
=TT =) T T = ) T

Now, both claims follow from Theorem 1.5, Lemma 1.4, and Proposition 1.5. [

The next theorem reveals a relation between the frame vectors and the eigenval-
ues and eigenvectors of the associated frame operator.

Theorem 1.6 Let ((p,-)f‘i | be a frame for N with frame operator S having
normalized eigenvectors (e j)?’:1 and respective eigenvalues (\ j);v=1' Then for all
j=12,..., N we have

u 2
?»j=§ [(ej. oi)|"
i=1

In particular,
N M
TrS=>a=Y leil*
j=1 i=1

Proof This follows from A; = (Se;, e;) forall j=1,..., N and Lemma 1.6. O

1.4.2.4 Structure of the synthesis matrix

As already promised in Sect. 1.4.1, we now apply the previously derived results to
obtain a complete characterization of the synthesis matrix of a frame in terms of the
frame operator.

Proposition 1.12 Let T : N — 63” be a linear operator, let (ej)iy=1 be an or-
thonormal basis of N, and let (A /)ﬁyzl be a sequence of positive numbers. By
A denote the N x M matrix representation of T* with respect to (e j)y: | (and the

standard basis (éi)i"i L of 6%” ). Then the following conditions are equivalent.

@) (T*éi)iﬁi | forms a frame for N whose frame operator has eigenvectors
(ej)ﬁ.v:l and associated eigenvalues (Aj)jyzl.
(ii) The rows of A are orthogonal, and the j-th row square sums to X ;.
(iii) The columns of A form a frame for £ , and AA* = diag(r1, ..., Ay).
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Proof Let (f j)j.vzl be the standard basis of Zé\' and denote by U : Eév — AN the

unitary operator which maps f; to e;. Then T* = U A.
(i)=(i) For j,k e {1,..., N} we have

(A*fi, A" fi) =(TUf;, TUfi) =(T*Tej, ex) = A8 jx,

which is equivalent to (ii).

(ii)=-(iii) Since the rows of A are orthogonal, we have rank A = N, which
implies that the columns of A form a frame for Zé\' . The rest follows from
(AA* [, fi) =(A* fj, A" fiy = rjéjp for j,k=1,...,N.

(iii)=(i) Since (Aéi)f‘il is a spanning set for ZQ’ and T* = U A, it follows that
(T*é,-)l.ﬂi | forms a frame for 7’ N Its analysis operator is given by 7', since for all

x €N,
AnM AWM
((x. T*ei»i:l = ((Tx, ei))i:l =Tx.
Moreover,
T*Tej = UAA*U*e‘j = U diag(rq, ... ,)\N)fj ZXjUfj =Ajej,

which completes the proof. g

1.4.3 Gramian Operator

Let (wi)f‘i | be a frame for N with analysis operator 7. The previous subsec-
tion was concerned with properties of the frame operator defined by S = T*T :
AN — N . Of particular interest is also the operator generated by first applying
the synthesis and then the analysis operator. Let us first state the precise definition
before discussing its importance.

Definition 1.18 Let (¢;) l"i | be a frame for J7’ N with analysis operator T. Then the
operator G : Zé” — Zg’[ defined by

M M

> aiter o))
i=1

k=1 i

M
G, =TT*@a)}L, = (Za,- (‘Pi,€0k>>
i=1

is called the Gramian (operator) of the frame (¢;) f‘i 1

Note that the (canonical) matrix representation of the Gramian of a frame (¢;)
for s#V (which will also be called the Gramian matrix) is given by

M
i=1

o> g2 1) - oM. 1)
(o1,02)  llg2l> -+ {om, 92)

(01, om) {92, 0m) - llouml?
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One property of the Gramian is immediate. In fact, if the frame is unit norm, then
the entries of the Gramian matrix are exactly the cosines of the angles between the
frame vectors. Hence, for instance, if a frame is equiangular, then all off-diagonal
entries of the Gramian matrix have the same modulus.

The fundamental properties of the Gramian operator are collected in the follow-
ing result.

Theorem 1.7 Let (goi)?i | be a frame for N with analysis operator T, frame
operator S, and Gramian operator G. Then the following statements hold.

(i) An operator U on 7V is unitary if and only if the Gramian of(ngi)f‘il coin-
cides with G.
(i1) The nonzero eigenvalues of G and S coincide.
(iii) (goi)f-‘i | is a Parseval frame if and only if G is an orthogonal projection of rank
N (namely onto the range of T).
(iv) G is invertible if and only if M = N.

Proof (i) This follows immediately from the fact that the entries of the Gramian
matrix for (U(pi)i"i] are of the form (Ug;, Ug;).

(i) Since TT* and T*T have the same nonzero eigenvalues (see Proposition 1.7),
the same is true for G and S.

(iii) It is immediate to prove that G is self-adjoint and has rank N. Since T is
injective, T* is surjective, and

G*=(TT*)(TT*)=T(T*T)T*,

it follows that G is an orthogonal projection if and only if 7*T = Id, which is
equivalent to the frame being Parseval.
(iv) This is immediate by (ii). O

1.5 Reconstruction from Frame Coefficients

The analysis of a signal is typically performed by merely considering its frame coef-
ficients. However, if the task is transmission of a signal, the ability to reconstruct the
signal from its frame coefficients and also to do so efficiently becomes crucial. Re-
construction from coefficients with respect to an orthonormal basis was discussed in
Corollary 1.1. However, reconstruction from coefficients with respect to a redundant
system is much more delicate and requires the utilization of another frame, called
the dual frame. If computing such a dual frame is computationally too complex,
a circumvention of this problem is the frame algorithm.

1.5.1 Exact Reconstruction

We start by stating an exact reconstruction formula.
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Theorem 1.8 Let ((pi)iﬂi | be a frame for N with frame operator S. Then, for
every x € AN we have

M

M
Z X, 0i)S~ 901 _Z<xa S_l(Pi>(pi
i=1

i=1

Proof The proof follows directly from the definition of the frame operator in Defi-
nition 1.17 by writing x = S~'Sx and x = S5~ 'x. U

Notice that the first formula can be interpreted as a reconstruction strategy,
whereas the second formula has the flavor of a decomposition. We further observe
that the sequence (S _lgoi)f‘i | Plays a crucial role in the formulas in Theorem 1.8.
The next result shows that this sequence indeed also constitutes a frame.

Proposition 1.13 Let (<p,-)f‘i | be a frame for N with frame bounds A and B and
with frame operator S. Then the sequence (S _lwi)f‘i | is a frame for N with frame
bounds B~ and A" and with frame operator S™".

Proof By Proposition 1.10, the sequence (S~ (pl)f” | forms a frame for 2N with
assomated frame operator S~!S(S~!)* = §~1. This in turn yields the frame bounds
Pand A1, 0

This new frame is called the canonical dual frame. In the sequel, we will discuss
that other dual frames may also be utilized for reconstruction.

Definition 1.19 Let (¢;) f‘i | be a frame for ¢ N with frame operator denoted by S.
Then (S _lgoi)f‘i | is called the canonical dual frame for ((pi)l.ni 1

The canonical dual frame of a Parseval frame is now easily determined by Propo-
sition 1.13.

Corollary 1.7 Let (goi)f‘i | be a Parseval frame for 5 N Then its canonical dual
frame is the frame ((p,-)f‘i | itself, and the reconstruction formula in Theorem 1.8
reads

M
= (.og, xexN.
i=1

As an application of the above reconstruction formula for Parseval frames, we
prove the following proposition which again shows the close relation between Par-
seval frames and orthonormal bases already indicated in Lemma 1.2.
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Proposition 1.14 (Trace Formula for Parseval Frames) Let (go,) | be a Parseval
frame for €N , and let F be a linear operator on 7€V . Then

M

Tr(F) =Y (Fgi, i),

i=1

Proof Let (e j)yzl be an orthonormal basis for #" . Then, by definition,

N
Tr(F) Z (Fej,ej).

This implies

N

M N M
Tr(F)=Z<Z Fej Qi 901»€]>=ZZ€J,F ‘Pl <plaej>

j=li=1

H.P“qi .

N M M
< (plsej>ej7F ¢1>:Z§01»F Qi :Z (Foi, pi).
=1 i=1

i=1

O

As already announced, many other dual frames for reconstruction exist. We next
provide a precise definition.

Definition 1.20 Let ((p,-)f‘i | be a frame for 2N . Then a frame (w,-)f‘i | is called a
dual frame for (¢;)M.,, if

M
Zx 0V for all x € V.
i=1

Dual frames, which do not coincide with the canonical dual frame, are often coined
alternate dual frames.

Similar to the different forms of the reconstruction formula in Theorem 1.8, dual
frames can also achieve reconstruction in different ways.

Proposition 1.15 Let (p;)¥ and (WM, be frames for AN and let T and T

be the analysis operators of ((p, —, and (I/fl) i~ |» respectively. Then the following
conditions are equivalent.

(1) We have x = Ziﬂil(x, Vi) forall x e V.

(ii) We have x =Z?i](x,¢i)1/fiforallx e N,
>iii) We have (x,y)= wal(x,goi)(wi,y)forallx,y e N,
(iv) T*T =1d and T*T =Id.
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Proof Clearly (i) is equivalent to T*T = Id, which holds if and only if T*T =1d.
The equivalence of (iii) can be derived in a similar way. Il

One might ask what distinguishes the canonical dual frame from the alternate
dual frames besides its explicit formula in terms of the initial frame. Another seem-
ingly different question is which properties of the coefficient sequence in the de-
composition of some signal x in terms of the frame (see Theorem 1.8),

Zx S~ 901 (/’zs

uniquely distinguishes it from other coefficient sequences; redundancy allows in-
finitely many coefficient sequences. Interestingly, the next result answers both ques-
tions simultaneously by stating that this coefficient sequence has minimal £;-norm
among all sequences—in particular those, with respect to alternate dual frames—
representing x.

Proposition 1.16 Let (9;)™. | be a frame for N with frame operator S, and let
xenN. If(a,-)il‘i1 are scalars such that x = Zlﬁil a; i, then

Z|a,| —Z|xs L) +Z|a, (x, s~ i)

Proof Letting T denote the analysis operator of (goi)f‘i |» We obtain

(57 ) = (5 o), €ran.
Since x = Y | a; ¢, it follows that
(ai —(x, S~ <p,)) ekerT* = (ranT)" .
Considering the decomposition
(@il = ({r, Sil‘/’i))iﬂil + (ai = {x, Sil‘pi»?il’

the claim is immediate. O

Corollary 1.8 Let (goi) | be a frame for N and let (w,) | be an associated
alternate dual frame. Then, forall x € N,

[CEa?) iy Ay [CR7) N

We wish to mention that sequences which are minimal in the £1-norm also play a
crucial role to date due to the fact that the £1-norm promotes sparsity. The interested
reader is referred to Chap. 9 for further details.
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1.5.2 Properties of Dual Frames

While we focused on properties of the canonical dual frame in the last subsection,
we next discuss properties shared by all dual frames. The first question arising is:
How do you characterize all dual frames? A comprehensive answer is provided by
the following result.

Proposition 1.17 Let (go,')f.‘i | be a frame for N with analysis operator T and
frame operator S. Then the following conditions are equivalent.

@) (wi)iﬂil is a dual frame for ((p,-)iﬂi].
(ii) The analysis operator T| of the sequence (Y; — S 71%‘)% | satisfies

ranT L ranT].

Proof We set ¢; :=; — S l¢; fori =1, ..., M and note that

M

M M
D xvie Zx Gi+ S pilpi =x+ Y (x, @i)gi =x+ T*Tix

i=1 i=1

holds for all x € V. Hence, (1#,-)M1 is a dual frame for ((p,) —; if and only if
T*T; = 0. But this is equivalent to (ii). O

From this result, we have the following corollary which provides a general for-
mula for all dual frames.

Corollary 1.9 Let ((pi)iAi | be a frame for 7 N with analysis operator T and frame
operator S with associated normalized eigenvectors (e j)N_l and respective eigen-

values ()‘j)j'v:l' Then every dual frame {w,}M | Jor ((p, | is of the form

N
1 — .
Vi = Z(;(%’,?/) +hij)€j, i=1,...,M,
j=1"
where each (h,-j)i"il, j=1,..., N, isan element of (ran T)J-.
Proof If ¢, i = 1,..., M, is of the given form with sequences (hij)f‘il e M,

j=1,...,N, then ¥; = S~ ¢; + ¢;, where @ := Z;V:lh_ijej, i=1,...,M.The
analysis operator T of ((Z)i)f‘i | satisfies Te j=(h; j)f‘i 1- The claim follows from this
observation. O

As a second corollary, we derive a characterization of all frames which have a
uniquely determined dual frame. It is evident that this unique dual frame coincides
with the canonical dual frame.
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Corollary 1.10 A frame (goi)?i | for A N has a unique dual frame if and only if
M=N.

1.5.3 Frame Algorithms

Let (gol-)f‘i | be a frame for J# N with frame operator S, and assume we are given
the image of a signal x € 7" under the analysis operator, i.e., the sequence
({x, (p,))M | in EM Theorem 1.8 has already provided us with the reconstruction
formula

M
Zx ®i)S~ (01
i=1

by using the canonical dual frame. Since inversion is typically not only computa-
tionally expensive, but also numerically instable, this formula might not be utilizable
in practice.

To resolve this problem, we will next discuss three iterative methods to derive
a converging sequence of approximations of x from the knowledge of ((x, (p,-))i"i [
The first on our list is called the frame algorithm.

Proposition 1.18 (Frame Algorithm) Let (q)i)f.‘i | be a frame for N with frame

bounds A, B and frame operator S. Given a signal x € €V, define a sequence
(y])OO o in N by

2 .
Yo =0, Yj=yjfl+mS(X—Yj71) forall j=>1.

Then (y ])oo o converges to x in H N and the rate of convergence is

B—A\’ .
lx —y;ll < (m) lxll, Jj=0.

Proof First, for all x € 7 N we have

2 2 2A 2
<(d—ﬁS>x x> ||x|| —m2|x i) §||x|| —m”x”

B A e
T A+B

B—A_ 2
Ixll® <{(1d — ——=S )x.x),
B+A A+B

Similarly, we obtain
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which yields

2
A+ B

B—A
< .
T A+B

lia- 2] (13

By the definition of yj, for any j > 0,

X—Yj=X—yj-1—

2
Sx—yj-D= <Id— —S>(X —yj-1)-

A+ B A+B

Iterating this calculation, we derive

2 J
x_y/:(ld—m5> (x —yo), forall j>0.

Thus, by (1.3),

2 J
lx —yjll = H (Id— —S) (x — yo0)

A+ B
2 J
< |ld———S§ —
< A8 llx = yoll
B—A\’
= A+ B lIx1l.
+ B
The result is proved. g

Note that, although the iteration formula in the frame algorithm contains x, the
algorithm does not depend on the knowledge of x but only on the frame coefficients
((x. @)™, since yj = yj_1 + 525 (X (x. ¢ — Syj-1).

One drawback of the frame algorithm is the fact that not only does the conver-
gence rate depend on the ratio of the frame bounds, i.e., the condition number of the
frame, but it depends on it in a highly sensitive way. This causes the problem that a
large ratio of the frame bounds leads to very slow convergence.

To tackle this problem, in [96], the Chebyshev method and the conjugate gradient
methods were introduced, which are significantly better adapted to frame theory and
lead to faster convergence than the frame algorithm. These two algorithms will next
be discussed. We start with the Chebyshev algorithm.

Proposition 1.19 (Chebyshev Algorithm, [96]) Let (9:)™ | be a frame for 7N
with frame bounds A, B and frame operator S, and set



1 Introduction to Finite Frame Theory 33

Given a signal x € €V, define a sequence (y]) ~o in AN and corresponding
scalars (A )/=1 'y

2
yo=0, yl:B—i—ASX’ and I =2,
and for j > 2, set
N k( s )>+
- an R X — v .
J 1_%2)\]__1 Yj i\ Yi-1—=Yj-2 BiA Yj-1 yi-2

Then (y ])°° o converges to x in A N and the rate of convergence is

U.j
lx =yl < m”x”-

The advantage of the conjugate gradient method, which we will present next, is
the fact that it does not require knowledge of the frame bounds. However, as before,
the rate of convergence certainly does depend on them.

Proposition 1.20 (Conjugate Gradient Method, [96]) Let (gp,-)f‘i | be a frame for
SN with frame operator S. Given a signal x € AN, define three sequences
(yj) 200 (rj)] 2o and (p/) _in N and correspondmg scalars (A ) 1 by

Yo =0, ro=po=3Sx, and p_;=0,

and for j > 0, set

(rji, pj)
A=y =YiHApj, g =rj—AiSpj,
T ;. Sp)) J AP J J T APP]
and
(Spj,Sp;) (Spj, Spj-1)
Pj+1 = Spj — e pj = .

(pj,Spj) " (pj—1,Spj—1)

Then (y ])Oo o converges to x in H N and the rate of convergence is

f Il < ||| Il with VB- VA
x =yl < x|l witho = ——,
T+ VB+VA
and || - || is the norm on N given by ||x|| = (x, Sx)1/2 = ||S12x||, x € 7N

1.6 Construction of Frames

Applications often require the construction of frames with certain desired properties.
As a result of the large diversity of these desiderata, there exists a large number of
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construction methods [36, 58]. In this section, we will present a prominent selection
of these. For further details and results, for example, the construction of frames
through Spectral Tetris [30, 43, 46] and through eigensteps [29], we refer to Chap. 2.

1.6.1 Tight and Parseval Frames

Tight frames are particularly desirable due to the fact that the reconstruction of a
signal from tight frame coefficients is numerically optimally stable, as discussed in
Sect. 1.5. Most of the constructions we will present modify a given frame so that the
result is a tight frame.

We start with the most basic result for generating a Parseval frame, which is the
application of S™1/2, S being the frame operator.

Lemma 1.7 If((pi)f‘il is a frame for €N with frame operator S, then (S_l/z(pi)iﬂil
is a Parseval frame.

Proof By Proposition 1.10, the frame operator for (S~1/2¢)M  is §71/255-1/2 =
Id. O

Although this result is impressive in its simplicity, from a practical point of view
it has various problems, the most significant being that this procedure requires in-
version of the frame operator.

However, Lemma 1.7 can certainly be applied if all eigenvalues and respective
eigenvectors of the frame operator are given. If only information on the eigenspace
corresponding to the largest eigenvalue is missing, then there exists a simple prac-
tical method to generate a tight frame by adding a provably minimal number of
vectors.

Proposition 1.21 Let ((pi)iﬂi | be any family of vectors in N with frame operator
S having eigenvectors (e j)ﬁ.\’:1 and respective eigenvalues Ay > Ay > --- > An. Let

1 <k <N be suchthat \y =Xy =--- = Ag > Aky1. Then
M 1/2  \N
(pi);i— U (()‘1 —Aj) / ej)j:k+1 (1.4)

forms a A -tight frame for N .
Moreover, N — k is the least number of vectors which can be added to ((p,-)f‘i | fo
obtain a tight frame.

Proof A straightforward calculation shows that the sequence in (1.4) is indeed a
A1-tight frame for JZV .

For the moreover part, assume that there exist vectors (¥;) je; with frame oper-
ator S satisfying that (goi)f.‘il U (¥j)jes is an A-tight frame. This implies A > A;.
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Now define S, to be the operator on 7" given by

o L I<j<k
2¢) = (A1 —Aj)ej: k+1<j<N.

It follows that A - Id = S + S; and
S1i=A-ld—S>MIld—S=25,.

Since S$> has N — k nonzero eigenvalues, S; also has at least N — k nonzero eigen-
values. Hence |J| > N — k, showing that indeed N — k added vectors is minimal. [

Before we delve into further explicit constructions, we need to first state some
fundamental results on tight, and, in particular, Parseval frames.

The most basic invariance property a frame could have is invariance under or-
thogonal projections. The next result shows that this operation indeed maintains
and may even improve the frame bounds. In particular, the orthogonal projection of
a Parseval frame remains a Parseval frame.

Proposition 1.22 Let (cpi)iﬁi | be a frame for A N with frame bounds A, B, and
let P be an orthogonal projection of /N onto a subspace W . Then (Pgo,')f‘i | isa
frame for W with frame bounds A, B.

In particular, if (p;)™ i2) is a Parseval frame for SN and P is an orthogonal
projection on N onto W', then (P(p,) ~ | is a Parseval frame for W' .

Proof Forany x € 7/,

M M
2
Allx|I* = A Px|* < Z [(Px. o) = | tx, Pei)|* < BILPxI? = Bllx|%.
i=1 i=1
This proves the claim. The in particular part follows immediately. g

Proposition 1.22 immediately yields the following corollary.

Corollary 1.11 Let (ei)f\’: | be an orthonormal basis for A N and let P be an

orthogonal projection of N onto a subspace W . Then (Pe,-)lN: | is a Parseval
frame for W' .

Corollary 1.11 can be interpreted in the following way: Given an M x M unitary
matrix, if we select any N rows from the matrix, then the column vectors from
these rows form a Parseval frame for 5#V . The next theorem, known as Naimark’s
theorem, shows that indeed every Parseval frame can be obtained as the result of this
kind of operation.
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Theorem 1.9 (Naimark’s Theorem) Let (go,-)iﬂi | be a frame for N with analysis
operator T, let (e,-)i}‘i1 be the standard basis of Zg”, and let P : KQ” — Zg” be the
orthogonal projection onto ran T . Then the following conditions are equivalent.

@) (go,) — | is a Parseval frame for 7 N,
(i) For alll =1,...,M,we have Pe; =T ;.
(iii) There exist wl, ¥y € HOMN such that (¢; ® I/Ii),]-‘il is an orthonormal
basis of M.

Moreover, if (iii) holds, then (lﬂl)M1 is a Parseval frame for HM=N Af (Y )le is
another Parseval frame as in (iii), then there exists a unique linear operator L on
SMN such that L = Vi, i=1,...,M, and L is unitary.

Proof (i)<»(ii) By Theorem 1.7(iii) ((p,)M | is a Parseval frame if and only if
TT* = P. Therefore, (i) and (ii) are equivalent due to T*e¢; = ¢; for all i =
I,...,M.

(1)=(ii) We set ¢c; :=e; — To;, i =1,..., M. Then, by (ii), ¢; € (ran T)L for
all i. Let @ : (ranT)+ — M —N be unitary and put ¥; := @c¢j, i=1,...,. M
Then, since T is isometric,

(i ® Vi, o ® Vi) = (@i, ox) + (Wi, Yi) = (T i, Tor) + {ci, ck) = ik,

which proves (iii).

(iii)=>(i) This follows directly from Corollary 1.11.

Concerning the moreover part, it follows from Corollary 1.11 that (v;);_, is a
Parseval frame for s~V . Let (1//’) | be another Parseval frame as in (iii) and
denote the analysis operators of (1//1)M 1 and (W] ) | by F and F’, respectively. We
make use of the decomposition M = N @ N . Note that both U := (T, F)
and U’ := (T, F') are unitary operators from .#¥ onto ZM . By Py—n denote the
projection of M onto s#M~N and set

)M

L:= PM_NU/*UL;{JM—N = PM_NU/*F.

Let y € #N. Then, since U| v = U'| pv = T, we have Py_yU"*Uy =
Py —ny =0. Hence,

Lyi = Py—NU"U(g; ® Vi) = Py_nU""e; = Py—n(0i ® ¥)) =,

The uniqueness of L follows from the fact that both (1//,)M | and (1// ) | are span-
ning sets for M=V,

To show that L is unitary, we observe that, by Proposition 1.10, the frame oper-
ator of (LWi)iAi | is given by LL*. The claim LL* = Id now follows from the fact
that the frame operator of (/] )f‘i | is also the identity. O

The simplest way to construct a frame from a given one is just to scale the frame
vectors. Therefore, it seems desirable to have a characterization of the class of
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frames which can be scaled to a Parseval frame or a tight frame (which is equiv-
alent). We term such frames scalable.

Definition 1.21 A frame ((p,-)il‘i | for 22 N'is called (strictly) scalable, if there exist
nonnegative (respectively, positive) numbers ay, ..., ay such that (aigpi)f‘i [ is a
Parseval frame.

The next result is closely related to Naimark’s theorem.

Theorem 1.10 [116] Let ((pi)iﬂil be a frame for AN with analysis operator T.
Then the following statements are equivalent.

@) (go,-)iﬁi | is strictly scalable.
(ii) There exists a linear operator L : #M—N — Zg’[ such that TT* 4+ LL* is a
positive definite diagonal matrix.
(iii) There exists a sequence (wi)iﬁi | of vectors in M=N such that (¢; ® g/fi)l.ﬂi |
forms a complete orthogonal system in M .

If 7V is real, then the following result applies, which can be utilized to derive
a geometric interpretation of scalability. For this we once more refer to [116].

Theorem 1.11 [116] Let 57N be real and let (goi)flil be a frame for 7N without
zero vectors. Then the following statements are equivalent.

(i) (@), is not scalable.
(i) There exists a self-adjoint operator Y on N with Tr(Y) < 0 and (Y ¢;, ¢;) >
Oforalli=1,..., M.
(iii) There exists a self-adjoint operator Y on 7N with Tr(Y) =0 and (Y ¢;, ¢;) >
Oforalli=1,..., M.

We finish this subsection with an existence result of tight frames with prescribed
norms of the frame vectors. Its proof in [44] heavily relies on a deep understand-
ing of the frame potential and is a pure existence proof. However, in special cases
constructive methods are presented in [56].

Theorem 1.12 [44] Let N < M, and let a; > ay > --- > ay be positive real num-
bers. Then the following conditions are equivalent.

(1) There exists a tight frame (goi)?il for SN satisfying | @il = a; for all i =
1,2,...,M.
(i) Forall1<j <N,

M 2

. Al

a2 < Zz_]—H. i )
J N—j
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(iii) We have
M

Za,-z > Nalz.

i=1

Equal norm tight frames are even more desirable, but are difficult to construct.
A powerful method, called Spectral Tetris, for such constructions was recently de-
rived in [46], see Chap. 2. This methodology even generates sparse frames [49],
which reduce the computational complexity and also ensure high compressibility
of the synthesis matrix—which then is a sparse matrix. However, we caution the
reader that Spectral Tetris has the drawback that it often generates multiple copies
of the same frame vector. For practical applications, this is typically avoided, since
the frame coefficients associated with a repeated frame vector do not provide any
new information about the incoming signal.

1.6.2 Frames with Given Frame Operator

It is often desirable not only to construct tight frames, but more generally to con-
struct frames with a prescribed frame operator. Typically in such a case the eigenval-
ues of the frame operator are given assuming that the eigenvectors are the standard
basis. Applications include, for instance, noise reduction if colored noise is present.

The first comprehensive results containing necessary and sufficient conditions for
the existence and the construction of tight frames with frame vectors of a prescribed
norm were derived in [44] and [56]; see also Theorem 1.12. The result in [44] was
then extended in [57] to the following theorem, which now also includes prescribing
the eigenvalues of the frame operator.

Theorem 1.13 [57] Let S be a positive self-adjoint operator on €V , and let A >
Ao > - > AN > 0 be the eigenvalues of S. Further, let M > N, and let ¢c1 > ¢) >
.- > ¢y be positive real numbers. Then the following conditions are equivalent.

(1) There exists a frame (@;) f‘i | Jor A N with frame operator S satisfying || ;|| = c;
foralli=1,2,..., M.
(i) Forevery 1 <k < N, we have

However, it is often preferable to utilize equal norm frames, since then, roughly
speaking, each vector provides the same coverage for the space. In [57], it was
shown that there always exists an equal norm frame with a prescribed frame opera-
tor. This is the content of the next result.
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Theorem 1.14 [57] For every M > N and every invertible positive self-adjoint op-
erator S on J€N there exists an equal norm frame for 7N with M elements and
frame operator S. In particular, there exist equal norm Parseval frames with M
elements in €V for every N < M.

Proof We define the norm of the to-be-constructed frame to be ¢, where
| N
2_ .
"= i Zlk j
l:

It is sufficient to prove that the conditions in Theorem 1.13(ii) are satisfied for ¢; = ¢
foralli =1,2,..., M. The definition of ¢ immediately implies the second condi-
tion.

For the first condition, we observe that

1N
2 2
c—c——E Ai <AL
1 MJ,_IJ_1

Hence this condition holds for j = 1. Now, toward a contradiction, assume that
there exists some k € {2, ..., N} for which this condition fails for the first time by
counting from 1 upward, i.e.,

k—1 k—1 k
Y od=k-DF<> nrj but Y F=k* > 1;.
= = ; ;

j=1 j=1
This implies
¢>>h; andthus ¢*>x; forallk+1<j<N.
Hence,
k N N N N
M =k>+ (N ke > hj+ Y c5=Y dj+ D Aj=> A,
j=1 Jj=k+1 j=1 j=k+1 j=1
which is a contradiction. The proof is completed. g

By an extension of the aforementioned algorithm Spectral Tetris [30, 43, 47, 49]
to non-tight frames, Theorem 1.14 can be constructively realized. The interested
reader is referred to Chap. 2. We also mention that an extension of Spectral Tetris
to construct fusion frames (cf. Sect. 1.9) exists. Further details on this topic are
contained in Chap. 13.

1.6.3 Full Spark Frames

Generic frames are those optimally resilient against erasures. The precise definition
is as follows.
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Definition 1.22 A frame (goi)f‘i | for 7 N is called a full spark frame, if the erasure
of any M — N vectors leaves a frame; i.e., forany I C {1,..., M}, [[|=M — N,
the sequence ((p,-)f‘i Ligl is still a frame for 2N .

It is evident that such frames are of significant importance for applications. A first
study was undertaken in [126]. Recently, using methods from algebraic geometry,
equivalence classes of full spark frames were extensively studied [26, 80, 135]. It
was shown, for instance, that equivalence classes of full spark frames are dense
in the Grassmannian variety. For the readers to be able to appreciate these results,
Chap. 4 provides an introduction to algebraic geometry followed by a survey about
this and related results.

1.7 Frame Properties

As already discussed, crucial properties of frames such as erasure robustness, re-
silience against noise, or sparse approximation properties originate from spanning
and independence properties of frames [13], which are typically based on the Rado-
Horn theorem [103, 128] and its redundant version [54]. These, in turn, are only
possible because of their redundancy [12]. This section will shed some light on
these issues.

1.7.1 Spanning and Independence

As is intuitively clear, the frame bounds imply certain spanning properties which are
detailed in the following result. This theorem should be compared to Lemma 1.2,
which presented some first statements about spanning sets in frames.

Theorem 1.15 Let ((p,-)fi | be a frame for S N with frame bounds A and B. Then
the following holds.

() llgill> < Bop foralli=1,2,..., M.
(i) If.for someip € {1,..., M}, we have ||@;,||> = Bop, then @i, L span{@};‘il#io.
(iii) If,forsomeig € {1, ..., M}, we have ||<,0,~0||2 < Agp, then ¢;y € span{wi}iﬂil’#io.

In particular, if (<p,~)f‘i | is a Parseval frame, then either @;, 1 span{(pi}l.ﬂi ity (and
in this case ||@; | = 1) or |lg;, |l < 1.

Proof For any ig € {1, ..., M} we have
2 M 2
lioll* < NigI* + > [ @ig- 00" = _|{@ig- 1) |” < BopllepioI*. (1.5)
i#ig i=1

The claims (i) and (ii) now directly follow from (1.5).
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(iii) Let P denote the orthogonal projection of 7 N onto (span{<p,~}l.1‘i i 7éI.O)J-.
Then
Y 2
AopllPeiol* < 1P@inI* + Y [(Peig. 0i)|” =l Poi, II*.
i=1,i#ig

Hence, cither Pg;, =0 (and thus @iy € spanfgi L, ;) or Aop = [[PgiyI* =
ll¢i, lI>. This proves (iii). -

Ideally, we are interested in having an exact description of a frame in terms of its
spanning and independence properties. The following questions could be answered
by such a measure: How many disjoint linearly independent spanning sets does the
frame contain? After removing these, how many disjoint linearly independent sets
which span hyperplanes does it contain? And many more.

One of the main results in this direction is the following from [13].

Theorem 1.16 [13] Every unit norm tight frame (%’),-Ai] for AN with M = kN + j
elements, 0 < j < N, can be partitioned into k linearly independent spanning sets
plus a linearly independent set of j elements.

For its proof and further related results we refer to Chap. 3.

1.7.2 Redundancy

As we have discussed and will be seen throughout this book, redundancy is the key
property of frames. This fact makes it even more surprising that, until recently, not
much attention has been paid to introduce meaningful quantitative measures of re-
dundancy. The classical measure of the redundancy of a frame ((p,-)f‘i | for 57 Nis
the quotient of the number of frame vectors and the dimension of the ambient space,
ie., % However, this measure has serious problems in distinguishing, for instance,
the two frames in Example 1.2 (1) and (2) by assigning the same redundancy mea-
sure 2WN = 2 to both of them. From a frame perspective these two frames are very
different, since, for instance, one contains two spanning sets whereas the other just
contains one.

Recently, in [12] a new notion of redundancy was proposed which seems to better
capture the spirit of what redundancy should represent. To present this notion, let
S={x € N : ||x|| = 1} denote the unit sphere in sV, and let P, an{x} denote the
orthogonal projection onto the subspace span{x} for some x € 7 Np

Definition 1.23 Let @ = (¢;)!2, be a frame for #V. For each x € S, the redun-
dancy function Z¢ : S — R is defined by

M
R (x) =D || Popanen)x[1*-

i=1
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Then the upper redundancy of @ is defined by

%g =max % (x),
xeS

and the lower redundancy of @ is defined by
Ay =minR .
o =MinRe (x)

Moreover, @ has uniform redundancy, if
Ry =Ky

One might hope that this new notion of redundancy provides information about
spanning and independence properties of the frame, since these are closely related
to questions such as, say, whether a frame is resilient with respect to deletion of a
particular number of frame vectors. Indeed, such a link exists and is detailed in the
next result.

Theorem 1.17 [12] Let @ = ((p,-)?il be a frame for SN without zero vectors. Then
the following conditions hold.

(i) @ contains |Zg | disjoint spanning sets.

(i) @ can be partitioned into [%’g 1 linearly independent sets.

Various other properties of this notion of redundancy are known, such as additiv-
ity or its range, and we refer to [12] and Chap. 3 for more details.

At this point, we point out that this notion of upper and lower redundancy coin-
cides with the optimal frame bounds of the normalized frame (ﬁ)f‘i |» after dele-
tion of zero vectors. The crucial point is that with this viewpoint Theorem 1.17
combines analytic and algebraic properties of @.

1.7.3 Equivalence of Frames

We now consider equivalence classes of frames. As in other research areas, the idea
is that frames in the same equivalence class share certain properties.

1.7.3.1 Isomorphic frames
The following definition states one equivalence relation for frames.
Definition 1.24 Two frames ((p,-)il‘i , and (w,-)l."i , for N are called isomor-

phic, if there exists an operator F : sV — N satisfying Fo; = v; for all
i=1,2,....M.
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We remark that—due to the spanning property of frames—an operator F' as in
the above definition is both invertible and unique. Moreover, note that in [4] the
isomorphy of frames with an operator F as above was termed F-equivalence.

The next theorem characterizes the isomorphy of two frames in terms of their
analysis and synthesis operators.

Theorem 1.18 Let ((pi)l.[‘i | and (wi)iAi | be frames for 7 N with analysis operators

T\ and Ty, respectively. Then the following conditions are equivalent.
() (@), is isomorphic to (y)M,.
(i1) ran Ty =ran T5.

(>iii) ker Tl* = ker Tz*.

If one of (i)—(iii) holds, then the operator F : AN — AN with Fo; = y; for all
i=1,...,Nisgiven by F = T, (T} lran1,) "

Proof The equivalence of (ii) and (iii) follows by orthogonal complementation. In
the following let (e;) f‘i | denote the standard unit vector basis of E%” .

(i)=(iii) Let F be an invertible operator on .7V such that Fy; = ; for all
i =1,..., M. Then Proposition 1.9 implies 75 = T1 F* and hence FT}" = T,'. Since
F is invertible, (iii) follows.

(ii)=(1) Let P be the orthogonal projection onto # :=ran7; = ran 7>. Then
@i =Tj'e; =T Pe; and y; = T)'e; = T, Pe;. The operators T|* and T,* both map
# bijectively onto #V. Therefore, the operator F := T, (T}*|)~" maps sV
bijectively onto itself. Consequently, for each i € {1, ..., M} we have

-1
which proves (i) as well as the additional statement on the operator F. O

An obvious, though interesting, result in the context of frame isomorphy is that
the Parseval frame in Lemma 1.7 is in fact isomorphic to the original frame.

Lemma 1.8 Let (goi)i"i | be a frame for N with frame operator S. Then the Par-

seval frame (Sfl/zgl)i),-ﬂil is isomorphic to ((pi)iﬂil.

Similarly, a given frame is also isomorphic to its canonical dual frame.

Lemma 1.9 Let (<pl~)f‘i | be a frame for N with frame operator S. Then the canon-
ical dual frame (S~ ; i"il is isomorphic to ((pi)i/‘i].

Intriguingly, it turns out—and will be proven in the following result—that the
canonical dual frame is the only dual frame which is isomorphic to a given frame.

Proposition 1.23 Let ¢ = (goi)?i | be a frame for N with frame operator S,
and let (wi)iﬂil and (&i)i"i] be two different dual frames for ®. Then ()™, and

i=1
()M, are not isomorphic.
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In particular, (S_l(p,)M | is the only dual frame for @ which is isomorphic to .

Proof Let (w,)M , and (w,)lM | be different dual frames for ¢@. Toward a contra-
diction, we assume that (w,)M | and (lﬂz), | are isomorphic, and let F denote the

invertible operator satisfying ¥; = Fi/;, i = 1,2,..., M. Then, for each x € 7N
we have

E

(x, ¥i)oi = x.

||M§

M
Z x¢:l=

Thus, F* = Id which implies F = Id, a contradiction. O

(x, Flﬁ,
1

1.7.3.2 Unitarily isomorphic frames

A stronger version of equivalence is given by the notion of unitarily isomorphic
frames.

Definition 1.25 Two frames ((p,)M | and (wl)ﬁf | for 7 N are unitarily isomorphic,

if there exists a unitary operator U : N — 7N satisfying Ugp; = ; for all i =
1,2,....M

In the situation of Parseval frames, though, the notions of isomorphy and unitary
isomorphy coincide.

Lemma 1.10 Let ((p,)M | and (M 2| be isomorphic Parseval frames for 7 N,
Then they are even unitarily isomorphic.

Proof Let F be an invertible operator on N with Fg; = v, for all i =
1,2,..., M. By Proposition 1.10, the frame operator of (F(pi)"fl is FIdF* = FF*.
On the other hand, the frame operator of (1//, — ; is the identity. Hence, F F* = Id. []

We end this section with a necessary and sufficient condition for two frames to
be unitarily isomorphic.

Proposition 1.24 For two frames ((pl)M | and (w, — for & N with analysis oper-
ators Ty and Ty, respectively, the following condmons are equivalent.

@) ((pi)i/‘i | and (w,-)f‘i | are unitarily isomorphic.
(i) 1Ty cll = 1T c|l for all c € €3.
>iii) Ty Tl* =1 TZ*'

Proof (i)=>(iii) Let U be a unitary operator on J#~ with Ugp; = ; for all i =
1,..., M. Then, since by Proposition 1.9 we have T, = T\U*, we obtain T>T, =
TWU*UT =TT and thus (iii).
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(iii)=>(ii) This is immediate.

(i))=-(i) Since (ii) implies ker T}* = ker T, it follows from Theorem 1.18 that
Up; =¢; foralli=1,..., M, where U = Tz*(Tl*|ranTl)’1. But this operator is
unitary since (ii) also implies

|75 (T k)™ | = | 75 (T lean) ™ %)) = Dl

for all x € 2N g

1.8 Applications of Finite Frames

Finite frames are a versatile methodology for any application which requires redun-
dant, yet stable, decompositions, e.g., for analysis or transmission of signals, but
surprisingly also for more theoretically oriented questions. We state some of these
applications in this section, which also coincide with the chapters of this book.

1.8.1 Noise and Erasure Reduction

Noise and erasures are one of the most common problems signal transmissions have
to face [130-132]. The redundancy of frames is particularly suitable to reduce and
compensate for such disturbances. Pioneering studies can be found in [50, 93-95],
followed by the fundamental papers [10, 15, 102, 136, 149]. In addition one is al-
ways faced with the problem of suppressing errors introduced through quantiza-
tion, both pulse code modulation (PCM) [20, 151] and sigma-delta quantization
[7, 8, 16, 17]. Theoretical error considerations range from worst to average case
scenarios. Different strategies for reconstruction exist depending on whether the
receiver is aware or unaware of noise and erasures. Some more recent work also
takes into account special types of erasures [18] or the selection of dual frames
for reconstruction [121, 123]. Chapter 7 provides a comprehensive survey of these
considerations and related results.

1.8.2 Resilience Against Perturbations

Perturbations of a signal are an additional problem faced by signal processing appli-
cations. Various results on the ability of frames to be resilient against perturbations
are known. One class focuses on generally applicable frame perturbation results
[3, 37, 59, 68], some even in the Banach space setting [39, 68]. Yet another topic is
that of perturbations of specific frames such as Gabor frames [40], frames contain-
ing a Riesz basis [38], or frames for shift-invariant spaces [153]. Finally, extensions
such as fusion frames are studied with respect to their behavior under perturbations
[52].
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1.8.3 Quantization Robustness

Each signal processing application contains an analog-to-digital conversion step,
which is called quantization. Quantization is typically applied to the transform co-
efficients, which in our case are (redundant) frame coefficients; see [94, 95]. Inter-
estingly, the redundancy of the frame can be successfully explored in the quantiza-
tion step by using sigma-delta algorithms and a particular noncanonical dual frame
reconstruction. In most regimes, the performance is significantly better than that ob-
tained by rounding each coefficient separately (PCM). This was first observed in
[7, 8]. Within a short amount of time, the error bounds were improved [16, 114], re-
fined quantization schemes were studied [14, 17], specific dual frame constructions
for reconstruction were developed [9, 98, 118], and PCM was revisited [105, 151].
The interested reader is referred to Chap. 8, which provides an introduction to the
quantization of finite frames.

1.8.4 Compressed Sensing

Since high-dimensional signals are typically concentrated on lower dimensional
subspaces, it is a natural assumption that the collected data can be represented by
a sparse linear combination of an appropriately chosen frame. The novel methodol-
ogy of compressed sensing, initially developed in [32, 33, 78], utilizes this obser-
vation to show that such signals can be reconstructed from very few nonadaptive
linear measurements by linear programming techniques. For an introduction, we
refer to the books [84, 86] and the survey [25]. Finite frames thus play an essen-
tial role, both as sparsifying systems and in designing the measurement matrix. For
a selection of studies focusing in particular on the connection to frames, we refer
to [1, 2, 31, 69, 141, 142]; for the connection to structured frames such as fusion
frames, see [22, 85]. Chapter 9 provides an introduction to compressed sensing and
the connection to finite frame theory.

There exists yet another intriguing connection of finite frames to sparsity method-
ologies, namely, aiming for sparse frame vectors to ensure low computational com-
plexity. For this, we refer to the two papers [30, 49] and to Chap. 13.

1.8.5 Filter Banks

Filter banks are the basis for most signal processing applications. We exemplarily
mention the general books [125, 145] and those with a particular focus on wavelets
[75, 134, 150], as well as the beautiful survey articles [109, 110]. Usually, several
filters are applied in parallel to an input signal, followed by downsampling. This pro-
cessing method is closely related to the decomposition with respect to finite frames
provided that the frame consists of equally spaced translates of a fixed set of vectors,
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first observed in [19, 21, 71, 72] and later refined and extended in [62, 63, 90, 112].
This viewpoint has the benefit of providing a deeper understanding of filtering pro-
cedures, while retaining the potential of extensions of classical filter bank theory.
We refer to Chap. 10, which provides an introduction into filter banks and their
connections with finite frame theory.

1.8.6 Stable Partitions

The Feichtinger conjecture in frame theory conjectures the existence of certain parti-
tions of frames into sequences with “good” frame bounds; see [41]. Its relevance be-
comes evident when modeling distributed processing, and stable frames are required
for the local processing units (see also Sect. 1.9 on fusion frames). The fundamental
papers [48, 55, 61] then linked this conjecture to a variety of open conjectures in
what is customarily called pure mathematics such as the Kadison-Singer problem in
C*-algebras [107]. Chapter 11 provides an introduction into these connections and
their significance. A particular focus of this chapter is also on the Paulsen problem
[11, 27, 45], which provides error estimates on the ability of a frame to be simulta-
neously (almost) equal norm and (almost) tight.

1.9 Extensions

Typically motivated by applications, various extensions of finite frame theory have
been developed over the last years. In this book, Chaps. 12 and 13 are devoted to
the main two generalizations, whose key ideas we will now briefly describe.

e Probabilistic Frames. This theory is based on the observation that finite frames
can be regarded as mass points distributed in .". As an extension, probabilistic
frames, which were introduced and studied in [8§1-83], constitute a class of gen-
eral probability measures, again with appropriate stability constraints. Applica-
tions include, for instance, directional statistics in which probabilistic frames can
be utilized to measure inconsistencies of certain statistical tests [108, 143, 144].
For more details on the theory and applications of probabilistic frames, we refer
to Chap. 12.

e Fusion Frames. Signal processing by finite frames can be regarded as projections
onto one-dimensional subspaces. In contrast to this, fusion frames, introduced in
[51, 53], analyze and process a signal by (orthogonal) projections onto multidi-
mensional subspaces, which again have to satisfy some stability conditions. They
also allow for a local processing in the different subspaces. This theory is in fact
a perfect fit to applications requiring distributed processing; we refer to the se-
ries of papers [22, 23, 28, 30, 42, 43, 46, 63, 117, 124]. We also mention that
a closely related generalization called G-frames exists, which however does not
admit any additional (local) structure and which is unrelated to applications (see,
for instance, [137, 138]). A detailed introduction to fusion frame theory can be
found in Chap. 13.
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Chapter 2
Constructing Finite Frames with a Given
Spectrum

Matthew Fickus, Dustin G. Mixon, and Miriam J. Poteet

Abstract Broadly speaking, frame theory is the study of how to produce well-
conditioned frame operators, often subject to nonlinear application-motivated re-
strictions on the frame vectors themselves. In this chapter, we focus on one partic-
ularly well-studied type of restriction: having frame vectors of prescribed lengths.
We discuss two methods for iteratively constructing such frames. The first method,
called Spectral Tetris, produces special examples of such frames, and only works in
certain cases. The second method combines the idea behind Spectral Tetris with the
classical theory of majorization; this method can build any such frame in terms of a
sequence of interlacing spectra, called eigensteps.

Keywords Tight frames - Schur-Horn - Majorization - Interlacing

2.1 Introduction

Although we work over the complex field for the sake of generality, the the-
ory presented here carries over verbatim to the real-variable setting. The synthe-
sis operator of a sequence of vectors @ = {g,,}_, in CV is ¢ : CM — CV,
Dy = Z;ZI:I y(m)g,,. Thatis, @ is the N x M matrix whose columns are the ¢,,’s.
Note that we make no notational distinction between the vectors themselves and the
synthesis operator they induce. @ is said to be a frame for CV if there exist frame
bounds 0 < A < B < oo such that A||x||? < ||®*x||*> < B||x||? for all x € CVN. The
optimal frame bounds A and B of @ are the least and greatest eigenvalues of the
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frame operator

M
DD =" Gne, Q.1

m=1

respectively. Here, ¢ is the linear functional ¢ : CN — C, ¢¥x := (x, ¢;). In
particular, @ is a frame if and only if the ¢,,’s span CV, which necessitates N < M.
Frames provide numerically stable methods for finding overcomplete decompo-
sitions of vectors, and as such are useful tools in various signal processing applica-
tions [26, 27]. Indeed, if @ is a frame, then any x € CV can be decomposed as

M
X=0* x =Y " (X, )P, (2.2)
m=1

where @ = {(Zim}%:l is a dual frame of @, meaning it satisfies @ ®* = Id. The most
often-used dual is the canonical dual, namely the pseudoinverse @ = (@ ®*) "' @.
Computing a canonical dual involves inverting the frame operator. As such, when
designing a frame for a given application, it is important to control over the spectrum
{An }i11v=1 of @@*. Here and throughout, such spectra are arranged in nonincreasing
order, with the optimal frame bounds A and B being Ay and X1, respectively.

Of particular interest are tight frames, namely frames for which A = B. Note
that this occurs precisely when A, = A for all n, meaning ®®* = Ald. In this
case, the canonical dual is given by ¢, = %(pm, and (2.2) becomes an overcomplete
generalization of an orthonormal basis decomposition. Tight frames are not hard to
construct; we simply need the rows of @ to be orthogonal and have constant squared
norm A. However, this problem becomes significantly more difficult if we further
require the ¢, ’s—the columns of @—to have prescribed lengths.

In particular, much attention has been paid to the problem of constructing unit
norm tight frames (UNTFs): tight frames for which ||¢,, || = 1 for all m. Here, since
NA=Tr(®®*) =Tr(®*d) = M, we see that A is necessarily % Forany N <M,
there always exists at least one corresponding UNTF, namely the harmonic frame
obtained by letting @ be an N x M submatrix of an M x M discrete Fourier
transform [20]. UNTFs are known to be optimally robust with respect to additive
noise [21] and erasures [12, 23], and are a generalization of code division multiple
access (CDMA) encoders [31, 33]. Moreover, all unit norm sequences @ satisfy

the zeroth-order Welch bound Tr[(® ®*)?] > sz, which is achieved precisely when
@ is a UNTF [34, 35]; a physics-inspired interpretation of this fact leading to an
optimization-based proof of the existence of UNTFs is given in [3]. We further
know that many such frames exist: when M > N + 1, the manifold of all N x M
real UNTFs, modulo rotations, is known to have nontrivial dimension [17]. Lo-
cal parametrizations of this manifold are given in [30]. Much of the recent work on
UNTTFs has focused on the Paulsen problem [4, 9], a type of Procrustes problem [22]
concerning how a given frame should be perturbed in order to make it more like a
UNTFE.
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In this chapter, we discuss the main results of [5, 10, 19], which show how to
construct every UNTF and moreover solve the following more general problem.

Problem 2.1 Given any nonnegative nonincreasing sequences {)»n}rl:’:l and
{/Lm}nnle, construct all @ = {(,om}%:1 whose frame operator @ @* has spectrum
{A:}Y_, and for which ||y [|> = wy for all m.

To solve this problem, we build on the existing theory of majorization. To be
precise, given two nonnegative nonincreasing sequences {)»m}%:l and {um}nﬁle,
we say that {A,,}M_| majorizes {1m}M_,, denoted (A }M_| = {p,}M_, . if:

m=1> m=1 —
m m
> hw =Y . Ym=1,... M-I, (2.3)
m'=1 m'=1
M M
Z Am! = Z M- (24)
m'=1 m'=1

A classical result of Schur [29] states that the spectrum of a self-adjoint posi-
tive semidefinite matrix necessarily majorizes its diagonal entries. A few decades
later, Horn gave a nonconstructive proof of a converse result [24], showing that if
{Am}%: 1 = ;Lm}"ﬁf:l, then there exists a self-adjoint matrix that has {)»m}"ﬁf:l as its
spectrum and { ,um}%:l as its diagonal. These two results are collectively known as
the Schur-Horn theorem.

Schur-Horn Theorem There exists a positive semidefinite matrix with spectrum
{Am}%zl and diagonal entries {Mm},%:] if and only if{)»m}n"f:] > {/Lm}f’;’:].

Over the years, several methods for explicitly constructing Horn’s matrices have
been found; see [15] for a nice overview. Many current methods rely on Givens
rotations [13, 15, 33], while others involve optimization [14]. Regarding frame the-
ory, the significance of the Schur-Horn theorem is that it completely characterizes
whether or not there exists a frame whose frame operator has a given spectrum and
whose vectors have given lengths. This follows from applying it to the Gram ma-
trix @* @, whose diagonal entries are the values {||¢;, ||2}n[‘;1=1 and whose spectrum
{Am}%zl is a zero-padded version of the spectrum {X, },Ilv:1 of the frame operator
@ @*. Indeed, majorization inequalities arose during the search for tight frames with
given lengths [8, 16], and the explicit connection between frames and the Schur-
Horn theorem was noted in [1, 32]. This connection was then exploited to solve
various frame theory problems, such as frame completion [28].

Certainly, any solution to Problem 2.1 must account for the fact that frames exist
precisely when the Schur-Horn majorization condition is satisfied. In this paper, we
solve Problem 2.1 by iteratively selecting frame elements in a way that guarantees
majorization holds in the end. We start in Sect. 2.2 by reviewing the UNTF construc-
tion method of [10] called Spectral Tetris, which selects one or two frame elements
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at a time in a way that preserves the frame operator’s eigenbasis. This permits a
simple analysis of how the frame operator’s spectrum changes with each iteration,
but it lacks the generality needed to solve Problem 2.1. Section 2.3 tackles the gen-
erality: it discusses a two-step process from [5] which constructs every frame of a
given spectrum and set of lengths. The first step, Step A, finds every possible way
in which a frame’s spectrum evolves when defining one frame element at a time.
Step B then finds every possible choice of frame elements that corresponds to each
evolution of spectra. Finally, Sects. 2.4 and 2.5 complete this solution to Problem 2.1
by providing explicit algorithms [5, 19] that accomplish Steps A and B, respectively.

2.2 Spectral Tetris

In this section, we discuss the Spectral Tetris method of constructing UNTFs. This
method first appeared in [10], and has since been further studied and general-
ized [6, 7, 11]; this section presents the original version from [10]. Our goal is to
construct N x M synthesis matrices @ = {(pm}%: | Which have:

(i) columns of unit norm,
(ii) orthogonal rows, meaning the frame operator @ @* is diagonal,
(iii) rows of equal norm, meaning @ @* is a multiple of the identity matrix.

Spectral Tetris builds such @ s iteratively; the name stems from the fact that it builds
a flat spectrum out of blocks of fixed area. In short, Spectral Tetris ensures that, with
each iteration, our matrices leading to @ will exactly satisfy (i) and (ii), and get
closer to satisfying (iii). Here, an illustrative example is helpful.

Example 2.1 Let’s play Spectral Tetris to build a UNTF of 11 elements in C*: a
4 x 11 matrix whose columns have norm one and whose rows are orthogonal and
square sum to %. We begin with an arbitrary 4 x 11 matrix, and let the first two
frame elements be copies of the first standard basis element §;:

2.5)

N D D D

N D D D
N D D D

S o o
oSO O

If the remaining unknown entries are chosen so that @ has orthogonal rows, then
@ P* will be a diagonal matrix. Currently, the diagonal entries of @ @* are mostly
unknown, having the form {247, ?, ?, ?}. Also note that if the remainder of the first
row of @ is set to zero, then the first diagonal entry of @@* would be 2 < %.
Thus, we need to add more weight to this row. However, making the third column

of @ another copy of §; would add too much weight, as 3 > 14—1. Therefore, we

need a way to give % —2=3 more weight in the first row without compromising

either the orthogonality of the rows of @ or the normality of its columns. The key
idea is to realize that, for any 0 < x < 2, there exists a 2 x 2 matrix 7 (x) with
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orthogonal rows and unit-length columns such that 7'(x)7*(x) is a diagonal matrix
with diagonal entries {x, 2 — x}. Specifically, we have:

T(x)::i[ VX Vx } T(x)T*(x) = [ O}

V2 I V2=x —2—x 0 2—x
We define the third and fourth columns of @ in terms of 7'(x), where x = 14—1 —2=
3.
i
V3 3
I 1 NG 0000 O0O0TO 0
o—|0 0 % _£ 2 9 92 2 92 92 9 2.6)
00 O 0 7?7 ? 7?7 ?
00 O 0 7?7 ? 7?7 ?

The diagonal entries of @ @* are now {14 =+ 72,7,7}. The first row now has suffi-
cient weight, and so its remaining entries are set to zero. The second entry is cur-
rently falling short by = — % = 4 =1+2 - and as such, we make the fifth column

&>, while the sixth and seventh arise from T( ):

V3B
1 1 5 0 0 0 00 00
V55 V22
&= 00 7 7 1 5 0 0 0 @7
NG /6
00 O 0 O R T 2?77 ?
00 O 0 0 0 27 7 ?

The diagonal entries of <D<1>* aIe now {1l 4 , 4 4+‘7 7}, where the third diagonal
entry is falling short by = — Z = 4 =1 —|— . We therefore take the eighth column of

@ as 83, let the ninth and tenth columns arise from 7' ( 4), and make the final column
be §4, yielding the desired UNTF:

Vi V3
11 WG 0 O 0 0 O 0 0

V5o A5 V22

o 0 0 7 7 1 i s 0 0 0 o 28
- Voo V6 o L 1 .
0 0 O 0 o WG 7 NG
V11

0 0 O 0 0 O 0 0 7 NG 1

In this construction, column vectors are either introduced one at a time, such as
{o1}, {@2}, {@s}, {@s}, or {11}, or in pairs, such as {@3, 4}, {6, @7}, or {99, Y10}
Each singleton contributes a value of 1 to a particular diagonal entry of @ @*, while
each pair spreads two units of weight over two entries. Overall, we have formed
a flat spectrum, { ot ]41, > 4 } from blocks of area 1 or 2. This construction is

reminiscent of the game Tetris, as illustrated in Fig. 2.1.
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'y
P3, 04
s @9, P10
P2
Ps
P1 P11
D6, P7

0

1 2 3 4

Fig. 2.1 The Spectral Tetris construction of a UNTF of 11 elements for C*, as detailed in Exam-
ple 2.1. Each of the four columns corresponds to a diagonal entry of the frame operator @ ®*, and
each block represents the contribution made to these entries by the corresponding frame elements.
For example, the single frame element {¢,} contributes {1, 0, 0, 0} to the diagonal, while the pair
{we, 7} contributes {0, %, %, 0}. The area of the blocks is determined by the number of frame ele-
ments that generate them: blocks that arise from a single element have unit area, while blocks that

arise from two elements have an area of 2. In order for {¢,, } ,ln'=1 to be a UNTEF for C*, these blocks

need to stack to a uniform height of %. By building a rectangle from blocks of given areas, we are

essentially playing Tetris with the spectrum of @ @*

We conclude this example by pointing out some useful consequences of this
Spectral Tetris construction. First, note that the frame vectors in (2.8) are extremely
sparse. In fact, Spectral Tetris constructs optimally sparse UNTFs [11]. Also note
that many pairs of frame vectors in this example have mutually disjoint support.
In particular, we have that ¢, and ¢, are orthogonal whenever m — m’ > 5. This
feature of Spectral Tetris frames is exploited in [10] to construct tight fusion frames.

In order to formalize the Spectral Tetris argument used in the previous example,
we introduce the following notion.

Definition 2.1 We say that a sequence {¢,, }%:1 is an (mo, ng)-proto unit norm tight
frame (PUNTF) for CV if:
1, m=<mo,

: N 2 _
1) 2=t lom(M)|” = {0’ m > mo.
(i1) Znﬁle Oom (M) [om()*=0foralln,n’=1,...,N,n#n’,

M
L M 2N PO
(i) D=1 lom(n)] {0, n > nyp,

) 1<YM | gu(no)? < M.

Here and throughout, z* denotes the complex conjugate of a complex scalar z, as
it corresponds to the conjugate transpose of a 1 x 1 matrix. That is, {(pm}fr;’:l is an
(mo, ng)-PUNTF for CV precisely when its N x M synthesis matrix @ vanishes off
its upper left ng x mg submatrix, its nonzero columns have unit norm, and its frame
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operator @ @* is diagonal, with the first ng — 1 diagonal entries being % the noth

entry lying in [1, %], and the remaining entries being zero. In particular, setting
“?” entries to zero in (2.5), (2.6), (2.7), and (2.8) results in (2, 1)-, (4, 2)-, (7, 3)-,
and (11,4)-PUNTFs, respectively. As seen in Example 2.1, the goal of Spectral
Tetris is to iteratively create larger PUNTFs from existing ones, continuing until
(mo, nog) = (M, N), at which point the PUNTF is a UNTF. We now give the precise
rules for enlarging a given PUNTF; here, as in the preceding example, {§, };11\7:1 is
the standard basis of CV.

Theorem 2.1 Let 2N < M, {(pm}r/‘,:":1 be an (mg,ng)-PUNTF, and )\ :=
Yot |0 (n0) 1%,
G Ifra< % — 1, then my < M and {g,,l}f;l"':1 is an (mg + 1, ng)-PUNTF, where
Om, m =myg,

gm = 8}10’ m:m0+ 1,
0, m>mgy—+ 1.

(i) IfF % —1<r < thenmo <M —2,ng <N, and {gn})_,, with

m=1"
(pnh m5m07
I =08+ 1= L = D)8gar. m=mo+1,

I =080, = 1= L = Dsgsr. m=my+2,
0, m > mgy+ 2,

8m ‘=

isan (mo+ 2,no + 1)-PUNTF.
(i) If A= % and ny < N, then mg < M and {g,,}"_,, with

m=1"

¢m: mSm()v
8m = 8n0+], m=mo + 15
0, m>mgy—+ 1,

is an (mo + 1, ng + 1)-PUNTF for CVN .
(iv) If» =% and ng = N, then {}M_, is a UNTF.

The proof of Theorem 2.1 can be found in [10]. For this proof, the assumption
2N < M is crucial; in the case where A is slightly smaller than %, the (ng + 1)th
diagonal entry of @ @* must accept nearly two spectral units of weight, which is
only possible when the desired Spectral Tetris height % is at least 2. At the same
time, we note that playing Spectral Tetris can also result in matrices of lesser redun-
dancy, provided larger blocks are used. Indeed, UNTFs of redundancy % > % can
be constructed using 3 x 3 Spectral Tetris submatrices, as we now have two diagonal
entries over which to spread at most three units of spectral weight; the blocks them-

selves are obtained by scaling the rows of a 3 x 3 discrete Fourier transform matrix.
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More generally, UNTFs with redundancy greater than ﬁ can be constructed using
J x J submatrices. Note that these lower levels of redundancy are only bought at
the expense of a loss in sparsity, and in particular, a loss of orthogonality relations
between the frame elements themselves. These ideas are further explored in [7].

Also note that although this section’s results were proved in complex Euclidean
space for the sake of consistency, the frames obtained by playing Spectral Tetris
with 1 x 1 and 2 x 2 submatrices are, in fact, real-valued. The simplicity of this
construction rivals that of real harmonic frames, which consist of samples of sines
and cosines. In particular, Spectral Tetris provides a very simple proof of the ex-
istence of real UNTFs for any M > N: when 2N < M, the construction is direct;
Naimark complements [10] then give real UNTFs with redundancy less than two.
Spectral Tetris can also be used to construct nontight frames [6] provided the spec-
trum is bounded below by 2. Unfortunately, these techniques are insufficient to solve
Problem 2.1. The next section details a process for solving that problem.

2.3 The Necessity and Sufficiency of Eigensteps

In the previous section, we presented the Spectral Tetris algorithm, which system-
atically builds UNTFs one or two vectors at a time. There, the main idea was to
iteratively construct frame elements in a manner that changes the frame operator’s
spectrum in a predictable way while at the same time preserving its eigenbasis.
However, Spectral Tetris itself cannot solve Problem 2.1 in generality: it only works
with unit vectors and with spectra in which each eigenvalue is at least two in value.
Moreover, even in that case, it only seems to produce a narrow class of all possible
such frames.

In this section, we present the method of [5], which generalizes the Spectral Tetris
idea in a way that provides a complete solution to Problem 2.1. Like Spectral Tetris,
this method constructs @ = {¢,, }%’:1 in a manner so that at any givenm =1,..., M,
we know the spectrum of the frame operator

m
PP = D PV 2.9)
=1

of the partial sequence @, := {@u},,_,. However, unlike Spectral Tetris, this
method will not require the eigenbasis of (2.9) to be the standard basis for all m.
Indeed, the opposite is true: this method requires this eigenbasis to evolve with m.

The key idea is to realize from (2.9) that ¢;+1d§m+1 =o D, + 90:1+](Pm+1~
From this perspective, Problem 2.1 comes down to understanding how the spectrum
of a given positive semidefinite operator @;" &, is affected by the addition of a
scaled rank-one projection operator goj;l 119m+1 of trace ;;+1. Such problems have
been studied classically, and involve a concept called eigenvalue interlacing.

To be precise, a nonnegative nonincreasing sequence {yn},];]: | interlaces on an-

other such sequence {,3,1},’1\': 1» denoted {,Bn},’:/: | E {y,,}flvz 1» provided that

BN <YN<BN-1=YN-1=Z--Z<Pr<»m=<B1 <. (2.10)
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The classical theory of eigenvalue interlacing [25] tells us that letting {A,,. ,,}f:’: 1
denote the spectrum of (2.9), we necessarily have that {)»m;n}flvzl C {)‘m+1;n},}1\,:1-

Moreover, if ||y ||> = i forallm =1, ..., M, then for any such m,
N m
> min = Te(Pn®};) = Te(@); P Z lew 1> =Dt (211)
n=1 m'= m'=1

In [19], interlacing spectra that satisfy (2.11) are called a sequence of outer eigen-
steps.

Definition 2.2 Let {A, }N ; and { /Lm}m | be nonnegative nonincreasing sequences.

A corresponding sequence of outer eigensteps is a sequence {{A,. n}n l} _o Which
satisfies the following four properties:

(i) Ag;n =0foreveryn=1,...,N,

(1)) Apy.p=A, foreveryn=1,..., N,
(i) Am—1:0)_ E {Amen}_, foreverym=1,..., M,
(iv) Zf,v:l Amin =D ey n foreverym=1,..., M.

As we have just discussed, every sequence of vectors whose frame operator has
the spectrum {A, }N | and whose vectors have squared lengths { ,um} | generates
a sequence of outer eigensteps. By the following theorem, the converse 1s also true.
Specifically, Theorem 2.2 characterizes and proves the existence of sequences of
vectors that generate a given sequence of outer eigensteps. We will see that once
the outer eigensteps have been chosen, there is little freedom in picking the frame
vectors themselves. That is, modulo rotations, the outer eigensteps are the free pa-
rameters when designing a frame whose frame operator has a given spectrum and
whose vectors have given lengths.

Theorem 2.2 For any nonnegative nonincreasing sequences {1, }n , and {[,Lm}m 1
every sequence of vectors ® = {(pm}% | in CN whose frame operator ® ®* has
spectrum {Ay } _, and which satisfies || > = p for all m can be constructed by

the following process:

Step A. Pick outer eigensteps {{Ay: n} o as in Definition 2.2.
Step B. Foreachm=1,..., M, conszder the polynomial

=

N
P () = [ = Amin)- (2.12)

Take any @1 € CN such that |¢1||> = 1. For eachm =1, ..., M — 1, choose any
Om+1 such that
Pm+1(x)

I P @t 17 = — lim (x — 1) =~ (2.13)
X—A Pm(X)
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Sforall A € {Ap.p },[1\7:1 , where Py,., denotes the orthogonal projection operator onto

the eigenspace N(AId — @, ) of the frame operator &, @} of the partial se-
quence @y = {@y}),_, - The limit in (2.13) exists and is nonpositive.

Conversely, any @ constructed by this process has {Ay, },IlV: | as the spectrum of ® *
and ||@n||? = pim for all m. Moreover, for any ® constructed in this manner, the
spectrum of @, @ is {)»m;n},];lzl forallm=1,...,M.

In order to prove Theorem 2.2, we first obtain some supporting results. In par-
ticular, the next result gives conditions that a vector must satisfy in order for it to
perturb the spectrum of a given frame operator in a desired way, and was inspired
by the proof of the Matrix Determinant Lemma and its application in [2].

Theorem 2.3 Let @, = {@y}),_, be an arbitrary sequence of vectors in CN and

let {Am: 2}V denote the eigenvalues of the corresponding frame operator ®,, or.

n=1
For any choice of g1 in CN | let ®,, 1 = {(pm/}z,ill. Then for any A € {Am;n}fl\lzl,

the norm of the projection of @41 onto the eigenspace N(Ald — @, D' is given by

Pm+1(X)

I P 1? = — lim (x — 1) ,
XA Pm(x)

where py(x) and pp41(x) denote the characteristic polynomials of @, P, and
P19,y |, respectively.

Proof For notational simplicity, we let @ := ®,,, ¢ := ¢, 1 and so @, D*

m+1 =
D™ + pp*. Suppose x is not an eigenvalue of @,11P;, . Then:

Pm41(x) = det(xld — @ D* — pg*)
= det(xId — @ ®*)det(Id — (xId — DD*) ' pg*)

= pm(x)det(ld — (xId — DD*) ' pp*). (2.14)

We can simplify the determinant of Id — (xId — ®®*)~'p¢* by multiplying by
certain matrices with unit determinant:

det(Id — (xId — 2 D*) ' pp*)

Id 0)[Id— (xld— ®P*) pp* —(xld— dDP*) ¢
=det{] v 0 1

JE)

=det<|:hi OH Id* —(x1d—q>cb*)—1<pD
* 1] -¢ 1
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Id —(xld—®d*) 1y
= det * xy—1
0 1—9¢*(xld— QD% ¢
—1—¢*(xld— 2D*) . (2.15)

We now use (2.14) and (2.15) with the spectral decomposition @®@* =
St Attt

N 2
P (09 = pn (1 —w*(xld—@@*)‘w=pm<x>(1 —ZM).

X — )‘m;n

(2.16)
Rearranging (2.16) and grouping the eigenvalues A = {A,,.,} ,’;’:1 according to mul-
tiplicity then gives

n=1

N 2 2
’ P
Pm+1(x):1_zmzl_zw7 Vx ¢ A.

—
P (X) Ved X —A

As such, forany A € A,

Pl
lim(x—)»)wzlim(x—k)(l— }M)
x—>2 x—A

o/
Pm(x) vea A
= lim | (x = 2) = [ Pussg* = > | P P2
e} m;A m; A Y
e
=~ Pusrgll®.
yielding our claim. 0

Though technical, the proofs of the next three lemmas are nonetheless elemen-
tary; the interested reader can find them in [5].

Lemma 2.1 Let {)un}flv:l and { Ly, }”7‘1/’:] be nonnegative and nonincreasing, and let
{{)‘m;n},],vﬂ}fn/[:o be any corresponding sequence of outer eigensteps as in Defini-
tion 2.2. If a sequence of vectors @ = {(pm}f::l has the property that the spectrum
of the frame operator @, @y, of Py = {@p Yy, _, is {)\m;n}fl\/:lfor alm=1,..., M,

then the spectrum of @ ®* is {A,,}flv:1 and ||@p||> = pm forallm=1,..., M.

Lemma 2.2 If{,B,,}flV=1 and {y,,}r]lv=1 are nonincreasing, then {,Bn},jlvzl C {v },11\;1 if
and only if

im G — gL <0 va=1,.. N,
x—> By p(x)

where p(x) = [TV, (x — Ba) and q(x) = [T'_, (x — ya).
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Lemma 2.3 If {f, }n 1o W }n 1> and {3, }n | are nonincreasing and

g _ ) _
xlggn(x—ﬁn)@ Jim (x ﬂn)p(x), Vn=1,....N,

where p(x) = [T, (x — Bu), ) =TI, (x — ya), and r(x) = [T, (x — 8,
then q(x) =r(x).

The preceding results in hand, we turn to the main result of this section.

Proof of Theorem 2.2 (=) Let {A, }N 1 and {p, }m | be arbitrary nonnegative non-
increasing sequences, and let @ = {<pm}m | be any sequence of vectors such that
the spectrum of @ ®* is {)L,,}n | and lom > =t forallm =1, ..., M. We claim
that this particular @ can be constructed by following Steps A and B

In particular, consider the sequence {{A,., },]1\]:1} o defined by letting {A,,;,, } el
be the spectrum of the frame operator @, @, of the sequence Dy = {@p},_, for
all m =1,..., M and letting Ag., = 0 for all n. We claim that {{km;n}nNzl}yzo
satisfies Definition 2.2 and therefore is a valid sequence of eigensteps. Note that
conditions (i) and (ii) of Definition 2.2 are immediately satisfied. To see that
{Am: n},],v 1} _o satisfies (iii), consider the polynomials p,,(x) defined by (2.12)
forallm=1,..., M. In the special case where m = 1, the desired property (iii) that
{0},11\':1 C {A1. n}f;/: | follows from the fact that the spectrum {4, n}flvzl of the scaled
rank-one projection @ ®; = ¢ ¢} is the value [|¢;||? = 411 along with N — 1 rep-
etitions of 0, the eigenspaces being the span of ¢; and its orthogonal complement,
respectively. Meanwhile, if m =2, ..., M, Theorem 2.3 gives that

Pm (X)
li _ _pFmA
x—>)1LI,,111 . n(x m 1; n) Pt (x)

N Po—t:3p 1 @ml* <0, Vn=1,...,N,

implying by Lemma 2.2 that {Am,l;n}r]yzl C {)»,,,;,,}rllv:1 as claimed. Finally, (iv)

holds, since for any m =1, ..., M we have
N
> i = Te(Bu b)) = Tr(®]; i Z w1 = Z o'
n=l1 m'=1 m'=1

Having shown that these particular values of {{A,. ,,}n 1} _o can indeed be cho-
sen in Step A, we next show that our particular @ can be constructed accord-
ing to Step B. As the method of Step B is iterative, we use induction to prove
that it can yield @. Indeed, the only restriction that Step B places on ¢; is that
llo111?> = 1, something our particular ¢; satisfies by assumption. Now assume that
forany m =1,..., M — 1 we have already correctly produced {¢,}},_, by fol-
lowing the method of Step B; we show that we can produce the correct ¢;, 1 by
continuing to follow Step B. To be clear, each iteration of Step B does not pro-
duce a unique vector, but rather presents a family of ¢,,4+1’s to choose from, and we
show that our particular choice of ¢, lies in this family. Specifically, our choice of
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@m+1 must satisfy (2.13) for any choice of A € {A,,., W n=1} ; the fact that it indeed does
so follows immediately from Theorem 2.3. To summarize, we have shown that, by
making appropriate choices, we can indeed produce our particular @ by following
Steps A and B, concluding this direction of the proof.

(<) Now assume that a sequence of vectors @ = {<pm}m 1 has been produced
according to Steps A and B. To be precise, letting {{A,. ,,} 1} o be the sequence
of eigensteps chosen in Step A, we claim that any @ = {(pm}m:1 constructed ac-
cording to Step B has the property that the spectrum of the frame operator @, P
of @y = {em ) _; i {Am; ”}n [ forallm=1,..., M. Note that by Lemma 2.1,
proving this claim will yield our stated result that the spectrum of @ ®* is {A, }f:’:l
and that ||y || = wm for all m = 1,..., M. As the method of Step B is itera-
tive, we prove this claim by induction. Step B begins by taking any ¢; such that
11> = i1. As noted above in the proof of the other direction, the spectrum of
D1 P = ¢1¢f is the value 1 along with N — 1 repetitions of 0. As claimed, these
values match those of {A1. n} to see this, note that Deﬁnition 2.2(i) and (iii) give

n l’
{O}n | = {20 ,,}n | E{Ar ,,} _jandso Ay, =0foralln =2, ..., N, at which point
Definition 2.2(iv) implies A1,1 = 1.
Now assume that forany m =1, ..., M — 1, the Step B process has already pro-

duced @, = {@u'},,_, such that the spectrum of @, P, is {)»m;n}f:’:l. We show
that following Step B yields a ¢y, 1 such that @, 1 = {gom/}ﬁf;ll has the property
that {A,, 41 ,,}n | is the spectrum of @, 1. lcbm i1 To do this, consider the polynomi-
als p,,(x) and pp,4+1(x) defined by (2.12) and pick any ¢, that satisfies (2.13),
namely,

i Pm+1(x)
Hm (X = An) o2 = || Py @t 2 ¥n=1,...,N.  (2.17)

xﬁ)"m;n m( )

Letting {im+]; n} , denote the spectrum of @, 1P |, our goal is to show that

m+1°
{)»m+1;n},11V:1 = {)\.m+];n}n=1. Equivalently, our goal is to show that p,4+(x) =
DPm+1(x), where py,41(x) is the polynomial

N
ﬁn1+1(x) = l_[(x - )A\m+1;n)-

n=1

Since pp(x) and py4+1(x) are the characteristic polynomials of &,®;; and
P11, |, respectively, Theorem 2.3 gives

) DPm+1(x)
Hm (x = Apsn) o = | Py @1 1% Va=1,..,N.  (2.18)

xﬁ)‘m:n m( )
Comparing (2.17) and (2.18) gives

im (& — A 2 i — e P N,

X—=>Am:n Pm (X) X—=>Am:n Pm (x)

implying by Lemma 2.3 that py,41(x) = ppm+1(x), as desired. O
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2.4 Parametrizing Eigensteps

In light of Theorem 2.2, solving Problem 2.1 comes down to finding every valid
sequence of outer eigensteps {{Am;,,}fyz 1 }Z[:O, see Definition 2.2, for any given non-
negative nonincreasing sequences {)"1}2]:1 and {/,Lm}r[:le. In this section, we detail
the main results of [19], which give a systematic procedure for finding these eigen-

steps. We begin with an example from [5].

Example 2.2 We wish to parametrize all eigensteps for a particular case: UNTFs
consisting of 5 vectors in C3. Here, \ = Ay = A3 = % and 1 = Up = U3 = U4 =
ws = 1. In light of Step A of Theorem 2.2, we seek outer eigensteps consistent with
Definition 2.2; that is, we want to find all sequences {{A,,. n};31=1};=1 which satisfy
the interlacing conditions

5 3
{0}221 - {)\l;n}zzl - {)\Z;n}zzl c {)\3;n}Z:1 (- {)\4;n},3l:1 (- {g} ’ (2-19)

n=1

as well as the trace conditions

3 3 3 3
Dhm=1 Y Mw=2 Y dwm=3. D) k=4 (220)
n=1 n=1 n=1 n=1

Let us write these desired spectra in a table:

m 0 1 2 3 4 5
A3 0 ? ? ? 2
Amz 0 ? ? ? ? 2
Al 0 ? ? ? ? 2

In this table, the trace condition (2.20) means that the sum of the values in the
mth column is Y )" | u, = m, while the interlacing condition (2.19) means that
any value A, is at least the neighbor to the upper right A,4+1.,4+1 and no more
than its neighbor to the right A,y1.,. In particular, for m = 1, we have 0 =
)\0;2 < )»1;2 < )\.O;l =0and 0 = X0;3 < )\.1;3 < )\.0;2 = 0, implying )\.1;2 = )\.1;3 =0.
Similarly, for m = 4, interlacing requires that % =52 < A4 < A5y = % and
% =As5:3 < Ag0 < A5 = %, implying As4.1 = g2 = % Applying this same idea
again for m =2 and m =3 gives 2,3 =0 and A3;1 = % That is, we necessarily
have

m 0 1 3 4 5
Amz O 0 ? ? 2
Am:2 0 0 ? 3 2
dmt 0 ? ? 3 3 3

Moreover, the trace condition (2.20) at m =1 gives 1 = A1;1 + A2 + A3 =
A1:1+0+0, and so L. = 1. Similarly, at m =4 we have 4 = A4.1 + Ag.2 + Ag3 =
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% + % + A4:3, and sO Agq.3 = %

m 0 1 3 4 5
A3 0 0 z 2
Am:2 0 0 ? 2 3

5 5 5
A1 0 1 ? 2 2 3

The remaining entries are not fixed. In particular, we let A3.3 be some variable x
and note that by the trace condition, 3 = A3.1 + A3.20 + A3.3 =x + Az.2 + % and so
Az = % — x. Similarly, letting Ay.» =y gives Ap.;1 =2 — y:

m 0 1 2 3 4 5
Aom: 0 0 0 x 2 3
3 i 3 3 2.21)
Ami2 0 0 y 3—X 3 3
Ami O 1 2-y 3 2 2

We take care to note that x and y in (2.21) are not arbitrary, but instead must be
chosen so that the requisite interlacing relations are satisfied:

2 4 5
Danhh_i Ehanli_, &= x<-<--x<I,
373 3
3 3 4 5
Ganhioi Elhanhie) &= Osxsyss-x<2-y<i (22

Dl Than)l., & 0<y<l<2-y.

By plotting each of the 11 inequalities of (2.22) as a half-plane (Fig. 2.2(a)), we ob-
tain a convex pentagon (Fig. 2.2(b)) of all (x, y) such that (2.21) is a valid sequence
of eigensteps. This example highlights the key obstacle in using Theorem 2.2 to
solve Problem 2.1: finding all valid sequences of eigensteps (2.21) often requires
reducing a large system of linear inequalities (2.22). We now consider a result which
provides a method for finding all solutions to these systems.

Theorem 2.4 Let {)\, },]lV: 1 and {{tm }fn/lzl be nonnegative and nonincreasing where
M
m=1

ator @ d* has spectrum {)Ln},’l\/:1 and for which || ||*> = pm for all m if and only

if{)\n},11\121 U {0},1:/1:N+1 > {/Lm},ﬁ,:;l' Moreover, l‘f{)‘n}fl\]:] U {O}r]:/lzN—H = {Mm},jzl=1,
then every such @ can be constructed by the following process:

N < M. There exists a sequence of vectors ® = {¢,,} in CN whose frame oper-

Step A: Let {hprn )0y := D}V

n=1"
Form=M,...,2, construct {)\,,,_1;,1}111\’:l in terms of{)»m;n}flv:l as follows:
Foreachk=N,...,1,ifk >m —1, take Ajy_1.; :=0.
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U D B
X
@ (b)

Fig. 2.2 Pairs of parameters (x, y) that generate a valid sequence of eigensteps when substituted
into (2.21). To be precise, in order to satisfy the interlacing requirements of Definition 2.2, x and
y must be chosen so as to satisfy the 11 pairwise inequalities summarized in (2.22). Each of these
inequalities corresponds to a half-plane (a), and the set of pairs (x, y) that satisfy all of them is
given by their intersection (b). By Theorem 2.2, any corresponding sequence of eigensteps (2.21)
generates a 3 x 5 UNTF and, conversely, every 3 x 5 UNTF is generated in this way. As such, x
and y may be viewed as the two essential parameters in the set of all such frames

Otherwise, pick any Ay 1.k € [Am—1:k, Bm—1:k], where:

N N
Am—l;k = max )\m;k+lv Z)\m;n_ Z )\m—l;n_ﬂm ,
n=k n=k+1
m—1 k N
Bm—l;k ‘= min )\m;ksl_r{link Zﬂn_ Z )\m;n_ Z )\m—l;n
o n=I n=I+1 n=k+1

Here, by convention, Ay. n+1 := 0 and sums over empty sets of indices are zero.
Step B: Follow Step B of Theorem 2.2.

Conversely, any @ constructed by this process has {Ay, }2’:1 as the spectrum of @ *
and ||@m||* = m for all m, and moreover, ®,,, @ has spectrum {Am;n}fle.

It turns out that the method of Theorem 2.4 is more easily understood in terms
of an alternative but equivalent notion of eigensteps. To be clear, for any given se-
quence of outer eigensteps {{A: n}flV: 1}%20, recall from Theorem 2.2 that for any
m=1,..., M, the sequence {)»,,,;n},',v:1 is the spectrum of the N x N frame oper-
ator @, @, of the mth partial sequence @, = {@y'})/_, . In the following theory,
it is more convenient to instead work with the spectrum {A,, '}, _, of the cor-
responding m x m Gram matrix @, &,,; we use the same notation for both spectra
since { A} _, is a zero-padded version of {2, }fle or vice versa, depending on

whether m > N or m < N. We refer to the values {{Am;m/}z,zl}%zl as a sequence
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of inner eigensteps since they arise from matrices of inner products of the ¢,,’s,
whereas the outer eigensteps {{A,;.n} ,1:/:1 }nA;I:o arise from sums of outer products of
the ¢;,’s; see Theorem 2.5 below. The following definition makes this precise.

