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Foreword

A long long time ago, echoing philosophical and aesthetic principles that existed
since antiquity, William of Ockham enounced the principle of parsimony, better
known today as Ockham’s razor: “Entities should not be multiplied without neces-
sity.” This principle enabled scientists to select the "best” physical laws and theories
to explain the workings of the Universe and continued to guide scientific research,
leading to beautiful results like the minimal description length approach to statistical
inference and the related Kolmogorov complexity approach to pattern recognition.

However, notions of complexity and description length are subjective concepts
and depend on the language “spoken” when presenting ideas and results. The field of
sparse representations, that recently underwent a Big-Bang-like expansion, explic-
itly deals with the Yin-Yang interplay between the parsimony of descriptions and
the “language” or “dictionary” used in them, and it became an extremely exciting
area of investigation.It already yielded a rich crop of mathematically pleasing, deep
and beautiful results that quickly translated into a wealth of practical engineering
applications.

You are holding in your hands the first guide-book to Sparseland, and I am sure
you’ll find in it both familiar and new landscapes to see and admire, as well as ex-
cellent pointers that will help you find further valuable treasures. Enjoy the journey
to Sparseland!

Haifa, Israel, December 2009 Alfred M. Bruckstein
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Preface

This book was originally written to serve as the material for an advanced one-
semester (fourteen 2-hour lectures) graduate course for engineering students at the
Technion, Israel. It is originally based on a review paper that I wrote together with
Alfred M. Bruckstein and David L. Donoho, which appeared in STAM Review on
February 2009. The content of this paper has been massively modified and extended
to become an appropriate material for an advanced graduate course. In this book
I introduce the topic of sparse and redundant representations, show the questions
posed in this field, and the answers they get, present the flavor of the research in this
arena, the people involved, and more. It is my desire to expose the readers of this
book (and the students in the course) to the beauty of this field, and the potential it
encompasses for various disciplines.

So, what is it all about? Mathematicians active in this field (and there are many
of those) would mention the deep relation between this emerging field and harmonic
analysis, approximation theory, and wavelets, in their answer. However, this is not
my answer. As an engineer, my interest is more in the practical sides of this field,
and thus my entire motivation for studying sparse and redundant representations
comes from the applications they serve in signal and image processing. This is not
to say that I find little interest in the theoretical sides of the activity in sparse and
redundant representations. However, these theoretical results should be considered
in the context of the wider picture.

As I see it, this field is all about one specific mathematical model for signal
sources. Modeling sources is key in signal and image processing. Armed with a
proper model, one can handle various tasks such as denoising, restoration, separa-
tion, interpolation and extrapolation, compression, sampling, analysis and synthe-
sis, detection, recognition, and more. Indeed, a careful study of the signal and image
processing literature reveals that there is an evolution of such models and their use
in applications. This course is about one such model, which I call Sparse-Land for
brevity. This specific model is intriguing and fascinating because of the beauty of its
theoretical foundations, the superior performance it leads to in various applications,
its universality and flexibility in serving various data sources, and its unified view,
which makes all the above signal processing tasks clear and simple.
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At the heart of this model lies a simple linear system of equations, the kind of
which seems long studied in linear algebra. A full-rank matrix A € R™" withn < m
generates an underdetermined system of linear equations Ax = b having infinitely
many solutions. We are interested in seeking its sparsest solution, i.e., the one with
the fewest nonzero entries. Can such a solution ever be unique? If so, when? How
can such a solution be found in reasonable time? It is hard to believe, but these
questions and more of the like form the core engine to this model and the wide
field that has grown around it. Positive and constructive answers to these questions
in recent years expose a wide variety of surprising phenomena, and those set the
stage for Sparse-Land to serve in practice. Clearly, research in this field calls for an
intensive use of knowledge from linear algebra, optimization, scientific computing,
and more.

This field is relatively young. Early signs of its core ideas appeared in a pio-
neering work by Stephane Mallat and Zhifeng Zhang in 1993, with the introduction
of the concept of dictionaries, replacing the more traditional and critically-sampled
wavelet transform. Their work put forward some of the core ideas that later became
central in this field, such as a greedy pursuit technique that approximates a sparse
solution to an underdetermined linear system of equations, characterization of dic-
tionaries by their coherence measure, and more.

A second key contribution in 1995 was by Scott Shaobing Chen, David Donoho,
and Michael Saunders, who introduced another pursuit technique that uses the ¢;-
norm for evaluating sparsity. Surprisingly, they have shown that the quest for the
sparsest solution could be tackled as a convex programming task, often leading to
the proper solution.