Definition 2.3 Let {},, },Ar:[:l and {{;, },A::l be nonnegative nonincreasing sequences.
A corresponding sequence of inner eigensteps is a sequence {{)‘m;m’}ﬁel}r[z[—l
which satisfies the following three properties:

@) Apom = Ay foreverym' =1,..., M,
(11) {)\m—l;m’}::i/_:l] c {)Vm;m’}:,nl/zl for every m = 21 e M,
(1) Doy A = Y omr—y M foreverym=1, ..., M.

To clarity, unlike the outer eigensteps of Definition 2.2, the interlacing relation
(ii) here involves two sequences of different length; we write {am/}z,_: 11 C Bl
if Bl <y < By forall m’ =1,...,m — 1. As the next example illustrates,
inner and outer eigensteps can be put into correspondence with each other.

Example 2.3 We revisit Example 2.2. Here, we pad {An}fl:l with two zeros so
as to match the length of {,um}fn:l. That is, Aj = Ay = A3 = %, A = A5 =0,
and py = pup2 = u3 = u4 = 5 = 1. We find every sequence of inner eigensteps
s Yy }31:1 , namely every table of the following form:

m 1 2 3 4 5
Am:5 0
Am:d ? 0
Ams ) ) s (2.23)
Am:2 ? ? ? 2
Am:1 ? ? ? ? 2

that satisfies the interlacing properties (ii) and trace conditions (iii) of Definition 2.3.
To be precise, (ii) gives us 0 = As.5s < A4.4 < As.4 =0 and so A4.4 = 0. Similarly,
% SA53 < A4 <Az S A4 S A5 = % and 50 A4:2 = A3;1 = Ag;1 = 3, yielding

m 1 2 3 4 5

A 0

A

)\:;‘ ) g g (2.24)
Am:2 ? ? 2 2

A1 ? ? 2 2 2
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Meanwhile, since p,,y = 1 for all m’, the trace conditions (iii) give that the values
in the mth column of (2.24) sum to m. Thus, A1.; =1 and A4.3 = %:

m 1 2 3 4 5
Am:s 0
Am:4 0 0
s O
A2 ? ? % %
At 1 ? 3 3 3
Labeling A3.3 as x and A2.» as y, (iii) uniquely determines 3.2 and Ao.1:
m 1 2 3 4 5
Am:5 0
i:: ) 2 g (2.25)
i SN EE T B
N

For our particular choice of {)\m}fn:1 and { um}fn:l , the preceding argument shows

that every corresponding sequence of inner eigensteps is of the form (2.25). Con-
versely, one may immediately verify that any {{)‘m;m’}zel};:l of this form satis-
fies (i) and (iii) of Definition 2.3 and moreover satisfies (ii) when m = 5. However,
in order to satisfy (ii) for m = 2, 3,4, x and y must be chosen to satisfy the ten
inequalities:

2 4 5
Daom Vo Ehamlh_, &= 0<x< 353 %<3
4 5
Do Y2 Clhaml_, &= x<y< ;-Xs2-ys3, (26
{}‘-l;m’},ln/zl = {)\Z;m/},zn’zl — y= 1<2- Y-

A quick inspection reveals the system (2.26) to be equivalent to the one derived
in the outer eigenstep formulation (2.22) presented in Example 2.2, which is re-
ducible to 0 < x < %, max{%,x} <y< min{% +x, % — x}. Moreover, we see that
the outer eigensteps (2.21) that arise from {A1, A2, A3}
eigensteps (2.25) that arise from {A1, A2, A3, Ag, A5} = { ,
padded versions of each other. The next result, proven in [1
result holds in general.

={3.3 5} and the inner
5
’%

)

,0, 0} are but zero-
], gives that such a

Theorem 2.5 Let {Am}%zl and {u,,,}ni‘;’:1 be nonnegative and nonincreasing, and
choose any N < M such that L, = 0 for every m > N. Then every choice of outer
eigensteps (Definition 2.2) corresponds to a unique choice of inner eigensteps (Def-
inition 2.3) and vice versa, the two being zero-padded versions of each other.
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Specifically, a sequence of outer eigensteps {{Am;n}’g’:l}%:o gives rise to a se-
quence of inner eigensteps {{Ap;m'}y_ 1}m |» where Ay =0 whenever m’ > N.
Conversely, a sequence of inner eigensteps {{km;m/}z,zl}%zl gives rise to a se-
quence of outer eigensteps {{A,. n}ﬁ:’ l}nnf o» Where dy.y := 0 whenever n > m.

Moreover, {Ay. n} _ | is the spectrum of the frame operator @, ®,, if and only if
{Amzm' Yy, 1s the spectrum of the Gram matrix @, Py,

2.4.1 Top Kill and the Existence of Eigensteps

As discussed earlier in this section, Theorem 2.2 reduces Problem 2.1 to a prob-
lem of constructing every possible sequence of outer eigensteps (Definition 2.2).
Moreover, by Theorem 2.5, every sequence of outer eigensteps corresponds to a
unique sequence of inner eigensteps (Definition 2.3). We now note that if a se-
quence of inner eigensteps {{Ay;m'}),_ I}M | Exists, then {)»m} _ hecessarily ma-
jorizes {Mm}%Zl. Indeed, letting m = M in the trace property (iii) of Definition 2.3
immediately gives one of the majorization conditions (2.4); to obtain the remaining
condition (2.3) at a given m = 1,..., M — 1, note that the interlacing property (ii)
gives Ay < Appipy = Ay forallm’ =1, ..., m, at which point (iii) implies that

m m
Z Z mim! = Z Am’
'=1 m'=1 m

'=1

In this section, we prove the converse result, namely that if {A,, }M = {m }% 10

then a corresponding sequence of inner eigensteps {{A;m}y, _ 1} 1 ex1sts The key
idea is an algorithm, dubbed Top Kill, for transforming any sequence {A.n}0,_;

that majorizes {tm'},y_, into a new, shorter sequence {A; m/}m,_ 11 that majorizes

{m’ } , 1 and also interlaces with {A;;;,,}};,_, - In the next section, these new proof
techmques lead to a result which shows how to systematically construct every valid
sequence of inner eigensteps for a given {Am}%zl and { ,um}%:l. We now motivate
Top Kill with an example.

Example 2.4 Let M =3, {A1, 22, A3} = {5, 3, 3}, and {u1, o, 3} = {1, 1, 1.
Since this spectrum majorizes these lengths, we claim that there exists a correspond-
ing sequence of inner eigensteps {{Au;m' ),/ _ }}3n=1 . That is, recalling Definition 2.3,
we claim that it is possible to find values {11} and {A2.1, A2 2} which satisfy the in-
terlacing requirements (ii) that {A1,1} C {A2;1, A2} E {ZT’ %, %} as well as the trace
requirements (iii) that A;.; = 1 and A.1 4+ A2.2 = 2. Indeed, every such sequence of
eigensteps is given by the following table:

m 1 2 3
A 1
3 2 (2.27)
)"m;2 X 7
Am:1 1 2—x 47_1



74 M. Fickus et al.

where x is required to satisfy

1

7
- < <2-x<-, x<l<2—x. (2.28)
2 4

W

X =

Clearly, any x € [%, %] will do. However, when M is large, the table analogous
to (2.27) will contain many more variables, leading to a system of inequalities which
is much larger and more complicated than (2.28). In such settings, it is not obvious
how to construct even a single valid sequence of eigensteps. As such, we consider
this same simple example from a different perspective, one that leads to an eigenstep
construction algorithm which is easily implementable regardless of the size of M.
The key idea is to view the task of constructing eigensteps as iteratively building
a staircase in which the mth level is A, units long. For this example in particular, our
goal is to build a three-step staircase where the bottom level has length T the sec-

ond level has length %, and the top level has length 1 the profile of such a staircase
is outlined in black in each of the six subfigures of Fig. 2.3. The benefit of visu-
alizing eigensteps in this way is that the interlacing and trace conditions become
intuitive staircase-building rules. Specifically, up until the mth step, we will have
built a staircase whose levels are of length {A,,_1. m/}z,_:]l. To build on top of this
staircase, we use m blocks of height 1 whose areas sum to u,,. Each of these m new
blocks is added to its corresponding level of the current staircase, and is required
to rest entirely on top of what has been previously built. This requirement corre-
sponds to the interlacing condition (ii) of Definition 2.3, while the trace condition
(iii) corresponds to the fact that the areas of these blocks sum to ;.

This intuition in mind, we now try to build such a staircase from the ground up.
In the first step (Fig. 2.3(a)), we are required to place a single block of area ] = 1
on the first level. The length of this first level is A1.; = p1. In the second step, we
build up and out from this initial block, placing two new blocks—one on the first
level and another on the second—whose total area is > = 1. The lengths 1.1 and
A2:2 of the new first and second levels depend on how these two blocks are chosen.
In particular, choosing first and second level blocks of area % and %, respectively, re-
sults in {A2.1, A2.2} = {47‘17 %} (Fig. 2.3(b)), which corresponds to a greedy pursuit of
the final desired spectrum {ZT* %, %}; we fully complete the first level before turning
our attention to the second. The problem with this greedy approach is that it doesn’t
always work, as this example illustrates. Indeed, in the third and final step, we build
up and out from the staircase of Fig. 2.3(b) by adding three new blocks—one each
for the first, second, and third levels—whose total area is u3 = 1. However, in order
to maintain interlacing, the new top block must rest entirely on the existing second
level, meaning that its length A3.3 < A2.0 = % cannot equal the desired value of %
That is, because of our poor choice in the second step, the “best” we can now do is
{A3;1, 232, A3a} = (7. 1, 3} (Fig. 2.3(0)):

m 1 2 3
Am:3 !
Am:2 : 1
Am;1 1 % ZT
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=2
1
11 3 5 3 7 11 3 5 3 7 11 3 5 3 7
02231323 032313323 02231323
A A A
(2) (b) (©
3 3 3
=2
1

Fig. 2.3 Two attempts at iteratively building a sequence of inner eigensteps for
{A.22,43) = (3.3, 4} and {11, po, 3} = {1,1,1}. As detailed in Example 2.4, the first
row represents a failed attempt in which we greedily complete the first level before focusing
on those above it. The failure arises from a lack of foresight: the second step does not build
a sufficient foundation for the third. The second row represents a second attempt, one that is
successful. There, we begin with the final desired staircase and work backward. That is, we chip
away at the three-level staircase (d) to produce a two-level one (e), and then chip away at it to
produce a one-level one (f). In each step, we remove as much as possible from the top level before
turning our attention to the lower levels, subject to the interlacing constraints. We refer to this
algorithm for iteratively producing {Am,l;m/}z,;ll from {Au;m )y, as Top Kill. Theorem 2.6
shows that Top Kill will always produce a valid sequence of eigensteps from any desired spectrum
{Am }%=1 that majorizes a given desired sequence of lengths {1, }%=1
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This greedy approach fails because it doesn’t plan ahead. Indeed, it treats the bottom
levels of the staircase as the priority when, in fact, the opposite is true: the top
levels are the priority, since they require the most foresight. In particular, for A3.3 to
achieve its desired value of % in the third step, one must lay a suitable foundation in
which A2.0 > % in the second step.

In light of this realization, we make another attempt at building our staircase.
This time we begin with the final desired spectrum {A3.1, A3.2, A3.3} = {%, %, %}
(Fig. 2.3(d)) and work backward. From this perspective, our task is now to remove
three blocks—the entirety of the top level, and portions of the first and second
levels—whose total area is u3 = 1. Here, the interlacing requirement translates to
only being permitted to remove portions of the staircase that were already exposed
to the surface at the end of the previous step. After lopping off the top level, which
has area Az.3 = %, we need to decide how to chip away p; —Az.3=1— % = % units
of area from the first and second levels, subject to this constraint. At this point, we
observe that, in the step that follows, our first task will be to remove the remaining
portion of the second level. As such, it is to our advantage to remove as much of
the second level as possible in the current step, and only then to turn our attention
to the lower levels. That is, we follow Thomas Jefferson’s adage, “Never put off
until tomorrow what you can do today.” We call this approach Top Kill, since it
“kills” off as much as possible from the top portions of the staircase. For this ex-
ample in particular, interlacing implies that we can at most remove a block of area
% from the second level, leaving % units of area to be removed from the first; the
resulting two-level staircase—the darker shade in Fig. 2.3(e)—has levels of lengths
{A2:1, A22} = {%, %}. In the second step, we then apply this same philosophy, re-
moving the entire second level and a block of area pip — A2.0 =1 — % = % from the
first, resulting in the one-level staircase (Fig. 2.3(f)) in which {A;.1} = 1. That is, by
working backward we have produced a valid sequence of eigensteps:

m 1 2 3
Am:3 :
Am:2 : 1
Ams1 1 % ZT

The preceding example illustrated a systematic “Top Kill” approach for building
eigensteps; we now express these ideas more rigorously. As can be seen in the bot-
tom row of Fig. 2.3, Top Kill generally picks A;;— 1. *= Ap:py+1 for the larger m’’s.
Top Kill also picks Ay —1:m/ := Apm for the smaller m”’s. The level that separates
the larger m’’s from the smaller m’’s is the lowest level from which a nontrivial area
is removed. For this level, say level k, we have Ay.k41 < i < Am:k. In the levels
above k, we have already removed a total of A,,.x41 units of area, leaving w,, —
Am:k+1 to be chipped away from Ak, yielding Ay —1:k := Ak — (Um — Apsk+1)-
The next result confirms that Top Kill always produces eigensteps whenever it is
possible to do so.
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Theorem 2.6  Suppose {Apm'Yyi_; = {tm'Yy_,> and define {A,,— 1,,,/} o 1 ac-
cordmg to Top Kill; that is, pick any k such that Am.k+1 < tbm < Am:k, andfor each
m' =1,...,m— 1, define:

RS- l<m' <k-1,
)\m—l;m/ = Am;k + )&m;k—y—l — Mm, m' = k, (2.29)
)\m;m’+], k‘i‘lfm/fm_l»

Then {)‘mfl;m’} I— 1 E {Am; m/}m/ 1 and {d,, I;m }m’ 1= {Hm/}m/ 1

Furthermore, given nonnegative nonincreasing sequences {A, ). =1 and {{m },Af:l
such that {)\m}m 1= {/,Lm}m 1> define Ayg,p = Ay for every m =1,...,.M, and
foreachm =M, ... 2, consecutively define {Any,_1.m’ } o ] accordmg to Top Kill.
Then {{Apyn Yo 1} _1 Is a valid sequence of inner eigensteps.

1 -1
Proof For notational simplicity, we denote {o,, }m = {)‘m—l;m’}x/zl and

B Y1 = s Yy - Since B}y = {um/}m,zl, we necessarily have that
Bm < m < 1 < B1, and so there exists k = 1,...,m — 1 such that B4 <
Um < Br. Though this k may not be unique when subsequent §,,/’s are equal, a
quick inspection reveals that any appropriate choice of k will yield the same «,,/’s,
and so Top Kill is well defined. To prove {c,, } _ P {Bm'}y_;» we need to show
that

Bo41 < oty < By (2.30)

foreverym’=1,...,m —1.If 1 <m’ <k — 1, then ;7 := B, and so the right-
hand inequality of (2.30) holds with equality, at which point the left-hand inequality
is immediate. Similarly, if k + 1 <m’ <m — 1, then &, := B,+1, and so (2.30)
holds with equality on the left-hand side. Lastly if m’ = k, then oy := Br + Br+1 —
Wm, and our assumption that Br4+1 < iy, < Br gives (2.30) in this case:

Bi+1 < Br + Br1 — m < Bk

Thus, {ozm} , 1 C {,Bm} 1_1» @s claimed. We next show that {otm/}z,_:ll >

b Y 1 If j <k —1, then since {B,/}",_ > {itp}i,_,,» We have

m'=1 —

as needed. On the other hand, if j > k, we have

j k—1 J j+l
Z Oy = Z B + Bk + Br+1 — ) + Z Bm'+1= Z Bm' — tm» (2.31)
m'=1 m'=1

m'=k+1 m'=1
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with the understanding that a sum over an empty set of indices is zero. We continue
(2.31) by using the facts that {8/}, _; > {tm'}y_; and jy1 > p:

Jj+1 j+1

Zam—Zﬂmf—um_Zum/—um_Zum (2.32)
m'=1

Note that when j = m, the inequalities in (2.32) become equalities, giving the final
trace condition.
For the final conclusion, note that one application of Top Kill transforms a se—

quence {A,. '}, _ that majorizes {7, into ashorter sequence {A; 1. }m _
that interlaces with {4,/ }7,_, and majorizes {4,/ }m /- As such, one may 1ndeed
start with Ay m/ = Ay and apply Top Kill M — 1 times to produce a sequence

s Yo ]}m | that immediately satisfies Definition 2.3. O

2.4.2 Parametrizing Inner Eigensteps

In the previous subsection, we discussed Top Kill, an algorithm designed to con-
struct a sequence of inner eigensteps from given nonnegative nonincreasing se-
quences {Am}M , and {um}m |- In this subsection, we use the intuition underly-
ing Top Kill to find a systematic method for producing all such eigensteps. To be
precise, treating the values {{A;n}) _ 1} ! as independent variables, it is not dif-
ficult to show that the set of all inner elgensteps for a given {A m} _, and {Hm}m 1
form a convex polytope in R¥M=D/2_Qur goal is to find a useful, implementable
parametrization of this polytope.

We begin by noting that this polytope is nonempty precisely when {A,, }nﬁf:l ma-
jorizes {um}n"le. Indeed, as noted at the beginning of the previous section, if such
a sequence of eigensteps exists, then we necessarily have that {)Lm}f‘,;’:1 > {N«m}%:y
Conversely, if {Am}m 1 = ,um}m |» then Theorem 2.6 states that Top Kill will pro-
duce a valid sequence of eigensteps from {Am} _, and {,um}m |- Note that this
implies that, for a given {km}fj:] and {p, }m:], if any given strategy for building
eigensteps is successful, then Top Kill will also succeed. In this sense, Top Kill
is an optimal strategy. However, Top Kill alone will not suffice to parametrize our
polytope, since for a given feasible {Am}M | and {,um}m |» it only produces a sin-
gle sequence of eigensteps when, in fact, there are in general infinitely many such
sequences. In the work that follows, we view these non-Top-Kill-produced eigen-
steps as the result of applying suboptimal generalizations of Top Kill to {)‘m}nﬂle

and {llvm}m 1

For example, if {A1, A2, A3, Aq, A5} = {3 3 2,O 0} and u,, =1 for all m =
1,..., 5, every sequence of inner eigensteps corresponds to a choice of the unknown
values in (2.23) which satisfies the interlacing and trace conditions (ii) and (iii) of
Definition 2.3. There are 10 unknowns in (2.23), and the set of all such eigensteps is
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a convex polytope in R'?. Although this dimension can be reduced by exploiting the
interlacing and trace conditions—the 10 unknowns in (2.23) can be reduced to the
two unknowns in (2.25)—this approach to constructing all eigensteps nevertheless
requires one to simplify large systems of coupled inequalities, such as (2.26).

We suggest a different method for parametrizing this polytope: to systematically
pick the values {{A. 0/}, }fnzl one at a time. Top Kill is one way to do this: work-
ing from the top levels down, we chip away w5 = 1 units of area from {As. m/}fn _
to successively produce A4.4 =0, As.3 = %, A = %, and Ag. = % We then repeat
this process to transform {)\4;m/}fn,:l into {A3;m/},3n,:1, and so on; the specific values
can be obtained by letting (x, y) = (0, %) in (2.25). We seek to generalize Top Kill
to find all ways of picking the 1,,.,,/’s one at a time. As in Top Kill, we work back-
ward: we first find all possibilities for A4.4, then the possibilities for A4.3 in terms
of our choice of A4.4, then the possibilities for A4.2 in terms of our choices of A4.4
and A4.3, and so on. That is, we iteratively parametrize our polytope in the following
order:

Agiq, A4z, A4, Aar, A3z, Az, A3, A2, Ao, Al

More generally, for any {Am}f’;’ , and {/Lm} _; such that {A,, } 1= {/Lm}%zl
we construct every possible sequence of eigensteps {{Au;m' ), }m= by finding all
possibilities for any given A, _i:x in terms of A, where either m” > m — 1 or
m” =m — 1 and m’ > k. Certainly, any permissible choice for A,,_i.; must sat-
isfy the interlacing criteria (ii) of Definition 2.3, and so we have bounds Ap.k4+1 <
Am—1:k < Am:k. Other necessary bounds arise from the majorization conditions
Indeed, in order to have both {Ay.n}y,_; = {w)y_; and {An—1m }”
{Mm’}ﬁ/;ll we need

m m—1 m m—1
Km = Z Mm' — Z Hm = Z Amzm’ — Z Am—1;m's (2.33)
m'=1 m'=1 m'=1 m'=1

and so we may view [, as the total change between the eigenstep spectra. Having
already selected Ayy—1.4—1, ..., Am—1:k+1, We’ve already imposed a certain amount
of change between the spectra, and so we are limited in how much we can change
the kth eigenvalue. Continuing (2.33), this fact can be expressed as

m—1

m—1
Mm = )\m;m + Z ()‘m;m’ - )\m—l;m’) = )"m;m + Z ()\m;m’ - )"m—l;m’)a (234)
'=1 m'=k

where the inequality follows from the fact that the summands A, m/ — Ap—1;m’ are

nonnegative if {A,,_1., }m _11 is to be chosen so that {A,,_1., }m, 1 E Pom g

Rearranging (2.34) then gives a second lower bound on A,,_;. to go along with our
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previously mentioned requirement that A, _1.x > Appk41:

m—1

m
Am— Lk = Z mm’ — Z )\m—l;m’_ﬂm- (2.35)

m'=k+1

We next apply the intuition behind Top Kill to obtain other upper bounds on
Am—1:k to go along with our previously mentioned requirement that A, _1.x < Ak
We caution that what follows is not a rigorous argument for the remaining upper
bound on A1k, but rather an informal derivation of this bound’s expression; the
legitimacy of this derivation is formally confirmed in the proof of Theorem 2 7.
Recall that, at this point in the narrative, we have already selected {Ay, 1.y } _k 41
and are attempting to find all possible choices A,,_;.; that will allow the remaining
values {A,,_ 1?’”/}27 :1 , to be chosen in such a way that:

Dot C oYy Dot ) 2 () (2.36)

To do this, we recall our staircase-building intuition from the previous section: if it
is possible to build a given staircase, then one way to do this is to assign maximal
priority to the highest levels, as these are the most difficult to build. As such, for
a given choice of A,,_1, if it is possible to choose {Am_l;m/}km;ll in such a way
that (2.36) holds, then it is reasonable to expect that one way of doing this is to pick
Am—1:k—1 by chipping away as much as possible from A,,.x—1, then pick A,,—1.x—2
by chipping away as much as possible from A,,.x—2, and so on. That is, we pick some
arbitrary value A,,_1.x, and to test its legitimacy, we apply the Top Kill algorithm to
construct the remaining undetermined values {A,;, 1.’ } we then check whether
or not {)\m—l;m’}m/zl [ {Mm’}m/=1-

To be precise, note that prior to applying Top Kill, the remaining spectrum is
{Am;m/}ﬁ;:l] , and that the total amount we will chip away from this spectrum is

/19

m—1
m — (Am;n + > Comemr — Am_l;m/)>. (2.37)
m'=k

To ensure that our choice of A,,—_1.x— satisfies Ay—1.k—1 > Ayk, We artificially
reintroduce A, to both (2.37) and the remaining spectrum {Am: m/}lel before ap-
plying Top Kill. That is, we apply Top Kill to {8,/ )7, _; := {Am; m/} V{03, ki1

Specifically in light of Theorem 2.6, in order to optimally subtract

m—1
M= Um — (Am;n + Z ()\m;m’ - Am—l;m’)) + Ak

m'=k

m—1
= Hm — Z Am;m' + Z Am—1im'
m'=k

m'=k+1
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units of area from {B,/},_,, we first pick j such that B;1; < < B;. We
then use (2.29) to produce a zero-padded version of the remaining new spectrum

otz L UOY _,

)”mm’ 1<m <]_l
= )"m]+)¥m]+]—/1«m+z ”—k—&-l)‘mm”_z "= k Am—1;m" s
m_]
)”m,m+19 j+1§m/§k—1.

)\mfl;m’

Picking [ such that j 41 </ < k, we now sum the above values of A,,_1., to obtain:

Z)‘m lm—Z)\m lm’+)\m 1]+ Z Am— 1;m’

m'=j+1
—Z)\mm’_ﬂm"' Z )"mm’_z)‘mlm (238)
m' =kt 1
Adding Y 0| i — D mv—1 Am:m = 0 to the right-hand side of (2.38) then yields:

m—1

-1 l
Z)‘m—l;m’zz)‘m;m Um + Z )“mm’_z)‘m 1m’+2ﬂm

m'=1 m'=1 m'=k+1 m'=1
m m—1
b= b= 3 b= S b @)
m'=1 m'=1 m'=l+1

Now, in order for {)\m—l;m’}z/;ll > {,um/}ﬁ,_:ll as desired, (2.39) must satisfy:

m—1

Zﬂm/<2)‘mlm—zlufm/_ Z)\mm/_z)‘mlm (2.40)

m'=1 m'=l+1

Solving for A,,,—1.x in (2.40) then gives:

m—1
Am— lk<ZPLm/_ Z )‘mm - Z )mel;m“ (2.41)

m'=[+1 m'=k+1

Note that, according to how we derived it, (2.41) is valid when j 4+ 1 <[ <k. As
established in the following theorem, this bound actually holds when / =1, ..., k.
Overall, the interlacing conditions, (2.35), and (2.41) are precisely the bounds that
we verify in the following result.

Theorem 2.7 Suppose Ay} _ 1 = Atk Yy - Then (A, — 1m} , 1> {,um} 1

and {&,,— 1; m/}m ! - {)Lm;m’}m/zl if and only lf)hm—l;k € [Am—l;kv Bm—l;k]for ev-
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eryk=1,...,m— 1, where:

m m—
Am—1:k ::max{)\m;k—Hs Z Amsm! — Z Am—1:m' _Mm}v (2.42)
m'=k m'=k+1
m—1
Bu—1:k ::min{ lﬂkv mln {Zﬂm’_ Z Amsm! — Z )‘m—l;m’}}~
'=[+1 m'=k+1
(2.43)

Here, we use the convention that sums over empty sets of indices are zero. More-
over, suppose that Ay —1:m—1, - - ., Am—1:k+1 are consecutively chosen to satisfy these
bounds. Then Ay 1.k < Bi—1:k, and so Ay, —1:k can also be chosen from such an in-
terval.

Proof For notational simplicity, we let {a )" _"| = {Am—1sm ¥y (B}, =
{Amm Yo _y> Ak = Ap—1:k, and By := Bm 1k

(:>) SUPPOSC {am} /_1 = {Mm} I— 1 and {am} I— 1 = {.Bm} '—=1* Fix any par-
ticular k =1,...,m — 1. Note that interlacing gives Bi+1 < ax < Bk, which ac-
counts for the first entries in (2.42) and (2.43). We first show that a; > Ay. Since

—1
{,Bm/}z:/zl = {Mm’} _; and {am/}m -1 = {Mm/}ﬁ/:p then

o = Z '—Zﬂm = Zﬁm/— Zam =B+ Z(ﬂmf—amf) (2.44)

m'=1 m'=1

Since {a,})_ 1 C {Bw ) _,» the summands in (2.44) are nonnegative, and so

m—1 m m—1
Mm = Bm + Z By — o) = Z B — Z O/ — O (2.45)

m'=k m'=k m'=k+1

Isolating o in (2.45) and combining with the fact that ax > > Bk+1 gives o > Ag.
We next show that oy < Bi. Fix [ =1, ..., k. Then {«,, } ,~ ] > Y™ _1] implies

-1 -1 m—1 m .
Do Ot =Dy My and Y Oty = Zm,:1 W', and so subtracting gives

Zﬂm’>zam—zam +Zam’>zam+2ﬁm+1» (2.46)

m'=l m'=k m'=k m'=l

where the second inequality follows from {ozm/}Z,;ll C {Buw},,_,- Since our choice
forl =1, ..., k was arbitrary, isolating o in (2.46) and combining with the fact that
o < Py gives ay < Bg.

(<) Now suppose Ay < oy < By forevery k =1,...,m — 1. Then the first en-
tries in (2.42) and (2.43) give Br4+1 < ax < Bk forevery k =1,...,m — 1, that is,
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1 . -1 1
{am Yo, E {Bw)0_, - It remains to be shown that {o,, )7, = {u ), . Since
ay < By foreveryk=1,...,m — 1, then

ak<ZMm/_ Z B — Z A/

m'=l+1 m'=k+1

I,....m—=1,1=1,... k.

(2.47)
Rearranging (2.47) in the case where [ = k gives

m—1

Z oy < Z s Vk=1, (2.48)

Moreover, a; > Aj implies oy > > 01| B — Zmilz Q' — Mm. Rearranging this
inequality and applying {8/}, _; > {im'}/_, then gives

Doaw =Y Bw—tm= ) b (2.49)

Combining (2.49) with (2.48) in the case where k = 1 gives

Z Uy = Z L (2.50)

m'=1

Subtracting (2.48) from (2.50) completes the proof that {c,, } -l = } ; 11
For the final claim, we first show that the claim holds for k m—1, namely that
Am—1 < B,,—1. Explicitly, we need to show that

max{Bu, Bn-1+ Bm — tm} Sminiﬂm—l’ /1 {Zﬂm’ - Z B }}

m'=l m'=I+1
(2.51)
Note that (2.51) is equivalent to the following inequalities holding simultaneously:

(1) ,Bm = ﬂm—ls
(11) ,Bmfl + ,Brﬁl_ Hm = ﬁm:ll’
(iii) Bm < Zﬁ’:l Mm’ — szzl_H B, Vl=1,...,m—1,
(V) Bt + B — tm < St = o B V=1, m = 1.
First, (i) follows immediately from the fact that {8,})’,_, is nonincreasing. Next,
rearranging (ii) gives B < fm, which follows from {B,/}7, _, > {m}),_,. For

(iii), the facts that {B,},,/_; > {tm'},_; and {uy}),_, is nonincreasing imply
that

m m m—1
Z ,Bm’f Z /’Lm’SZ/.Lm/, Vl=l,...,m—l,

m'=l+1 m'=l+1 m'=l
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which in turn implies (iii). Also for (iv), the facts that { ﬂm/}ﬁ,:l is nonincreasing
and {B, )7, > {tm Y, imply that

Bm-1+ Z ﬂm/<2ﬁm’<ZMrnv =1,....m—1,

m'=l+1 m'=l

which in turn implies (iv). We now proceed by induction. Assume o4 satisfies
Ag+1 < 41 < Bi41. Given this assumption, we need to show that Ay < By. Con-
sidering the definitions (2.42) and (2.43) of Ay and B, this is equivalent to the
following inequalities holding simultaneously:

() Br+1 < B,
(i) Zm k:Bm _Z —k+10‘m W < B,

k _
(i) Br+1 < Zmlzl Mm" — Z r=]+1 B — Z% =1k+1 oy, VI=1,...k,

. k -1
(iv) Zz/zk B — Zm’_k+1 Oy — U = Z _1 MHm’ _Zm’=[+1 B — Z$’=k+1 (07710
vi=1,...,k.

Again, the fact that {8,,/})", _, is nonincreasing implies (i). Next, ax+1 > A1 gives

m m—1
Og+1 = Z B — Z U’ — Mm,

m'=k+1 m'=k+2

which is a rearrangement of (ii). Similarly, ox41 < B4 gives

m—1 k+1
Olk+1§Z/Lm/— Z B — Z oy, Yl=1,....k+1,
m'=l m'=I+1 m'=k+2

which is a rearrangement of (iii). Note that we don’t use the fact that (iii) holds when
[ =k + 1. Finally, (iv) follows from the facts that {8,}}’,_, is nonincreasing and

{Bu ¥ _; = {tm}",_,, since they imply that

Bk + Z ,Bm’<2,3m’<Zle/ =1,...,k,

m'=l+1

which is a rearrangement of (iv). [l

We now note that, by starting with a sequence {AM;m/}ﬁ’Il,:l = {)\m’}%zl

that majorlzes a given {u,,}™_,, repeatedly applying Theorem 2.7 to construct

m=1>
{Am—1:m/ } _ 1 from {A,;;}),,_, Tesults in a sequence of inner eigensteps (Defi-
nition 2.3). Conversely, if {{A; '}, 1} _ is a valid sequence of inner eigensteps,
then for every m, (ii) gives {A;;. }m,:l C {Am: m/}Z': 1» While (ii) and (iii) together
imply that {A. 17— = {im'}),y_, 2la the discussion at the beginning of Sect. 2.3.
As such, any sequence of inner eigensteps can be constructed by repeatedly applying
Theorem 2.7. We now summarize these facts.
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Corollary 2.1 Let {A,, }m 1 and { um}m | be nonnegative, nonincreasing sequences

where {km}m R {/,Lm}m |- Then, every corresponding sequence of inner eigen-
steps {{mm Yy 1} _ can be constructed by the following algorithm: let Ay, =
Am forall m' =1,...,M; for any m = M, ...,2 construct {Am—1:m/ }m,:l from

{Amzm' Yy by picking Am—1:x € [Am—1:ks Bm—1:61 forallk =m —1,..., 1, where
Apm—_1.k and By, _1.; are (2.42) and (2.43), respectively. Moreover, any sequence
constructed by this algorithm is indeed a corresponding sequence of inner eigen-
steps.

We now redo Example 2.3 to illustrate that Corollary 2.1 indeed gives a more
systematic way of parametrizing the eigensteps.

Example 2.5 We wish to parametrize the eigensteps corresponding to the UNTFs
of 5 vectors in C3. In the end, we will get the same parametrization of eigensteps as
in Example 2.3:

m 1 2 3 4 5
Am:5 0
A
/\:: ) (%) (%) (2.52)
Ami2 y T-x 3 3
1 2-y 3 3 3

where 0 < x < %, max{%, x}<y< min{% +x, 4_ x}. In what follows, we rederive
the above table one column at a time, in order from right to left, and fill in each
column from top to bottom. First, the desired spectrum of the final Gram matrix
gives us that As.5s = As5.4 =0 and As.3 = As.0 = A5 = % Next, we wish to find all
{)‘4;m’}fn/=] such that {)‘4;n1’}fn/=] c {)\S;m’};/zl and {)V4;m’}fn/=] > {/'Lm’}fn/zy To
this end, taking m = 5 and k =4, Theorem 2.7 gives:

max{As.s, As.4 + As.5 — (s} < Aga

fmin{k5;4, _rmn {Z,um/— Z Asm/}}

""" =141

2 4
O=max{0,—1}§k4;4§min{0 33 ,2, 1} 0,

5

and so A4.4 = 0. For each k =3, 2, 1, the same approach gives A4,3 = % Ao =73,

and A4 = % For the next column, we take m = 4. Starting with k = 3, we have:
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max{Aq;4, Ag;3 + A4 — a4} < A3;3

§min{k4;3, _mm {Z,um/— Z )L4m}}
2
)

""" =141

1 (22 4
0=maxq0,—=} <A33<minj -, -, =, 1 =
3 ’ 3'3°3

Notice that the lower and upper bounds on 13.3 are not equal. Since A3.3 is our first
free variable, we parametrize it: A3.3 = x for some x € [0, %]. Next, k = 2 gives

4 2 4 o [5A 4
— —Xx=maxy-, - — 2 <min{ =, = — —xp==—
37" I 373 BT T3

and so Az.p = % — x. Similarly, 13,1 = % Next, we take m = 3 and k = 2:

2
- +x, 1}.

1 4
maxix, - ¢ < Xp.o <minj - — x,
3 ’ 3 3

Note that Aj.7 is a free variable; we parametrize it as .2 = y such that:

€ ! 2—{— ifxe|0 ! € 4 if x € I 2
—, = 1 P ) s 4 1 22 |
S NI Il R S R T I N
Finally, A =2 —yand A =1.

We conclude by giving a complete constructive solution to Problem 2.1, that is,
the problem of constructing every frame of a given spectrum and set of lengths.
Recall from the introduction that it suffices to prove Theorem 2.4.

Proof of Theorem 2.4: We first show that such a @ exists if and only if we have
Do} U0 = {wm}¥_,. In particular, if such a @ exists, then Theo-
rem 2.2 implies that there exists a sequence of outer eigensteps corresponding to
{)‘n}fz\;l and Wm}%:l? by Theorem 2.5, this implies that there exists a sequence of
inner eigensteps corresponding to {A,, }fx {O}M N4l and {u;, }m 1> by the dis-
cussion at the beginning of Sect. 2.4.1, we necessarily have {Am} Y {O}m NilZ
{/Lm}%zl. Conversely, if {Am}N U {O}m N4l = {/Lm}n"le, then Top Kill (Theo-
rem 2.6) constructs a corresponding sequence of inner eigensteps, and so Theo-
rem 2.5 implies that there exists a sequence of outer eigensteps corresponding to
{2}V, and {w,u}M_ |, at which point Theorem 2.2 implies that such a @ exists.
For the remaining conclusions, note that, in light of Theorem 2.2, it suffices
to show that every valid sequence of outer eigensteps (Definition 2.2) satisfies the
bounds of Step A of Theorem 2.4, and conversely, that every sequence constructed
by Step A is a valid sequence of outer eigensteps. Both of these facts follow from
the same two results. The first is Theorem 2.5, which establishes a correspondence
between every valid sequence of outer eigensteps for {)»,,},11\': , and {um}ff:l with
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a valid sequence of inner eigensteps for {A,, }fr\izl U {O}f‘;’:[w_1 and {u;, }2:1:1 and
vice versa, the two being zero-padded versions of each other. The second relevant
result is Corollary 2.1, which characterizes all such inner eigensteps in terms of the
bounds (2.42) and (2.43) of Theorem 2.7. In short, the algorithm of Step A is the
outer eigenstep version of the application of Corollary 2.1 to {A,, }Z:I ) {0}%: N41>
one may easily verify that all discrepancies between the statement of Theorem 2.4
and Corollary 2.1 are the result of the zero padding that occurs in the transition from

inner to outer eigensteps. O

2.5 Constructing Frame Elements from Eigensteps

As discussed in Sect. 2.3, Theorem 2.2 provides a two-step process for constructing
any and all sequences of vectors @ = {gom},’q‘f:] in CV whose frame operator pos-
sesses a given spectrum {1, }2’:1 and whose vectors have given lengths {u,, })’Z’zl .In
Step A, we choose a sequence of outer eigensteps {{A: n}fl\’: 1}f‘fzo; this process is
systematized in Theorem 2.4 of the previous section. In the end, the mth sequence
{)‘m:n}fl\[:l will become the spectrum of @,,®,,, where @, = {1/ _ -

Next, the purpose of Step B is to explicitly construct any and all sequences of

vectors whose partial-frame-operator spectra match the outer eigensteps chosen in
Step A. The problem with Step B of Theorem 2.2 is that it is not very explicit.
Indeed for every m =1, ..., M — 1, in order to construct ¢,,11, we must first com-
pute an orthonormal eigenbasis for @, @;. This problem is readily doable, since
the eigenvalues {A,. n}ﬁlvzl of @, ® are already known. It is nevertheless a tedious
and inelegant process to do by hand, requiring us to, for example, compute QR-
factorizations of Ay, ld — @, P;; foreachn =1,..., N. This section is devoted to
the following result, which is a version of Theorem 2.2 equipped with a more ex-
plicit Step B; though technical, this new and improved Step B is still simple enough
to be performed by hand. This material was first presented in [5].
Theorem 2.8 For any nonnegative nonincreasing sequences {,, }rjyz 1 and {jip }%zl ,
every sequence of vectors ® = {(pm}n/‘;":1 in CN whose frame operator ®D* has
spectrum {A, }r]:]: | and which satisfies ||@m 12 = wm for all m can be constructed by
the following algorithm:

Step A: Pick outer eigensteps as in Theorem 2.4.
Step B: Let U;y be any unitary matrix with columns {ul;,,};v:l. Let 91 = \/i1uy;1.

Foreachm=1,..., M — 1:

B.1 Let V,,, be an N x N block-diagonal unitary matrix whose blocks cor-
respond to the distinct values of {A. ,,},11\]:1 with the size of each block
being the multiplicity of the corresponding eigenvalue.

B.2 Identify those terms which are common to both {)Lm;n}fzv:l and

{Ams1: )N, . Specifically:
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o Let I, C{l,..., N} consist of those indices n such that Ay., <
hmn for all n' < n and such that the multiplicity of hy:n as a value
in {)Lm;n/}fl\f:l exceeds its multiplicity as a value in {)Lm+];n/}2{:1.

o Let 7, C{l,..., N} consist of those indices n such that Apy1;n <
hm+1:0 for all n’ < n and also such that the multiplicity of Ay, in
{)\,m+1;n/}’1:{:1 exceeds its multiplicity as a value in {)»m;n’},l,\{zl-

The sets Iy and _Z have equal cardinality, which we denote R,,.
Next:

o Letm g, be the unique permutation on {1, ..., N} that is increasing
on both ., and ¥ and such that w g (n) € {1,..., Ry} for all
n e Iy Let I1 g be the associated permutation matrix I1 g 6, =
87 gy (1)

e Letm g, be the unique permutation on {1, ..., N} that is increasing

on both 7, and 7 and such that 7 g, (n) €{1,..., Ry} for all
ne _Zy. LetIl I be the associated permutation matrix I1 I L

571]"1 (n)-

B.3 Let v, w,, be the R,, x 1 vectors whose entries are:

l_[n”ejm ()Lm;n - )\erl;n”)

Hn”efm ()\m;n - }"m;n”)
n'#n

1

l_[ "e. g, ()\m—H‘n’ _)‘m'n”) 2
w7 7 (0 :|: nEm i i ] vn' e .
M( /m( )) Hn”e/m()‘mﬂ;n’_)*m+1;n”) I

n”;én’

1
vm(y'rym(n))z[ :|2, Vn e %,,

B4 o1 =Uy Vmﬂ;m [v(’)” ], where the N x 1 vector [ U(’)" ] is vy, with N —
R, zeros.

B.5 Upi1 = UnVITy, [0 211 5, where W,y is the Ry x Ry matrix
with entries:

1

Wi (.4, (n), T (n)) = Amtlon’ — Amin

U (., () ) Wiy (”fm (n)).

Conversely, any @ constructed by this process has {A,, }2’21 as the spectrum of ® *
and ||om 1> = pm for all m. Moreover, for any ® constructed in this manner and any
m=1,..., M, the spectrum of the frame operator ®,, @ arising from the partial
sequence ®@,, = {gom/}z,:l is {)‘m;n}r/yzl , and the columns of U, form a correspond-
ing orthonormal eigenbasis for @, P}’

Before proving Theorem 2.8, we give an example of its implementation, with the
hope of conveying the simplicity of the underlying idea, and better explaining the
heavy notation used in the statement of the result.
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Example 2.6 Recall from Example 2.2 that the valid outer eigensteps (2.21) corre-
sponding to 3 x 5 UNTFs are given by

m 0 1 2 3 4 5
Am:3 0 0 0 x z 2
Am:2 0 0 y % —X % %
Ami 0 1 2—-y 3 2 2

where x € [0, %] and y € [max{%,x}, min{% + x, % — x}]. To complete Step A of
Theorem 2.8, we pick any valid (x, y). For example, for (x, y) = (0, %), (2.21) be-
comes

m 0 1 2 3 4 5
Ao 0 0 0 0 2 2
L s 33 e
Am2 0 0 3 3 3 3
bt 0 1 3 3 3 3

Note that this particular choice corresponds to Top Kill. We now perform Step B of
Theorem 2.8 for this particular choice of eigensteps. First, we must choose a unitary
matrix Uj. Considering the equation for Uy, 41 along with the fact that the columns
of Uy will form an eigenbasis for @ @*, we see that our choice for U} merely rotates
this eigenbasis, and hence the entire frame @, to our liking. We choose U = Id for
simplicity. Thus,

1
o1 =+/pu;1 =10
0

We now iterate, performing Steps B.1 through B.5 for m =1 to find ¢> and U,,
then performing Steps B.1 through B.5 for m = 2 to find ¢3 and Us, and so on.
Throughout this process, the only remaining choices to be made appear in Step B.1.
In particular, for m = 1 Step B.1 asks us to pick a block-diagonal unitary ma-
trix V| whose blocks are sized according to the multiplicities of the eigenvalues
{A1:1, A1.2, A1;3} = {1,0,0}. That is, V7 consists of a 1 x 1 unitary block—a uni-
modular scalar—and a 2 x 2 unitary block. There are an infinite number of such
V1’s, each leading to a distinct frame. For simplicity, we choose Vi = Id. Having
completed Step B.1 for m = 1, we turn to Step B.2, which requires us to consider
the columns of (2.53) that correspond to m = 1 and m = 2:

m 1 2
Am:3 0 0

" X (2.54)
Am:2 0 3
A1 1 3

In particular, we compute a set of indices .| C {1, 2, 3} that contains the indices
n of {A1.1,A1.2, 1.3} = {1, 0, 0} for which (i) the multiplicity of A;., as a value of
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{1, 0,0} exceeds its multiplicity as a value of {21, 22,2, A>3} = {3, 5,0} and (ii) n
corresponds to the first occurrence of Aj., as a value of {1, 0, 0}; by these criteria,
we find .#1 = {1, 2}. Similarly, n € _# if and only if » indicates the first occurrence
of a value A,., whose multiplicity as a value of {%, %, 0} exceeds its multiplicity as a
value of {1, 0,0}, and so #1 = {1, 2}. Equivalently, 41 and /1 can be obtained by
canceling common terms from (2.54), working top to bottom. An explicit algorithm
for doing so is given in Table 2.2.

Continuing with Step B.2 for m = 1, we now find the unique permutation 7 g, :
{1,2,3} — {1, 2, 3} that is increasing on both .#| = {1, 2} and its complement .#}" =
{3} and takes .#| to the first R = |.#]| = 2 elements of {1, 2, 3}. In this particular
instance, 7, happens to be the identity permutation, and so /1, = Id. Since 7| =
{1,2} = 71, we similarly have that 7 # and IT 4, are the identity permutation and
matrix, respectively. For the remaining steps, it is useful to isolate the terms in (2.54)
that correspond to .#1 and _#1:

B2=2x1;2=0, Y2 =MA2 =

)

(2.55)

W]l W W[ =

B1=Ar1=1, Y1 =2»Ay1 =

In particular, in Step B.3, we find the Ry x 1 =2 x 1 vector vy by computing quo-
tients of products of differences of the values in (2.55):

2 _BimyBimy __(-DU-3 4
9

1 =, 2.56
[or D] B1— B 1-0) (230
Br—y)Br—v) _ O0=DO-73 5

)] =- =——2—__ 3 = 2.57

@] (B2~ B1) 0-1 9 27
2 5

yielding vy = [ J ] Similarly, we compute w; = [ ¥ ] according to the following
3 NG

formulas:

n-B)n—p) _G-DG-0 _5

D)’ = 2 2.58

[1(D)] "1 —y2) G-D 6 (2.58)
-BDn—6) G-DEG-0 1

)] = — 33 37V 2, 2.59

(@] (y2—=v1) -3 6 (2.59)

Next, in Step B.4, we form our second frame element ¢, = U V; H;l Rk

2 2

1 0 0]J[1 o 01 0 O 3 3
=01 0|0 1 0||0 1 0O ? = g
00 1]/l0 o0 1]l0 0 1 0 0
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As justified in the proof of Theorem 2.8, the resulting partial sequence of vectors:

1 2

3

D=[e1 »]=]0 é
0 0

has a frame operator @, @3 whose spectrum is {1.1, A2;2, A2:3} = {%, %, 0}. More-
over, a corresponding orthonormal eigenbasis for @,@5 is computed in Step B.5;
here the first step is to compute the Ry x R; =2 x 2 matrix W; by computing a
pointwise product of a certain 2 x 2 matrix with the outer product of v; with wy:

M1 1 T O[3 _3 25 2
W, — i—=B1  v2—5H o vi(D) wi (1) _|2 2 o 36 3/6
: 1 1 v || wi2) 33 RN
Lvi—-B2 v2—52 5 36 3/6
V5 _ 1
_ 6 NG
Tl L A5
| V6 V6

Note that W1 is a real orthogonal matrix whose diagonal and subdiagonal entries are
strictly positive and whose superdiagonal entries are strictly negative; one can easily
verify that every W, has this form. More significantly, the proof of Theorem 2.8
guarantees that the columns of:

T [|Wi O
U2=U1V11'[jl |: 0 Idi| 17]1

_ V51

10 071 0 011 0 01| ~ % 100
=[0 1 0|0 1 O[O0 L O|| L 5 g||0 10
00 1||loo 1||loo 1||ve 6 00 1
L 0 0 1
[v5 _ L

NN

=Lﬁo

N3

0 0 1

form an orthonormal eigenbasis of ®;@3. This completes the m = 1 iteration of
Step B; we now repeat this process for m =2, 3,4. For m =2, in Step B.1 we ar-
bitrarily pick some 3 x 3 diagonal unitary matrix V,. Note that if we want a real
frame, there are only 23 = 8 such choices of V5. For simplicity, we choose V, = Id
in this example. Continuing, Step B.2 involves canceling the common terms in

m 2 3
A3 0 0
Ams2 % %
Am:1 % %
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to find % = _#> = {2}, and so

1'1]2:17‘/2:

o - O
S O =
- o O

In Step B.3, we find that vy = wy = [1]. Steps B.4 and B.5 then give that @3 =
[¢1 92 93] and U3 are:

1 2 L V51
A TR

S NS A

0 O 0 0 0 1

The columns of U3 form an orthonormal eigenbasis for the partial frame operator
@3 @5 with corresponding eigenvalues {13.1, A3;2, A3;3} = {%, ‘3—‘, 0}. For the m =3
iteration, we pick V3 = Id and cancel the common terms in

m 3 4
Am:3 0 z
Am:2 % %
Ams1 % %
to obtain .#3 = {2, 3} and _#3 = {1, 3}, implying:
010 1 00
g=10 0 11, Ty=10 0 1],
1 0 0 01 0
2
B2 =133 =0, Y2 =A43= 3

B1=A _2 =A _2
1= #2= 3 V1= 41=3-

In Step B.3, we then compute the R3 x 1 =2 x 1 vectors vz and w3 in a manner
analogous to (2.56), (2.57), (2.58) and (2.59):

X 3
U3 = g s w3=|:;j|.
NG 3

Note that in Step B.4, the role of permutation matrix H;} is that it maps the entries
of v3 onto the .#3 indices, meaning that v4 lies in the span of the corresponding
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eigenvectors {u3;, },c.z:

5 1 _ 1
%_fﬁoloo 001ﬁ
oa=|L 5 ollo 1 0|1 0 0]
V6 e 00 1|lo1 ofl|"
Lo o 1L 0
Y5 _1 o7l o -1
I e
NN Ve 7
_001__% %

In a similar fashion, the purpose of the permutation matrices in Step B.5 is to em-
bed the entries of the 2 x 2 matrix W3 into the .#3 = {2, 3} rows and _#3 = {1, 3}
columns of a 3 x 3 matrix:

(V5 1L o - V5 _ 1L
NG 1 0 070 0 17|V ~¥%& 1 00
U4=%§0010100%§0001
6 /6 6 /6
_001__001010001010
5 o _1 olfo 1 o0
V6 /6 7
=L B o|| % 0 -%
NN Ve pA
o o0 1f[F o ¥
L Jd L6 NG
[_v5 V50 1
6 Vo 6
—| 5 L _
=l 6 & T 6
Loﬁ
L V6 NG

For the last iteration m = 4, we again choose V4 = Id in Step B.1. For Step B.2,
note that since

m 4 5
Am:3 % %
Am:2 % %
A1 % %

we have .4 = {3} and ¢4 = {1}, implying:

Iy,

I
o = O
- O O
S O =
oS = O
- o O

1
o0, H/4=
0
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Working through Steps B.3, B.4, and B.5 yields the UNTF:

;2 L _1 1 1 _5 5
3 J6 6 6 6 6 /6
p=ds=|0 ¥ P B LI y=| B s €
IVARVE] NA 1
00 0 % % o % 0
(2.60)

We emphasize that the UNTF @ given in (2.60) was based on the particular choice
of eigensteps given in (2.53), which arose by choosing (x, y) = (0, %) in (2.21).
Choosing other pairs (x, y) from the parameter set depicted in Fig. 2.2(b) yields
other UNTFs. Indeed, since the eigensteps of a given @ are equal to those of U®
for any unitary operator U, we have that each distinct (x, y) yields a UNTF which is
not unitarily equivalent to any of the others. For example, by following the algorithm
of Theorem 2.8 and choosing U; = Id and V,, = Id in each iteration, we obtain the
following four additional UNTFs, each corresponding to a distinct corner point of
the parameter set:

1 0

2 1
5 -3 —3 O
o=|0 L 0 L £ for(x,y)z(g,g),
0 L L
L V3 V3
-1 L 1 1 _ 1
303 3 7 -
S8 1 _ 1 2 _
b = O 3 3«/5 3«/5 ﬁ for(x,y)—(§,§>,
0 0 ¥ B
L V6 V6
r 1
e |
D = O 1 3 -3 -3 for(-x»y):<§11)9
V5005 V5
00 5 5 %5
-1 L1 1
3 /33 3 5
N I, S S I _
d=10 3 7 33 33 for(x,y)—(O,g)
00 o0 ¥ ¥
L NG NG

Notice that, of the four UNTFs above, the second and fourth are actually the same
up to a permutation of the frame elements. This is an artifact of our method of
construction, namely, that our choices for eigensteps, U1, and {Vm}n/‘f;l1 determine
the sequence of frame elements. As such, we can recover all permutations of a given
frame by modifying these choices.

We emphasize that these four UNTFs along with that of (2.60) are but five ex-
amples from the continuum of all such frames. Indeed, keeping x and y as variables
in (2.21) and applying the algorithm of Theorem 2.8—again choosing U; = Id
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and V,;, = Id in each iteration for simplicity—yields the frame elements given in
Table 2.1. Here, we restrict (x, y) so as to not lie on the boundary of the parameter
set of Fig. 2.2(b). This restriction simplifies the analysis, as it prevents all unnec-
essary repetitions of values in neighboring columns in (2.21). Table 2.1 gives an
explicit parametrization for a two-dimensional manifold that lies within the set of
all UNTFs consisting of five elements in three-dimensional space. By Theorem 2.8,
this can be generalized so as to yield all such frames, provided we both (i) further
consider (x, y) that lie on each of the five line segments that constitute the boundary
of the parameter set and (ii) throughout generalize V;, to an arbitrary block-diagonal
unitary matrix, where the sizes of the blocks are chosen in accordance with Step B.1.

Having discussed the utility of Theorem 2.8, we turn to its proof.

Proof of Theorem 2.8 (<) Let {A,}_ and {w,}Y_, be arbitrary nonnega-
tive nonincreasing sequences and take an arbitrary sequence of outer eigensteps
{{m: n},11v=1},71‘:1=0 in accordance with Definition 2.2. Note that here we do not as-
sume that such a sequence of eigensteps actually exists for this particular choice of
{)‘"};11\;1 and {,um}r/,‘:’=1 ; if one does not, then this direction of the result is vacuously
true.

We claim thatany @ = {¢,,} Z’:l constructed according to Step B has the property
that for all m = 1,..., M, the spectrum of the frame operator @, P, of @, =
{om Yo _y 18 {Amin) flV:l , and that the columns of U,, form an orthonormal eigenbasis
for @, @ . Note that, by Lemma 2.1, proving this claim will yield our stated result
that the spectrum of @@* is {)L,,}flvzl and that ||, ||? = pm forallm=1,..., M.
Since Step B is an iterative algorithm, we prove this claim by induction on m. To be
precise, Step B begins by letting Uy = {ul;n}ff:l and ¢ = ,/u1uy;1. The columns
of U} form an orthonormal eigenbasis for @1 @ since U is unitary by assumption
and

piugy n=1,
D1 D Uty = (U0, 1)P1 = W1 (U1, UL 1)UL = {0 nl,
for all n =1,..., N. As such, the spectrum of CD1¢>T consists of ; and N — 1
N

repetitions of 0. To see that this spectrum matches the values of {A;,},"_,, note that,
by Definition 2.2, we know {A l;n},l,v=1 interlaces on the trivial sequence {)»o;n}f:/:] =
{0}’]1\’:1 in the sense of (2.10), implying Aj., = O for all n > 2; this in hand, this
definition also gives that A1,; = Z:,V:l A1:n = p1. Thus, our claim indeed holds for
m=1.

We now proceed by induction, assuming that for any given m =1,..., M — 1
the process of Step B has produced @,, = {g,/}),_, such that the spectrum of
@, D% is {Am:n})_, and that the columns of U, form an orthonormal eigenba-
sis for &, @ . In particular, we have @, ®," Uy, = Uy, D, where D, is the diago-
nal matrix whose diagonal entries are {A,,. n}szl. Defining Dy, analogously from
{)»m+1;n},]:/:1, we show that constructing ¢,,+1 and U4+ according to Step B im-
plies @419, 1 Un+1 = Up+1Dm+1 Where Uy, is unitary; doing so proves our
claim.
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Table 2.2 An explicit algorithm for computing the index sets ., and _#,, in Step B.2 of Theo-
rem 2.8

o #M.=(1,...,N}

02 #Vi={,...,N}

03 forn=N,...,1

04 iF donin € et} i

05 A ey AR

06 f,,(lnfl) = ,,,(1") \ {n'} where n’ = max {n” € j,f,") SAmlin” = Amin}
07 else

08 ga=h . g

09 -1) ) )

10 end if

11 end for

2 =00
13 fui=s

To do so, pick any unitary matrix V,,, according to Step B.1. To be precise, let K,
denote the number of distinct values in {)»m;n}flvzl, and forany k=1,..., K, let
L., denote the multiplicity of the kth value. We write the index n as an increasing
function of k and /; that is, we write {)‘m;n}r[l\;l as {)‘m;n(k,l)}/fgl ZLJII‘ where n(k,l) <
nk',l'"y itk <k’ orif k=4k" andl <1I'. We let V,,, be an N x N block-diagonal
unitary matrix consisting of K diagonal blocks, where forany k =1, ..., K, the kth
block is an L.k X L, unitary matrix. In the extreme case where all the values of
{)Lm;,,}fl\]:l are distinct, we have that V,, is a diagonal unitary matrix, meaning it is
a diagonal matrix whose diagonal entries are unimodular. Even in this case, there is
some freedom in how to choose V,,; this is the only freedom that the Step B process
provides when determining ¢,,+1. In any case, the crucial fact about V,, is that its
blocks match those corresponding to distinct multiples of the identity that appear
along the diagonal of D,,, implying D, V,, = V,,, D,

Having chosen V,,,, we proceed to Step B.2. Here, we produce subsets .7,
and Z, of {1,..., N} that are the remnants of the indices of {)\m;n}flv:l and
{ka;n}f:’:l, respectively, obtained by canceling the values that are common to
both sequences, working backward from index N to index 1. An explicit algorithm
for doing so is given in Table 2.2. Note that, for each n = N, ..., 1 (Line 03), we

either remove a single element from both fn({') and /,7(1") (Lines 04-06) or remove

nothing from both (Lines 07-09), meaning that .%,, := ﬂﬂ(ll) and _Z,, == ,,(11) have
the same cardinality, which we denote R,,. Moreover, since {A,,+ 1;,1},1:’:1 interlaces
on {Am;n}fl\’:l, then for any real scalar A whose multiplicity as a value of {)Lm;,,},]:lzl
is L, we have that its multiplicity as a value of {)»m+1;n},11\’:1 is either L — 1, L or
L + 1. When these two multiplicities are equal, this algorithm completely removes
the corresponding indices from both .#, and _¢#,. On the other hand, if the new
multiplicity is L — 1 or L 4 1, then the least such index in .%,, or _Z,, is left behind,
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respectively, leading to the definitions of .7, or _#,, given in Step B.2. Having these
sets, it is trivial to find the corresponding permutations 7 4, and 7w g, on{l,..., N}
and to construct the associated projection matrices I1,4, and IT 7, .

We now proceed to Step B.3. For notational simplicity, let {8}, ’"1 and {y,
denote the values of {An:nlie.s, and {Amtiintne 7, respectlvely That is, let
Br g, (n) = Am:n for all n € S, and Y g ) = Am+1;n for all n € _7Z,,. Note that
due to the way in which .#, and _¢,, were defined, we have that the values of
{,Br}fi’1 and {y,}f’:”1 are all distinct, both within each sequence and across the two
sequences. Moreover, since {A;;u }ne.z, and {Ayy1;n}ne F are nonincreasing while
m.g, and g are increasing on Jm and _#Z,, respectively, then the values { ﬂ,}fﬁl
and {y,} ’”1 are strictly decreasing. We further claim that {y,}," ’” interlaces on
{ ﬂ,} 1 To see this, consider the four polynomials:

N N
Dm(x) = l_[(x - )\m;n)v DPm+1(x) = l_[(x - )\m—i-l;n)s

n=1 n=1

R R (2.61)
o) =[Jx-8).  c)=]Jex—m).
r=1 r=1

Since {8}, ’”1 and {y,}r 2, were obtained by canceling the common terms from
{Am; n} -1 and {A;;41; n}n 1> We have that p;,11(x)/ pm(x) = c(x)/b(x) for all x ¢
{)‘m,n}n=1 Writing any r = 1,..., Ry, as r = m 4, (n) for some n € .%,, we have
that since {A,;. ”}n 1 E A+ ”}n 1» applying the “only if” direction of Lemma 2.2
with “p(x)” and “gq(x)” being p,, (x) and p,,+1(x) gives

c(x) . Pm+1(x)

lim (x — B)—= = lim (x — Ap.p) ——"

<0. (2.62)
x— B b(.x) X—=Am;n ’ m( )

Since (2.62) holds for all r =1, ..., R, applying the “if”’ direction of Lemma 2.2

with “p(x)” and “g(x)” being b(x) and c(x) gives that {)/,}f’z”1 interlaces on

(Br1

Taken together the facts that {8}, ”11 and {y;}, ’”1 are distinct, strictly decreas-
ing, and interlacing sequences implies that the R,, x 1 vectors v, and w,, are well
defined. To be precise, Step B.3 may be rewritten as finding vy, (), wy, (') > 0 for
allr,7’ =1..., R, such that:

R R —_ "
1_[ 1 — 1(,8r Vr ) [wm(r,)]Z _ Hru=1(yr ,Br )

Hr”:l (ﬂr ﬂr”) ’ 1_[5//:1 ()/r/ —_ )/r//) ’
r”;ér r”;ér’

[om ()]’ = - (2.63)

Note that the fact that the 8,’s and y;-’s are distinct implies that the denominators in
(2.63) are nonzero, and moreover that the quotients themselves are nonzero. In fact,

since {ﬁ,}R is strictly decreasing, then for any fixed r, the values {8, — B},
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can be decomposed into r — 1 negative values { ,3 /3,//}’711 and R, — r positive

values {8, — B} ,5’Lr +1- Moreover, since {,Br} | E {y, |, then for any such r,

the values {8, — )’r”}f//:] can be broken into r negatlve values {8, — y,»},_, and
R,, — r positive values {8, — y,//}ﬁf"zr 1 With the inclusion of an additional neg-

ative sign, we see that the quantity defining [v,, (r)]* in (2.63) is indeed positive.
Meanwhile, the quantity defining [w,, (¥)1? has exactly r’ — 1 negative values in
both the numerator and denominator, namely {y,» — B,~} :,_1 and {y," — y,//}
respectively.

Having shown that the v,, and w,, of Step B.3 are well defined, we now take
Om+1 and U4 as defined in Steps B.4 and B.5. Recall that what remains to
be shown in this direction of the proof is that Uy, is a unitary matrix and that
Dyt = {(pm} ik 1 satisfies ‘pm+1§bm+1Um+l = Up+1Dm+1. To do so, consider
the definition of U1 and recall that Uy, is unitary by the inductive hypothesis,
Vin is unitary by construction, and that the permutation matrices I1 4, and I1 4,
are orthogonal, that is, unitary and real. As such, to show that U, is unitary, it
suffices to show that the R,, x R, real matrix W, is orthogonal. To do this, recall
that eigenvectors corresponding to distinct eigenvalues of self-adjoint operators are
necessarily orthogonal. As such, to show that W, is orthogonal, it suffices to show
that the columns of W,, are eigenvectors of a real symmetric operator. To this end,
we claim:

r//_l,

(Du:.5, + vmVy) Win = Wi Dy i1: g, WIW,(r,r)=1, Vr=1,...,Rp,
(2.64)
where D, 4, and Dy, 11, g, arethe Ry, x Ry, diagonal matrices whose rth diagonal
entries are given by §, = Ao 75w and y, = A respectively. To prove

(2.64), note that for any r,r’ =1,..., Ry,

mtlin g (1)

(D, + om0 ) Won ] (1 7') = Do, Wo) (1) (0 W) (7 )
Ry

=BW (r )+ v, () Z vm ” m(r”,r’).
// 1
(2.65)

Rewriting the definition of W,,, from Step B.5 in terms of {/3,} | and {)/r}, | gives

Wi (r,7') = % (2.66)

Substituting (2.66) into (2.65) gives
(D7, + vmvy) Wan] (.7

= p 7%)5:)%? L)Y () —vm)(,r )_wﬂ"i -
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R,
, Br [ (F1?
=y m + — . 2.67

o (r ) <Vr/ =B r/,XZ:] Ve — B ) ( )

Simplifying (2.67) requires a polynomial identity. To be precise, note that the dif-
ference ]_[57":1(x — Ypr) — ]_[ vy (x — Byr) of two monic polynomials is itself a
polynomial of degree at most R,,, — 1, and as such it can be written as the Lagrange
interpolating polynomial determined by the R, distinct points {8, }.” ’” :

]"[ =) = H x = Bpr) = Z (HW = ) [ (; ,,__‘3;))

r’"=1 \r=1 ”
r;ér

))l m (ﬂ ” y Hl

M2y =) [Ta-8). @68
= 11_[ ” (ﬂr” IBr r=1

r;ér” r#r’”

Recalling the expression for [v,, "]? given in (2.63), (2.68) can be rewritten as

Ry, Ry, Ry Ry
[Tea—8-TTa=v=>lm)] [T 80 (2.69)
r'"=1 r’=1 r''= r=1

r#£r”

Dividing both sides of (2.69) by ]_[f,f”:l (x — By») gives

R
1—[ (x r”) m [vm (r//)]Z R
- Z ——ay v - 270
r'=1 & =F) r=1 (x =B x ¢ iB2) ( )

Forany r’ =1,..., Ry, letting x = y,» in (2.70) makes the left-hand product vanish,
yielding the identity

R 11\12
| = ZM Vr'=1.....Ry. 2.71)
= (v — By)
Substituting (2.71) into (2.67) and then recalling (2.66) gives

[(Dm§<]'1n + Um Ug"l) Wm] (I", r/)

’ Br )
= Um m — 41
o (r) (Vr’_ﬁr
o un)
R Ve — Br

As (2.72)holds for all r, 7' =1, ..., R,, we have the first half of our claim (2.64). In
particular, we know that the columns of W,, are eigenvectors of the real symmetric

:yr/Wm(r, r/)z(WmDm_,_l;/m)(r, I'/). (272)
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operator D,,. & + vy v;, which correspond to the distinct eigenvalues {yr}f’:"l. As
such, the columns of W), are orthogonal. To show that W,, is an orthogonal matrix,
we must further show that the columns of W,, have unit norm, namely the second
half of (2.64). To prove this, at any x ¢ {,Br}f’:”1 we differentiate both sides of (2.70)

with respect to x to obtain

R, R, R
- . ()C - Vr) Y — 13}’” m [vm (r//)]2 ®
- o ¥ I P 2.73
r;=:1|:r1:[1 (x_ﬂ”):|(x_13r”)2 rg (x_,Br”)z x ¢ 4B }r—l ( )

r#r’”

For any ' = 1,..., Ry, letting x = y,» in (2.73) makes the left-hand summands
where r” # r’ vanish; by (2.63), the remaining summand where r” = r’ can be
written as

R

r= W = vr) '

1 _ ]_[r?érl’ 4 4 _ lR—[ Ve — vr) Ve — By

[win (r/)]2 H;{Zﬂl (v — Br) il W = Br) | (v — ﬂr’)2
r#r

R
S [om ()P
=y . (2.74)
P=1 (yr’ - /3}’”)2

We now use this identity to show that the columns of W, have unit norm; for any
r'=1,..., Ry, (2.66) and (2.74) give:

R R

(W W) (1) = D0 (W) = 37 (M)Z

=1 =1 V' — Bpr

= [on )] 3 2 — )P

rr=1 (ver = Br)? Wi (r")]?

Having shown that W, is orthogonal, we have that U, is unitary. For this di-
rection of the proof, all that remains to be shown is that @m+1<D:;l +1Um+ 1 =
Un+1Dp+1. To do this, write @y 1Py, | = @@,y + Pm+1¢,, . and recall the
definition of U, +1:

Wn 0
¢m+1¢;+lUm+1 = ((Dmd);; +‘pm+l§0;:,+1)Um VmH_T]m [ Om Id:| H/m
T [Wa O
=q>,,,<p;;Ume17ﬂm[ 0’” Id] g,
T [Wu O
+ G101 U Vi IT y[ I Id}n e @T5)

To simplify the first term in (2.75), recall that the inductive hypothesis gives us
that @, @5 U,, = Uy, D, and that V,, was constructed to satisfy D,, Vi, = Vi, Dy,
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implying:

W, O
@,,,(D,lemeH;,m[ " Id] 4,

Wy O
Wy O
=UpVully (Mg, Dmn;m)[ i Id} My, (2.76)

To continue simplifying (2.76), note that 1T 4, D, H} is itself a diagonal matrix:
forany n,n’ =1,..., N, the definition of ITz givenin Step B.2 gives

n=n',

)
n#n'.

(M4, DTy Y(n.1") = (D -1

o () Ot ()

> — )\m;n}lm (n)’
O’

Thatis, IT 7, D), H; is the diagonal matrix whose first R, diagonal entries, namely

{,Br}fgl = {)Lm,n; (r)}f;l], match those of the aforementioned R,, X R, diagonal

matrix Dy,. » and whose remaining N — R, diagonal entries
N . .
{km;n;m (n)}anm+1 form the diagonal of an (N — R,) x (N — R,,) diagonal

matrix Dy, g

D,,. s 0
nmemanm=[ md’m Iy ] (2.77)
m; J¢

m

Substituting (2.77) into (2.76) gives:

T | W, 0
cbmcp,’;UmeHﬂm[ " Idi| my,
D,,. 0 W, 0
_ T m; I m
D,. s W, 0
_ T m; Iy Wm

Meanwhile, to simplify the second term in (2.75), we recall the definition of ¢,
from Step B.4:

Wn O
<Pm+1<ﬂ,t,+1Umen;m|: Om ]d:| nfm

Wy 0
:UmeH}m[vg}[v;l o][ o Id]nfm

T
= Up V", |:Umv,6, Wi 8} mg,. (2.79)
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Substituting (2.78) and (2.79) into (2.75), simplifying the result, and recalling (2.64)
gives

T (D I +tv UT)W 0
d)m+1(p1>:z+lUm+1 =Un anfﬂm |: : 0 e Dm;/ncy n{jm
W Dpys1: 7 0
. T m m+1,/m
_Umvmnjm[ o Dm;j’%]ﬂfm.

By introducing an extra permutation matrix and its inverse and recalling the defini-
tion of U, 41, this simplifies to

Pn1 Py Ut
= T [Wn O T | Dmt1: g, 0
= UmeHJm |: 0 1d H,f;,,nfm 0 S Dm;yrz H,fm
D ) 0
_ T m+1; 7
= m+1H//m|: 0 Dm,%;}nfm (280)

We now partition the {4, n}flvzl of Dy,41 into _Z,, and _Z,° and mimic the deriva-
tion of (2.77), writing D,,,+1 in terms of D . ¢ and D . g#c. Note here that b
the manner in Whichgfm ;nd Im were crgr—:slt!r{gted, themvziil{;.mof Mmintness arz
equal to those of {A,11;1} g¢, as the two sets represent exactly those values which
are common to both {Am;n}fl\’:l and {)Lm+1;,,}f1\': |- As these two sequences are also
both in nonincreasing order, we have Dy, ¢ = Dy, 41, gc and so

D . g 0 D, i1 ¢ 0
T _ m+1; I _ m+1; I
H/mDm+1n/¢m = |: 0 Dm+1;fr2i| = [ 0 Dm;],g i| . (2.81)

Substituting (2.81) into (2.80) yields ¢m+1(p:;l+l Un+1 = Up+1Dy+1, completing
this direction of the proof.

(=) Let {)»n}’iv:l and {y.m}f‘,:’:1 be any nonnegative nonincreasing sequences,
and let @ = {¢,, }nj‘;’:] be any sequence of vectors whose frame operator @ @* has
{)»,,}rll\':1 as its spectrum and has ||@, ||> = um forallm =1,..., M. We will show
that this @ can be constructed by following Step A and Step B of this result. To see
this, forany m = 1,..., M, let @, = {¢,'}),_, and let {)\m;n}fl\/:1 be the spectrum
of the corresponding frame operator @, @ . Letting A.,, := 0 for all n, the proof of
Theorem 2.2 demonstrated that the sequence of spectra {{A,.,} flV:l },A,;[:() necessarily
forms a sequence of outer eigensteps as specified by Definition 2.2. This particular
set of eigensteps is the one we choose in Step A.

All that remains to be shown is that we can produce our specific @ by using
Step B. Here, we must carefully exploit our freedom to pick U; and the V,,’s; the
proper choice of these unitary matrices will result in @, while other choices will
produce other sequences of vectors that are only related to @ through a potentially
complicated series of rotations. Indeed, note that since {{km;n}ﬁzl}%zo is a valid
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sequence of eigensteps, then the other direction of this proof, as given earlier, im-
plies that any choice of U; and Vj,’s will result in a sequence of vectors whose
eigensteps match those of @. Moreover, quantities that we considered in the other
direction of the proof that only depended on the choice of eigensteps, such as .7,

Fms {,3, o {yr 2, etc., are thus also well defined in this direction; in the fol-
lowing arguments, we recall several such quantities and make further use of their
previously derived properties.

To be precise, let U; be any one of the infinite number of unitary matrices whose
first column ui;1 satisfies ¢ = \/“_1 u1.1. We now proceed by induction, assuming
that for any givenm =1, . — 1, we have followed Step B and have made appro-
priate choices for {V,, } 1 so as to correctly produce @, = {@n}),_,; we show

how the appropriate ch01ce of V,, will correctly produce ¢,,11. To do so, we again

write the mth spectrum {A,,. 2N 41— in terms of its multiplicities as {Am;n (k.1 } 2 ’” ”’ k

Forany k=1, ..., K;;, Step B of Theorem 2.2 gives that the norm of the prOJection
of ¢p,+1 onto the kth eigenspace of @, P, is necessarily given by

X

” Pm;)»ni;n(k.l)(pm+1 ”2 = _xﬁ)ltirﬁ(k,l)(x - )Lm;n(k,l))p;::ié))a (2.82)
where p,(x) and p,+1(x) are defined by (2.61). Note that by picking =1,
Am:n(k,1) Tepresents the first appearance of that particular value in {Am;n}n |- As
such, these indices are the only ones that are eligible to be members of the set .7,
found in Step B.2. That is, ., C {n(k,1):k=1,..., K;;}. However, these two
sets of indices are not necessarily equal, since .%, only contains n’s of the form
n(k, 1) that satisfy the additional property that the multiplicity of A,,., as a value in
{Am;nr}ﬁ’,:] exceeds its multiplicity as a value in {X,,,+ 1;,,},1!\;1 . To be precise, for any
given k=1,..., Ky, if n(k, 1) € Z:, then Ay, 1) appears as a root of py,41(x)
at least as many times as it appears as a root of p,, (x), meaning in this case that the
limit in (2.82) is necessarily zero. If, on the other hand, n(k, 1) € .%,, then writing
g, (n(k,1))assomer € {1,..., Ry} and recalling the definitions of (x) and c(x)
in (2.61) and v(r) in (2.63), we can rewrite (2.82) as

. Pm+1(x)
P, 2-_ _ gy
I m; B Pm+1 I xl?/;, (x—58) (%)
: c(x) 1 (Br = V) 2
= — lim (x - ) =—H = — = [un (],
x> Br b(x) H,”zl(ﬂr - ﬂr”)
r"#r (2.83)
As such, we can write @, 11 as
Pm+1 = Z P, e, 1) Pm+1 = Z P g, Pm+1 = Z Um(r) P g, Om+1
= _ 2.84
Z Um (ﬂfm (i’l)) m(ﬂ'rﬂm (}’l)) m ﬁﬂy ) Pm+1 ( )

ne Sy
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where each )Pm; Br oy Pm+1 has unit norm by (2.83). We now pick a

1
U (T 7, (n)
new orthonormal eigenbasis U, := {ﬁm;n}fl\’:l for @, @ that has the property

that for any k = 1, ..., K,,, both {um;n(k,l)}f;"{k and {ﬁm;n(k,l)}f;"{k span the same
eigenspace and, for every n(k, 1) € .%,,, has the additional property that

1

U =———Pp .
min(k,1) om Gty (k. D)) m;Br g, (nik.1y) Pm+1

As such, (2.84) becomes

Ot = (75,0t =Un Y (7.5, (1))35
neﬂm nefﬂm

Ry, R
~ N I v
=Un ) om()8, -1y =UnlTy Y vn()d, = Unlly, [ (')”] .
r=1 " r=1
(2.85)

Letting V,, be the unitary matrix V,, = U,; U, the eigenspace spanning condition
gives that V,, is block diagonal whose kth diagonal block is of size L.k X Ly,:k.
Moreover, with this choice of V,,,, (2.85) becomes

I v v
oot =niurl [ | oo, [

meaning that ¢,,+1 can indeed be constructed by following Step B. O

Acknowledgements This work was supported by NSF DMS 1042701, NSF CCF 1017278,
AFOSR F1ATA01103J001, AFOSR F1ATA00183G003, and the A.B. Krongard Fellowship. The
views expressed in this article are those of the authors and do not reflect the official policy or po-
sition of the United States Air Force, Department of Defense, the U.S. Government, or Thomas
Jefferson.

References

1. Antezana, J., Massey, P., Ruiz, M., Stojanoff, D.: The Schur-Horn theorem for operators and
frames with prescribed norms and frame operator. Ill. J. Math. 51, 537-560 (2007)

2. Batson, J., Spielman, D.A., Srivastava, N.: Twice-Ramanujan sparsifiers. In: Proc. STOC’09,
pp- 255-262 (2009)

3. Benedetto, J.J., Fickus, M.: Finite normalized tight frames. Adv. Comput. Math. 18, 357-385
(2003)

4. Bodmann, B.G., Casazza, P.G.: The road to equal-norm Parseval frames. J. Funct. Anal. 258,
397-420 (2010)

5. Cahill, J., Fickus, M., Mixon, D.G., Poteet, M.J., Strawn, N.: Constructing finite frames
of a given spectrum and set of lengths. Appl. Comput. Harmon. Anal. (submitted). arXiv:
1106.0921

6. Calderbank, R., Casazza, P.G., Heinecke, A., Kutyniok, G., Pezeshki, A.: Sparse fusion
frames: existence and construction. Adv. Comput. Math. 35, 1-31 (2011)


http://arxiv.org/abs/arXiv:1106.0921
http://arxiv.org/abs/arXiv:1106.0921

106

7.

8.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.
26.

217.

28.

29.

30.

31

32.

M. Fickus et al.

Casazza, P.G., Fickus, M., Heinecke, A., Wang, Y., Zhou, Z.: Spectral Tetris fusion frame
constructions. J. Fourier Anal. Appl.

Casazza, P.G., Fickus, M., Kovacevié, J., Leon, M.T., Tremain, J.C.: A physical interpretation
of tight frames. In: Heil, C. (ed.) Harmonic Analysis and Applications: In Honor of John J.
Benedetto, pp. 51-76. Birkhéuser, Boston (2006)

Casazza, P.G., Fickus, M., Mixon, D.G.: Auto-tuning unit norm tight frames. Appl. Comput.
Harmon. Anal. 32, 1-15 (2012)

Casazza, P.G., Fickus, M., Mixon, D.G., Wang, Y., Zhou, Z.: Constructing tight fusion frames.
Appl. Comput. Harmon. Anal. 30, 175-187 (2011)

. Casazza, P.G., Heinecke, A., Krahmer, F., Kutyniok, G.: Optimally sparse frames. IEEE Trans.

Inf. Theory 57, 7279-7287 (2011)

. Casazza, P.G., Kovacevi¢, J.: Equal-norm tight frames with erasures. Adv. Comput. Math. 18,

387-430 (2003)

Casazza, P.G., Leon, M.T.: Existence and construction of finite tight frames. J. Comput. Appl.
Math. 4, 277-289 (2006)

Chu, M.T.: Constructing a Hermitian matrix from its diagonal entries and eigenvalues. SIAM
J. Matrix Anal. Appl. 16, 207-217 (1995)

Dhillon, 1.S., Heath, R.W., Sustik, M.A., Tropp, J.A.: Generalized finite algorithms for con-
structing Hermitian matrices with prescribed diagonal and spectrum. SIAM J. Matrix Anal.
Appl. 27, 61-71 (2005)

Dykema, K., Freeman, D., Kornelson, K., Larson, D., Ordower, M., Weber, E.: Ellipsoidal
tight frames and projection decomposition of operators. Ill. J. Math. 48, 477-489 (2004)
Dykema, K., Strawn, N.: Manifold structure of spaces of spherical tight frames. Int. J. Pure
Appl. Math. 28, 217-256 (2006)

Fickus, M., Mixon, D.G., Poteet, M.J.: Frame completions for optimally robust reconstruction.
Proc. SPIE 8138, 81380Q/1-8 (2011)

Fickus, M., Mixon, D.G., Poteet, M.J., Strawn, N.: Constructing all self-adjoint matrices with
prescribed spectrum and diagonal (submitted). arXiv:1107.2173

Goyal, V.K., Kovacevi¢, J., Kelner, J.A.: Quantized frame expansions with erasures. Appl.
Comput. Harmon. Anal. 10, 203-233 (2001)

Goyal, V.K., Vetterli, M., Thao, N.T.: Quantized overcomplete expansions in RN analysis,
synthesis, and algorithms. IEEE Trans. Inf. Theory 44, 16-31 (1998)

Higham, N.J.: Matrix nearness problems and applications. In: Gover, M.J.C., Barnett, S. (eds.)
Applications of Matrix Theory, pp. 1-27. Oxford University Press, Oxford (1989)

Holmes, R.B., Paulsen, V.I.: Optimal frames for erasures. Linear Algebra Appl. 377, 31-51
(2004)

Horn, A.: Doubly stochastic matrices and the diagonal of a rotation matrix. Am. J. Math. 76,
620-630 (1954)

Horn, R.A., Johnson, C.R.: Matrix Analysis. Cambridge University Press, Cambridge (1985)
Kovacevic, J., Chebira, A.: Life beyond bases: the advent of frames (Part I). IEEE Signal
Process. Mag. 24, 86—104 (2007)

Kovacevic, J., Chebira, A.: Life beyond bases: the advent of frames (Part II). IEEE Signal
Process. Mag. 24, 115-125 (2007)

Massey, P., Ruiz, M.: Tight frame completions with prescribed norms. Sampl. Theory Signal.
Image Process. 7, 1-13 (2008)

Schur, L.: Uber eine Klasse von Mittelbildungen mit Anwendungen auf die Determinantenthe-
orie. Sitzungsber. Berl. Math. Ges. 22, 9-20 (1923)

Strawn, N.: Finite frame varieties: nonsingular points, tangent spaces, and explicit local pa-
rameterizations. J. Fourier Anal. Appl. 17, 821-853 (2011)

Tropp, J.A., Dhillon, 1.S., Heath, R.W.: Finite-step algorithms for constructing optimal CDMA
signature sequences. IEEE Trans. Inf. Theory 50, 2916-2921 (2004)

Tropp, J.A., Dhillon, 1.S., Heath, R.W., Strohmer, T.: Designing structured tight frames via an
alternating projection method. IEEE Trans. Inf. Theory 51, 188-209 (2005)


http://arxiv.org/abs/arXiv:1107.2173

2 Constructing Finite Frames with a Given Spectrum 107

33.

34.

35.

Viswanath, P., Anantharam, V.: Optimal sequences and sum capacity of synchronous CDMA
systems. IEEE Trans. Inf. Theory 45, 1984-1991 (1999)

Waldron, S.: Generalized Welch bound equality sequences are tight frames. IEEE Trans. Inf.
Theory 49, 2307-2309 (2003)

Welch, L.: Lower bounds on the maximum cross correlation of signals. IEEE Trans. Inf. The-
ory 20, 397-399 (1974)



Chapter 3
Spanning and Independence Properties of Finite
Frames

Peter G. Casazza and Darrin Speegle

Abstract The fundamental notion of frame theory is redundancy. It is this property
which makes frames invaluable in so many diverse areas of research in mathemat-
ics, computer science, and engineering, because it allows accurate reconstruction
after transmission losses, quantization, the introduction of additive noise, and a host
of other problems. This issue also arises in a number of famous problems in pure
mathematics such as the Bourgain-Tzafriri conjecture and its many equivalent for-
mulations. As such, one of the most important problems in frame theory is to under-
stand the spanning and independence properties of subsets of a frame. In particular,
how many spanning sets does our frame contain? What is the smallest number of
linearly independent subsets into which we can partition the frame? What is the
least number of Riesz basic sequences that the frame contains with universal lower
Riesz bounds? Can we partition a frame into subsets which are nearly tight? This
last question is equivalent to the infamous Kadison—Singer problem. In this section
we will present the state of the art on partitioning frames into linearly independent
and spanning sets. A fundamental tool here is the famous Rado-Horn theorem. We
will give a new recent proof of this result along with some nontrivial generalizations
of the theorem.

Keywords Spanning sets - Independent sets - Redundancy - Riesz sequence -
Rado-Horn theorem - Spark - Maximally robust - Matroid - K-ordering of
dimensions
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3.1 Introduction

The primary focus of this chapter is the independence and spanning properties of
finite frames. More specifically, we will be looking at partitioning frames into sets
{Ak}f:1 which are linearly independent, spanning, or both. Since increasing the
number of sets in the partition makes it easier for each set to be independent, and
harder to span, we will be looking for the smallest K needed to be able to choose
independent sets, and the largest K allowed so that we still have each set of vec-
tors spanning. In order to fix notation, let @ = ((p,-)l."i | be a set of vectors in HN,
not necessarily a frame. It is clear from dimension counting that if A; is linearly
independent for each 1 <i < K, then K > [M/N]. It is also clear from dimension
counting that if A; spans HN foreach 1 <i < K, then K < [M/N]. So, in terms
of linear independence and spanning properties, @ is most “spread out” if it can be
partitioned into K = [M /N1 linearly independent sets, | M /N | of which are also
spanning sets.

This important topic of spanning and independence properties of frames was not
developed in frame theory until recently. In [9] we see the first results on decomposi-
tions of frames into linearly independent sets. Recently, a detailed study of spanning
and independence properties of frames was made in [4]. Also, in [5] we see a new
notion of redundancy for frames which connects the number of linearly independent
and spanning sets of a frame of nonzero vectors ((p,-)f‘i | to the largest and smallest
eigenvalues of the frame operator of the normalized frame (%)f‘i |- In this chapter
we will discuss the state of the art on this topic and will also point out the remaining
deep, important, open problems on this subject.

Spanning and independence properties of frames are related to several impor-
tant themes in frame theory. First, a fundamental open problem in frame theory is
the Kadison—Singer problem in the context of frame theory, which was originally
called the Feichtinger conjecture [9, 10, 14, 16]. The Kadison—Singer problem asks
whether for every frame @ = (¢;);e7, not necessarily finite, that is norm bounded
below, there exists a finite partition {A; : j =1, ..., J} suchthatforeach1 < j < J,
(¢i)iea; 1s a Riesz sequence. Since every Riesz sequence is, in particular, a linearly
independent set, it is natural to study partitions of frames into linearly independent
sets in order to better understand the Kadison—Singer problem in frame theory.

A second notion related to the spanning and independence properties of frames
is that of redundancy. Frames are sometimes described as “redundant” bases, and a
theme throughout frame theory is to make the notion of redundancy precise. Two
properties that have been singled out as desirable properties of redundancy are: re-
dundancy should measure the maximal number of disjoint spanning sets, and redun-
dancy should measure the minimal number of disjoint linearly independent sets [5].
Of course, these two numbers are not usually the same, but nonetheless, describing
in an efficient way the maximal number of spanning sets and the minimal number of
linearly independent sets is a useful goal in quantifying the redundancy of a frame.

A third place where the spanning and independence properties of frames are vital,
concerns erasures. During transmission, it is possible that frame coefficients are lost
(erasures) or corrupted; then we have to try to do accurate reconstruction after losses
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of frame coefficients. This can be done if the remaining frame vectors still span the
space. So, for example, if a frame contains at least two spanning sets, then we can
still do perfect reconstruction after the loss of one frame vector.

A fundamental tool for working with spanning and independence properties of
frames is the celebrated Rado-Horn theorem [19, 22]. This theorem gives a neces-
sary and sufficient condition for a frame to be partitioned into K disjoint linearly
independent sets. The terminology Rado-Horn theorem was introduced in the pa-
per [6]. The Rado-Horn theorem is a problem for frame theory in that it is impracti-
cal in applications. In particular, it requires doing a computation on every subset of
the frame. What we want, is to be able to identify the minimal number of linearly
independent sets into which we can partition a frame by using properties of the
frame such as the eigenvalues of the frame operator, the norms of the frame vectors,
etc. To do this, we will develop a sequence of deep refinements of the Rado-Horn
theorem [5, 13] which are able to determine the number of linearly independent and
spanning sets of a frame in terms of the properties of the frame. There are at least
four proofs of the Rado-Horn theorem today [4, 13, 17, 19, 22]. The original proof
is delicate, and the recent refinements [4, 13] are even more so. So we will develop
these refinements slowly throughout various sections of this chapter to make this
understandable.

Finally, let us recall that any frame @ = ((p,-)i"i | with frame operator § is iso-
morphic to a Parseval frame S~!/2¢ = (S71/2¢;)™ | and these two frames have
the same linearly independent and spanning sets. So in our work we will mostly be
working with Parseval frames.

3.1.1 Full Spark Frames

There is one class of frames for which the answers to our questions concerning the
partition of the frame into independent and spanning sets are obvious. These are the
full spark frames.

Definition 3.1 The spark of a frame (¢; )f‘i 1 in H is the cardinality of the smallest
linearly dependent subset of the frame. We say the frame is full spark if every N-
element subset of the frame is linearly independent.

Full spark frames have appeared in the literature under the name generic frames
[7] and maximally robust to erasures [11], since these frames have the property that
the loss (erasure) of any M — N of the frame elements still leaves a frame. For a
full spark frame (¢;)/,, any partition {A j}le of [1, M] into K = [¥7] sets with
|[Aj|=Nfor j=1,2,...,K — 1 and Ag the remaining elements has the property
that (¢;)ica, is a linearly independent spanning set for all 1 <k < K and (¢;);cay
is linearly independent (and also spanning if M = K N).

It appears that full spark frames are quite specialized and perhaps do not occur
very often. But, it is known that every frame is arbitrarily close to a full spark frame.
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In [7] it is shown that this result holds even for Parseval frames. That is, the full spark
frames are dense in the class of frames and the full spark Parseval frames are dense
in the class of Parseval frames.

To prove these results, we do some preliminary work. For a frame @ = ((p,-)l."i "

with frame operator S, it is known that (S~1/ zwi)inil is the closest Parseval frame

to @ [2, 3, 8, 12, 20]. Recall (see the Chap. 11) that a frame @ for HY is e-nearly
Parseval if the eigenvalues of the frame operator of the frame A1 > Xy > --- > Ap
satisfy ] —e <Ay <A1 <1+e.

Proposition 3.1 Let ((p,-)l.ﬂi | be an e-nearly Parseval frame for HN, with frame

operator S. Then (S_I/Q(p,-)l.:1 is the closest Parseval frame to (go,')?il and

M 2
Z”S*l/z(/)i—(p,-Hsz(Z—e—Zvl—e)fN%.
i=1

Proof See the section on The Kadison—Singer and Paulsen Problems for a proof. [J

We also need to check that a frame which is close to a Parseval frame is itself
close to being Parseval.

Proposition 3.2 Let @ = ((,t),')l.ﬂi1 be a Parseval frame for H" and let ¥ = ('ﬁi)iﬂil
be a frame for H" satisfying

M

5 1
E loi —¥ill” <€ < 5
i=1

Then VW is a 3./€ nearly Parseval frame.

Proof Given x € HV we compute

M 172 M M 172
(Z|<x, wi>|2> < (Z|<x,goi ~ x/fi>|2> + (Z|<x,¢i>|2>
i=1 i=1 i=1

M 1/2

< x| (Z i — w,-nz) + x|
i=1

< |lxll(1+ V€).

The lower frame bound is similar. O

1/2

The final result needed is that if a Parseval frame @ is close to a frame ¥ with
frame operator S, then @ is close to s—12y,
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Proposition 3.3 If & = (¢; I.Ail is a Parseval frame for HN and ¥ = (lﬁi)iﬁil isa
frame with frame operator S satisfying
M
) 1
D loi—vil?<e <,
i=1

then

A 9
> i — 8712y I” < 26[1 + ZN}.

i=1

Proof We compute
M ) M M 5
D lei =5y < 2[2 lloi =il + Y v — Sy }
i=1 i=1 i=1
2
< 2[6 ¥ N@]
4
9

where in the second inequality we applied Proposition 3.1 to the frame (w,-)iﬂi 1
which is 3./€ nearly Parseval by Proposition 3.2.

Now we are ready for the main theorem. We will give a new elementary proof of
this result.

Theorem 3.1 Let @ = ((pi)iﬂil be a frame for HN and let € > 0. Then there is a full
spark frame ¥ = (1//1-)[.111 so that

loi — vill <€, forali=1,2,...,M.

Moreover, if @ is a Parseval frame, then ¥ may be chosen to be a Parseval frame.

Proof Since @ must contain a linearly independent spanning set, we may assume
that (‘Pi),Nzl is such a set. We let ¢; = ¢; fori =1,2,..., N. The complement of
the union of all hyperplanes spanned by subsets of ((p,-)fv= | is open and dense in
HN, and so there is a vector ¥y in this open set with |@y4+1 — ¥n41] < €. By

definition, (wi)f\’: Jql is full spark. Now we continue this argument. The complement
of the union of all hyperplanes spanned by subsets of (v;) lN: +11 is an open dense set
in %", and so we can choose a vector Y42 from this set with ||ony42 — YUn42|l < €.

Again, by construction, (1;) ,N: JEZ is full spark. Iterating this argument we construct

WL,

For the moreover part, we choose § > 0 so that § < % and

23[1 + gzv] <2,
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By the first part of the theorem, we can choose a full spark frame (v;) f‘i | so that
M
> g — will* <.
i=1

Letting S be the frame operator for (wi)f\i 1» we have that (s~ 2%){& | is a full
spark frame, and by Proposition 3.3 we have that

M R 9
> i =712y <28[1+2N} < .
i=1

We end this section with an open problem.

Problem 3.1 If (¢;) lM | is an equal norm Parseval frame for HN and € > 0, is there

a full spark equal norm Parseval frame ¥ = (y;)/ | so that

i=

i —oill <e, foralli=1,2,...,M?

We refer the reader to [1] for a discussion of this problem and its relationship to
algebraic geometry.

3.2 Spanning and Independence Properties of Finite Frames

The main goal of this section is to show that equal norm Parseval frames of M
vectors in %" can be partitioned into | M/N | bases and one additional set which is
linearly independent. In particular, equal norm Parseval frames will contain | M /N |
spanning sets and [M /N1 linearly independent sets.

We begin by relating the algebraic properties of spanning and linear indepen-
dence to the analytical properties of frames and Riesz sequences.

Proposition 3.4 Let @ = (¢; :]"11 CHN. Then, @ is a frame for HY if and only if
span @ = HN.

Proof If @ is a frame for HN with frame operator S, then A - Id < S for some
0 < A. So @ must span HV.

The converse is a standard compactness argument. If @ is not a frame, then there
are vectors x, € H" with ||x,| = 1 and satisfying

d 2
> 0| <
i=1

Since we are in a finite-dimensional space, by switching to a subsequence of {x,};2
if necessary we may assume that lim,,_, oo x, = x € HN . Now we have

1
—, foralln=1,2,....
n
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2 [ ¥ 2 M 2
> o] =20 D . @) +§ﬁ|<x—xn,¢,->}}
i=1 Li=1 i=1

1 M
<2| -+ lx- xnuznwnz}
i=1

1 M
=2| -l —xl? ) ||<p,~||2].

L i=1

As n — 00, the right-hand side of the above inequality goes to zero. Hence,

U 2
> e| =0,
i=1

andsox L ¢; foralli =1,2,..., M. Thatis, @ does notspan’HN. O

Proposition 3.5 Let @ = (¢; ,Ai 1 C HN . Then, @ is linearly independent if and

only if @ is a Riesz sequence.

Proof If @ is a Riesz sequence, then there is a constant 0 < A so that for all scalars
{ai}™ | we have

2

M M
2
AE la;|” < E a; Qi
i=1 i=1

Hence, if Zf‘il ajg; =0,theng; =0foralli =1,2,..., M.
Conversely, if @ is linearly independent, then (see the Introduction) the lower
Riesz bound of @ equals the lower frame bound and so @ is a Riesz sequence. [J

Notice that in the two propositions above, we do not say anything about the
frame bounds or the Riesz bounds of the sets @. The following examples show that
the lower frame bounds and Riesz bounds can be close to zero.

Example 3.1 Given € > 0, N € N, there is a linearly independent set containing N
norm one vectors in A" with lower frame bound (and hence lower Riesz bound)
less than €. To see this, let (el-)lN: | be an orthonormal basis for HN and define a unit
norm linearly independent set

e+ ﬁez

¢=(€0i),{\’:1=(el, m ,63,...,61\/).

Now,
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3.2.1 Applications of the Rado-Horn Theorem I

Returning to the main theme of this chapter, we ask: When is it possible to partition
a frame of M vectors for 7" into K linearly independent [resp., spanning] sets?
The main combinatorial tool that we have to study this question is the Rado-Horn
theorem.

Theorem 3.2 (Rado-Horn Theorem 1) Let @ = ((p,-)iﬂi 1 C HN and K € N. There
exists a partition {A1, ..., Ak} of [1, M] such that for each 1 < k < K, the set
(@i 1 i € Ay) is linearly independent if and only if for every nonempty J C [1, M],
/] _
dimspan{g; :i € J}

This theorem was proven in more general algebraic settings in [18, 19, 22], as
well as later rediscovered in [17]. We delay the discussion of the proof of this the-
orem to Sect. 3.3. We content ourselves now with noting that the forward direction
of the Rado-Horn Theorem I is essentially obvious. It says that in order to partition
@ into K linearly independent sets, there can not exist a subspace S which con-
tains more than K dim(S) vectors. The reverse direction indicates that there are no
obstructions to partitioning sets of vectors into linearly independent sets other than
dimension counting obstructions.

We wish to use the Rado-Horn Theorem I to partition frames into linearly inde-
pendent sets. Proposition 3.4 tells us that every spanning set is a frame, so it is clear
that in order to get strong results we are going to need to make some assumptions
about the frame. A natural extra condition is that of an equal norm Parseval frame.
Intuitively, equal norm Parseval frames have no preferred directions, so it seems
likely that one should be able to partition them into a small number of linearly in-
dependent sets. We will be able to do better than that; we will relate the minimum
norm of the vectors in the Parseval frame to the number of linearly independent sets
into which the frame can be partitioned.

Proposition 3.6 Let 0 < C < 1 and let @ be a Parseval frame with M vectors for
HY such that ||¢||> = C forall ¢ € ®. Then, @ can be partitioned into f%'l linearly
independent sets.

Proof We show that the hypotheses of the Rado-Horn theorem are satisfied. Let
J C[1, M].Let S =span{gp; : j € J}, and let P denote the orthogonal projection of
H" onto S. Since the orthogonal projection of a Parseval frame is again a Parseval
frame and the sum of the norms squared of the vectors of the Parseval frame is the
dimension of the space, we have

M
dimS =3 "IIPsg;l” = ) IPse;l®
j=1 jeJ

=Y lgiI*=1JIC.

jeJ
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Therefore,
|1 1
. . S Py
dimspan{p;:jeJ} ~ C

and @ can be partitioned into (é} linearly independent sets by the Rado-Horn the-
orem. U

We now present a trivial way of constructing an equal norm Parseval frame of
M vectors for HY when N divides M. Let (e;) lN: | be an orthonormal basis for HN
and let ® = (Cey,...,Ce(,Cen,...,Cen,...,Cepn,...,Cey) be the orthonormal
basis repeated M /N times, where C = /N /M. Then, it is easy to check that @ is a
Parseval frame. Another, slightly less trivial example is to union M /N orthonormal
bases with no common elements and to normalize the vectors of the resulting set.
In each of these cases, the Parseval frame can be trivially decomposed into M /N
bases for . The following corollary can be seen as a partial converse.

Corollary 3.1 If @ is an equal norm Parseval frame of M vectors for HY , then ®
can be partitioned into [ M /N linearly independent sets. In particular, if M = kN,
then @ can be partitioned into k Riesz bases.

Proof This follows immediately from Proposition 3.6 and the fact that

M
> lgil>=N.
i=1
which tells us that ||g;||> = M/N foralli=1,..., M. O

The argument above does not give any information about the lower Riesz bounds
of the k Riesz bases we get in Corollary 3.1. Understanding these bounds is an ex-
ceptionally difficult problem and is equivalent to solving the Kadison—Singer prob-
lem (see the Chap. 11).

3.2.2 Applications of the Rado-Horn Theorem II

The Rado-Horn Theorem I has been generalized in several ways. In this section, we
present the generalization to matroids and two applications of this generalization to
partitioning into spanning and independent sets. We refer the reader to [21] for an
introduction to matroid theory.

A matroid is a finite set X together with a collection Z of subsets of X, which
satisfies three properties:

1. 0T
2. if jeZand I, C Iy, then I, € Z, and
3. if I1,»b €T and |I;| < |I2|, then there exists x € I \ 11 such that I} U {x} € Z.
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Traditionally, the sets I € Z are called independent sets, which can lead to some
confusion. For this chapter, we will use linearly independent to denote linear inde-
pendence in the vector space sense, and independent to denote independence in the
matroid sense. The rank of a set E C X is defined to be the cardinality of a maximal
independent (in the matroid sense) set contained in E.

There are many examples of matroids, but perhaps the most natural one comes
from considering linear independence. Given a frame (or other finite collection of
vectors) @ in H", define

T ={I C @ :1 is linearly independent}.

It is easy to see that (@, 7) is a matroid.
Another, slightly more involved example is to let X be a finite set which spans
HN | and

I:{ICX:span(X\I):HN}.

Then, in the definition of matroid, properties (1) and (2) are immediate. To see
property (3), let I1, I, be as in (3). We have that span(X \ I1) = span(X \ L) = H".
Let E1 = X\ I1 and E> = X \ Ip; then, we have |E| > |E>|. Find a basis G
for #" by first taking a maximal linearly independent subset F of E N Ej, and
adding elements from Ej to form a basis. Then find another basis G, for H" by
taking F and adding elements from E». Since |E| > | E2|, there must be an element
x € E1\ E> which was not chosen tobe in G1. Note that x € I\ I1,and [1U{x} € Z,
since X \ (I1 U {x}) contains G, which is a basis. Another important source of
examples is graph theory.

There is a natural generalization of the Rado-Horn theorem to the matroid setting.

Theorem 3.3 (Rado-Horn Theorem II) [18] Let (X, T) be a matroid, and let K be

a positive integer. A set J C X can be partitioned into K independent sets if and
only if for every subset E C J,

Bl _

rank(E) —

3.D

We will be applying the matroid version of the Rado-Horn theorem to frames
in Theorem 3.5 below, but first let us illustrate a more intuitive use. Consider the
case of a collection @ of M vectors where we wish to partition @ into K linearly
independent sets after discarding up to L vectors from @. It is natural to guess,
based on our experience with the Rado-Horn theorem, that this is possible if and
only if for every nonempty J C [1, M]

/|- L
dimspan{gp;:jeJ} —

However, it is not immediately obvious how to prove this from the statement of the
Rado-Horn theorem. In the following theorem, we prove that, in some instances, the
above conjecture is correct. Unfortunately, the general case will have to wait until
we prove a different extension of the Rado-Horn theorem in Theorem 3.6.
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Proposition 3.7 Let @ be a collection of M vectors in 1™ and K, L € N. If there
exists a set H with |H| < L such that the set @ \ H can be partitioned into K
linearly independent sets, then for every nonempty J C [1, M]
|[JI-L
dimspan{g;:jeJ} —

Proof If J C [1, M]\ H, then the Rado-Horn Theorem I implies
|J
dimspan{p;: jeJ} ~

For general J with |J| > L + 1, notice that
IJ1-L - IJ\H| -
dimspan{g; : j € J} ~ dimspan{g;:je€J\ H} —

’

as desired. O

Proposition 3.8 Let @ be a collection of M vectors in HN indexed by [1, M| and
let L e N. Let T ={I C [1, M]: there exists a set H C I with |H| < L such that
I\ H is linearly independent}. Then (®, 1) is a matroid.

Proof As usual, the first two properties of matroids are immediate. For the third
property, let Iy, I € Z with |I{| < |I2|. There exist H; and H such that /; \ H;
is linearly independent and |H;| < L for j =1,2. If |H;| can be chosen so that
|Hy| < L, then we can add any vector to /1 and still have the new set linearly inde-
pendent. If | H| must be chosen to have cardinality L, then |/ \ H;| < |I> \ Hz| and
both sets are linearly independent, so there is a vector x € (I2\ H2) \ (I1 \ Hy) so that
(11 \ H1) U {x} is linearly independent. By the assumption that H; must be chosen
to have cardinality L, x ¢ H;. Therefore, x ¢ I1 and I} U {x} € Z, as desired. O

Theorem 3.4 Let @ = ((p,')l.ni be a collection of M vectors in HN . Let K, L € N.
There exists a set H with |H| < LK such that the set @ \ H can be partitioned into
K linearly independent sets if and only if, for every nonempty J C [1, M],
|J|— LK
dimspan{g;:jeJ} —

Proof The forward direction is a special case of Proposition 3.7. For the reverse
direction, define the matroid (@, Z) as in Proposition 3.8. By the matroid version of
the Rado-Horn theorem, we can partition @ into K independent sets if and only if,
for every nonempty J C [1, M],

/] <K
rank({p;: jeJ}) —
We now show that this follows if, for every nonempty J C [1, M],
|J|— LK
dimspan{g;:jeJ} —
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Suppose we have for every nonempty J C [1, M],
|J|— LK
: - =<
dimspan{g; : j € J}

Let J C [1, M]. Note that if we can remove fewer than L vectors from (¢;) ey to
form a linearly independent set, then rank({g; : j € J}) =|J|, so

Uk
rank({g; : j € J})
On the other hand, if we need to remove at least L vectors from (¢;) jey to form a
linearly independent set, then rank({g; : j € J}) =dimspan{g;: j € J} + L, so
|J| < Kdimspan{g;:jeJ}+ LK
= Krank({g; : j € J}),
as desired. Therefore, if for every J C [1, M],
|J|— LK
dimspan{p;:jeJ} —

’

then there is a partition {Al-}l.K:l of [1, M] such that (¢; : j € A;) € Z foreach 1 <
i < K. By the definition of our matroid, for each 1 <i < K, there exists H; C A;
with |H;| < L such that (¢; : j € A; \ H;) is linearly independent. Let H = Ulel H;
and note that |H| < LK and J \ H can be partitioned into K linearly independent
sets. O

The matroid version of the Rado-Horn Theorem will be applied to finite frames
in the following theorem.

Theorem 3.5 Let § > 0. Suppose that @ = (¢;) l"i | is a Parseval frame of M vectors
for HN with ||@;||> <1 —8 for all p € ®. Let R € N such that R > % Then, it is
possible to partition [1, M] into R sets {Ay, ..., AR} such that, foreach 1 <r <R,
the family (¢; : j & A,) spans HN.

Proof Let Z={E C[1,M]:span{p;:j ¢ E}= #N}. Since any frame is a span-
ning set, we have that ([1, M], Z) is a matroid. By the Rado-Horn Theorem II, it suf-
fices to show (3.1) for each subset of [1, M]. Let E C [1, M]. Define S = span{gp; :
j € E}, and let P be the orthogonal projection onto S+. Since the orthogonal pro-
jection of a Parseval frame is again a Parseval frame, we have that (P¢ : ¢ € @) is
a Parseval frame for S*. Moreover, we have

M
dimSt = "|IPg;II> =) IIPg;I
j=1 JjeE
<I|E[(1=9).
Let M be the largest integer smaller than or equal to |E|(1 — §). Since dim S+ < M,
we have that there exists a set £1 C E suchthat |E1| = M and span{Pg; : j € E1} =
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St Let E;=E \ E1. We show that E; is independent. For this, write & € HY as
h =hy + hy, where h; € S and hy € S. We have that 7y, = ZjeEl ajPfej for
some choice of {a; : j € E1}. Write ZjeEl oj@j = g1 + hy, where g; € S. Then,
there exist {«; : j ¢ E} such that ngE ajp;=h; —g1.So,

D ajgj=h.
JE€E>
and thus Ej is independent.
Now, since E contains an independent set of cardinality |E| — M, it follows that
rank(E) > |E| — M > |E| — |E|(1 — §) = §| E|. Therefore,
|E| 1
< -<R
rank(E) — 8§

as desired. O

)

3.2.3 Applications of the Rado-Horn Theorem II1

Up to this point, we have mostly focused on linear independence properties of
frames. We now turn to spanning properties. We present a more general form of
the Rado-Horn theorem, which describes what happens when the vectors cannot be
partitioned into linearly independent sets.

The worst possible blockage that can occur preventing us from partitioning a
frame (¢; lﬁi | into K linearly independent sets would be the case where there are
disjoint subsets (not necessarily a partition) {Ak}f=1 of [1, M] with the property

span(wi)iEAj =span(¢;)ica,, foralll<j k=<K.

The following improvement of the Rado-Horn theorem shows the surprising fact
that this is really the only blockage that can occur.

Theorem 3.6 (Rado-Horn Theorem III) Let @ = ((p,-)f‘i | be a collection of vectors
in HY and K € N. Then the following conditions are equivalent.

(1) There exists a partition {Ar : k= 1,..., K} of [1, M] such that for each 1 <
k < K the set {¢; : j € Ay} is linearly independent.
2) Forall J C 1,

|1
dimspan{gp;: j € J} —

(3.2)

Moreover, in the case that either of the conditions above fails, there exists a partition
(A :k=1,...,K}of [1, M] and a subspace S of H" such that the following three
conditions hold.

(a) Forall1 <k <K, S=span{g;:jc A; and ¢; € S}.

(b) FO}’JZ{IEIQDZES},W>K
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(c) Foreach 1 <k < K, {PgL; : i € Ar, @i & S} is linearly independent, where
Pg. is the orthogonal projection onto S L

For the purposes of this chapter, we are restricting to HN | but the result also holds
with a slightly different statement for general vector spaces; see [13] for details.

The statement of Theorem 3.6 is somewhat involved, and the proof even more
s0, so we delay the proof until Sect. 3.4. For now, we show how Theorem 3.6 can
be applied in two different cases. For our first application, we will provide a proof
of Theorem 3.4 in the general case.

Theorem 3.7 Let @ = ((p,-)f‘il be a collection of M vectors in HN . Let K, L €N.
There exists a set H with |H| < L such that the set @ \ H can be partitioned into
K linearly independent sets if and only if, for every nonempty J C [1, M],
[J|-L
dimspan{gp;:jeJ} —

Proof The forward direction is Proposition 3.7. For the reverse direction, if @ can
be partitioned into K linearly independent sets, then we are done. Otherwise, we
can apply the alternative in Theorem 3.6 to obtain a partition {A; : 1 <k < K} and
a subspace S satisfying the properties listed.

For 1 <k <K,let Al ={j € Ax:¢; €S}, and A7 = A \ A} ={j € A :
@j ¢S} Foreach 1 <k <K, let By C A,lC be defined such that (¢; : j € By) is a
basis for S, which is possible by property (a) in Theorem 3.6. Letting J = _J le A ,1
and applying

|JI-L
dimspan{gp;:jeJ} ~

yields that there are at most L vectors in J which are not in one of the By ’s. Let
H=17J\ U,{;l By. Since |H| < L, it suffices to show that letting Cy = By U A%
partitions [1, M]\ H into linearly independent sets.

Indeed, fix k and assume that ;. ak¢r = 0. Then

0= Z apPgLo;
J€Ck

= Z apPgrp;.
jeA%
Soar=0forall k € A% by property (c) in Theorem 3.6. This implies that

0= Z ak(pj

Jj€Ck
=Y a
J€Bk
and so a; = 0 for all k € By. Therefore, {Cy} is a partition of [1, M]\ H such that
foreach 1 <k < K, the set (¢; : j € Cy) is linearly independent. O
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We now present an application that is more directly related to frame theory. This
theorem will be combined with Theorem 3.10 to prove Lemma 3.2.

Theorem 3.8 Let @ = ((pi)i/‘i | be an equal norm Parseval frame for HN. Let K =
LM /N |. Then there exists a partition {Ak},f:1 of [1, M] so that

span{fpi:ieAj}z’HN, forall j=1,2,... K.

Our method of proof of Theorem 3.8 involves induction on the dimension N.
In order to apply the induction step, we will project onto a subspace, which, while
it preserves the Parseval frame property, does not preserve equal norm of the vec-
tors. For this reason, we state a more general theorem that is more amenable to an
induction proof.

Theorem 3.9 Let @ = (¢)M, be a frame for H" with lower frame bound A > 1,
let |@ilI> < 1 for all i € [1, M], and set K = | A]. Then there exists a partition
{A}E, of 1, M] so that

span {g; :i € Ay} =H", forallk=1,2,....K.

In particular, the number of frame vectors in a unit norm frame with lower frame
bound A is greater than or equal to| A|N.

We will need the following lemma, which we state without proof.

Lemma 3.1 Let @ = (<pl~)f‘i1 be a collection of vectors in H™ and let I C
[1,M], k=1,2,..., K be a partition of ® into linearly independent sets. Assume
that there is a partition of [1, M] into {Ak},f:1 so that

span (¢1)ica, = HY, forallk=1,2,...,K.
Then,
span {g;}ic;, = HY, forallk=1,2,...,K.

Proof of Theorem 3.9 We replace (¢;) f‘i 1 by (#q)i i~ so that our frame has lower

frame bound greater than or equal to 1 and ||¢; 1% < %, for all i € [1, M]. Assume
the frame operator for (¢; )f‘i | has eigenvectors (e j)?’:] with respective eigenvalues
A = Ay >---> AN > 1. We proceed by induction on N.

We first consider N = 1: Since

M
2 2_ 1
dleilP=1 and feil® < - (33)
i=1
it follows that |{i € I : ¢; # 0}| > K and so we have a partition of the frame into K
spanning sets.
Next, we assume the induction hypothesis holds for any Hilbert space of dimen-
sion N and let #V*! be a Hilbert space of dimension N + 1. We check two cases.
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Case I: Suppose there exists a partition {Ak}f:1 of [1, M] so that (¢;);ca, 1S
linearly independent for all k = 1,2, ..., K. In this case,
N+1 M |
N+L=(N+Davs ) o= lloill* <M.
j=1 i=1
and hence,
M>K(N+1).

However, by linear independence, we have

K
M=) |Al<KN+1).
k=1

Thus, |Ax]| =N + 1 forevery k =1,2,..., K and so (¢;);ica, 1s spanning for 1 <
k<K.

Case II: Suppose ((pi)f‘i | cannot be partitioned into K linearly independent sets.
In this case, let {Ak},{(:1 and a subspace  # S C HV*! be given by Theorem 3.6.
If § =HN*!, we are done. Otherwise, let P be the orthogonal projection onto the
subspace S. Let

K
Ap={icAk:pi ¢S}, B:UA§<~
k=1

By Theorem 3.6(c), ((Id — P)‘pi)ieA,’( is linearly independent forallk = 1,2, ..., K.
Now, ((Id — P)g;i)icp has lower frame bound 1 in (Id — P)(HN“),
dim(ld — P)(HN+1) < N and
2 1
[td = Pyoi|” < lloil* < —
for all i € B. Applying the induction hypothesis, we can find a partition { By} ,{;1 of
B with span((Id — P)¢;)iep, = (Id — P)(HN‘H) forallk=1,2,..., K. Now, we
can apply Lemma 3.1 together with the partition {Bk},f=1 to conclude span ((Id —
P)¢i)iea, = (Id — P)(HN*1), and hence

span(¢i)iea, = span{$., ((d — P)gi), ., } = HN . O

Up to this point, we have seen that an equal norm Parseval frame with M vectors
in #" can be partitioned into | M/N | spanning sets and [M /N7 linearly indepen-
dent sets. We now show that there is a single partition which accomplishes both the
spanning and linear independence properties.

Theorem 3.10 Let @ = ((p,-)l.ﬂi | be an equal norm Parseval frame for HYN and let
K =[M/N. There exists a partition {Ak}f:l of [1, M] such that

1. (@i :i € Ay) is linearly independent for 1 <k < K, and
2. (g; i € Ay) spans HN for1 <k <K — 1.
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The proof of Theorem 3.10 is immediate from Corollary 3.1, Theorem 3.8, and
Lemma 3.2 below.

Lemma 3.2 Let @ = ((,o,-)il‘i1 be a finite collection of vectors in HY and let K € N.
Assume

1. @ can be partitioned into K + 1-linearly independent sets, and
2. @ can be partitioned into a set and K spanning sets.

Then there is a partition {Ak},f;ll so that (¢}) jea, is a linearly independent span-
ning set forallk =2,3,..., K + 1 and (¢;)ica, is a linearly independent set.

The proof of Lemma 3.2 requires yet another extension of the Rado-Horn theo-
rem, which we have not yet discussed and will be proven at the end of Sect. 3.4.

3.3 The Rado-Horn Theorem I and Its Proof

In this and the following sections, we discuss the proofs of the Rado-Horn Theorems
I and III. Although the forward direction is essentially obvious, the reverse direction
of the Rado-Horn Theorem I, while elementary, is not simple to prove. Our present
goal is a proof of the case K = 2, which contains many of the essential ideas of the
general proof without some of the bookkeeping difficulties in the general case. The
proof of the general case of the Rado-Horn Theorem III will be presented below, and
it contains a proof of the Rado-Horn Theorem I. The main idea for the reverse direc-
tion is to take as a candidate partition one that maximizes the sum of the dimensions
associated with the partition. Then, if that does not partition the set into linearly
independent subsets, one can construct a set of interconnected linearly dependent
vectors which directly contradicts the hypotheses of the Rado-Horn Theorem 1.

As mentioned above, the forward direction of the Rado-Horn Theorem I is es-
sentially obvious, but we provide a formal proof in the following lemma.

Lemma 3.3 Let & = ((pi)f‘i 1 C HY and K € N. If there exists a partition
{A1,..., Ak} of [1, M] such that, for each 1 <k <K, (¢; : i € Ay) is linearly
independent, then for every nonempty J C [1, M],

171

dimspan{g; :i € J} —

Proof Let {A1,..., Ak} partition @ into linearly independent sets. Let J be a
nonempty subset of [1, M]. Foreach 1 <k < K, let J = J N Ay. Then,

K K

|J| = Z [ Ji| = Zdimspan({gai ti € Ji}) < K dimspan({g; :i € J}),
k=1 k=1

as desired. O
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The Rado-Horn Theorem I tells us that if we want to partition vectors into K
linearly independent subsets, there are no nontrivial obstructions. The only obstruc-
tion is that there cannot be a subspace S which contains more than K dim(S) of the
vectors that we wish to partition.

The first obstacle to proving the Rado-Horn Theorem I is coming up with a can-
didate partition which should be linearly independent. There are several ways to do
this. The most common, used in [17-19, 22], is to build the partition while proving
the theorem. In [13], it was noticed that any partition which maximizes the sums
of dimensions (as explained below) must partition @ into linearly independent sets,
provided any partition can do so. Given a set ® C H" indexed by [1, M] and a
natural number K, we say that a partition {A1, ..., Ax} of [1, M] maximizes the
K -sum of dimensions of @ if, for any partition {Bq, ..., Bx} of [1, M],

K K
Zdimspan{wj 1jEeAr} > Zdimspan{goj :J € By}
k=1 k=1

There are two things to notice about a partition {Ay, ..., Ax} which maximizes
the K-sum of dimensions. First, such a partition will always exist since we are
dealing with finite sets. Second, such a partition will partition @ into K linearly
independent sets if it is possible for any partition to do so. That is the content of the
next two propositions.

Proposition 3.9 Let ® = (p)” | C HN, K € N, and {A}_, be a partition of

i=1
[1, M]. The following conditions are equivalent.
(1) Foreveryke(l,...,K}, (¢;: j € Ax) is linearly independent.
2) Z,le dimspan{gp; : j € Ay} =M.

Proof (1) = (2) Clearly,

K K
Zdimspan{goj (jeA) = Z |Ar| =M.
k=1 k=1

(2) = (1) Note that

K K
M:Zdimspan{gaj tjeA) < ZlAk| =M.
k=1 k=1

Therefore, dimspan{g; : j € Ay} =|Ay| foreach 1 <k < K and (p; : j € Ay) is
linearly independent. g

Proposition 3.10 Let & = (¢; I-Ail c HN and K e N. If {Ak}f=1 maximizes the
K -sum of dimensions of @ and there exists a partition {Bk}f:1 such that for each
1 <k <K, (pj:j€ By) is linearly independent, then (¢; : j € Ay) is linearly

independent for each 1 <k < K.
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Proof We have

K

M:Zdimspan{goj :J € By}
k=1

K
< Zdimspan{goj jEAI <M.
k=1

Therefore, (¢; : j € Ay) is linearly independent for each 1 < j < M by Proposi-
tion 3.9. O

A third way of partitioning @ to prove the Rado-Horn Theorem I was given in
[4], though not explicitly. Given @ as above and K € N, we say a partition {Ay }15:1
maximizes the K -ordering of dimensions if the following holds. Given any partition
{Bk}f:l of [1, M], if for every 1 <k < K, dimspan{g; : j € Ax} < dimspan{g; :
J € By}, then

dimspan{g; : j € Ay} =dimspan{g; : j € By}, foreveryl <k <K.

It is easy to see that any partition which maximizes the K-sum of dimensions
also maximizes the K -ordering of dimensions. The next proposition shows that the
converse holds, at least in the case that one can partition into linearly independent
sets. Therefore, when proving the Rado-Horn theorem, it makes sense to begin with
a partition which maximizes the K-ordering of dimensions. We do not present a
proof of this proposition, but mention that it follows from Theorem 3.12.

Proposition 3.11 Ler @ = (go,')f‘il c HN and K e N. If{Ak},f=1 maximizes the K -
ordering of dimensions of @ and there exists a partition {Bk}f:1 such that for each
1 <k <K, the set (¢; : j € By) is linearly independent, then for each 1 <k < K,
the set (¢; : j € Ay) is linearly independent.

A second obstacle to proving the Rado-Horn Theorem I is proving that a candi-
date partition into linearly independent sets really does partition into linearly inde-
pendent sets. Our strategy will be to suppose that it does not partition into linearly
independent sets, and directly constructa set J C [1, M] which violates the hypothe-
ses of the Rado-Horn Theorem I. In order to construct J, we will imagine moving
the linearly dependent vectors from one element of the partition to another element
of the partition. The first observation is that if a partition maximizes the K -ordering
of dimensions, and there is a linearly dependent vector in one of the elements of the
partition, then that vector is in the span of each element of the partition.
Proposition 3.12 Let @ = (¢; I.Ail C HN, K €N, and let {Ak}f:1 be a partition
of [1, M] which maximizes the K -ordering of dimensions of @. Fix 1 <m < K.
Suppose that there exist scalars {aj}jea,,, not all of which are zero, such that
ZjeAm ajp; =0.Let jo € A, be such that aj, # 0. Then for each 1 <n <K,

®j, €span{gp; : j € Ay}.
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Proof Since removing ¢, from A, will not decrease the dimension of the span,
adding ¢}, to any of the other A,,’s will not increase the dimension of their spans. [

A simple, but useful, observation is that if we start with a partition { Ay} ,f: | Which
maximizes the K-ordering of dimensions of @, then a new partition obtained by
moving one linearly dependent vector out of some Ay into another Ay will also
maximize the K-ordering of dimensions.

Proposition 3.13 Let & = (p)M, C HY, K € N, and let {Ai}_, be a partition
of [1, M] which maximizes the K -ordering of dimensions of @. Fix 1 <m < K.
Suppose that there exist scalars {aj}jea,,, not all of which are zero, such that
Z;‘eAmaJ‘pj = 0. Let jo € A be such that aj, # 0. For every 1 <n < K, the
partition { Bk},f:1 given by

Ak k#m,n,
By =1\ Am \{jo} k=m,
Ay U{jO} k=n,

also maximizes the K -ordering of dimensions of .

Proof By Proposition 3.12, the new partition has exactly the same dimension of
spans as the old partition. O

The idea for constructing the set J which will contradict the hypotheses of
the Rado-Horn Theorem I is to suppose that a partition which maximizes the K -
ordering of dimensions does not partition into linearly independent sets. We will
take a vector which is linearly dependent, and then see that it is in the span of each
of the other elements of the partition. We create new partitions, which again max-
imize the K -ordering of dimensions, by moving the linearly dependent vector into
other sets of the partition. The partition element to which we moved the vector will
also be linearly dependent. We then repeat and take the index of all vectors which
can be reached in such a way as our set J. It is easy to imagine that the bookkeeping
aspect of this proof will become involved relatively quickly. For that reason, we will
restrict to the case K = 2 and prove the Rado-Horn Theorem I in that case, using
the same idea that will work in the general case. The bookkeeping in this case is
somewhat easier, yet all of the ideas are already there.

A key concept in our proof of the Rado-Horn Theorem I is that of a chain of
dependencies of length P. Given two collections of vectors (¢; : j € A1) and (g; :
Jj € Ay), where A1 N Ay = 3, we define a chain of dependencies of length P to be
a finite sequence of distinct indices {i1,i2,...,ip} C A1 U A, with the following
properties:

1. i will be an element of A; for odd indices k, and an element of A, for even
indices k,

2. @i, espanfp; : j € A1\ {i1}}, and ¢;; € span{yp; : j € A2},

3. forodd k, 1 <k <P, ¢;, espan{gp; : j € (A1 U{iz,i4, ..., 01D\ {i1,i3,...,
ix—2}} and @;, € span{y; : j € (A2 U{i1,i3,..., k2D \ {i2, 14, ..., ik-1}},
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4. forevenk, 1 <k < P, ¢; espan{p; : j € (A2 U{i1,i3,...,ix— 1)\ {i2,i4,...,
ir}}, and @;, € span{g; : j € (A; Uiz, i4,..., k2P \ {i1, i3, ..., ik—1}}.

A chain of dependencies is constructed as follows. Start with a linearly dependent
vector. Moving that vector to another set in the partition cannot increase the sum of
the dimensions of the spans, so that vector is also in the span of the vectors in the
set to which it has been moved. Now, that makes the new set linearly dependent,
so take a second vector, which is linearly dependent in the second set, and move it
to a third set. Again, the second vector is in the span of the vectors in the third set.
Continuing in this fashion gives a chain of dependencies.

With this new definition, it is easier to describe the technique of the proof of the
Rado-Horn Theorem I. Suppose that a partition which maximizes the 2-ordering of
dimensions does not partition into linearly independent sets. Let J be the union of
all of the chains of dependencies. We will show that J satisfies

/]

: - > 2.
dimspan{g; :i € J}

Example 3.2 We give an example of chains of dependencies in H°. Let ¢ = @5 =
(1,0,0)7, 2 =96 = (0, 1,007, 93 =07 = (0,0, )7, and 4 = (1, 1, )T Suppose
also that A1 ={1, 2, 3,4} and A, = {5, 6,7}. Then, the set {4,5,1,6,2,7,3} is a
chain of dependencies of length 7. Note also that {4, 5, 1} is a chain of dependencies
of length 3.

Note that if we let J be the union of all of the sets of dependencies based on the
partition {Aj, A>}, then

|1 7

: - ==->2
dimspan{p; :i € J} 3

The following example illustrates what can happen if we do not start with a
partition which maximizes the K -ordering of dimensions.

Example 3.3 Let o1 = (1,0,0)7, 0o = (0, 1,007, 3 = (1, 1,007, ¢4 = (1,0,0)7,
o5 = (0,0, DT, and w6 = (0,1, DT, Imagine starting with our partition consist-
ing of A1 = {1,2,3} and Ay = {4, 5, 6}. We can make a chain of dependencies
{3, 6}, but notice that {¢g, ¢1, 2} is linearly independent. This indicates that we
have removed one linear dependence, and in fact, the new partition By = {1, 2, 6},
By = {3, 4,5} is linearly independent.

Note that the new partition does maximize the K -ordering of dimensions.

A slight generalization of Proposition 3.13 is given below.

Lemma 3.4 Let @ = ((pi)iﬂi 1 C HN, and suppose that @ cannot be partitioned into

two linearly independent sets. Let {A1, A2} be a partition of [1, M| which maximizes
the 2-ordering of dimensions. Let {i1, ..., ip} be a chain of dependencies of length
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P based on the partition {A1, A2}. For each 1 <k < P, the partition { B1(k), B2(k)}

given by
Bl(k>=<A1u U {izj})\ U iz

1<j<k/2 1<j<(k+1)/2
Bg(k):(AQU U {i2j1}>\ U {i2j}
1<j<(k+1)/2 1<j<k/2

also maximizes the 2-ordering of dimensions.

We introduce one notational convenience at this point. Given a set A C [1, M],

a finite sequence of elements {i1, ..., ip}, and disjoint sets Q, R C [1, P], we define
A(Q: R) = (A ulJ {ij}>\ Lt
JjeQ JER

Lemma3.5 Let® =& = (go,-)f‘i 1 C HN, and suppose that ® cannot be partitioned
into two linearly independent sets. Let {A1, A2} be a partition of [1, M| which max-
imizes the 2-ordering of dimensions. Let J be the union of all chains of dependen-
cies of ® based on the partition {A1, A2}. Let J1 =J N A1 and J, = J N Ay, and
S =span{y; :i € J}. Then,

S =span{gp; :i € Ji}
fork=1,2.

Proof We will prove the lemma in the case k = 1, the other case being similar. It
suffices to show that for every chain of dependencies {ii,...,ip}, all of the even
indexed vectors ¢y are in the span of J;, which we will do by induction.

Note that ¢;, € span{g; : i € A1\ {i1}}. Therefore, there exist scalars {a; : i €

A1\ {i1}} such that
Vi) = Z aiQi.

i€A\{i1}

Let i € A1 \ {i1} be such that a; # 0. We show that {i1,ip,i} is a chain of
dependencies of length 3. First, note that ¢; € span{gp; : j € A1({2}; {1})}. By
Lemma 3.4, the partition {A1({2}; {1}), A2({1}; {2})} maximizes the 2-ordering of
dimensions. Since ¢; is a dependent vector in (¢; : j € A1({2}; {1})), the par-
tition {A1({2}; {1,i}), A2({1,i}; {2})} has the same dimensions as the partition
{A1({2}; {1D), A2({1}; {2D)}. In particular, ¢; € span{g; : j € A2({1}; {2})}. There-
fore {i1, i2,1} is a chain of dependencies of length 3, and ¢;, € span{g; : j € Ji}.

Now, suppose that ¢;,, ..., ¢, , € span{g; : j € Ji}. We show that ¢;,, €
span{p; : j € J1}. Note that ¢;,,, € span{p; : j € A1({2,4,...,2m —2};{1,3, ...,
2m — 1})}. Therefore, there exist scalars {a; : i € A1 ({2,4,...,2m —2};{1,3,...,
2m — 1})} such that

Piry, = > aig;. (3.4)

icA1({2,4,...2m—2};{1,3,....2m—1})
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By the induction hypothesis, for the even indices j < 2m, ¢; € span{g; :i € Ji}, so
it suffices to show that for alli € A1 (¥; {1, 3, ...,2m — 1}) such that a; # 0, the set
{i1, ..., i2m, 1} is a chain of dependencies. (Note that there may not be any i in this
set.) By (3.4), ¢; € span{p; : j € A1({2,4,...,2m}; {1,3...,2m —1})}. By Lemma
3.4, the partition {A1({2,4,...,2m};{1,3,...,2m — 1}), Ax({1,3...,2m — 1};
{2,4,...,2m})} maximizes the 2-ordering of dimensions. Therefore, since ¢; is
a dependent vector in (¢; : j € A1({2,4,...,2m}; {1,3,...,2m — 1})), moving i
into the second partition by forming the new partition {A({2,4,...,2m}; {1,3,...,
2m —1,i}), A2({1,3,...,2m — 1,i};{2,4,...,2m})} does not change the dimen-
sions. In particular,

@i € span{<pj 1 jeA1,3,...,2m—1};{2,4,..., 2m}}.
Therefore {i1, iz, ..., i2m, i} is a chain of dependencies of length 2m + 1, and ¢;,,, €
span{p; : j € J1}. 0
Theorem 3.11 Let @ = (goi)iﬂil C HN . If for every nonempty J C [1, M],

1] -
dimspan{g; :ieJ} ~

then ® can be partitioned into two linearly independent sets.

Proof Suppose that @ cannot be partitioned into two linearly independent sets. We
will construct a set J such that

|/
dimspan{g; :i € J}

Let {A1, A2} be a partition of [1, M] which maximizes the 2-ordering of di-
mensions. By hypothesis, this partition of [1, M] does not partition @ into linearly
independent sets, so at least one of the collections (¢; : j € Ag), k = 1,2 must be
linearly dependent. Without loss of generality, we assume that (¢; : j € Ay) is lin-
early dependent.

Let J be the union of all chains of dependencies based on the partition {A, A3}.
We claim that J satisfies

|1
>
dimspan{g; : i € J}
Indeed, let J1 = JNAjand Jo, = JNA>. By Lemma 3.5, (¢; : j € Ji),k =1,2span
the same subspace S = (¢; : j € J). Since (¢; : j € J1) is not linearly independent,
|J1| > dim S. Therefore,

[J]=1J1] + /2]
> dim S + dim § = 2dim{g; : j € J},

2.

and the theorem is proved.

A careful reading of the proof of Theorem 3.11 yields that we have proven more
than what has been advertised. In fact, we have essentially proven the more general
Theorem 3.12 in the special case of partitioning into two sets. g
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3.4 The Rado-Horn Theorem III and Its Proof

The final section of this chapter is devoted to the proof of the Rado-Horn Theorem
III, which we recall below (see Theorem 3.6). We did not include all elements of
the theorem, as a discussion of partitions maximizing the K -ordering of dimensions
would have taken us too far astray at that time, and we only needed the full version
of the theorem in the proof of Lemma 3.2, whose proof we have delayed until the
end of this section.

Theorem 3.12 (Rado-Horn Theorem III) Let @ = ((pi)l.ﬁi | be a collection of vectors
in HN and K € N. Then the following conditions are equivalent.

(1) There exists a partition {Ar :k =1,..., K} of [1, M] such that for each 1 <
k < K the set (¢; : j € Ay) is linearly independent.
(2) Forall J C 1,

J
- 1 - <K. (3.5)
dimspan{g; : j € J}

Moreover, in the case that both of the conditions above are true, any partition which
maximizes the K -ordering of dimensions will partition the vectors into linearly in-
dependent sets. In the case that either of the conditions above fails, there exists a
partition {Ay :k=1,...,K} of [1, M] and a subspace S of HN such that the fol-
lowing three conditions hold.

(a) Forall1 <k <K, S=span{p;:j e Ay and ¢; € S}.
(b) FOrj:{lEIQlES},W>K
(c) Foreach 1 <k <K, (PgLp; :i € Ar, @i € S) is linearly independent, where

Pg. is the orthogonal projection onto S L

We saw in the previous section how to prove the more elementary version of the
Rado-Horn theorem in the case of partitioning into two subsets. The details of the
proof in the general setting are similar, and where the proofs follow the same outline
we will omit them. The interested reader can refer to [4, 13] for full details.

As before, our general plan is to start with a partition which maximizes the K -
ordering of dimensions. We will show that if that partition does not partition into
linearly independent sets, then we can construct a set J which directly contradicts
the hypotheses of the Rado-Horn theorem. The set J constructed will span the sub-
space S in the conclusion of the theorem.

Let {Aq,..., Ak} be a partition of [1, M] and let {i1,...,ip} C[1, M]. We say
that {ay, ..., ap} are the associated partition indices if forall 1 < p < P,i, € Aap.
We define the chain of partitions {A/ }5.3: | associated with A = {Ay,..., Ax} and

{i1,...,ip} as follows. Let A! = A, and given that the partitions A/ = {A,{}f:1
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have been defined for 1 < j < p and p < P, we define A?*! = {Af“, o, A?Fl}
by

. Ag . k#ap,apy1,
Ay =1 Ag, \{ip} k=a,,
AL Ulipy k=apq.

A chain of dependencies of length P based on the partition {Ay,..., Ax} is
a set of distinct indices {iy,...,ip} C [1, M] with associated partition indices
{ai....,ap} and the P + 1 associated partitions {A} }X_,, 1< p < P + 1 such that
the following conditions are met.

ap #apyy foralll <p < P.

al) = 1.

@i, €span{p; : j € A%}, and ¢;, € spanfg; : j € A;z}.
%i, €spanfg; : j € Affp \{ip}} foralll < p < P.

@i, €spanfg; : j € Ay} forall1 < p < P.

RAEEER A

Lemma 3.6 With the notation above, for each 1 < p < P + 1, the partition { Af }15:1
maximizes the K -ordering of dimensions.

Proof Asin Lemma 3.4, when we are constructing the pth partition, we are taking
a vector that is dependent in the (p — 1)st partition, and moving it to a new partition
element. Since removing the dependent vector does not reduce the dimension, all of
the dimensions in the pth partition must remain the same. Hence, it maximizes the
K -ordering of dimensions. g

Lemma 3.7 Let @ = (¢; f‘i 1 C HN, and suppose that & cannot be partitioned
into K linearly independent sets. Let {A1, ..., Ak} be a partition of [1, M] which
maximizes the K -ordering of dimensions. Let J be the union of all chains of depen-
dencies of ® based on the partition {A1, ..., Ag}. For 1 <k <K, let Jy = J N Ay,
and let S = span{yp; :i € J}. Then,

S =span{y; :i € Ji}
fork=1,...,K.

Proof We sketch the proof for k = 1. The details are similar to Lemma 3.5.
Clearly, it suffices to show that if {i1,...,ip} is a chain of dependencies based on
{A1,..., Ak}, then each %i, € span{g; :i € J1} foreach 1 < p < P.For p =1, this
is true since a; = 1. (For k # 1, it is true since moving a dependent vector from A
to Ay cannot increase the dimension of (¢; :i € Ag).)

Proceeding by induction on p, assume that ¢;, ..., %i, | € span{g; : i € Ji}. Let
{ai,...,ap} be the associated partition indices and A” = {A,’: },f:] the associated
partitions. If @, = 1, then we are done. Otherwise, we know that ¢;,, € span{g; : j €
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A,f;rl}. Note that i, € A7, and i), ¢ Af;: ! Therefore, removing i p from A7 does

not change the span of the vectors indexed by Agp , and by Lemma 3.6,

@i, € span{g; : j € AV}.

Write
Gi, = D 9
jeA?
for some scalars «j. We claim that for each j such that o; # 0, ¢; € span{g; :
i € Ji}. Since Af C Ay Uiy, ...,ip—1}, by the induction hypothesis it suffices to
show that whenever jj € Af \ i1, ..., ip}, @j, € span{g; :i € J1}. To do so, we
claim that {i1, ..., ip, jo} is a chain with associated indices {ay, ..., ap, 1}. Indeed,

noting that Af +_ (A‘i7 U {ip}), property 4 of a chain of dependencies ensures that
¢ip € span{pi :i € (AT Ulip)) \ Lo} =

Proof of Theorem 3.12 Suppose that @ cannot be partitioned into K linearly in-
dependent sets. Let A be a partition of [1, M] which maximizes the K -ordering
of subspaces. By hypothesis, this partition does not partition @ into linearly inde-
pendent sets, so without loss of generality, we assume that (¢; : i € Aj) is linearly
dependent.

Let J be the union of all chains of dependencies based on the partition .4 and
S =span{y; :i € J}. By Lemma 3.7, J satisfies

J={ie[l,M]:¢; €S}

We show that J and S satisfy the conclusions of Theorem 3.12.

First, let Jy = A N J for 1 <k < K. We have that span{g; : i € Ji} = S for
1 <k < K by Lemma 3.7, and |J;| > dim S by the assumption that A does not
partition into linearly independent sets. Therefore,

K
[71="1Jk| > K dim S = K dimspan{g; : i € J}.
k=1
In particular, if it were possible to partition into linearly independent sets, .A would
doit.

To see (a) in the list of conclusions in Theorem 3.12, note that S D span{gp; : i €
Ak, ;i € S} is obvious, and S C span{g; : i € Ag, ¢; € S} follows from Lemma 3.7.
Part (b) follows from Lemma 3.7 and the computations above.

It remains to prove (c). Suppose there exist {e};ea,\s not all zero such that
> jeA\J @j@j € S. Since J is the union of the set of all chains of dependencies,

jeans @j@j #0. Let {B)} ey, be scalars such that

Z O{j(ijZ,Bj(pj. (3.6)
JEA\J JE€Jk

Choose jo and a chain of dependencies {i1, ..., ip—1, jo} such that 8, # 0 and such
that P is the minimum length of all chains of dependencies whose final element is
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in {B8;: j #0}. Letm € Ag \ J such that o, # 0. We claim that {iy,...,ip_1, m} is
a chain of dependencies, which contradicts m ¢ J and finishes the proof.

The key observation to proving the claim is to observe that the minimality of the
length of the chain {i{,...,ip_1, jo} forces

(B £0)U(j:aj#£0)CAL . 3.7)

To verify property 5 of a chain of dependencies, since ¢;,_, € span{p; : j € A 5 b\
{jo}}, (3.6) and (3.7) imply that ¢;,_, € span{gp; : j € Agp \ {m}}. To see property 4
of a chain of dependencies, write

Cih= Y. Vo)

jeAl, \lo}

If y # 0, then ¢, € span{g; : i € AP \ {m}} directly from the above equation. If
vm = 0, then replacing ¢, in (3.6) w1th ZJEAP \Go) Yi®i shows that ¢, € span{g; :
ap

i€ AP \{m}}. O

We end with a proof of Lemma 3.2, which we restate now for the reader’s con-
venience.

Theorem 3.13 Let @ = (‘Pi)iﬂil be a finite collection of vectors in HY, and let
K € N. Assume

1. @ can be partitioned into K + 1-linearly independent sets, and
2. @ can be partitioned into a set and K spanning sets.

Then there is a partition {Ak}K +1 so that (¢)) jeay, is a linearly independent span-

ning set forallk=2,3,..., K + 1 and (¢i)ica, is a linearly independent set.

K+1

Proof We choose a partition {A}, ;" of [1, M] that maximizes dimspan{g;};ca,

taken over all partitions so that the last K sets span HV . If {Bk}K tli

[1, M] such that forall 1 <k <K +1,

is a partition of

dimspan{g;}jep; > dimspan{¢;};eca;,
then
dimspan{g;}jca;, =dimspan{g;};ep,

for all i =2,...,K + 1 since dimspan{g;};jcs; = N, and dimspan{¢g;}jca, >
dimspan{¢;} e, by construction. This means that the partition {Ak}K‘H maxi-
mizes the (K + 1)-ordering of dimensions. By Theorem 3.12, since there is a parti-
tion of @ into K + 1 linearly independent sets, {Ak}f;ll partitions @ into linearly
independent sets, as desired. O
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3.5 The Maximal Number of Spanning Sets in a Frame

In this section, we determine the maximal number of spanning sets contained in a
frame. Partitioning into spanning sets has not been studied as much as partitioning
into linearly independent sets, and several of the results in this section are, as far as
we know, new.

In one sense, the difficulties associated with choosing spanning sets contained in
a frame is very similar to the difficulties associated with choosing linearly indepen-
dent sets. Namely, choosing spanning sets at random will not necessarily provide the
maximum number of spanning sets. A trivial example is given in R? by the frame
(e1,e1, €2, e1 +e2) where e; = (1,0)7, e = (0, 1)T. If we choose (e3, €] +€2), then
we can only get one spanning set, while if we choose (eq, e2), (e1, e1 + e2) we get
two spanning sets. Recently [15], the problem of determining the maximal number
of spanning sets was resolved. We begin with some preliminary results.

Theorem 3.14 Let P be a projection on HM and let (ei)iﬁi | be an orthonormal
basis for HM . If I C {1,2, ..., M}, the following are equivalent:

(1) (Pe;)ier spans P(HM).

(2) (Ud — P)e;)icyc is linearly independent.

Proof (1) = (2) Assume that ((Id — P)e;)icjc is not linearly independent. Then
there exist scalars {b;};<;c, not all zero, so that

> bild — P)e; =0.
iel®
It follows that
X = Zbiei = Zbipei IS P(HM).
iel® ielc

Thus,
(x, Pej)=(Px,ej) = bilei,e;)=0, ifjel.
iel¢
So x L span{Pe;};c; and hence this family is not spanning for P(HM).
(2) = (1) We assume that span{Pe;};c; # P(HM). That is, there is a 0 # x €
P(HM) so that x L span{Pe;}ics. Also, x = 317 (x, ¢;) Pe;. Then
(x, Pej) =(Px,e;) ={(x,e;) =0, foralliel.

Hence, x =), ;c(x, ¢;)e;. That s,

Z(x,ei)ei =x=Px= Z(x,ei)Pe,-.

iel® iel®
That is,
Y (x,e) I — P)e; =0,
ielc
i.e., ((Id — P)e;j)icjc is not linearly independent. O

We state an immediate consequence.
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Corollary 3.2 Let P be a projection on HM . The following are equivalent:

(1) There is a partition {Aj};.:1 of {1,2,..., M} so that (Pe;)iea; spans P(HM)
forall j=1,2,...,r.

(2) There is a partition {Aj};.:1 of{1,2,..., M} so that ((Id — P)gi)ieAj is linearly
independent for every j =1,2,...,r.

Now we can prove the main result, which gives the maximal number of spanning
sets contained in a frame. Recall that this problem is independent of applying an
invertible operator to the frame and hence we only need to prove the result for
Parseval frames.

Theorem 3.15 [15] Let ()™, be a Parseval frame for H, let P be a projection
on HM with ()| = (Pe;)!L| where (e;)M. | is an orthonormal basis for HM , and
let (wi)l(r:_ll)M be the multiset

{Ud = Pey,...,(Id — P)ey, (Id— P)es, ..., (Id — P), ...,
(Id — P)ey, ..., (Id — P)ey}. (3.8)

The following are equivalent:

(1) ((pi)?il can be partitioned into r spanning sets.
2 (wi)fr:_ll)M can be partitioned into r linearly independent sets.

3) Foralll C{1,2,...,(r — 1)M},

]
_—— < (3.9)
dimspan{v;}ies
Proof (1) = (2) Let {AJ-};:l be a partition of {1,2,..., M} so that (Pe,-),-eAj is
spanning for every j =1,2,...,r. Then ((Id — P)e;);c A is linearly independent
for every j =1,2,...,r. Since {Aj};.=1 is a partition, each (Id — P)e; appears in

exactly r — 1 of the collections ((Id — P)e,-),-eA;. So the multiset (1//,‘)5;711)1” has a

partition into r linearly independent sets.

(2) = (1) Let {AJ-}.’[:1 be a partition of {1,2,...,(r — )M} so that
(d — P)ei)ieAj is linearly independent for all j = 1,2,...,r. Since the col-
lection ((Id — P)e;)iea; is linearly independent, it contains at most one of the r
copies of (Id — P)e; foreachi =1,2,..., M. Hence, each (Id — P)e; is in exactly
r — 1 of the collections ((Id — P)ei)ieA_/.. That is, each i is in all but one of these
sets Aj. Foreach j=1,2,...,r,let B; be the complementof A; in {1,2,..., M}.
Since ((Id — P)e;)ica; is linearly independent, (Pe;);ep; is spanning. Also, for all
i,j=1,...,r withi # j, we have B; N B; =, since if k € B; N B then k ¢ A;,
and k ¢ A, which is a contradiction.

(2) < (3) This is the Rado-Horn Theorem 1. O
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3.6 Problems

We end with the problems which are still left open in this theory. The Rado-Horn
theorem and its variants tell us the minimal number of linearly independent sets into
which we can partition a frame. But this is unusable in practice, since it requires
doing a calculation for every subset of the frame. What we have done in this chapter
is to try to use the Rado-Horn theorem to identify, in terms of frame properties, the
minimal number of linearly independent sets into which we can partition a frame.
We have shown that there are many cases where we can do this, but the general
problem is still open.

Problem 3.2 Identify, in terms of frame properties, the minimal number of linearly
independent sets into which we can partition a frame.

By frame properties we mean using the eigenvalues of the frame operator of
a frame (<pi)f‘i 10 the norms of the frame vectors, or the norms of the vectors of the
associated Parseval frame or perhaps the norms of the frame vectors of the canonical
Parseval frame associated to {”gﬁ}i"i -

The main problem concerning spanning and independence properties of frames
is the following.

Problem 3.3 Given a frame & for H", find integers rg,71,...,rN—1 SO that @
can be partitioned into rq sets of codimension O (i.e., ro spanning sets), r1 sets of
codimension 1, and in general, r; sets of codimension i fori =0,1,2,..., N — 1.

Moreover, do this in a maximal way in the sense that ro is the maximal number
of spanning sets, and whenever we take rp spanning sets out of the frame, r; is
the maximal number of hyperplanes we can obtain from the remaining vectors, and
whenever rg, r; are known, r; is the maximal number of subsets of codimension 2
which can be obtained from the remaining vectors, etc.

Finally, we need to know how to answer the above problems in practice.
Problem 3.4 Find real-time algorithms for answering the problems above.

Problem 3.4 is particularly difficult, since it requires finding an algorithm for
proving the Rado-Horn theorem just to get started.
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Chapter 4
Algebraic Geometry and Finite Frames

Jameson Cahill and Nate Strawn

Abstract Interesting families of finite frames often admit characterizations in terms
of algebraic constraints, and thus it is not entirely surprising that powerful results
in finite frame theory can be obtained by utilizing tools from algebraic geometry.
In this chapter, our goal is to demonstrate the power of these techniques. First, we
demonstrate that algebro-geometric ideas can be used to explicitly construct local
coordinate systems that reflect intuitive degrees of freedom within spaces of finite
unit norm tight frames (and more general spaces), and that optimal frames can be
characterized by useful algebraic conditions. In particular, we construct locally well-
defined real-analytic coordinate systems on spaces of finite unit norm tight frames,
and we demonstrate that many types of optimal Parseval frames are dense and that
further optimality can be discovered through embeddings that naturally arise in al-
gebraic geometry.

Keywords Algebraic geometry - Elimination theory - Pliicker embedding - Finite
frames

4.1 Introduction

Our goal in this chapter is to demonstrate that ideas from algebraic geometry can
be used to obtain striking results in finite frame theory. Traditionally, the frame
theory community has focused on tools from harmonic and functional analysis. By
contrast, algebro-geometric techniques have only been exploited in the past few
years because of the relatively recent interest in the theory of finite frames.

There are two central reasons why the frame theory community has begun to
develop an extensive theory of finite frames. First, there is a hope within the com-
munity that a deeper understanding of finite frames may help resolve longstanding
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problems in infinite-dimensional frame theory (such as the Kadison-Singer problem
[8, 22]). Second, computer implementations of frames are necessarily finite, and we
must have a theory of finite frames to demonstrate that these implementations are
accurate and robust (one manifestation of this is in the Paulsen problem [6]). It turns
out that interesting families of finite frames can be identified with algebraic varieties.
That is, they are solutions to systems of algebraic equations, or they live in equiv-
alence classes of solutions to algebraic systems. For example, real Parseval frames
satisfy the algebraic system of equations arising from the entries of ®®7 =Id . In
what follows, we shall apply ideas from algebraic geometry to study finite unit norm
tight frames and Parseval frames.

Finite unit norm tight frames obey length constraints and a frame operator con-
straint. Maintaining the frame operator constraint is the most complex obstruction
to parameterizing these spaces. A rather fruitful perspective on this constraint is
obtained by considering the frame operator as a sum of dyadic products:

M
S=) did} .

i=1

Supposing that A C [M] contains the indices of a basis inside of the frame @, we

then have
dotigl =5 > iol.

ieA ie[M\A

By continuity, we should be able to locally articulate the ¢;’s with indices in [M]\ A
while ensuring that the left-hand side of this equation remains a viable frame oper-
ator for the basis. As the free vectors move, the basis reacts elastically to maintain
the overall frame operator. Additionally, the basis contributes extra degrees of free-
dom. It turns out that this intuition can be formalized, and tools from elimination
theory can be used to explicitly compute the resulting coordinate systems on spaces
of finite unit norm tight frames (more generally, frames with fixed vector lengths
and a fixed frame operator). It should be noted that the chapter “Constructing Finite
Frames with a Given Spectrum” also contained in this volume has coordinate sys-
tems where the free parameters directly control a system of eigensteps. In contrast,
the coordinates derived in our chapter have free parameters that directly control the
spatial location of frame vectors. We provide a technical justification for these coor-
dinate systems by characterizing the tangent spaces (Theorem 4.3) on the space of
finite unit norm tight frames (and more general frames), and then applying the real-
analytic inverse function theorem (Theorem 4.4). An extensive example is provided
to convey the central ideas behind these results.

Parseval frames which are equivalent up to an invertible transform can be iden-
tified with the Grassmannian variety, which allows us to define a concrete notion
of distance between these equivalence classes. Using this distance, we can demon-
strate that equivalence classes of generic frames (robust to M — N arbitrary erasures
[20]) are dense in the Grassmannian variety. Moreover, the Pliicker embedding al-
lows us to construct algebraic equations which characterize generic frames that are
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also numerically maximally robust to erasures. Finally, we demonstrate that suffi-
cient redundancy implies that the frames that can be used to solve the phaseless
reconstruction problem form a dense subset.

4.1.1 Preliminaries

We shall now discuss the necessary preliminary concepts and notation. The Zariski
topology is a fundamental idea in algebraic geometry. The zero sets of multivariate
polynomials form a basis for the closed sets of the Zariski topology on 7. Thus,
the closed sets are given by

k
€ = {C cH":C= mplfl ({0}) for some polynomials {p;}_; . @.1)
i=1

It is not difficult to deduce that this induces a topology [13]. An important prop-
erty of this topology is that the nontrivial open sets are dense in the Euclidean topol-
ogy.

We shall often use [a] to denote the a-set {1,...,a}, and [a,b] = {a,a +
1,...,b]. For sets P C [M] and Q C [N] and any M by N matrix X, we let X¢
denote the matrix obtained by deleting the columns with indices outside of Q, and
we let X p, g denote the matrix obtained by deleting entries with indices outside of
P x Q. For any submanifold .# embedded in the space of M by N matrices, we
set

d
T ={Y:Y=—
x M { dty(t)

for a smooth path y in .#Z with y(0) = X }
1=0

4.2 Elimination Theory for Frame Constraints

Elimination theory consists of techniques for solving multivariate polynomial sys-
tems. Generally, one successively “eliminates” variables by combining equations.
Variables are eliminated until a univariate polynomial is obtained, and then those
solutions are used to “backsolve” and acquire all of the solutions to the multivari-
ate system. Gaussian elimination is perhaps the most well-known application of
elimination-theoretic techniques. Given a consistent system of linear constraints,
Gaussian elimination can be carried out to produce a parameterization of the solu-
tion space. For higher-order polynomial systems, generalizing this kind of elimina-
tion can be quite tricky, but it simplifies in a few notable cases. For example, square
roots allow us to construct locally well-defined coordinate systems for the space of
solutions to a single spherical constraint:

N
inzzl == x1==
i=1
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This example demonstrates that we can parameterize the top or bottom cap of a
hypersphere in terms of the variables x; for i =2, ..., N. Note that these param-
eterizations are both valid as long as Z,N: 5 xi2 <1, and that they are also analytic
inside of this region.

The finite unit norm tight frames of M vectors in RV are completely character-
ized by the algebraic constraints

N
. M
¢,.T¢,-=z}¢§,.=1 fori=1,...,N and ¢®T=NIdN,

and hence the space of finite unit norm tight frames is an algebraic variety. More-
over, these constraints are all quadratic constraints, so the space of finite unit norm
tight frames is also a quadratic variety. Computing solutions for a general quadratic
variety is NP-hard [10], but we shall soon see that spaces of finite unit norm tight
frames often admit tractable local solutions.

Finite unit norm tight frames for R? admit simple parameterizations because they
can be identified with closed planar chains (see [3]).

Proposition 4.1 For any frame ® of M vectors in R?, identify (d)i)f‘i | with the
sequence of complex variables {Zi}lN=1 with Re(z;) = ¢1; and Im(z;) = ¢2i. Then
& is a finite unit norm tight frame if and only if |zj|> =1 for i = 1,..., N and

N
doic Ziz =0.

To induce a parameterization on finite unit norm tight frames with M vectors in
R?, we may place M — 2 links in a planar chain starting at the origin, and to close
the chain with two links of length one, there are only finitely many viable solutions.
This parameterization betrays the fact that the local parameterizations arise from
locally arbitrary perturbation of M — 2 vectors. This intuition extends to finite unit
norm tight frames of R¥, but the reacting basis for N > 2 has nontrivial degrees of
freedom.

More generally, for a list of squared vector lengths u € Rﬁf’ and a target frame
operator S (a symmetric, positive definite N by N matrix), we may extend this
intuition to the algebraic variety of frames with squared vector lengths indexed by
w and with frame operator S. We shall call these frames the (i, S)-frames, and we
let .#,, s denote the space of all such frames. The following majorization condition
(introduced to the frame community in [7]) characterizes the 1 and S such that %, s
is nonempty, and we shall implicitly assume that o and S satisfy this condition for
the remainder of this section.

Theorem 4.1 Let i € Ri‘f’ and let S denote an N by N symmetric positive definite
operator. The space %, s is not empty if and only if

{ACIM]:|Al=k

k
max P < ri(S orallk € [N],
}i;m DS f

i=1
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and Zﬁl Wi = Z,N:l)»i(S). Here, {)‘i(S)}zN:I are the eigenvalues of S listed in
nonincreasing order.

In this section, we shall rigorously validate the intuition that coordinates on .%,, s
essentially arise from free articulation of M — N vectors on a sphere, and restricted
articulation of a basis. First, we shall present a simple example that depicts how
formal local coordinates may be constructed on a space of frames with fixed vector
lengths and a fixed frame operator. In order to validate the formal local coordi-
nates, we first characterize the tangent spaces on these frame varieties and proceed
to demonstrate injectivity of the tangent spaces onto candidate parameter spaces.
This allows us to invoke the real-analytic inverse function theorem to ensure that
locally well-defined real-analytic coordinate patches do exist. Finally, we use this
existence result to validate explicit expressions for the formal coordinates. While all
of these results are also true in the complex case, we shall only consider real frames,
because the notation is less cumbersome, and the arguments are very similar.

4.2.1 A Motivating Example

In this example, we demonstrate how coordinates can be obtained for a space of
bases in R? with fixed lengths and a fixed frame operator. This is the simplest non-
trivial case, but our approach requires a decent amount of effort. The benefit is that
the approach of this example works in general, with minor modifications.

We consider the case M = N =3,

1 1 V22 0
u=|1|, and @=|0 +2/2 V2/2],
1 0 0 V22
3/2 12 0
S=odl =12 1 12
0 1/2 1/2

Let us count the constraints on .#,, g to determine its dimension as a manifold. Each
of the three length conditions imposes a constraint. Because of symmetry, the frame
operator condition imposes 3 + 2+ 1 = 6 constraints. Since .7, s C R3*3 it would
seem that this algebraic variety is zero dimensional. However, we have counted one
of the constraints twice because trace(S) = ) u;. Thus, .%, s is a one-dimensional
algebraic variety. Consequently, we look for parameterizations of the form

d11(t) P12(t)  13(2)
D)= | ¢21(t) () ¢23(0) |, (0)=9.
t ¢3(t)  ¢33(0)
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The constraints are diag(®7 (1)@ (1)) = [111]7 and

1 -1 1
oo =S — oS 'em) =)' | -1 3 =3|d0)=1Id5.
1 =3 5

We proceed inductively through the columns of @ (¢). The constraints that only in-
volve the first column are the normality condition and the condition imposed by
Sn=1,

o} + o5 1P =1,
@} + 303, + 5% — 2¢1121 + 20111 — 61t = 1.

Viewing these two multinomials as polynomials in ¢»; with coefficients in ¢1; and
t, we have

o3, + (0} +12—1) =0,
33, + (=211 — 6021 + (dF) + 5% + 2411t — 1) = 0.

To perform elimination on this system, we need to invoke the following proposition
(which is a simple exercise using Gaussian elimination).

Proposition 4.2 Suppose «;, ;i € R fori =0, 1,2 and oy, B2 # 0. The quadratics
p=wE? +a1& + g and g = BrE? + B1& + Bo have a mutual zero if and only if
the Bézout determinant satisfies

Bz(p,q) := (a2 — a1B2) (@1 fo — @0B1) — (@2fo —aof)* =0.  (4.2)

Applying this proposition to the last two quadratics, we can eliminate ¢, to
obtain

0= [(1)(=2¢11 —61) — OYB)][(O)($7, + 51> +2¢117 — 1)
— (¢3 + 12 = 1)(=2611 — 60)] — [(D(¢?) + 5% +2¢111 — 1)
—B) (e} +2 =]
=81, + 16197, + (361> — 12)¢p7; + (3267 — 16¢) 11 + (40¢* — 28 + 4).
Solving for ¢ in terms of ¢, we obtain the four possible solutions:
d11(t) =+v1 =212, -t £ % —612 +2.

The condition ¢11(0) = 1 leaves us with just one possible solution:

1) =V 1 —2¢2,
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and we readily verify that this implies ¢, (#) = ¢. Having solved for the first column,
we consider the constraints that have not been satisfied, but which only depend on
the first and second columns:

b1y + ¢35, + b3, = 1.,
b1, + 303, + 503, — 2012622 + 2p12¢3 — 60di = 1, (4.3)
xSy =1 =221 — V1 = 20240 + (V1 — 22 + 2t)¢p3p = 0.

By continuity, we know that ¢11(¢) # 0 near ¢ = 0, so we may solve the third equa-
tion for ¢ (> to obtain

d12 =2 — (142t/V1 —212) 3.

This allows us to eliminate ¢ from the first two equations, and we may view these
new equations as quadratics in ¢ with coefficients in ¢3; and ¢:

203, + [(—2 = 4t/V'1 = 262) 32 |¢2
+[(2+4t/vV1 =202+ 417 /(1 - 21%))¢3, — 1] =0,
203, + [—4gnlpn + [(4 +41%/(1 — 2%)) 93, — 1] =0.

We now solve for ¢3, in terms of ¢ so that the Bézout determinant of this system
vanishes, and we obtain only three solutions,

1
$3(t) =0, i?/z — 472,

Since ¢37(0) = 0, we are left with the solution ¢3,(¢) = 0. Substitution into (4.3)
immediately implies that ¢12(f) = ¢22(¢) for all ¢, so we must conclude that

$12(t) = ¢22(1) = 2/2 for all 1.
We now solve for the final column, ¢3. Noting that conditions on ¢, are also
imposed upon ¢3, we see that

1
$33(1) =0.%v2— 412,

However, ¢33(0) = +/2/2, so we have that ¢33(f) = 3+/2 — 4¢2. A similar line of
reasoning reveals that

P23(t) = £2/2, :t%\/m'

Invoking the orthogonality condition,

¢S g3 = V2023 — V2433 =0,
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we may eliminate the constant solutions, and ¢»3(0) = \/5/2 leaves us with
Pr3(t) = %\/2 — 4¢2, Using the spherical condition ¢123 + ¢>%3 + ¢>323 =1 and the
orthogonality condition xT§=17 =0, we obtain ¢13(t) = —+/2¢. Thus, the final so-
lution is

V=22 V272 V2t
(1) = t V22 A2 -4
t 0 iv2-—4r2

This parameterization is relatively simple because the first and third columns form
an orthonormal basis of span{¢1(0), ¢3(0)} for all ¢. If we had observed this at the
beginning of the example, the parameterizations would follow very quickly. How-
ever, a generic frame does not contain an orthonormal basis and the approach of this
example is generically effective.

We may immediately exploit the idea behind this example to construct formal
coordinate systems around arbitrary frames in .%#,, s, However, it is not immediately
clear that any of these formal coordinate systems are locally well defined. Our first
challenge is to demonstrate that there are unique, valid coordinate systems. We shall
then endeavor to identify these with the formal solutions that can be constructed in
a manner echoing this example.

4.2.2 Tangent Spaces on 7 s

We first turn our attention to the problem of characterizing the tangent spaces
of Z, 1,s- The reason for this is twofold. First, if the tangent is not well defined, then
we are not guaranteed that the algebraic variety is locally diffeomorphic to an open
subset of Euclidean space. That is, smooth coordinate charts may not be available.
The second reason is that we have a procedure for constructing formal coordinate
systems (as illustrated by the preceding example), but we would like to know that
these formal coordinate systems are actually valid in some open neighborhood. To
obtain this validation, we want to demonstrate injectivity of a Jacobian in order to
invoke a form of the inverse function theorem. Demonstrating the injectivity ensures
that our coordinate map does not collapse or exhibit a pinched point, and we have
to characterize the tangent spaces of ., s to carry out the demonstration.
For € Rﬁf’ and N by N symmetric positive definite S, let

v = {@ = @)L, CRY :ligill” = i forall i = 1,....., M)
and
Sts.w = {@ =@, R : 00" =]

denote the generalized torus and generalized Stiefel manifold respectively. For
brevity, we shall simply call these the torus and the Stiefel manifold. Clearly, we
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Fig. 4.1 Full transversality of an intersection (left) ensures that the intersection forms a manifold
with a formula for the dimension. The central figure demonstrates that local failure of transversality
results in crossings inside the intersection (the lemniscate). On the right, we see that degeneracy
occurs when transversality fails completely

have that
5‘\“,5 = TM,N N StS,M.