With these two contributions, the stage was set for a deeper analysis of these al-
gorithms and their deployment in applications. A crucial step towards this goal was
made in 2001, with the publication of the work by Donoho and Huo. In their dar-
ing paper, Donoho and Huo defined and (partly) answered what later became a key
question in this field: Can one guarantee the success of a pursuit technique? Under
what conditions? This line of analysis later became the skeleton of this field, pro-
viding the necessary theoretical backbone for the Sparse-Land model. It is amazing
to see how fast and how vast this area of research has grown in recent years, with
hundreds of interested researchers, various workshops, sessions, and conferences,
and an exponentially growing number of papers.

The activity in this field is spread over all major universities and research orga-
nizations around the world, with leading scientists from various disciplines. As this
field of research lies at the intersection between signal processing and applied math-
ematics, active in this field are mathematicians interested in approximation theory,
applied mathematicians interested in harmonic analysis, statisticians, and engineer-
ing from various fields (computer science, electrical engineering, geophysics, and
more).

A little bit about myself: I started my activity in this area after a short visit by
David Donoho to the Technion, where he gave a talk describing the results of the
above-mentioned paper. I am ashamed to admit that I did not attend the talk! Nev-
ertheless, my good friend and mentor, Freddy Bruckstein, was there to appreciate



Preface xi

the opportunity. Freddy’s sixth sense for important research directions is already
famous at the Technion, and did not fail him this time too. Freddy insisted that we
work on improving the results that Donoho presented, and few months later we had
our first result in this field. This result led to a joint work with Donoho during a
post-doc period at Stanford, and I have found myself deeply involved in research on
these topics ever since.

My origins as an engineer, and the fact that I worked with a leading mathemati-
cian, give me a unique perspective which I bring to this book. I present a coherent,
well-structured, and flowing story that includes some of the theoretical foundations
to sparse and redundant representations, numerical tools and algorithm for actual
use, and applications in signal and image processing that benefit from these. I should
stress that I do not pretend to give a well-balanced view of this entire field, and in-
stead, I am giving my own point-of-view. In particular, I am not covering all the
accumulated knowledge in this book because: (i) it is impossible to mention every-
thing; (ii) not all details are important to the story I have to tell; (iii) new results in
this field are emerging on a daily basis, making it impossible to give a completely
updated view; and (iv) I have to admit that I do not understand all the results in this
field.

Compressed-Sensing is a recent branch that separated from sparse and redun-
dant representations, becoming a center of interest of its own. Exploiting sparse
representation of signals, their sampling can be made far more effective compared
to the classical Nyquist-Shannon sampling. In a recent work that emerged in 2006
by Emmanuel Candes, Justin Romberg, Terence Tao, David Donoho, and others
that followed, the theory and practice of this field were beautifully formed, sweep-
ing many researchers and practitioners in excitement. The impact this field has is
immense, strengthened by the warm hug by information-theorists, leading mathe-
maticians, and others. So popular has this field become that many confuse it with
being the complete story of sparse representation modeling. In this book I discuss
the branch of activity on Compressed-Sensing very briefly, and mostly so as to tie it
to the more general results known in sparse representation theory. I believe that the
accumulated knowledge on compressed-sensing could easily fill a separate book.

The CS Department, the Technion, Israel Michael Elad
September 2009
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Part I

Sparse and Redundant Representations —
Theoretical and Numerical Foundations






Chapter 1
Prologue

A central achievement of classical linear algebra is a thorough examination of the
problem of solving systems of linear equations. The results — definite, timeless,
and profound — give the subject a completely settled appearance. As linear systems
of equations are the core engine in many engineering developments and solutions,
much of this knowledge is practically and successfully deployed in applications.
Surprisingly, within this well-understood arena there is an elementary problem that
has to do with sparse solutions of linear systems, which only recently has been ex-
plored in depth; we will see that this problem has surprising answers, and it inspires
numerous practical developments. In this chapter we shall concentrate on defining
this problem carefully, and set the stage for its answers in later chapters.

1.1 Underdetermined Linear Systems

Consider a matrix A € R™" with n < m, and define the underdetermined linear
system of equations Ax = b. This system has more unknowns than equations, and
thus it has either no solution, if b is not in the span of the columns of the matrix A,
or infinitely many solutions. In order to avoid the anomaly of having no solution, we
shall hereafter assume that A is a full-rank matrix, implying that its columns span
the entire spaceR".