Suppose that .%, 5 is nonempty, set ¢ = Zf‘il Wi, and define the Frobenius sphere
of square radius ¢ by

N
Sune=10 =@M, CRY: > Jgil* =cy.
i=1

Then, we have the following inclusion diagram:

MN.c
S N
Sts.m Ty
N S
Fus

In order to demonstrate that formal coordinates are valid using the implicit func-
tion theorem, we shall require an explicit characterization of the tangent space
ToF,,s for a given @ € %, 5. Given the inclusion diagram, it is natural to ask
when

Tqafﬂys =TTy nNTeSts u.

That is, when is the tangent space of the intersection equal to the intersection of
the tangent spaces? The notion of transversal intersection is our starting point for
approaching this question (see [12]).

Definition 4.1 Suppose that .# and .4 are smooth submanifolds of the smooth
manifold %, and let x € .# N 4. We say that .# and .4 intersect transversally at
xin N if Ty A =T M + Ty N . Here, + is the Minkowski sum.
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Theorem 4.2 Suppose that M and N are smooth submanifolds of the smooth
manifold % ,and let x € M NN . If N and M intersect transversally at x in Jt,
then Ty (M N N) is well defined and

T(ANN) =T M NT N .
That is, the tangent space of the intersection is the intersection of the tangent spaces.

Figure 4.1 provides a visualization of this theorem. To exploit this theorem, we
must first determine T %y n.c, To Ty, N, and TeSts pr. The tangent space for the
sphere at @ is simply the set of matrices “orthogonal” to @, or

N
ToSune={X=0DM CRY: Y (xi,¢:)=01.

i=1

Since the tangent space of a product of manifolds is the product of the tangent
spaces, we also have that

ToTun={X= )L, CRY : (x;,¢;) =0foralli=1,..., N}

The most convenient characterization of 7¢Stg ) is obtained by noting that the
special orthogonal group SO(N) acts on Stg, ) on the right: (U, @) — @U. Since
the Lie algebra of SO(N) is the skew-symmetric matrices, it is not difficult to show
that

ToSts = {X:(x,- f‘il cRY:x=902Z, whereZ:—ZT}.

Having characterized these tangent spaces, we now turn to the problem of char-

acterizing the @ € %, s at which T, y and Stg s intersect transversally in 7 v c.
It turns out that the “bad” @ are exactly the orthodecomposable frames (see [9]).

Definition 4.2 A frame @ is said to be orthodecomposable if it can be split into
two nontrivial subcollections, @ and &, satisfying @i"@z = 0. That is, span @
and span @; are nontrivial orthogonal subspaces.

Clearly, orthodecomposability is intimately related to the correlation structure of
the frame’s members. In order to demonstrate this equivalence, we shall require the
notion of a frame’s correlation network.

Definition 4.3 The correlation network of a frame @ = (qbi)f‘i | is the undirected
graph y(®) = (V, E), where V = [M] and (i, j) € E if and only if (¢;, ¢;) is
nonzero.

Example 4.1 For the @ defined in the example,

1 V22 0
(i) hepp =2 @=|v2/2 1 12
o 12 1
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@) (b)
®
© ©
© © © ©

(c) (d)

Fig. 4.2 (a) A rooted spanning tree is extracted from y(®). Set z;; = 0 if (7, j) is not in the
spanning tree. (b) At nodes whose only children are leaves, fix entries of Z so that (4.4) holds for
all these children. Effectively remove these children from the tree. (c¢) Inductively apply (b) until
only the root remains. (d) The conditions on Y ensure that the final equation holds. At this point,
all entries of Z have been defined

We conclude that y (@) = ({1, 2, 3}, {(1, 2), (2, 3)}), since ¢1, ¢3 is the only orthog-
onal (uncorrelated) pair.

We can now state the main theorem which relates the transversality of the inter-
section at @, the connectivity of the correlation network y (@), and the orthodecom-
posability of @. This result is due to Strawn [21].

Theorem 4.3 Suppose @ € F,, 5. Then the following are equivalent:

) To-SmN,c=ToTyun + ToSts u;
(ii) ForallY € To Sy N c, there is a skew-symmetric Z = [z;;] which is a solution
to the system

i i)=Y zjil$i,¢;) foralli€[M]; (4.4)

JElM]

(iii) @ is not orthodecomposable;
@iv) y (D) is connected.

The proof of this theorem is fairly straightforward, but its technical details ob-
fuscate the simple intuition. The centerpiece of the argument involves an algorithm
for constructing a solution to (4.4) given that y (@) is connected. Because Z is
skew-symmetric, this procedure can be interpreted as an algorithm for distributing
specified amounts of a resource at the nodes of the correlation network. We illustrate
this algorithm in Fig. 4.2.
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From this theorem, we immediately obtain a characterization of the tangent
spaces of .%,, s at non-orthodecomposable frames.

Corollary 4.1 Assuming that @ € %, s is not orthodecomposable, we have

T(pgzﬂ,s = T(I)T;L,N N TepSts pm

={X=0)M, cRY: X=02,Z=-2", diag(®*X) =0}. (4.5)

i=1

4.2.3 Existence of Locally Well-Defined Parameterizations
on ¥y s

Now that we have characterized the tangent spaces on .%,, s, we proceed to construct
alinear map 7 and a linear parameter space §2 @ A for each non-orthodecomposable
FeZ,ssothatm: Tp.F, s — 2 @ A (the Jacobian of w : F, s — 2 @ A) is
injective and hence the map 7 : %, s — §2 @ A has a locally well-defined inverse
by the inverse function theorem [16]. This allows us to conclude that our formal
procedure produces valid coordinate systems.

We begin by noting that, by counting the governing constraints, the dimension of
a generic nonempty %, s is

dim(yl,”s) = dimT, y + dimSts y — dimSy y ¢

M
=(N-DM+) (M—i)—(MN—1)
i=1
M-2
=(IN-DM-N)+ Y i

i=1

Based on our initial example, this calculation, and a little intuition, we expect
that it may be possible to obtain a parameterization of the form @(®,L) =
[I'(®)B(®, L)], where
LeAy={6=0)Y, cRY:§;=0ifi <j+1},
Oelyy={w=w) " cR":w;=0foralli=1,...,M — N},
$11001)  ¢12(62) -+ P1,M-NOm-N)
021 022 e 02, M-N
re) = . . .

On1 On2 e ON.M—N
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and where B(®, L) has the form

[ O1 MmN+l PLM-Nt2 o DLM-3 d1,M—2 D1, M1 d1m

P M-N+1 P2M-N+2 ' P2 M3 P2,M—2 D2, M—1 bom

[31 P3M-N+2 D3 M3 P3,.Mm—2 D3, M1 b3y

41 lgo o Q4 M3 Q4. M2 b4, M1 bam
IN-1,1 In—1.2 <o INCIN-3 ON—1M—2 ON—1M—1 ON-1.M

INt In2 o InN-3 INN-2 N, M—1 ONM

Here, I" represents the vectors that may be freely perturbed within their sphere, and
B parameterizes the basis. Note that I"(®) and B(®, L) are N by M — N and N
by N arrays respectively.

In order to exploit this parameter space, we must rotate all of the vectors of @ so
that the resulting tangent space is sufficiently aligned with 2 y @ Ay . Otherwise,
we shall fail to acquire a parameterization with the form we have just described. No-
tationally, this system of rotations is represented as an array of orthogonal matrices:

Q= (2L, co”w.
The alignment of the frame @ using the system of rotations Q is denoted
Qx® = (Qign}L;,

and we set QT = (QiT)iAil.

This next theorem (also due to Strawn [21]) sets the stage for applying the real-
analytic inverse function theorem [16] by demonstrating injectivity of the Jacobian.
In particular, it allows us to know how and when we may use the parameter space
£2u,n @ An to obtain coordinates on %, 5.

Theorem 4.4 Suppose ¢ € %, s is not orthodecomposable. Then there is a sys-
tem of rotations Q € O™ (N) and an M by M permutation matrix P such that the
orthogonal projection

.oT
7:Q *TJ)PTﬁpu,_g—).QM’N@AN
is injective.

By the real-analytic inverse function theorem, we obtain the following corollary,
which ensures that our procedure for constructing formal coordinates (as in the first
example) might actually produce well-defined coordinate systems.

Corollary 4.2 If the conditions of Theorem 4.4 are satisfied, then there is a unique,
locally well-defined, real-analytic inverse of w, @' : 2y N ® An — Q7 » FpPu,s-

Remark 4.1 If @’ is as in the above corollary, then (Q x @'(®, L)) P is a parame-
terization around @ € .%,, 5.
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The proof of Theorem 4.4 is rather technical, but a simple example should illus-
trate the nuances. Consider the frame

IR RE
=0 0 L LI,
so that u =[1111]7 and

8 2
3 50

_ 2 2

s=12%2 2 o
00 2

Our first goal is to identify a non-orthodecomposable basis inside of @. Note that
the existence of such a basis is equivalent to the connectivity of y (®). We set

1
B=[¢2 ¢3 ¢ul=

S R
P B

0
0

»)

Our next gadget is a rooted tree on y(B). We simply set 4 to be the root of this
tree, and 2 and 3 are the children. Let 7 denote this tree. We have chosen 7 in this
manner so as to illustrate typical behavior.

Now, the permutation matrix P in Theorem 4.4 is then chosen so that PT moves
all of the “free” vectors to the left side of @ PT, and also so that if i is a child of
j in T, then the ith vector precedes the jth vector. By our choice of @ and T, we
simply have that P = Id. Next, we fix the alignment matrices.

The alignment matrices of the “free” vectors are simply chosen so that Q;e; =
@i /ll¢ill. Choosing the alignment matrices for the basis is more complicated. In our
case, Q1 = Id since ¢ = e;. We now choose Q5 so that

[¢2 ¢4 d3l=[d2 @3 G4]lPr3) = O2R>

is the QR decomposition of B after we permute the second and third column. Note
that we have permuted so that the ¢, is followed by the vector whose index is the
parent of 2 in T'. It is simple to check that

e B L R TR S
2 W2

0 8 S |=|0 f Lo L o
2 N2

o f gl Lo =2 2l 0
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and hence
1 0 0
V2 V2
0,=|0 5 5
0 2 2
2 2

The final two alignment matrices are always set to the identity, so Q3 = Q4 = Id.
Now, we set about demonstrating that the projection from this theorem is injec-
tive. Suppose that X € QT Ty Fu,s satisfies 7 (X) = 0, and hence

X1l X12 X13 X14
X=| 0 2xp» x3 x4
0 0 x33 x34

Because y (@) is connected, we know that
ToFus={Y:Y=0Z,Z=-7"diag(®’ ®Z) =0}.

In particular, we have that X = Q7 » (@ Z) for some Z = —ZT . We shall show that
Z = 0 by induction though its columns. First, we show that we may choose Z so
that z; = 0. We first note that x; = &z;. Since diag((;chbZ) =0, we have

T T T
0=¢; Pz =e; Pz1 =e€] X1 =X11.

Consequently, x; = 0 and it turns out that we can assume z; = 0 in this case. The
details of this are described in the full proof, but one may think of this as saying
that any motion that fixes “free” vectors only needs to know how it is acting on the
basis. Now, we show that z, = 0. We have that

1 N2 2
0 . 2 2 X12 x12_§x22
Po3y| z32 | =R, x2=|0 § 0 X0 | = NG
240 0 7 22
0o o0
This means that
0
0
2n=|,
42

Now, the other condition on T¢.#,, s, diag(q)T<DZ) = 0 implies that ¢2T D7y =
0. But since we have zo = z4p¢4, this condition reduces to

24293 ¢4 = 0.

In the spanning tree of the correlation network, 4 is the parent of 2, so we have
that ¢2T ¢4 # 0. Therefore z4p = 0, and hence z; = 0. Repeating this trick gives us



156 J. Cahill and N. Strawn

73 = 0 as well; the last three entries of z3 are @ ~!x3, which implies that the only
nonzero entry of z3 is z43, and the diagonal condition ensures that z43 = 0. Finally,
74 =0since Z=—2T.

We have shown that Z = 0, so it follows that X = 0 and 7 is injective. After
counting dimensions, we invoke the real-analytic inverse function theorem to ob-
tain unique, analytic, locally well-defined coordinates. This guarantees us that our
formal solutions to this system are locally valid. We now proceed to elucidate the
explicit construction of formal solutions.

4.2.4 Deriving Explicit Coordinates on .7, s

Using the same @ in our last example, we set

V183 — ¢35
$1= 21
¢31

Our only condition imposed upon the “free” vector is that it remain in its sphere.
However, as we move ¢, the frame operator of the basis [¢> ¢3 ¢4] must change to
maintain the overall frame operator. Explicitly, we want to enforce the constraint

S=¢16] +pd1 + d3d1 + dadi

so we must have that

BB = $r07 + ¢3¢3 + 33 =S — ¢1o1 .

Since B is invertible, we can rearrange to obtain
BT(S—¢i1¢]) 'B=1d.

By rearranging in this manner, all of the conditions on the basis become conditions
on the columns. This is the central trick that supplies us with a strategy for carrying
out the full derivation of the explicit coordinate systems. With this rearrangement,
it is now possible to solve the entire system in a column-by-column fashion.

For this trick to work we must compute (S — ¢ (/){)‘1 . The entries of this inverse
are analytic functions, but they are already complicated. While we may be able to
fit this expression on a page, we only have one “free” vector to consider. With an
arbitrary number of “free” vectors, one can easily see that this inverse has a very
dense representation. Even if we were simply solving a linear system involving the
basis and this inverse, the full expression would be vast. In our situation, we’re going
to solve two quadratic equations and a linear system. This dramatically inflates the
complexity of the explicit expressions.
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Forgoing the explicit form of (S — ¢1¢1T), we now consider the conditions that
must be imposed upon just ¢;:

pTpr=1 and ¢I(S—p197) 'po=1.

The first is a spherical constraint, and the second is an ellipsoidal constraint. In
general, the solution set in R? bears a striking resemblance to the boundary of a
Pringles chip. Because of the alignment structure, we set ¢» = 0> and solve

YTy =1 and y7QI(S—¢ioT) " Qap =1.
where

Y1, ¢1)
Y= | ¥2(t, 91)

t

As in our first example, these are two quadratic constraints and we may apply the
Bézout determinant trick to obtain explicit expressions for ¥r; and . The resulting
expressions are entirely dependent upon ¢; and . We may then set ¢ = Q2T Y. With
¢> in hand, we can then solve for ¢3 and ¢4 just like we did in our first example. The
astute reader will recognize that we obtain numerous branches from solving these
equations. However, we may prune these branches by considering the condition
®(0,0,0)=2.

While we may write explicit expressions for these coordinate systems, these ex-
pressions will necessarily involve solutions to quartic equations, which are unwieldy
when expressed in their full form. For our example, some of the expressions are so
vast that they exceed IATEX’s allowed buffer. Nevertheless, computer algebra pack-
ages can manage the expressions. For a full technical derivation of these coordinates
and a full proof that there is a unique branch with local validity, the reader is referred
to [21].

Since the expressions for our example are too large to fit on a page, we conclude
this section with Fig. 4.3, which depicts the motion that frame vectors experience as
we traverse the local coordinate system. In this figure, we allow ¢; to move along a
great circle and allow ¢ to vary fully. Consequently, we observe the individual basis
vectors articulating along two-dimensional sheets inside the unit sphere. There are
of course three degrees of freedom for this example, but it is much harder to visual-
ize the behavior obtained by submerging a three-dimensional space in a sphere.

4.3 Grassmannians

In this section we will study a family of well-known varieties called Grassmanni-
ans. These results originally appeared in [5]. The Grassmannian is defined as the
set { N-dimensional subspaces of .M} and will be denoted by Gr(M, N). It is not
clear from this definition how this set forms a variety, but this will be explained
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Fig. 4.3 In this figure, we have allowed ¢, (the small blue curve near the sheet on the left side) to
vary along a fixed curve, and the movement of ¢, controls the single degree of freedom inside the
basis. Consequently, ¢, ¢3, and ¢4 carve out two-dimensional sheets on the unit sphere

shortly. The motivation for the use of Grassmannians in frame theory comes from
the following proposition (see [1, 15]).

Proposition 4.3 Two frames are isomorphic if and only if their corresponding anal-
ysis operators have the same image.

Therefore a point on a Grassmannian corresponds to an entire isomorphism class
of frames, but many properties of frames are invariant under isomorphisms, so
Grassmannians can give a useful way to discuss families of frames with certain
properties.

In this first section we will explain some basic properties of Grassmannians. Most
of this material is well known, so we will provide appropriate references for techni-
cal details that are not included here.

First we will be concerned with the Grassmannian as a metric space. If 2", % €
Gr(M, N) then ||Pg — Py || defines a metric on Gr(M, N), where P9 denotes
the orthogonal projection of ™ onto 2, and || - || denotes the usual operator
norm. This metric has a geometric interpretation in terms of the “angle” between
Z and % . Define the N-tuple (o1, ..., o) as follows:

op=max{(x,y):x€ 2,y e, |xll=llyl =1} = (x1. y1).
and

oi=max{(x,y):xe Z,ye¥, |xll=lyl=1,(x,x;)=(y.y;)=0,j <i}

= (xi, yi)
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for i > 1. Now define 6;(2°,%) = cos”'(0;). The N-tuple 6(Z,%) =
(61, ...,0y) is called the principal angles between 2 and % (some authors call
these the canonical angles). Let X and Y be N x M matrices whose rows form
orthonormal bases for 2" and ¢ respectively. It turns out that the o;’s are precisely
the singular values of XY*. We also have that | Pg- — Py || = sin(Oy (2, %)). In
fact, there are many metrics that can be defined in terms of the principal angles.
Justifications for these three facts can be found in [15].

We now proceed to explain a particular embedding, known as the Pliicker em-
bedding, of Gr(M, N) into P(¥)~! which will be used extensively in this section.
Let 2 € Gr(M,N) and let XV be any N x M matrix whose rows form a ba-
sis for 2. Let X l.(ll,),_l.N be the N x N minor consisting of the columns indexed by

i1,...,iy of XU Then the (%)-tuple Plu(X(l)) = (det(Xl‘(ll.),.l’N))lfh<---<iN§M is
called the Pliicker coordinates of .2". Note that if X is any other N x M ma-
trix whose rows span 2", then there exists an invertible N x N matrix A such that
(X@) = A(XD), 1t follows that Plu(X®) = det(A)Plu(X D). Thus the mapping
X+ Plu(Z") is a well-defined injective mapping of Gr(M, N) into PV In
most cases this mapping is not onto, however the image of this mapping is known to
be a projective variety; see [11] for more details. In particular, the vanishing locus
of the polynomials

N
XiyinXjijn — Zxjki2~~iijl~~~jk—li1jk+1'~'jN
k=1
(where x4 ())...0(iy) = sign(o)x;,..iy for any permutation o) is precisely in the im-
age of the Pliicker embedding. We use the symbol Plu(M, N) to denote this set of
polynomials.

By abuse of notation let Plu(.2") denote a unit vector in ¢ (%). Then we have
that |(Plu(Z"), Plu(%))| is well defined for any 2", % € Gr(M, N). We define the
Pliicker angle between 2~ and ¢ to be

O, %) = cos™ |(Plu(Z), Plu(¥))|.

We have the following relationship between @ (2", %) and 6(Z", %), see [14],
[17], and [18]:

Proposition 4.4

k
cos(O(2, ) =] [cos(t:(2. ). (4.6)

i=1

Proof Let X and Y be N x M matrices whose rows form orthonormal bases for .2
and % respectively. Then
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cos(O(Z, ) = |(Plu(Z), Plu(#))|

> det(Xiyiy) det(Yi, i)

]Sil <~~<iN§M

Do det(Xiiy Y y)

I<ij<--<iy<M

= |det(XY*)| = |det(U Z V)| = det(X)

N N
= Hcrl- = Hcos(@i(%, %)),
i=1

i=1

where XY* = UXV is a singular value decomposition, and where we have em-
ployed the Cauchy-Binet formula for the fourth equality.

O

In particular, 6; (2, %) < O(Z,% ) foreveryi =1,2,...,N, O(Z, %)
if and only if Oy (2", %) = 7, and ©(2Z", %) = 0 if and only if Oy (2", %) = 0.
Also, we have the following new metric on Gr(M, N):

A2 W) = |Plu(2) = Pu()| =zsm(w>,

which we call the Pliicker metric.

We now describe a particular way of breaking up the Grassmannian into subsets
known as the matroid stratification of the Grassmannian (see [4]). First we define
matroids (note that there are many equivalent ways of defining matroids, we state
the one that we will use here).

Definition 4.4 A matroid is an ordered pair ([M], ) where A C 2IM1 gatisfies:

Bl) B+0
(B2) A,Be B, ac A\B= 3be B\A such that (A\{a}) U {b} € Z.

[M] is called the ground set of .#, and the elements of % are called the bases
of A .

For more background on matroid theory we refer to [19]. The main reason we
care about matroids is summarized in the following proposition, which can be found
in [19].

Proposition 4.5 Let [M] be the set of column labels of an N x M matrix F over a
field F, and let & be the collection of subsets I C [M] for which the set of columns
labeled by 1 is a basis for FX. Then 4 (F) := (M1, B) is a matroid.

Matroids encode linear independence; determinants are a measure for this. In
particular, observe that Plu(Z") associates to each 2 € Gr(M, N) a matroid



4 Algebraic Geometry and Finite Frames 161

M(Z) as follows: A set {i1,...,iy} € [M] is a basis of .#Z(Z") if and only
if Plu(%)i,..iy # 0. Thus, to each matroid .# we can associate the subset of
Gr(M,N):

RB(M)={X € Gr(M,N): M(X)=4}.

Thus, Gr(M, N) can be written as a disjoint union of sets of this type. We will use
this stratification later to prove that generic Parseval frames are dense in the set of
Parseval frames.

4.3.1 Frames and Pliicker Coordinates

Let® = {@i}f‘il be a frame for 77~ . We define

Plu(é) = (det(¢i1‘..l‘N))

1§i1<~--<iN§M’

and note that Plu(@) is a point in % () . By Proposition 4.3 we have that Plu(®) =
APIlu(¥) if and only if there is an invertible operator T so that ¢; = Ty; for every
i=1,2,..., M, in which case A = det(T). An argument similar to the proof of
Proposition (4.4) yields the following.

Proposition 4.6 ||Plu(®)||> = det(S), where S is the corresponding frame operator.

One important consequence of Proposition 4.6 is the following corollary, which
will be used extensively later.

Corollary 4.3 If © is a Parseval frame, then ||Plu(®)| = 1.

However, note that Proposition 4.6 also says that the converse of the above corol-
lary is not true. To see this, let S be a positive, self-adjoint operator such that
det(S) =1, and let ® = {(p,-}l.l‘i | be a Parseval frame. Now consider the frame
S22 = (sl zwi}ﬁ | Which has § as its frame operator. If S is not the identity op-
erator then S'/2@ is not a Parseval frame, but we still have that || Plu(S'/?®)| = 1.

For notational convenience we denote by IT(®) the image of the analysis oper-
ator corresponding to the frame @. Thus, Plu(I1(®)) is a point in projective space.
Given a point 2~ € Gr(M, N) we use the symbol IT ~1(Z) to denote the entire iso-
morphism class of frames whose analysis operator has 2" as its image. We can now
prove the following result, which says that close subspaces are necessarily images
of analysis operators of close Parseval frames.

Theorem 4.5 Let 27, % € Gr(M, N), and let € > 0. Suppose that O (X, Y ) <

zjﬁ and that {¢; I.Ail e I~ Y2 is a Parseval frame. Then there is a Parseval

frame {wi}iﬂil € T~Y(X) such that |\¢; — ;|| <€ foreveryi=1,2,..., M.
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Proof First note that Oy (2, %) < O(ZX, %) < 2}. We can find orthonormal

bases {aj}?’=1 for 2 and {bj} | for & such that (a;, b;) = cos(d;) for every
j=1,..., N. Therefore, we have

0 0
laj —bjll _2sm( 2j> <2$1n( g) < j—ﬁ

forevery j =1,..., N.Now let A and B be the N x M matrices whose jth columns
are a; and b; respectively. Let a;; be the ith entry of a; and let f; be the ith row of
A, similarly let b;; be the ith entry of b; and let g; be the ith row of B. Then we have

M 62
Z(a,-j —bij)2 < N forevery j=1,...,N
i=1

which means that

2
€
(aij—b,-j)2<ﬁ forevery j=1,...,N,i=1,.... M

which further implies that
N
> aij —bi)* = fi — gill* < €.

Now since the columns of A form an orthonormal basis for 2", we know that { f;} l"i 1
is a Parseval frame which is isomorphic to {‘/’i}?i |- This means there is some uni-
tary T : #N — VN such that Tf; = ¢; for every i = 1,..., M. The Parseval
frame {y; } = {Tg,} — | can now be seen to have the desired propertles O

The same argument can be used to prove a similar result for different combina-
tions of metrics on the Grassmannian and metrics on frames.

Theorem 4.6 Let 2, % € Gr(M,N), and let € > 0. Suppose that
Z?’zl sin2(9j(3£”, %)) < € and that {(p,}M1 € [1~Y(Z) is a Parseval frame. Then

there is a Parseval frame {w,}M1 € I~ (%) such that Zl 1 lloi — ¥ ||2 <E€.

We can also use a similar argument to generalize Theorem 4.5 in the case that we
care about frames that may not be Parseval frames.

Theorem 4.7 Let 2, % € Gr(M, N), and let € > 0. Let {;}* | € IT-'(Z") with
frame operator S and assume that

X Y) < ——
S22/ N
Then there is a frame {w,}M1 € IT~Y¥) such that @i — Vil < € for every i =

1,2,..., M. Furthermore, if {¢; }l:1 is a Parseval frame, then {i; }M
to be a Parseval frame as well.

| can be chosen
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4.3.2 Generic Frames

A frame is said to be robust to m erasures if the removal of any m vectors leaves
a frame. Clearly a frame consisting of M vectors in /" can be robust to at most
M — N erasures. We call such a frame a generic frame. Generic frames have ap-
peared previously in the literature under the name maximally robust frame (see [20]).
However, we shall see that this is a very weak measure of the robustness of a given
frame to erasures. In particular, we will show that there is an open dense set of
frames that are robust to M — N erasures, so we believe the name “maximally ro-
bust” should be reserved for robustness in a more numerical sense. In this section
we will study the set of generic frames. We begin this section with the following
fairly simple observation.

Proposition 4.7 Let {goi}f‘i | be a frame, and € > 0. Then there is a generic frame
{(i}™, such that

loi —vill <e
foreveryi=1,...,M.

Proof If {(pi}iﬂi | is generic then there is nothing to prove, so assume {(pi}iAi | is not
generic. Let {(p,-j};’?: | be a minimal dependent set; note that dim(span{g;; }71:1) =
m — 1. Choose some ¢; i and let B be an open ball of radius € centered at Pij,-
Now let # be the set of hyperplanes (i.e., codimension 1 subspaces) spanned by
any combination of vectors in {(pi}i"i | that do not include Pijy- Notice that SN\ #/

is an open dense set in .Y since # consists of a finite number of hyperplanes, so
BN (AN\#) # . Choose any x in this set and replace ¢; i with x. This ensures
that dim(span{g; } j £ j, U {x}) = m and that we have not created any new dependent
sets of cardinality less than or equal to N. After repeating this process finitely many
times, we can ensure that we arrive at a generic frame with the desired properties. [

Now if {¢;};_ | is a Parseval frame, can {s; }f.‘i | be chosen to be a Parseval frame?
The answer is yes, but to prove this we need to use the results of the previous sec-
tion. Before proving this we need to explain some further properties of the matroid
stratification of the Grassmannian.

Choose 1 <ij <--- <iy <M and consider the set ¥}, ;, ={Z € Gr(M,N):
Plu(Z)i,..iy =0} = U{Z(A) : {i1, ..., in}is not a basis of .#Z}. Now observe
that ¥, ;. is a proper closed subvariety of Gr(M, N). This tells us that ¥, ;,
is a closed subset of Gr(M, N) in the Zariski topology, which implies it is also
closed in the Euclidean topology (the topology induced by the Pliicker metric), so
in particular Gr(M, N)\'#;, iy is an open and dense subset of Gr(M, N) (in both
topologies). The uniform matroid of rank N on [M] is the matroid whose bases con-
sist of all subsets of [M] of cardinality N; we use the symbol %) y to denote this
matroid. Now observe that

RN = [ Gr(M.N\Y, iy,

I<ij<-<iy<M
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which means that Z (% n) is an open and dense subset of Gr(n, k). Now we can
prove our result.

Theorem 4.8 Let {(pi}iﬁi | be a Parseval frame, and € > 0. Then there is a generic
Farseval frame {v;};_ | such that ||¢; — Y|l <€ foreveryi=1,..., M.

Proof First note that @ is generic if and only if IT(®) € Z(%m.n), s0O we may as-
sume [1(®) &€ Z(%u.N)- By the above remarks we can find a point % € Z(%m.n)
such that © (I1(®), %) < 267 so the result follows from Theorem 4.5. d

Now that we have established that almost every frame is generic, we would like
to come up with a numerical measure of the genericity of a frame and construct the
Parseval frames that are somehow the “most generic.” Since we have seen how to
associate points on the Grassmannian to frames, and we know how to compute dis-
tance on the Grassmannian, one reasonable way to measure the genericity of a given
frame is to find the shortest distance on the Grassmannian to an isomorphism class
of frames that is not generic. However, there are many ways to measure distance on
the Grassmannian, so we will choose one reasonable way.

We pose the following optimization problem:

min max{@(%,é‘}l..‘m):l§i1<-~~<iN§M}, 4.7
2 €Gr(M,N)

where &,...y = span{e,-lwgl.N} and {ei}?il is the standard orthonormal basis

of ##M . Recall that by Corollary 4.3 the Pliicker norm of any Parseval frame is 1,
so we would like to find the unit vectors on the (Pliicker embedding of the) Grass-
mannian whose smallest (in absolute value) Pliicker coordinate is as big as possible.
Intuitively, a small Pliicker coordinate says that the corresponding subset is “barely”
a basis.

Clearly, if the Pliicker embedding is onto, then these would be the points whose

-1/2
Pliicker coordinates (in absolute value) were all equal to (%) / . However, these

points are only in the image of the Pliicker embedding when N =1or N =M — 1,
i.e., every sequence of unit-modulus scalars is optimal for N = 1 and every simplex
is optimal for N = M — 1. For other choices of M and N we want to find the points
on the Grassmannian that are as close (in the regular Euclidean sense) to these points
as possible. An equivalent task is to solve the following optimization problem:

maximize: Z %) iy |
1<ij<---<in<M
subjectto:  Plu(M, N),

2 _

I<ij<--<iNn<M

We will illustrate this with the first nontrivial example, Gr(4, 2). In this case
Plu(4,2) contains only the polynomial x12x34 — X13X24 + X14X23, so the above op-
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timization problem becomes

maximize:  [x12| + |[x13] + [x14] 4 [x23] + |x24] + [x34]
subject to:  X12X34 — X13X24 + X14%23 =0,
x122 + x123 + x124 —l—xé +x§4 +x§4 =1.
For simplicity, we will only look for solutions in the first orthant (i.e., where all

Pliicker coordinates are positive), so we can drop the absolute values. Using the
method of Lagrange multipliers we arrive at the following system of equations:

201x12 + Aoxzg =1,
201x34 + Aox12 =1,
2M1x14 + Aoxoz =1,
201x23 + Aox14 =1,
201x13 — Aoxog =1,

2A1x24 — Aox13 = 1.
Together, the first two equations imply that
201x12 + A2x34 = 2X1X34 + A2X12
= (2h1 —A2)x12=(2A1 — A2)x34
A2
= x;p=x34 aslongasi]# o

Similarly, the third and fourth equations imply x14 = x»3 as long as A1 # %2, and the

last two equations imply x13 = x4 as long as A # — )‘—22 This reduces our system of
six equations to the following system of three equations:

QA+ 2)x2 =1,
(A1 +A2)x14 =1,
a1 —A)xi3 = 1.

But the first two equations of this system now imply x1» = x14 (under our assump-
tions on A1 and A;). The Pliicker relation now becomes

2 2 _
2x1, —x13=0.
Now we can use our unit norm constraint to find the solutions:

1
x12=x14=x23=x34=ﬂ:7, x13=x24=i§-
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Thus, we wish to find a 4 x 2 matrix whose Pliicker coordinates are (a scalar multiple

of) (%, %, %, %, %, ‘/TE). The easiest way to do this is to make the first Pliicker

coordinate equal to 1:

4 2 1 /2 /21 V2

- \/__7_’\/__’\/__’_7£ =(1,v2,1,1,v/2, 1),
J2\472 47 472 4

and find a matrix of the following form:

1 0 a b
01 ¢ dJ

For example, since x13 = /2 we see that ¢ = +/2. Similarly, we can solve for a, b
and d and we arrive at the following matrix:

ER !

Finally, we perform the Gram-Schmidt process to the columns of this matrix so that
they become an orthonormal basis for their span in R*, and that means the columns
should form the Parseval frame that we were looking for:

133 )

0
V2 0
4.3.3 Signal Reconstruction Without Phase

v2 o1
2 2

D= B9|—

In this section we will discuss a problem known as phaseless reconstruction. The
results of this section originally appeared in [2]. Suppose we are given a frame
@ = {g;})1 for V. We want to know if we can recover x € Y up to a scalar
multiple of modulus one if we are just given the vector of absolute values of inner
products with the frame vectors. To be more precise, we define the mappings

fa:aN - RM . fao) = ([, [ om)])

and

g e ey

fo: AN ~=>RY fo @)= (|(x, 1)

<X, ‘PM) )’ X € 56’
where x,y € £ € N/ ~ if there is a scalar A with x = Ay and |A| = 1. So we
would like to find conditions on the frame @ which guarantee that fg is injective.
We will analyze the real and complex cases separately.

We start with the real case. In this case the domain of fp is RY/ ~, where
x,y € £ e RN/ ~ if and only if x = 4y. Before stating our results, we need to fix
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some notation. Given a subset / C [M], by abuse of notation use the same symbol
I to denote the characteristic function of this set, i.e., fori € [M], I(i) =1ifi el
and (i) =0if i ¢ I. Define a mapping o7 : R — R¥ by

or(ar,....am) = ((=D'Pay, ..., (=)' May).
Note that 07 = I, and oc = —oy. Also, let L; = {(a1,...,am) : a; =0 fori € I}.
Then we have that o7 (u) = u if and only if u € L; and o;(#) = —u if and only if

uel Jc.
We need one more definition before stating our theorem.

Definition 4.5 Let .# be a matroid with ground set [M]. We say that .# has the
complement property if for every I C [M] either I contains a basis of .#Z or I¢
contains a basis of .Z .

Theorem 4.9 For a frame @ = {y; }f‘i 1 € RN the following are equivalent:

(1) fo isinjective.

(2) For every nonempty proper subset I C [M] and every u € IT(®)\(L; U Ljc),
or(u) g 1(P).

(3) If there is a nonempty proper subset 1 C [M] for which I1(®) N L; # O, then
II(®)NLjc=40.

@) (D) € Z(M) for some matroid A with the complement property.

Proof (1)=(2) Suppose there is a nonempty proper subset / C [M] and a u €
IT1(®@)\(L; U Lje) for which o7 (u) € I1(®). Since u & L; U Ljc we know o (u) #
+u. Now there are x, y € RV such that (x, ¢;) = u(i) and (y, ¢;)(—1)!Du(i) for
every i =1,..., M. But then fg(x) = f3(y) and since o;(u) # fu we know that
X # %y, so fg is not injective.

(2)=(3) Suppose there is a nonempty proper subset I C [M] for which both
(@)NLy #@Wand [1(P)NLjc #@P.Choose v € [T(®)NLyand w € [T(P)NLje.
Then v+ w e II(P)\(L; U Ljc),butoj(v+w)=v—well(PD).

(3)=(4) Suppose there is a subset I < [M] for which neither {¢; };c; nor {¢;}icjc
spans R¥. Choose x L span{g; }ic; and y L span{g;}icsc. Then T(x) € L; and
T(y) € Lje.

(4)=>(1) Suppose x,y € RV are such that |(x,¢;)| = |(v, ;)| for every i =
I,...,M.LetI ={i:(x,¢;) =—(y, i)} and observe that x + y L span{¢;};c; and
x —y L span{g; };csc. But we know that either span{g; };e; = R" or span{g;};cjc =
RY by assumption, so we have either x + y=0o0rx —y =0, ie., x =+y and fo
is injective. d

Corollary 4.4

() If M = 2N — 1 then f¢ is injective for almost every frame @ = {(pl-}ij‘i1 C RN,
(2) If M <2N — 1 then f¢ is not injective.
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Proof To see the first statement, just observe that for M > 2N — 1 the uniform
matroid % v has the complement property, so if @ is generic then fo is injective.
For the second statement, let / C [M] be such that |[I| = N — 1 and note that |/¢] <
N — 1. Therefore it is impossible for any matroid of rank N whose ground set is
[M] to have the complement property. O

We now shift our attention to the complex case. In this case the domain of fg is
CN/ ~ where x ~ y if and only if there is a A € T so that x = Ay, where T is the
unit circle on the complex plane. At this time the complex case is not understood
nearly as well as the real case, however we can still prove the existence of a large
family of frames for which fp is injective.

Theorem 4.10 Suppose that M > AN — 2. Then there is an open and dense set of
frames for CN with M elements for which fg is injective.

Proof First note that fg is injective if and only if there do not exist nonparallel
vectors v, w € I1(®) such that |v(i)| = |w(@)| forevery i = 1,..., M. So we will
show that the set of subspaces that have this property is a Zariski open subset of
Gr(M, N). Denote the complement of this set by <7, and choose any 2 € <.
Without loss of generality we may assume we have a basis {u j}ﬁ.V: | for 27 so that
uj(i)=1if j =i and u;(i) =0 when j #i < N; for i > N u;(i) is undeter-
mined. Therefore, in a neighborhood of 2~ we see that Gr(M, N) has dimension
2N(M — N) as areal variety.

Now since 2" € &/ we can choose nonparallel v, w € 2~ with |v(i)| = |w(i)]
for every i. Our choice of basis guarantees that at least one of the first N entries of
v (and therefore w) is nonzero, which we can assume to be the first entry without
loss of generality, so after rescaling we have that v(i) = w(i) = 1. Since v and w
are nonparallel we know that for some 2 <i < N we have that v(i) # w(i) # 0, and
again without loss of generality we can assume this happens for i = 2.

Now we have that there are Ay, ..., Ay € T with Ay # 1 such that w(i) =
riv(i) forevery i =2,..., M (and v(1) = w(1) = 1). For i > N we have v(i) =
YN v(ujG) and w(j) = YN Ajv(j)u(i). Thus we have

N

> (i)

Jj=1

: (4.8)

N
Y ajuuj)

J=1

Consider the variety of all tuples (%, v(1),...,v(N), Ap,..., Ay) with & €
Gr(M,N) and v(i) and A; as above. This variety is locally isomorphic to
CNM=N) 5 (C\{0}) x CN=2 x (T\{1}) x TN=2 which has dimension 2N (M — N)
+ 3N — 3 as a real variety. We also have that .’ is the image under projection onto
the first factor of this variety cut out by the M — N equations (4.8). Now observe
that for a fixed 0 £ v(2), ..., vy and 1 # X2, ..., Ay these equations are nondegen-
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erate. Since u(i),...,un (i) appear in exactly one equation, it follows that these
equations define a subspace of CN™~N) of real codimension at least M — N. Since
this is true for all choices of the v(i)’s and the A;’s, it follows that these equations
are independent.

We can now conclude that <7 is a real variety of (local) dimension 2N (M — N) +
3N —3— (M — N). Therefore if 3N —3— (M — N) <0, ie., M >4N — 2, then
&7 is a proper subvariety of Gr(M, N) and so its complement is open in the Zariski
topology. d

It is not known whether the value M = 4N — 2 is optimal, i.e., we do not know
if it is possible for fgp to be injective for a frame consisting of fewer than 4N — 2
vectors.
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Chapter 5
Group Frames

Shayne Waldron

Abstract The prototypical example of a tight frame, the Mercedes-Benz frame can
be obtained as the orbit of a single vector under the action of the group gener-
ated by rotation by 27”, or the dihedral group of symmetries of the triangle. Many
frames used in applications are constructed in this way, often as the orbit of a sin-
gle vector (akin to a mother wavelet). Most notable are the harmonic frames (finite
abelian groups) used in signal analysis, and the equiangular Heisenberg frames,
or SIC-POVMs (discrete Heisenberg group) used in quantum information theory.
Other examples include tight frames of multivariate orthogonal polynomials shar-
ing symmetries of the weight function, and the highly symmetric tight frames which
can be viewed as the vertices of highly regular polytopes. We will describe the basic
theory of such group frames, and some of the constructions that have been found so
far.

Keywords Group frame - G-frame - Harmonic frames - SIC-POVM - Heisenberg
frame - Highly symmetric tight frame - Symmetry group of a frame - Heisenberg
frame - Group matrix - Unitary representation - Equiangular frames - Zauner’s
conjecture
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are those rotations and reflections (unitary maps) which permute its vectors. We now
formalise this idea, with the key features of the symmetry group (see [19] for full
proofs) being:

e It is defined for all finite frames as a group of permutations on the index set.

e It is simple to calculate from the Gramian of the canonical tight frame.

e The symmetry groups of similar frames are equal. In particular, a frame, its dual
frame and canonical tight frame have the same symmetry group.

e The symmetry groups of various combinations of frames, such as tensor products
and direct sums, are related to those of the constituent frames in a natural way.

e The symmetry group of a frame and that of its complementary frame are equal.

Let Sy be the (symmetric group of) permutations on {1, 2, ..., M}, and GL(%¢)
be the (general linear group of) linear maps 2 — 7.

Definition 5.1 The symmetry group of a finite frame @ = (¢ J-)?”: | for 7 = FV is
Sym(®) :={o € Sy : Ly € GL(H) with Logj =¢,j, j=1,...,M}.
Let &2 denote the canonical tight frame (@ @*)~ /2@ of @.

Theorem 5.1 If @ and ¥ are similar frames, i.e., ® = QW , Q € GL(J¢), or are
complementary frames, i.e., G gean + Gyean = Id, then

Sym(¥) = Sym(®).

In particular, a frame, its dual frame and its canonical tight frame have the same
symmetry group.

Proof It suffices to show one inclusion. Suppose o € Sym(®), i.e., Lo¢; = @5,
Vj. Since ¢; = Qv , this gives 0 'L, OV =vsj,Vj,ie,o € Sym(¥). g

Example 5.1 Let @ be the Mercedes-Benz frame. Since its vectors add to zero,

¥ = ([1], [1], [1]) is the complementary frame for R. Clearly, Sym(¥) = S3, and so
Sym(®) = S3 (which is isomorphic to the dihedral group of triangular symmetries).

Since a finite frame @ is determined up to similarity by G gecan, the Gramian of

the canonical tight frame, it is possible to compute Sym(@®) from G gean. This is
most easily done as follows.

Proposition 5.1 Let @ be a finite frame. Then
[OS Sym(¢) = P;qucan Py, = Gpem,

where Py is the permutation matrix given by Pyej = ey ;.
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Fig. 5.1 The most symmetric tight frames of five distinct nonzero vectors in R3. The vertices of
the trigonal bipyramid (12 symmetries), five equally spaced vectors lifted (10 symmetries), and
four equally spaced vectors and one orthogonal (8 symmetries)

Since Sym(@) is a subgroup of Sy, it follows that there are maximally symmetric
frames of M vectors in FV | i.e., those with the largest possible symmetry groups.

Example 5.2 The M equally spaced vectors in R? have the dihedral group of order

2M as symmetries. This is not always the most symmetric frame of M vectors in
C?; e.g., if M is even, the (harmonic) tight frame given by the M distinct vectors

1 w w2 3 ot M2 M1
16)-(5)- () () () (n2)- ()}
w:=eM
has a symmetry group of order %M 2 (see [10] for details).

Example 5.3 The most symmetric tight frames of five vectors in R> are as shown in
Fig. 5.1.

The symmetry group of a combination of frames behaves as one would expect.

Proposition 5.2 The symmetry groups of a finite frame satisfy

1. Sym(®) x Sym(¥) C Sym(® U ¥) (union of frames),
2. Sym(®@) x Sym(¥) C Sym(®@ ® ¥) (tensor product),
3. Sym(®) N Sym(¥) C Sym(P @ ¥) (direct sum).

PUY = ((‘”)(;k)) PRV =(p; Y1),

POV = ((i;{)) where Y (f.¢;)¥; =0, V.
j

Here

~
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Since linear maps are determined by their action on a spanning set, it follows that
if o € Sym(®), then there is a unique L, € GL(J¢) with L, f; = f5;, Vj. Further,

Sym(®) - GL(J¢) :0 — L, 5.1)

is a group homomorphism, i.e., a representation of G = Sym(®). If the symmetry
group acts transitively on @ under this action, i.e., @ is the orbit of any one vector,
e.g., the Mercedes-Benz frame, then we have what is called a G-frame.

5.2 Representations and G-Frames

The Mercedes-Benz frame is the orbit under its symmetry group of a single vector.
Formally, the symmetry group is a group of permutations (an abstract group) which
acts as unitary transformations. This is a fundamental notion in abstract algebra.

Definition 5.2 A representation of a finite group G is a group homomorphism
p:G— GL(?),
i.e., a linear action of G on # =" usually abbreviated gv = p(g)v, v € .

Representations are a convenient way to study groups which appear as linear
transformations, whilst being able to appeal to abstract group theory (cf. [12]).

Example 5.4 If @ is a frame, then we have already observed that the action of
Sym(®) on JZ given by (5.1) is a representation. If @ is tight, then this action is
unitary. We will build this into our definition of a group frame.

Definition 5.3 Let G be a finite group. A group frame or G-frame for ¢ is a frame
@ = (¢g)gec for which there exists a unitary representation p : G — % () with

8%n = p(8)¢n=@gh, V8 heG.
This definition implies that a G-frame @ is the orbit of a single vector v € JZ,
ie.,
P = (8V)geGs
and so is an equal norm frame.
Example 5.5 An early example of group frames is the vertices of the regular M-
gon or the platonic solids (see Fig. 5.2). These were some of the first examples of

frames considered (see [3]). The highly symmetric tight frames (see Sect. 5.7) are a
variation on this theme.
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Fig. 5.2 The vertices of the platonic solids are examples of group frames

In the remaining sections, we outline the basic properties and constructions for
G-frames. In particular, we will see that:

e There is a finite number of G-frames of M vectors in FV for abelian groups G.
These are known as harmonic frames (see Sect. 5.5)

e There is an infinite number of G-frames of M vectors in FN for nonabelian G,
most notably, the Heisenberg frames (see Sect. 5.9) of M = N 2 vectors in CV,
which provide equiangular tight frames with the maximal number of vectors.

5.3 Group Matrices and the Gramian of a G-Frame
Since the representation defining a G-frame is unitary, i.e.,

;O(g)*=p(g)71 =,0(g71), SO thatgilvzg*v,

the Gramian of a G-frame @ = (¢g)oec = (gV)gec has a special form:
(@g, 0n) = (gv, hv) = (v, g*hv) = (v, g_lhv> = n(g_lh), where n: G — F.

Thus the Gramian of a G-frame is a group matrix or G-matrix, i.e., a matrix A, with
entries indexed by elements of a group G, which has the form

A= [n(gilh)]g,heG'

One important consequence of the fact that the Gramian of a G-frame is a group ma-
trix is that it has a small number of angles: {n(g) : g € G}, which makes them good
candidates for equiangular tight frames (see Sect. 5.9). We have the characterisation
[18]:

Theorem 5.2 Let G be a finite group. Then @ = (pg)gec is a G-frame (for its span
) if and only if its Gramian G ¢ is a G-matrix.

Proof If @ is a G-frame, then we observed that its Gramian is a G-matrix.
_ Conversely, suppose that the Gramian of a frame @ for 7 is a G-matrix. Let
D = (¢pg)gec be the dual frame, so that

f=) (fode)bg. Ve (5.2)

geG
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For each g € G, define a linear operator U : 5 — J% by

Ug(f):=Z<fv(£h1>¢ghla VfE%

h]EG

Since Gram(®) = [(¢n, dg)]g.neG is @ G-matrix, we have

(Dghy s enr) = v((gh2) " gh1) = v(hy ' hi) = (¢, Pny)- (5.3)

It follows from (5.2) and (5.3) that U, is unitary by the calculation

(Ug(f1), Ug(f2)) = < Z (f1. ®n,) B, - Z (f2»¢;h2>¢gh2>

h1€G hoeG

=D D 1) S2s B ) By » Beis)
h1€G hyeG

= (A bn ) far By (D - By
h1€G hyeG

= < D 1) bnys Y (S q3h2>¢>h2> = (f1. o).

h1€G hyeG

Similarly, we have

Ughh =Y _ (1. B )bghy = Y (beh- i )bghy = ben-

h1eG hieG
This implies p : G — % () : g = U, is a group homomorphism, since
Ugig:0n = $g160h = Ug Pgon = Ug, Ug, b, H = span{Pn}hes-
Thus p is a representation of G with
0 (8)bn = bgn, Vg.heq,

i.e., @ is a G-frame for JZ. O

5.4 The Characterisation of All Tight G-Frames

A complete characterisation of which G-frames are tight, i.e., which orbits (gv)gec
under a unitary action of G give a tight frame, was given in [17]. Before stating the
general theorem, we give a special case with an instructive proof.



5 Group Frames 177

Theorem 5.3 Let p : G — % (J€) be a unitary representation, which is irre-
ducible, i.e.,

span{gv:g € G} =3, Yve,v#0.
Then every orbit @ = (gv)gec, v # 0 is a tight frame.

Proof Let v # 0, so that @ = (gv) ¢ is a frame. Recall that the frame operator S¢
is positive definite, so there is an eigenvalue A > 0 with corresponding eigenvec-
tor w. Since the action is unitary, we calculate

So(gw) =Y (gw, hv)hv=g Y (w, g 'hv)g™"hv = ¢S (w) = A(gw),
heG heG

so that Sp = A(Id) on span{gw : g € G} = 7, i.e., D is tight. O

Example 5.6 The symmetry groups of the five platonic solids acting on R3 as uni-
tary transformations give irreducible representations, as do the dihedral groups act-
ing on R2. Thus the vertices of the platonic solids and the M equally spaced vectors
in R? are tight G-frames.

For a given representation, if there exists a G-frame @ = (gv),¢c, i.€., span{gv :
g € G} = J, then the canonical tight frame is a tight G-frame. To describe all such
tight G-frames, we need a little more terminology.

Definition 5.4 Let G be a finite group. We say that .7 is an FG-module if there is
a unitary action (g, v) — gv of G on JZ, i.e., a representation G — % (7).

A linear map o : V; — Vi between FG-modules is said to be an FG-
homomorphismif og = go, Vg € G, and an FG-isomorphism if o is a bijection. An
FG-module is irreducible if the corresponding representation is, and it is absolutely
irreducible if it is irreducible when thought of as a CG-module in the natural way.

We can now generalise Theorem 5.3.

Theorem 5.4 Let G be a finite group which acts on € as unitary transformations,
and let
%:VIGBVZ@"'@Vm

be an orthogonal direct sum of irreducible FG-modules for which repeated sum-
mands are absolutely irreducible. Then @ = (gv)geG, V=01 + -+ Uy, Vj €V;
is a tight G-frame if and only if

v;lI>  dim(V))
loell?  dim(Vi)’

Vj9 ka

and (ovj,vr) = 0 when V; is FG-isomorphic to Vi via o : V; — V. By Schur’s
lemma there is at most one o to check.
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This result is readily applied; indeed if there is a G-frame, then there is a tight
one.

Proposition 5.3 Let G be a finite group which acts on € as unitary transforma-
tions. If there is a v € S for which (gv)gec is a frame, i.e., that spans €, then the
associated canonical tight frame is a tight G -frame for €.

This can be used as an alternative way to construct tight G-frames, but requires
calculation of the square root of the frame operator.

Example 5.7 One situation where Theorem 5.4 applies is to orthogonal polynomials
of several variables for a weight function with some symmetries G, e.g., the inner
product on bivariate polynomials given by integration over a triangle. By analogy
with the univariate orthogonal polynomials, the orthogonal polynomials of degree
k in N variables are those polynomials of degree k which are orthogonal to all the
polynomials of degree < k. It is natural to seek a G-invariant tight frame for this
space of dimension (k;ﬁ Tl) Using Theorem 5.4, G-invariant tight frames with one
orbit, i.e., G-frames, can be constructed; e.g., [17] gives an orthonormal basis for
the quadratic orthogonal polynomials on the triangle (with constant weight), which
is invariant under the action of the dihedral group of symmetries of the triangle.

Example 5.8 For G abelian, all irreducible representations are one dimensional, and

it follows that there are only finitely many tight G-frames which can be constructed
from these ‘characters’. We discuss the resulting harmonic frames next.

5.5 Harmonic Frames

The M x M Fourier matrix

1 1 1

w (,()2 - a)M_l
1 2 4 2(M—1 i
N 1 o A BRI & (5.4)
1 oM-1 2= ., M=-D(M-1)

is a unitary matrix, and so its columns (or rows) form an orthonormal basis for cM,
Since the projection of an orthonormal basis is a tight frame, an equal norm
tight frame for C* can be obtained as the columns of any submatrix obtained by
taking N rows of the Fourier transform matrix. Tight frames of this type are the
most commonly used in applications, due to their simplicity of construction and
flexibility (various choices for the rows can be made). They date back at least to [9];
early applications include [8, 11], and have been called harmonic or geometrically
uniform tight frames. They provide a nice example of unit norm tight frames.
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Proposition 5.4 Equal norm tight frames of M > N vectors in CV exist. Indeed,
harmonic ones can be constructed by taking any N rows of the Fourier matrix (5.4).

For G an abelian group, the irreducible representations are one dimensional, and
are usually called (linear) characters & : G — C. If G = Zy, the cyclic group of
order M, then the M characters are

£ k> (a)j)k, j €y,

i.e., the rows (or columns) of the Fourier matrix (5.4). Thus it follows from Theo-
rem 5.4 that all Z;-frames for CV are obtained by taking N rows (or columns) of
the Fourier transform matrix. We now present the general form of this result.

Let G be a finite abelian group of order M, and let G be the character group, i.e.,
the set of M characters of G which forms a group under pointwise multiplication.
The groups G and G are isomorphic, which is easily seen for G = Z;, though not
in a canonical way. The character table of G is the table with rows given by the
characters of G. Thus the Fourier matrix is, up to a normalising factor, the character
table of Zys, and taking N rows corresponds to taking n characters, or taking N
columns corresponds to restricting the characters to N elements of Zj;.

Definition 5.5 Let G be a finite abelian group of order M. We call the G-frame for
CN obtained by taking N rows or columns of the character table of G, i.e.,

N
j=1

@ = ((&(9)

¢ = ((E(gj))jzl)&@, g1,..-,8N €G,

)ge(;v &,....,6n€G, or

a harmonic frame.

It is easy to verify that the frames given in this definition are G and G frames,
respectively. We now characterise the G-frames for G abelian (see [17] for details).

Theorem 5.5 Let @ be an equal norm finite tight frame for CN . Then the following
are equivalent:

1. @ is a G-frame, where G is an abelian group.
2. @ is harmonic (obtained from the character table of G).

Since there is a finite number of abelian groups of order M, we conclude the
following.

Corollary 5.1 Fix M > N. There is a finite number of tight frames of M vectors for
CN (up to unitary equivalence) which are given by the orbit of an abelian group of
N x N matrices, namely the harmonic frames.
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Example 5.9 Taking the second and last rows of (5.4) gives the following harmonic

frame for C2: (b:(m[z][zj}[zg_ib

This is unitarily equivalent to the M equally spaced unit vectors in R?, via

1 1 1 1 w/ cos 2%
U:=—[ ) .i|, —U[_-:|=|:. 2"':|» vj.
ﬁ —i 1 ﬁ w’ 51[1%

By taking rows in complex conjugate pairs, as in the example above, and the row
of 1’s when N is odd, we get the following.

Corollary 5.2 There exists a real harmonic frame of M > N vectors for RV .

Example 5.10 The smallest noncyclic abelian group is Zp x Z,. Its character table
can be calculated as the Kronecker product of that for Z, with itself, giving

1 1 1 1
Aol A
Taking any pair of the last three rows gives the harmonic frame

L]

of four equally spaced vectors in R?, which is also given by Zj (see Example 5.9).
Taking the first row and any other gives two copies of an orthogonal basis.

1 1 1 1
1 -1 1 -1
1 1 -1 -1
1 -1 -1 1

Thus, harmonic frames may be given by the character tables of different abelian
groups; frames which arise from cyclic groups are called cyclic harmonic frames.
There exist harmonic frames of M vectors which are not cyclic. These seem to be
common (see Table 5.1 for when noncyclic abelian groups of order M exist).

The calculations in Table 5.1 come from [10]. Even more efficient algorithms
for calculating the numbers of harmonic frames (up to unitary equivalence) can be
based on the following result (see [5] for full details).

Definition 5.6 We say that subsets J and K of a finite group G are multiplicatively
equivalent if there is an automorphism ¢ : G — G for which K = o (J).

Definition 5.7 We say that two G-frames @ and ¥ are unitarily equivalent via an
automorphism if

pg=cU¥sq, VgeaG,
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Table 5.1 The numbers of inequivalent noncyclic, cyclic harmonic frames of M < 35 distinct
vectors for CV, N =2, 3, 4 when a nonabelian group of order M exists

N=2 N=3 N =4

M Non Cyc Total M Non  Cyc Total M Non Cyc Total

0 3 3 4 0 1 1

1 16 21 8 8 21 29

1 15 18 9 5 23 28
12 2 13 15 12 11 57 68 12 30 141 171
16 4 13 17 16 28 74 102 16 139 228 367
18 2 18 20 18 19 121 140 18 80 494 574
20 3 19 22 20 29 137 166 20 154 622 776
24 6 27 33 24 89 241 330 24 604 1349 1953
25 1 15 16 25 8 115 123 25 37 636 673
27 3 18 21 27 33 159 192 27 202 973 1175
28 4 25 29 28 57 255 312 28 443 1697 2140
32 9 25 34 32 158 278 436 32 1379 2152 3531

where ¢ > 0, U is unitary, and ¢ : G — G is an automorphism.

Theorem 5.6 Let G be a finite abelian group, J, K C G. The following are equiv-
alent.

1. The subsets J and K are multiplicatively equivalent.
2. The harmonic frames given by J, K are unitarily equivalent via an automor-
phism.

To make effective use of this result, it is convenient to have the following theo-
rem.

Theorem 5.7 [S] Let G be an abelian group of order M, and let ® = ®; =
(€] J)E oG be the harmonic frame of M vectors for CN given by J C G, where
|J|=N.Then

e @ has distinct vectors if and only if J generates G.
o @ is a real frame if and only if J is closed under taking inverses.
o @ is a lifted frame if and only if the identity is an element of J .

Example 5.11 Seven vectors in C3. For G = 7, the seven multiplicative equiva-
lence classes of subsets of size three have representatives

{1,2,6}, {1,2,3}, {0,1,2}, {0,1,3}, {1,2,5} (class size 6),
{0,1,6} (class size 3), {1,2,4} (class size 2).
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Fig. 5.3 The angle sets {(go, ;) : j € G, j # 0} C C of the seven inequivalent harmonic frames
of seven vectors in C3. Note that one is real, and three are equiangular

Each gives an harmonic frame of distinct vectors (nonzero elements generate G).
None of these are unitarily equivalent since their angles are different (see Fig. 5.3).

Example 5.12 For G = Zg there are 17 multiplicative equivalence classes of subsets
of 3 elements. Only two of these give frames with the same angles, namely

{{1.2,5}, 3,6, 7}}, {{1,5,6},{2,3,7}}.
The common angle multiset is
{—1,i,i,—i,—i,—2i —1,2i — 1}.
These frames are unitarily equivalent, but not via an automorphism.

Due to examples such as this, there is not a complete description of all harmonic
frames up to unitary equivalence. There is ongoing work to classify the cyclic har-
monic frames. These are the building blocks for all harmonic frames, since abelian
groups are products of cyclic groups, and we have the following (see [19]).

Theorem 5.8 Harmonic frames can be combined as follows:

e The direct sum of disjoint harmonic frames is a harmonic frame.
o The tensor product of harmonic frames is a harmonic frame.
e The complement of a harmonic frame is a harmonic frame.
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5.6 Equiangular Harmonic Frames and Difference Sets

We have seen in Example 5.11 that there exist harmonic frames which are equiangu-
lar. These are characterised by the existence of a difference set for an abelian group,
which leads to some infinite families of equiangular tight frames.

Definition 5.8 An N-element subset J of a finite group G of order M is said to be
an (M, N, L)-difference set if every nonidentity element of G can be written as a
difference a — b of two elements a, b € J in exactly A ways.

Equiangular harmonic frames are in 1-1 correspondence with difference sets.

Theorem 5.9 [20] Let G be an abelian group of order M. Then the frame of M
vectors for CN obtained by restricting the characters of G to J C G, |J| = N is an
equiangular tight frame if and only if J is an (M, N, A)-difference set for G.

The parameters of a difference set satisfy

and so an equiangular harmonic frame of M vectors for CV satisfies
M<N*—N+1.
The cyclic case has been used in applications; see, e.g., [13, 21].

Example 5.13 For G = Z7 three of the seven harmonic frames in Example 5.11 are
equiangular, i.e., the ones given by the (multiplicatively inequivalent) difference sets

{1,2,4}, ({1,2,6}, {0,1,3}.

Example 5.14 The La Jolla Difference Set Repository
http://www.ccrwest.org/diffsets/diff_sets/

has numerous examples of difference sets.

5.7 Highly Symmetric Tight Frames (and Finite Reflection
Groups)

For G abelian, we have seen that there are finitely many G-frames. For G non-
abelian, there are infinitely many. This follows from Theorem 5.4, but is most easily
understood by an example. Let G = D3 be the dihedral group of symmetries of the
triangle (|G| = 6), acting on R?, 50 as to express the Mercedes-Benz frame as the
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v

Fig. 5.4 Unitarily inequivalent tight D3-frames for R? given by the orbit of a vector v

orbit of a vector v which is fixed by a reflection. If v is not fixed by a reflection, then
its orbit is a tight frame (by Theorem 5.3), and it is easily seen that infinitely many
unitarily inequivalent tight D3-frames of six distinct vectors for R? can be obtained
in this way (see Fig. 5.4).

All is not lost! We now consider two ways in which a finite class of G-frames
can be obtained from a nonabelian (abstract) group G. The first seeks to identify
the distinguishing feature of the Mercedes-Benz frame amongst the possibilities
indicated by Fig. 5.4, and the second (Sect. 5.8) generalises the notion of a harmonic
frame.

Motivated by the Mercedes-Benz example, we have the following definition.

Definition 5.9 A finite frame @ of distinct vectors is highly symmetric if the action
of its symmetry group Sym(@) is irreducible, transitive, and the stabiliser of any
one vector (and hence all) is a nontrivial subgroup which fixes a space of dimension
exactly one.

Example 5.15 The standard orthonormal basis {eq, ..., ex} is not a highly symmet-
ric tight frame for FV, since its symmetry group fixes the vector e; + --- + ey.
However, the vertices of the regular simplex always are (the Mercedes-Benz frame
is the case N = 2). Since both of these frames are harmonic, we conclude that a har-
monic frame may or may not be highly symmetric. Moreover, for many harmonic
frames of M vectors the symmetry group has order M (cf. [10]), which implies that
they are not highly symmetric.

Example 5.16 The vertices of the platonic solids in R3, and the M equally spaced
unit vectors in R? are highly symmetric tight frames.

Theorem 5.10 Fix M > N. There is a finite number of highly symmetric Parseval
frames of M vectors for EN (up to unitary equivalence).

Proof Suppose that @ is a highly symmetric Parseval frame of M vectors for FV.
Then it is determined, up to unitary equivalence, by the representation induced by
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Sym(@), and a subgroup H which fixes only the one-dimensional subspace spanned
by some vector in @. There is a finite number of choices for Sym(®) since its order
is < |Sy| = M!, and hence (by Maschke’s theorem) a finite number of possible
representations. As there is only a finite number of choices for H, it follows that the
class of such frames is finite. O

The highly symmetric tight frames have only recently been defined in [4], where
those corresponding to the Shephard-Todd classification of the finite reflection
groups and complex polytopes were enumerated. We give a couple of examples [4].

Example 5.17 Let G = G(1,1,8) = Sg, a member of one of the three infinite
families of imprimitive irreducible complex reflection groups acting as permuta-
tions of the indices of a vector x € C3 in the subspace consisting of vectors with
X1 + - -- + xg = 0. The orbit of the vector

v=3w,=(@3,3,-1,-1,-1,-1,—-1,—-1)
gives an equiangular tight frame of 28 vectors for a 7-dimensional space.

Example 5.18 The Hessian is the regular complex polytope with 27 vertices and
Schlifli symbol 3{3}3{3}3. Its symmetry group (Shephard—Todd) ST 25 (of order
648) is generated by the following three reflections of order 3:

w | wo+2 w—1 w-—1
R, = 1 , Rh=—lw-1 wo+2 w-1],
1 3 o1 w1 w+2
1 )
2mi
R3: 1 . a):eT,
w

and it has v = (1, —1,0) as a vertex (cf. [6]). These vertices are the H-orbit of
v, with H the Heisenberg group, which is a Heisenberg frame (see Sect. 5.9). In
particular, they are a highly symmetric tight frame. We observe that H is normal in
G =(R1, Ro, R3).

The classification of all highly symmetric tight frames is in its infancy.

5.8 Central G-Frames

To narrow down the class of unitarily inequivalent G-frames for G nonabelian
(which is infinite), we impose an additional symmetry condition.

Definition 5.10 A G-frame @ = (¢g)gec is said to be central if v : G — C defined
by

v(g) == (@1, ¢g) = (@1, g¥1)

is a class function, i.e., is constant on the conjugacy classes of G.
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It is easy to see that being central is equivalent to the symmetry condition
(89 ho) =gV, hy), Vg, heG, Vo, ¥ €.

Example 5.19 For G abelian, all G-frames are central, since the conjugacy classes
of an abelian group are singletons.

Thus central G-frames generalise harmonic frames to G nonabelian.

Definition 5.11 Let p : G — % (J¢) be a representation of a finite group G. The
character of p is the map x = x, : G — C defined by

x(g) :=trace(p(g)).

We now characterise all central Parseval G-frames in terms of the Gramian. In
particular, it turns out that the class of central G-frames is finite.

Theorem 5.11 [18] Let G be a finite group with irreducible characters x1, ..., Xr.

Then @ = (¢g)gec is a central Parseval G-frame if and only if its Gramian is given
by

Xl(l)_( 71/’1),

Gram(dﬁ)g’hzz Gl %i (g

iel

(5.5)

forsome I C {1,...,r}.

The central G-frames can be constructed from the irreducible characters of G, in
a similar way to the harmonic frames.

Corollary 5.3 Let G be a finite group with irreducible characters xi,..., Xr-
Choose Parseval G-frames ®; for 7€,i =1,...,r, with
xi(h)y .
Gram(®;) = "= M(x7).  dim(H) = xi(1)%,

|G

e.g., take the columns of Gram(®;). Then the unique (up to unitary equivalence)
central Parseval G-frame with Gramian (5.5) is given by the direct sum

Poicr =P

iel iel

Further, if p; : G — U(C%) is a representation with character x;, then ®; can be

given as
_ [xD d; dixd; ~, (d?
®; = el (pi(8)) yeq CU(CT) CCH*4 ~ C, (5.6)

where the inner product on the space of d; x d; matrices is (A, B) := trace(B*A).
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Example 5.20 Let G = D3 = S3 be the dihedral group (symmetric group) of or-
der 6,

G=D3=(a,b:a’=1,0>=1,b""ab=a""),

and write class functions and G-matrices with respect to the order 1,a, a, b, ab,
a?b. The conjugacy classes are {1}, {a, az}, {b,ab, aZb}, and the irreducible charac-
ters are

1 1 2
1 1 —1
1 1 —1
X1 = 1 X2 = -1’ X3 0
1 —1 0
1 —1 0

Corresponding to each of these, there is a central Parseval G-frame @; for a space
of dimension y; (1)2. Since x1 and x> are one dimensional, (5.6) gives

1

1
¢1=—720LLLLD,  &=—=11-1-1-1).

NG NG
A representation p : D3 — U(C?) c C>*? ~ C* with trace(p) = x3 is given by
1 ]
1 0 0 w 0 0
1 a)2_
[ w?] 0
2
n_f(o° 0 __| O (0 1Y\ |1
p@)—<0 w)w 0| M“‘(lo 1|
0 [0
(0 o) _ | o 2,7 (0 o\ _ | o?
'O(ab)_<a)2 O)N w* |’ p(a b)_<w 0>N o |’
| 0 | | 0
and so we obtain from (5.6)
1 w w? 0 0 0]
1 0 0 0 1 w w?
@3 = — ) ) ) ) 2 )
V3 0 0 0 1 W w
1 w? w 0 0 0 |

Thus there are seven central Parseval D3-frames, namely
@1, P, CC, &1 @ P, C C?, @3 C*
D103, 2P CC’, D HD B D3 CCE.
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5.9 Heisenberg Frames (SIC-POVMs) Zauner’s Conjecture

The Mercedes-Benz frame gives three equiangular lines in R?. The search for such
sets of equiangular lines in RY has a long history, and effectively spawned the area
of algebraic graph theory (see [7]).

Recently, sets of M = N2 equiangular lines in CV, equivalently equiangular tight
frames of M = N2 vectors in CV, have been constructed numerically, and, in some
cases, analytically. We note that N2 is the maximum number of vectors possible
for an equiangular tight frame for CV [15]. Such frames are known as SIC-POVMs
(symmetric informationally complete positive operator valued measures) in quan-
tum information theory (see [15]), where they are of considerable interest. The claim
that they exist for all N is usually known as Zauner’s conjecture (see [22]).

We now explain how such equiangular tight frames have been, and are expected
to be constructed, as the orbit of a (Heisenberg) group.

Fix N > 1, and let w be the primitive N-th root of unity

w = >IN

Let T € CV*N be the cyclic shift matrix, and £2 € CV*V the diagonal matrix

000 0 1 10 0 - - 0
1 0 0 0 0w 0 - - 0
2
r._|0 10 00/ 5. |00 0
000 10 00 0 w1

These have order N, i.e., TV = 2% =Id, and satisfy the commutativity relation
QFTT = WikTI QK. (5.7)
In particular, the group generated by T and 2 contains the scalar matrices v’ Id.

Definition 5.12 The group H = (T, §2) generated by the matrices 7" and £2 is called
the discrete Heisenberg group modulo N, or for short the Heisenberg group.

In view of (5.7), the Heisenberg group has order N3, and is given explicitly by
H={o'TIQ" :0<r j,k<N-1}.

Since w, T, §2 have order N, it is convenient to allow the indices of «" T/ §2* to be
integers modulo N. Since T and 2 are unitary, H is a group of unitary matrices.
The action of H on CV is irreducible, and so by Theorem 5.3, every orbit
(gv)gen, v # 0 is a tight frame for CN. For J, k fixed, the N vectors o' T 2kv,
0 <r < N — 1 are scalar multiples of each other, which we identify together. It is
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in this sense that the orbit of H is interpreted as a set of N (hopefully equiangular)
vectors:

@ =T/ 2%v) (5.8)

(j,k)EZN XZN :

This @ is the Gabor system given by the subset A =Zy x Zy = G % é, G=7Zn
(see Chap. 6—Gabor frames).

Definition 5.13 We call a tight frame @ of the form (5.8) a Heisenberg frame if it
is an equiangular tight frame, i.e., a SIC-POVM, and the v a generating vector.

Example 5.21 The vector

oL V3+4/3
=\ v

generates a Heisenberg frame of 4 equiangular vectors for C2. To date (see [16]),
there are known analytic solutions for N =2, 3, ..., 15,19, 24, 35, 48.

Starting with [15], there have been numerous attempts to find generating vectors
v for various dimensions N, starting from numerical solutions. The current state of
affairs is summarised in [16]. We now outline some of the salient points.

The key ideas for finding generating vectors are as follows.

e Solve an equivalent simplified set of equations.
e Find a generating vector with special properties.
e Understand the relationship between generating vectors.

For a unit vector v € CV, the condition that it generate a Heisenberg frame is

1 ) 1
v, hv)| = . jEk = |, TI2%) = . j keZy.
[(gv, hv)| T # I )| etk N
This is not amenable to numerical calculation. In [15], the second frame potential,
N—1N-1
fv) = (v, T/ 2%)|,
j=0 k=0

was minimised over all v satisfying g(v) = vl = 1. A minimiser of this con-
strained optimisation problem with

1 _ 2N
WN+D* N+1

is a generating vector. Various simplified equations for finding generators have been
proposed, most notably (see [1, 2, 14]) the following.

f=1+(N*=1)
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Theorem 5.12 A vector v = (z;) jezy is a generating vector for a Heisenberg frame
if and only if

0, s,t#0;
_ _ 1 _ _ .
Z 2jZj+s2t+jZj+s+t = ) N+I° §s#0,6=0,5=0,17#0;
j€Ly —N%rl . (s,1)=1(0,0).

If v generates a Heisenberg frame, and b is a unitary matrix which normalises
the Heisenberg group, then bv is also a generating vector, since

|((Bv), g(bv))| = |(v, b*gbv)| = |(v. b~ gbv)| = geH g#1d.

1
JNFT
The normaliser of H in the unitary matrices is often called the Clifford group. This
group contains the Fourier matrix, since

FYTIQNF=0""T"2 7 e H,

and the matrix Z given by

1
o

1]
g

1
g
II—

1 .
(Z)jk = _MJ(JerHZJk7 e

Vd

since

. . 1-d 1 2i
A scalar multiple of Z has order 3, i.e., Z3=Vi ", i:=e¥.The strong form
of Zauner’s conjecture is as follows.

Conjecture 5.1 (Zauner) Every generating vector for a Heisenberg frame (up to
unitary equivalence) is an eigenvector of Z.

All known generating vectors (both numerical and analytic) support this conjec-
ture. Indeed, many were found as eigenvectors of Z. Without doubt, the solution of
Zauner’s conjecture, and the construction of equiangular tight frames in general, is
one of the central problems in the construction of tight frames via groups. This field
in still in its infancy: frames given as the orbit of more than one vector (G-invariant
fusion frames) have scarcely been studied.
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Chapter 6
Gabor Frames in Finite Dimensions

Gotz E. Pfander

Abstract Gabor frames have been extensively studied in time-frequency analysis
over the last 30 years. They are commonly used in science and engineering to syn-
thesize signals from, or to decompose signals into, building blocks which are local-
ized in time and frequency. This chapter contains a basic and self-contained intro-
duction to Gabor frames on finite-dimensional complex vector spaces. In this set-
ting, we give elementary proofs of the central results on Gabor frames in the greatest
possible generality; that is, we consider Gabor frames corresponding to lattices in
arbitrary finite Abelian groups. In the second half of this chapter, we review recent
results on the geometry of Gabor systems in finite dimensions: the linear indepen-
dence of subsets of its members, their mutual coherence, and the restricted isometry
property for such systems. We apply these results to the recovery of sparse signals,
and discuss open questions on the geometry of finite-dimensional Gabor systems.

Keywords Gabor analysis on finite Abelian groups - Linear independence -
Coherence - Restricted isometry constants of Gabor frames - Applications to
compressed sensing - Erasure channel error correction - Channel identification

6.1 Introduction

In his seminal 1946 paper “Theory of Communication,” Dennis Gabor suggested the
decomposition of the time-frequency information area of a communications channel
into the smallest possible boxes that allow exactly one information-carrying coeffi-
cient to be transmitted per box [41]. He refers to Heisenberg’s uncertainty principle
to argue that the smallest time-frequency boxes are achieved using time-frequency
shifted copies of probability functions, that is, of Gaussians. In summary, he pro-
poses transmitting the information-carrying complex-valued sequence {c,x} in the
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form of the signal

) 00 2

(t—nAr)
_ - 2(2,)2 27 KL
Y(t) = Cnk € e ar,

n=—0o0 k=—00

where the parameter Ar > 0 can be chosen depending on physical consideration and
the application at hand. Denoting modulation operators by

Myg(t) =e*Vg(1), veR,
and translation operators by
T:gt)=gt—1), teR,

Gabor proposed to transmit on the carriers {My;arTnA180}n kez, Where go is the
2

Gaussian window function go(t) = e Tz

In the second half of the twentieth century, the suggestion of Gabor, and in
general the interplay of information density in time and in frequency, was stud-
ied extensively; see, for example, [24, 25, 33, 38, 61-63, 88]. This line of work
focuses on functional analytic properties of function systems such as the ones sug-
gested by Gabor. Apart from the following historical remarks, functional analysis
will not play a role in this chapter. Janssen, for instance, analyzed in detail in which
sense {My /ATy A180)n,kez can be used to represent functions and distributions. He
showed that while being complete in the Hilbert space of square integrable functions
on the real line, the set suggested by Gabor is not a Riesz basis for this space [53].!
Balian and Low then established independently from one another that any func-
tion ¢ which is well concentrated in time and in frequency does not give rise to a
Riesz basis of the form {My A Thar@}nkez [5, 10, 11, 66]. This apparent failure
of systems structured as suggested by Gabor was then rectified by resorting to the
concept of frames that had been introduced by Duffin and Shaeffer [30]. Indeed,
{MiavThA180}n kez 1s a frame if Av < 1/At [67, 85, 86]. Since then the theory
of Gabor systems has been intimately related to the theory of frames, and many
problems in frame theory find their origins in Gabor analysis. For example, the Fe-
ichtinger conjecture (see Sect. 11.2.3 and references therein), and what are called
localized frames were first considered in the realm of Gabor frames [3, 4, 19, 48].

In engineering, Gabor’s idea flourished over the last decade due to the increasing
use of orthogonal frequency division multiplexing (OFDM) structured communica-
tion systems. Indeed, the carriers used in OFDM are {My Ay Ty Ar90}nez.kek » Where
@o is the characteristic function x[o,1/4.] (or a mollified and/or cyclically extended
copy thereof) and K = {—K>,—K>+1,...,—K1, K1 +1,..., K3} is introduced
to respect transmission band limitations.

IPrior to the work of Gabor, von Neumann postulated that the function family which is now re-
ferred to as the Gaussian Gabor system is complete [70] (see the respective discussions in [46, 49]).
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While originally constructed on the real line, Gabor systems can be analogously
defined on any locally compact Abelian group [21, 34, 37, 45]. Functions on finite
Abelian groups form finite-dimensional vector spaces; hence, Gabor systems on fi-
nite groups have been studied first in the realm of numerical linear algebra. In partic-
ular, efficient matrix factorizations for Gabor analysis, Gabor synthesis, and Gabor
frame operators are discussed in the literature; see, for example, [6, 79, 80, 91].

Gabor systems on finite cyclic groups have also been studied numerically in order
to better understand properties of Gabor systems on the real line. The relationships
between Gabor systems on the real line, on the integers, and on cyclic groups are
studied based on sampling and periodization arguments in [55, 56, 71, 89, 90].

Over the last two decades it became apparent that the structure of Gabor frames
on finite Abelian groups allows for the construction of finite frames with remark-
able geometric properties. Most noteworthy may be the fact that many equiangu-
lar frames have been constructed as Gabor frames (for references and details, see
Sect. 5.9). Also, finite Gabor systems have been considered in the study of con-
stant amplitude zero autocorrelation (CAZAC) sequences [8, 9, 43, 87] and to
construct spreading sequences and error-correcting codes in radar and communi-
cations [51].

This chapter serves multiple purposes. In Sects. 6.2 and 6.3 we give an elemen-
tary introduction to Gabor analysis on CV. Section 6.2 focuses on basic definitions,
and in Sect. 6.3 we describe the fundamental ideas that make Gabor frames useful
to analyze or synthesize signals with varying frequency components.

In Sect. 6.4, we define and discuss Gabor frames on finite Abelian groups. The
case of Gabor frames on general finite Abelian groups is only more technically
involved than the setup chosen in Sect. 6.2. This is due to the fundamental theorem
of finite Abelian groups: it states that every finite Abelian group is isomorphic to
the product of finite cyclic groups.

We prove fundamental results for Gabor frames on finite Abelian groups in
Sect. 6.5. The properties discussed are well known, but the proofs contained in the
literature involve nontrivial concepts from representation theory which we will re-
place with simple arguments from linear algebra.

The results in Sect. 6.5 are phrased for general finite Abelian groups, but we
expect that some readers may want to skip Sect. 6.4 and simply assume in Sects. 6.5—
6.9 that the group G is cyclic, as was done in Sects. 6.2 and 6.3.

We discuss geometric properties of Gabor frames in Sects. 6.6—6.9. In Sect. 6.6,
we address the question of whether Gabor frames that are in general linear position,
meaning any N vectors of a Gabor system are linearly independent in the underly-
ing N-dimensional ambient space, can be constructed. As one of the byproducts of
our discussion, we will establish the existence of a large class of unimodular tight
Gabor frames which are maximally robust to erasures. In Sect. 6.7, we address the
coherence of Gabor systems, and in Sect. 6.8 we state estimates for the probability
that a randomly chosen Gabor window generates a Gabor frame which has useful
restricted isometry constants (RICs). In Sect. 6.9, we state some results on Gabor
frames in the framework of compressed sensing.



196 G.E. Pfander

Throughout the chapter, we will not discuss multiwindow Gabor frames. For
details on the structure of multiwindow Gabor frames, see [35, 65] and references
therein.

6.2 Gabor Frames for CV

For reasons that become apparent in Sect. 6.4, we index the components of a vector
xeCVN by {0, 1,2, ..., N=2, N—1}, namely, by the N-element cyclic group Zn =
Z/NZ. Moreover, to avoid algebraic operations on indices, we write x (k) rather
than x; for the k-th component of the column vector x. That is, we write

x = (xg, X1, X2, .. .,xN_z,xN_l)T = (x(O),x(l),x(Z), .. .,x(N—Z),x(N—l))T,

where x” denotes the transpose of the vector x.
The (discrete) Fourier transform F : CN¥ —s CV plays a fundamental role in
Gabor analysis. It is given pointwise by

N-—1
Fx(m)=%(m)= Y xm)e "N = m=01,. N-L (6.1)
n=0

Throughout this chapter, operators are defined by their action on column vectors,
and we will not distinguish between an operator and its matrix representation with
respect to the Euclidean basis {ex}x=0.1,..n—1, Where ex(n) =8(k —n) =1ifk=n
and e;(n) =8(k —n) =0 else.

In matrix notation, the discrete Fourier transform (6.1) is represented by the
Fourier matrix Wy = (a)’”’)ﬁ?’ !\, with @ = ¢>*"/N _ For example, we have

1 1 1 1
1 —i -1 i
Wa=1ly 1 1 1|
1 i -1 —i
1 1 1 1 1 1
| o-2mil/6  ,=2milj3  ,-2milj2  ,-2mi2/3  ,-2miS[6
| e-2milj3 ,2mid)3 1 o 2mil/3 -2mi2)3
We=1, 21 1 o—2mi3/6 1 o—2mil)2
| o-2mi2/3  ,—2mil/3 | o-2mi2/3  =2il/3
| o-2miS/6  ,-2mi2j3 ,-2milj2 ,-2milj3 ,-2nilf6

The fast Fourier transform (FFT) provides an efficient algorithm to compute matrix
vector products of the form Wy x [14, 23, 58, 81].