In engineering we often encounter problems formulated as such underdetermined
linear systems of equations. As an example from image processing, consider the
image scale-up problem, where an unknown image undergoes a blur and scale-down
operation, and the outcome is given as a lower quality and smaller image b. The
matrix A stands for the degradation operations, and our aim is to reconstruct the
original image x from the given measurements b. Clearly, there are infinitely many
possible images x that may “explain” b, among which there are some that may look
better than others. How can we find the proper x?

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 3
and Image Processing, DOI 10.1007/978-1-4419-7011-4 1,
© Springer Science+Business Media, LLC 2010
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1.2 Regularization

Both in the above example and in many other problems that assume the same for-
mulation, we desire a single solution, and the fact that there are infinitely many of
those stands as a major obstacle. In order to narrow this choice to one well-defined
solution, additional criteria are needed. A familiar way to do this is regularization,
where a function J(x) that evaluates the desirability of a would-be solution x is
introduced, with smaller values being preferred. Defining the general optimization
problem (Py)

(Py): min J(x) subjectto b = Ax, (1.1)

it is now in the hands of J(x) to govern the kind of solution(s) we may obtain.
Returning to the image scale-up example, a function J(x) that prefers smooth or,
better yet, piecewise smooth results, is typically used.

The most known choice of J(x) is the squared Euclidean norm ||X||§. The problem
(P,) that results from such a choice has in-fact a unique solution X — the so called
minimum-norm solution. Using Lagrange multipliers, we define the Lagrangian

L(x) = [Ix]? + A7 (Ax - b), (1.2)

with A being the Lagrange multipliers for the constraint set. Taking a derivative of
L(x) with respect to x, we obtain the requirement

0L(x) _

2x + AT A (1.3)
15).¢

Thus the solution is obtained as'
N 1.7
Kopr = —zA" A (1.4)
2
Plugging this solution into the constraint Ax = b leads to
R L7 T\-1
ARop = _EAA A=b = A1=-2(AA")"'b. (1.5)

Assigning this to Equation (1.4) gives the well-known closed-form pseudo-inverse
solution

1
Ropt = —EAT/l = AT(AAT) b = A*D. (1.6)
Note that since we have assumed that A is full-rank, the matrix AAT is positive-

definite and thus invertible. We also note that for a more general choice of the form
J(x) = ||Bx||§ (such that BT B is invertible), a closed-form expression of the solution

! Here and elsewhere in this book we use matrix calculus formulae.
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also exists,
Rop = (BTB)'AT (A(]&;TB)-lAT)_1 b, (1.7)

following the same line of steps.

The use of ¢, is widespread in various fields of engineering, and this is mainly
due to its simplicity as manifested by the above closed-form and unique solution. In
signal and image processing, this regularization has been practiced quite often for
various inverse problems, representation of signals, and elsewhere. This, however,
is by no means a declaration that ¢, is the truly best choice for the various problems
it has been brought to serve. In many cases, the mathematical simplicity of £, is a
misleading fact that diverts engineers from making better choices for J(-). Indeed,
in image processing, after three decades of trying to successfully activate the (¢{>-
norm based) Wiener filter, it was eventually realized that the solution resides with
a different, robust-statistics based choice of J(-), of the kind we shall often meet in
this book.

1.3 The Temptation of Convexity

The fact that £, leads to a unique solution is a manifestation of a wider phenomenon,
as selecting any strictly convex function J(-) guarantees such uniqueness. Let us
recall the definition of convexity, first for sets, and then for functions.

Definition 1.1. A set Q is convex if Vx;,X, € Q and V¢ € [0, 1], the convex combi-
nation X = rx; + (1 — )X, is also in Q.

It is easy to verify that the set Q = {x| Ax = b} is convex, using the above
definition. Thus, the feasible set of solutions of the optimization problem posed in
Equation (1.1) is convex. In order for this optimization problem to be convex as
a whole, we have to add a convexity requirement on the penalty J(x). The core
definition for such a property is given by:

Definition 1.2. A function J(x) : 2 — R is convex if ¥x;,x, € Q and ¥z € [0, 1],
the convex combination point X = 7x; + (1 — 7)x; satisfies

J(x; + (1 = H)xp) < tJ(x1) + (1 = 1)J(X2). (1.8)

Another way to understand the above definition is this: the epigraph of J(x) (the
area defined by {(x,y) | y > J(x)}) is a convex set in R"*!.

If J() is twice continuously differentiable, its derivatives can be used for alterna-
tive definitions of convexity:

Definition 1.3. A function J(x) : 2 — R is convex if Vx|, x, € Q if and only if

J(x2) = J(x1) + VJ(xp) (%2 = x1), (1.9)
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or alternatively, if and only if V2J(x,) is positive-definite.

Using the definition of the positive-definiteness of the Hessian makes the proof
of the convexity of the squared ¢,-norm trivial, since V2||X||% = 2I = 0. Indeed, the
squared {,-norm is strictly convex since this Hessian is strictly positive-definite for
all x. Returning to the problem posed in Equation (1.2), since the constraint-set is
convex and the penalty is strictly so, a unique solution is guaranteed.

So far we have dwelled with the choice J(x) = ||x||%. However, there are many
other choices of functions J(-) that are convex or strictly so. Even though these
options of J(-) rarely lead to a closed-form solution, the fact that they are strictly
convex implies a unique solution.? Perhaps more importantly, carefully chosen op-
timization algorithms for solving (1.2) are guaranteed to converge to the global min-
imizer of such optimization problems.

These properties make convex problems very appealing in engineering in gen-
eral, and in signal and image processing in particular. Again, this does not mean
that there is no value to non-convex problems — it simply says that when dealing
with non-convex optimization tasks, one should be aware of problems that might be
encountered because of their imperfection.

Special cases of interest for convex functions are all the £,,-norms for p > 1 (use
the Hessian to verify that). These are defined as

I = > il (1.10)

i

In particular, the £,,-norm (obviously, without the p-th power?) and the £;-norm are
very interesting and popular; the £, considers the maximal entry of the vector x,
and ¢; sums the absolute entries. We shall have a special interest in ¢; due to its
tendency to sparsify the solution — a fact that will be discussed and established as
we move forward in this book.

1.4 A Closer Look at £; Minimization

The choice J(x) = |[x]|; is convex but not strictly so, a fact easily verified by noticing
that if x; and x; are in the same quadrant (i.e., they have the same sign-pattern), then
their convex combination gives an equality in Equation (1.8). Thus, the problem

(Py): min ||x||; subjectto b = Ax (1.11)
X

may have more than one solution. Nevertheless, even if there are infinitely many
possible solutions to this problem, we can claim that (i) these solutions are gathered

2 For non-strict convexity, uniqueness is not guaranteed.

3 The £,-norm with 1 < p < oo without the p-th power is a convex function but not strictly so. This
is because these functions behave like a cone with a linear slope, implying that a carefully chosen
pair of points (two scaled points) can give exact equality in Equation (1.8).
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in a set that is bounded and convex, and (ii) among these solutions, there exists at
least one with at most n non-zeros (as the number of constraints).

The convexity of the solution set (in the first property) is immediate, stemming
as a direct consequence of the fact that all optimal solutions have the same penalty
(¢,-length in this case); any convex combination of two such solutions must give a
lower or equal penalty due to the convexity of J(x) = ||x||;, and since the two chosen
solutions are optimal, a lower penalty is impossible to obtain. Thus, any convex
combination of two optimal solutions is also an optimal solution.

The fact that the solution set is bounded is a direct consequence of the fact that
all optimal solutions give a penalty of the same height, v,,;, = |[X,pll1 < o0. Given
any two optimal solutions, x! e and x> > the distance between them satisfies

1 2 1 2
1%opr = Xopellt < 1o pellt + 11X 01 = 2Vimin,

implying that all solutions are nearby.

In order to show the second property, let us assume that an optimal solution X,
has been found for (P), with k > n non-zeros. Clearly, the k columns combined
linearly by x,,, are linearly-dependent, and thus there exists a non-trivial vector h
that combines these columns to zero (i.e., the support of h is contained within the
support of X,;), Ah = 0.

We consider the vector X = X, +e€h, for very small values of e that guarantee that
no entry in the new vector changes its sign. Any value satisfying |e| < min; Ile,,l /||
is suitable. First, it is clear that this vector is guaranteed to satisfy the linear con-
straint AX = 0, and as such, it is a feasible solution to (P;). Furthermore, since X,
is assumed to be optimal, we must assume that

xi)pt'

Al

¥ lel < min s Xl = 1Xopr + €hlly > [1Xoplls -

We argue that the above inequality is in fact an equality. The above relationship
applies to both positive and negative values of € in a region where the ¢; function is
continuous and differentiable (because all the vectors X, + €h have the same sign-
pattern). Thus, as claimed, the only way this could be true is if the above inequality
is satisfied as an equality. This implies that the addition/substraction of h under those
circumstances does not change the £;-length of the solution. As an example, if x,,,,
has only positive entries, then the entries of h should be both positive and negative
and sum to zero. More generally, we should require that h” sign(x,,,,) = 0.