The most important properties of the Fourier transform are the Fourier inversion
formula (6.2), the Parseval-Plancherel formula (6.3), and the Poisson summation
formula (6.5).
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Theorem 6.1 The normalized harmonics \/Lﬁez’”'m(')/lv, m=0,1,...,N—1, form

an orthonormal basis of CN and, hence, we have

N-1
1 . .
x= D Ry mOIN -y eV, (6.2)
m=0
and
[P N
<x7)’>=ﬁ<x,5’\>, xsyec . (63)

Moreover, for natural numbers a and b with ab = N we have

“ dwiamn/N _ | b, i m is a multiple of b,
D¢ = - (6.4)
0, otherwise,
n=0
and
b—1 a—1
a Zx(an) = Zf(bm), x eCV. (6.5)

n=0 m=0

Proof We first prove (6.4). If m is a multiple of b, then eZriamn/N — 1 for all n =
0,1,...,b—1, and (6.4) holds. Else, z = ¢¥7iam/N # 1, and using the geometric
sum formula, we obtain

b—1 b—1
ZeZniamn/N _ Zzn =(1-2")/0-2=0-1/1-2)=0.

n=0 n=0

Setting @ = 1 and b = N in (6.4) implies the orthonormality of the normalized
harmonics, in fact,
| | = . ,
<_ezmm(-)/N e27‘rim’(»)/N> _ 4 Z p2i(m—m"n/N (64 { 1, ifm=m',
’ - ~ 10, otherwise,
VN N N = otherwise
and the reconstruction formula (6.2) and Parseval-Plancherel (6.3) follow.
To obtain (6.5) and thereby complete the proof, we compute

b=l o 22 N | V- b1
Zx(an) (6.2) Z v Z sc\(m)e%nmn/N _ ¥ Z (m) Ze2mmn/N
n=0 n=0"" m=0 m=0 n=0

a—1

b
€ ¥ Y R(mb).

m=0

O

The Fourier inversion formula (6.2) shows that any x can be written as a lin-
ear combination of harmonics. While |x(n)|? quantifies the energy of the signal
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x at time n, the Fourier coefficient X(m) indicates that the harmonic ¢Z7im()/N g
contained in x with energy % |X(m)|?. Indeed, setting x = y in (6.3) implies conser-
vation of energy, namely,

2
, xeCNV,

N-1 , 1 N-1
Z|x(n)‘ =N Z ’f(m)
n=0 m=0

Mathematically speaking, Gabor analysis is centered on the interplay of the
Fourier transform, translation operators, and modulation operators. The cyclic shift
operator T : CN'— CV is given by

Tx =T (x(0), x(1), ..., x(N—=1)" = (x(N=1), x(0), x(1), ..., x(N-2))"".
Translation Ty by k € {0, 1, ..., N—1} is given by
Tix(n)=T*x(n)=x(n—k), n=0,1,...,N—1,

that is, Ty simply repositions the entries of x, for instance, x(0) is the k-th entry of
Ty x. Note that the difference n — k is taken modulo N, which agrees with consider-
ing the indices of C" as elements of the cyclic group Zy = Z/NZ. In Sect. 6.4 we
will consider Gabor frames for CC, that is, on the vector space where the compo-
nents are indexed by a finite Abelian group G that is not necessarily cyclic.
Modulation operators My : CN —> CN,£=0,1,..., N—1, are given by

Myx = (eZHi/ZO/Nx(O)’ e2m‘€1/Nx(1)’“"eZHi/é(N—l)/Nx(N_l))T’ e (CN’

that is, the modulation operator M, simply performs a pointwise product of the input
vector x = x(-) with the harmonic e27/¢0)/N

Translation operators are commonly referred to as time-shift operators. More-
over, modulation operators are frequency-shift operators. Indeed, we have

N—-1 N-1
@x(m) — yng(m) — Z(ezn’ill’l/Nx(n))e—Zﬁimn/N — Z x(n)e—27'[i(m—£)n/N
n=0 n=0

=X(m —£).
Applying the Fourier inversion formula to both sides gives
My =% -1 T,.%.

A time-frequency shift operator m(k, ) combines translation by k£ and modula-
tion by ¢, that is,

w(k,0):CN — CV, x>k, 0)x =MTix.
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For example, for G = Z4 the operators 71, M>, and w(N — 1, 3) are given by the
matrices

00 01 1 0 0 0

1 000 0 e2mi3/4 0 0
010010 o 24 o |’
0010 0 0 0 e2mil/4
0 1 0 0

0 0 €27Ti3/4 0

0 0 0 eZﬂi2/4

e27‘ri1/4 0 0 0

The following observation greatly simplifies Gabor analysis on CV. Recall that
the space of linear operators on CV forms an N2-dimensional Hilbert space with
Hilbert—Schmidt space inner product given independently of the chosen orthonor-
mal basis {e;},=0.1,... N—1 by

N—-1N-1

(A, Blus =) _ D (Aen, 5)(Bey, e5).

n=0 n=0

Proposition 6.1 The set of normalized time-frequency shift operators
{l/ﬁ 7wk, €)}k.e=0.1,...N—1 is an orthonormal basis for the Hilbert—Schmidt
space of linear operators on CN .

Proof Consider A = (a5,) and B = (b)) as matrices with respect to the Euclidean
basis. We have

N—-1N-1 L
<(aﬁn)v (bﬁn)>]_[s = Z Z inbiin -
n=0 n=0

Clearly, (7 (k, ), w(k, ))us = 0 if k # k as the matrices 7 (k, £) and 7 (k, £) then
have disjoint support. Moreover, Theorem 6.1 implies that

(1/V/N 7k, 00, 1/VN 7k, D)yyg = (1/3/N O 1)/ 27O/
=8(t—10). O

We now define Gabor systems on CV. For ¢ € CV \ {0} and A C {0, 1, ...,
N—-1}x{0,1,..., N—1} we call

(¢, A) = {m(k, Z)go}(k,é)eA

the Gabor system generated by the window function ¢ and the set A. A Gabor
system which spans C" is a frame and is referred to as a Gabor frame.
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For instance, the Gabor system ((1, 2, 3, 4HT 10,1,2,3} x{0,1,2,3}) in C* con-
sists of the columns in the matrix

11 1 1144 4 4|33 3 31|22 2 2
2 2i 2201 i —1—i|4 4 —4-4i|3 3i =3 -3i
333 3|2-22=-2|1-11 —-1|4-44 -4}
4—4i -4 4i |3 -3 =330 (2-2i -2 2 |1 —i—11

while the elements of ((1, 2, 3,4, 5, 6)T, {0, 2,4} x {0, 3}) are listed in

1 15 5|3 3
2 2|6 6i|4 4i
3 31 1]5 5
4 4|2 2|6 6i
5 513 3|1 1
6 6i|4 4i|2 2i

The short-time Fourier transform V,, CN — CN*N with respect to the win-
dow ¢ € CN\{0} is given by

N-1
Vo (k, ) = (x, 7 (k, O9) = F «Tig) () = Y x(mp(n —kye 7N,
n=0

xeClV,

[34, 35,46, 47]. Observe that Vyx (k, £) = .Z (xTie) (£) indicates that the short-time
Fourier transform on CV can be efficiently computed using an FFT. This represen-
tation also indicates why short-time Fourier transforms are commonly referred to as
windowed Fourier transforms: a window function ¢ centered at O is translated by &,
the pointwise product with x selects a portion of x centered at k, and this portion is
analyzed using a (fast) Fourier transform.

The short-time Fourier transform treats time and frequency almost symmetri-
cally. In fact, using Parseval-Plancherel we obtain

Vox(k, 0) = (x, 7w (k, O)p) = (X, My Txp) = (X, TeM_9)

= RN G M Ti5) = e T HINVGR(, —k),  xeCN.(6.6)

While the short-time Fourier transform plays a distinct role in Gabor analy-
sis on the real line—it is defined on R x R while Gabor frames are indexed
by discrete subgroups of R x R—in the finite-dimensional setting, the short-time
Fourier transform reduces to the analysis map with respect to the full Gabor sys-
tem (¢,{0,1,...,N—1} x {0, 1, ..., N—1}), that is, a Gabor system with A =
{0,1,...,N—1} x {0, 1, ..., N—1}. Hence, the inversion formula for the short-time
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Fourier transform

=
L
=
N

1

Vyx(k, ) p(n—k)e 2mitn/N
Nlell Y

x(n) =

[ TS
band
Il
o
~
Il
=)

H
=
L
=
L

(x, 7k, @) w(k, Op(n), xeCV, (6.7

[\S1S)

" Nlel

7&7‘
o
~
Il

=)

simply states that for all ¢ # 0, the system (¢, {0, 1,..., N—1} x {0, 1,..., N—1})
isan N ||g0||2-tight Gabor frame. Equation (6.7) is a trivial consequence of Corol-
lary 6.2 below. It characterizes tight Gabor frames (¢, A) for the case that summa-
tionover {0, 1,..., N—1} x {0, 1,..., N—1}in (6.7) is replaced by summation over
asubgroup Aof Zy x Zy ={0,1,...,N—1} x{0,1,..., N—1}.

Not all Gabor frames are tight, meaning that the dual frame of a frame (¢, A) is
not necessarily (¢, A). The following outstanding property of Gabor frames ensures
that the canonical dual frame of a Gabor frame is again a Gabor frame. A similar
property does not hold for other similarly structured frames; for example, canonical
dual frames of wavelet frames are in general not wavelet frames.

Proposition 6.2 The canonical dual frame of a Gabor frame (¢, A) with frame
operator S is the Gabor frame (S~ ¢, A).

Proof We will show that w(k,£) o S = S o m(k, £) for all (k,£) € A. Then, S 1o
mw(k, ) =m(k,£)o S~ and the members of the dual frame of (¢, A) are of the form
sk, O)p) =k, £)(S @), (k, £) € A.

The result is stated and proven in greater generality in Proposition 6.5 be-
low. For simplicity we consider here only the case A = {0,a,2a,...,N — a} X
{0,b,2b, ..., N — b} where a and b divide N.

The following elementary computation completes the proof.

N/a—1N/b—1
Som(k.Ox(n)y= Y Y (a(k.O)x, 7k D)k, Dy
k=0 =0

N/a—1N/b—1N—1

Z Z ZeZMan/Nx(n ka)e™ 2m£bn/N§0(n ka)
k=0

— 7=0 n=0

% 672ni€bn/N(p(n _ '];

a)

N/a—1N/b—1 N—1

Z Z Z x(n)e—Zm(Z Ob(n+ka)/N (I’l _ (k k)a)

k=0 ?=0 n=0

672ni£bn/N(p(n _ ;a)
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N/a—1N/b—1 N—1 N _
— Z Z Z x(ﬁ)e—anébn/Nw(ﬁ_ ka) e—2m(£+[)hn/N

?:0 Z:O =0
(p(n _ (’];_,r_ k)a) X e2m‘€bka/N

N/ja—1N/b—1

= Z Z (x, 7 (ak, bO)@)r (ak, bO)m (ak, bE)g
k=0 7=0
= (ak,bl) o Sx(n). Il

6.3 Gabor Frames as a Time-Frequency Analysis Tool

As discussed in Sect. 6.1, Gabor systems were introduced to efficiently utilize com-
munication channels. In this section, we will focus on a second fundamental appli-
cation of Gabor systems; it concerns the time-frequency analysis of signals that are
dominated by few components that are concentrated in time and/or frequency.

The Fourier transform’s ability to separate a signal into its frequency components
provides a powerful tool in science and mathematics. Many signals, however—for
example, speech and music—have frequency contributions which appear only dur-
ing short time intervals. The Fourier transform of a piano sonata may provide in-
formation on which notes dominate the score, but it falls short of enabling us to
write down the score of the sonata that is needed to reproduce it on a piano. Gabor
analysis addresses this shortcoming by providing information on which frequencies
appear in a signal at which times.

Recall that (¢, {0,1,...,N—1} x {0,1,..., N—1}) is an N|¢|>tight Gabor
frame. Assuming [¢|> = 1/N, we obtain

N-1 ) N—-1N-1 5 N—-1N-1 5
> x| = [Vox (k. 0] =Y" > |Za«Tip)@)|". xeCV,
n=0 k=0 £=0 k=0 £=0

that is, the short-time Fourier transform V), distributes the energy of x on the time-
frequency grid {0, 1,..., N—1} x {0, 1,..., N—1}. Equation (6.6) implies that

|Vox (k, 0)] = |(x, My Tro) | = [(x, M Ty@) | < min{(|x|, Telol), (X1, Te1@1)}-

Hence, any ¢ with ¢ and @ being well localized at 0, meaning |@(n)|, |@(m)| are
small for n,m and N — n, N — m large, implies that the energy captured in the
spectrogram value SPEC,(k, £) = |Vyx (k, 0))? is only large if frequencies close to
£ have a large presence in x around time k. Unfortunately, Heisenberg’s uncertainty
principle implies that ¢ and ¢ cannot be simultaneously arbitrarily well localized
at 0. The simplest realization of this principle is the following result attributed to
Donoho and Stark [29, 69]. In the following, we set || x||o = [{n : x(n) # 0}].

Proposition 6.3 Ler x € CN\{0}; then || x|lo - |X]lo > N.
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Fig. 6.1 The test signal x given in (6.8) and used in Figs. 6.2—-6.6 and Fig. 6.9 as well as its Fourier
transform. Here and in the following, the real part of a signal is given in blue, and its imaginary
part is given in red

Proof For x € CN, x #0,and A = max{|x(m)|, m=0,1,..., N—1} # 0, we com-
pute

N-1 2 N-1 ) N-1 5
NA25N<Z|x(n>|> < Nixllo Y _ x| = lxllo Y_[%0m)] suxuonfnoAD?
n=0

Theorem 6.12 below strengthens Proposition 6.3 in the case that N is prime.
To illustrate the use of Gabor frames in time-frequency analysis, we will use
various Gabor windows to analyze the multicomponent signal x € C>% given by

.....

.....

+ 1.2 xs0,...,99)(n) (1 + cos(2n(10n/200—1/2)) cos(2w60n /200)
+ 1.2x460,...,79) () (1 + cos (27 (101 /200—1/2)) cos (27 50n/200)
+ .5x{100,...,199) () (1 + cos(27 (21 /200—1/2)) cos (2 20n /200)
+ x{20,....313 () (1 + cos (2 (12n/200—1/2)) cos (2 20n /200)

+1.1X{100 .... 109}(1’!)(1+COS(27T(2011/200—1/2)), n=0, 1,...,199,
(6.8)

where x4(n) =1 if n € A and O otherwise. The signal and its Fourier transform
are displayed in Fig. 6.1. Note that x is real-valued, so its Fourier transform has
even symmetry. As we will also use real-valued window functions below, we obtain
short-time Fourier transforms which are symmetric in frequency and it suffices to
display SPEC,, in Figs. 6.2-6.9 only for frequencies 0 to 100.2

In Figs. 6.2 and 6.3, we use orthogonal Gabor systems generated by character-
istic functions. In Fig. 6.2 we choose as Gabor window the normalized character-
istic function given by ¢(n) = l/m for n =191,192,...,199,0,1,...,10 and
p(n) =0 forn=11,12,...,190. The spectrogram SPECy,x = |V</,)c|2 in Fig. 6.2

2Qur treatment is unit-free. The reader may assume that n counts seconds, then m counts hertz, or
that n represents milliseconds, in which case m represents megahertz.
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¢ ¢ SPEC,X = [Vox|?

Fig. 6.2 Gabor frame analysis of the multicomponent signal (6.8) displayed in Fig. 6.1. We use
the Gabor system (¢, A) with ¢(n) = 1/+4/20 forn =191,192,...,199,0,1,...,10 and ¢(n) =0
forn =11, 12,...,190. The Gabor system forms an orthonormal basis of C290 and is therefore
self-dual; that is ¢ = @. We display ¢, @, @, @ as well as the spectrogram of x and of its approxi-
mation X. The circles on SPEC,x depict A; they mark frame coefficients of the frame (¢, A). The
squares denote the 20 biggest frame coefficients, which are then used to construct the approxima-
tion X to x

shows that the signal has as dominating frequency 20 in the beginning and frequency
50 toward the end, with a linear transition in between. In addition, the five additional
frequency clusters of x appear at five different time instances.

The picture shows some vertical ringing artifacts. These are due to the sidelobes
of the Fourier transform ¢ of ¢. They imply that components well localized in fre-
quency have an effect on |Vyx (k, 0)|? for a large range of £.

The values of the short-time Fourier transform V,x allow us to reconstruct x
using (6.7). Doing so requires the use of N2 coefficients to reconstruct a signal
in CV. Clearly, it is more efficient to use only the values of Vex on a lattice A that
allows for (¢, A) being a frame of cardinality not exceeding the dimension of the
ambient space N.

In Fig. 6.2, we circle the values of |V, x(k, 0)|? with (k,¢) € A = {0,20, ...,
180} x {0, 10, ..., 190}. It is easy to see that (¢, A) is an orthonormal basis; hence,
we can reconstruct the signal x using only values of the short-time Fourier transform
that correspond to the circled values. Note that, in general, whenever (¢, A) is a
frame with dual frame (g, A), we can reconstruct x by means of

x= Y (e Op)r k. OF.

(k,0)eA
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¢ ¢ SPEC,X = [Vx|?

Fig. 6.3 Gabor frame analysis of the multicomponent signal displayed in Fig. 6.1. We use the
orthonormal Gabor system (¢, A) with ¢(n) = l/m forn =181,192,...,199,0,1,...,20 and
@(n) =0 forn=21,12,...,180. We display ¢, @, @, 3, SPECyx, and SPEC,X. The circles on
SPEC,x mark frame coefficients of the frame (¢, A); the squares denote the 20 coefficients used
to construct X

However, in many applications, one would like to reduce the amount of informa-
tion that is first stored and then used to reproduce the signal to below the dimension
N of the ambient space. Rather than reproducing x perfectly, we are satisfied to
obtain an approximation

¥= ) R({x.nk Op)rk 0F,

(k,0)eA

which captures the key features of x.

Here, we illustrate the effect of a rather simplistic compression algorithm.
Namely, we use only the 40 largest coefficients (20 in the depicted half of the
spectrogram) to produce an approximation X to x. That is, R({x,m(k, £)p)) =
(x, (k, £)p) for the 40 largest coefficients and R({x, = (k, £)¢)) = 0 otherwise. The
locations in time and frequency of the chosen coefficients are marked by squares.

Graphic comparisons of X with x and of % with ¥ are not very illuminating.
Instead, we compare the spectrogram of X with the spectrogram of the original sig-
nal x. This demonstrates well the effect of our compression procedure; most of the
features of x are in fact preserved.

The setup chosen to generate Fig. 6.3 differs from the one used to obtain Fig. 6.2
only in the choice of window function ¢. Here, we choose a wider window function;
this leads to a better localized @. Specifically, we choose ¢(n) = 1 /40 for n =
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181,192,...,199,0,1,...,20 and ¢(n) =0 for n = 21,22, ..., 180. As a lattice
we choose A = {0, 40, 80, ..., 160} x {0, 5, 10, ..., 195} and observe that (¢, A) is
again an orthonormal basis.

Comparing the spectrogram of x in Fig. 6.3 with the one of x in Fig. 6.2, we
observe a reduced ringing effect and slightly better localization in frequency at the
price of losing localization in time. Unfortunately, a comparison of SPEC,x with
SPEC,X shows that the canonical choice of lattice does not seem to work well in
conjunction with our compression algorithm. The large gaps between lattice notes
in time cause part of the frequency transition not to be preserved by our simplistic
compression algorithm.

In Figs. 6.4-6.6 we choose as window functions Gaussians. In Fig. 6.4 we choose

¢(n) = ce”
where ¢ normalizes ¢ and as lattice A = {0, §, 16, ..., 192} x {0, 20,40, ..., 180}.
For Fig. 6.5 we select

p(n) = ce” "1’

where ¢ again normalizes ¢. We let A = {0, 20, 40, ..., 180} x {0, 8, 16, ..., 192}.
We perform the same naive compression procedure used above to obtain Figs. 6.2
and 6.3. Note that the lattices in Figs. 6.5 and 6.6 contain 250 elements, and in fact,
the Gabor frame (¢, A) is overcomplete.

Choosing a Gaussian window function has the benefit of removing the sidelobes
and of providing an easily readable spectrogram. But our compression procedure is
harmed by two facts. First of all, we are now picking 40 out of 250 coefficients; these
are clustered in the dominating area, so secondary time-frequency components of x
are also overlooked. Clearly, our algorithm does not benefit from the redundancy of
the Gabor frame in use. Second, the good localization in frequency of ¢ implies that
some of the components fall between lattice values. Therefore, they are overlooked.

A comparison of Figs. 6.4 and 6.5 again shows the tradeoff between good time
and good frequency resolution.

In Fig. 6.6 we choose the same Gaussian window as in Fig. 6.4, but we choose a
lattice which is not the product of two lattices in {0, 1, ..., 199}. In fact, we have

A =7{0,40,...,160}x1{0,8, ..., 192} U {20, 60, 100, 140, 180}
x{4,12,20, ..., 196}.

But deviating from rectangular lattices offers little help. Moreover, even though we
are choosing a lattice of the same redundancy, namely, we choose a frame with
250 elements in a 200-dimensional space, the dual window has poor frequency lo-
calization. This significantly reduces the quality of reconstruction when using the
compressed version X of the signal x, as the dual window used for synthesis smears
out the frequency signature of the signal.

Similar discussions on the use of Gabor frames to analyze discrete one-
dimensional signals and discrete images can be found in [22, 52, 68, 72, 89, 90].
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¢ ¢ SPECy% = |Vpx|?
Fig. 6.4 Gabor frame analysis of the signal in Fig. 6.1. As the Gabor window we choose a nor-
malized version of the Gaussian ¢(n) = ce_("/6>2, n=0,1,...,199. We display again ¢, ¢, @, 5

SPECyx, and SPEC(/,)?, where A is marked on SPEC,x by circles. As before, the squares denote
the 20 largest coefficients. Unmarked frame coefficients are not used to construct X

e

Fig. 6.5 Here, we use as the Gabor window a normalized version of @(n) = ce™/ 14)2,
n=0,1,...,199. As before, ¢, @, @, 5 SPECyx, and SPEC,X are shown, and A as well as
the 20 largest coefficients used to construct X are marked on SPEC,x

SPECy% = |Vypx|?
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0 ¢  SPECgx = |Vyx]?

¢ ¢ SPECy% = |Vypx|?

Fig. 6.6 We use the same window function as in Fig. 6.4, but a different lattice. This changes the
displayed dual window ¢ and its Fourier transform ¢. SPEC,x and SPEC,x and therefore x and
X vary greatly. The lattice A and its 20 largest coefficients are marked as in Figs. 6.2-6.5 above

6.4 Gabor Analysis on Finite Abelian Groups

In Sect. 6.2 we defined Gabor systems in C". Implicitly we considered vectors in
CN as vectors defined on the cyclic group Zy = 7./ N7. For example, the translation
operator T; was defined by Tyx(n) = x(n — k) where n — k was taken modulus N;
that is, n and k were considered to be elements in the cyclic group Zy.

In this section, we will develop Gabor systems with an arbitrary finite Abelian
group G in place of Zy. We thereby obtain results on Gabor systems on the finite-
dimensional vector space

Cl={x:G— C},

that is, CY is a |G|-dimensional vector space with vector entries indexed by ele-
ments in the group G. We will continue to write CV rather than C%¥ if G = Zy.

The group structure of the index set G allows us to define unitary translation
operators Ty : C° — C%, k € G, by

Tix(n)=x(n—%k), nedG.

Modulation operators on C€ are pointwise products with characters on the finite
Abelian group G. A character & € CY is a group homomorphism mapping G into
the multiplicative group S 1 — {zeC: |z] =1} [7, 57, 84, 94]. The set of characters
on G forms a group under pointwise multiplication. This group is called the dual
group of G and is denoted by G.
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In summary, for & € G, the modulation operator Mg : CY% — CY is given by
Mgx(n)=£&(m)x(n), neaq.
For A = (k,§) e G x G, we define the time-frequency shift operator (i) by
7)) :CY% — CC, x> t(AW)x =k, )x = Mg Trx = £(-)x(- — k).

We are now in position to define Gabor systems on CC where G is a finite
Abelian group with dual group G. Let A be a subset of the product group G x G
and let ¢ € CY \ {0}. The respective Gabor system is then given by

(0. M) ={r Mo}, 4

A Gabor system which spans CY is a frame and is called a Gabor frame. In many
cases, we will consider Gabor systems with A being a subgroup of G x G.

The short-time Fourier transform V,, : CY% — CY*C with respect to the window
@ € CY is given by

Vox(k, &) = (x, m(k, £)g) = F @) () = Y _ x(mep(n — ) (E x), xeCC,
neG

where .Z is defined below [34, 35, 46, 47]. The inversion formula for the short-time
Fourier transform

1
x(m)=——= Y Vox(k,Ep(n—k)(&, k), xeCC,
Gl e

holds for all ¢ # 0, as we will see in Corollary 6.2 below. As in the case G = Zy,
we conclude that the system (¢, G X 6) is a |G|-||@||>-tight Gabor frame.

Before continuing our discussion of Gabor systems on finite Abelian groups in
Sect. 6.4.2, we will prove the harmonic analysis results that lie at the basis of Gabor
analysis on finite Abelian groups.

6.4.1 Harmonic Analysis on Finite Abelian Groups

As mentioned above, a character on a finite Abelian group is a group homomor-
phism mapping G into the multiplicative circle group S! = {z € C, |z| = 1}. The
set of characters is denoted by G, which is a finite Abelian group under pointwise
multiplication, meaning with composition (§1 + &) (n) = &1 (n)é2(n).

In order to explicitly describe characters on finite Abelian groups, we will com-
bine simple results on characters on cyclic groups with the fundamental theorem of
finite Abelian groups. It states that every finite Abelian group is isomorphic to the
product of cyclic groups.
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Theorem 6.2 For every finite Abelian group G there exist N1, Na, ..., Ng € N with
G=7ZN, XLy, X -+ X Lpy. (6.9)

The factorization and the number of factors in (6.9) are not unique, but there exist a
unique set of primes {p1, ..., pa} and a unique set of natural numbers {r, ..., rq}
so that (6.9) holds with Ny = p?, Ny = pgz, ., Ng= p:l”.

Proof For our purpose it is only relevant that a factorization as given in (6.9) exists.
We will outline an inductive proof of this fact.

Recall that |G| is called the order of the group G, (n) denotes the group generated
by n € G, and the order of n € G is |(n)|.

If |G| =1 then G = {0} and the claim holds trivially. Suppose that all groups
of order |G| < N satisfy (6.9). Let now G be given with |G| = N. We need to
distinguish two cases.

If N = p® with p prime, choose n € G with maximal order. If its order is |G/,
then G = (n) and G = Zy. If its order is less than |G|, then a short sequence of
algebraic arguments shows that there exists a subgroup H with G = (n) x H. We
obtain (6.9) for G by applying the induction hypothesis to H.

If N =rp® with p prime, r > 2 relatively prime with p, and s > 1. Then

G = {n: the order of n is a power of p} x {n: the order of n is not divisible by p}

can be shown to be a factorization of G into two subgroups of smaller order, and we
can again apply the induction hypothesis. O

As mentioned above, representations of finite groups as products of cyclic groups
are not unique; for example, we have Zg is isomorphic to Zg x Zy if (and only
if) K and L are relatively prime.

Any group isomorphism induces a group isomorphism between the respective
dual groups. Theorem 6.2 therefore implies that for our study of characters on gen-
eral finite Abelian groups it suffices to study characters on products of cyclic groups.
Hence, we may assume

G:Z/\/l XZNZX"'XZNd

in the following.
Observe that for the cyclic group G = Zy = {0, 1, ..., N—1}, a character £ is
fully determined by £(1). Since

1=E0)=&N)=E(1+---+ 1) =ED",

we have £(1) € {2*m/N ;m =0,1,..., N—1}. We conclude that Zy contains ex-
actly N characters; they are

£, = (eZJTim(-)O/N’eZm’m(-)l/N’ 2mimOYN “’EZm'm(-)(N—l)/N)T’

m=0,1,...,N—1.
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The modulation operators for cyclic groups that are defined abstractly here therefore
coincide with the definition of modulation operators on CV given in Sect. 6.2.
Observe that under pointwise multiplication, the group of characters Zy is cyclic
and has N elements, that is, Z\v = Zn, a fact that we will use below.
For G =Zy, x Zp, x -+ X Zy,, observe that any character £ on G induces a
character on the component groups Zy,, Zy,, ..., Zn,. Hence, we can associate to
any character £ on G an m = (m, ma, ..., mg) with

£(e,) =£((0,...,0,1,0,...,0)) = 2m/N =1 . d.
Clearly, as £ is a group homomorphism, it is fully described by m and we have

E(ny,ng,...,ng) =&y, (n2)...&n, (ng)

— eZnimln]/N] eZnimznz/Nz . eZﬂimdnd/Nd

— eZﬂi(mlnl/Nl+m2n2/N2+~~-+m,md/Nd). (610)

For notational simplicity, we will identify & with the derived m and write

(m,n) =E&(n) = e2rilminy /Nitmany /Not-+mana/Na) 6.11)
We observe that
6=(ZN1 X I, X --~XZN4)A§Z;1 ><Z172 ><~-~><Z%@.

Clearly, then G=Gx G; in addition, G can be canonically identified with G by
means of the group homomorphism » : m — (m, n), thereby justifying the duality
notation used in (6.11). R

In the finite Abelian group setting, the Fourier transform F : C¢ — CO is
given by

Fx(m) =x(m) = Zx(n)(m, n)

neG
Ni—1No—1  Ny—1
= Z Z Z x(ny,no,...,ng)
n1=0 ny=0 ng=0

« e~ 2ri(miny /Ni+mana/Nat-+mana/Na)
m=@my,my,...,mg) €G.

Theorem 6.1 above implies that the normalized characters on Zy form an orthonor-
mal basis of CV. Combining this with (6.10) shows that the normalized charac-
ters on any finite Abelian group G form an orthonormal system of cardinality
|G| = Ny ---Ng = dimC¢. We conclude that the normalized characters form an
orthonormal basis of CS. This simple observation generalizes (6.2) and (6.3) to the
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general finite Abelian group setting. For example, the Fourier inversion formula
(6.2) becomes

Ni—1Np—1  Ng—1

:Iﬁl| Z Z Zf(ml,mg,.--,md)

m1=0mr=0 mq=0

% e271i(m1n1/N1+m2n2/N2+-~+mdnd/Nd)
9
n=(ny,ny,...,ng) €G.

To state and prove the Poisson summation formula (6.13) for the Fourier trans-
form on CY, we define for any subgroup H of G the annihilator subgroup

Ht={meG: (m,n)=1forallne H}.

Clearly, H is a subgroup of G. In Gabor and harmonic analysis, discrete subgroups
of G are commonly referred to as lattices and their annihilators as their dual lattices.

Theorem 6.3 Let H be a subgroup (lattice) of G and let H* be its annihilator
subgroup (dual lattice). Then

Z<m’”>:{|H|’ ifme H, Z(m,n):{lHLl’ ifneH,

0, otherwise, 0, otherwise,
neH meH+
(6.12)
and
|HJ‘|Zx(n)= Z X(m), xeCC. (6.13)

neH meHL

Proof Letm € G. Then n (m, n) for n € H defines a character on H. This char-
acter is identical or orthogonal to the trivial character on H, namely, O : n +— 1 for
n € H, and hence

_ ~— [IH|, ifm=0onH, [|H|, ifmeH",
Z fm, ) = Z(m’ (0, n) = {O, otherwise, 1o, otherwise.
neH neH

The second equality in (6.12) follows from the first equality in (6.12) by observing
that H is a subgroup of G and that (HH*t ¢ G can be canonically identified with
HCG.

The interchange of summation argument used to obtain (6.5) in Theorem 6.1 can
be used again to prove (6.13). g

The fact that G = Zy, x Zy, x - -+ x Zy, for any finite Abelian group G implies
that the discrete Fourier matrix W can be expressed as the Kronecker product of
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the Fourier matrices for the cyclic groups Zy,, Zn,, ..., Zn,, thatis, Wg = Wy, ®
Wn, ® --- @ Wy,. For example, we have

1 1 1 1
WZQXZQZWZZ®WZQZ<1 _1)®<1 _1>=

1 1 1
-1 1 -1
1 -1 -1
-1 -1 1

—_

6.4.2 Examples of and Further Remarks on Gabor Systems on
Finite Abelian Groups

In Sect. 6.4.1 it was shown that the study of finite Abelian groups coincides with the
study of finite products of cyclic groups. Moreover, we described in detail characters
on products of cyclic groups and thereby modulation operators acting on functions
on such groups.

For example, for G = Z, x Z, the operators 1(j ¢y, and M(1,1) are in matrix form

01 00
01®10_1000
1 0 0 1)710 0 0 1}

0010

1 0 0 O

10®10_0—100
0 -1 0 -1 o 0 -1 0}

0 0 o0 1

and 7 ((1,0), (1, 1)) is

0O 1 0 O

01®10_—1000
-1 0 0O —-1)J7 10 0 0 -1
0 01 O

Proposition 6.1 above generalizes to the following result.
Proposition 6.4 The normalized time-frequency shift operators {1//|G| X
(M}, eqxg form an orthonormal basis for the space of linear operators on c¢

equipped with the Hilbert—Schmidt inner product.

Proof This follows from direct computation or by simply using the fact that the
tensors of orthonormal bases form an orthonormal basis of the tensor space. g

Consider again G = Zy x Z>. Then

GX6=Z2XZZXZZ/@2=Z2XZQXZEXZE=22XZ2XZ2XZZ



214 G.E. Pfander
and the Gabor system ((1, 2, 3, DT 7y x 7o x 7y x Zp) consists of the columns of

1 1 1 112 2 2 213 3 3 314 4 4 4
2 -2 2 =21 -1 1 —-14 -4 4 43 -3 3 =3
3 3 -3 34 4 -4 41 1 -1 —-112 2 =2 =2
4 -4 -4 413 -3 -3 312 -2 =2 2|1 -1 -1 1

Note that the Gabor system above is not the tensor product of two Gabor systems
on the finite Abelian group Z, because (1, 2, 3, HT isnot a simple tensor; that is, it
does not have the form v ® w for v, w € C%2. Certainly, Gabor systems on product
groups can be generated by tensoring Gabor systems on the component groups; that
is, for finite Abelian groups G| and G, with subsets A1 € G| and Ay C G3, and
@1 € CO1 and ¢y € CY2, we obtain the C¢1* %2 Gabor system

(01, A1) ® (92, A2) = (91 @ @2, A1 X Ap).

See, for example, [22, 32].

Every Gabor system (¢, A), ¢ # 0, with A =G x Gisa tight frame for CY, but
certainly other algebraic and geometric properties of (¢, A) depend on the group G
and the window function ¢, as we will discuss below.

6.5 Elementary Properties of Gabor Frames and of the Gabor
Frame Operator

In this section we derive central properties of Gabor frames for C¢. Throughout
this chapter, the reader may choose to assume CC¢ =V =loL-N=1} "45 con-
sidered in Sect. 6.2. Indeed, Sect. 6.2 reflects the special case G = G = Iy =
{0,1,...,N—1}.

Gabor frames are derived from group frames as described in Definition 5.3 in
Sect. 5.2, a fact responsible for the Gabor system (¢, G x G) being a tight frame for
all ¢ € CY \ {0} (see Sect. 5.4 and [34, 35, 45, 46]). Gabor frames (¢, A) with A
being a subgroup of G x G share a number of remarkable properties that are rooted
in the fact that 7 : G x G —> ZL(CY,CY%), » > (1), is a projective representa-
tion [35]. (It is, in fact, up to isomorphisms, the only irreducible faithful projective
representation of G x G on CC [35].)

The results proven below have been derived in the setting of general finite
Abelian groups in [34] and [35]. There, the authors use nontrivial facts from rep-
resentation theory. Our aim remains to give a self-contained treatment of Gabor
frames in finite dimensions, so we present elementary linear algebra proofs instead.

The following simple observation forms the foundation for most fundamental re-
sults in Gabor analysis. In abstract terms, (6.14) and (6.15) represent the previously
mentioned fact that 7 is a projective representation.
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Proposition 6.5 For A, u € G x G exists ¢y u, cux inC, |cy |l = lcpal =1, with

T (W7 () = CpwT (A + 1) = €, Cpun7t ()70 (1) (6.14)

and

(W) =) =cam(—h). (6.15)

If Ais a subgroup of G x G, then the time-frequency shifts T (i), u € A, commute
with the (¢, A) Gabor frame operator

S:CY—CY x> ) (x.mem()e
rEA

for every ¢ € CY.

Proof For G = Zy, a direct computation shows that ¢ 7 7 = e 2mikt/N This
implies (6.14) and (6.15) in the case of cyclic groups. The general case follows
from the facts that any finite Abelian group is the product of cyclic groups and that
time-frequency shift operators on CY are tensor products of time-frequency shift
operators on CZV .

To show that S () =m()S for u € A, we compute

T ST(wx =Y (T () f, T M) () 7 ()

reA

=Y (x T (T W@)ep w7 (=T (Mg
reA

= lepul? Z(X (=T = WP)cu—nT(h — 1)g

reA
= (.7 = we)leun P — we
reA
= Z(x, T(Me)r (Mg = Sx.
reA

The substitution in the last step utilizes the fact that u € A and A is a group. 0

As the first consequence of Proposition 6.5, we derive Janssen’s representation
(6.17) of the Gabor frame operator [54].
To this end, define the adjoint subgroup of the subgroup A € G x G to be

A° = {/L eGxG: a(M)m(p) =a(uw)r(d) forall A € A}.

Similarly to (A1)~ = A, we have (A°)° = A. For illustrative purposes, we depict
some lattices, their duals, and their adjoints in Fig. 6.7.
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x

Ay C Zyg X Zyg /\1L C Zyg X Zyg AIO C Zyg X Zyg
Ao C Zing X g AZL C Zog X Zoo A; C Zno X Loy
Az C Znpo X Zog /\3L C Zog X Zoo A; C Zno X Lo

Fig. 6.7 Examples of lattices, their dual lattices, and their adjoint lattices. The lattice
A1 C Zy9 X Zyg is the smallest subgroup of Zig x Zj9 containing (1,4), Ar C Zoo X Zyg is
generated by (1, 2), and Az C Zyp X Zyg is the subgroup generated by the set {(1,4), (0, 10)}

Theorem 6.4 Let A be a subgroup of G X G and let ¢, 3 €CC. Then

D (e r et )F =1A1/1G] Y (@ m(we)r(wx, xeCC. (6.16)

reA neA°

In particular, the (¢, A) Gabor frame operator S has the form

S=1A1/1G| Y (o. 7w} (). 6.17)
neA°
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Setting K = {k: (k,£) € A for some £ € G }, we note that the matrix represent-
ing the frame operator with respect to the Euclidean orthonormal basis has support
in the union of |K| (off) diagonals. Walnut’s representation (6.21) below will give
additional insight on this canonical matrix representation of Gabor frame operators.

Proof Recall Proposition 6.4, namely the fact that {1/4/|G| w (M)}, cg« ¢ forms an
orthonormal basis for the space of linear operators on C¢ which is equipped with
the Hilbert—Schmidt inner product. Hence, for ¢, & € CY, the operator

Six Y (x, We)T ()G
rEA

has a unique representation:

S= ) mum(w.

uera

Applying Proposition 6.5 gives for any A € A

Yoo =S=aW)STM) = Y 0w T(TR).

/Aera uer@

Equations (6.14) and (6.15) in Proposition 6.5 imply that w(A)*m () () is a scalar
multiple of 77 (1). As the coefficients 1, u € G x G, are unique, we have for each
w € G x G either n, =0 or m(A)*w(u)w () =m () forall A € A, thatis, u € A°.
We conclude that n, =0if u ¢ A°.

It remains to show that for u € A°, we have n, = |A|/|G| (¢, 7 (1)p). To this
end, note that the rank one operator x > {(x, @)@ is represented by the matrix
@@! . Its Hilbert—Schmidt inner product with a matrix M satisfies (3@’ , M)ps =
(@, M@). Consequently, for u € A°, we have

me = 1/IGHS. m (s = 1/1G Y (wFx (e 710}y

reA
=1/IG| Y (v, m(wrMe)=1/IG] Y _([rM@, T(M)m(1w)p)
reA reA
=1/IG| Y (. 7(we)=141/IG| (7. =(w)p).
reA O

Taking inner products of the left-hand and right-hand sides of (6.16) with X' €
CC shows that Janssen’s representation implies the fundamental identity in Gabor
analysis (FIGA) (6.18) below; see also [36, 46].

Corollary 6.1 Let A be a subgroup of G X G. Then

D Vex () Vi) =AI/IG] ) Vo§0) ViX(R), x,%,9,§€CO (6.18)
reA reA°
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An additional important consequence of Proposition 6.5 is the fact that the canon-
ical duals of Gabor frames are again Gabor frames; that is, the canonical dual frame
of a Gabor frame inherits the time-frequency structure of the original frame.

Theorem 6.5 Let A be a subgroup of G X 6, and let the Gabor system (¢, A)
span CC. The canonical dual frame of (¢, A) has the form (¥, A); that is, for ap-
propriate § € CS we have

X = Z(x, n()»)(z)n(k)(p = Z(x, 71()»)(/))71()»){5, xeCC.

reA reA

Proof Proposition 6.5 states that the (¢, A) frame operator

S:CY—CY  xe) (x.rMem()e.
reA

and, consequently, its inverse S —1 commute with m(u) for u € A. Hence, the ele-
ments of the canonical dual frame of (¢, A) are of the form

v=S"lrMe=rM)Slo=nM)F, reA. O

For overcomplete Gabor frames, that is, Gabor frames that span CC and have
cardinality larger than N = |G|, the dual window is not unique. In fact, choosing
dual frames different from the canonical dual frame may allow us to reduce the
computational complexity needed to compute the coefficients of a Gabor expansion
[91].

Gabor frames (g, A) that are dual to (¢, A) are characterized by the following
Wexler—Raz criterion (see [35, 98] and references therein). It is a direct consequence
of Theorem 6.4.

Theorem 6.6 Let A be a subgroup of G x G. For the Gabor systems (¢, A) and
(@, A), we have

x = Z(x, TP (Mg, xeCO, (6.19)
reA
if and only if
(0. 71 (@) =IG|/IA| 8,0, peA°. (6.20)

Proof Equation (6.19) implies that the operator S:x = >, _ 4 (x, 7(M) @) (A)g is
the identity; that is, by Theorem 6.4 we have

n(0)=1Id=S5=|A|/|G| Z (o, (@) ().
neA°
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As the operators {m ()} are linearly independent by Proposition 6.4, we conclude
that |A|/|G| (¢, w()@) = 8,0, which is (6.20).
The reverse implication follows trivially from Janssen’s representation. 0

Corollary 6.2 If A is a subgroup of G x G, then (¢, A) is a tight frame for CC if
and only if (¢, A°) is an orthogonal set.

Proof The result follows from choosing ¢ = ¢ in (6.19) and (6.20). O

Moreover, the Wexler—Raz criterion Theorem 6.6 implies the following Ron—
Shen duality result [35, 83].

Theorem 6.7 Let A be a subgroup of G X G. The system (@, A) is a frame for C¢
if and only if (¢, A°) is a linear independent set.

Proof If (¢, A) is a frame, then Theorem 6.6 implies the existence of a dual window
@ with (m (Mg, T (@) =6, for A, € A°. Butthen 0=}, _ 1o ca (1)@ implies
for u € A° that

0= < > ar(e. ﬂ(u)¢’> =Y afre. T (W) = culr(we. (w)3).

reA° reA°

and we conclude that ¢, = 0 for all © € A°. Hence, (¢, A°) is linearly independent.

On the other hand, if (¢, A°) is a linear independent set, then there exists a
unique vector @ in span{7m (1)@}, e > Which is orthogonal to span{m (1)@} e a0\ (0}
and (¢, 7 (u)@) = 8,0 forall u € A°. Theorem 6.6 implies that (¢, A) is a frame. [J

We close this section with a novel general version of Walnut’s representation of
the Gabor frame operator in the finite-dimensional setting.

Theorem 6.8 For a subgroup A of G x @, set Hh={£: (0,¢) e A} and K ={k :
(k,2) € A for some L}. For each k € K choose an i with (k, ;) € A. The (¢, A)
Gabor frame operator matrix (Si,) satisfies

Sin = |Hol xpga (T —n) Y@@ —k)gn—k) (&e.i—n)  (6.21)
keK

where Hd‘ ={leG: (L, k)y=1forall k € Hy} denotes the annihilator subgroup
of Hy. If A = A1 X Ay, then (6.21) reduces to

Sin =1 A1l xa G —n) Y 9~ k)pln —F). (6.22)
kEA]

Proof For k € Ig\, let Hy denotg the k-section of A, tllat is, Hp =1{¢: (k,0) €
A for some £ € G}. Clearly’,\E,E € Hy if and only if £ — ¢ € Hy. Hence, Hy =
Hy + ¢y forany ¢, € H, C G.
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We compute

Sin = Y_mMe@(T(W)emn)

reA

= Y Y e@—hE.m) el =kl n)
keK teHy

= D e@—ken—k) Y (L+&,7—n)
keK LeHy

= Y e@—kgn—h) (. 7—n) Y (,7—n)
keK teHy

6.12 ~ — ~ ~
LN 0 — et — B (€, 7 — n) [Hol e G — ).
keK

Equation (6.22) follows directly from (6.21) by observing that K = Ay, Hy =
Hy = Ay, and £ =0 for k € Ay. O

Equation (6.22) implies that for real-valued ¢ the frame operator S for (¢, A; X
Ay) restricts to RY and, in particular, the dual frame generating window y = S~ ¢
is then real-valued as well. The band structure of Gabor frame operators that is
displayed in (6.21) and (6.22) is also observed in Janssen’s representation (6.17). It
shows that at most |H0J-||G| = |G|/|Hp| entries of S are nonzero. This observation
is in particular valuable if Hy, respectively A», is a large subgroup of G.

6.6 Linear Independence

A traditional and frequent task in Gabor analysis on the real line is to show that a
given Gabor system is a Riesz basis in, or a frame for, the Hilbert space of complex
valued square integrable functions L%(R). Simple linear independence of Gabor
systems in L%(R) was first considered by Heil, Ramanathan, and Topiwala [50].
Their conjecture that the members of every Gabor system are linearly independent
in L2(R) remains open to this date. In fact, it is unknown whether for all window
functions ¢ in L%(R), the four functions

o), ot — 1), (1), V(1 = V2)

are linearly independent [26, 50].

In finite dimensions, a family of vectors is a Riesz basis for its span if and only
if the vectors are linearly independent. Similarly, a family of vectors is a frame if
and only if they span the finite-dimensional ambient space. Clearly, the dimension
of the ambient space limits the number of linearly independent vectors, and in this
section, we address the question of whether the vectors of a Gabor system in C¢
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are in general linear position. That is, we ask which Gabor frames (¢, A) have the
property that every selection of less than or equal to |G| = dimC® vectors from
(¢, A) is linearly independent.

As before, for a vector x in a finite-dimensional space let

llxllo = | supp x|

count the nonzero entries of x. Also, recall that the spark of a matrix M is given
by min{|c|lp, ¢ # 0, Mc = 0}. Rephrasing the above, we ask the question: For
which ¢ and A is the spark of the (¢, A) synthesis operator equal to |G| 4 1? Note
that in complementary work, upper bounds on the spark of certain Gabor synthesis
operators were obtained [99].

Before stating the main results from [59, 64], we will motivate the line of work
presented here by describing its relevance to information transmission in erasure
channels and in operator identification [59]. As a byproduct of our analysis, we ob-
tain a large family of unimodular tight frames that are maximally robust to erasures
[18].

In generic communication systems, information in the form of a vector x € C%
is not transmitted directly. First, it is coded in a way that allows for the recovery of
x at the receiver, regardless of errors that may be introduced by the communications
channel. To achieve some robustness against errors, we can choose a frame {@x }rex
for CY and transmit x in the form of coefficients {(x, ¢x)}xek . At the receiver, a dual
frame {@;} of {¢r} can be used to recover x via the frame reconstruction formula
X = (X, 1) Pk

In the case of an erasure channel, some of the transmitted coefficients may be
lost. If only the coefficients {(x, ¢x)}rex’, K' C K, are received, then the original
vector x can still be recovered® if and only if the subset {¢}rcgx’ remains a frame
for CY. Of course, this requires |K'| > |G| = dimCY.

Definition 6.1 A frame ® = {¢ }rex in C is maximally robust to erasures if the
removal of any L < |K| — |G| vectors from .# leaves a frame.

By definition, a frame is maximally robust to erasures if and only if the frame
vectors are in general linear position.

Another important application is the problem of identifying linear time-varying
operators.

Definition 6.2 A linear space of operators .7 C {H : C¢é—>CC H linear} is iden-
tifiable with identifier ¢ if the linear map E,, : 7 — C% H H g, is injective.

A time-varying communication channel is frequently modeled as a linear com-
bination of time-frequency shift operators. The idea behind this model is that the

3Here we assume that the receiver knows which coefficients have been erased and which coeffi-
cients have been received.



222 G.E. Pfander

transmitted signal reaches the receiver through a small number of paths, each path
causing a path-specific delay k, a path-specific frequency shift ¢ (due to Doppler
effects), and a path-specific gain factor ¢k ¢. If we have a priori knowledge of the
time-frequency shifts A caused by the paths the signals travel, then we aim to obtain
knowledge of the gain factors, that is, we aim to identify operators from the class

%:{Zcm(x), ckeC}, ACGxG.
reA

Clearly, knowing the channel is a crucial prerequisite for a successful transmission
of information; see [20, 59, 74].

Often, the time delays and the modulation parameters are not known, but we may
have an upper bound on the number of paths the signal may travel to the receiver.
Then, we aim to identify the class of operators

%:{Zcm(x),qec, ACG x G with |A|§s}. (6.23)
reA

The following result relates the concepts discussed above.

Theorem 6.9 The following are equivalent for ¢ € C%\{0}:

1. The Gabor system (¢, G X 6) is in general linear position.

2. The Gabor system (¢, G X 6) forms an equal norm tight frame which is maxi-
mally robust to erasures.

3. Forall x € CO\ {0}, || Vyxllo > |G|*> — |G| + 1.

4. Forall x € CY, Vox and, therefore, x is completely determined by its values on
any set A with |A| = |G]|.

5. Hy is identifiable by ¢ if and only if |A| < |G].

If |G| is even, then statements 1-5 are equivalent to statement 6 below, for |G| odd,
statements 1-5 imply statement 6:

6. J; is identifiable by ¢ if and only if s < |G|/2.

Proof The equivalence of statements 1-5 follows from standard linear algebra ar-
guments [59, 64]. Note in addition that to deduce statement 2 from any of the other
statements, we can use that a priori (¢, G x 6) is an equal norm tight frame as long
as ¢ #0.

For illustrative purposes, we give below a proof of statement 1 implies state-
ment 6. Assume that the vectors in (¢, G x G) are in general position and s < |G|/2.
Then Hyp = ﬁ(p for H, H implies

0= ar@e— Y Grhe.

reA eA

Note that the right-hand side is a linear combination of elements from (¢, AU X) -
(¢, G x G) with (¢, AUA)| <|AUA| <2|G|/2 =|G]|. Statement 1 implies linear
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independence of (¢, AU /T); hence, all coefficients are O or cancel out. We conclude
that H =H.
A similar argument shows that, in general, .77 is not identifiable if s > |G|/2. O

Theorem 6.9 leads to the question of whether a ¢ satisfying statements 1-6
in Theorem 6.9 exists. For the special case |G| prime, the answer is affirmative
[59, 64].

Theorem 6.10 If G =Z,, p prime, then ¢ exists in CC such that statements 1-6 in
Theorem 6.9 are satisfied. Moreover, we can choose the vector ¢ to be unimodular.

Proof A complete proof is given in [64]. It is nontrivial, and we will only recall
some of its central ideas.

Consider the Gabor window consisting of p complex variables zg, 21, ..., 2Zp—1.
Take A € G x G with |A| = p and form a matrix from the p vectors in the Gabor
system (z, A). The determinant of the matrix is a homogeneous polynomial P, in
20,21, ---,Zp—1 of degree p. We have to show that P4 # 0. This is achieved by ob-
serving that at least one monomial appears in the polynomial P4 with a coefficient
which is not 0. Indeed, it can be shown that there exists at least one monomial whose
coefficient is the product of minors of the Fourier matrix W,. We can apply Cheb-
otarev’s theorem on roots of unity (see Theorem 6.12). It states that every minor of
the Fourier matrix Wy, p prime, is nonzero [31, 40, 93], a property that does not
hold for groups with |G| composite. Hence, P, # 0.

We conclude that foreach A C G x G with |A| = p, the determinant P4 vanishes
only on the nontrivial algebraic variety E4 = {z = (20,21, ..., 2p—1) : Pa(z) =0}.
E 4 has Lebesgue measure 0; hence, any generic ¢, that is,

¢€<CG\< U EA),

ACGxG, |Al=p
generates a Gabor system (¢, G x G) in general linear position.

To show that we can choose a unimodular ¢, it suffices to demonstrate that the
set of unimodular vectors is not contained in |_J ACGXT, |Al=p E 4 [59]. O

Theorem 6.10 is complemented by the following simple observation.

Theorem 6.11 If G = 7Z? x 72, then there exists no ¢ in CC such that the vectors
in (¢, G x G) are in general linear position.

Proof For a generic ¢ = (co, c1, ¢2, C3)T, we compute the determinant of the matrix
with columns ¢, 7 ((0, 0), (1, 0))¢, 7((1, 1), (0, 0))p, and 7 ((1, 1), (0, 1)), that is,
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(&) €0 c3 a3
cT ¢ ¢ —C

det
¢ —c ¢ C
c3 —Cc3 Ccp —C
0 2¢ 0 2¢3
— det 0 2c 2 O

2co 0 0 2c
2¢c3 0 2¢9 O

0 ¢ O 0 a
=—16¢cpdet| co O c1 | —16czdet| c; O O
c3 ¢ O 3 0 ¢

= —16¢pcicac3 + 16¢ocicacs = 0.

We conclude that for all ¢, the four vectors ¢, 7 ((0, 0), (1,0))¢, w((1, 1), (0, 0)¢p,
and 7 ((1, 1), (0, 1))¢ are linearly dependent. O

In [59], numerical results show that a vector which satisfies statement 2, and
therefore all statements in Theorem 6.9 for G = Z4, Zg, exists (see Fig. 6.8). This
observation leads to the following open question [59].

Question 6.1 For the cyclic group G = Zy, N € N, does there exist a window ¢
in C¢ with (¢, G x G) in general linear position?

The numerical procedure applied to resolve the cases G = Z4 and Zg is unfortu-
nately not applicable to larger cyclic groups of composite order. In fact, to answer
Question 6.1 for the group G = Zg numerically would require the computation of
64 choose 8, which is 4,426,165,368 determinants of 8 by 8 matrices. (Using sym-
metries, the amount of computation can be reduced, but not enough to allow for a
numerical solution of the problem at hand.)

The proof of Theorem 6.10 outlined above is not constructive. In fact, with the
exception of small primes 2, 3, 5, 7, we cannot test numerically whether a given
vector ¢ satisfies the statements in Theorem 6.9. Again, a naive direct approach to
check whether the system (¢, Z11 x Z11) is in general linear position requires the
computation of 121 choose 11, that is, 1,276,749,965,026,536 determinants of 11
by 11 matrices.

Question 6.2 For G =7, p prime, does there exist an explicit construction of ¢ in
CY such that the vectors in (¢, G x G) are in general linear position?

The truth is that for G = Z,, p prime, it is known that almost every vector ¢
generates a system (¢, G X 6) in general linear position, but aside from groups of
order less than or equal to 7, not a single vector ¢ with (¢, G x 6) in general linear
position is known.
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As illustrated by Theorem 6.9, a positive answer to Questions 6.1 and 6.2 would
have far-reaching applications. For example, to our knowledge, the only previously
known equal norm tight frames that are maximally robust to erasures are harmonic
frames, that is, frames consisting of columns of Fourier matrices where some rows
have been removed. (See, for example, the conclusions section in [18].) Similarly,
Theorem 6.10 together with Theorem 6.9 provide us with equal norm tight frames
with p? elements in CV for N < p: we can choose a unimodular ¢ satisfying the
conclusions of Theorem 6.10 and remove uniformly p — N components of the equal
norm tight frame (¢, G x G) in order to obtain an equal norm tight frame for CV
which is maximally robust to erasure. Obviously, the removal of components does
not leave a Gabor frame proper. Alternatively, eliminating some vectors from a Ga-
bor frame satisfying the conclusions of Theorem 6.10 leaves an equal norm Gabor
frame which is maximally robust to erasure but which might not be tight.

We point out that a positive answer to Question 6.1 would imply the general-
ization of sampling of operator results that hold on the space of square integrable
functions on the real line to operators defined on square integrable functions on
Euclidean spaces of higher dimensions [78].

In the remainder of this section, we describe an observation that might be helpful
to establish a positive answer to Question 6.1. Chebotarev’s theorem can be phrased
in the form of an uncertainty principle, that is, as a manifestation of the principle
that x and X cannot both be well localized at the same time [93]. Recall that ||x|o =

| supp x|.
Theorem 6.12 For G =Z,, p prime, we have
xllo+1xXllo =Gl +1=p+1, xeCP\{0}.

The corresponding time-frequency uncertainty result for the short-time Fourier
transform is the following [59, 64].

Theorem 6.13 Let G =Z,, p prime. For appropriately chosen ¢ € C?,
Ixllo + [Vpxllo = 1G x Gl + 1=p*+1, xeCP\{0}.

Theorems 6.12 and 6.13 are sharp in the sense that all pairs (u, v) satisfying
the respective bound will correspond to the support size pair of a vector and its
Fourier transform, respectively, its short-time Fourier transform. In particular, for
almost every ¢, we have that forall 1 <u < |G|, 1 <v < |G|2 withu +v > |G|2 +
1 there exists x with |lx|lo = u and [|Vyx|lo = v. Comparing Theorems 6.12 and
6.13, we observe that for a, b € Z,, the pair of numbers (a, p2 — b) can be realized
as (|lxllo, I Vyxllo) if and only if (a, p — b) can be realized as (||x||o, [[X]lo). This
observation leads to the following question [59].

Question 6.3 [64] For G cyclic, that is, G = Zy, N € N, does there exist ¢ in CcN
such that

{Uxllo. 1Vxllo), x € CY} = {(lIxllo, IGI* = 1G] + IXll0). x € CV}?
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Fig. 6.8 The set {([xllo, |[Vpxllo), x € CC\{0}} for appropriately chosen ¢ € CS\{0} for
G =7y x 7, Z4, Zg. For comparison, the right column shows the set {(||x||o, [ X]l0), x € (CG\{O}}‘
Dark red/blue implies that it is proven analytically in [59] that the respective pair (u,v) is
achieved/is not achieved, where ¢ is a generic window. Light red/blue implies that it was shown
numerically that the respective pair (i, v) is achieved/is not achieved

Figure 6.8 compares the achievable support size pairs ([|x]lo, [| Vyx o), ¢ chosen
appropriately, and (]|x||g, ||X]lo) for the groups Z, x Z;, Z4, and Zg.

Note that any vector ¢ satisfying statements 1-6 in Theorem 6.9 has the property
that ||¢|lo = [|@]lo = |G| [64]. For arbitrary ¢ # 0, it is easily observed that

IVoxllo >1Gl, xeCO, (6.24)

and stronger qualitative statements on || Vy,x ||o depending on ||¢[lo, |@1lo, lx[lo. I XTlo
are provided in [59].

Ghobber and Jaming obtained quantitative versions of (6.24) and Theorem 6.13.
For example, the result below estimates the energy of x that can be captured by a
small number of components of V,x [42].

Theorem 6.14 Let G = Zy, N € N. For ¢ with |¢|| =1 and A € G x G with
|A| < |G| = N, we have

S Vpx)” = (1= (1 = 141/IG1)/8)IxI2,  x e CC.

reA

6.7 Coherence

The analysis of the coherence of Gabor systems has a twofold motivation. First of
all, many equiangular frames have been constructed as Gabor frames and, second,
a number of algorithms aimed at solving underdetermined system Ax = b for a
sparse vector x succeed if the coherence of columns in A is sufficiently small; see
Sect. 6.8 and [28, 44, 95-97].
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The coherence of a unit norm frame @ = {¢y} is given by

w(®) = max| (¢, ¢7)|-
k£k

That is, the coherence of a unit norm frame @ = {¢} is the cosine of the small-
est angle between elements from the frame. A unit norm frame @ = {¢;} with
|{@x, ¢3)| = constant for k # k is called an equiangular frame. It is easily seen that,
among all unit norm frames with K elements in CV, the equiangular frames are
those with minimal coherence.

If @]l = 1, then the Gabor system (¢, A) is unit norm and, if A is a subgroup of
G x G, then Proposition 6.5 implies that the coherence of (¢, A) is

w(p, A) = Ag}%{){(()}l(% T(We)| = Ag&){co}l Vo).

In frame theory, it is a well-known fact that for any unit norm frame @ of K
vectors in CV, we have

(@) > K-N_. (6.25)

ME =\ Nk =1y ‘
see, for example, [92] and references therein. For tight frames, (6.25) follows from
a simple estimate of the magnitude of the off-diagonal entries of the Gram matrix

ok, op)):

K K
(K—l)Ku(¢>2zZ|<<pk,¢;>|2=Z<—|<<pk,¢k + > ow o1) )
k#k k=1 =1
—i —1+£ 2 —K—Z—K (6.26)
=2 Sl ) = — - K. :

This computation also shows that any tight frame with equality in (6.25) is equian-
gular. Note that equiangularity necessitates K < N2, a result which holds for all unit
norm frames [92].

The Gabor frame (¢, G x 6) has |G|2 elements; hence, (6.25) simplifies to

~ IG|> - |G| G| —1
,GxG)> = =1//|G|+ 1.
1. GG \/|G|<|G|2—1> Gr—1- VI
Alltop considered the window ¢4 € C?, p > 5 prime, with entries
oalk) = p~ 1227 /p  j—0 1, p—1. 6.27)

For the Alltop window function, we have [1, 92]

1@ Zy x Lp) =1/p,
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which is close to the optimal lower bound 1/+/p + 1. In fact, ¢4 being unimodular
implies that (¢4, G x G) is the union of |G| orthonormal bases. A minor adjustment
to the argument in (6.26) shows that whenever @ is the union of N orthonormal
bases for CV, we have necessarily u(®) > 1/ JN.

The Alltop window for G = Zy, N not prime, does not guarantee good co-
herence. For illustrative purposes, we display |Vy, 04 (1) = [(pa, T (M)@a)l, A €
ZNXZN,fOI'N 678

L0000 0 1 000000
1 O 0 O O 0 . u u u u u u u ,
1 0 0 O 0 0 u u u u u u u
u u u u u u u
1 0 0 0 0 0 0 0 (6.28)
0 05005 0 050 05
1/V2 0 0 0 1/4/2 0 0 0
0 05005 0 050 05
0 0 0 0 1 o 0 o
0 05005 0 050 05
12 0 0 0 1/4/2 0 0 0
0 05005 0 050 05

where u = 1/+/7 ~ 0.3880.

Gabor systems (g4, G X 6) employing the Alltop window for G =Zy, N € N,
were also analyzed numerically in [2] in terms of chirp sensing codes. In fact, the
frames of chirps considered there are of the form

Benirps = {61, (¥) = die o) (x) = 7R IN2TEIN 5 — (k £) € G x G).

‘We have
7k, O)ga(x) = ezniex/zvezni(x—k)3//v _ e271ilx/Nleri(x3—3x2k+3xkz—k3)/N

3 .3 s 12 I,y 2

:e—2mk /Ne27nx /NeZm(l k )x/Ne 2mi3kx~/N
k3

= o2k /N g, (x)¢(3k’g_kz)(x),

and if N is not divisible by 3, then @Pcpps is, aside from renumbering, the unitary
image of a Gabor frame with an Alltop window. Hence, for N not divisible by 3, the
coherence results on (¢4, G X G) are identical to the coherence results on Pehirp.
Also, the restricted isometry constants (see Sect. 6.8) for (¢4, G X G) and Pchirp
are identical for the same reason.

As an alternative to the Alltop sequence, J.J. Benedetto, R.L. Benedetto, and
Woodworth used results from number theory such as Andre Weil’s exponential sum
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bounds to estimate the coherence of Gabor frames based on Bjorck sequences as
Gabor window functions [8, 12, 13]. Note that any Bjorck sequence ¢p is a constant
amplitude zero autocorrelation (CAZAC) sequence; therefore, we have

(Tews, 98) =0= (Mg, ), (k,£)€G xG.

Accounting again for the zero entries in the CAZAC Gabor frame Gram matrices,
we observe that the smallest achievable coherence is 1/4/|G| — 1.
For p > 5 prime with p = 1 mod 4, the Bjirck sequence ¢ € CZ» is given by

1 , forx =0,
pp(x) = — { el arecosd/A+yP) - x —m2 mod p forsomem =1,..., p— 1,

ﬁ e—i arccos(1/(14+./p)) ., otherwise,

and for p > 3 prime with p =3 mod 4, we set

. 1 [t arccos@=p)/A+PD/P - x £ m? mod p forallm=0,1,...,p—1,
©B = NGz 1, otherwise.
Then [8]
4
. 2 4 p =1mod 4;
e p
w(@p, Ly x Lp) < NG + 4. p=23mod4.

In compirison to (6.28) , the rounded values of |V, 95 (M) = (@B, T (M) ep)l,
A€Zy X Zy for N =17 are

0 0 0 0 0 0
0.2955 0.3685 0.5991 0.1640 0.4489 0.4354
0.3685 0.1640 0.4354 0.2955 0.5991 0.4489
0.5991 0.4354 0.3685 0.4489 0.2955 0.1640
0.1640 0.2955 0.4489 0.3685 0.4354 0.5991
0.4489 0.5991 0.2955 0.4354 0.1640 0.3685
0.4354 0.4489 0.1640 0.5991 0.3685 0.2955

eleoNeBoNe e

To study the generic behavior of the coherence of Gabor systems (¢, Zy x Z}\v)
for N € N, we turn to random windows. To this end, we let € denote a random
variable uniformly distributed on the torus {z € C, |z| = 1}. For N € N, we let ¢g
be the random window function with entries

1
@R(x):ﬁex, x=0,...,N—1, (6.29)

where the €, are independent copies of €. In short, ¢g is a normalized random
Steinhaus sequence.
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For N =8, the rounded values of |Vy,pr(M)|, A € Zy X Z;v for a sample @g,
are

1 0 0 0 0 0 0 0
0.1915 0.5266 0.3831 0.1418 0.1269 0.4575 0.5410 0.0341
0.0520 0.2736 0.2872 0.7912 0.2384 0.1880 0.0741 0.3411
0.3712  0.5519 0.2569 0.2757 0.5049 0.3123 0.2200 0.1215
0.0968 0.2423 0.6019 0.2632 0.1005 0.2632 0.6019 0.2423
0.3712 0.1215 0.2200 0.3123 0.5049 0.2757 0.2569 0.5519
0.0520 0.3411 0.0741 0.1880 0.2384 0.7912 0.2872 0.2736
0.1915 0.0341 0.5410 0.4575 0.1269 0.1418 0.3831 0.5266

Here and in the following, [E denotes expectation and PP the probability of an
event. In this context, a slight adjustment of the proof of Proposition 4.6 in [59]
implies that, for p prime,

P((gp R, Lp X Z;) is a unimodular tight frame maximally robust to erasures) =1.

The following result on the expected coherence of Gabor systems is given in
[76]. Aside from the factor «, the coherence in Theorem 6.15 resembles with high
probability the coherence 1/+/N of the Alltop window and in this sense is close to
the lower coherence bound 1/+/N + 1.

Theorem 6.15 Let N € N and let g be the random vector with entries

1
@R(X)Zﬁéx, X=0,...,N—1, (630)

where the €, are independent and uniformly distributed on the torus {z € C, |z| = 1}.
Then for o« > 0 and N even,

o~ o 2
P(u«oR, Zn x Ly) > ﬁ) <4N(N—-Dye /4,
while for N odd,

7N o _N-1,2 _ N+l 2
P(N(QﬂRaZN X ZN) = \/—N> SZN(N—])(@ G AN ey /4)_

For example, a window ¢ € C!%-9% chosen according to (6.30) generates a Ga-
bor frame with coherence less than 8.6/4/10,000 = 0.086 with probability exceed-
ing 10,000 - 9,999 - 6_8'62/ 4~ (0.0671. Note that our result does not guarantee the
existence of a Gabor frame for C!%-9% with coherence 0.085. The Alltop window,
though, provides us with a Gabor frame for C%°73 with coherence 2 0.0100.

Proof The result is proven in full in [76]; here, we will simply give an outline of the
proof in the case that N is even.
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To estimate (pgr, T (A)@pr) = (¢r, M¢Trpr) for A = (k,£) € G x 6\ {0}, note
first that if k = 0, then (pg, Me@r) = (lpr|*, M¢1) =0 for £ # 0.
For the case k # 0, choose first w, € [0, 1) in ¢, = e2miog and observe that

1

(or, TW@r) = (T (MR, &) = % Z ez”i%eq,pgz 5 Z 2@ p=0g+%).
q€G qeG

The random variables

. ¢
52 — o2milky—p—wy+ 1

are uniformly distributed on the torus T, but they are not jointly independent. As
demonstrated in [76], these random variables can be split into two subsets of jointly
independent random variables A1, Ay € G with [Aj| =|A| = N/2.

The complex Bernstein inequality [97, Proposition 15], [73], implies that for an
independent sequence €;,q =0, ..., N—1, of random variables that are uniformly
distributed on the torus, we have

d

Using the pigeonhole principle and the inequality (6.31) leads to

> Nt/2> + ]P’(' > s
qeA?

< 4exp(—Nt2/4).

N—1
Z €q
=0

q

> Nu) <2e~Nu?/2, (6.31)

P oon o) 21) <2(| X 57 - wip2)
geA!

Applying the union bound over all possible A € G x G \ {(0,0)} and choosing t =
a/~/N concludes the proof. O

Remark 6.1 A Gabor system (¢, A) which is in general linear position, which has
small coherence, or which satisfies the restricted isometry property, is generally not
useful for time-frequency analysis as described in Sect. 6.3. Recall that in order
to obtain meaningful spectrograms of time-frequency localized signals, we chose
windows which were well localized in time and in frequency; that is, we chose
windows so that Vyp(k, £) = (¢, w(k, £)¢) was small for k, £ far from O (in the
cyclic group Zy). To achieve a good coherence, though, we attempt to seek ¢ such
that Vye(k, £) is close to being a constant function on all of the time-frequency
plane.

To illustrate how inappropriate it is to use windows as discussed in Sects. 6.6—
6.9, we perform in Fig. 6.9 the analysis carried out in Figs. 6.2—-6.6 with a window
chosen according to (6.30).
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A AMUA

¢ ? ) PEx [Vix|?

SPECy% = |Vpx|?

Fig. 6.9 We carry out the same analysis of the signal in Fig. 6.1 as in Figs. 6.2-6.6. The Gabor
system uses as the window ¢ = @g given in (6.30). The functions ¢, @ are both not localized to an
area in time or in frequencys; in fact, this serves as an advantage in compressed sensing. We display
again only the lower half of the spectrogram of x and of its approximation X. Both are of little
use. The lattice used is given by A = {0, 8, 16, ...,192} x {0, 20,40, ..., 180} and is marked by
circles. Those of the 40 biggest frame coefficients in the part of the spectrogram shown are marked
by squares

6.8 Restricted Isometry Constants

The coherence of a unit norm frame measures the smallest angle between two dis-
tinct elements of the frame. In the theory of compressed sensing, it is crucial to
understand the geometry of subsets of frames that contain a small number of ele-
ments, but more than just two elements. The coherence of unit norm frames can be
used to control the behavior of small subsets, but the compressed sensing results
achieved in this manner are rather weak. To capture the geometry of small families
of vectors, the concept of restricted isometry constants (RICs) has been developed.
This leads to useful results in the area of compressed sensing [15, 16, 39, 82].

The restricted isometry constant §;(®) =65, 2 <s < N, of a frame @ of M
elements in CV, is the smallest 0 < 8, < 1 that satisfies

M M 2 M
(=8 lail> < | cigi| <1489 lexl* forall c with [|cllo <s.
i=1 i=1 2 i=1
(6.32)
A simple computation shows that the coherence of a unit norm frame @ satisfies

n(P) = 52(P).
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Statement (6.32) implies that every subfamily of s vectors forms a Riesz system
with Riesz bounds (1 — §5), (1 4 &5). In particular, the existence of a restricted
isometry constant implies that any s vectors in @ are linearly independent.

Frames with small restricted isometry constants for s sufficiently large are diffi-
cult to construct. A trick to bypass the problem of having to do an intricate study of
all possible selections of s vectors from a frame @ with M elements, M > s, is to
introduce randomness in the definition of the frame. For example, if each component
of each vector in a frame is generated independently by a fixed random process, then
every family of s vectors is structured identically and the probability that a target &,
fails can be estimated using a union bound argument.

To obtain results on restricted isometry constants of generic Gabor systems, we
will choose again as window function ¢g, namely, the normalized random Steinhaus
sequence defined in (6.29). The following is the main result in [77].

Theorem 6.16 Let G = Zy and let o be a normalized Steinhaus sequence.

1. The expectation of the restricted isometry constant 85 of (pr, G X 6), s <N,

satisfies
/¢3 $3/21003/2 N
Ed, Smax{Cl logs,/logN Cp————m— % }

N

where C1, Cp > 0 are universal constants.
2. For0 <X <1, we have

C3s% log N log2 s

]P(5s > E[5] + )») < 8_)”2/02, where 6> = N

with C3 > 0 being a universal constant.

The result remains true when generating the entries of ¢ by any Gaussian or
sub-Gaussian random variable. In particular, the result holds true if the entries of
@ are generated with a Bernoulli process; in this case, the Shannon entropy of the
generated N x N2 matrix is remarkably small, namely, N bits. The bounds in The-
orem 6.16 have been improved in [60].

6.9 Gabor Synthesis Matrices for Compressed Sensing

The problem of determining a signal in a high-dimensional space by combining a
priori nonlinear information on a vector or on its Fourier transform with a small
number of linear measurements appears frequently in the natural sciences and engi-
neering. Here, we will address the problem of determining a vector F € CM by N
linear measurements under the assumption that

IFlo=|{n: F(n)#0}| <s, s<N<KM.
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This topic is treated in general terms in Chap. 9; we will focus entirely on the case
where the linear measurements are achieved through the application of a Gabor
frame synthesis matrix.

In detail, with T; denoting the (¢, G x 6) synthesis operator and

5, ={F eCOC: |F|o<s).

we ask the question: For which s, can every vector F € X C CY*C pe recovered
efficiently from

T)F= Y Fmr()geC?
1eGxG

The problem of finding the sparse vector F' € X from T(;‘F is identical to the
problem of identifying 77 as defined in (6.23) from the observation of Hyp =
Y reGxG Mt (M. This holds since { (1)}, .5, is a linear independent set in the
space of linear operators on CY, and, hence, the coefficient vector 1 is in one-to-one
correspondence with the respective channel operator [76].

In addition, the problem at hand can be rephrased as follows. Suppose we know
that a vector x € CY has the form x = Y e (M) with [A] < s; that is, x is
the linear combination of at most s frame elements from (¢, A). Can we compute
the coefficients c, ? Obviously, x can be expanded in (¢, G x 6) in many ways, for
example, by using

x= (x. 7M@) (M9, (6.33)

reA

where (g, A) is a dual frame of (¢, A). The coefficients in (6.33) are optimal in the
sense that they have the lowest possible £2-norm. In this section, though, the goal is
to find the expansion involving the fewest nonzero coefficients.

TheoremA6. 10 implies that for G = Z p» P prime, there exists ¢ with the elements
of (¢, G x G) being in general linear position. Consequently, if s < p/2, then T; is
injective on X and recovering F from T(;‘F is always possible, but this may not be
computationally feasible, as every one of the |G x §| chosen s possible subsets of
G x G sets of F would have to be considered as support sets of F.

To obtain a numerically feasible problem, we have to reduce s, and indeed, for
small s, the literature contains a number of criteria on the measurement matrix M
to allow the computation of F from M F by algorithms such as basis pursuit (BP)
(see Sect. 9.2.2.1) and orthogonal matching pursuit (OMP) (see Sect. 9.2.2.2).

It is known that the success of BP and OMP for small s can be guaranteed if
the coherence of the columns of a measurement matrix is small, in our setting, if
ulp, G x @) < 1/(2s—1)[27,95]. In fact, combining this result with our coherence
results in Sect. 6.7—in particular, the coherence of the Alltop frame (¢4, G X 5)
for G =Z,, p prime—Ileads to the following results [76].
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Theorem 6.17 Let G = Zp, p prime, and let ¢4 be the Alltop window given in
6.27).If s < @ then BP recovers F from T(Z‘A F forevery F € ¥, C G x G.

In the case of Steinhaus sequences, Theorem 6.15 implies the following theorem
[76].

Theorem 6.18 Let G = Zy, N even. Let g be the random unimodular window in
(6.29). Let t > 0 and

1 N 1
§= -~ + -
4\ 2logN +log4+t 2
Then with probability 1 — e™", BP recovers F from T;RFfor every F € Y.

Note that in Theorems 6.17 and 6.18, the number of measurements N required to
guarantee the recovery of every s-sparse vector scales as s2. This can be improved
if we are satisfied to recover an s-sparse vector with high probability [75].

Theorem 6.19 Let G = Zy, N € N. There exists C > 0 so that whenever s <
CN/log(N/e), the following holds: for F € X choose ¢ according to (6.30),
then with probability at least 1 — € BP recovers F from T;R F.

Clearly, in Theorem 6.19 s scales as N/log(N), but we recover the vector F
only with high probability.

The estimates on the restricted isometry constants in Theorem 6.16 imply in fact
that with high probability the Gabor synthesis matrix T(;‘R guarantees that BP recov-

ers every F € X from T(p*RF if s is of the order N2/3/10g2 N [77]. This follows

from the fact that BP recovers F € X if §25(pr, G X 6) <3/(4+ x/a) [15,17].
Numerical simulations show that the recoverability guarantees given above are
rather pessimistic. In fact, the performance of Gabor synthesis matrices with Alltop
window @4 and with random window @ as measurement matrices seem to perform
similarly well as, for example, random Gaussian matrices [76].
For related Gabor frame results aimed at recovering signals that are only well
approximated by s-sparse vectors, see [75-77].
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Chapter 7
Frames as Codes

Bernhard G. Bodmann

Abstract This chapter reviews the development of finite frames as codes for era-
sures and additive noise. These types of errors typically occur when analog signals
are transmitted in an unreliable environment. The use of frames allows one to re-
cover the signal with controllable accuracy from part of the encoded, noisy data.
While linear binary codes have a long history in information theory, frames as codes
over the real or complex numbers have only been examined since the 1980s. In the
encoding process, a vector in a finite-dimensional real or complex Hilbert space is
mapped to the sequence of its inner products with frame vectors. An erasure occurs
when part of these frame coefficients is no longer accessible after the transmission.
Additive noise can arise from the encoding process, such as when coefficients are
rounded, or from the transmission. This chapter covers two of the most popular re-
covery algorithms: blind reconstruction, where missing coefficients are set to zero,
and active error correction, which aims to recover the signal perfectly based on the
known coefficients. The erasures can be modeled as either having a deterministic
or a random occurrence pattern. In the deterministic regime it has been custom-
ary to optimize the frame performance in the worst-case scenario. Optimality for
a small number of erasures then leads to geometric conditions such as the class of
equiangular tight frames. Random erasure models are often used in conjunction with
performance measures based on averaged reconstruction errors, such as the mean-
squared error. Frames as codes for erasures are also closely related to recent results
on sparse recovery. Finally, fusion frames and packet erasures introduce an addi-
tional structure which imposes constraints on the construction of optimal frames.
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7.1 Introduction

Digital signal communications are omnipresent, ranging from cell phone transmis-
sions to streaming media such as Voice over Internet Protocol telephony, satellite
radio, or Internet TV. In principle, digital error correction protocols can guarantee
nearly faultless transmissions in the presence of noise and data loss. Much of the
development of these protocols is inspired by Shannon’s seminal work of more than
60 years ago [42—44], in which he founded the theory of transmitting data through
unreliable analog channels. However, today we typically face a problem outside
of Shannon’s immediate concern: transmitting analog data such as audio or video
through a somewhat unreliable digital channel, the Internet. After the error of con-
verting from analog to digital, network outages and buffer overflows are the main
problem in digital transmissions. This means that the typical reconstruction error
is composed of additive noise created in the digitization and partial data loss from
the transmission. Another difference between Shannon’s communication theory and
today’s practice is that latency issues are not part of computing Shannon’s channel
capacity, whereas for cell phones or Voice over Internet Protocol telephony, they
become essential concerns. The simplest way to control latency is to work with
block codes of a given size. The question is then to what extent imperfections in the
transmission can be suppressed. This topic, called rate-distortion theory, was devel-
oped by Shannon for digital transmissions. His work pioneered the tandem strategy
of digitization and subsequent channel coding, which allowed for distortion mea-
sures in the digital as well as in the analog domain. In the latter case, it is natural
to consider an alternative to the tandem strategy by adding redundancy at the ana-
log level [38, 39]. If the encoding is linear at the analog level, then this amounts
to using frames as codes. Simply put, frames act as block codes, which replace the
coefficients of a vector with respect to an orthonormal basis by a larger number of
linear coefficients in the expansion with a stable spanning set, thereby incorporating
redundancy in the representation and providing error suppression capabilities.

This strategy has been applied to suppress quantization errors, meaning the
rounding of frame coefficients, see, e.g., [2—4, 8, 9, 12], and erasures and data loss
in the course of transmission [7, 17, 28-30, 32, 34, 45, 47]. The generalization of
these results to the suppression of errors due to lost packets in frame-based encoding
was studied in [5, 19, 35, 40]. This model assumes that frame coefficients are par-
titioned into subsets, often taken to be of equal size, and if an erasure occurs, then
it makes the contents of an entire subset of coefficients inaccessible. For a related
problem of robust nonorthogonal subspace decompositions, the concept of frames
for subspaces was introduced by Casazza and Kutyniok [18], later referred to as
fusion frames in an application to distributed processing [20].

Finally, correcting erasures has also been discussed in the context of sparse rep-
resentations and compressed sensing [14, 15], building on groundbreaking works
by Donoho, Stark, and Huo [22, 23]. Although there are probabilistic proofs for
the existence of good frames for recovery, even if a (sufficiently small) fraction of
frame coefficients is lost and a certain level of noise is added to the remaining ones,
there is currently no deterministic construction with matching error correction capa-
bilities [13, 16]. In the fusion frame literature, there are even more open problems,
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in particular the construction of optimal fusion frames in large dimensions. We can
only cover a few aspects of this exciting topic, which have been chosen to present
a consistent theme throughout this chapter. Unfortunately, recent results on optimal
dual frames [37] and on structured erasures [11] could not be covered here.

Section 7.2 compiles the material on frames for suppressing erasures and ad-
ditive noise. This includes a discussion of different performance measures, hierar-
chical and generic error models, and a discussion of random matrices for coding.
Section 7.3 repeats some of the discussion in the context of fusion frames and gen-
eralizes the characterization of optimality with a more differentiated error measure.

7.2 Frames for the Encoding of Analog Data

A finite frame @ = {(pj}?”: | s a spanning family of vectors in an N-dimensional
real or complex Hilbert space H. If the Parseval-type identity

1 M
i = = Dl
=1

is true for all x € ‘H with some constant A > 0, then @ is called A-tight. If A=1,
then we say that @ is a Parseval frame. In this case, we also call it an (M, N)-frame,
in analogy with the literature on block codes. The analysis operator of a frame @
is the map 7 : H — €2({1,2,..., M}), (Tx)j = (x,¢;). If @ is a Parseval frame,
then T is an isometry. Frames are often classified by geometric properties: If all the
frame vectors have the same norm, then the frame is called equal norm. If the frame
is tight and there is ¢ > 0 such that for all j # 1, [{(¢;, ¢)| = c, then the frame is
called equiangular and tight. The significance of the geometric characteristics of
frames is that they are related to optimality of frame designs in certain situations.
This will be reviewed in the following material.

The general model for frame-coded transmissions contains three parts: (1) the
linear encoding of a vector in terms of its frame coefficients, (2) the transmission
which may alter the frame coefficients, and (3) the reconstruction algorithm. The
input vectors to be transmitted can either be assumed to have some distribution, or
one can attempt to minimize the reconstruction error among all possible inputs of
a given norm. The same can be applied to the errors occurring in the transmission.
Our discussion restricts the treatment of input vectors to the worst-case scenario, or
to the average over the uniform probability distribution among all unit-norm input
vectors. The channel models are taken to be either the worst case or a uniform
erasure distribution, possibly together with the addition of independently distributed
random components to the frame coefficients which model the digitization noise for
the input. We refer the reader to a more detailed treatment of the digitization errors
in [2—4, 8, 9, 12] or in the chapter on quantization of this book. Among all possible
reconstruction algorithms, we concentrate on linear ones, which may or may not
depend on the type of error that occurred in the course of the transmission.
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7.2.1 Frames for Erasure Channels

A standard assumption in network models is that a sequence of vectors is transmit-
ted in the form of their frame coefficients. These coefficients are sent in parallel
streams to the receiver; see [29, Example 1.1] and [34]. If one of the nodes in the
network experiences a buffer overflow or a wireless outage, then the streams passing
through this node are corrupted. The integrity of each coefficient in a transmission
is typically protected by some error correction scheme, so for practical purposes
one may assume that coefficients passing through the affected node are not used in
the reconstruction process. The linear reconstruction of a vector from a subset of
its frame coefficients amounts to setting the lost coefficients to zero; this is called
an erasure error. This type of error has been the subject of many works [7, 28—
30, 32, 34]. In our formulation, the encoded vector is given by its frame coefficients
T x, and the erasure acts by applying a diagonal projection matrix E to T x, before
linear reconstruction is attempted.

We can either reconstruct by an erasure-dependent linear transform, performing
active error correction, or use blind reconstruction, which ignores the fact that some
coefficients have been set to zero. For now, we focus on the second alternative and
add some comments about active error correction later.

Definition 7.1 Let @ be an (M, N)-frame for a real or complex Hilbert space H,
with analysis operator T. The blind reconstruction error for an input vector x €
H and an erasure of frame coefficients with indices K = {ji, j2,..., jm} CJ =
{1,2,..., M}, m <M, is given by

|T*ExTx — x| = |(T*ExT — I)x|| = | T*(I — Ex)Tx|

where E is the diagonal M x M matrix with E; ; =0 if j e K and E;; =1
otherwise. The residual error after performing active error correction is defined
as |WEgTx — x||, where W is the Moore-Penrose pseudoinverse of ExT7. If
W EKT = I, then we say that the erasure of coefficients indexed by K is correctable.

Depending on the type of input and transmission model, the performance of a
frame can be measured in deterministic or probabilistic ways. One measure is the
worst case for the reconstruction, which is the maximal error norm among all re-
constructed vectors. Since the error is proportional to the norm of the input vector,
the operator norm ||7*(I — Ex)T|| can be chosen as a measure for the worst-case
error among all normalized inputs [7, 17, 32, 33]. Another possibility is a statistical
performance measure such as the mean-squared error, where the average is either
over unit-norm input vectors for specific erasures or over the combination of such
input vectors and random erasures. We combine these performance measures in a
unified notation; see, e.g., [11].

Definition 7.2 Let S be the unit sphere in a real or complex N-dimensional Hilbert
space ‘H, and let £2 = {0, 1}?”: | be the space of binary sequences of length M. Given
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a binary sequence w = {w1, wa, ..., wy}, we let the associated operator E (w) be the
diagonal M x M matrix with E(w); j =wj forall j € J={1,2,..., M}. Let u be
a probability measure on the space S x §2, which is the product of the uniform
probability measure on S and a probability measure on §2. The p-th power error
norm is given by

1/p
ep(P, ) = (/S Q” T*E(w)Tx —x”pd,u(x,w)>

with the understanding that when p = oo it is the usual sup-norm. The quantity
€00 (P, 1) has also been called the worst-case error norm and e (@, )2 is com-
monly referred to as the mean-squared error.

We conclude this section with remarks concerning the relationship between pas-
sive and active error correction for erasures when p = co. In principle, active error
correction either results in perfect reconstruction or in an error that can only be con-
trolled by the norm of the input, because W Ex T is an orthogonal projection if W
is the Moore-Penrose pseudoinverse of Ex 7. This may make it seem as if the only
relevant question for active error correction is whether Ex T has a left inverse.

However, even in cases where an erasure is correctable, numerical stability
against roundoff errors and other additive noise is desirable. This will be examined
in more detail in Sect. 7.2.3. We prepare the discussion there by a comparison of an
error measure based on the Moore-Penrose pseudoinverse with the p-th power error
norm. It turns out that if all erasures in §2 are correctable, then achieving optimality
with respect to e is equivalent to minimizing the maximal operator norm among
all Moore-Penrose pseudoinverses of E(w)T, w € £2.

Definition 7.3 Let J, S, and £2 be as above, and let v be the uniform probability
measure on S X £2. Let W (w) be the Moore-Penrose pseudoinverse of E(w)T ; then
we define

I/p
ap(@,v) = (/ HW(w)y”‘"du(y,w))
Sx 2
with the understanding that when p = oo it is the usual sup-norm.

Proposition 7.1 Let ‘H be an N-dimensional real or complex Hilbert space. For
any set of erasures I' C S2, let ;v be the probability measure which is invariant
with respect to the product of unitaries and permutations on S x I'. Similarly, let
v be the probability measure on the unit sphere of £>({1,2, ..., M}) x I, which is
invariant with respect to the product of unitaries and permutations. If all erasures in
I" are correctable for a closed subset S of (M, N)-frames, then a frame @ achieves
the minimal worst-case error norm eqo(®, (1) = ming ¢S €00 (¥, 1) if and only if it
achieves the minimum doo (@, v) = Ming ¢S doo (¥, V).

Proof Let us fix an erasure E corresponding to a choice of w € I'. Given an isom-
etry T (analysis operator of a Parseval frame), the left inverse to 7 with smallest
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operator norm is the (Hilbert) adjoint 7*. Given a Parseval frame and a diagonal
projection E, then the operator norm of T*ET — I is the largest eigenvalue of
I —T*ET,because T*ET — I = T*(E — I)T is negative definite. Factoring ET
by polar decomposition into VA = ET, where A is nonnegative and V is an isom-
etry, so the operator norm of A~!'T* is A~ V*VA~1/2 = |A72|1/2 = |A7 Y,
by positivity of A the inverse of the smallest eigenvalue of A, apip.

This means that minimizing a~, with a fixed set of erasures amounts to maximiz-
ing the smallest eigenvalue appearing among the set of operators {A(w) : w € I'}.
Comparing this with the error for blind reconstruction gives

[(T*ET 1) = |1 = AV A =1~y
Minimizing this error over I" also amounts to maximizing the smallest eigenvalue.
Thus, the minimization of e, Or as for a fixed set of erasures I” is equivalent. [

7.2.1.1 Hierarchical error models

Often it is assumed that losing one coefficient in the transmission process is rare, and
that the occurrence of two lost coefficients is much less likely. A similar hierarchy of
probabilities usually holds for a higher number of losses. This motivates the design
of frames following an inductive scheme: We require perfect reconstruction when no
data is lost. Among the protocols giving perfect reconstruction, we want to minimize
the maximal error in the case of one lost coefficient. Generally, we continue by
choosing among the frames which are optimal for m erasures those performing best
for m 4 1 erasures. For an alternative approach, which does not assume a hierarchy
of errors, see maximally robust encoding [41] and the section on random Parseval
frames later in this chapter.

Definition 7.4 Let H be an N-dimensional real or complex Hilbert space. We de-
note by F(M, N) the set of all (M, N)-frames, equipped with the natural topol-
ogy from HM. Using as I}, the set of all m-erasures, I}, = {w € 2 : Zyzl wj =
m}, we let w, denote the product of uniform probability measures on S x [7,.
We let 3 (M, N) = minfe,(®, 1) : & € F(M,N)} and £V (M,N) = (@ €
F(M,N):ep(D, i) = eg,l)(M, N)}. Proceeding inductively, we set for 1 <m <
M, eg")(M, N) = min{el (@, up) : @ € Eém_l)(M, N)} and define the optimal
m-erasure frames for e, to be the nonempty compact subset Sl(,m>(M ,N) of

£ 1()m ~D(M, N) where the minimum of eﬁ,m) is attained.

In this manner, we obtain a decreasing family of frames which can be charac-
terized in a geometric fashion. Results by Casazza and Kovacevi¢ [17] as reviewed
in [32, Proposition 2.1] and slightly extended in [7] can be interpreted as the state-
ment that, among all Parseval frames, the equal-norm ones minimize the worst-case
reconstruction error for one erasure.
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Proposition 7.2 For 1 < p < oo, the set 51(,1)(M, N) coincides with the family of
equal-norm (M, N)-frames. Consequently, for 1 < p < o0, eg,l)(M, N)Y=N/M.

Proof Given an (M, N)-frame @ = {¢y, ..., @)} with analysis operator T, and
a diagonal projection matrix D with one nonzero entry D; ;, then ||T*DT| =
IDTT*D| = ||(pj||2. If @ is a Parseval frame, then Z?”Zl IfII? =tuTT* =
trT*T = trIy = N, so minimizing the maximum norm among all frame vectors
is achieved if and only if they all have the same norm. In this case, ||¢; I2=N/M,

and thus eg)(M, N)=N/M for any p > 1. 0

Strohmer and Heath as well as Holmes and Paulsen [32, 45] showed that when
they exist, equiangular Parseval frames are optimal for up to two erasures with re-
spect to eé%). As stated by Holmes and Paulsen, if @ is an equiangular (M, N)-
frame, then TT* is a self-adjoint rank- N projection that can be written in the form
TT*=al+cy NQwherea=N/M,cy n = (%)1/2, and the signature ma-
trix Q = (Q;,;) is a self-adjoint M x M matrix satisfying Q; ; = 0 for all i and for
i # j,1Q; j| = 1. The proof of optimality uses that if D is a diagonal projection ma-
trix with a 1 in the i-th and j-th diagonal entries and 7 is the analysis operator for
an equal norm (M, N)-frame @ = {¢1, ..., ¢y}, then |T*DT| = |DTT*D| =
N/M + i ). Since 3 @ @0 = al(TT*?] = i1 (TT* ; = N ~
N?/M, the maximum magnitude among all the inner products cannot be below the
average value, which gives a lower bound for the worst-case 2-erasure. This bound
is saturated if and only if all inner products have the same magnitude. Welch had
established this inequality for unit-norm vector sequences [48].

The characterization of equiangular Parseval frames as optimal 2-erasure frames
was extended to all sufficiently large values of p in [7].

Theorem 7.1 [7] If equiangular frames exist among the equal norm (M, N)-frames
andifp > 2+ (%)1/2, then 5;,2) (M, N) consists precisely of these equiangu-
lar frames.

The existence of such equiangular Parseval frames for real Hilbert spaces de-
pends on the existence of a matrix of £1°s which satisfies certain algebraic equa-
tions. Thanks to the discovery in [45] of the connection between equiangular frames
and the earlier work of Seidel and his collaborators in graph theory, much of the
work on existence and construction of real equiangular tight frames benefits from
known techniques. The construction of equiangular Parseval frames in the complex
case was investigated with number-theoretic tools, see [49] and [33], as well as with
a numerical scheme [46]. Recently, Seidel’s combinatorial approach was extended
to the complex case by considering signature matrices whose entries are roots of
unity [6, 10, 31].

An averaging argument similar to the inequality by Welch was derived for the
case of 3 erasures [5], in the context of fusion frames. We present the consequences
for the special case of equiangular Parseval frames.
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Theorem 7.2 Let M >3, M > N and let @ be an equiangular (M, N)-frame; then
3 N
€0 (M. N) z -7 +2cp,n c0s(9/3)

where 0 € [—m, ] observes cosf = % Equality holds if and only if
Re[Q;,j Q1011 =cos(0) forall i # j#1# i; where Q is the signature matrix

of D.

Proof The operator norm of the submatrix of Q with rows and columns indexed
by {i, j, 1} is 2cos(8/3), with Re[Q; ; Q1 0;,i] = cos(f). However, the sum of all
triple products is the constant

(M —1)(M —2N)

CM,N

M
Z 0i,jQ101i=

ij.l=1

so the largest real part among all the triple products cannot be smaller than the
average, which yields the desired inequality. 0

Corollary 7.1 Let M, N be suchthat M > N and an equiangular (M, N)-frame ex-
ists with constant triple products Re[Q; ; Q1 Qy,i]1 = cos(0) for some 6 € [—m, 7 ];
then the set &g) (M, N) contains precisely these frames.

Remark 7.1 In[5], only (M, M — 1)-frames were mentioned as examples for such 3-
erasure optimal frames. However, recently Hoffman and Solazzo [31] found a family
of examples which are not of this trivial type. We present one of their examples. It
is the complex equiangular (8, 4)-frame with signature matrix

[ = T N S )

~
~
~
~
L
~
(e

In the real case Bodmann and Paulsen showed that, in fact, this 3-optimality
condition is satisfied if and only if the frame is an equiangular (M, M —1) or (M, 1)-
frame. Thus, in order to differentiate between frames, they had to examine the case
of equiangular tight frames in more detail. Bodmann and Paulsen [7] related the
performance of these frames in the presence of higher numbers of erasures to graph-
theoretic quantities.

To this end, they established an upper bound for the error and characterized cases
of equality in graph-theoretic terms: Let @ be a real equiangular (M, N)-frame.
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Then e;°(F) < N/M + (m — 1)cpy, x with equality if and only if the signature matrix
Q associated with @ is the Seidel adjacency matrix of a graph that contains an
induced complete bipartite subgraph on m vertices. The Seidel adjacency matrix
of a graph G of M vertices is defined to be the M x M matrix A = (a;,;), where
a;,j is —1 when i and j are adjacent, it is +1 when i and j are not adjacent, and
0 when i = j. In certain cases Bodmann and Paulsen showed that as the size of a
graph grows beyond some number, then among all the induced subgraphs of size
up to 5 there is at least one complete bipartite graph. For such graphs, the worst-
case m-erasure error is known up to m = 5. To differentiate between such types of
equiangular Parseval frames, one needs to look beyond the 5-erasure error. Graph-
theoretic criteria allowed the characterization of optimality by considering induced
subgraphs of larger sizes [7].

7.2.1.2 Robustness of equiangular tight frames against erasures

We recall that when a frame with analysis operator 7 is used for the encoding, then
an erasure is called correctable if ET has a left inverse, where E is the diagonal
projection which sets the erased frame coefficients to zero. In this case, the left
inverse effectively recovers any encoded vector x from the remaining set of nonzero
frame coefficients.

The matrix ET has a left inverse if and only if all of its singular values are
nonzero, or equivalently, whenever T*ET is invertible. For Parseval frames this
amounts to || — T*ET| = ||T*(I — E)T|| < 1. This condition applies verbatim to
sets of erasures, for example, the set of diagonal projection matrices with m zeros
on the diagonal representing erasures of m frame coefficients.

Definition 7.5 A Parseval frame ¢ with analysis operator 7 is robust against m
erasures if
|IT*ET — 1| <1
for each diagonal projection E withtr E = M — m.
A sufficient criterion for robustness of real and complex equiangular Parseval

frames uses the following error estimate, which is a special case of a result for
fusion frames [5].

Theorem 7.3 Let @ be an equiangular (M, N)-frame with signature matrix Q;
then
el (M, N) < N/M + (m — ey n

with equality if and only if there exists a diagonal M x M unitary matrix Y such
that Y*QY contains an m x m principal submatrix with off-diagonal entries that
areall 1’s.
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Proof The largest eigenvalue of any m x m compression of Q determines the largest
eigenvalue of the corresponding compression of T'T*. For each choice of m indices
K ={j1, j2» ..., jm}, a normalized eigenvector x of (Q;;); ek belonging to the
largest eigenvalue maximizes g (x) = (Qx, x) among all unit vectors with support
contained in K. Using the Cauchy-Schwarz inequality gives g(x) <Y ot XXl =
(m — 1), and equality occurs if and only if Q;;x;X; =1/m for all j # [ in K. Now
we can pick Y such that Y; ; =x; if j € K, and then Y* QY is seen to have the
claimed form. d

Corollary 7.2 If % + (m — Dey,.n < 1, then any equiangular (M, N)-frame is
robust against m erasures.

Although this theorem permits the design of frames which correct a large number
of erased coefficients, the fraction of erasures is only allowed to grow proportional
to the square root of the number of frame vectors in order to guarantee correctability.
A random choice of a frame corrects this deficiency with high probability, which we
see in the next section.

7.2.2 Random Frames and Robustness Against Erasures

The results in the last section are qualitatively different from the usual results on
binary coding, which guarantee the existence of codes that provide perfect recovery
for memoryless channels [43] if the coding rate (here N /M) is below a certain value,
the channel capacity. This can be traced back to the hierarchy among errors, which
imposes the rigidity in the construction of optimizers.

In this section, we follow a complementary approach in which we wish to ensure
correctability of m erasures, when m is chosen to be a fixed fraction of M, called
the error rate. With the help of random frames, error correction for a fixed error rate
is possible with arbitrarily large frames. To generate these frames, we choose an
orthonormal sequence on N vectors in an M-dimensional real or complex Hilbert
space, and transform this sequence by applying a random unitary (or orthogonal
matrix, in the real case). The probability measure on the unitaries is the usual, nor-
malized Haar measure.

Lemma 7.1 (Dasgupta and Gupta [21]) Let 0 < € < 1. Let x be a unit vector in

a real Hilbert space H of dimension M. If V is a subspace of dimension N < M,
drawn uniformly at random, and Py is the orthogonal projection onto V , then

1
—|Pyx| < T 7.1
holds on a set of measure

P{V : (7.1) holds}) = 1 — e N<.
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Proof Dasgupta and Gupta prove that for g > 1,
P(%HPWCHZ > ﬂ) <eT0-F+np)

Choosing 8 = (1 — €)~2 and comparing the terms in the Taylor expansions for
(1 —€)~2 and 2log(1 — €) about € = 0 gives the desired bound. O

We pair this lemma with an argument similar to the exposition in Baraniuk
etal. [1].

Lemma 7.2 Let Py be a random orthogonal projection onto a subspace of dimen-
sion NinRM M > N, and let W = span{ej,, ej,, ..., e} } be spanned by s vectors
from an orthonormal basis, with s < N, and let 0 < § < 2; then

M 1
N”PVXH < T-s+5°4 2/4 lx|| forallx e W (7.2)
for a set of subspaces with probability
8\ _Ns24
P({V : (7.2) holds}) > 1 — 2(1 + g) e N,

Proof By scaling, we only have to show that (7.2) holds for ||x|| =1, x € W. Using
the Minkowski inequality and Lipschitz continuity of the norm we can bootstrap
from a net § with minyeg [|x — y|| < % for all x € W, ||x|| = 1. By a volume in-

equality for sphere packings, we know there is such an § with cardinality

8S
SI<|1+=<]).
5= (1+5)

Applying the upper bound from the Johnson-Lindenstrauss lemma in the version by
Dasgupta and Gupta [21] we get a set of V’s with measure as described for € = §/2,

such that
Pyx X
N 14 -1

3
2

for all x € §. Now let a be the smallest number such that \/%H Pyx| < ﬁ”x”
holds for all x € W.

We show a < § — 52/4. To see this, let x € W, ||x|]| =1 and pick y € S,
ly —xll < §.

Then, using Minkowski’s inequality yields

S evat < Sy + L Py -] € — + 2
— || Pyx — — x — —.
A NIV =TT T T A
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Since the right-hand side of the inequality chain is independent of x, according to
the definition of a we obtain

1 _ 1 n 1 4
l-a~1-§ 1-a4

Solving for (1 —a)~! and further estimating gives

Hence, a <6 — 52/4. O

Since any M-dimensional complex Hilbert space can be interpreted as a 2M -
dimensional real Hilbert space, we conclude the following theorem.

Theorem 7.4 Let H be an M-dimensional real or complex Hilbert space. Let Py
be a random orthogonal projection onto a subspace of dimension N in H, N <M,
let 0 < & <2, and let VW be the union of all sets of subspaces spanned by s vectors
from an orthonormal basis of H; then

M 1
N”PV}C” < m”x” fOV allx S W (73)
with probability
8\* feM\* —82N/4
P({V :(7.3) holds}) > 1 — +3) =) .
s

where § = s in the real case and § = 2s in the complex case.

Proof There are (IEI ) choices for the subspaces spanned by s orthonormal basis

vectors. Stirling’s approximation gives (A;I ) < (eM/s)*. In the real case, the result
follows directly from the preceding lemma by a further union bound. In the complex
case, we identify each s-dimensional subspace with a 2s-dimensional real subspace
in a 2M-dimensional real Hilbert space. The sphere packing argument then yields a
net S of size |S| < (1 4 8/8)%. Using the same union bound as in the real case then
yields the desired result. O

The exponential term in the failure probability ensures that for a fixed, suffi-
ciently small coding ratio N/M there is an erasure ratio s/M which can be cor-
rected with overwhelming probability. This result was established in a discussion
with Gitta Kutyniok, and we are grateful for the opportunity to present it here.
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Theorem 7.5 Let0 <c < 1and M > 3. Let ® be a random Parseval frame consist-
ing of M vectors for a real or complex Hilbert space with dimension N, and some §

such that
J N
0<é< 2<1 — —)
M

S(1aom(1+3)+m™ &
—_— n - n— < C—.
N 8 s 4

Then the probability that any s erasures are not correctable decays exponentially
fast in the number of frame coefficients.

and

Proof This is a result of the preceding theorem, together with the requirement for
correctability.

All sets of s erased coefficients can be corrected if the union W of the subspaces
spanned by s basis vectors satisfies

| N 1
| Pyx]| < Mm<l forallx e W, ||x|| = 1.

If we assume & < 2(1 — %), then m < ,/% and the set of V’s such that
this fails has measure bounded above by
IP’[||PVx|| — ||x| for some x € W] < eZsln(1+8/5)+s(1+1n(M/x))—62N/4'
Finally, if there is 0 < ¢ < 1 and if the exponent is bounded by 2s In(1+8/5) +s(1+
In(M/s)) — 8N /4 < (¢ — 1)8%> N /4, then we achieve overwhelming probability for
correcting any such s erasures as N — o0. d

7.2.3 Erasures and Additive Noise

If erasures are present and the encoded vector is subject to additional noise in its
coefficients, then the error estimates must be modified to account for this. However,
deriving upper bounds is relatively simple if the noise is assumed to be independent
of the input vector in the case of either the worst-case or the mean-squared error.
We first examine the performance of blind reconstruction.

7.2.3.1 Passive error correction

A natural measure for performance when the reconstruction is performed with 7* is
an L?-norm for the reconstruction error, where the underlying measure models the
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distribution of input vectors, erasures, and the additive noise. The function whose
LP-norm is computed is the reconstruction error (x,w,y) — ||T*E(@)(Tx + y)
— x|| where x € H is the vector to be encoded, an erasure given by w € §2 occurs,
and the noise y € £2({1,2, ..., M}) is added to the frame coefficients.

Definition 7.6 If the input vectors and erasures are governed by the uniform prob-
ability measure p on S x I", with S the unit sphere in H and I" C §2, and the frame
coefficients are subject to additive noise distributed according to a probability mea-
sure v, then the error for blind reconstruction is

1/p
ep(@, ) = (/ / | T*E@)(Tx +y) —x||”du<x,w>dv(y)>
2(]) JSx 2

We prepare estimates for e, by examining the noiseless case.

Lemma 7.3 Let @ be an (M, N)-frame. The input-averaged mean-squared error
e2(D, w) has the form

M

e (P, u) = Z wji1 (TT*)j,l |2
=1

with some wj; = wy j >0, so it is the square of a weighted Frobenius norm of the

Gram matrix.

Proof We have that for fixed E, [ |T*(E—1)Tx 12dpu(x) = te[T*(E—I)TT*(E —
DT1/N =t[((E — )TT*(E —I))*]/N . This is the square of the Frobenius norm
of the submatrix of TT* corresponding to the erased coefficients. Next, taking con-
vex combinations of this expression when averaging over the erasures preserves this
form. O

Proposition 7.3 Let v be the uniform probability measure on the sphere of radius
o>0in 22({1, 2,...,M}), and let @ be an (M, N)-frame and |1 be as above; then
we have the inequality

eoo(q§» Ma U) S eoo(¢7 /'L) + o

and the Pythagoras-like identity
(P, 1)’ = er(@, ) +oler (P ).

Here, [t denotes the measure on §2 which is induced by | under the map o — o,
5]' =1- wj.

Proof When performing the average over y, the mixed term in the expansion
|T*(E — DTx + T*Ey|’

= |T*(E = DTx|* + 2Re[(T*(E — DTx, T*Ey)] + |T*Ey|’
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does not contribute because (T*(E — I)Tx, T*Ey) =(ETT*(E —I)Tx,y) and y
averages to zero. Therefore, the erasures and noise are additive for the mean-squared
error. Averaging the noise term gives

/ |7 Ey|* dvy) = —tr[ETT E].

This is the error expression that applies when the complement of the erasure given
by E occurs. 0

7.2.3.2 Active error correction

If active error correction is used to compensate erasures in the presence of addi-
tive noise, then the operator norm of the Moore-Penrose pseudoinverse determines
how much the error affecting the frame coefficients contributes to the reconstruction
error. The worst-case reconstruction error among all unit-norm input vectors, a set
of erasures, and the additive noise to be considered is the essential supremum of
the function (x, w,y) — |[W(w)E(w)(Tx + y) — x||, where W (w) is the Moore-
Penrose pseudoinverse of E(w)T. As before, we assume that the additive error is
distributed uniformly on a sphere of radius ¢ > 0 in Ez({l ,2,..., M}). In this case,
it turns out that the previously introduced quantity as.(®, 1) determines the perfor-
mance.

Proposition 7.4 Let @ be an (M, N)-frame and p be as above. If every erasure in
§2 is correctable in the absence of noise, and additive noise is distributed uniformly
on a sphere of radius o > 0 in Zz({l, 2, ..., M}) then the worst-case reconstruction
error for active error correction is given by

ma ”W(w)E(w)(Tx—i—y)—x” =0d00(D,V X 1),
Iyl= GHXH—I weR

where a is the measure for active error correction from Definition 7.3 and v is the

uniform measure on the unit sphere S in €2({1,2, ..., M}).

Proof If for every w € £2, the erasure can be corrected, then W (w) E(w)T = I. This
means that the expression for the worst-case error simplifies to

s HW(“’)E(“’)YH =0doo(P, v X ).

In the last step, the homogeneity of the norm is used, and the operator norm is
replaced by the L°°-norm appearing in the definition of a. d

7.3 Fusion Frames for Packet Encoding

As discussed in the preceding section, a finite frame can be interpreted as a block
code for analog signals. Instead of blocks of bits (or strings of some length), the
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analysis operator transforms a vector x, which can be characterized by its expansion
in a given orthonormal basis of size N, into a sequence of M frame coefficients
{(x,0)} ;"’z |- Similarly, the analysis operator of a fusion frame is given by a family
of linear maps {Tj}j?’[: | Which transform a vector x € H into its image (B, Tjx €
@, K; in the direct sum of spaces K; containing the range of each 7;. We will
refer to each vector Tjx € K; as a component of x.

Frames can be understood as a special case of fusion frames when the rank of
each T; is one. Thus, many insights for frames have an analogue for fusion frames.
In finite dimensions, the condition for having a frame or a fusion frame is simply the

spanning property of {¢ j}l}’lz | or of the ranges {ran Tj*}M respectively. This im-

j=b
plies for the number of frame vectors, M > N, and for the ranks Z?/Izl rank7; > N.
In both cases, the redundancy which is incorporated by the analysis operator can be
exploited to compensate errors which may corrupt the frame coefficients or com-
ponents in the course of a transmission or when they are stored. This is the goal
of designing frames or fusion frames as codes. The purpose of optimal design is
generally to use the redundancy to suppress the effect of errors maximally.

We know sharp estimates for the Euclidean reconstruction error and correspond-
ing optimal designs for deterministic and random signals. The deterministic, worst-
case scenario was examined for one lost component [19] and for a higher number of
losses [5]. The averaged performance has been discussed as well, in the probabilistic
treatment for the mean-squared error occurring for random input vectors [35].

Definition 7.7 Let H be a real or complex Hilbert space, and let {T }]}’[: | be a finite

family of linear maps 7; : H — K into a Hilbert space K. We say that {Tj}?’[: | isa
set of coordinate operators on H if they form a resolution of the identity

M
Y TiT =1
j=1

We will also say that the family {Tj}M: | forms a Parseval fusion frame, although
this is, according to the usual definition [18], only the case if each T} is a multiple
of a partial isometry.

We observe that the analysis operator T formed by combining the blocks
{Tj}é”= | as Tows in an isometry

T:H— @K.(Tx); =Tjx
jel
has its adjoint T* as a left inverse. We will often abbreviate @?il K=KM.
Definition 7.8 We call a family {7} ey of coordinate operators of a Parseval fu-

sion frame equal norm provided there is a constant ¢ > 0 so that the operator norm
IT;|l =cforall j el.
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Definition 7.9 We shalllet V (M, L, N) denote the collection of all families {7'; }?’1: 1
consisting of M € N coordinate operators 7; : H — K of maximal rank L € N
that provide a resolution of the identity for the N-dimensional real or complex
Hilbert space H, N € N. We call the analysis operator 7 of such a family {7} €
V(M,L,N)an (M, L, N)-protocol.

The ratio ML /N we shall refer to as the redundancy ratio of the encoding.

As in the frames case, among all possible left inverses of 7', the analysis operator
of a Parseval fusion frame, we have that 7* is the unique left inverse that minimizes
both the operator norm and the Hilbert-Schmidt norm.

7.3.1 Packet Erasures and Performance Measures

The problem we consider is that in the process of transmission some of the packets
(T;x) are lost, or their content has become inaccessible because of some transmis-
sion error.

Definition 7.10 Let K C J ={1,2,..., M} be a subset of size |K| =m € N. The
packet erasure matrix Ex on 9 jel K is given by

M M ¢k
EKI@’C—>®K, (E]KY)jZ{g{’ jGK’
j=1 j=1

The operator Ex can be thought of as erasing the coordinates (7)jx) jek in the
terminology of [29]. The main goal of this section is to characterize when the norms
of these error operators are in some sense minimized for a given number of lost
packets, independent of which packets are lost. Of course, there are many ways that
one could define optimality in this setting. Here, we only pursue two possibilities:
optimality for the worst-case error and for the input-averaged mean-squared error.
Optimizing with respect to the second performance measure is equivalent to finding

frames which give the best statistical recovery with Wiener filtering [35].

Definition 7.11 Let T : H — EB/.GJ Kbean (M, L, N)-protocol, andlet u =0 X p
be a product of probability measures governing the inputs as well as the packet
erasures. We chose o to be the uniform probability measure on the sphere of H and
p a probability measure supported on a subset I" of £2. We define the reconstruction
error by

I/p
epoo(T, 1) = <212}(fg|\T*(1 — E(w))Tx ||pda(x)>

and focus mostly on the worst-case error e, 00 (T, i) as well as the worst-case
input-averaged mean-squared error €2 oo (P, w)?.
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The expressions for these two types of error measures can be simplified by re-
placing the average over the input vectors with matrix norms. Because of the nature
of the sup-norm, the dependence of e, o (T, o x p) on the measure p is only through
its support, I" C 2.

Proposition 7.5 Let T : H — @jEJK be an (M, L, N)-protocol. If u = 0o x p,
where o is the uniform probability measure on the sphere in the Hilbert space H,
and p is a probability measure supported on I" C §2, then

e00,00(T, ) =max{||(I — E(@))TT*(I - E())|| :we I'},

and

€2.00(T, ) = ma}gtr[(l — E())TT*(I - E(w))z]/N-

Proof For a fixed erasure and the corresponding matrix E, by the positivity of
T*(I — E)T, the eigenvector x € S belonging to the maximal eigenvalue gives the
operator norm. This, in turn, equals |T*(I — E)T|| = ||(I — E)TT*(I — E)]||.

Averaging the square of the reconstruction error over all normalized input vectors
gives

f|| T*(I — E)Tx|* do (x) =t (T*(I — E)T)’]/N
S

=u[((I — EYTT*(I — E))*]/N,
where we have used that I — E is an orthogonal projection. g

The input-averaged mean-squared error for a fixed erasure is therefore propor-
tional to the square of the Frobenius norm of [T T*]x = (T; Tj*)i, jeK, the submatrix
of the Gram matrix consisting of the rows and columns indexed by the erased pack-
ets.

7.3.2 Optimality for Hierarchical Error Models

We denote, similarly as in the frames case, by w,, the product of the uniform prob-
ability measure on S x I,, where S is the unit sphere in H and I, is the subset
{we {0, 1}M: ij=1 w; =m}. Since the set V(M, L, N) of all (M, L, N)-protocols
is a compact set, the value

e\o(M, L. N) =inf{ep oo(T, 1) : T € V(M, L, N)}

is attained, and we define the set of I-erasure optimal protocols to be the nonempty
compact set Vl(,l) (M, L, N) where this infimum is attained, i.e.,

VID(M,L,N)={T e V(M,L.N): epoo(T. 1) =\ (M, L,N)}.
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Proceeding inductively, we now set for 2 <m < M,
") (M. L, N)=minfe, oo (T, tt): T € VS V(M. L, N)}

and define the optimal m-erasure protocols to be the nonempty compact subset
V},m) (M,L,N) of V[(,m_l)(M, L, N) where this minimum is attained.

7.3.2.1 Worst-case analysis

Next, we discuss optimality for the worst case occurring with one lost packet, as
presented in [5]. The proofs are relatively straightforward extensions of the frames
case.

Proposition 7.6 [5] If the coordinate operators {T; : H — K} belong to an
(M, L, N)-protocol on a Hilbert space H, then

maxHT T; || > ML

and equality holds if and only if for all j € {1,2,...,m} we have Tj*Tj = %PJ-,
where P; is a self-adjoint rank-L projection operator.

Proof Comparing the operator norm of Tj?" T; with its trace gives

T Til|l=z—=) t T Ti|=——.
max | 777, 2 ,Zf =
If equality holds, then for each j, L|| T]?k Tl = tr[TJ?" T;], so each T;‘ T; isrank L and

has only one nonzero eigenvalue. Dividing by this eigenvalue gives the self-adjoint
projection P; = MLT/.*T]-/N. O

Corollary 7.3 [5] Let M,L,N €N, and let T : 1 — @ K be an (M, L, N)-
protocol. Then
N
O (T ) >
€0 00(Ts 1) = UL

and equality holds zf and only if the coordinate operators {T; : H — IC}M | satisfy
that forall j €{1,2,..., M},

N

J

with self-adjoint rank-L projections { P; } _onH.
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Proof If the largest operator norm achieves the lower bound max; ||T]?“Tj|| =

N /M L, then the preceding proposition shows that {Tj}ﬁ”: | provides an equal norm

(M, L, N)-protocol. O

The consequence of this characterization of optimality is that if there exist m uni-
formly weighted rank-L projections resolving the identity on a Hilbert space H of
dimension N, then the equal-norm (M, L, N)-protocols are precisely the 1-erasure
optimal ones. These protocols are also known as Parseval frames for subspaces [18]
or Parseval fusion frames [20].

We now turn to the case of two lost packets. We abbreviate

N(ML — N)
WLN =\ NI — 1y

A form of the bound by Welch [48] gives a characterization of optimality.

Lemma 7.4 [5] If{Tj}yzl, M > 2, is a family of uniformly weighted rank-L coor-
dinate operators of a projective resolution of the identity on a Hilbert space H of
dimension N, then

max | LT} = emp.n
i#]j

and equality holds if and only if for all i # |, ETJ?" = cm,L,N Qi,j with a unitary
Q,',j on K.

A block-matrix version of the estimate for the spectrum of (I — E)TT*(I — E)
gives an expression for the worst-case two-packet erasure error.

Theorem 7.6 [5] Let M,L,N e N. If T : H — @j?il K is a uniform (M, L, N)-
protocol, then if M > 2,

N
T)> —
ex(T) > ML+CM,L,N

and equality holds if and only if for each pair i, j € {1,2,..., M}, i # j, we have
T,'Tj|< =CM,L,N Q,',j with a unitary {Q,"j},';,gj on K.

The case when this bound is saturated describes a set of protocols which can be
characterized in geometric terms.

Definition 7.12 We call alinear map 7 : H — @;": 1 K an equi-isoclinic (M, L, N)-
protocol provided that the coordinate operators of 7 are uniform and in addition
there is a constant ¢ > 0 such that ||T*(I — E)T|| = ¢ for all two-packet erasure
operators E.

The fact that for i # j, T,~T]Tk =cu,r,n Qi j with a unitary Q; ; on K means that
forevery x € IC, || T,-Tj*x|| =cum,L,N x|l However, T* and T]?k are isometries, so for
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any y € ‘H in the range of T]?“, we have ||T*T;y|| = cp, . v |yl This means, for all
i # j, projecting any vector 1n the range of P; onto the range of P; changes its length
by the scalar multiple cps 1, . Such a family of subspaces is called equi-isoclinic
[27, 36], and we have named the corresponding protocols accordingly.

Definition 7.13 Given an equi-isoclinic (M, L, N)-protocol T : H — @7:1 K,
then TT* =al + cy. 1 .~ Q is a projection on 69/' K where a =N/ML, cy 1. N
is the lower bound in Lemma 7.4, and Q = (Q;, j);’sz | 1s a self-adjoint matrix con-
taining the zero operator Q; ; =0 on K for all i € {1,2,...,m} and unitaries Q; ;
on K for off-diagonal entries indexed by i # j. We call this self-adjoint matrix of
operators Q the signature matrix of T'.

Since TT* has two eigenvalues, so does the signature matrix. This fact reduces
the construction of equi-isoclinic (M, L, N)-protocols to producing matrices Q sat-
isfying a quadratic equation.

Lemmens and Seidel [36] describe constructions to obtain examples of real equi-
isoclinic subspaces and thus of real signature matrices. Godsil and Hensel [27] show
how to obtain such subspaces from distance-regular antipodal covers of the com-
plete graph. It is an open problem to find a graph-theoretic characterization of equiv-
alence classes of equi-isoclinic protocols for real Hilbert spaces. Even less seems to
be known about generic constructions and an analogue of the graph-theoretic char-
acterization of two-uniform protocols in the complex case [24-26].

Next, for given dimensions M, L and N € N, we want to minimize the worst-
case Euclidean reconstruction error for three lost packets among two-uniform
(M, L, N)-protocols.

For any three-element subset of indices K = {h,i, j} C J={1,2,...,m}, we
denote the compression of an M x M (block) matrix A to the corresponding rows
and columns as

Ann  Ani Anj
[Alk = Ain  Aii Aij
Ajn Aji Ajj

The following theorem gives a lower bound for e3 among all two-uniform
(M, L, N)-protocols. If H is a real Hilbert space and IC = R, then it can be reduced
to a known statement [7, Sect. 5.2].

Theorem 7.7 [5] Let M, L, N e N, M >3 and N <ML .LetT : H — @?’IZIICbe
a two-uniform (M, L, N)-protocol. Then

N
e3(T) = UL +2cp,1,n cos(68/3)

where 0 € [—m, ] observes

ML —2N
ML(M _Z)CM,L,N.

cosb =
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When N < ML, the protocol T saturates the lower bound for es if and only if the
signature matrix Q of T satisfies that for all {h,i, j} C {1,2,...,m}, the largest
eigenvalue of Qpi Qi jQjn+ Qn jQjiQin is 2cos(0).

7.3.2.2 Correctability of equi-isoclinic protocols for a higher number of lost
packets

If the largest cigenvalue among all {0, ;Q; ;Qjn + On ;Q}iQin.h #1 #
J # h} is 2 for the signature matrix of an equi-isoclinic (M, L, N)-protocol, then
this protocol maximizes the worst-case norm of the reconstruction error for m = 3
lost packets. We characterize the analogue of this situation for higher values of m.

If H is a real Hilbert space and K = R, then the “unitaries” Q; ; are scalars
+1, and the presence of a covariant vector amounts to partitioning K into two sub-
sets, such that Q; ; = —1 whenever i and j belong to different subsets. This can
be restated in graph-theoretic terminology, which is the basis for the derivation of
error bounds [7] in this special case. Here, we state an analogous result for packet
encoding.

Theorem 7.8 [S5] Let M, L, N,m € N. If T is a two-uniform (M, L, N)-protocol
with signature matrix Q, then

e™(M,L,N) < i+(m— Demrn.
9 9 _ML k] k]

We use this theorem to derive a sufficient condition for correctability of packet
losses. If the upper bound is strictly less than one, then the content of any m lost
packets can be recovered.

Corollary 74 If T is a two-uniform (M, L, N)-protocol, N < ML, then any

m-packet loss operator is correctable if 1 <m <14,/ W

7.3.2.3 Optimality for the input-averaged mean-squared error

The characterization of optimality is changed slightly when we change the perfor-
mance measure to the input-averaged mean-squared error. This measure is not the
same as the mean-squared error for linear reconstruction with Wiener filtering as
discussed by Kutyniok et al. [35], but the optimizers are identical.

Proposition 7.7 If the coordinate operators {T; : H — K} belong toan (M, L, N)-
protocol on a Hilbert space H, then

NZ

s \2
mjax tr[(Tj Tj) ] > 2L
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and equality holds if and only if for all j € {1,2,...,m} we have TJT*TJ = %Pj,
where P; is a self-adjoint rank-L projection operator.

Proof The maximum square of the Frobenius norm is larger than the average,
o & 2
mlaxtr[(T;‘Tj) ] > i Ztr[(T;‘Tj) ]
. o

In terms of the eigenvalues, this is simply the square of an ¢2-norm. How-
ever, the ¢!-norm is fixed, 3 i tr[Tj* T;] = N, so the minimum is achieved when

all eigenvalues are equal to N/ML. This gives tr[(T]?" Tj)z] = L(N/ML)2 and
max ; tr[(T T;)*1 > N?/M?L. If equality holds, then each T/Tj is rank L and has
only one nonzero eigenvalue. Dividing by this eigenvalue gives the self-adjoint pro-
jection Pj =MLTT;/N. O

Corollary 7.5 Let M,L.N €N, and let T : H — @L, K be an (M. L, N)-
protocol. Then

(N
€.00(T, 111) = V2L
and equality holds if and only if the coordinate operators {T; : H — IC}?’":1 satisfy
that forall j €{1,2,..., M},

T:T; = N P
1=

with self-adjoint rank-L projections {PJ-}?"':1 onH.

Proof The proof is immediate from the expression of egéo in terms of the square of
M
i,j=1-
If the Frobenius norm achieves the lower bound, then as before we have
max; || T;‘ T;ll = N/ML, and the preceding proposition shows that {7 }]}’1: | provides
an equal-norm (M, L, N)-protocol. ' O

the Frobenius norms among all diagonal elements of the block matrix (7; Tj*)

To summarize, if equal norm fusion frames exist, then their analysis operators
are optimal protocols for the worst-case and for the input-averaged error.

The 2-erasure optimality for the mean-squared error is qualitatively different
from the worst-case analysis.

Proposition 7.8 Let T be the analysis operator of an equal-norm (M, L, N)-
protocol; then
ML —-N

2
€5 00T\ 2) = 2M2L + ZMZ(M L
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Proof The sum of all the traces is

> w[LTrT ] =N,

and subtracting the diagonal gives

e N2 NML — N?
Y u[LTIT T =N——=—"——.
oy J ML ML

The maximum among the M (M — 1) terms cannot be smaller than the average, so

k)2 M
rin;j(tr[(ETj) 1= M2(M — 1)L’

Now adding the contribution of two diagonal blocks and two off-diagonal blocks in
the expression for egéo gives the desired estimate. U

Corollary 7.6 An equal-norm (M, L, N)-protocol achieves the lower bound in the
preceding proposition if and only if there is a constant ¢ > 0 such that for any pair
i # j,we have

a[TFTi T T] =c.

One could interpret this as the Hilbert-Schmidt inner product between 7;*T; and
T]?k T; and define a distance between these two operators, or equivalently, between
their ranges. The identity then means that all pairs of subspaces have an equal dis-
tance. For this reason, the associated fusion frames have been called equidistance
fusion frames [35].
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Chapter 8
Quantization and Finite Frames

Alexander M. Powell, Rayan Saab, and Ozgiir Yilmaz

Abstract Frames are a tool for providing stable and robust signal representations
in a wide variety of pure and applied settings. Frame theory uses a set of frame
vectors to discretely represent a signal in terms of its associated collection of frame
coefficients. Dual frames and frame expansions allow one to reconstruct a signal
from its frame coefficients—the use of redundant or overcomplete frames ensures
that this process is robust against noise and other forms of data loss. Although frame
expansions provide discrete signal decompositions, the frame coefficients generally
take on a continuous range of values and must also undergo a lossy step to discretize
their amplitudes so that they may be amenable to digital processing and storage. This
analog-to-digital conversion step is known as quantization. We shall give a survey of
quantization for the important practical case of finite frames and shall give particular
emphasis to the class of Sigma-Delta algorithms and the role of noncanonical dual
frame reconstruction.

Keywords Digital signal representations - Noncanonical dual frame -
Quantization - Sigma-Delta quantization - Sobolev duals

8.1 Introduction

Data representation is crucial in modern signal processing applications. Among
other things, one seeks signal representations that are numerically stable, robust
against noise and data loss, computationally tractable, and well adapted to specific
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applied problems. Frame theory has emerged as an important tool for meeting these
requirements. Frames use redundancy or overcompleteness to provide robustness
and design flexibility, and the linearity of frame expansions makes them simple to
use in practice.

The linear representations given by frame expansions are a cornerstone of frame
theory. If ((pi)iﬁi | C RY is a frame for RV and if (w,-)iﬁi | C RY is any associated
dual frame, then the following frame expansion holds:

M
Ve eRY, x=> (x.0)¥i. (8.1)
i=1

Equivalently, if @* is the analysis operator associated to (wi)iﬁi | and ¥ is the syn-
thesis operator associated to (wi)il‘i |» then

VxeRYN, x=wo*x. (8.2)

The frame expansion (8.1) discretely encodes x € RN by the frame coefficients
(x, @i ))f‘i |- Consequently, frame expansions can be interpreted as generalized sam-
pling formulas, where frame coefficients play the role of samples of the underlying
object. Our technology nowadays is overwhelmingly digital, and therefore for a
sampling theory to be practicable, it needs to be accompanied by a quantization the-
ory. In general, quantization refers to the process by which one converts an object
in the continuum into a finite bitstream, i.e., into a finite sequence of elements in
{0, 1}. Typically, this is done by replacing the underlying object by an element from
a finite set called the quantization alphabet (since the alphabet is finite, its elements
can ultimately be given a binary encoding).

Our survey of quantization for finite frames will cover several different quantiza-
tion methods for finite frames. Our main emphasis will be on the following methods,
which will be covered in detail.

o Memoryless scalar quantization (MSQ): This is a simple classical method but is
not particularly adept at exploiting the redundancy present in frames.

e First order Sigma-Delta (X A) quantization: This is a more sophisticated low
complexity approach which effectively exploits redundancy but still leaves much
room for theoretical improvements.

e Higher order Sigma-Delta (¥ A) quantization: This method yields strong error
bounds at the cost of increased complexity by exploiting a class of noncanonical
dual frames known as Sobolev duals.

Before discussing the above methods we begin with a hands-on formulation of two
quantization problems of interest.
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8.1.1 Quantization Problem: Synthesis Formulation

Fix a frame ¥ = (1//,~)f‘i , for R . From here on, N denotes the dimension of the
ambient space and M > N is the number of frame vectors. Furthermore, we abuse
the notation and use ¥ to denote both the frame (v;) lﬂi | and the associated N x M
synthesis matrix. Let </ be a finite set which is called the quantization alphabet.
The goal is to represent a given x € R" via an expansion of the form (8.1) where
the coefficients (x, ¢;) are replaced by elements of .<7. More precisely, we quantize
x € RY by replacing it with an element of the constellation I'(F, /) :={¥q : q €
2/M} . In this setting, the objective is as follows.

QP-Synthesis. Given a bounded set % € RY and a frame ¥ for R", find
amap 2 : RN > &M _the quantizer—such that the distortion & (x) :=
lx — ¥ 2(x)| is “small” on & in some norm (deterministic setting) or in
expectation (probabilistic setting).

Consequently, the optimal quantizer (for a given norm || - ||) is defined by

Dopt(x; ¥, &) = arg min{ llx — Wf]ll}-
qedM

This formulation (QP-Synthesis) of the frame quantization problem arises in ef-
forts to reduce “computational noise” in the calculation of fast Fourier transforms
(FFTs) by using algebraic integers in the computation [13, 28]. In particular, the
proposed approach is based on solving QP-Synthesis with N = 2 and the underly-
ing frames W), that are given by the Mth roots of unity, i.e., ¥y = (Y J')?/[: | with
¥ = [cos zﬁ"j, sin 2M”j]r. In Fig. 8.1 we show the set I"' (W, o/) and of = {£1}
for various values of M. In this specific instance of QP-Synthesis, there are partial
results. For example, when M is an integer power of 2, [13] shows that the distortion
& decays exponentially as M increases, at least for certain alphabets. Furthermore,
[13] also proposes an algorithm that (nearly) implements 2. However, for gen-
eral M, both these problems—computationally tractable implementation of 2y
and decay rate of optimal accuracy & as M grows—are, to our knowledge, open
even in the case of the roots-of-unity frames ¥),. Our focus in the remainder of the
chapter will be on the analysis formulation of the quantization problem, which we
describe next.

8.1.2 Quantization Problem: Analysis Formulation

Let & be a frame for RV, again with M frame vectors. Suppose that we have ac-
cess to frame coefficients y; where y =[yy, ..., yM]T = @*x. In practice, y; could
be sensor readings [25], samples of a continuous function on a finite interval [22],
or “compressive samples” of a sparse object—see [34]. Here y; are in general real
numbers that are assumed to be known with infinite accuracy. To be amenable to
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0 0.5

(d) (e)

Fig. 8.1 The set I'(¥y, /) N [—1, 11> where Wy, is the frame for R? given by the Mth roots of
unity—M =9, ..., 141n (a),...,(f)

digital processing and storage, the frame coefficients y; must further be quantized
to lie in a given alphabet .o/ Since the ultimate goal is to obtain a digital approx-
imation of x, one straightforward approach is to reconstruct x before quantization
viax = ¥y. ¥ is a dual of @ so the reconstruction is exact. Once we have x, we can
compute an orthonormal-basis expansion of x and round off each coefficient to an
accuracy level that depends on the overall bit budget. This approach would bypass
the difficulties that arise from the fact that the original frame is possibly oblique and
redundant, and it generally yields a more accurate digital approximation of x than
any known method where the original frame coefficients are replaced with quantized
ones in (8.1).

Unfortunately, the above-described approach is not viable in typical practical
settings for several reasons. First of all, it requires sophisticated high-accuracy ana-
log computations, which is generally not practicable. Furthermore, in applications
where the frame coefficients are obtained in a sequential manner, e.g., when sam-
pling a continuous function or when collecting measurements from a large number
of sensors, this approach requires that a large number (M) of analog quantities, i.e.,
real numbers, be stored in memory on analog hardware, which is often not feasible
in practice. Finally, in many applications redundant frames are preferred over or-
thonormal bases because the built-in redundancy makes the associated expansions
more robust to various sources of errors, such as additive noise, partial loss of data
(in the case of transmission over erasure channels) [8, 15, 29], and quantization
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with imperfect circuit elements, for example, in the case of oversampled bandlim-
ited functions [21, 22, 45]. Taking into account all these factors, it is important to
consider the following formulation of the frame quantization problem.

QP-Analysis. Given a bounded set 4 € RY and a frame @ for RY with M
vectors, find a map 2 : RM - 7™ —the quantizer—such that

1. 2 acts on the frame coefficients of x € RY, given by y = @*x.

2. 2 is “causal”; i.e., the quantized value g; = 2(y); depends only on
Y1,...,y;j and q1,...,qj—1. To avoid the need to use a large number
of analog memory elements, one may further enforce that 2 depends
only on y; and on r <« M previously computed elements, i.e., on an
r-dimensional “‘state vector."

3. The distortion Z(x) := ||x — 4 2(®P*x)| is “small” on & in some norm
(deterministic setting) or in expectation (probabilistic setting). Here ¢ :
M RV is some decoder possibly tailored to the quantizer 2 and
the frame @. A natural choice for such a decoder is motivated by frame
theory and is given by ¥, some dual of @ (also possibly tailored to the
quantizer 2). Such a decoder corresponds to linear reconstruction of x
from its quantized coefficients.

8.1.3 Stylized Example: Memoryless Scalar Quantization

To illustrate the challenges posed by QP-Analysis, consider the following example.
Let @, be the frame for R? given by the Mth roots of unity, let  C R? be the unit
disk, and consider the 1-bit quantization alphabet .«#; = {#-1}. First, we quantize the
frame coefficients y = ®},x for any x € & using a memoryless scalar quantizer
(MSQ); i.e., each y; is quantized to the element of &/ that is closest to it, which in
this particular case corresponds to g; = sign(y;). Note that g; only depends on the
jth frame coefficient; hence the quantizer is memoryless. In Fig. 8.2(a), we show
the quantizer cells that correspond to the quantizer described above, i.e., a 1-bit
MSQ. Every cell, identified with a distinct color, consists of vectors with identi-
cal quantized coefficients. In other words, after quantization we cannot distinguish
between the vectors in the same cell, and therefore the diameters of these cells re-
flect the ultimate distortion bounds for the given quantizer, in this case QI\QZISQ with

o) = {#1} as described above. Note that out of 2!2 possible 1-bit quantized se-

quences, QI\Q/I/ISQ uses only 12 distinct ones. Furthermore, since the cells are convex,
ideally all points in a given cell should be quantized to a “representative point” that
falls inside the respective cell and is at a location that minimizes the distortion (in
a norm of choice). In Fig. 8.2(a), we also show the reconstructed vector for each

cell obtained via xec = WQ;’,{ISQ(Q§f‘2x), where ¥ = 11—20312 is the canonical dual of
@1>. Such a reconstruction method is referred to as linear reconstruction using the
canonical dual.

In Fig. 8.2(b), we repeat the experiment described above with a 2-bit MSQ; i.e.,
the alphabet in this case is @ := {£]1, :I:%}. We observe that the number of cells
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Fig. 8.2 12 cells for 1-bit MSQ, 204 cells for 1-bit X' A, 84 cells for 2-bit MSQ, 1844 cells for
2-bit ¥’ A (empirical counts)

increases substantially, from 12 to 84 distinct cells. However, still a very small frac-
tion of 4!% possible quantized sequences are utilized. Another important point is
that with 2-bit MSQ some cells are not consistent under linear reconstruction using
the canonical dual. That is, points in these cells are quantized to a point that is out-
side the cell, and consequently, for x in such a cell and x = ¥ 2(P*x), we have
2(D*(X)) £ 2(®*x). In Fig. 8.2(b) we marked two cells that exemplify consistent
and inconsistent cells. Of course, alternative nonlinear reconstruction techniques
could be used to enforce consistent reconstruction, which we discuss in detail in
Sect. 8.2.3.

8.1.4 Stylized Example: X A Quantization

The strikingly small number of cells in Fig. 8.2(a) and Fig. 8.2(b) hint that MSQ may
not be well suited to quantize frame expansions (in the QP-Analysis sense)—see
Sect. 8.2 for a survey of MSQ in frame quantization and its performance limitations.

An alternative approach to frame quantization is to use the Sigma-Delta (X' A)
quantizers. X' A quantizers are widely used in analog-to-digital (A/D) conversion
for oversampled bandlimited functions, and recently have been adopted for quan-
tizing arbitrary frame expansions; see, e.g., [2]. Most of our chapter is dedicated to
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the analysis of the performance of these quantizers in addressing QP-Analysis for
various families of frames—see Sects. 8.3-8.5. It turns out that these quantizers out-
perform MSQ (even with optimal consistent reconstruction) if the underlying frame
is sufficiently redundant; see, e.g., [3, 5, 42]. Here we repeat the above-described
experiments with X' A quantizers in place of MSQ. Figures 8.2(c) and 8.2(d) show
the quantization cells corresponding to 1-bit (with alphabet <) and 2-bit (with al-
phabet %) first order X' A quantizers, respectively. Even though the schemes use
the same alphabets as the 1-bit and 2-bit MSQ, the number of distinct cells is sig-
nificantly larger in the case of X' A schemes: 204 cells for 1-bit X' A (cf. 12 cells for
1-bit MSQ) and 1844 cells for 2-bit X' A (cf. 84 cells for 2-bit MSQ). In Fig. 8.2(c),
we again show a consistent cell and an inconsistent cell, together with the linear
reconstructions using the canonical dual of @;. In addition, we show alternative
linear reconstructions obtained using the Sobolev dual of @1,. Sobolev duals are al-
ternate duals that are designed to reduce the quantization error in the specific case of
X' A quantizers—see Sect. 8.4. Note that for the “inconsistent cell” in Fig. 8.2, while
the canonical dual reconstruction is not consistent, the reconstruction obtained using
the Sobolev dual is consistent (although this is by no means guaranteed in general).

QP-Analysis is relevant in various practical applications. The quintessential ex-
ample is high resolution A/D conversion of bandlimited signals. To overcome phys-
ical constraints that limit the accuracy of the “binary decision elements,” one com-
mon strategy is to use noise shaping analog-to-digital converters (ADCs). These
ADCs—mostly based on X' A quantization—first oversample the bandlimited func-
tion, effectively collecting frame coefficients with respect to a redundant frame.
Then this redundancy is exploited to design quantization strategies that are robust
with respect to implementation errors. Specifically, the family of ¥ A quantizers
achieve this goal successfully: they can be implemented with low accuracy circuit
elements and still yield a high bit depth.

Another example of QP-Analysis arises in compressed sensing, where the classi-
cally separate steps of measurement (encoding) and data compression are combined
into a single step to provide efficient digital representations of sparse signals in high
dimensions. We shall briefly describe some connections between X' A quantization,
noncanonical dual frames, and compressed sensing in Sect. 8.4.3.

In this chapter we shall provide a survey of quantization for finite frames, where
our main focus is on QP-Analysis. Consequently, we contain our discussion to a
framework with three main steps: encoding, quantization, and reconstruction. These
three steps discussed above may be summarized as follows.

Encoding: x eRN — ((x, )M, eRY
Quantization:  ((x, )™, e RM — (g)M | € M

Reconstruction:  (g; lﬁi =4 M 5 5XeRN

Throughout this chapter the encoding step will be done using a finite frame to com-
pute frame coefficients. The redundancy introduced by encoding x € RY with frame
coefficients ({x, ¢; ))f‘i 1» generally with M > N, will play an important role in mit-
igating the losses incurred by quantization. Our survey of the quantization step will
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primarily focus on two different methods that we considered in the stylized ex-
amples above: (i) memoryless scalar quantization and (ii) X' A quantization. The
reconstruction step is intimately linked to both the encoding and quantization steps.
Motivated by frame theoretic considerations, our discussion of the reconstruction
step will mainly focus on linear methods and shall describe the important role that
various choices of dual frames play in quantization problems.

In particular, we will see that while MSQ may be attractive for its simplicity, it
does not exploit the redundancy implicit in frame representations and thus does not
provide error guarantees that decay well with oversampling. On the other hand,
Y A quantization is only slightly more complex computationally, but it exploits
redundancy. Thus it provides error guarantees that decay well with oversampling,
particularly when higher order schemes are used in conjunction with appropriate
reconstruction methods.

8.2 Memoryless Scalar Quantization

The scalar quantizer is a basic component of quantization algorithms. Given a finite
set &/ C R, called a quantization alphabet, the associated scalar quantizer is the
function Q : R — &/ defined by

Q(u) = argmin|u —al. (8.3)
acdd

In other words, Q quantizes real numbers by rounding them to the nearest element
of the quantization alphabet. There will be finitely many values of u € R, i.e., mid-
points of quantization bins, for which the minimizer defining Q () is not unique. In
this case, there will be two possible choices of the minimizer, and one may arbitrar-
ily pick one for the definition of Q(u).

For concreteness of our discussion it will be convenient to work with a specific
uniform quantization alphabet throughout this chapter. Fix a positive integer L and
6 > 0 and define the (2L + 1) level midtread quantization alphabet with stepsize §
as the finite set of numbers

o =) ={-L$,...,—8,0,8,..., L8} (8.4)

Unless otherwise stated, throughout this chapter we will work with the midtread
alphabet (8.4), but in most cases other alphabets work equally well. For example,
the closely related 2L level midrise alphabet with stepsize 6 defined by

[~QL+1)8/2,...,-8/2,8/2,..., 2L + 1)5/2} (8.5)

is also commonly used, especially in coarse quantization with a 1-bit alphabet such
as {—1,+1}.
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8.2.1 Memoryless Scalar Quantization of Frame Coefficients

Let (wi)f‘i 1 C RY be a frame for RY . The most basic approach to quantizing frame
coefficients ({x, (p,))M | is to individually quantize each coefficient y; = (x, ¢;) by

gi = Qi) = O((x, 1)). (8.6)

This step is referred to as memoryless scalar quantization (MSQ). A simple method
for signal reconstruction from the MSQ quantized coefficients (q,) —; s to fix a

dual frame (1//,){‘1 1 C R¥ associated to ((p,)lz | and use linear reconstruction by

M
¥=) aivi. ®.7)
i=l1

With the alphabet szf}f we may quantify the reconstruction error ||x — X|| as-
sociated to MSQ with linear reconstruction in (8.6) and (8.7) as follows. Let
C=maxi<i<m lloill. If x € R¥ satisfies ||x|| < (L4 1/2)/C then |y;| = |(x, ¢;)| <
(L + 1/2) and the quantizer remains unsaturated, i.e., the following holds:

Vi<i<M, |yi—aql=]|yi—0G)|=<3/2. (8.8)

Consequently, the linear reconstruction X € RV by (8.7) satisfies the simple bound

M P M
Z (v 0i) = an)wi| <5 DIl (8.9)
i=1 i=1

lx =X =

In the special case where (), C RY is a unit norm tight frame and v; = 2¢; is
taken as the canonical dual frame, then the error bound (8.9) reduces to

_ 6N
lx —X| < BN (8.10)

As one would expect, this error bound shows that a finer quantization alphabet, i.e.,
taking § > 0 smaller, results in more accurate quantization. However, the role of the
frame size M is conspicuously absent in this bound.

It will become apparent in later sections that, in general, neither MSQ nor linear
reconstruction is optimal for quantization in any sense. However, for the special
case when (b,-)f-v= 1 C RY is an orthonormal basis and Y = b; is the (in this case
unique) dual frame, then it follows from Parseval’s equality that MSQ is optimal if
one insists on linear reconstruction. In particular, if (q,-)lN: | C & is arbitrary and

X= ZZN=1 qib;, then

2 N

A=) — gl (8.11)

i=1

2 _
lx = X117 =
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This error is minimized by taking ¢; = Q({x, b;)), which shows that MSQ is optimal
for orthonormal bases when linear reconstruction is used. On the other hand, the
simple upper bound in (8.10) is not sharp even for orthonormal bases since in this
case (8.11) yields
-z = 2 8.12)
2

From the point of view of frame theory, an important shortcoming of the bound
(8.9) is that it does not utilize a frame’s redundancy. The redundancy of a frame
can very directly translate into increased robustness against noise, but the upper
bound (8.9) does not improve if the frame is taken to be more redundant; i.e., (8.9)
does not improve when the dimension N is fixed and the frame size M increases.
This indicates that MSQ is not particularly well suited for quantizing redundant
collections of frame coefficients. For an intuitive understanding of this, note that
MSQ nonadaptively quantizes each frame coefficient (x, e;) without any regard for
how other frame coefficients are quantized, and thus MSQ is not able to make very
effective use of the correlations present among frame coefficients.

It is easy to produce concrete examples where frame redundancy does not im-
prove the performance of MSQ. Let (¢; l"i 1 C RY be any unit norm frame and
assume that one uses the scalar quantizer with the midtread alphabet JZ{L‘S given by
(8.4). For any x € R" with ||x|| < §/2 it then holds that ¢; = Q((x, ¢;)) = 0. In par-
ticular, for any dual frame (v;) f‘i | the linear reconstruction (8.7) gives X =0. Thus,
regardless of how redundant the frame ((pi){‘i | 18, the associated quantization error
satisfies ||x — X|| = ||x||. This example is overly simple but nonetheless illustrates
some basic shortcomings of MSQ. The recent work in [53] provides a thorough and
detailed technical investigation into the difficulties that MSQ faces in utilizing frame
redundancy. See also [14, 26] for work on quantization in Banach spaces.

8.2.2 Noise Models and Dual Frames

Error bounds such as (8.9) and (8.10) provide worst case upper bounds on quanti-
zation error and only suggest that quantization error can be decreased by choosing
a quantizer with finer stepsize § > 0. Worst case error bounds play an important
role in quantizer analysis, but in practice one often also observes an average error
that is much smaller than the worst case predictions. The uniform noise model is an
important tool for understanding average quantization error.

8.2.2.1 The uniform noise model

Let (gai)f‘i 1 C RY be a frame for RV and let x € RN have frame coefficients
vi = (x,¢;), for 1 <i < M. When the midtread scalar quantizer (8.4) operates in
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its unsaturated regime, Eq. (8.8) shows that the individual coefficient quantization
errors n; = y; — Q(y;) satisfy

ni=yi — Qi) €[-8/2,5/2].

Uniform noise models go one step further than this and posit that (m)?i | should
on average be quite uniformly spread out in [—§/2, §/2]. This leads one to ran-
domly model the individual coefficient quantization errors (ni)f‘i | as independent
identically distributed (i.i.d.) uniform random variables on [—§/2, §/2].

Uniform noise model: Treat the quantization errors n; = y; — Q(¥;), 1 <
i <M, asi.i.d. uniform random variables on [—3/2, §/2].

The uniform noise model has a long history that dates back to Bennett’s 1940s
work in [4] and has been widely used as a tool in the engineering literature. The
uniform noise model has been observed to be empirically reasonable, but it also
suffers from known theoretical shortcomings; see, e.g., [39]. Since quantization is
a deterministic process, some additional assumptions will be needed to justify the
introduction of randomness in the uniform noise model. We shall briefly discuss two
general approaches commonly used to justify the uniform noise model: (i) dithering
and (ii) high resolution asymptotics.

Dithering is the process of deliberately injecting noise into a quantization sys-
tem to beneficially reshape the properties of the individual errors (m)l.ni |- For an
overview of the large theoretical and applied literature on dithering, see [7, 31]
and the references therein. We shall briefly discuss one particular dithering method
known as subtractive dither, which is used to justify the uniform noise model. For
the quantization step we assume that we have available a sequence (ei)f‘i ( of ii.d.
uniform random variables on [—§/2, §/2]. This sequence (si)f.‘i | is known as the
dither sequence. To quantize a sequence of frame coefficients (y,-)f‘i | one uses MSQ
to quantize the dithered coefficients y; + ¢; as g; = Q(y; + &;). This quantized se-
quence (g;) f‘i | provides the desired digital representation of the coefficients (y,-)f‘i 1
To reconstruct a signal from (qi)f.‘i | in a manner that respects the uniform noise
model one must first subtractively remove the dither sequence to obtain y; = g; — ;.
The individual coefficient quantization errors y; — y; then satisfy

i —Yi=yi—(gi —&) =i +&)— Qi +¢&i).

In particular, if (yi)i"i | is any deterministic sequence, it follows that (y; — ;)
are i.i.d. uniform random variables on [—§/2, §/2]. An obvious practical issue with
this method is that it requires (infinite precision) knowledge of the dither sequence
at both the quantizer and reconstruction stages.

High resolution asymptotics provide a different approach to justifying the uni-
form noise model. Here one introduces randomness by assuming that the signal
x € RV that will be quantized is an absolutely continuous random vector supported
on the unit ball of R¥. We let Qs denote the midtread quantizer with stepsize &

M
i=1
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and with L = 1/[§]. Let ((p,)M1 C RY be a frame for RV and consider the M-
dimensional random vector of normalized quantization errors

Vs =587 [(x,e1) = Qs((x.en). ... (x, om) — Os((x, 9an))]- (8.13)

It is proven in [39] that under suitable conditions on the frame ((pi)f‘i | the nor-
malized error vector Vs converges in distribution to the uniform distribution on
[—1/2,1/2] as § — 0. This provides a rigorous justification of the uniform noise
model in the high resolution limit as § — 0. For related work in the setting of lattice
quantizers, see [11]. On the other hand, this approach generally only holds asymp-
totically, since it is shown in [39] that for fixed § > 0 and M > N the entries of V;
are never independent. Moreover, while high resolution asymptotics provide elegant
and mathematically rigorous results, they may not always be easy to apply to spe-
cific practical settings, since the frame (g; )M | is required to be held fixed. For exam-
ple, if one wishes to understand how the performance of a quantizer changes when
increasingly redundant frames are used, then high resolution asymptotics might not
be appropriate.

8.2.2.2 Dual frames and MSQ

We now consider frame theoretic issues which arise when analyzing MSQ under the
uniform noise model. We shall freely use the uniform noise model in this section,
but the reader should keep in mind the noise model’s mathematical limitations and
the issues involved in rigorously justifying it. The results obtained under the uniform
noise model are a valuable source of intuition on quantization.

Let ((p,-)l-"i 1 C RY be a frame for RY and suppose that the frame coefficients
vi = (x, ;) are quantized to g; = Q(y;) using MSQ. We assume that the sequence
ni =yi —qi, with 1 <i < M, satisfies the uniform noise model. Suppose that one
reconstructs ¥ € RV from the quantized coefficients (q,-)i"i | using a dual frame
()M, of (¢;)M, as follows:

M
¥=Y qivi. (8.14)
i=1

A simple computation shows that the mean squared error (MSE) satisfies

MSE =E|x - %| —ZZE[UMJ (i, ¥j) = IZZHM (8.15)

i=1 j=1

In particular, if ((pi)i"i | is a unit norm tight frame and ¥; = e = %(p,- is its canonical
dual frame, then
252

- N
Elx —X|* = R (8.16)
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In contrast to the worst case bound (8.10), the mean squared error (8.16) decreases
when a more redundant unit norm tight frame is used, i.e., when M increases. This
shows that frame theory and redundancy play an important role in error reduction
in quantization problems, and it hints at the more rigorous and more precise er-
ror bounds possible with sophisticated algorithms such as ¥' A quantization—see
Sects. 8.3-8.5.

The mean squared error bound (8.15) depends strongly on the choice of dual
frame (v;) l"i {- It is natural to ask which choice of dual frame is best for the linear
reconstruction in (8.14). The following classical proposition shows that the canon-
ical dual frame is optimal for memoryless scalar quantization under the uniform
noise model; e.g., see [5, 29].

Proposition 8.1 Ler (gpi)f.‘i | be a frame for RN . Consider the minimization problem

M
min Z [ ||2 : (wi)iﬂil a dual frame associated to ((pi)?il . (8.17)

i=1

The dual frame (wi)?il is a minimizer of (8.17) if and only if(l/f,-)fil is the canon-
ical dual frame of (goi)?il.

The frame problem (8.17) may equivalently be stated in matrix form using the
M x N analysis operator @* and the N x M synthesis operator ¥ associated to
the respective frame (¢;)!2,; C R" and dual frame (y;)? . In matrix form, (8.17)
becomes

min{ |¥ ||, : W O* =1} (8.18)

In this form, Proposition 8.1 now states that: the matrix ¥ is a minimizer of (8.18)
if and only if ¥ = (@*)" = (@ ®*)~!® is the canonical left inverse of ®*.

When the canonical dual frame v; = @; is used in (8.14) the mean squared error
bound (8.15) becomes

~2 82 a ~ 2
Ellx —I° = 55 ) 161 (8.19)
i=1

At this point, having established that the canonical dual frame is optimal for the
reconstruction step, the error bound (8.19) still depends strongly on the original
frame (<p,-)f‘i | through its canonical dual frame. A natural follow-up question to
Proposition 8.1 is to ask which frames (gpi)f‘i | are optimal for the encoding step.
For this question to be meaningful one must impose some restrictions on the norms
of the frame involved. Otherwise, rescaling a fixed frame (p; f‘i | trivially allows
Zf‘il 1@: 1% in (8.19) to become arbitrarily close to zero. More precisely, if ((pi)l.”i 1
has canonical dual frame @i)?i |» then the rescaled frame (cwi)i"i | has canonical
dual frame (c‘lai)f‘il.

The following theorem shows that if one restricts the encoding frame to be unit
norm and uses the (optimal) canonical dual for reconstruction, then for MSQ under
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the uniform noise model an optimal choice for the encoding frame is to take any
unit norm tight frame, see [29].

Theorem 8.1 Let M and N be fixed, and consider the minimization problem

M
min{z Il ||2 : (go,')iﬁil C RY is a unit normfmme}. (8.20)

i=1

A unit norm frame ((pi)i/‘il is a minimizer of (8.20) if and only if (go,-)f‘il is a unit
norm tight frame for RN .

The frame problem (8.20) may equivalently be stated in matrix form using the
M x N analysis operator @* associated to (<p,-)lN= , C RN and the N x M canonical
left inverse (&*)7 = (@ P*)~ 1@ as follows:

min{ | (®*)"[7 ., :rank(®) = N and diag(®*®) = 1}. (8:21)
Here || - ||Frob denotes the Frobenius norm. In this form, Theorem 8.1 now states:
the full rank matrix @ with diag(®*®) = [ is a minimizer of (8.21) if and only if
®P* = ()1 and diag(®*P) = 1.

Consequently, combining Proposition 8.1 and Theorem 8.1 shows that for a fixed
frame size M in dimension N, MSQ under the uniform noise model performs opti-
mally when a unit norm tight frame is used for the encoding step and the canonical
dual frame is used for linear reconstruction. Moreover, in this case the associated

optimal error bound is E||x — X2 = %; see (8.16).

8.2.3 Consistent Reconstruction

The error bounds for MSQ presented in the previous sections all make use of linear
reconstruction methods. If an optimal encoding frame and optimal dual frame are
used, then MSQ (under the uniform noise model) achieves the mean squared error
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Ellx —X|I* = R

(8.22)

In this section we briefly discuss the role of more general nonlinear reconstruction
methods for MSQ with a focus on theoretical limitations and on concrete algorith-
mic approaches. Our main interest will be on how well reconstruction methods for
MSQ are able to utilize frame redundancy as reflected by their dependence on M
in bounds such as (8.22). In other words, how much information can be squeezed
out of a set of MSQ quantized frame coefficients? This is of great interest for frame
theory since it quantifies the extent to which MSQ is suitable for redundant frames,
and it will motivate the need for alternatives such as X' A quantization.
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We begin by stating a main theoretical obstruction against significantly improv-
ing the reconstruction bound (8.22). There are various lower bounds in the literature
which show that even with nonlinear reconstruction methods it is not possible for
MSQ to achieve a mean squared error rate that is better than 1/M?. For example,
the work in [30] assumes that the signal x € R¥ is a suitable nondegenerate random
vector and that the frame (ga,-)f‘i 1 C RY is selected from a suitable family of frames
for RY. It is shown in [30] that if

R: @), = (0((x. )", — ¥ eRY

is any (potentially nonlinear) reconstruction map for recovering x from the MSQ
quantized coefficients g; = Q((x, ¢;)), then there exists a constant C > 0 such that

Elx — 12 =E[x — R((Q((x, ) )| > % (8.23)
This result does not use the uniform noise model and the expectation is taken over
the random vector x. The constant C does not depend on the frame size M but may
depend on the dimension N and the family of frames being considered.

One might expect that less restrictive lower bounds than (8.23) are possible if one
uses the uniform noise model since the noise model is often more optimistic than
deterministic reality. However, this is not the case, and there is work in [49] which
proves a similar 1/M? lower bound even under the uniform noise model.

There is a gap between the theoretical lower bounds of order 1/M? for general
reconstruction methods and the upper bounds of order 1/M obtainable with linear
reconstruction. Consistent reconstruction is a technique that closes this gap. The
basic idea behind consistent reconstruction is that if one observes a quantized frame

coefficient g; = Q({x, ¢;)), then the true signal x must lie in the set
Hi={ueRY: [(u, ¢i) —qi| <8/2}.

Consistent reconstruction simply selects any X in the intersection of the sets H;, 1 <
i < M, by taking ¥ € R" as a solution to the system of linear inequality constraints:

Vi<i<M, | @)—q|=<8/2 (8.24)

Consistent reconstruction can be efficiently implemented using linear programming
methods. It has been shown that in appropriate settings consistent reconstruction
achieves the mean squared error bound

~ Cc
Elx — %)% < ek (8.25)
As with the matching theoretical lower bounds, upper bounds of order 1/M? in
(8.25) have been proven in various settings under different sets of assumptions.
Early results of this type appear in [51] in the context of sampling for bandlim-
ited signals. The work in [30] proves deterministic upper bounds of order 1/M? for
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certain harmonic frames without using the uniform noise model, and the work in
[19], cf. [20], obtains upper bounds of order 1/M? with high probability for random
frames but without the uniform noise model. The work in [48] proves (8.25) under
the uniform noise model for certain classes of random frames, and quantifies the
dimension dependence of the constant C using methods from stochastic geometry.
The main point of these various error bounds is to highlight the ability of consistent
reconstruction to outperform linear reconstruction. Moreover, since the 1/ M 2 bound
for consistent reconstruction matches the order of the theoretical lower bound, con-
sistent reconstruction is essentially considered to be an optimal recovery method for
MSQ.

Consistent reconstruction globally enforces the full set of constraints in (8.24).
Motivated by considerations of computational efficiency, there also exist iterative al-
gorithms which proceed by locally enforcing consistency constraints. For example,
given quantized frame coefficients g; = Q((x, ¢;)), 1 <i < M, the Rangan-Goyal
algorithm iteratively produces estimates x; € RV of x by using

Xi =Xxj—1+ ”;#55/2(%‘ — (Xi—1, 9i)). (8.26)
1

where the iteration is run for i = 1,..., M, and xg € RY is an arbitrarily chosen
initial estimate. Here, for fixed r > 0, S;(-) denotes the soft thresholding function
defined by

u—t, ifu>t,
S;(u) =130, if lu| <t, (8.27)
u+t, ifu<-—t.

Similar to consistent reconstruction, the Rangan-Goyal algorithm has been proven
to achieve a mean squared error of order 1/M?, see [46, 49], for certain random or
appropriately ordered deterministic frames. A key point is that the convergence of
the Rangan-Goyal algorithm will depend strongly on the order in which it processes
quantized frame coefficients.

We may summarize the results of this section for MSQ as follows. Reconstruction
methods for MSQ that are based on consistent reconstruction are able to achieve a
mean squared error of the optimal order 1/M?. In particular, consistent reconstruc-
tion and its variants outperform dual frame linear reconstruction which are only able
to achieve a mean squared error of the order 1/ M.

8.3 First Order X' A Quantization

X A quantization is an alternative approach to MSQ that is specifically designed to
efficiently utilize redundancy in the quantization process. X A algorithms were first
developed in the 1960s in the context of quantizing oversampled bandlimited signals
[38], but the algorithms are quite generally applicable and have been shown to be
particularly well adapted to the class of finite frames; see, e.g., [2]. X' A quantization
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uses the fact that if (goi)f‘i 1 C RY is a frame with M > N, then there are correlations
among the frame vectors (<pi)iﬁi | that can be used to compensate for errors during
the quantization process. This section will focus on a specific first order X' A quan-
tizer. This will allow us to quickly highlight the mechanics and key features of X' A
algorithms without being slowed down by the technical issues that will later arise in
higher order methods.

Given frame coefficients y; = (x, ¢;), 1 <i < M, the first order X A quantizer
produces quantized coefficients (qi)?i | by running the following iteration for i =
1,...,M:

qi = Qui—1 +y),
Ui =ui—1+yi —qi-

(8.28)

Here (u;) f‘i 0 C R is an internal sequence of state variables which, for convenience,
we shall always initialize with ug = 0. The ¥ A quantizer (8.28) has the follow-
ing important stability property, e.g., [2, 21], that relates boundedness of the input
sequence y = (y,-)f‘i | to boundedness of the state variables u = (u,-)l.ni I

IYlleo <Lé = llulleo <8/2. (8.29)

Here, || - ||co denotes the usual £°° norm of a finite or infinite sequence. Stability
plays an important role in the error analysis of ¥ A quantizers, but it also ensures
that X’ A quantizers can be implemented in circuitry with operating parameters that
remain in a practical range.

Linear reconstruction is the simplest method for recovering a signal ¥ € R" from
a set of ¥’ A quantized frame coefficients. Suppose that (go,-)iﬂi 1 C RY is a frame
and that (¥;)™, C R" is any associated dual frame. Suppose that x € R and that
the frame coefficients y; = (x, ¢;) are used as input to the X' A quantizer and that
(qi)f.‘i | is the resulting quantized output. We may then reconstruct X as

M
i=1

We then have the following X' A error formula [2].

Proposition 8.2 Suppose that first order X A quantization is used to quantize frame
coefficients of the frame ((p,-)iﬂi 1 C RY and that the dual frame (wi)iAi e RV is used
for linear reconstruction in (8.30). The X' A quantization error satisfies

M-1
Xx=X= (i — Yip1) + um¥n. (8.31)
i=1
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Proof The proof follows from an application of summation by parts:

M
Z (x. i) Wi — Zm

'[\”13 il

i —qi) Vi
i=1
M
=D i —ui-)y;
i=1
M—1

wi (i — i) Fumrm — uoy. -

I
MR

i

The ¥ A quantization error ||x — X|| depends strongly on the order in which the
frame coefficients ({x, (pi))f‘i | are entered into the X'A algorithm. In (8.31) this
dependence appears in the state variable sequence (u; )M | (this sequence changes if
the order of the input sequence changes) and also appears in the ordering of the dual
frame (w,-)f‘i | associated to (goi)f.‘i | via the terms (¥; — ¥;11). To help quantify the
dependence on the ordering of the dual frame sequence we will make use of the
frame variation U((l/fl)M 1) defined by

o((Wil)) = vafz Vit - (8.32)

The frame variation can be used to give the following X' A error bound [2].

Theorem 8.2 Suppose that the frame (ga,-)iﬁi 1 C RN satisfies sup, <i<m @il =C
and that x € RN satisfies ||x|| < 8LC™'. Then the X A error satisfies

lx =X < 5 ( (WiLy) + llyall).

Proof The result will follow from Proposition 8.2. Since ||x|| < §L/M we have that
lyil < 1, @) < Ixlllgill < SLC™'C = LS. Using the stability bound (8.29) and
that ug = 0, it follows from (8.31) that

M-1
lx =% < —(Z i = Yiv1ll + IWMII) (0((%),]-11) +¥mll)-

The following corollary addresses the important special case when (g; )M 1 C RN
is a unit norm tight frame and ¢; = %(pi is the canonical dual frame.
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Corollary 8.1 If((pi)f‘il C RY is a unit norm tight frame and (wi)iﬁil is the asso-
ciated canonical dual frame, then for every x € RN with ||x|| < 8L the X A quanti-
zation error satisfies

SN (DM )+ 1)

lx — Xl <
2M

A practical consequence of Corollary 8.1 is that for a wide variety of finite frames
the X' A quantization error ||x — X|| is of order 1/M. The following example illus-
trates this phenomenon for a particular family of unit norm tight frames in R2.

Example 8.1 Let ((piM )?i e RR? be the unit norm tight frame for R? given by the
Mth roots of unity in the natural ordering

1<j<M, <p}” = (cos(an/M), sin(271j/M)). (8.33)

It can be shown that the frame variation satisfies the following upper bound that is
independent of the frame size M:

o((ppiL) <27 (8.34)
Thus, Corollary 8.1 yields the following X' A error bound:

< 82w + 1)‘

i (8.35)

lx = X1l

The error bound (8.35) of order 1/M is in no way specific to the roots-of-unity
frame; it simply requires a class of finite frames for which the frame variation can be
bounded independently of the frame size M. See [2, 9] for similar results with more
general classes of frames in RY, such as harmonic frames and frames generated by
frame paths. We shall consider this issue more deeply in the next section on higher
order X' A quantization.

The constant (2t + 1) in (8.35) arose from having used the frame variation to
derive a X' A error bound. Upper bounds obtained using the frame variation are
convenient but are generally not optimal. The work in [9] improves the constants in
first order X' A error bounds by working with a suitably generalized variant of the
frame variation. There are also refined error bounds in [2] which show that the 1/ M
error rate can sometimes be improved. For example, for the roots-of-unity frame
and certain frames generated by a frame path, there are circumstances when the X' A
error satisfies a refined bound of order M —>/*log M ; see [2]. The refined X A error
bounds for finite frames in [2] are motivated by the refined bounds for sampling
expansions in [33], but there are technical differences in the order of estimates that
are obtained in these two settings. The work in [1] carefully compares the pointwise
performance of X' A quantization with MSQ, and the work in [52] makes interesting
connections between X' A error analysis and the traveling salesman problem.
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8.4 Higher Order Sigma-Delta Quantization

The first order ¥ A quantizer (8.28) sits at the heart of a rich class of algo-
rithms. We have already seen that first order ¥’ A quantization can achieve accuracy
lx — X|| < C/M using just the simple single loop feedback mechanism of (8.28).
Moreover, first order X' A error bounds such as (8.35) are deterministic (requiring no
noise models) and thus outperform MSQ even if optimal MSQ reconstruction meth-
ods are used. The first order X' A quantizer (8.28) is the tip of the algorithmic ice-
berg. The algorithm (8.28) can be broadly generalized to provide quantization that
is dramatically superior to both first order X' A quantization and MSQ, and in some
cases it performs near optimally; e.g., see the high precision methods in Sect. 8.5.

There are several directions along which one can generalize first order X' A quan-
tization. For example, it is common among engineering practitioners to study gen-
eral ¥ A quantizers in the context of spectral noise shaping or in the framework of
error diffusion algorithms; see, e.g., [12]. In this section, we follow a purely struc-
tural approach to generalization which builds on the fact that (8.28) expresses the
coefficient quantization errors y; — g; as a first order difference (Au); = u; —u;—1
of state variables #; with a uniform stability bound given by (8.29). Specifically, rth
order ¥ A quantization will generalize the relation

(Au); = yi —qi

by using higher order difference operators A”.

With this in mind, let us define the class of higher order difference operators
which will be needed. Let (ui)iﬁi | C R be a given sequence which we extend to
nonpositive indices using the convention u; = 0 for i < 0. The standard first order
backward difference operator A = Al acts on the sequence (ui)f‘i , by (Au); =
u; —u;—1 for all 1 <i < M. For each positive integer r we may recursively define
the rth order backward difference operator A" by (A"u); = (Ao A” 1y, or by the

following equivalent closed-form expression fori =1, ..., M:

(47u), = Z(—l)f(;)ui_j. (8.36)
j=0

8.4.1 Higher Order X A Quantization for Finite Frames

An rth order X' A quantizer takes a sequence (y;) l"i | C R as its input and produces
the quantized output sequence (qi)f‘i | by iteratively satisfying the following equa-
tions fori =1,..., M:

gi = Q(RWi—1, ..., ui—T.,¥ir .., Yi-5)),

8.37
(A"u), = yi — qi. ®37
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Here S, T are fixed positive integers and R : R ¥5+! — R is a fixed function known
as the quantization rule. As with the first order X' A quantizer, (u,-)l.ﬂi —r CRisa
sequence of state variables. For simplicity, we always assume that the state variable
sequence is initialized by ug =u_1 = --- = uj—r = 0 and, if needed, define y; =0
for i <0. As in previous sections, Q denotes the scalar quantizer associated to the
(2L 4 1) level midtread quantization alphabet ﬂff with stepsize § > 0.

There is a great deal of flexibility in the choice of the quantization rule R; see
[54] for some typical choices. The most important (and difficult) factor in selecting
R is that the associated X' A algorithm should be stable in the sense that there exist
constants Cq, C» > 0, independent of M, such that the input sequence y = (y,-)l."i 1
and state variable sequence u = (u,-)f‘i | satisfy

Yo =Ct = lulloo = Ca.

In contrast to the bound (8.29) for the first order algorithm (8.28), stability can be
a technically challenging issue for higher order X' A quantizers, especially in the
case of 1-bit quantizers. In fact, it was only recently proven in [21] that stable 1-
bit rth order X' A quantizers actually exist for each positive integer r. Proving that a
particular higher order X' A quantizer is stable often leads to delicate issues from the
theory of dynamical systems. For example, X' A quantization has close connections
to the ergodic dynamics of piecewise affine dynamical systems [37, 54], and to
geometric tiling properties of invariant sets [37].

For concreteness and to avoid technical issues involving X' A-stability, we shall
restrict our discussion to the following particular rth order ¥’ A quantizer, known as
the greedy X' A quantizer:

qi = Q(Z(—l)j1 (;)ui—j + yi)*
j=1
up = Z(—l)f—1 (;)Mi—j +yi —qi.
j=1

(8.38)

It is easy to check that with this rule, e.g., [34], if the input sequence y = (yi)iﬂi 1
satisfies || y[loo < 8(L — 2"~ —3/2), then one has the stability bounds

lu;] <2718 and |y —qi] <2"7s. (8.39)

Note that each iteration of the rth order X' A quantizer (8.38) requires more com-
putation and more memory (access to several state variables u;_ ;) than the standard
first order X' A quantizer in (8.28). As a trade-off for this increased computational
burden we shall later see that higher order X' A quantization produces increasingly
accurate signal representations.

Let (goi)f.‘i 1 C RY be a frame for RY and let (Vfi),]'li | be any associated dual
frame with synthesis operator ¥. Suppose that x € R", that the frame coefficients
vi = (x, ¢;) are used as input to the rth order X' A quantizer (8.38), and that (q,-)l."i I
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are the resulting ¥ A quantized frame coefficients. Let ¢ denote the M x 1 col-
umn vector with (qi)i"i | as its entries. The simplest approach to recovering a signal
¥ € RY from the ¥ A quantized coefficients ¢ = (qi)f‘i | 1s to linearly reconstruct
with the dual frame (v;) ,Ai | by using

M
F=wq=) qi (8.40)

=

Our discussion of higher order XA quantization will only address reconstruction
using the linear approach (8.40), but it is important to point out that nonlinear alter-
natives such as consistent reconstruction can also be very effective, e.g., [50], at the
cost of increased complexity.

For the remainder of this section X will denote the linear reconstruction (8.40).
The X A error (x —X) can be compactly represented in matrix form using the M x M
matrix D defined by

1, ifi = j,
Djj:=3 -1, ifi=j+1, (8.41)
0, otherwise.

Letting u denote the M x 1 column vector of state variables u = (ui)ini 1» we have
the following X' A error formula; see [5, 34, 42].

Lemma 8.1 The rth order X A quantization error (x — X) satisfies
M
x—?c'zZ(yi —qi)Yi =¥ D" u. (8.42)
i=1

If x € RY and the frame coefficients y; = (x, ¢;) satisfy |y;| < 8(L — 2" "1 —
3/2), then the stability bound (8.39) for the X' A quantizer (8.38) gives that

lull < VM ulloo <27 '6v/M. (8.43)

A typical way to ensure |y;| = [(x, ;)| < §(L — =1 3/2) is to assume that
x € RV satisfies ||x|| < 8(L —2"~! —3/2)C~!, where C = sup, ;- ll¢i|l. The
stability bound (8.43) together with Lemma 8.1 gives the following upper bound on
the X' A error.

For the remainder of the chapter, if 7 : R4 — R% is a linear operator, then
1T lop = IITll¢,—¢, denotes the operator norm of T when R4 and R% are both
endowed with the standard Euclidean £, norm.

Corollary 8.2 If x € RY and the frame coefficients y; = (x, ¢;) satisfy

Iylloo <8(L =271 —=3/2)
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then the rth order ¥ A quantization error satisfies

e =% = [¥D"u|| < lull|wD"|,, <2~ 'sv/M[wD"|,.. (8.44)

8.4.2 Sobolev Dual Frames

Our goal in this section is to obtain quantitative estimates on how small the rth order
X A error ||x — X|| is for certain specific families of finite frames. To do this we will
need a clearer understanding of the error bound (8.44) in Corollary 8.2. Similar to
bounds such as (8.16) and (8.35), we are especially interested in quantifying how
small the X' A error is as a function of the frame size M.

It will be helpful to give some perspective on the type of error bounds that one
might hope for. The groundbreaking work in [21] studied rth order X' A quantization
in the setting of bandlimited sampling expansions and showed error bounds of the
form

1
o (8.45)

Ih—hlre®) S
where 7 is obtained from the bandlimited function h by X' A quantization, and A
denotes the oversampling rate. The full details on bandlimited sampling are not
essential here, but (8.45) illustrates the point that higher order X' A algorithms can
make increasingly effective use of redundancy (oversampling) as the order r of the
algorithm increases. We wish to show that similar results hold in the setting of finite
frames. For first order X' A quantization of certain finite frames we have already
seen such a result in (8.35).

Toward obtaining quantitative X' A error bounds, Corollary 8.2 shows that one
can decouple the roles of the state variable sequence u and the dual frame ¥. Since
stability bounds give direct control over the state variable sequence, the main issue
for bounding ||x — X|| will be to clarify the role of the dual frame ¥ and to under-
stand the size of the operator norm [|¥ D" ||op; see (8.44). For a redundant frame @,
the choice of dual frame ¥ is highly nonunique, so a closely related issue is to ad-
dress which particular dual frames are most suitable for reconstructing signals from
X' A quantized coefficients.

Given a frame (¢; f‘i 1 C RV with analysis operator ®*, we wish to determine
which dual frames (¥;) l"i | work well when the linear reconstruction (8.40) is used
to reconstruct signals from their X' A quantized frame coefficients. We seek a choice
of dual frame that does not depend on the specific signal x € R being quantized.
The widespread use of canonical dual frames makes it reasonable to give some ini-
tial consideration to canonical dual frame reconstruction in higher order X' A quan-
tization. We have already seen in Sect. 8.2 that the canonical dual frame is optimally
suited for MSQ and works well for first order X' A problems such as Example 8.1;
see also [2, 3]. Unfortunately, the canonical dual frame can perform quite poorly for
higher order X' A problems. An example of this phenomenon is shown in [42]: For
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rth order X' A quantization of the roots-of-unity frame (8.33), if » > 3 then canoni-
cal dual frame reconstruction cannot robustly achieve quantization error ||x — X|| of
order better than 1/M?. This means that proper choices of dual frames are very im-
portant for higher order X' A quantization of finite frames. For comparison, this issue
does not arise in the infinite dimensional setting of X' A quantization of bandlimited
sampling expansions in [21].

The following result addresses how to choose dual frames which minimize the
quantity ||¥ D" ||op. In view of Corollary 8.2, these dual frames will be natural can-
didates for X' A signal reconstruction.

Proposition 8.3 Let @ be a given N x M matrix with full rank and let D be the
M x M matrix defined by (8.41). Consider the following minimization problem taken
over all N x M matrices ¥ :

min{|wD"|,: we* =1}. (8.46)

The minimizer ¥ = ¥; sob of (8.46) is given by

lpr,Sob = (Dirﬁp*)%Dir = ((p(D*)ferr(p*)fl

o(D*)""'D. (8.47)
We refer to ¥r sob in (8.47) as the rth order Sobolev dual associated to @. Using
the notation of frames, if ((pi)iAi 1 C RN is a frame with analysis operator ®*, then
the dual frame (w,-)f‘i | with synthesis operator Wy sob is referred to as the rth order
Sobolev dual frame.

It is worth mentioning that D and D* do not commute. Readers of [5] should
consult the errata [6] to avoid an unfortunate notational error in the definition of
Sobolev dual in [5] caused by this noncommutativity.

Up to this point, we have shown that Sobolev duals minimize the X' A error term
|¥ D" ||op, but it remains to give precise quantitative bounds on this expression. For
this, it will be convenient to consider the class of frames that are generated by frame
paths.

Definition 8.1 A vector-valued function @ : [0, 1] — R” given by
D(1) = (p1(1), @2(1), ..., on (1))

is a piecewise-C' uniformly sampled frame path if the following three conditions
hold:

(a) Y1 <i<M,themap ¢; :[0,1] > Ris piecewise-Cl.
(b) The functions ((pi)fvz | are linearly independent.
(¢) My such that VM > M the collection (P (i/M))¥ | is a frame for RV.
Many standard finite frames arise from frame path constructions; for example,
see [5]. The simplest example of a frame path is given by the function

D(t)= (cos(2rrt), sin(2m t)) .



8 Quantization and Finite Frames 291

This frame path recovers the family of unit norm tight frames in (8.33) by
o = & (k/M) = (cos(2mk/M), sin2rk/M)),

so that for each M > 3 the set (E(k/M )),’("’: | is a unit norm tight frame for RZ,

We require the following slightly lengthy setup for the next theorem. Let
@ :[0,1] — RY be a piecewise-C! uniformly sampled frame path, and for each
M > My, let (1//iM ) f‘i | be the rth order Sobolev dual frame associated to the frame
(@(i/M))HM, CRN.If x € RV then, for each M > My, the signal x has the frame
coefficients yiM =(x,®(/M)), 1 <i < M. Assume that the frame coefficients all
satisfy |yiM| <8(K —2"~1 —3/2). For each M > My, rth order X A quantization
is applied to the frame coefficients (yiM )lM | to obtain the quantized coefficients
(qiM )i"i |- Finally, the Sobolev dual frame (I/IiM )i~ is used to linearly reconstruct a

signal Xy; from (‘I,M),'Ail-

Theorem 8.3 Consider rth order X A quantization of a C' uniformly sampled
frame path and assume the setup of the preceding paragraph. Then there exists a
constant C, ¢, depending only on r and the frame path @, such that the ¥ A quan-
tization error using rth order Sobolev dual frame reconstruction satisfies

~ Cr,(b
VM = Mo,y =yl < =52

(8.48)

Theorem 8.3, for example, applies to the root-of-unity frame for R? in (8.33),
harmonic frames in R, and tight frames obtained by repeating an orthonormal ba-
sis, see [5], and in each case ensures that rth order X' A quantization using Sobolev
duals achieves accuracy ||x — X|| < c¢/M". Tt is important to emphasize again that
this error performance is generally not possible if the canonical dual frame is used
instead of a Sobolev dual; see [42].

Example 8.2 Let ((ﬂi),M e R? be the roots-of-unity unit norm tight frame for R2

with M =256 given by (8.33). Figure 8.4(a) shows the frame vectors (go,-)f‘i 1> and
Fig. 8.4(b) shows the associated canonical dual frame vectors given by @; = (2§—6)(pi
with 1 <n < 256. Figure 8.4(c) shows the associated Sobolev dual frame of or-
der r = 2. Note that each of these figures has been scaled differently to optimize
visibility.

Example 8.3 30 points in R? are randomly chosen according to the uniform distri-
bution on the unit square. For each of the 30 points, the corresponding frame coeffi-
cients with respect to the roots-of-unity frame (8.33) are quantized using a particu-
lar third order X' A scheme from [21]. Linear reconstruction is then performed with
each of the 30 sets of quantized coefficients using both the canonical dual frame and
the third order Sobolev dual. Candual(M) and Altdual(M) will denote the largest
of the 30 errors obtained using the canonical dual frame and Sobolev dual, respec-
tively. Figure 8.3 shows a log-log plot of Altdual(M) and Candual(M) against the
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10 X — . altdual
%‘%3 o can dual
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error

10’
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Fig. 8.3 Log-log plot of third order ¥’ A quantization errors against frame size M, for the Mth
roots-of-unity family of frames for R?. The figure compares the use of the canonical dual frame
and the third order Sobolev dual frame for reconstruction, and illustrates the superior accuracy
provided by Sobolev duals

frame size M. For comparison, log-log plots of 1/M? and 1/M are also given. Note
that Sobolev duals yield a smaller reconstruction error than canonical dual frames.
Further details on this example can be found in [5].

The Sobolev dual frames illustrate the importance of noncanonical representa-
tions in quantization problems. More generally, the use of alternative dual frames is
a valuable technique in several other problems on mathematical signal processing.
For example, [23, 41] use noncanonical Gabor frames to provide improved time-
frequency localization. The work in [16—18] uses noncanonical representations to
provide desirable support, smoothness, and structural properties in the settings of
Gabor and shift invariant systems. See [27, 43, 44] for work on noise reduction and
other properties of noncanonical representations.

In practice, one may not always have full control over the encoding frame (¢; )iAi 1
that is used to compute frame coefficients y; = (x, ¢;). For example, this might
be the case if the frame @ corresponds to a physical measurement device and the
coefficients (y;) f‘i | are observed measurements. A valuable feature of the Sobolev
dual frame method is that it places relatively few constraints on the encoding frame
@, and it is entirely self-contained to the signal reconstruction step after encoding
and quantization have already taken place. This modularity makes Sobolev duals a
flexible tool. A different approach which has also proven fruitful is to custom build
special frames for ¥’ A quantization which are specifically designed to work well
with canonical linear reconstruction; see [10, 40]. By necessity, this approach places
very strong restrictions on the encoding frame (for example, it excludes any unit
norm frames), but one gains a simplified reconstruction step involving tight frame
expansions. Nonetheless, similar to Sobolev duals, a key issue in these constructions
is to design frames that terminate smoothly at the origin.
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8.4.3 Sobolev Duals of Random Frames

We have seen in the previous section that higher order X' A algorithms are able to
make judicious use of the correlations among frame vectors to provide accurate
quantization. The frame path structure used in Theorem 8.3 guarantees sufficient
correlations among frame vectors since they lie along a piecewise smooth path and
hence vary slowly, ensuring that nearby frame vectors are highly correlated. In view
of this, it is perhaps surprising that X’ A quantization also performs well even if
highly unstructured random frames are used.

Let @ be an N x M random matrix with i.i.d. standard normal .4 (0, 1) entries,
and let (go,-)iﬁi 1 C RY be the collection of random vectors with synthesis operator
@. Since @ has full rank with probability one, we shall refer to ((p,-)l."i | as a Gaus-
sian random frame for RN . The following theorem addresses the performance of
X' A quantization with Sobolev dual frames when a Gaussian random frame is used
[34-36].

Theorem 8.4 Let ((pi)iﬂi 1 C RY be a Gaussian random frame and let (w,-)iﬂi | be the
associated Sobolev dual frame with synthesis operator ¥ = W, sop. Let A =M /N.
For any a € (0, 1), if » > c(log M)/ =) then with probability at least

1— exp(—c/M)f“),
the following holds:
|wpr|,, < ame "D MI2, (8.49)

Consequently, the following error bound holds for rth order X A quantization of
Gaussian random frames:

lx —Xull2 Sr P2 ) (8.50)

Example 8.4 Let ((pi),."i 1 C R? be a Gaussian random frame of size M = 256. Fig-
ure 8.4(d) shows the frame vectors (goi)f.‘i | and Fig. 8.4(e) shows the associated
canonical dual frame vectors. Note that the Gaussian random frame is approximately
tight; e.g., see [30]. Figure 8.4(f) shows the associated Sobolev dual frame of order
r = 4. Note that each of these figures has been scaled differently to optimize visi-

bility.

Theorem 8.4 has important implications for compressed sensing in [34-36]. In
contrast to frame theory, compressed sensing involves a nonlinear signal space (the
collection of s-sparse signals in R") and the high dimensional nature of compressed
sensing often places a premium cost on oversampling. Nonetheless, frame theory
implicitly plays an important role in many compressed sensing problems. When
combined with appropriate support recovery methods, Theorem 8.4 directly implies



294 A.M. Powell et al.

-3
10
1 X
08
06
04
0.2
0
0.2
0.4 .
-0.6 B
0.8
-1
1 15 1
(@)
0.02 3 »
P ** * *
0.018 5 P B
| * *, *
oo b
0012 oah e T
X e RN, e et
0.01 0 *::**%**’*E*
) *""“ﬁ* st "‘***f*f
0.008 -1 o TR AL Ty
0.006 LT T e
0.004 i 2 Seiee TR,
X .
0.002 .
3
-0.015 -0.01 -0.006 0 0005 0.01 4 3 2 4 0 1 2 3 4
(© (d)
0.01 . 0185~
SIIENR . 0.16 *e,
A 0.14 T,
0.005 e R a
* SR v 0.12 oy
M gy e * ***
T ITmeRlaRE, M W 0.1 ,
0 PR = o oy 0.08
*, ** .|
R WL b i 006
i . !
-0.005 LRI N SO
L TE 0.04
* % :?"** *
LRI 0.02
001 ) 0 N ——
20.01 -0.005 0 0.005 0.01 201 -005 0 0.05 0.1
(e ®

Fig. 8.4 Figure (a) shows the roots-of-unity frame with M = 256, Fig. (b) shows the associated
canonical dual frame, and Fig. (c) shows the associated Sobolev dual frame of order r = 2. Fig-
ure (d) shows a Gaussian random frame of size M = 256, Fig. (e) shows the associated canonical
dual frame, and Fig. (f) shows the associated Sobolev dual frame of order r = 4. Note that the axes
are scaled differently in the various figures for visibility

that ¥’ A quantization is an effective strategy for quantizing compressed sensing
measurements, and that Sobolev duals are a useful tool for extracting information
from quantized data in high dimensions; see [34—36]. See [47] for the use of ¥'A
algorithms with other random sampling geometries in the context of randomly in-
terleaved sampling of bandlimited signals.
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8.5 Root-Exponential Accuracy

The preceding discussion on frame quantization has assumed a particular paradigm:
Given an appropriate frame @ with oversampling rate A := M /N, one fixes an
rth order ¥ A quantization scheme 2, to quantize the frame expansion, i.e., ¢ :=
2, (P*x). Subsequently, one approximates x with X = ¥, g, where ¥, is the rth or-
der Sobolev dual of @. Under this paradigm, where the order r is fixed, we have seen
that, for example, if @ is a Gaussian random frame, the approximation error behaves
like an inverse polynomial (in A); specifically, we have ||x — X|l» < C(r)A~".

Next, we shall diverge from the above paradigm and treat the order r of the
X' A quantization scheme as a parameter. Using this approach, we shall show that
“root-exponential” error rates can be obtained (when decoding is done via linear
reconstruction with Sobolev duals). Specifically, if we optimize the order r as a
function of A, we show that the reconstruction error satisfies [|x — Xl < Ce""/X,
provided that the X' A schemes and the encoding frame @ are chosen appropriately
[40].

8.5.1 Superpolynomial Accuracy and ¥ A Quantization:
Bandlimited Setting

The X' A schemes we use to achieve root-exponential accuracy in the finite frame
setting were originally devised for quantization of oversampled bandlimited func-
tions. In fact, the superpolynomial error decay (as a function of the oversampling
rate! 1) of the approximation error in X A quantization was first shown in the con-
text of bandlimited functions (in L) [21]. To achieve superpolynomial decay, [21]
constructs a family of stable X' A schemes of arbitrary order, with a nonlinear quan-
tization rule involving concatenations of “sign” functions. Next, the order r of the
actual quantization scheme is determined as a function of the oversampling rate A.
This way, [21] shows that the approximation error is O (A~¢1°2*)_ In the same ban-
dlimited setting, it was later shown in [32] that exponential error decay rates can be
obtained. In particular, the rth order stable X' A quantizer proposed in [32], which
we shall briefly describe later in this section, uses a linear quantization rule and an
auxiliary state sequence v that is updated based on r of its (non-immediate) previous
values. Exponential accuracy is achieved by, again, optimally choosing r as a func-
tion of A. Recently, [24] obtained improved exponential rates using X' A schemes
that are constructed within the framework of [32] with better stability properties.

UIn this setting, the oversampling rate is defined as the ratio of the sampling rate to the Nyquist
rate.



296 A.M. Powell et al.

8.5.2 Superpolynomial Accuracy and X A Quantization: Finite
Frame Setting

The above-described approach can be adapted to the finite frame setting. In partic-
ular, when appropriate finite frame families are considered and when appropriate
(Sobolev) duals are used in the reconstruction, one can show that the approximation
error decays like a “root exponential” in the oversampling rate A [40]. The remainder
of this section is dedicated to describing how this can be done.

As noted in Sect. 8.4, one can control the reconstruction error involved
in rth order ¥ A quantization via the product bound |x — X| = || D u|| <
||¥ D" ||Op||u||«/M , where ¥ is the specific dual of @ that is used to reconstruct
X from the quantized coefficients. The use of stable X A schemes guarantees that
lu]l is bounded, and Sobolev duals minimize ||¥ D"||o, over all duals of @. In
Sect. 8.4, we saw that when the frame @ is chosen appropriately, this technique
leads to polynomial error decay in A. Motivated by the above discussion on the
bandlimited setting, we now wish to optimize » as a function of A in the hope of
obtaining faster than polynomial decay rates.

If one were to treat r as a design parameter in the quantization problem, then the
precise dependence on r of constants in any upper bound on || F D" ||op, €.g., (8.48)
and (8.50) , becomes critical and must be computed.

To resolve this issue, one may use specialized frames such as Sobolev self-dual
frames [40]. For such frames @, the bound on [|¥ D" ||op, where ¥ is the Sobolev
dual (and in fact ¥ = @) is explicit—see Theorem 8.6. Alternatively, one may work
with a given frame @ but explicitly control the r-dependent constants in the bounds
on [|¥ D"||op where, again, ¥ is the Sobolev dual. This approach is also pursued in
[40] for the case of harmonic frames.

It is also important to note that the greedy X' A schemes in (8.38) that we have
thus far used to guarantee stability, i.e., to guarantee that ||| is bounded, require
more levels as the order r increases; see, e.g., [34]. Instead of dealing in the op-
timization process with the interplay between A, r, and the number of quantizer
levels, one may use alternative X' A schemes where one can choose the number of
levels independent of the order r. In particular, we shall use the schemes of [32] and
[24] to control |u]|.

It will be convenient to use the following convolution notation. Given infinite se-
quences x = (x;)° and y = (3;){2_ ., the convolution sequence x * y is defined

i=—00
componentwise by

o0
VielZ, (xxy)= Z XkYi—k-

k=—00

In the case when (x j)jj.zz 7 and (yk)fi Kk, are finite sequences, we extend them to
infinite sequences by x; =0, yy =01if j ¢ {J1,..., 2}, k ¢ {K1, ..., K2}, and then
define the convolution x * y as above.

In the schemes in [24, 32], one substitutes # = g * v for some fixed g =
[go,---,8ml, where m > r, go =1, and g; € R. Moreover, one sets the quantiza-
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tion rule

P Vict, ..y Yis Yiels-.) = (hxv); +y;,

where h =8© — A" g (and & 0 is the Kronecker delta). Thus, the quantization is
performed according to

qi = Q((h *v); + i), (8.51)
vi = (h*v); +yi — gi. (8.52)

Since (A"g)o = go = 1, we have hg = 0; thus this formula prescribes how v; is
computed from v;, j < i. Here and for the remainder of this section we shall use
the midrise quantization alphabet (8.5).

It can be shown (see, e.g., [24, 32]) that the above scheme is stable. The following
theorem summarizes its important stability properties.

Theorem 8.5 There exists a universal constant C1 > 0 such that for any midrise
quantization alphabet (8.5) with 2L levels and stepsize § > 0, for any order r € N,
and for all p < §(K — %), there exists g € R™ for some m > r such that the X A
scheme given in (8.51) is stable for all input signals y with ||y]lco < 1, and

8
ulloo < C1C§r’§, (8.53)

— _ 72 e : . _2u
where u = g x v as above and Cy = (l—(cosh’l y)2'| Z)withy :=2K — 5.

8.5.3 Sobolev Self-dual Frames

We are now ready to define and discuss the properties of the Sobolev self-dual
frames proposed in [40]. To that end, recall that for any matrix X in R”*" of rank
k, there exists a singular value decomposition (SVD) of the form X = UxSx V5,
where Uy € R"™*¥ is a matrix with orthonormal columns, Sy € R¥*¥ is a diagonal
matrix with strictly nonnegative entries, and Vx € R”*¥ is a matrix with orthonor-
mal columns. The Sobolev self-dual frames are constructed from the left singular
vectors of the matrix D" corresponding to its smallest N singular values. Moreover,
for any N, M, and r, these frames admit themselves as both canonical duals and
Sobolev duals of order ». Figure 8.5 shows the first three coordinates of the first
order Sobolev self-dual frame vectors (<p,-)}201° for R13,

Theorem 8.6 Let Upr = [uy|uz|-- - |upy] be the matrix containing the left singular
vectors of D", corresponding to the decreasing arrangement of the singular values
of D". Let @ = [upy—n+1]---lupr—1|lupm]* and denote by ¥ and (®")T the r-th
order Sobolev dual and canonical dual of @, respectively. Then

1. @ is a tight frame with frame bound 1,
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Fig. 8.5 The first three coordinates of 1000 vectors constituting a first order Sobolev self-dual
frame for R13

2. ¥ = (@ =0,

3. WD [lop < (2cos(M=T2rEDT )y

Combining Theorem 8.6 with Theorem 8.5 and optimizing over r, [40] proves
the following result.

Theorem 8.7 For 0 < L € Z and 0 < 8 € R, let x € RN be such that ||x|» < u <

S(L — %). Suppose that we wish to quantize a redundant representation of x with

oversampling rate A = M /N using the 2L level midrise alphabet (8.5) with step-

size 8 > 0. If . > c(log N)2, then there exists a Sobolev self-dual frame & and an

associated X A quantization scheme QE A both of order = r(A) ~ «/X, such that
v = 00%3(0%3)], = Cre=Cn

Here, ¢, C1, and Cy are constants independent of N and x.

Due to the fact that the frames @ above admit themselves as both canonical and
Sobolev duals, one additionally obtains robustness to noise.

8.5.4 Harmonic Frames

In analogy with Theorem 8.6, [40] presents the following result on harmonic frames.
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Fig. 8.6 The maximum (a) and mean (b) error from linear reconstruction of ¥ A quantized re-
dundant representations with N = 20. The error is plotted (in log scale) as a function of the over-
sampling rate A

Lemma 8.2 Let ¥ be the r-th order Sobolev dual of the harmonic frame ®; then
there exist (possibly N-dependent) constants Cy and Cy , such that

|97, < Cre™2M= 0 (14 0 (M 7)),

As before, combining Lemma 8.2 with Theorem 8.5 and optimizing over r, [40]
obtains the following theorem, showing root-exponential error decay.

Theorem 8.8 Let 0 < L € Z and x € RN with ||x|l» < u < 8(L — 1/2). Suppose
that we wish to quantize the harmonic frame expansion ®*x with oversampling
rate . = M /N using the 2L level midrise alphabet (8.5) with stepsize 5 > 0. There
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exists a X A quantization scheme 04 of orderr :=r(A) = /A, such that
|~ ,053(@"1)], = Cre 7.

Here W, is the rth order Sobolev dual of ® and the constants are independent of x,
but depend on N.

Example 8.5 We run the following experiment to illustrate the results of this sec-
tion. For N = 20 we generate 1500 random vectors x € RY (from the Gaussian
ensemble) and normalize their magnitude so that ||x|| =2 — cosh(w/ V/6) ~0.0584.
For each x, we obtain the redundant representation y = ®*x where ® € RV js
the harmonic frame or the Sobolev self-dual frame of order r. For r € {1, ..., 10}
and several values of M, we perform 3-bit X' A quantization on y according to the
schemes in Theorem 8.5. Subsequently, we obtain an approximation of x by linear
reconstruction using the rth order Sobolev dual of @, and the approximation error is
computed. For each M, the smallest (over r) of the maximum and mean error (over
the 1500 runs) is computed. The resulting error curves are illustrated in Fig. 8.6.
Note that both the average and worst case behavior decay as a root exponential, in-
dicating that with the methods and frames of this section, exponential error decay is
not possible.
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Chapter 9
Finite Frames for Sparse Signal Processing

Waheed U. Bajwa and Ali Pezeshki

Abstract Over the last decade, considerable progress has been made toward de-
veloping new signal processing methods to manage the deluge of data caused by
advances in sensing, imaging, storage, and computing technologies. Most of these
methods are based on a simple but fundamental observation: high-dimensional data
sets are typically highly redundant and live on low-dimensional manifolds or sub-
spaces. This means that the collected data can often be represented in a sparse or
parsimonious way in a suitably selected finite frame. This observation has also led
to the development of a new sensing paradigm, called compressed sensing, which
shows that high-dimensional data sets can often be reconstructed, with high fidelity,
from only a small number of measurements. Finite frames play a central role in the
design and analysis of both sparse representations and compressed sensing methods.
In this chapter, we highlight this role primarily in the context of compressed sens-
ing for estimation, recovery, support detection, regression, and detection of sparse
signals. The recurring theme is that frames with small spectral norm and/or small
worst-case coherence, average coherence, or sum coherence are well suited for mak-
ing measurements of sparse signals.
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9.1 Introduction

It was not too long ago that scientists, engineers, and technologists were complain-
ing about data starvation. In many applications, there never was sufficient data
available to reliably carry out various inference and decision-making tasks in real
time. Technological advances during the last two decades, however, have changed
all of that—so much in fact that data deluge, instead of data starvation, is now be-
coming a concern. If left unchecked, the rate at which data is being generated in
numerous applications will soon overwhelm the associated systems’ computational
and storage resources.

During the last decade or so, there has been a surge of research activity in the
signal processing and statistics communities to deal with the problem of data deluge.
The proposed solutions to this problem rely on a simple but fundamental principle
of redundancy. Massive data sets in the real world may live in high-dimensional
spaces, but the information embedded within these data sets almost always lives
near low-dimensional (often linear) manifolds. There are two ways in which the
principle of redundancy can help us better manage the sheer abundance of data.
First, we can represent the collected data in a parsimonious (or sparse) manner
in carefully designed bases and frames. Sparse representations of data help reduce
their (computational and storage) footprint and constitute an active area of research
in signal processing [12]. Second, we can redesign the sensing systems to acquire
only a small number of measurements by exploiting the low-dimensional nature
of the signals of interest. The term compressed sensing has been coined for the
area of research that deals with rethinking the design of sensing systems under the
assumption that the signal of interest has a sparse representation in a known basis or
frame [1, 16, 27].

There is a fundamental difference between the two aforementioned approaches
to dealing with the data deluge; the former deals with the collected data while the
latter deals with the collection of data. Despite this difference, however, there exists
a great deal of mathematical similarity between the areas of sparse signal repre-
sentation and compressed sensing. Our primary focus in this chapter will be on the
compressed sensing setup and the role of finite frames in its development. However,
many of the results discussed in this context can be easily restated for sparse signal
representation. We will therefore use the generic term sparse signal processing in
this chapter to refer to the collection of these results.

Mathematically, sparse signal processing deals with the case when a highly re-
dundant frame @ = ((p,-)f‘i | in SN is used to make (possibly noisy) measure-
ments of sparse signals.! Consider an arbitrary signal x € /M that is K -sparse:
lxllo := Zf‘il Lix;201(x) < K < N < M. Instead of measuring x directly, sparse
signal processing uses a small number of linear measurements of x, given by
y = ®x +n, where n € s#" corresponds to deterministic perturbation or stochas-
tic noise. Given measurements y of x, the fundamental problems in sparse signal

I The sparse signal processing literature often uses the terms sensing matrix, measurement matrix,
and dictionary for the frame @ in this setting.
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processing include: (i) recovering/estimating the sparse signal x, (ii) estimating x
for linear regression, (iii) detecting the locations of the nonzero entries of x, and
(iv) testing for the presence of x in noise. In all of these problems, certain geometri-
cal properties of the frame @ play crucial roles in determining the optimality of the
end solutions. In this chapter, our goal is to make explicit these connections between
the geometry of frames and sparse signal processing.

The four geometric measures of frames that we focus on in this chapter include
the spectral norm, worst-case coherence, average coherence, and sum coherence.
Recall that the spectral norm ||@|| of a frame @ is simply a measure of its tight-
ness and is given by the maximum singular value: ||@ || = omax (@). The worst-case
coherence /t¢, defined as

@i, )]

max
T it el
i#]

©.1D)

is a measure of the similarity between different frame elements. On the other hand,
the average coherence is a new notion of frame coherence, introduced recently in
[2, 3] and analyzed further in [4]. In words, the average coherence vg, defined as
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is a measure of the spread of normalized frame elements (¢; /| ¢; ”)1—1 in the unit
ball. The sum coherence, defined as
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is a notion of coherence that arises in the context of detecting the presence of a
sparse signal in noise [76, 77].

In the following sections, we show that different combinations of these geometric
measures characterize the performance of a multitude of sparse signal processing al-
gorithms. In particular, a theme that emerges time and again throughout this chapter
is that frames with small spectral norm and/or small worst-case coherence, average
coherence, or sum coherence are particularly well suited for the purposes of making
measurements of sparse signals.

Before proceeding further, we note that the signal x in some applications is sparse
in the identity basis, in which case @ represents the measurement process itself. In
other applications, however, x can be sparse in some other orthonormal basis or an
overcomplete dictionary V. In this case, @ corresponds to a composition of @, the
frame resulting from the measurement process, and ¥, the sparsifying dictionary,
i.e., @ = O®Y¥. We do not make a distinction between the two formulations in this
chapter. In particular, while the reported results are most readily interpretable in a
physical setting for the former case, they are easily extendable to the latter case.
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We note that this chapter provides an overview of only a small subset of current
results in sparse signal processing literature. Our aim is simply to highlight the cen-
tral role that finite frame theory plays in the development of sparse signal processing
theory. We refer the interested reader to [34] and the references therein for a more
comprehensive review of the sparse signal processing literature.

9.2 Sparse Signal Processing: Uniform Guarantees and
Grassmannian Frames

Recall the fundamental system of equations in sparse signal processing: y = @ x +n.
Given the measurements y, our goal in this section is to specify conditions on the
frame @ and accompanying computational methods that enable reliable inference
of the high-dimensional sparse signal x from the low-dimensional measurements y.
There has been a lot of work in this direction in the sparse signal processing lit-
erature. Our focus in this section is on providing an overview of some of the key
results in the context of performance guarantees for every K -sparse signal in M
using a fixed frame @. It is shown in the following that uniform performance guar-
antees for sparse signal processing are directly tied to the worst-case coherence of
frames. In particular, the closer a frame is to being a Grassmannian frame—defined
as one that has the smallest worst-case coherence for given N and M —the better its
performance is in the uniform sense.

9.2.1 Recovery of Sparse Signals via £y Minimization

We consider the simplest of setups in sparse signal processing, corresponding to the
recovery of a sparse signal x from noiseless measurements y = @x. Mathematically
speaking, this problem is akin to solving an underdetermined system of linear equa-
tions. Although an underdetermined system of linear equations has infinitely many
solutions in general, one of the surprises of sparse signal processing is that recovery
of x from y remains a well-posed problem for large classes of random and determin-
istic frames because of the underlying sparsity assumption. Since we are looking to
solve y for a K-sparse x, an intuitive way of obtaining a candidate solution from
y is to search for the sparsest solution Xy that satisfies y = ®xy. Mathematically,
this solution criterion can be expressed in terms of the following £ minimization
program:

Xo=arg min |z]lo subjectto y=®Pz. (Py)
ze’M

Despite the apparent simplicity of (Pp), the conditions under which it can be
claimed that Xp = x for any x € M are not immediately obvious. Given that
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(Pp) is a highly nonconvex optimization, there is in fact little reason to expect that
Xo should be unique to begin with. It is because of these roadblocks that a rigor-
ous mathematical understanding of (Pp) alluded researchers for a long time. These
mathematical challenges were eventually overcome through surprisingly elemen-
tary mathematical tools in [28, 41]. In particular, it is argued in [41] that a property
termed the unique representation property (URP) of @ is the key to understanding
the behavior of the solution obtained from (Py).

Definition 9.1 (Unique Representation Property) A frame @ = ((pi)f.‘i , in 7 N'is
said to have the unique representation property of order K if any K frame elements
of @ are linearly independent.

It has been shown in [28, 41] that the URP of order 2K is both a necessary and a
sufficient condition for the equivalence of X and x.>

Theorem 9.1 [28, 41] An arbitrary K -sparse signal x can be uniquely recovered
from y = @x as a solution to (Py) if and only if @ satisfies the URP of order 2K .

The proof of Theorem 9.1 is simply an exercise in elementary linear algebra.
It follows from the simple observation that K -sparse signals in 7Y are mapped
injectively into 7" if and only if the nullspace of ® does not contain nontrivial
2K -sparse signals. In order to understand the significance of Theorem 9.1, note that
random frames with elements distributed uniformly at random on the unit sphere in
N will almost surely have the URP of order 2K as long as N > 2K . This is rather
powerful, since this signifies that sparse signals can be recovered from a number of
random measurements that are only linear in the sparsity K of the signal, rather
than the ambient dimension M. Despite this powerful result, however, Theorem 9.1
is rather opaque in the case of arbitrary (not necessarily random) frames. The reason
is that the URP is a local geometric property of @, and explicitly verifying the URP
of order 2K requires a combinatorial search over all (ZAI/[() possible collections of
frame elements. Nevertheless, it is possible to replace the URP in Theorem 9.1 with
the worst-case coherence of @, which is a global geometric property of @ that can
be easily computed in polynomial time. The key to this is the classical Gersgorin
circle theorem [40], which can be used to relate the URP of a frame @ to its worst-
case coherence.

Lemma 9.1 (GerSgorin) Lett; j,i,j=1,..., M, denote the entries of an M x M
matrix T. Then every eigenvalue of T lies in at least one of the M circles defined

2Theorem 9.1 has been stated in [28] using the terminology of spark, instead of the URP. The spark
of a frame @ is defined in [28] as the smallest number of frame elements of @ that are linearly
dependent. In other words, @ satisfies the URP of order K if and only if spark(®) > K + 1.
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below:

M
Z(T)={z€C:lz—ti;| <Y |tijlg. i=1.....M. (9.4)

j=1

J#
The Gersgorin circle theorem seems to have first appeared in 1931 in [40], and

its proof can be found in any standard text on matrix analysis such as [50]. This
theorem allows one to relate the worst-case coherence of @ to the URP as follows.

Theorem 9.2 [28] Let @ be a unit norm frame and K € N. Then @ satisfies the
URP of order K as long as K <1+ u;].

The proof of this theorem follows by bounding the minimum eigenvalue of any
K x K principal submatrix of the Gramian matrix G¢ using Lemma 9.1. We can
now combine Theorem 9.1 with Theorem 9.2 to obtain the following theorem that
relates the worst-case coherence of @ to the sparse signal recovery performance
of (Py).

Theorem 9.3 An arbitrary K -sparse signal x can be uniquely recovered from y =
@x as a solution to (Py), provided

1
K<§O+M;) 9.5)

Theorem 9.3 states that £y minimization enables unique recovery of every K -
sparse signal measured using a frame @ as long as K = O(M;I).3 This dictates that
frames that have small worst-case coherence are particularly well suited for measur-
ing sparse signals. It is also instructive to understand the fundamental limitations of
Theorem 9.3. In order to do so, we recall the following fundamental lower bound
on the worst-case coherence of unit norm frames.

Lemma 9.2 (The Welch Bound [75]) The worst-case coherence of any unit norm
frame @ = (g; f‘il in N satisfies the inequality j1p > /%.

It can be seen from the Welch bound that ue = Q2(N~V2y a5 long as M > N.
Therefore, we have from Theorem 9.3 that even in the best of cases £y minimiza-
tion yields unique recovery of every sparse signal as long as K = O(+/N). This
implication is weaker than the K = O (N) scaling that we observed earlier for ran-
dom frames. A natural question to ask therefore is whether Theorem 9.3 is weak

3Recall, with big-O notation, that f(n) = O(g(n)) if there exist positive C and ng such that for
all n > ng, f(n) < Cg(n). Also, f(n) = 2(gn)) if gn) = O(f(n)), and f(n) = O(gn)) if
f(n)=0(g(n)) and g(n) = O(f (n)).
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in terms of the relationship between K and pg. The answer to this question how-
ever is in the negative, since there exist frames such as union of identity and Fourier
bases [30] and Steiner equiangular tight frames [36] that have certain collections of
frame elements with cardinality O (+/N) that are linearly dependent. We therefore
conclude from the preceding discussion that Theorem 9.3 is tight from the frame-
theoretic perspective and, in general, frames with small worst-case coherence are
better suited for recovery of sparse signals using (Py). In particular, this highlights
the importance of Grassmannian frames in the context of sparse signal recovery in
the uniform sense.

9.2.2 Recovery and Estimation of Sparse Signals via Convex
Optimization and Greedy Algorithms

The implications of Sect. 9.2.1 are quite remarkable. We have seen that it is pos-
sible to recover a K -sparse signal x using a small number of measurements that is
proportional to M;I ; in particular, for large classes of frames such as Gabor frames
[3], we see that O(K 2) number of measurements suffice to recover a sparse signal
using £ minimization. This can be significantly smaller than the N = M measure-
ments dictated by classical signal processing when K < M. Despite this, however,
sparse signal recovery using (Py) is something that one cannot be expected to use
for practical purposes. The reason for this is the computational complexity associ-
ated with £( minimization; in order to solve (Pyp), one needs to exhaustively search
through all possible sparsity levels. The complexity of such exhaustive search is
clearly exponential in M, and it has been shown in [54] that (Pp) is in general an
NP-hard problem. Alternate methods of solving y = @x for a K-sparse x that are
also computationally feasible therefore have been of great interest to the practition-
ers. The recent interest in the literature on sparse signal processing partly stems
from the fact that significant progress has been made by numerous researchers in
obtaining various practical alternatives to (Pp). Such alternatives range from con-
vex optimization-based methods [18, 22, 66] to greedy algorithms [25, 51, 55]. In
this subsection, we review the performance guarantees of two such seminal alter-
native methods that are widely used in practice and once again highlight the role
Grassmannian frames play in sparse signal processing.

9.2.2.1 Basis pursuit

A common heuristic approach taken in solving nonconvex optimization problems
is to approximate them with a convex problem and solve the resulting optimization
program. A similar approach can be taken to convexify (Py) by replacing the £y
“norm” in (Pyp) with its closest convex approximation, the £1 norm: ||z[; =), |zi].
The resulting optimization program, which seems to have been first proposed as a
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heuristic in [59], can be formally expressed as follows:

X1 =arg min |z|l; subjectto y=Pz. (Py)
ze M

The £1 minimization program (Py) is termed basis pursuit (BP) [22] and is in fact a
linear optimization program [11]. A number of numerical methods have been pro-
posed for solving BP in an efficient manner; we refer the reader to [72] for a survey
of some of these methods.

Even though BP has existed in the literature since at least the mid-1980s [59], it
is only in the last decade that results concerning its performance have been reported.
Below, we present one such result that is expressed in terms of the worst-case co-
herence of the frame @ [28, 42].

Theorem 9.4 [28, 42] An arbitrary K -sparse signal x can be uniquely recovered
from y = @x as a solution to (Py) provided

K < %(1 +ugh). (9.6)

The reader will notice that the sparsity requirements in both Theorem 9.3 and
Theorem 9.4 are the same. However, this does not mean that (Pp) and (P;) always
yield the same solution, because the sparsity requirements in the two theorems are
only sufficient conditions. Regardless, it is rather remarkable that one can solve an
underdetermined system of equations y = @x for a K-sparse x in polynomial time
as long as K = O(M;I). In particular, we can once again conclude from Theo-
rem 9.4 that frames with small worst-case coherence in general and Grassmannian
frames in particular are highly desirable in the context of recovery of sparse signals
using BP.

9.2.2.2 Orthogonal matching pursuit

BP is arguably a highly practical scheme for recovering a K -sparse signal x from
the set of measurements y = @x. In particular, depending upon the particular im-
plementation, the computational complexity of convex optimization methods like
BP for general frames is typically O (M> + N M?), which is much better than the
complexity of (Pyp), assuming P # NP. Nevertheless, BP can be computationally de-
manding for large-scale sparse recovery problems. Fortunately, there do exist greedy
alternatives to optimization-based approaches for sparse signal recovery. The old-
est and perhaps the most well-known among these greedy algorithms goes by the
name of orthogonal matching pursuit (OMP) in the literature [51]. Note that just
like BP, OMP has been in practical use for a long time, but it is only recently that
its performance has been characterized by the researchers.

The OMP algorithm obtains an estimate .2 of the indices of the frame elements
{@i : x;i # 0} that contribute to the measurements y = Zi:xl 20 PiXi- The final OMP
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Algorithm 1 Orthogonal Matching Pursuit

Input: Unit norm frame @ and measurement vector y
Output: Sparse OMP estirg_gte XOMP
Initialize: i =0,x°=0, 7 =¢,and %=y

while ||| > ¢ do

i<i+1 {Increment counter }

7 <« @il {Form signal proxy}

¢ < argmax; |z;| {Select frame element}

H <« U {£} {Update the index set}

fc”}? « @;{?y ‘and ?ﬁ «~0 {Update the estimate}

r' < y— &% {Update the residue}
end while

return EC\OMP = 56\1

estimate Xomp then corresponds to a least-squares estimate of x using the frame
elements {¢;};_ 7 XOMP = @}y, where ()7 denotes the Moore—Penrose pseu-
doinverse. In order to estimate the indices, the OMP starts with an empty set and
greedily expands that set by one additional frame element in each iteration. A for-
mal description of the OMP algorithm is presented in Algorithm 1, in which € > 0 is
a stopping threshold. The power of OMP stems from the fact that if the estimate de-
livered by the algorithm has exactly K nonzeros then its computational complexity
is only O(NMK), which is typically much better than the computational complex-
ity of O (M3 + N M?) for convex optimization-based approaches. We are now ready
to state a theorem characterizing the performance of the OMP algorithm in terms of
the worst-case coherence of frames.

Theorem 9.5 [29, 68] An arbitrary K -sparse signal x can be uniquely recovered
from y = @x as a solution to the OMP algorithm with € =0, provided

K<%O+M;) (9.7)

Theorem 9.5 shows that the guarantees for the OMP algorithm in terms of the
worst-case coherence match those for both (Py) and BP; OMP too requires that
K = O(M;I) in order for it to successfully recover a K-sparse x from y = ®ux.
However, it cannot be emphasized enough that once K = Q(u;l), we start to see
a difference in the empirical performance of (Py), BP, and OMP. Nevertheless, the
basic insight of Theorems 9.3-9.5 that frames with smaller worst-case coherence
improve the recovery performance remains valid in all three cases.

9.2.2.3 Estimation of sparse signals

Our focus in this section has so far been on recovery of sparse signals from the
measurements y = @x. In practice, however, it is seldom the case that one obtains
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measurements of a signal without any additive noise. A more realistic model for
measurement of sparse signals in this case can be expressed as y = @x + n, where
n represents either deterministic or random noise. In the presence of noise, one’s
objective changes from sparse signal recovery to sparse signal estimation; the goal
being an estimate X that is to close to the original sparse signal x in an £, sense.

It is clear from looking at (P;) that BP in its current form should not be used
for estimation of sparse signals in the presence of noise, since y # @x in this case.
However, a simple modification of the constraint in (P;) allows us to gracefully han-
dle noise in sparse signal estimation problems. The modified optimization program
can be formally described as

X1 =arg min |z||; subjectto |y— @z| <e (Pf)
zeM

where € is typically chosen to be equal to the noise magnitude: € = ||n||. The opti-
mization (Pf) is often called basis pursuit with inequality constraint (BPIC). It is
easy to check that BPIC is also a convex optimization program, although it is no
longer a linear program. Performance guarantees based upon the worst-case coher-
ence for BPIC in the presence of deterministic noise alluded researchers for quite
some time. The problem was settled recently in [29], and the solution is summarized
in the following theorem.

Theorem 9.6 [29] Suppose that an arbitrary K -sparse signal x satisfies the spar-

. . ug! . .
sity constraint K < +ﬁf4’ . Given y = @x + n, BPIC with € = ||n|| can be used to
obtain an estimate X1 of x such that

2
Ix — %1l < < : 9.8)
V1 —pe(dK —1)

Theorem 9.6 states that BPIC with an appropriate € results in a stable solution,
despite the fact that we are dealing with an underdetermined system of equations.
In particular, BPIC also handles sparsity levels that are O(M;I) and results in a
solution that differs from the true signal x by O(J|n]|).

In contrast with BP, OMP in its original form can be run for both noiseless sparse
signal recovery and noisy sparse signal estimation. The only thing that changes in
OMP in the latter case is the value of €, which typically should also be set equal to
the noise magnitude. The following theorem characterizes the performance of OMP
in the presence of noise [29, 67, 69].

Theorem 9.7 [29, 67, 69] Suppose that y = @x + n for an arbitrary K -sparse
signal x and OMP is used to obtain an estimate Xomp of x with € = ||n||. Then the
OMP solution satisfies

R €
lx —Xompll £ ———m— (9.9)

VI—pe(K—-1)
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provided x satisfies the sparsity constraint

1

1+uz' e ug
- He € Ug

K .
2 Xmin

(9.10)

Here, xmin denotes the smallest (in magnitude) nonzero entry of X: Xmin =
min;.y; 20 | x;].

It is interesting to note that, unlike the case of sparse signal recovery, OMP in the
noisy case does not have guarantees similar to that of BPIC. In particular, while the
estimation error in OMP is still O(||n]|), the sparsity constraint in the case of OMP
becomes restrictive as the smallest (in magnitude) nonzero entry of x decreases.

The estimation error guarantees provided in Theorem 9.6 and Theorem 9.7 are
near-optimal for the case when the noise n follows an adversarial (or deterministic)
model. This happens because the noise n under the adversarial model can always
be aligned with the signal x, making it impossible to guarantee an estimation error
smaller than the size of n. However, if one is dealing with stochastic noise, then it is
possible to improve upon the estimation error guarantees for sparse signals. In order
to do that, we first define a Lagrangian relaxation of (Pf), which can be formally
expressed as

~ o1
Xip=arg min ~|y—®x| + 7(zl. (P12)
€M 2

The mixed-norm optimization program (P; 2) goes by the name of basis pursuit
denoising (BPDN) [22] as well as least absolute shrinkage and selection opera-
tor (LASSO) [66]. In the following, we state estimation error guarantees for both
the LASSO and OMP under the assumption of an additive white Gaussian noise
(AWGN): n ~ A (0, o21d).

Theorem 9.8 [6] Suppose that y = ®x + n for an arbitrary K-sparse signal x,

the noise n is distributed as N (0, Uzld), and the LASSO is used to obtain an esti-

mate X1 2 of x with T = 4\/o2log(M — K). Then under the assumption that x sat-
1

isfies the sparsity constraint K < %, the LASSO solution satisfies support(x1.2) C
support(x) and

Ix — %120l < (V3 +3y41log(M — K)) Ko 9.11)

with probability exceeding (1 — (1 —e K7y,

o)

A few remarks are in order now concerning Theorem 9.8. First, note that the
results of the theorem hold with high probability since there exists a small proba-
bility that the Gaussian noise aligns with the sparse signal. Second, (9.11) shows
that the estimation error associated with the LASSO solution is O (y/02K log M).
This estimation error is within a logarithmic factor of the best unbiased estimation
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error O(v/o2K) that one can obtain in the presence of stochastic noise.* Ignoring
the probabilistic aspect of Theorem 9.8, it is also worth comparing the estimation
error of Theorem 9.6 with that of the LASSO. It is a tedious but simple exercise in
probability to show that |1 = £2(v/02M) with high probability. Therefore, if one
applies Theorem 9.6 directly to the case of stochastic noise, then one obtains that
the square of the estimation error scales linearly with the ambient dimension M of
the sparse signal. On the other hand, Theorem 9.8 yields that the square of the es-
timation error scales linearly with the sparsity (modulo a logarithmic factor) of the
sparse signal. This highlights the differences that exist between guarantees obtained
under a deterministic noise model versus a stochastic (random) noise model.

We conclude this subsection by noting that it is also possible to obtain better
OMP estimation error guarantees for the case of stochastic noise provided one in-
puts the sparsity of x to the OMP algorithm and modifies the halting criterion in
Algorithm 1 from ||r|| > € to i < K (i.e., the OMP is restricted to K iterations
only). Under this modified setting, the guarantees for the OMP algorithm can be
stated in terms of the following theorem.

Theorem 9.9 [6] Suppose that y = ®x + n for an arbitrary K -sparse signal x, the
noise n is distributed as N (0, o>Id), and the OMP algorithm is input the sparsity
K of x. Then under the assumptions that x satisfies the sparsity constraint

1

1+ uz! 202logM - g
K < He g He

, (9.12)
2 Xmin

the OMP solution obtained by terminating the algorithm after K iterations satisfies

support(Xomp) = support(x) and

lx — Xomp|l < 4y/02K logM 9.13)

. o . 1 ) .
with probability exceeding 1 — NeaTE Here, xmin again denotes the smallest

(in magnitude) nonzero entry of x.

9.2.3 Remarks

Recovery and estimation of sparse signals from a small number of linear measure-
ments y = @x + n is an area of immense interest to a number of communities such
as signal processing, statistics, and harmonic analysis. In this context, numerous re-
construction algorithms based upon either optimization techniques or greedy meth-
ods have been proposed in the literature. Our focus in this section has primarily been

#We point out here that if one is willing to tolerate some bias in the estimate, then the estimation
error can be made smaller than O (vVo2K); see, e.g., [18, 31].
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on two of the most well-known methods in this regard, namely, BP (and BPIC and
LASSO) and OMP. Nevertheless, it is important for the reader to realize that there
exist other methods in the literature, such as the Dantzig selector [18], CoSaMP
[55], subspace pursuit [25], and iterative hard thresholding (IHT) [7], that can also
be used for recovery and estimation of sparse signals. These methods primarily dif-
fer from each other in terms of computational complexity and explicit constants, but
offer error guarantees that appear very similar to the ones in Theorems 9.4-9.9.

We conclude this section by noting that our focus here has been on providing
uniform guarantees for sparse signals and relating those guarantees to the worst-
case coherence of frames. The most important lesson of the preceding results in
this regard is that there exist many computationally feasible algorithms that enable
recovery/estimation of arbitrary K -sparse signals as longas K = O (,u;] ). There are
two important aspects of this lesson. First, frames with small worst-case coherence
are particularly well suited for making observations of sparse signals. Second, even
Grassmannian frames cannot be guaranteed to work well if K = O(N 17248y for
8 > 0, which follows trivially from the Welch bound. This second observation seems
overly restrictive, and there exists literature based upon other properties of frames
that attempts to break this “square-root” bottleneck. One such property, which has
found widespread use in the compressed sensing literature, is termed the restricted
isometry property (RIP) [14].

Definition 9.2 (Restricted Isometry Property) A unit norm frame @ = ((pi)f‘i , in
N is said to have the RIP of order K with parameter §x € (0, 1) if for every
K -sparse x, the following inequalities hold:

(1= 8x)llxl3 < x5 < (1 +8x)llxll3. (9.14)

The RIP of order K is essentially a statement concerning the minimum and max-
imum singular values of all N x K submatrices of ¢. However, even though the
RIP has been used to provide guarantees for numerous sparse recovery/estimation
algorithms such as BP, BPDN, CoSaMP, and IHT, explicit verification of this prop-
erty for arbitrary frames appears to be computationally intractable. In particular, the
only frames that are known to break the square-root bottleneck (using the RIP) for
uniform guarantees are random (Gaussian, random binary, randomly subsampled
partial Fourier, etc.) frames.> Still, it is possible to verify the RIP indirectly through
the use of the Gersgorin circle theorem [5, 44, 71]. Doing so, however, yields results
that match the ones reported above in terms of the sparsity constraint: K = O (,u;l).

SRecently Bourgain et al. in [10] have reported a deterministic construction of frames that satisfies
the RIP of K = O(N!/2%%). However, the constant § in there is so small that the scaling can be
considered K = O(N'/?) for all practical purposes.
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9.3 Beyond Uniform Guarantees: Typical Behavior

The square-root bottleneck in sparse recovery/estimation problems is hard to over-
come in part because of our insistence that the results hold uniformly for all K-
sparse signals. In this section, we take a departure from uniform guarantees and
instead focus on the rypical behavior of various methods. In particular, we demon-
strate in the following that the square-root bottleneck can be shattered by (i) im-
posing a statistical prior on the support and/or the nonzero entries of sparse signals
and (ii) considering additional geometric measures of frames in conjunction with
the worst-case coherence. In the following, we will focus on recovery, estimation,
regression, and support detection of sparse signals using a multitude of methods. In
all of these cases, we will assume that the support #° C {1, ..., M} of x is drawn
uniformly at random from all (A[?) size-K subsets of {1,..., M}. In some sense,
this is the simplest statistical prior one can put on the support of x; in words, this
assumption simply states that all supports of size K are equally likely.

9.3.1 Typical Recovery of Sparse Signals

In this section, we focus on typical recovery of sparse signals and provide guarantees
for both £y and £; minimization (cf. (Py) and (Py)). The statistical prior we impose
on the nonzero entries of sparse signals for this purpose however will differ for the
two optimization schemes. We begin by providing a result for typical recovery of
sparse signals using (Py). The following theorem is due to Tropp and follows from
combining results of [70] and [71].

Theorem 9.10 [70, 71] Suppose that y = @ x for a K -sparse signal x whose sup-
port is drawn uniformly at random and whose nonzero entries have a jointly con-
tinuous distribution. Further, let the frame ® be such that ue < (c1logM )_1 for
numerical constant ¢ = 240. Then under the assumption that x satisfies the sparsity
constraint

-2
M
K<min{'ui,7}, (9.15)
V2 ll@)2log M
the solution of (Py) satisfies Xo = x with probability exceeding 1 — M~21°¢2_ Here,

cp = 148 is another numerical constant.

In order to understand the significance of Theorem 9.10, let us focus on the case
of an approximately tight frame ®: ||®||> ~ 6)(%). In this case, ignoring the log-
arithmic factor, we have from (9.15) that £p minimization can recover a K -sparse
signal with high probability as long as K = O(M;Z). This is in stark contrast to
Theorem 9.3, which only allows K = O(M;I); in particular, Theorem 9.10 implies
recovery of “most” K -sparse signals with K = O(N/log M) using frames such as
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Gabor frames. In essence, shifting our focus from uniform guarantees to typical
guarantees allows us to break the square-root bottleneck for arbitrary frames.

Even though Theorem 9.10 allows us to obtain near-optimal sparse recovery re-
sults, it is still a statement about the computationally infeasible £( optimization. We
now shift our focus to the computationally tractable BP optimization and present
guarantees concerning its typical behavior. Before proceeding further, we point out
that typicality in the case of £( minimization is defined by a uniformly random sup-
port and a continuous distribution of the nonzero entries. In contrast, typicality in
the case of BP will be defined in the following by a uniformly random support but
nonzero entries whose phases are independent and uniformly distributed on the unit
circle € = {w € C : |w| = 1}.% The following theorem is once again due to Tropp
and follows from combining results of [70] and [71].

Theorem 9.11 [70, 71] Suppose that y = @x for a K-sparse signal x whose
support is drawn uniformly at random and whose nonzero entries have indepen-
dent phases distributed uniformly on €. Further, let the frame ® be such that
e < (c1log M)~ Then under the assumption that x satisfies the sparsity con-
straint

-2

M

K<min{ o } (9.16)
16log M’ c3||®||2log M

the solution of BP satisfies X1 = x with probability exceeding 1 — M 21982 — p—1,
Here, c1 and cy are the same numerical constants specified in Theorem 9.10.

It is worth pointing out that there exists another variant of Theorem 9.11 that
involves sparse signals whose nonzero entries are independently distributed with
zero median. Theorem 9.11 once again provides us with a powerful typical behavior
result. Given approximately tight frames, it is possible to recover with high proba-
bility K -sparse signals using BP as long as K = O(,u;z/ log M). It is interesting to
note here that, unlike Sect. 9.2, which dictates the use of Grassmannian frames for
best uniform guarantees, both Theorem 9.10 and Theorem 9.11 dictate the use of
Grassmannian frames that are also approximately tight for best typical guarantees.
Heuristically speaking, insisting on tightness of frames is what allows us to break
the square-root bottleneck in the typical case.

9.3.2 Typical Regression of Sparse Signals

Instead of shifting the discussion to typical sparse estimation, we now focus on an-
other important problem in the statistics literature, namely, sparse linear regression

6Recall the definition of the phase of a number r € C: sgn(r) = =

Il



318 W.U. Bajwa and A. Pezeshki

[32, 38, 66]. We will return to the problem of sparse estimation in Sect. 9.3.4. Given
y = ®x +n for a K -sparse vector x € R the goal in sparse regression is to obtain
an estimate X of x such that the regression error | ®x — ®x||5 is small. It is im-
portant to note that the only nontrivial result that can be provided for sparse linear
regression is in the presence of noise, since the regression error in the absence of
noise is always zero. Our focus in this section will be once again on the AWGN n
with variance o2, and we will restrict ourselves to the LASSO solution (cf. (P12)).
The following theorem provides guarantees for the typical behavior of the LASSO
as reported in a recent work of Candes and Plan [15].

Theorem 9.12 [15] Suppose that y = ®x +n for a K -sparse signal x € RM whose
support is drawn uniformly at random and whose nonzero entries are jointly inde-
pendent with zero median. Further, let the noise n be distributed as A (0, Gzld),
let the frame @ be such that pe < (c3log M)~ and let x satisfy the sparsity con-

straint K < m for some positive numerical constants c3 and c4. Then the
4

solution X1 3 of the LASSO computed with T = 2,/202log M satisfies

|®x — DF|2 < c54/202K log M 9.17)

with probability at least 1 — 6M 21982 — M~1 (27 log M)~1/2. Here, the constant
c5 may be taken as 8(1 + \/5)2.

There are two important things to note about Theorem 9.12. First, it states that
the regression error of the LASSO is O (/02K log M) with very high probabil-
ity. This regression error is in fact very close to the near-ideal regression error of
O (v 62K). Second, the performance guarantees of Theorem 9.12 are a strong func-
tion of |@|| but only a weak function of the worst-case coherence (1. In particular,
Theorem 9.12 dictates that the sparsity level accommodated by the LASSO is pri-
marily a function of ||@]||, provided we is not too large. If, for example, @ was
an approximately tight frame, then the LASSO can handle K =~ O(N/log M) re-
gardless of the value of ug, provided ue = O(1/log M). In essence, the above
theorem signifies the use of approximately tight frames with small-enough coher-
ence in regression problems. We conclude this subsection by noting that some of the
techniques used in [15] to prove this theorem can in fact be used to also relax the de-
pendence of BP on ¢ and obtain BP guarantees that primarily require small || @]).

9.3.3 Typical Support Detection of Sparse Signals

It is often the case in many signal processing and statistics applications that one is
interested in obtaining locations of the nonzero entries of a sparse signal x from
a small number of measurements. This problem of support detection or model se-
lection is of course trivial in the noiseless setting; exact recovery of sparse signals
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in this case implies exact recovery of the signal support: support(X) = support(x).
Given y = @x + n with nonzero noise n, however, the support detection problem
becomes nontrivial. This happens because a small estimation error in this case does
not necessarily imply a small support detection error. Both exact support detection
(support(X) = support(x)) and partial support detection (support(X) C support(x))
in the case of deterministic noise are very challenging (perhaps impossible) tasks.
In the case of stochastic noise, however, both these problems become feasible, and
we alluded to them in Theorem 9.8 and Theorem 9.9 in the context of uniform guar-
antees. In this subsection, we now focus on typical support detection in order to
overcome the square-root bottleneck.

9.3.3.1 Support detection using the LASSO

The LASSO is arguably one of the standard tools used for support detection by the
statistics and signal processing communities. Over the years, a number of theoretical
guarantees have been provided for the LASSO support detection in [53, 73, 79]. The
results reported in [53, 79] established that the LASSO asymptotically identifies the
correct support under certain conditions on the frame @ and the sparse signal x.
Later, Wainwright in [73] strengthened the results of [53, 79] and made explicit
the dependence of exact support detection using the LASSO on the smallest (in
magnitude) nonzero entry of x. However, apart from the fact that the results reported
in [53, 73, 79] are only asymptotic in nature, the main limitation of these works is
that explicit verification of the conditions (such as the irrepresentable condition of
[79] and the incoherence condition of [73]) that an arbitrary frame @ needs to satisfy
is computationally intractable for K = .Q(,u;,l_‘s), 5> 0.

The support detection results reported in [53, 73, 79] suffer from the square-root
bottleneck because of their focus on uniform guarantees. Recently, Candes and Plan
reported typical support detection results for the LASSO that overcome the square-
root bottleneck of the prior work in the case of exact support detection [15].

Theorem 9.13 [15] Suppose that y = ®x +n for a K -sparse signal x € RM whose
support is drawn uniformly at random and whose nonzero entries are jointly inde-
pendent with zero median. Further, let the noise n be distributed as N (0, ozld),
let the frame @ be such that ne < (celog M)™', and let x satisfy the sparsity con-
straint K < m for some positive numerical constants ce and c7. Finally,
let 2 be the support of x and suppose that

min |x;| > 8,/20%log M. (9.18)
ieX

Then the solution X  of LASSO computed with T = 2./2021log M satisfies
support(X| 2) = support(x) and sgn(x ) =sgn(x_y) (9.19)

with probability at least 1 —2M " (2m log M)~ /2 + KM~ — O (M~21022),
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Algorithm 2 The One-Step Thresholding (OST) Algorithm for Support Detection
Input: Unit norm frame @, measurement vector y, and a threshold A > 0
Output: Estimate of signal support %2 C {1, ..., M}
2 DYy {Form signal proxy}
A —f{ie{l,...,M}:|zi|> ) {Select indices via OST}

This theorem states that if the nonzero entries of the sparse signal x are signif-
icant in the sense that they roughly lie (modulo the logarithmic factor) above the
noise floor o, then the LASSO successfully carries out exact support detection for
sufficiently sparse signals. Of course if any nonzero entry of the signal lies below
the noise floor, then it is impossible to tell that entry apart from the noise itself. The-
orem 9.13 is nearly optimal for exact model selection in this regard. In terms of the
sparsity constraints, the statement of this theorem matches that of Theorem 9.12.
Therefore, we once again see that frames that are approximately tight and have
worst-case coherence that is not too large are particularly well suited for sparse sig-
nal processing when used in conjunction with the LASSO.

9.3.3.2 Support detection using one-step thresholding

Although the support detection results reported in Theorem 9.13 are near-optimal,
it is desirable to investigate alternative solutions to the problem of typical support
detection, because:

1. The LASSO requires the minimum singular value of the subframe of & corre-
sponding to the support .7 to be bounded away from zero [15, 53, 73, 79]. While
this is a plausible condition for the case when one is interested in estimating x, it
is arguable whether this condition is necessary for the case of support detection.

2. Theorem 9.13 still lacks guarantees for K = .Q(/L;]_‘S), 6 > 0 in the case of
deterministic nonzero entries of x.

3. The computational complexity of the LASSO for arbitrary frames tends to be
O (M3 + NM?). This makes the LASSO computationally demanding for large-

scale model-selection problems.

In light of these concerns, a few researchers recently revisited the much older
(and oft-forgotten) method of thresholding for support detection [2, 3, 37, 39, 57,
61]. The one-step thresholding (OST) algorithm, described in Algorithm 2, has a
computational complexity of only O (N M) and it has been known to be nearly op-
timal for M x M orthonormal bases [31]. In this subsection, we focus on a recent
result of Bajwa et al. [2, 3] concerning typical support detection using OST. The
forthcoming theorem in this regard relies on a notion of the coherence property,
defined below.
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Definition 9.3 (The Coherence Property [2, 3]) We say that a unit norm frame @
satisfies the coherence property if

"
(CP-1) ug < and (CP-2) u¢57%.

0.1
V2log M

In words, (CP-1) roughly states that the frame elements of @ are not too sim-
ilar, while (CP-2) roughly states that the frame elements of a unit norm @ are
somewhat distributed within the N-dimensional unit ball. Note that the coherence
property (i) does not require the singular values of the submatrices of @ to be
bounded away from zero, and (ii) can be verified in polynomial time since it sim-
ply requires checking ||Ge — Id|max < (20010gM)_1/2 and [|[(Gp — Id) 1|00 <
1Go — Id|lmax (M — NV,

The implications of the coherence property are described in the following the-
orem. Before proceeding further, however, we first define some notation. We use
SNR = ||x||%/E[||n]|?] to denote the signal-to-noise ratio associated with the sup-
port detection problem. Also, we use x(¢) to denote the £-th largest (in magnitude)
nonzero entry of x. We are now ready to state the typical support detection perfor-
mance of the OST algorithm.

Theorem 9.14 [3] Suppose that y = ®x + n for a K-sparse signal x € CM
whose support J is drawn uniformly at random. Further, let M > 128, let the
noise n be distributed as complex Gaussian with mean 0 and covariance o2ld,
n~EN0,0°Id), and let the frame ® satisfy the coherence property. Finally,
fix a parameter t € (0, 1) and choose the threshold

1 1
A :max{;lOqust - SNR, 1—t«/§}\/20210gM.

Then, under the assumption that K < N/(2logM), the OST algorithm (Algo-
rithm 2) guarantees with probability exceeding 1 — 6M 1 that # c # and
|2\ | < (K — L), where L is the largest integer for which the following in-
equality holds:

x(1) > max{cso, copuo x| }y/log M. (9.20)

Here, cg =4(1 — 1)1, cg = 20~/2¢~L, and the probability of failure is with respect
to the true model % and the Gaussian noise n.

In order to put the significance of Theorem 9.14 into perspective, we recall the
thresholding results obtained by Donoho and Johnstone [31]—which form the basis
of ideas such as wavelet denoising—for the case of M x M orthonormal bases. It
was established in [31] that if @ is an orthonormal basis, then hard thresholding the
entries of @*y at A = © (y/o2log M) results in oracle-like performance in the sense
that one recovers (with high probability) the locations of all the nonzero entries of
x that are above the noise floor (modulo log M).
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Now the first thing to note regarding Theorem 9.14 is the intuitively pleasing
nature of the proposed threshold. Specifically, assume that @ is an orthonormal
basis and notice that, since g = 0, the threshold A = @ (max{uge+/N - SNR, 1} x
v/o2log M) proposed in the theorem reduces to the threshold proposed in [31] and
Theorem 9.14 guarantees that thresholding recovers (with high probability) the lo-
cations of all the nonzero entries of x that are above the noise floor. The reader
can become convinced of this assertion by noting that x() = §2(y/ o2logM) =
£ € X in the case of orthonormal bases. Now consider instead frames that are not
necessarily orthonormal but which satisfy ue = O(N —1/2y and vy = O(N7D).
Then we have from the theorem that OST identifies (with high probability) the
locations of the nonzero entries of x whose energies are greater than both the
noise variance (modulo log M) and the average energy per nonzero entry: xé) =

Q(max{o?logM, |x|?/K}) =L .1t is then easy to see in this case that if ei-
ther the noise floor is high enough or the nonzero entries of x are roughly of the
same magnitude then the simple OST algorithm leads to recovery of the locations
of all the nonzero entries that are above the noise floor. Stated differently, the OST
in certain cases has the oracle property in the sense of Donoho and Johnstone [31]
without requiring the frame @ to be an orthonormal basis.

9.3.4 Typical Estimation of Sparse Signals

Our goal in this section is to provide typical guarantees for the reconstruction of
sparse signals from noisy measurements y = @ x + n, where the entries of the noise
vector n € CV are independent, identical complex Gaussian random variables with
mean zero and variance o>, The reconstruction algorithm we analyze here is an
extension of the OST algorithm described earlier for support detection. This OST
algorithm for reconstruction is described in Algorithm 3, and has been recently an-
alyzed in [4]. The following theorem is due to Bajwa et al. [4] and shows that the
OST algorithm leads to a near-optimal reconstruction error for certain important
classes of sparse signals.

Before a formal statement of the theorem, however, we need to define some more
notation. We use 7, (¢) :={i : |x;| > 21—‘_/%/20210g M} for any ¢ € (0, 1) to denote
the locations of all the entries of x that, roughly speaking, lie above the noise floor .

Algorithm 3 One-Step Thresholding (OST) for Sparse Signal Reconstruction

Input: Unit norm frame &, measurement vector y, and a threshold A > 0

Output: Sparse OST estimate xO5T
T 0 {Initialize )
z < PYy {Form signal proxy}
H —{i:lzi| > 1} {Select indices via OST}

f%;T — (@ Py {Reconstruct signal via least-squares }
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Also, we use 7, (t) :={i : |x;| > ?mp lx|+/21og M} to denote the locations of en-
tries of x that, roughly speaking, lie above the self-interference floor g | x||. Fi-
nally, we also need a stronger version of the coherence property for reconstruction
guarantees.

Definition 9.4 (The Strong Coherence Property [3]) We say a unit norm frame ¢
satisfies the strong coherence property if

1 227
SCP-1 < d (SCP-2 < —.
( ) Mo =< T64Tog M and ( ) ve <

VN

Theorem 9.15 [4] Take a unit norm frame @ which satisfies the strong coherence
property, pick t € (0,1), and choose ) =/20%log M max{lOpL@«/N SNR, 1 t
Further, suppose x € CM has support ¢ drawn uniformly at random from all pos-
sible K -subsets of {1, ..., M}. Then provided

M

D 9.21
T el @l log M 20

Algorithm 3 produces A such that Is()N T, (1) S sz\g K and ¥O5T such that

[x = %T| < ciny/o21 A TIog M + ciallx 7] 9.22)

with probability exceeding 1 — 10M ~'. Finally, defining T := |7, (t) N Z,,(t)], we

further have
lx =X < cr1y/o?K logM + cpallx — x7| (9.23)

—1/2

2 _ e
e anden=1+=m

in the same probability event. Here, c190 = 37e, c11 = =

are numerical constants.

A few remarks are in order now for Theorem 9.15. First, if @ satisfies the strong
coherence property and @ is nearly tight, then OST handles sparsity that is almost
linear in N: K = O(N/log M) from (9.21). Second, the ¢, error associated with
the OST algorithm is the near-optimal (modulo the log factor) error of /02K log M
plus the best T-term approximation error caused by the inability of the OST algo-
rithm to recover signal entries that are smaller than O (g ||x||/2log M). In par-
ticular, if the K-sparse signal x, the worst-case coherence g, and the noise n
together satisfy ||x — x7|| = O(y/o2K log M), then the OST algorithm succeeds
with a near-optimal £; error of ||x —X|| = O(y/02K log M). To see why this er-
ror is near-optimal, note that a K -dimensional vector of random entries with mean
zero and variance o> has expected squared norm 2K ; in here, the OST pays an
additional log factor to find the locations of the K nonzero entries among the en-
tire M-dimensional signal. It is important to recognize that the optimality condition
lx — x7|| = O(v/o%K log M) depends on the signal class, the noise variance, and
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the worst-case coherence of the frame; in particular, the condition is satisfied when-

ever ||lx 0\ 7, (|l = O (/oK log M), since

Il = x71 < 7, 0l + 15 201 = O (02K Tog M ) + I\ 7,0 -
(9.24)
We conclude this subsection by stating a lemma from [4] that provides classes
of sparse signals which satisty |x \ 7, Il = O/ 02K log M) given sufficiently
small noise variance and worst-case coherence.

Lemma 9.3 Take a unit norm frame @ with worst-case coherence g < % for
some c13 > 0, and suppose that K < m for some c14 > 0. Fix a constant
B € (0, 1], and suppose the magniz‘udels4 of BK nonzero entries of x are some o =
2(y/o%log M), while the magnitudes of the remaining (1 — B)K nonzero entries

are not necessarily the same, but are smaller than o and scale as O(y/oZ2log M).
Then || x 0\ 7, = O(/o?K log M), provided c3 < 2%%

In words, Lemma 9.3 states that OST is near-optimal for those K -sparse signals
whose entries above the noise floor have roughly the same magnitude. This sub-
sumes a very important class of signals that appears in applications such as multi-
label prediction [47], in which all the nonzero entries take values +o.

9.4 Finite Frames for Detecting the Presence of Sparse Signals

In the previous sections, we discussed the role of frame theory in recovering and
estimating sparse signals in different settings. We now consider a different problem:
detecting the presence of a sparse signal in noise. In the simplest form, the problem
is to decide whether an observed data vector is a realization from a hypothesized
noise-only model or from a hypothesized signal-plus-noise model, where in the lat-
ter model the signal is sparse but the indices and the values of its nonzero elements
are unknown. The problem is a binary hypothesis test of the form

Sy OO m), (9.25)

{ Hy:y=Pn,
where x € R is a deterministic but unknown K -sparse signal, the measurement
matrix @ = {¢;}, is a frame for RV, N < M, which we get to design, and n € RY
is a white Gaussian noise vector with covariance matrix E[an’ ] = (0,12 /M)Id.

We assume here that the number of measurements N allowed for detection is
fixed and prespecified. We wish to decide whether the measurement vector y € RY
belongs to model .74 or 77{. This problem is fundamentally different from that of
estimating a sparse signal, as the objective in detection typically is to maximize the
probability of detection, while maintaining a low false alarm rate, or to minimize the
total error probability or a Bayes risk, rather than to find the sparsest signal that fits
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a linear observation model. Unlike the signal estimation problem, the detection of
sparse signals has received very little attention so far, with notable exceptions being
[45, 56, 74]. But in particular, the design of optimal or near-optimal compressive
measurement matrices for detection of sparse signals has scarcely been addressed
[76, 77]. In this section, we provide an overview of selected results by Zahedi et
al. [76, 77], concerning the necessary and sufficient conditions for a frame @ to
optimize a measure of detection performance.

We look at the general problem of designing the measurement frame @ to maxi-
mize the measurement SNR, under .71, which is given by

®x|?

SNR = . 9.26
NR o2/ M (9.26)

This is motivated by the fact that for the class of linear log-likelihood ratio detectors,
where the log-likelihood ratio is a linear function of the data, the detection perfor-
mance is improved by increasing the SNR. In particular, for a Neyman—Pearson
detector (see, e.g., [60]) with false alarm rate Pr < y, the probability of detection

Py=0(Q'(y) — v/sNR) 9.27)

is monotonically increasing in SNR, where Q(-) is the Q-function, given by

0(z) = /ooe_wz/Zdw. (9.28)

In addition, maximizing SNR leads to maximum detection probability at a prespeci-
fied false alarm rate in an energy detector, which simply tests the energy of the mea-
sured vector y against a threshold. Without loss of generality, we assume that 0,12 =1
and ||x||?> =1, and we design @ to maximize the measured signal energy | ®x||>.
To avoid coloring the noise vector n, that is, to keep the noise vector white, we
constrain the measurement frame @ to be Parseval, or tight with frame bound equal
to one. That is, we only consider frames for which the frame operator S = &7
is identity. From here on we simply refer to these frames as tight frames, but it is
understood that all tight frames we consider in this section are in fact Parseval.

In solving the problem, one approach is to assume a value for the sparsity level
K and design the measurement frame @ based on this assumption. This approach,
however, runs the risk that the true sparsity level might be different. An alternative
approach is not to assume any specific sparsity level. Instead, when designing @,
we prioritize the level of importance of different values of sparsity. In other words,
we first find a set of solutions that are optimal for a K1-sparse signal. Then, within
this set, we find a subset of solutions that are also optimal for K,-sparse signals. We
follow this procedure until we find a subset that contains a family of optimal solu-
tions for sparsity levels K1, K2, K3, .... This approach is known as a lexicographic
optimization method (see, e.g., [33, 43, 48]). The measurement frame design natu-
rally depends on one’s assumptions about the unknown vector x. In the following
sections, we review two different design problems, namely a worst-case SNR design
and an average SNR design, following the developments of [76, 77].
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We note that lexicographic optimizations have been employed earlier in [46] in
the design of frames that have maximal robustness to erasures of frame coefficients.
The analysis used in deriving the main results for the worst-case SNR design is
similar in nature to that used in [46].

9.4.1 Worst-Case SNR Design

In the worst-case design for a sparsity level K, we consider the vector x that min-
imizes the SNR among all K-sparse signals and design the frame @ to maximize
this minimum SNR. Of course, when minimizing the SNR with respect to x, we
have to find the minimum SNR with respect to both the locations and the values
of the nonzero entries in x. To combine this with the lexicographic approach, we
design the matrix @ to maximize the worst-case detection SNR, where the worst
case is taken over all subsets of size K; of elements of x, where K; is the sparsity
level considered at the ith level of lexicographic optimization. This is a design for
robustness with respect to the worst sparse signal that can be produced.

Consider the Kth step of the lexicographic approach. In this step, the vector x is
assumed to have up to K nonzero entries, and we assume ||x |2 = 1. But otherwise,
we do not impose any constraints on the locations and the values of the nonzero
entries of x. We wish to maximize the minimum (worst-case) SNR, produced by
assigning the worst possible locations and values to the nonzero entries of the K -
sparse vector x. Since we assume onz = 1, this corresponds to a worst-case design
for maximizing the signal energy ||®x .

Let Ay be the set containing all (N x M) tight frames. We recursively define the
set Bk, K =1,2,..., as the set of solutions to the following worst-case optimiza-
tion problem [77]:

max min ||<Dx||2,
® X
s.t. @ e ABg_, (9.29)

xll =1,
x is K-sparse.

The optimization problem for the K'th stage (9.29) involves a worst-case objective
restricted to the set of solutions Zk_; from the (K — 1)th problem. So, Bx C
PBk-1C - CH.

Now let 2 = {1,2,..., M}, and define 2k to be ¢ ={w C 2 : |w| = K}.
For any .7 € 2k, let x4 be the subvector of size (K x 1) that contains all the
components of x corresponding to indices in 7. Similarly, given a frame @, let
@ 7 be the (N x K) submatrix consisting of all columns of @ whose indices are
in 7. Note that the vector x > may have zero entries and hence is not necessarily
the same as the support of x. Given .7 € 2k, the product @x can be replaced by
@ 7x 7 instead. To consider the worst-case design, for any 7 we need to consider
the x & that minimizes ||® #x & ||* and then also find the worst .7 € Q2. Using this
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notation and after some simple algebra, the worst-case problem (9.29) can be posed
as the following max-min problem [77]:

MaxXgMmin 7 Amin (P 5@ 7).
(Pk) s.t. & ePBg_1, (9.30)
= .QK,

where )\m-m(cbg @ 7) denotes the smallest eigenvalue of the frame sub-Gramian
Goyr =0, 07.

To solve the worst-case design problem, we first find the solution set % for prob-
lem (Z)). Then, we find a subset %, C A as the solution for (£;). We continue
this procedure for general sparsity level K.

Sparsity level K =1 If K = 1, then any .7 such that | 7| = 1 can be written as
T ={i} withi € £2, and @ 5 = ¢; consists of only the ith column of @. Therefore,
qﬁgqﬁy = |l¢;|1%, and 2, simplifies to

max min [l¢; |,
1
s.t. @ € Ay, (9.31)
ief2.

We have the following result.

Theorem 9.16 [77] The optimal value of the objective function of the max-min
problem (9.31) is N/M, and a necessary and sufficient condition for ® € P to
lie in the solution set A is for ® = {(?)i}f‘il to be an equal norm tight frame with

gill = /N/M, fori =1,2,..., M.

Sparsity level K =2  The next step is to solve (). Given .7 € £2, the matrix
@ 7 consists of two columns, say, ¢; and ;. So, the matrix @9@ 7 in the max-min
problem (£%,) is a (2 x 2) matrix:

T | i) (i 0))
qjygp‘?_[(@i,fﬂj) (%w@j)]'

The solution for this case must lie among the family of optimal solutions for K = 1.
In other words, the optimal solution @ must be an equal norm tight frame with
@il =~/N/M, fori=1,2,..., M. Therefore, we have

1 cosa;j
T _ ij
oLd7 = (N/M) [cosa,-j : ] ,

where «;; is the angle between vectors ¢; and ¢ ;. The minimum possible eigenvalue
of this matrix is

hmin(P5®7) = (N/M)(1 — o), 9.32)
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where e is the worst-case coherence of the frame @ = {(p,-}f‘i | € %, as defined
in (9.1).
Now, let pmin be the minimum worst-case coherence

in = min 9.33
Mmin <Del<%1 Ho ( )

for all frames in %8, . We refer to the element of % that has the worst-case coherence
Wmin as a Grassmannian equal norm tight frame.
We have the following theorem.

Theorem 9.17 [77] The optimal value of the objective function of the max-min prob-
lem (92) is (N/M)(1 — pmin). A frame @ is in %, if and only if the columns of @
form an equal norm tight frame with norm values «/N/M and Hé = Kmin. In other
words, the solution to (£) is an N x M Grassmannian equal norm tight frame.

Sparsity level K > 2  We now consider the case where K > 2. In this case,
T € 2k can be written as 7 = {iy, i2,...,ix} C £2. From the previous results,
we know that an optimal frame & € #k must be a Grassmannian equal norm tight
frame, with norms «/N/M and worst-case coherence pmin. Taking this into ac-
count, the (K x K) matrix qsgqf)g in (Zk), K > 2, can be written as @9(137 =
(N/M)[ld + A 7] where A 7 is given by

0 COSQjjiy ... COSQ i,
COS &} iy 0 co. COSQhyiy
Ag = . . : . ) (9.34)
CosS@ i, COSQiyi, --- 0

and cos@;,;, is the cosine of the angle between frame elements ¢;, and ¢; poin #
ir e 7. Itis easy to see that

Amin(@ 5P 7) = (N/M)(1 + Amin(A 7). (9.35)

So, the problem (Pk), K > 2, simplifies to

maxemin g Amin (A7),
(Pk) st. ®ePg_1, (9.36)
T e k.

Solving the above problem however is not trivial. But we can at least bound the
optimum value. Given .7 € Q2, let §;,; ; and Api, be

A

Sipip = Mmin — |€cOSQii |, inFife€ T, (9.37)
Ain = min > i (9.38)

ihyﬁifeﬂ
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Also, define A in the following way:

A= min E Sivi-
969,(. N thtf
intifes

We have the following theorem.

Theorem 9.18 [77] The optimal value of the objective function of the max-min
problem (Px) for K > 2 lies between (N /M)(1 — (12<)Mmin + Amin) and (N /M) x
(I = fmin)-

Before we conclude the worst-case SNR design, a few remarks are in order.

1. Examples of uniform tight frames and their methods of construction can be found
in [8, 13, 19, 20] and the references therein.

2. In the case where K =2, <D <D 7 associated with the frame & identified in The-
orem 9.17 has the largest mlmmum eigenvalue (N /M)(1 — pimin) and the small-
est maximum eigenvalue (N/M)(1 + min) among all @ € B and T € §2,.
This means that the solution @ to (Z,) is an RIP matrix of order 2 with optimal
RIC 62 = tmin. .

3. In general, the minimum worst-case coherence i, of the solution @ to (L),
K > 2, is bounded below by the Welch bound (see Lemma 9.2). However, when
1<N<M-—1and

M <min{N(N +1)/2,(M — N)(M — N +1)/2}, (9.39)

the Welch bound can be met [64]. For such a case, all frame angles are equal and
the solution to (k) for K > 2 is an equiangular equal norm tight frame. Such
frames are Grassmannian line packings (see, e.g., [8, 21, 24,49, 52, 58, 63—-65]).

9.4.2 Average-Case Design

Let us now assume that in (9.25) the locations of nonzero entries of x are random,
but their values are deterministic and unknown. We wish to find the frame @ that
maximizes the expected value of the minimum SNR. The expectation is taken with
respect to a random index set with uniform distribution over the set of all possible
subsets of size K; of the index set {1,2,..., M} of elements of x. The minimum
SNR, whose expected value we wish to maximize, is calculated with respect to the
values of the entries of the vector x for each realization of the random index set.
Let Jk be a random variable that is uniformly distributed over £2x. Then
P () = 1/(%) is the probability that Jx =t for t € 2g. Our goal is to find a
measurement frame @ that maximizes the expected value of the minimum SNR,
where the expectation is taken with respect to the random J, and the minimum
is taken with respect to the entries of the vector x on Jk. Taking into account
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the simplifying steps used earlier for the worst-case problem and also adopting the
lexicographic approach, the problem of maximizing the average SNR can then be
formulated in the following way.

Let .4 be the set containing all (N x M) tight frames. Then for K = 1,2, ...,
recursively define the set 4% as the solution set to the following optimization prob-
lem:

maxngmeinxK ||¢<7KXK ”2’
st. e Mg, (9.40)
lxgll =1,

where E 7, is the expectation with respect to Jk . As before, the (N x K) matrix

@ 7, is a submatrix of @ whose column indices are in Jk. This problem can be
simplified to the following [77]:

maxeE 7, Amin (@, @ 7).,

F K Tk K 9.41

(7K {S.t. de Nk ( )

To solve the lexicographic problems (%), we follow the same method we used
earlier for the worst-case problem; i.e., we begin by solving problem (.%). Then,
from the solution set .47, we find optimal solutions for the problem (.%;), and so on.

Sparsity level K =1  Assume that the signal x is 1-sparse. So, there are (1\1/1 ) =M
different possibilities to build the matrix @ & from the matrix @. The expectation
in problem (%) can be written as:

M
N
]E% Amin((pea (p‘q Z P (t))\mln d) (Dt = Z ||§01 ||2 = M
tes2y i=1
(9.42)

The following result holds.

Theorem 9.19 [77] The optimal value of the objective function of problem (%)) is
N /M. This value is obtained by using any @ € Ny, i.e., any tight frame.

Theorem 9.19 shows that, unlike the worst-case problem, any tight frame is an
optimal solution for the problem (.%]). Next, we study the case where the signal x
is 2-sparse.

Sparsity level K = 2 For problem (%,), the expected value term
Eyﬂ»min(‘?% @ 7,) is equal to

M j-
Z p%(t))\mln(d) (pt) M(M—] ZZ min (D{l ]}(p{t ]}) (943)
j=2i=1

tes2y

In general, solving the family of problems (%), K =2,3,..., is not trivial.
However, if we constrain ourselves to the class of equal norm tight frames, which
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also arise in solving the worst-case problem, we can establish necessary and suf-

ficient conditions for optimality. These conditions are different from those for the

worst-case problem and, as we will show next, the optimal solution here is an equal
norm tight frame for which a cumulative measure of coherence is minimal.

Let . be defined as 4 = {® : ® € M, |l¢ill = /N/M,Vi € 2}. Also, for

K =2,3,..., recursively define the set .#x as the solution set to the following

optimization problem:
, maxe E 7, Xmin(cbg D7),
o 049

We will concentrate on solving the above family of problems instead of (Zk), K =
2,3, .... We have the following results.

Theorem 9.20 [77] The frame @ is in > if and only if the sum coherence of @,
Le., Z, L e o1/ i @)1 is minimized.

Theorem 9.20 shows that for problem (ﬁz/), angles between elements of the
equal norm tight frame @ should be designed in a different way than for the worst-
case problem. For example, an equiangular tight frame of M = 2N in N dimen-
sions, with vectors of equal norm 4/1/2, has worst-case coherence 1/(24/2N — 1)
and sum coherence N+/2N — 1/2, while two copies of an orthonormal basis form a
frame with worst-case coherence 1/2 and sum coherence N /2. While it is not clear
whether copies of orthonormal bases form tight frames with minimal sum coher-
ence, this example certainly illustrates that Grassmannian frames do not, in general,
result in minimal sum coherence. To the best of our knowledge, no general method
for constructing tight frames with minimal sum coherence has been proposed so far.

The following lemma provides bounds on the sum coherence of an equal norm
tight frame.

Lemma 9.4 [77] For an equal norm tight frame @ with norm values /N /M, the
following inequalities hold:

M j—1

c|(M/N = 1) =2(M = Dug | <D i 9j)| <M — Dy,
j=2i=1

_( (N/M)? MM -2)
~\1—-2(N/M) 2 ’
Sparsity level K > 2  Similar to the worst-case problem, solving problems (ﬂ}()

for K > 2 is not trivial—the solution sets for these problems all lie in .#>, and
(:#,) is still an open problem. The following lemma provides a lower bound for the

where

optimal objective function of (9}(), K >2.
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Lemma 9.5 [77] The optimal value of the objective function for problem (ﬁ}(),
K > 2, is bounded below by (N/M)(1 — (K(K — 1)/2)ug).

We conclude this section by giving a summary. In the worst-case SNR prob-
lem, the optimal measurement matrix is a Grassmannian equal norm tight frame for
most—and an equal norm tight frame for all—sparse signals. In the average SNR
problem, we limited ourselves to the class of equal norm tight frames and showed
that the optimal measurement frame is an equal norm tight frame that has minimum
sum coherence.

9.5 Other Topics

As mentioned earlier, this chapter covers only a small subset of the results in the
sparse signal processing literature. Our aim has been to simply highlight the central
role that finite frames and their geometric measures, such as spectral norm, worst-
case coherence, average coherence, and sum coherence, play in the development
of sparse signal processing methods. But many developments, which also involve
finite frames, have not been covered. For example, there is a large body of work
on signal processing of compressible signals. These are signals that are not sparse,
but whose entries decay in magnitude according to a particular power law. Many
of the results covered in this chapter on estimating sparse signals have counterparts
for compressible signals. The reader is referred to [17, 23, 26, 27] for examples
of such results. Another example is the estimation and recovery of block-sparse
signals, where the nonzero entries of the signal to be estimated are either clustered
or the signal has a sparse representation in a fusion frame. Again, the majority of the
results on the estimation and recovery of sparse signals can be extended to block-
sparse signals. The reader is referred to [9, 35, 62, 78] and the references therein.
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Chapter 10
Finite Frames and Filter Banks

Matthew Fickus, Melody L. Massar, and Dustin G. Mixon

Abstract Filter banks are fundamental tools of signal and image processing. A fil-
ter is a linear operator which computes the inner products of an input signal with
all translates of a fixed function. In a filter bank, several filters are applied to the
input, and each of the resulting signals is then downsampled. Such operators are
closely related to frames, which consist of equally spaced translates of a fixed set
of functions. In this chapter, we highlight the rich connections between frame the-
ory and filter banks. We begin with the algebraic properties of related operations,
such as translation, convolution, downsampling, the discrete Fourier transform, and
the discrete Z-transform. We then discuss how basic frame concepts, such as frame
analysis and synthesis operators, carry over to the filter bank setting. The basic the-
ory culminates with the representation of a filter bank’s synthesis operator in terms
of its polyphase matrix. This polyphase representation greatly simplifies the pro-
cess of constructing a filter bank frame with a given set of properties. Indeed, we
use this representation to better understand the special case in which the filters are
modulations of each other, namely Gabor frames.

Keywords Filter - Convolution - Translation - Polyphase - Gabor

10.1 Introduction

Frame theory is intrinsically linked to the study of filter banks, with the two fields
sharing a great deal of common history. Indeed, much of the modern terminology
of frames, such as analysis and synthesis operators, was borrowed from the filter
bank literature. And though frames were originally developed for the study of non-
harmonic Fourier series, much of their recent popularity stems from their use in

M. Fickus (X)) - M.L. Massar

Department of Mathematics, Air Force Institute of Technology, Wright-Patterson AFB,
OH 45433, USA

e-mail: Matthew.Fickus @afit.edu

D.G. Mixon
Program in Applied and Computational Mathematics, Princeton University, Princeton, NJ 08544,
USA

P.G. Casazza, G. Kutyniok (eds.), Finite Frames, 337
Applied and Numerical Harmonic Analysis,
DOI 10.1007/978-0-8176-8373-3_10, © Springer Science+Business Media New York 2013


mailto:Matthew.Fickus@afit.edu
http://dx.doi.org/10.1007/978-0-8176-8373-3_10

338 M. Fickus et al.

Gabor (time-frequency) and wavelet (time-scale) analysis; both Gabor and wavelet
transforms are examples of filter banks.

In this chapter, we highlight the connections between frames and filter banks.
Specifically, we discuss how analysis and synthesis filter banks correspond to the
analysis and synthesis operators of a certain class of frames. We then discuss the
polyphase representation of a filter bank—a key tool in filter bank design—which
reduces the problem of constructing a high-dimensional filter bank frame to that
of constructing a low-dimensional frame for a space of polynomials. For the signal
processing researcher, these results show how to build filter banks that possess the
hallmarks of any good frame: robustness against noise and flexibility with respect to
redundancy. Meanwhile, for the frame theorist, these results show how to construct
many explicit examples of frames, and also pose many new, interesting problems
regarding the generalization of frame theory to spaces of polynomials.

Like frames, filter banks are essentially sequences of vectors in a Hilbert space.
But, whereas the vectors in a frame are somewhat arbitrary, the vectors in a filter
bank are, by definition, obtained by taking all evenly spaced translates of the vectors
from some given collection. As such, we only consider filter banks in Hilbert spaces
on which a translation operator can be defined. In the signal processing literature,
the Hilbert space of choice is usually

02(Z) :={x:Z—>(C

Z|x[k1|2<oo},

keZ

namely the space of all finite-energy complex-valued sequences over the integers.
Here, the translation by k operator is T : €2(Z) — ¢*(Z), (T*x)[k'] := x[k’ — k].
Electrical engineers like to use this space despite its infinite dimension since it nat-
urally corresponds to the discrete samples of an analog signal defined over a real-
variable time axis. Such signals naturally arise in a variety of real-world applica-
tions.

For instance, in classical radar, one transmits an electromagnetic pulse which we
model as a function of time ¢. This pulse travels through the atmosphere until it
encounters a target, such as an aircraft. The pulse then bounces off the target and
returns to a receiver which is located alongside the transmitter. Here, the measured
return signal x can be modeled as x[k'] = agp[k’ — k] + v[k'], where « relates to
the fraction of the transmitted energy that was received, k corresponds to the time
lag incurred by ¢ as it traveled to the target and back again, and v[k'] is noise,
such as background radiation. The radar operator then processes the received signal
x = aTkp + v with the goal of estimating k: multiplying this time lag by one-half
the speed of light gives the distance to the target. The standard method for such
processing is known as matched filtering, which computes the inner products of x
with all possible translates of ¢:

(x, Tk/(p> = (2T ¢ +v, Tk/<p> =a(p, Tk_k/<p> + (v, Tk/go).
Here, the Cauchy-Schwarz inequality gives

o, T X o) < llpl [ T* ¥ 0| = lpll? = (o, T ),
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and so it’s reasonable to believe that the desired parameter k can be approximated by
the k' that maximizes |(x, Tkl(/)) |, provided the magnitude of the noise v is relatively
small. Here, the term “matched” in “matched filtering” means that one analyzes the
returned signal x in terms of the transmitted one ¢.

More generally, regardless of the relationship between x and ¢, the act of com-
puting the inner products of x with all translates of ¢ is known as filtering x. To be
precise, in the language of frames, this operation corresponds to applying the frame
analysis operator of {TX¢}zcz, and so we refer to it as the analysis filter corre-
sponding to the filter ¢. Filter banks arise from a collection {¢; } 2’:_01 of such filters.
In particular, an analysis filter bank is the frame analysis operator of {T¥ ¢, },11\/:_01’ ez
namely a transform which, given x, computes (x, T¥¢,) for all k and n. Such filter
banks arise naturally in applications. For instance, in radar one often uses Gabor
filter banks in which the ¢,,’s correspond to distinct modulations of the transmitted
waveform ¢; by computing the indices k£ and n for which |(x, T*p,)| is maximal,
one estimates not only the distance to the target via k, but also the speed at which
the target is approaching the radar via n, as a consequence of the Doppler effect.

Similar rationales have led to the use of filter banks in many real-world applica-
tions. In short, they are natural tools for detecting the times or locations at which
a given fixed set of features appear in a given signal. As filter banks have risen in
popularity, more attention has been paid to their subtle details. In particular, with
the rise of wavelets, attention shifted to the case where one does not compute in-
ner products of x with every translate of ¢,, but rather only with a subcollection
{(TMP <p,,}fl\’=_01’ el of equally spaced translates; this helps one compensate for the
greater amount of computation required as N grows large. Attention has further
shifted toward the sensitivity of filter banks to noise, as well their use for signal re-
construction; both topics led to the advent of frames, namely a desire to find frame
bounds A and B such that

N-—1
All? < 303 | TP, < Blxl?, Vx € (@),
n=0 peZ

As discussed in previous chapters, such frame expansions are more robust to noise
and conducive to stable reconstruction provided A is close to B. The fundamental
frame-theoretic properties of filter banks over £2(Z) are given in [4, 8].

This book is specifically about finite frames. As such, in this chapter we cannot
make direct use of the infinite-dimensional results of [4, 8]. Rather, we follow the
approach of [7, 11], in which the results of [4, 8] are generalized to the context of
the finite-dimensional Hilbert space:

e(Zp):={x:Z— C|x[p+ Pl=x[plV¥peZ}, (10.1)

namely the space of all P-periodic complex-valued sequences over the integers,
where P is any fixed positive integer. This space is a Hilbert space under the stan-
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dard inner product

(x1,:2) = Y xilpl(x2lp))”,

PELp

where ¢* denotes the complex conjugate of a number ¢ € C while the indexing
“p € Z,,” means choosing one representative from each of the P cosets of the sub-
group PZ of the integers; one may for example take p =0, ..., P — 1. For each
p € Z, consider the §-Dirac function §,, € £(Zp):

A_ |1, p=p' modP,
5"[”]_{0, p#p mod P.

One can quickly show that {6,} ez, is an orthonormal basis in £(Zp)—called the
standard basis—and as such £(Zp) is a P-dimensional Hilbert space. It is therefore
isometric to C*; in fact the only “difference” between vectors in C? and those in
£(Zp) is that the indices of vectors in CP are typically takentobe p=1,..., P
whereas the indices of vectors in £(Zp) can be regarded as elements of the cyclic
group Zp :=7Z/PZ=1{0,..., P — 1}.

The translation operator over £(Zp) is defined similarly to its infinite-dimensional
cousin, namely T : £(Zp) — £(Zp), (Tx)[p] := x[p — 1]. However, these two
translation operators behave differently due to the periodic nature of signals in
L(Zp). Indeed, viewing x as a P x 1 column vector indexed from 0 to P — 1,
Tx is obtained by shifting the entries of the vector down by one entry and cycling
the (P — 1)th entry of x up into the zero index: (Tx)[0] = x[0 — 1] = x[P — 1].
More generally, p’ repeated applications of T correspond to cyclic translation by p’:
(Tp/x)[p] = x[p — p’], where the P-periodicity of x implies that the subtraction
p — p/ may be performed modulo P. In particular, this cyclic translation opera-
tor satisfies (TPx)[p] =x[p — P] = x[p] for all x and so TP = 1. This stands in
contrast to the translation operator on ¢2(Z) which satisfies T = I for all nonzero
integers m.

Working over £(Zp) instead of 0%(Z) has both advantages and disadvantages.
One can easily argue that 02(Z) is often the more realistic signal model, since many
real-world signals, such as electromagnetic waves and images, are usually not pe-
riodic. At the same time, £(Zp) is a more realistic setting from the point of view
of computation: a computer can only perform a finite number of algebraic opera-
tions in any fixed period of time. Also, from the point of view of the mathematics
itself, working over £(Z p) makes filter banks a purely algebraic topic, while work-
ing over £%(Z) requires functional analysis. In any case, with regard to this chapter,
this point is moot: our focus is the special topic of how filter banks are examples of
finite frames, and as such, we must work with finite-dimensional filter banks. That
said, for one to become a true filter bank expert, both in theory and application, one
must understand them in both settings; comprehensive, mathematician-accessible
introductions to filter banks over £%(Z) from the engineering perspective are given
in [23, 26]. Much of the finite-dimensional presentation of this chapter is taken
from [7] and [11].
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In the next section, we discuss basic concepts of frames and filters, with a par-
ticular emphasis on the signal processing tools, such as convolutions, upsampling,
discrete Z-transforms and discrete Fourier transforms, that we will need later on.
In Sect. 10.3, we discuss the fundamental relationships between frames and filter
banks. In particular, we see how the frame analysis and synthesis operators of cer-
tain collections of vectors are analysis and synthesis filter banks, respectively. In
Sect. 10.4, we discuss the polyphase representation of a filter bank, and use it to
provide an efficient method for computing the optimal frame bounds of a filter bank.
In the fifth and final section, we then exploit this polyphase representation to delve
briefly into the theory of discrete Gabor frames.

10.2 Frames and Filters

Before discussing filter banks, let’s review the basics of finite frame theory in the
context of the P-dimensional Hilbert space £(Zp) defined in (10.1). Let A/ be an
index set of N elements, and let £(N) = {y : N’ — C} denote the set of complex-
valued functions over N'. The synthesis operator of a sequence of vectors @ =
{(,0,,}2/=1 inl(Zp)is @ : L(N) — €(Zp), Py =), p Ynlp,. Essentially, @ is the
P x N matrix whose columns are the ¢,,’s. Note that here and throughout, we make
no notational distinction between the vectors themselves and the synthesis operator
they induce. The analysis operator of @ 1is its adjoint @* : £(Zp) — £(N) defined
by (@*x)[n] := (x, ,) foralln € N The vectors @ are said to be a frame for £(Zp)
if there exist frame bounds 0 < A < B < oo such that A||x||> < ||®*x|? < B|x|?
for all x € £(Zp). The optimal frame bounds A and B of an arbitrary @ are the least
and greatest eigenvalues of the frame operator ® ®* : L(Zp) — £(Zp) given by

PO* =" 9.0},
neN

respectively, where the “row vector” @) is the linear functional ¢; : £(Zp) — C,
@nx = (X, ¢,). In particular, @ is a frame if and only if the ¢, s span £(Zp), which
necessitates P < N. Frames provide overcomplete decompositions of vectors; if @
is a frame for £(Zp), then any x € £(Zp) can be decomposed as

X=OUrx =Y (x, Yu)u,
neN

where ¥ = {{,,},en i @ dual frame of @, meaning it satisfies @Y™ = 1. Any
frame has at least one dual, namely the canonical dual given by the pseudoinverse
¥ = (@P*)~'®. Note that computing a canonical dual involves the inversion of
the frame operator. As such, when designing a frame for a given application, it is
important to retain control over the spectrum of @ @*.
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10.2.1 Filters

The remainder of the material in this section is classical, being a finite-dimensional
version of the well-known theory of filters [20, 24]. A filter bank is a special type of
frame in which the frame elements are required to be translates of each other. Before
studying filter banks in general, it helps to first consider the special case in which
the frame consists of every cyclic translate of a single vector ¢ in £(Zp). To be pre-
cise, recall from the introduction that the pth cyclic translate of ¢ is (TP@)[p'] :=
@[p’ — p]. Due to the fact that T¥ =1, we do not consider {T”¢} pez but rather
{TP@} yez, . Here, the indexing set V' is Zp, and so the analysis and synthesis oper-
ators of {T? ¢} ez, map from £(Zp) into itself. In particular, the synthesis operator
@ :U(Zp) — L(Zp), which is also known as the synthesis filter in this context, is

@nipl= Y [P 1 o)1= > y[plelr-r] 102

p'elp p'elp

Harmonic analysts will recognize the right-hand side of (10.2). Indeed, in general
the convolution of y1, yo € £(Zp) is y1 * y» € £(Zp) defined by

Grxylpl= Y ni[p]vlp-p].

p'ELp

and so the synthesis filter (10.2) is the operator that convolves a given input y with
¢. The following easily verified result gives several useful properties of convolution.

Proposition 10.1 For any y1, y2, y3 € £(Zp),

(a) Convolution is associative: (y1 * y2) * y3 = y1 * (y2 * ¥3).

(b) Convolution is commutative: y * y» = ya * y1.

(c) Convolution’s multiplicative identity is 5o: y1 * 8o = 1.

(d) Convolution distributes over addition: (y1 + y2) * y3 = (¥1 * y3) + (y2 * y3).
(e) Convolution distributes over scalar multiplication: (ay1) * y2 = a(y1 * y2).

In general, a linear operator @ : £(Zp) — £(Zp) is referred to as a time-invariant
filter precisely when there exists ¢ in £(Zp) such that @y =y x ¢ forall y € £(Zp).
Though succinct, this definition of a filter is not very intuitive. The next result gives
a better understanding of what a time-invariant filter truly is: a linear operator that
commutes with translation, that is, @T = T®. In other words, filters are linear op-
erators on £(Zp) for which delaying one’s input into @ by a given time results in an
equal delay in output. We further see that this is equivalent to having @ be a linear
combination of powers of the translation operator itself.

Proposition 10.2 The following are equivalent:

(a) @ is a time-invariant filter.
(b) D is linear and commutes with translation.
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(c) @ is a linear combination of the operators {TP} pez,p.

Moreover, for such @ we have @y = yx¢@ and ® = Zpezp o[ p]T? where ¢ = ®6.
Proof (a = c) Let @ be a filter. By definition, there exists ¢ € £(Zp) such that

@»[p]=0*a[p]=@*n[P]= D elply[p' - p]

PEZLp

= olpl(T?y)[p].

PELp

forany y € ¢(Zp) and p’ € Zp,andso @ =3, ¢[p]T? as claimed.
(¢ = b) Letting @ =) ¢[p]T?, we immediately have that @ is linear.

PELp
Moreover,
®T= ) @[pIT’T= > [pIT’*'= " [pITT? =T Y ¢[p]T’ =Ta.
pELp PELp PELp pELp

(b = a) Let @ be linear and satisfy @T =T®. Letting ¢ = @§), we therefore
have that 6, = @TP5y = TP Py = TP for all p € Zp. As such, for any y €
LUZp),

@[r]= <q> > y[p]ap)[p’]

PELp

= > yIpl@s,)[p']

PELp

=Y yIpl(Te)[p']

PELp

= ylple[p' - p]

PELp
=G *p)[p].

and so @y =y * ¢ as claimed. O
Here, an illustrative example is helpful.

Example 10.1 Let P = 8. We can represent any x € £(Zg) as a column vector in
C8, provided we take the indexing of this vector to begin at 0. The entries of this
column are the inner products of x with the elements of the standard basis {8 P}ZJ=0'
This representation induces an 8 x 8 matrix representation of any linear operator
@ from €(Zg) into itself: let the pth column of the matrix be the column vector
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representation of @4,. In particular, the translation operator is represented as

S o oo o~ O

eNeoloBeoNe N ==

SO OO~ OO O

S OO ~R OO OO

eNel Soleholeolk=

=N T NeloNeoloNoh=}

—_— O OO OO OO

SO OO O OO~

(10.3)

Let’s use Proposition 10.2 to compute the matrix representation of a filter @ defined
by @y = y % ¢ where ¢ is taken to be of the form adg + b1 + ¢8> + d 83 for the sake
of simplicity, where a, b, ¢, and d are some arbitrarily chosen complex numbers.
By Proposition 10.2, @ is of the form @ = aTO + bT! + ¢T? + dT3. That is, @ is
a linear combination of the translation by zero, one, two, and three operators whose
matrix representations are:

where for the sake of readability we have suppressed all zero entries. Combining
these four matrices with coefficients a, b, ¢, and d yields the matrix representation
of the filter @:

a d ¢ b
b a d c
c b a d
d ¢ b a
D= d c b a (10.4)
d ¢ b a
d ¢ b a
L d ¢ b a]

Note that @ is constant along diagonals, and moreover that these diagonals wrap
around from left to right and top to bottom. That is, the matrix representation of @
satisfies @[p, p'l=@[p + 1, p’ + 1] for all p and p’, where the index arithmetic
is performed modulo P. Such matrices are termed circulant. Every circulant matrix
corresponds to a filter @ where ¢ is given by the first column of the matrix. In
particular, for a fully general filter on £(Zg) we have ¢ = adg + bd; + c¢d2 +d&3 +



10 Finite Frames and Filter Banks 345

edq + f8s5 + gd¢ + hd7 which corresponds to placing the values %, g, f, and e on
the first, second, third, and fourth circulant superdiagonals of (10.4), respectively.

Applying (10.4) to an input column vector y yields the following output vec-
tor @y:

(y % )[0] = ay[0] + by[7] 4 cy[6] + dy[5],
(v * @)1l =ay[1]+ by[0] + cy[7] + dy[6],
(v *@)[2] = ay[2] + by[1] + cy[0] + dy[7],
(v *@)[31 =ay[3] + by[2] + cy[1] + dy[0],
(y * @)[4] = ay[4] + by[3] + cy[2] + dy[1],
(v *@)[5] = ay[5] + by[4] + cy[3] + dy[2],
(y x @)[6] = ay[6] + by[5] + cy[4] + dy[3],
(v x@)[7] = ay[7]1 + by[6] + cy[5] + dy[4].

Here, we see what filtering really does: it computes “rolling” inner products of the
input signal with coefficients from the filter. In particular, if the entries of ¢ are
nonnegative and sum to one, then filtering y with ¢ produces a sequence of rolling
averages of the values of y. For other choices of ¢, such as ¢ = 9 — §1, filtering
becomes akin to taking a discrete derivative. In the next subsection, we use the
discrete Fourier transform to get an even better intuitive understanding of filtering.

(10.5)

We now use the previous example to give a few notes on terminology. Though
the vector ¢ is occasionally referred to as a “filter,” technically speaking, this term
should be reserved for the operation of convolving with ¢; in the signal processing
literature, ¢ is known as the impulse response of the filter since it is the output one
receives after passing the impulse 8o through @, that is, ¢ = g * ¢ = P Jp.

The number K of nonzero values of ¢ is known as its number of taps; one often
seeks to design filters in which K is small, since a direct computation of (10.2) at any
fixed p requires K multiplications. For example, when a, b, ¢, and d are nonzero,
the filter (10.4) is called a 4-tap filter. In general, since we are working in £(Zp) this
number of taps is at most P. In particular, K is finite. However, in the standard signal
processing literature, ¢ is taken to be a member of the infinite-dimensional space
¢2(Z), and there one must draw a distinction between those ¢’s with a finite number
of taps and those with an infinite number, namely finite impulse response (FIR)
filters and infinite impulse response (IIR) filters, respectively. Though the concept
of FIR versus IIR does not carry over to £(Zp), one nevertheless tries to keep the
number of taps K as small as possible, subject to the other constraints that one needs
@ to satisfy for a given application.

Causal filters are another important concept in the signal processing literature.
To be precise, a filter ¢ in £2(Z) is causal if p[k] = 0 for all k < 0. Causality is only
a significant issue for signals whose input axis corresponds to time, such as audio
signals, as opposed to images which have two spatial input axes. Indeed, for signals
of time, causal filtering means that the filter requires no precognition: at any time,
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the value of the filtered signal only depends on the values of the input signal at that
and previous times. Such ideas do not immediately generalize to the £(Zp) setting,
as the requirement that k¥ < 0 has no meaning in Zp. Nevertheless, we can mimic
casuality by requiring that ¢ is supported on those integers which are equivalent to
{0,..., K — 1} modulo P; under this hypothesis (10.2) becomes

K—1
@yIpl=(yxplpl=@xpl= Y_ ¢[ply[p—r]=D_e[r']y[r—-r']
p'€lp p'=0

and so (®y)[p]l = ¢[0lylp]l + @[1lylp — 11 + - + ¢[K — 1]y[p — K + 1], as
desired. For example, as the impulse response ¢ of the filter @ given in (10.2) is
supported over the indices {0, 1, 2, 3}, then the value of @y = y % ¢ at any given
time p depends only on the values of y at times p, p — 1, p — 2, and p — 3, as
validated in (10.5).

Having discussed filters at length, we now examine their frame-theoretic prop-
erties. We have already seen that the synthesis operator @ : £(Zp) — £(Zp) of
{TP @} pezp is given by @y = y * ¢. Meanwhile, the corresponding analysis opera-
tor @* : L(Zp) — L(Zp) is given by

(@*x)lpl=(x. TP¢)= > x[plelr' = p])" = X *[p]6[p - p]=x+0,

P'ELp P'ELp

where ¢ is the involution (conjugate reversal) of ¢ defined as (@)[p] := (¢[—pD)*.
In particular, we see that the adjoint of filtering with ¢ is filtering with ¢. We refer
to @* as the analysis filter of ¢. For example, for the synthesis filter @ over £(Zg)
of (10.4) whose impulse response is ¢ = adp + bS1 + ¢8> + d 3, taking the conjugate
transpose of (10.4) yields

a* b* ¢* d*
a* b* ¢* d*
a* b* ¢t d*

a* b* ¢t d*
o "

a* b* ¢t d* |’
d* a* b* c*
c* d* a* b*
b* ¢* d* a*

namely the analysis filter @* whose impulse response is
o= a*8g+b*6_1 + ™6 +d*5_3=a"8¢g+d* 55+ c*5¢ + b*87.

Moreover, since both the analysis and synthesis operators of @ = {T” ¢} peZp are
filters, then so is the frame operator due to the associativity of convolution:

PP x =P (x*xQ)=(xx@)*xP=x* (0 * ). (10.6)
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That is, the analysis, synthesis, and frame operators of @ = {T* ¢} pezp correspond
to filtering with ¢, ¢, and ¢ * @, respectively. The function ¢ * ¢ is known as the
autocorrelation of @, as its value gives the correlation between ¢ and the translates
of itself: (¢ *x @)[p] = (¢, TP ).

Now that we have expressions for the canonical frame operators of @ =
(TP ¢} peZp» OUr next goals are to determine the conditions on ¢ that are needed
to ensure that @ is a frame for £(Zp), and in this case, to determine dual frames
¥ . Now, the optimal frame bounds for @ = {T” ¢} pezp are given by the extreme
eigenvalues of the frame operator @ @*. Since @ @* is a filter, we first find the eigen-
values of any filter @y = y * ¢ and then apply this result where ¢ is replaced with
¢ * @; the next subsection contains the tools needed to accomplish this task.

10.2.2 The Z-Transform and the Discrete Fourier Transform

The Z-transform is a standard tool in signal processing, and relates convolution to
polynomial multiplication. To be precise, when working in the infinite-dimensional
space 0%(Z), the Z-transform of (NS ¢Y(Z) is the Laurent series

[e¢]

Ze)(2):= Y glklz™.

k=—o00

Note that the assumption that ¢ € £!(Z) guarantees that this series converges abso-
lutely on the unit circle. Further note that the Z-transform of an FIR filter is but a
rational function, while the transform of a causal filter is a power series.

As our goal is to understand frames of translates in the finite-dimensional space
£(Zp), we must generalize this notion of a Z-transform. Mathematically speaking,
this frees us from needing analysis, while, at the same time, it forces us to consider
more exotic algebra. To be precise, the Z-transform of y € £(Zp) is

@@= Y ylpl, (10.7)

PEZp

which lies within the ring of polynomials Pp[z] := C[z]/ (zP — 1). Here, C[z] de-
notes the ring of all polynomials with complex coefficients where addition and mul-
tiplication are defined in the standard way, and (z¥ — 1) denotes the ideal generated
by z¥ — 1 which consists of all polynomial multiples of z¥ — 1. Defining two poly-
nomials in C[z] to be equivalent if their difference is divisible by z¥ — 1, the quotient
ring Pp[z] is the set of all corresponding equivalence classes. Essentially, Pp[z] is
the set of all polynomials whose exponents of z are regarded modulo P; apart from
this strangeness, polynomial addition and multiplication are defined in the usual
manner. For example, recalling Example 10.1 in which ¢ = adg + b8 + ¢8> + dd3
is considered in £(Zg), we have

Zp)(2) =a+bz ' +cz 2 +dz 3.
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Here, the exponents of z are only defined modulo 8, and as such we could have also
written (Zg)(z) = az® + bz’ + cz'* +dz~ 1, for example.

Note that the Z-transform is a bijection from £(Zp) onto Pp[z], with each sig-
nal y leading to a unique polynomial (Zy)(z) and vice versa. As with its infinite-
dimensional cousin, the usefulness of this finite-dimensional Z-transform is the nat-
ural way in which it represents convolution as polynomial multiplication.

Proposition 10.3 For any y, ¢ € £L(Zp), [Z(y * ¢)1(z) = (Zy)(2)(Z¢)(2).

Proof By definition,

Z@EZp@ =Y yipl? Y o[ple "

PELp p'ELp
=" Y yiple[p]e .
peLp p'elp

For any fixed p, replacing the variable p’ with p”’ = p + p’ gives the result:

@)@ =Y > yiple[p’ -l

pELp p"€Lp

= > (Z y[p]so[p”—p])f””

pNEZp meZp

=Y oxo)[p

p'elp

=2y x9)](@). O

For example, when P = 8, multiplying the Z-transform of a given signal y with
that of ¢ = adg + bS1 + ¢d2 + dd3 and collecting common terms—identifying the
exponents of z modulo 8—yields:

(Zy)(2)(Zp)(2)
= (y[0]+ y[11z™" + y[21z 7> + y[31z 7> + y[41z™* + y[512 7 + y[6]2™°
+y[777) x (@ + bz + ez +dz )
= (ay[0] + by[7] + cy[6] + dy[5])
+ (ay[11+ by[0] + ey[71 + dy[6])z ™"
+ (ay[2] + by[1] + cy[0] + dy[7])z 2
+ (ay[31+ by[2] + ey[11 +dy[0])z >
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ay[4] + by[3] + cy[2] +dy[1])z

+( )
+ (ay[51+ by[4] + cy[3] + dy[2])z
+ (ay[6] + by[5] + cy[4] + dy[31)z ¢
+( )

ay[7]+ by[6] + cy[5] + dy[4])z~’

which is precisely the Z-transform of y * ¢, directly computed in (10.5).

Now, since the exponents of z of a polynomial (Zy)(z) in Pp[z] are only well
defined modulo P, one cannot hope to evaluate this polynomial over the entire com-
plex plane. Indeed, the polynomial z> is equivalent to z° in P3[z], but inserting
¢ = —1 into each yields distinct values of (-1)}=—1land (-1)° =1, respectively.
In fact, the evaluation of a polynomial in the quotient ring Pp[z] = C[z]/(zF — 1)
is only well defined at points ¢ € C which are roots of the generator of the ideal.
That is, for y € £(Zp), (Zy)(¢) is only well defined at ¢ which satisfy {P —1=0,
namely, the Pth roots of unity {e*™1P/P} pezp- The evaluation of Zy at these points
is a type of Fourier transform. To be precise, the discrete Fourier transform of
y € £(Zp) is the operator F* : £(Zp) — £(Zp) defined by

(F*y)Lpl: —T(Zy)( e P/P) f > y[pe e /E (10.8)
p'Elp

The —= term in (10.8) is a normalization factor which makes the Fourier transform
a unitary operator. To see this, consider the discrete Fourier basis {f,} pez, in £(Zp)
whose pth vectoris f,[p M= L e27ipp'/P We immediately observe that the Fourier
transform is the analysis operator of this basis:

(F*y)[p]=% oyl le = N [P (. [P])T = (. £p).

pP'ELp P'eLp
Moreover, the geometric sum formula gives that this basis is orthonormal:

1 Y 4 1, p=p' modP
f,,f,)=— 2ni(p—p)H/P1P _ | b ’
(Ep, £pr) P pép[e ] 0, p#p” modP.

Being the analysis operator of an orthonormal basis, the Fourier transform is nec-
essarily unitary, meaning that the inverse Fourier transform is given by the corre-
sponding synthesis operator:

1 .,
(Fx)[p’]: Z x[p]fp[p’]z_ Z x[p]e27npp/P.
PEZyp ﬁpEZp

The relationship between the Z-transform, the Fourier transform, and the Fourier
basis is the key to understanding the eigenvalues and eigenvectors of a filter, and
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moreover, the significance of the term “filter” itself. To be precise, evaluating the
result of Proposition 10.3 at any pth root of unity gives

1 N
[FG*o)][p] = _P[Z(y «0)](€1717)
= L(Zy) (eZJTip//P)(Z(p) (eZHip//P)

JP
_ (F*y) [p/] (Zg) (e2n'ip//P)'
For any fixed p, letting y be the pth element of the Fourier basis then gives
[F &y« ][] = (F°1,) [P]20) (&7 777) = {8, £, ) Zo) (77 /7).

Since the Fourier basis is orthonormal, taking inverse Fourier transforms of this
relation then yields

f, x o =FF*(f, x ¢)

= > [Fd ][]ty

pP'ELp

= Y (5.1, )Ze) (7PNt

p'eLp

Thus, the operator @y :=y * ¢ satisfies Pf), = (Z(p)(e2”i1’/P)fp and so f, is an
eigenvector for @ with eigenvalue (Zg)(e**'?/?). We summarize this result as fol-
lows.

Proposition 10.4 If @ is a filter on £(Z p) with impulse response ¢, then each mem-
ber f}, of the Fourier basis is an eigenvector for @ with eigenvalue (Z¢) (e¥rir/ Py,

Note that the above result gives ®F = FD, where D is a diagonal (pointwise
multiplication) operator whose pth diagonal entry is (Zp)(e*™1P/P) Since F is uni-
tary, this is equivalent to having @ = FDF*; this is the famous result that every filter
(circulant matrix) can be unitarily diagonalized using the Fourier transform. More-
over, as we now explain, this result justifies the use of the term “filter.” Indeed, since
F is unitary, every y € £(Zp) can be decomposed in terms of the Fourier basis:

y=FFy= " (y.f,)f,. (10.9)
PELy

For any p, note that ~/Pf,[p'] = e2miPP' /P consists of the discrete samples of a
complex wave e>™'P* of frequency p over [0, 1]. As such, the decomposition (10.9)
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indicates how to break up the input signal y into an ensemble of waves, each wave
with its own constant distinct frequency. The magnitude and argument of the com-
plex scalar (y, f,) are the amplitude and phase shift of the pth wave, respectively.
By Proposition 10.4, applying a filter @ to (10.9) produces

Dy =Y (. 1)®f = Y (v, 5,)Ze) (/7). (10.10)
PEZyp PEZyp

By comparing (10.9) and (10.10) we see the effect of the filter @: each com-
ponent wave f, has had its magnitudes/phase-shift factor (y,f,) multiplied by
(Zg)(e¥*1P/P) In particular, for values p for which (Zg)(e**1P/?) is large, the pth
frequency component of @y is much larger than that of y. Similarly, for values p
for which (Z¢)(e*>"'P/") is small, the corresponding frequencies will be less appar-
ent in @y than they are in y. Essentially, @ acts like an equalizer on one’s home
stereo system: the input sound y is modified according to frequency to produce a
more desirable output sound @y. In particular, by carefully designing ¢, one can
create a filter @ that amplifies the bass or another that amplifies the treble; such fil-
ters are referred to as low-pass or high-pass, respectively, as they allow low or high
frequencies to pass through while filtering out undesired frequencies. Pairs of low-
and high-pass filters are essential to the theory of wavelets, as discussed in greater
detail in the following sections.

Having found the eigenvalues of an arbitrary filter, we then apply this result to
determine the frame properties of a sequence of translates @ = {T” ¢} )¢z, . Recall
that the corresponding synthesis, analysis, and frame operators correspond to filter-
ing with ¢, @, and ¢ * @, respectively, where ¢[p] := (¢[— p])*. We already know
that the eigenvalues of the synthesis filter are given by evaluating (Z¢)(z) at the
pth roots of unity. As such, the eigenvalues of the analysis filter of ¢p—which is the
synthesis filter of g—are given by evaluating

Z@) @)=Y dlplz? =Y (pl—p)z7 =) (¢lp))z" = (Z¢*)(z™")

PEZyp PELyp PELyp

at these same points. This can be further simplified by noting that ¢* = ¢ ~! when-
ever || = 1; as such for any pth root of unity ¢ we have

Z@) @)=Y _ (elp))c? = ( > <p[p];‘l’) =[Ze()]".
PEZyp PEZy

Thus, the eigenvalues of the analysis filter @* are the conjugates of those of @. This
fact along with Proposition 10.3 gives that the pth eigenvalue of @ @* is

[Z((p * ¢)](62nip/P) — (Z(p)(eZnip/P)(Z(ﬁ) (e2nip/P)
— (Z(p)(eZnip/P)[(Z(p)(e2nip/P)]*

=|@Zp) (P P)|7.
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Thus, the optimal frame bounds for @ = {T? ¢} ez, are the extreme values of the
squared modulus of the Z-transform of ¢ over all Pth roots of unity:

o 2rip/PY |2 2
A= min |(Zp)(e'P7T) :

_ 2wip/P
. B=mx |(Zp)(e'PT)

meaning that such a @ is a frame if and only if (Z@)(e2™1P/PY) = 0 for all p. More-
over, @ is a tight frame if and only if the Fourier transform of ¢ is flat, namely,

A 1 ;
5 =5l@o @) = |(Fo)ipl

P
for all p. As such, since @ = {T?¢} ¢z, consists of P vectors in a P-dimensional
space, we see that the set of all translates of ¢ is an orthonormal basis for £(Zp),
namely @ is unitary, if and only if |(F*p)[p]|* = % for all p.
Now recall that @ = {T?¢p},cz, can be written as ® = FDF*, where the pth
diagonal entry of D is (Z¢)(e*™'?/P). Whenever @ is a frame, these diagonal entries
are nonzero, and we see that the canonical dual frame ¥ is itself a filter:

¥ = (#®*)'® = (FDF*ED*F*)'EDF* =F(DD*) "' DF* =F(D*) " 'F*,
Writing ¥ = {T?v/} yez, where ¥ := ¥y is the impulse response of ¥, note that
this canonical dual satisfies @¥* = I. This means that filtering by ¥ may be undone
by filtering by ¢ and vice versa; every x € £(Zp) can be decomposed as

X = Z (x,T”l/f)T”go.

pELp

Note that in this setting @ is square and so ¥* = @~ this also follows immedi-
ately from having ¥ = F(D*)~'F*. Further note that the canonical dual filter v is
obtained by deconvolving ¢ by its autocorrelation ¢ * ¢:

Y =W =(0d*) D8y = (2d*) .
In the Z-transform domain, such deconvolution corresponds to polynomial division:

Zy)(2) Zp)(2) 1
Z¥) (@) = = -
Z(px9)(2)  Zp)()(Ze*)(z™")  (Ze*)(z)
This division implies that vy will often not be a “nice” filter even when ¢ is “nice.”
In particular, when working in the infinite-dimensional setting £2(Z), the reciprocal
of a finite-term rational function is often an infinite-term Laurent series. A similar
principle holds in the finite-dimensional setting of £(Zp): when @ = {T?¢} ,cz, is
a frame and ¢ has a small number of taps, its canonical dual filter ¢ will often have
a large number of taps, the exception to this rule being when ¢ has one tap, meaning
(Z¢)(z) is a monomial. Though algebraically nice, such one-tap filters leave much
to be desired from the point of view of applications: their Fourier transforms are
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flat, meaning they do not truly “filter” a signal in the sense of emphasizing certain
frequencies over others. Rather, they simply delay the signal. That is, any single
filter is unable to give us what we truly want: frequency selectivity and a small
number of taps for both the filter and its dual. To obtain these capabilities, we thus
generalize the preceding theory to operators that consist of multiple filters.

10.3 Filter Banks

A filter bank is an operator consisting of multiple filters. Such operators afford
greater design possibilities than any single filter. Though long a subject of inter-
est, filter banks became particularly popular during the heyday of wavelets [10].
Recall that the synthesis filter corresponding to ¢ is the synthesis operator of the set
@ = {TP@} ez, of all translates of ¢, namely, @y = y * ¢. Filter banks arise as a
natural generalization of this idea: consider the synthesis operator of the set of all
translates of multiple ¢’s.

To be precise, given a sequence of N desired impulse responses {gz)n}f:’:_ol in
L(Zp), we can generalize the theory of the previous section to systems of the form
{TP gan}n —0.pep- Note that this system consists of NP vectors in P-dimensional
space, and therefore necessarily has integer redundancy £ = N. In order to be
more flexible with respect to redundancy, we further generahze these notions to sys-
tems of translates by a subgroup of all possible translates. Specifically, given any
positive integer M and any {(pn}flv _01 in €(Zp p), consider the set of all M-translates
of the ¢,,’s, namely @ = {TMPy, " 70 pelp: Note here that we have changed the un-
derlying space from £(Zp) to £(Zy p) in the theory that follows, the spacing of the
translates M must diVide the length of the signal, and not making this change would
burden us with writing M instead of 51mply P

The synthesis operator of {TM gon} is an operator over the N P-

n=| O pEZp
dimensional space [£(Zp)]"V, namely, the direct sum of N copies of £(Zp). We
write any Y in [£(Zp)]N as ¥ = {y,,} _0 where y, lies in £(Zp) for all n Under
this notation, the synthesis operator @ : [£(Z PN — £(Zyp) of {TMP <p,, iy

is given by

N-1 N-1
(@ Lyl g k] = (Z > yn[plTMPgon)m: > > yalplgalk — Mp).

n=0 peZp n=0 peZp
(10.11)

We want to write this expression for @ in terms of convolutions in order to take
advantage of the rich theory of filters. Here, the issue is that the argument “p” of y,
in (10.11) does not match the “Mp” term in the argument of ¢,,. The solution to this
problem is to upsample y by a factor of M, namely, to stretch the P-periodic signal
y to an M P-periodic signal by inserting M — 1 values of 0 between any two values
of y. To be precise, the upsampling by M operator on £(Zp) is 1: £(Zp) — L(Zpy p)

n=| O PEZp
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defined by

yIk/M1, M|k,
(1 VK] —{ 0. Wik

This concept in hand, we return to the simplification of (10.11). Making the change
of variables k' = Mp gives

(Cb{)’n [k] Z Z yn k /M (,0,1 k k]

n=0 k’ EZMP
MK

—Z >ty [k enlk = K]

n=0k'eZyp

N-1

=D (¢ yw) % @)K, (10.12)

n=0

With (10.12), we turn to writing the analysis operator of {TMP gon} e o e

Zp in terms
of convolutions. Specifically, @* : £(Zy p) — [£(Z )1V is given by

(¢*x)n[p] = (x, TMpwn)ﬁ(ZMP)

= > x[KI[(T"Pg,)k]]"

kEZMP

= ) xlkgu[Mp k]

kEZMp
= (x % @) [Mp]
= [ G xan]ip. (10.13)

where |: £(Zyp) — £(Zp) is the downsampling operator |: £(Zpyp) — £L(Zp)
defined by (| x)[p] = x[Mp]. Downsampling by M transforms an M P-periodic
signal into a P-periodic signal by only retaining those indices which are divisible
by M. Collecting (10.12) and (10.13), we make the following definitions.

Definition 10.1 Given filters {gpn} ' C0(Zyp), the corresponding synthesis filter
bank is the operator @ : zpN - E(ZMP) defined by

B {ya} —Zmyn)wn

n=0

Meanwhile, the analysis filter bank @*: L(Zyp) — [L(Z )1V is defined by

o' x={l xxgn)) .
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L Pn-1 @— yN-1 @— ON-1 /|
Analysis @* Synthesis @

Fig. 10.1 An N-channel filter bank with a downsampling rate of M. The analysis filter bank &*
computes inner products of a given input signal x in £(Zy p) with the M-translates of each ¢,
resulting in the output signals @*x = {| (x * (Z,,)},]:';O' where each signal | (x % ¢,) lies in £(Zp).
Meanwhile, the synthesis filter bank @ forms a linear combination of the M -translates of the ¢,,’s
using the values of some {yn},’fgol in [£(Zpp)]V as coefficients: @{y,,}r]:’;()l = Z,]IV;OI 1 yn) * @n.
Regarding frame theory, these analysis and synthesis filter banks are the analysis and synthesis
operators of {TMP ‘pﬂ}r[:]:_ol, peLp and so the composition of these operators is the corresponding
frame operator. In the next section, we use the polyphase representation of this filter bank to give

an efficient method for computing the frame bounds of such a system

A diagram depicting these operations is given in Fig. 10.1.

Example 10.2 We conclude this section with some examples of filter banks. Indeed,
let’s first consider M = N = 2 and build from Example 10.1, considering two 4-tap
filters in £(Zg):

@0 = ady + b8y + 8y + ddy, @1 =edy + f81 + gbz + hdq.

Here, the synthesis filter bank is @ : [E(Z4)]2 — 0(Zg):

@{yo, y1} = (1 yo) * @o + (1 y1) * 1.
Writing the operation of filtering by ¢q as the circulant matrix (10.4) gives

d [ y0[0]]

0
yol1]
0
yol2]
0
yol3]
0

c
d

L O & Q
QU O

(1 yo) x o =

L O &
QLo T

L O &

L O &
o S
S Q

Q
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a c
b d
c a yol0]
d b yolll
= 10.14
¢ a || 1019
d b yol3]
c a
Writing (12 y1) * ¢ similarly and summing the results gives
[a cle g | [ yolO]]
b dlf h yoll]
c a g e yol2]
d b h f yo[3]
D{yo, = * Qo+ * @] =
{30, y1} = (1 yo) x@o+ (1 y1) *¢1 ¢ a ¢ e o]
d b hf vill]
C a 8 e yl[Z]
L d b h 1 LBl

This makes sense, since the columns of @ are supposed to be the frame vectors
(TMPy,) ,}l\:ol) pelp? namely the 4 even translates of ¢ and ¢1. If we add a third filter
@3 =180 + j&1 + kb2 + 184 to this filter bank, meaning we now have M =2, N =3,
and P =4, our synthesis operator becomes 8 x 12:

a cle gli k
b dlf h|j l
c a g e k i

- d b h f [ .
c a g e k i
d b h f [ j

c a g e k i

L d b h f I j]
For a general system of form {TMPgon}ff:_O{ pelp the matrix representing the syn-

thesis filter bank is of size M P x N P, namely the concatenation of N blocks of
size M P x P, each block containing all M-translates of a given ¢, in £(Zpp). In
order to determine the optimal frame bounds for such systems, we must necessarily
compute the eigenvalues of @ @*, namely, the singular values of @. At first glance,
this does not seem like an easy problem. At the same time, the fact that these ma-
trices have a quasi-circulant structure gives reason to believe that they can be better
understood via Z-transforms and Fourier transforms; this is the subject of the next
section.
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10.4 The Polyphase Representation

The previous sections discussed the relationship between filter banks and frame
theory. Frame theorists often want frames with certain desirable properties, such
as tightness or incoherence. As one might guess, there are also desirable filter bank
properties. For example, one might wish to design analysis and synthesis filter banks
with the property that the synthesis filter bank reconstructs a signal that was in-
put into the analysis filter bank—see the discussion on perfect reconstruction filter
banks after Theorem 10.2 below. In addition, we might want the filters in these filter
banks to have few taps; that is, we’d like to convolve with vectors of small support,
as this would enable faster implementation.

In this section, we introduce a representation of filter banks, called the polyphase
representation, which is quite useful in designing filter banks with certain proper-
ties. Though this representation was first introduced to study nonredundant filter
banks [22, 24, 25], it wasn’t long before it was adapted to the case of filter bank
frames [4, 8]. The main results of this section are all straightforward generalizations
of results from [4, 8§, 24] to the finite-dimensional setting [7].

Definition 10.2 For any ¢ € £(Zy1p), the polyphase vector of ¢ with respect to M
is the M x 1 vector of polynomials:

o0 (2)

eV (2)
() = .

eM=D(z)

where each entry of ¢(z) is defined to be a Z-transform of the restriction of ¢ to a
coset of Zysp with respect to the subgroup MZp:

"M@= plm+Mpl:™" =[Z(} T"¢)](2). (10.15)
PEZp

For example, when M =2 and P = 4, the polyphase vector of some 4-tap filter
@ in £(Zg) of the form ¢ = ady + bd1 + cd> + db3 is the 2 x 1 vector consisting of
the Z-transforms of the even and odd parts of ¢:

0 (2) a+cz7!
()= [(p(l)(z)] = |:b+dz_l] :
This section is dedicated to explaining why this polyphase representation is the key
to understanding the frame properties of filter banks.

Formally speaking, since ¢ € £(Zysp) then for any m we have | T ¢ € £(Zp),
and so its Z-transform lies in the quotient polynomial ring Pp[z] := C[z]/ P -1
discussed in the previous section. As such, the polyphase vector ¢(z) lies in the
Cartesian product of M copies of Pp[z], denoted P 1@’1 [z]. Letting Tp denote the
discrete torus that consists of the Pth roots of unity, one can show that P 1{‘,’1 [z]isa
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Hilbert space under the inner product:

1
[P ¥ @y =5 D (0O, ¥ @)en

¢eTp

_ L Z 2n1p/P ( 27TiP/P)>CM
pEZP

3 XX @@L o
PELp mely

In fact, as the next result shows, the space P IQ’I [z] is isometric to £(Zys p) under the
mapping ¢ — ¢(z), which is known as a Zak transform.

Proposition 10.5 The Zak transform ¢ — ¢(z) is an isometry from £(Zyp) onto
PM[z].

Proof For any ¢(2), ¥ (2) € }P’f,’[ [z], the definition (10.16) of the polyphase inner
product gives

0@, ¥ @py, Z D7 o (PP [y M (2 P/PY])T(10.17)
pEZplnEZM

Considering the Z-transform representation of the polyphase entries (10.15), we use
(10.8) to rewrite @™ (e>717/P) in terms of Fourier transforms:

@ (XPIPY =[2() T™9)] (/7)) = VP[F* (L T™¢)](p).  (10.18)

Obtaining a similar expression for ™ (e** iP/Py | we substitute this and (10.18)
into (10.17) to get

(0@ V@ = 2 D0 [FUT ") T)]m]". (1019

pGZPmGZM
Switching the order of summation in (10.19) gives a sum of inner products in £(Zp):

(0(2), Ip(z))]py[z] = Y (FUT ™). F() T

mEZM

Here, we use the fact that the Fourier transform is unitary to get

(0@ ¥ @y = D W T "0 L T ")y,

mEZM

S Y @I (LTI

meZy pGZP

> > elm+ Mpl(yim + Mp))*.

mGZMPEZP
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Finally, we perform a change of variables k = m 4+ Mp to obtain our claim:

(0@ ¥ @y = D k(WK = (. V)2,

k€Zy p D

Filter banks, like those depicted in Fig. 10.1, consist of N filters in £(Zyp),
denoted {gon},i\:ol. Taking the polyphase transform of each results in N polynomial

vectors {¢, (z)} i lying in PM [z]. As we shall see, many of the frame properties
of the system @ = {T P(pn}flv Olp czp Can be understood in terms of the synthesis

operator of @ (z) = {¢, (z)} e 01, namely, the polyphase matrix.

Definition 10.3 Given a sequence of filters {(p,,} ' C ¢(Zyp), the associated
polyphase matrix is the M x N matrix whose columns are the polyphase vectors

{on (YN

@ @ - e @

(€] 1) (€))
B(2) = % (@) ®; .(z) ERN v 1(z)

oM ”(z) oM Ve .. so}VMH)(z)

The next result, which gives a polynomial-domain interpretation of the operation
of a synthesis filter bank, provides the first hints at the usefulness of the polyphase
representation.

Theorem 10.1 Let @ be the synthesis operator (filter bank) of {TP (p,,}
let @ (z) be the polyphase matrix of {¢n (Z)}n=0 . Then

n= OpeZ and

x=0Y = x(@)=P@@)Y(2)

where x(z) in Py[z] is the M x 1 polyphase vector of x € £(Zpp) and Y () denotes
the N x 1 vector in IP’N [z] whose nth component is the Z-transform of y,, where

=l € [Z(ZP)]N
To prove this fact, we first prove the following results involving Z-transforms.

Proposition 10.6

@ [Z(+ W) = @Zy) (M) forany y € L(Zp).

b)) Zx)@) =2 ,ez,, 27"x™ (M) for any x € L(Zyp).
Proof For (a), note that the definition of upsampling gives

[Z4 W)@ =Y ikl = Y yik/Ml*

keZ kEZMP
Mk
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Performing the change of variables k = Mp gives the result

[z w]@ =) yIple™ =" yIpl(") " = @y)(").

PELp PELp

For (b), making the change of variables k =m + Mp gives

)@= ) xklz™

kEZMp

Z Z x[m+Mp]Z_(m+Mp)

mEZM [JEZP

Z " Z x[m + Mp) ()"

meZy PEZyp

Z mex(m) (ZM

mGZM

Alternatively, one may prove (b) first, of which (a) is a special case. O

Proof of Theorem 10.1 Note that x = @Y if and only if (Zx)(z) = (@Y)(z). Here,
(Zx)(z) 1is given by Proposition 10.6(b). Meanwhile, Definition 10.1, the linearity
of the Z-transform, and Propositions 10.3 and 10.6 give

N—1
ZPY)(2) = (z PCGEDE: gon) @)

n=0

2

[Z(T yn)] (@) Zgpn) (2)

Il
3
Il
=}

=

@Zyn) (™) (Zpn) (2).
0

n

We continue to rewrite (Z@Y)(z) by applying Proposition 10.6(b) to (Z¢,)(2):

N-1
ZPy) (@) =Y Zy) (M) Y 27"t (M
n=0 mGZM
=2 Zw“” )2y ()
mGZM

> )Y ()],

mEZM
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As such, x = @Y if and only if

> M) = 2o@ = Zen@ = Y T [eM)Y (M),

meZM mEZM

Considering only those exponents which are equal modulo m, we thus have x =
@Y if and only if x" (M) = [@(M)Y (zM)],, for all m, meaning x(zM) =
@ (zZM)Y (zM). To conclude, note that the Z-transforms of x and ¢ invoked here
lie in the ring Py p[z] = C[z]/(zMF — 1); having x(zM) = CD(ZM)Y(ZM) in this
ring is equivalent to having x(z) = @ (z)Y (z) in the ring Pp[z] = C[z]/(zF — 1). O

We can also prove a result which is analogous to Theorem 10.1 for analysis filter
banks. Here, the para-adjoint ®*(z) is the matrix of polynomials obtained by taking
the conjugate transpose of @(z), where the variable z is regarded as an element of
the unit circle T := {¢ € C:|¢| = 1} and so z* := z~!. Formally speaking, ®*(z) is
an N x M matrix of polynomials, each entry lying in Pp[z], whose (r, m)th entry
is

[2*@)],,, = @)™ @@= gilm+MplzP.

pELp

Theorem 10.2 Let @* be the analysis operator (filter bank) of {T? g, } and

let @ (z) be the polyphase matrix of {¢n (z)}n:0 . Then

n= O pEZp
Y=0%x <= Y(@) =2 )x().
Proof The nth entry of ®*(2)x(z) is

[2*@x)], = ) [¢*(D)],,.*x" @

mEZM
— Z Z (p:[m—i-Mp/]Zp/ Z x[m_i_Mp//]prn
meZy p'€Zp p'elp

= Z Z Z ‘P;[m-l—Mp/]x[m+Mp”]z—(17"—p’)_

meZpy p'€lp p"€lp
Making two changes of variables, p = p” — p’ and then k =m + Mp”, gives

o @xl,= X (X X iln+ My~ wplalm+ mp])e

pEZp meZy p'elp

= Z( 2. ¢n[MP—k]x[k])z_”

pELp “k€Zyp

=Y (xx@)[Mplz™?

PELp
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=Y [ axgn]iplz™?

PELp
=1{Z[} x*@n)]}@).

In particular, Y (z) = @*(z)x(z) if and only if (Zy,)(z) = {Z[] (x * ¢,)]}(z) for all
n; this occurs precisely when y, =| (x * ¢,) for all n, namely, when ¥ = @*x. O

Theorems 10.1 and 10.2 tell us something very interesting about the polyphase
representation: the polyphase matrix of an analysis filter bank behaves as an analysis
operator of sorts in polyphase space, and similarly for synthesis. As the remainder
of this section will show, there are several properties of @ that the polyphase repre-
sentation preserves in a similar way.

For example, with Theorems 10.1 and 10.2, we can characterize an important
class of filter banks. We say the pair (¥'*, @) is a perfect reconstruction filter bank
(PRFB) if ®W¥* =1. This is equivalent to having the corresponding frames be duals
of each other. PRFBs are useful because the synthesis filter bank can be used to
reconstruct whatever signal was input into the analysis filter bank. Note that com-
bining Theorems 10.1 and 10.2 gives that

oY*x =x ifandonlyif @)¥*(2)x(z) =x(2),

and so we have a polyphase characterization of PRFBs: @ (z)¥*(z) = I. The
polyphase representation can also be used to characterize other useful properties
of filter banks. Before we state them, we prove the following lemma.

Lemma 10.1 Forany x,9 € £(Zyp),

(x(eZ”iP/P), (p(eZnip/P»(cM — \/F(F*<x, TM.go)l(ZMp))[p]' (10.20)

Proof We first show that the polyphase representation of TMP¢ is z P ¢(z). For any
pGZP and m EZM,

(TMp<p)(m)(Z) = Z (TMPg)[m + Mp/]zfp/ = Z o[m+M(p' — p)]zfp/.

p'elp p'elp
(10.21)
Letting p”’ = p’ — p in (10.21) then gives
(TM[?(p)(m)(Z) — Z (p[m + Mp//]z_([”/+p) =Z_[)(p(m)(z) (1022)

p'elp

Since (10.22) holds for all m € Zy;, we have that (TMP)(z) = z7P¢(z) for all
p € Zp. This fact, along with Proposition 10.5, gives

{x. TMP‘”)@(ZMP) ={x(. (TMP‘/’)(Z)>M[Z] ={x(. Zip‘P(Z»M[z]'
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By the definitions of the inner product on P ﬁ’l [z] and the inverse Fourier transform,

g N L W o
pP'ELp

- H /
- Z 2mp /P ( 2mip /P)>(CM e2711pp /P
P '€Zp

1 . .
= ﬁ(ﬂx (/7). (e 7)) cu ) ], (10.23)

where “e”” denotes the variable argument of a given function. Taking Fourier trans-
forms of (10.23) and multiplying by /P gives the result (10.20). d

Perhaps the most straightforward PRFB arises from a unitary filter bank, in which
M = N and the synthesis filter bank operator is the inverse of the analysis filter
bank operator, @ = (¥*)~! = ¥ In this case, showing that ®¥* = dP* =1 is
equivalent to showing that @*@ =1, i.e., showing that the columns of the matrix
@ are orthonormal. The following result—a finite-dimensional version of a well-
known result [24]—characterizes unitary filter banks; it says that the columns of @
are orthonormal precisely when the columns of the corresponding polyphase matrix
@ (¢) are orthonormal for every ¢ in the Pth roots of unity Tp :={¢ e C:¢F =1}.

Theorem 10.3 For every ¢, € L(Zpp),

(a) {TMpgo}peZP is orthonormal if and only if||(p(§)||«2:M =1 forevery { € Tp,

(b) {TMP@} ez, is orthogonal to {TMP Y} pez, if and only if (9(), ¥ (£))em =0
foreveryt € Tp.

Proof For (a), note that {TMp<p} pezp being orthonormal is equivalent to having
(o, TMp ©)ezap) = S0l pl for every p € Zp. Taking Fourier transforms of this rela-
tion, Lemma 10.1 equivalently gives [|¢(e*17/? )||éM =1 for every p € Zp. Sim-
ilarly for (b), {TMp ¢} pezp being orthogonal to {TM”w} pezp 18 equivalent to hav-
ing (¢, TMPy)y(z,,p) = O for every p € Zp. Taking Fourier transforms of this re-
lation, Lemma 10.1 equivalently gives (¢(e?*17/P), v (e?1P/P)) .y = 0 for every
pEZp. U

Example 10.3 Let’s design a pair of real 4-tap filters v, ¥ € €£(Z;p) in such a
way that {T2? l/fn}n —0,pelp forms an orthonormal basis. Our design for these taps

will be independent of P > 4; the fact that we can design such filters while keeping
P arbitrary speaks to the strength of this design process. In this example, we want
the filters to have common support:

Yo :=adg + bd1 + ¢y + dés,
Y1 :=e8y + f61 + gb2 + hé3.
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Since M = 2, the polyphase components of these filters are given by Z-transforms
over the even and odd indices:

v @ v 2@
W (z) = = [

a+cz7! et gzt }
v@ @

b+dz7 ' f+hz!

To determine which choices for vy and v; make {T??v,,} }lzoy pezp AN orthonormal
basis, we appeal to Theorem 10.3, which requires ¥ (£) to be a unitary matrix for
every { € Tp. A square polyphase matrix ¥ (z) with this property is known as a
paraunitary matrix. Since ¥ (¢) is a 2 x 2 matrix, this isn’t a difficult task; the
second column can be taken to be a modulated involution of the first. However, we
want this property to hold for every ¢ € T p, and so we’ll be more careful in applying
Theorem 10.3. Specifically, Theorem 10.3(b) requires the first and second columns
of ¥ (¢) to be orthogonal for every ¢ € Tp, and so

O0=(a+ct "Y(e+ge™ ) +(b+de ") (f+nrs7h)

=(a+ct ) e+go)+ (b+dc)(f +ho)
= (ae +bf +cg +dh) + (ce +df)¢ ™" + (ag + bh)¢. (10.24)

The coefficient of £ ~! being zero gives

e=uod, f=—ac (10.25)
for some o € R, while the coefficient of ¢ gives

g = pb, h=—Ba (10.26)

for some B € R. Substituting (10.25) and (10.26) into the constant term of (10.24)
then gives

O=ae+bf +cg+dh
=a(ad) + b(—ac) + c(Bb) + d(—Ba)
= (a — B)(ad — bc).

Thus, the columns of ¥ (¢) are always orthogonal if and only if either ad — bc =0
or o = . Forcing ad — bc = 0 would remove a lot of freedom in our filter design,
and so instead we take o« = . We may now rewrite ¥ (z):

1 1
lII(Z):[a—i—cz e+gz ]

a+cz7' ad+bzh
b+dz™' f+hz!

b+dz7' —a(c+az™")

Next, Theorem 10.3(a) requires the columns of ¥ (¢) to be unit norm for every
¢ € Tp. Notice that for each ¢ € T p, the norm squared of the second column is
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la(d+ b))+ |—a(c+a ™)) = |ac ' e + b)) + |t et + )|

=a(|b+d (&) [+ |ate(@) ).

where ¢’ :=¢~!. That is, the norm squared of the second column at z = ¢ is a?
times the norm squared of the first column at z = {‘1. Thus, to satisfy Theo-
rem 10.3(a), we must have o« = £1. Picking o = 1, we rewrite ¥ (z):

a+cz ! d+bz!
V(z)= [b+dz1 —c—azl]' (10.27)
To summarize, the columns of (10.27) are the polyphase representations of v and
Y1, respectively, and {T2? I//n}rllzo’ peZp forms an orthonormal basis, provided
112 —112 _
la+cc7 "+ |b+dc | =1, V¢ eTp, (10.28)

which by Theorem 10.3(a), is equivalent to having (T2P 0} pezp be orthonormal.
The remaining degrees of freedom in choosing a, b, ¢, and d can be used to optimize
for additional desirable filter properties, such as frequency selectivity, as discussed
in greater detail in the next section.

Generalizing unitary filter banks, another nice class of PRFBs arises from Parse-
val filter banks. In contrast to the unitary case, the condition @ @* =1 is not equiv-
alent to @*@ =1 since @ is not a square matrix. The following result—a finite-
dimensional version of the main results of [4, 8]—expresses the frame bounds of @
in terms of the frame bounds of the corresponding polyphase representation @ (&)
ateach ¢ € Tp. In particular, @ is Parseval if and only if @(¢) is Parseval for every
teTp.

N-1

Theorem 10.4  Given any filters {p,},_, in £(Zyp), the optimal frame bounds A
and B for {T’V’Pgon}r]lv;()1 pezp N ULy p) are
A= min A, B = max B,
PEZp PELp

where A, and B, denote the optimal frame bounds for {¢, (e¥mir/P )},11\7:_01 in CM,

Proof We first show that this A and this B are indeed frame bounds, namely,

N-1

2 M 2 2 2
Al Gz = D 2 e T 0ulgy, I < Blxliz,,) Vx5 €€@up).
n=0 peZp

(10.29)
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To this end, we express the middle expression of (10.29) in terms of a norm in
£(Zp), and then we use the fact that the Fourier transform is unitary:

N-—1 N-—1
Z Z |(x, TMp¢">@(ZMP)|2 = Z H(x, TM.(p">[(ZMP)”?(ZP)
n=0

n=0 peZp =

2

2
”F*(x ™ w")Z(ZMP)HE(Zp)

2 3
<IID

-1
- Z | F*X T (pn>£(ZMP))[p]| .
n=0 GZP

Next, we apply Lemma 10.1 and then change the order of summation:

2
Z Y b TP, z(sz)| Z > f x(2PT), 0 (2777
n=0 peZp n=0 peZp
= _ Z <Z| 27TIP/P (eznip/P))CM|2).
pEZp n=0
(10.30)

Since A, is a lower frame bound for {¢, (ezﬂip/P)}f:/;Ol C CM for each p € Zp, we
continue (10.30):

N-1
1 .
3 2 e T o)y = 5 20 Aple @) o

n=0 peZp pELp
> A )( 2n1p/P >
(min 4, ,Zz:,, [ (@777) [
2
= A”x(z) “P,’.Y’[z]
= Allxl7z,, - (10.31)

where (10.31) uses Proposition 10.5. Similarly, we can continue (10.30) to get

N-1

Z Z ‘(X’TMPW%(ZMP)}Z = B”x”%(ZMP)’

n=0 peZp

and so A and B are indeed frame bounds for {TM? (pn}flvz pezp S Cel(Zpp).
To show that A and B are optimal frame bounds, we need to find nontrivial x’s for
which the left- and right-hand inequalities of (10.29) are achieved. For the left-hand
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inequality, let p’ be an index such that A p 18 minimal, and let x /; min € CM be the

vector that achieves this optimal lower frame bound of {¢, (e*"?'/? )},1:/;01 ccM,
We define xpin € £(Zprp) in terms of its polyphase components:

- 7 — e2:'[ip/P
X min (z) = X p’;min [m] 1_[ (eZJIip’/P _ e2nip/P ) ’
PEZp\{p'}

Notice that xpin(e27P/P) = 8,/ [P1xp/;min, and so the inequalities in (10.31) are
achieved. Similar definitions produce an xp,x that achieves the right-hand inequality
of (10.29), and so we are done. O

From the point of view of applications, the significance of Theorem 10.4 is that
it facilitates the design of filter banks that have good frame bounds. To be precise,
though PRFBs satisfy @W¥* =1 and therefore provide overcomplete decomposi-
tions, such filter banks can be poor frames. This is significant, since only good
frames are guaranteed to be robust against noise. To be precise, in many signal
processing applications, the goal is to reconstruct x from y = ¥*x + ¢, where ¢ is
“noise” due to transmission errors, quantization, etc. Applying the dual frame @ to
y yields the reconstruction @y = x 4+ ®¢. Clearly, the validity of this estimate of x
depends on the size of @¢ relative to that of x. In general, if this filter bank is a poor
frame, it is possible for @¢ to be large even when ¢ is small; the only way to prevent
this is to ensure that the condition number % of the frame is as close as possible
to 1. Though computing condition numbers can be computationally expensive for
large matrices, Theorem 10.4 provides a shortcut for computing this number when
the frame in question corresponds to a filter bank. Note that from this perspective,
the best possible PRFBs are tight frames, an example of which we now consider.

Example 10.4 We now apply Theorem 10.4 to build a PRFB which arises from a
Parseval synthesis filter bank @ : [£(Z P)I? = £(Zap) defined by

2
Dlynlncg =Y (1 Yn) * ¢n.

n=0

As before, our choice for P will remain arbitrary. Note that, by Theorem 10.4, @
is Parseval if and only if @ (¢) is Parseval for every ¢ € Tp. Also, @(¢) isa 2 x 3
matrix, and the only 2 x 3 equal norm Parseval frame—up to rotation—is given by
scaled cubed roots of unity:

% [(2) i/% __\}g]' (10.32)

As we will see in the following section, having equal norm columns in the polyphase
matrix is desirable because it implies that the corresponding filter bank is somewhat
balanced in its frequency selectivity.
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Let’s define our polyphase matrix @ (z) to be the matrix in (10.32). Since the
columns of (10.32) are the polyphase representations of each of our filters, we read
off the coefficients of the polynomials to get

2
¢03=%50,
1 V3
=——80 + —=91,
@1 \/6 0 \/61
! S ﬁa
¢2: 76 0 NG 1-

Here, the fact that @ (z) has no dependence on z implies that the filters are only sup-
ported in the first M = 2 entries. Further, the matrix representation of the synthesis
operator is

r2 -1 -1 7
0 /3 /3

-1 -1
0 V3 /3

Sl -

2 ~1 -1
0 V3 —V/3 ]

Notice that the translates of a common filter have disjoint support. Also, the columns
of @ can be shuffled to form a version of @(z) tensored with Ip. As such, this
example is rather uninteresting as a filter bank; the corresponding analysis operator
only analyzes interactions between certain pairs of entries.

For various applications, there are additional desirable filter properties which we
would like our PRFBs to satisfy. In order to have the freedom necessary to satisfy
these properties, our filters will need more taps. This means that the polyphase ma-
trix @(z) of our filter bank will no longer be constant. But (10.32) gives the only
2 x 3 equal norm Parseval frame up to rotation. Therefore, we will define @(z)
by multiplying (10.32) on the left with a unitary matrix of polynomials. To this
end, consider ¥ (z) in (10.27) with a,c =2-3(1 £ +/3) and b,d = 23 (3 £ v/3);
we choose these numbers because they correspond to a Daubechies wavelet, as de-
scribed in greater detail in the following section. Then

D) = a+cz ! d+bz7! 112 -1 -1
YT b+dzt —c—az ' [\ Gl0 V3 -3
_i[tH—cz_] ~273(1 -3z d—bz_li|
- Ol

(10.33)
V6| b+dz! —2_%(\/§+Z_1) —c+az”
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The filters are then found by reading off coefficients from these polynomials:

When P =4, the synthesis operator then becomes

a C_rlﬁ % d —b
b d—% _2_«1/5 —c a
c L —b d
q):i d —ﬁ —% a —c
V6 a 5 —b d
c a Lj— —2—b -b d
i d b —2—\1/5 —2—‘{/35 a —c |

@o = 31 + 33 ~|—
f f f f
1 V3 V3 1
@1i=— 8o — o1 + & — 33,
V12 V12 J_ V12
2d 2b
@ = —03 +

NGk f G «/_

By construction, @ is a Parseval frame. Certainly, this would be cumbersome to
check by hand, but it is guaranteed by the fact that ¥ (z) is a unitary matrix of
polynomials. In fact, @ would be Parseval regardless of our choice for P. This
illustrates the utility of designing Parseval frames of polyno