Our next step is to tune € in such a way that one entry in X,,, is nulled, while
keeping the solution’s £ length. We choose the index i that gives the minimum ratio
|x,,|/IW], and we pick € = —xi, /h’. In the resulting vector X, + €h, the i-th entry
is nulled, while all the others keep their sign, and we also have that [|x,,, + €h||; =
[[Xopell1- This way we got a new optimal solution with k — 1 non-zeros at the most
(because it may be that more than one entry have been simultaneously nulled). This
process can be repeated until k = n. Below this, it is possible to null entries only if
the columns in A are linearly-dependent, and this would rarely be the case.
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From the above we have learned that the £;-norm has a tendency to prefer sparse
solutions. The property we have proven is well known and considered as the fun-
damental property of linear programming — a tendency towards basic (sparse) so-
lutions. However, as we shall see later on, while we are very much interested in
sparsity, getting n non-zeros would be considered as far too dense for our needs,
and deeper sparsity would be sought.

1.5 Conversion of (P;) to Linear Programming

Suppose that in (P;), the unknown x is replaced by x = u — v, where u, v € IR" are
both non-negative vectors such that u takes all the positive entries in X, other entries
null, and v does the same for the negative entries in x. With this replacement, and
by denoting the concatenated vector z = [u’,v’]7 € R?" it is easy to see that*
IXll; =17 (u+v) = 17z and Ax = A(u —v) = [A, —A]z. Thus, the (P;) optimization
problem posed in Equation (1.11) can be re-written as

min 17z subjectto b = [A,-A]z and z > 0. (1.12)

In this way, rather than minimize an ¢;-norm problem, we face a new problem hav-
ing a classical Linear-Programming (LP) structure. For the two problems ((P;) and
the LP) to be equivalent, we must show that our assumption about the decomposi-
tion of x to positive and negative entries is satisfied, and solutions to (1.12) cannot
be such that u”v # 0 (i.e., the supports of u and v overlap).

This is easily verified by observing that if in a given optimal solution of (1.12) the
k-th entry in both u and v is non-zero (and positive, due to the last constraint), then
these two coefficients multiply the same column in A with opposing signs. Without
loss of generality, if we assume u; > g, then by replacing these two entries by
u;, = u;— v and v, = 0 we satisfy both the positivity and the linear constraints while
also reducing the penalty by u; — v, > 0, contradicting the optimality of the initial
solution. Thus, the supports of u, v do not overlap, and LP is indeed equivalent to

(Py).

1.6 Promoting Sparse Solutions

As we move from ¢, regularization towards ¢;, we promote sparser solutions. Using
this rationale, we can consider £,-“norms” with p < 1. One has to be careful as
such £, are no longer formal norms for p < 1, as the triangle inequality is no longer

# The notation 1 stands for a vector of ones of the proper length.
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satisfied.” Nevertheless, we shall use the term norm for these functions as well,
keeping in mind this reservation.

Do these norms lead to sparser solutions? In order to get a feeling for the behavior
of these norms, we consider the following problem: Assume that x is known to have
unit length in £,,. Let us find the shortest such vector in £, for g < p. Putting this as
an optimization problem, this reads

min ||x||] subject to [[x]|, = 1. (1.13)

We shall assume that x has a non-zeros (we shall further assume that these values are
all positive, since their sign does not affect the analysis that follows) as the leading
entries in the vector, and the rest are zeros. We define the Lagrangian function as

L(x) = [IxIlg + Al = 1) = =2+ Z (el + Al (1.14)
k=1

This function is separable, handling every entry in x independently of the others.
The optimal solution is given by x;”? = Const for all k, implying that all the non-
zero entries are supposed to be the same. The constraint ||x||l’; = 1leadstox; = a” /7,
and the £,-norm for this solution is given by ||x||Z = a'"/?_Since ¢ < p, this means
that the shortest £,-norm is obtained for a = 1, having only one non-zero entry in X.

The above result states that for any pair of £,- and £,-norms with g < p, a unit-
length £,-norm vector becomes the shortest in £, when it is the sparsest possible.
A geometrical interpretation of the analysis given above is the following: The unit
¢p-ball surface in R™ represents the feasible set of the problem posed in (1.13). We
blow an £, “balloon” in the same space and search for the first intersection of it with
the £,-ball. The result we got implies that this intersection takes place along the
axes, where all the entries apart from one are zeros. This is demonstrated in Figure
1.1.

Another way to illustrate the tendency of £,-norm to drive results to become
sparse is the following: Consider the problem we have been looking at,

(Ppy): min ||x||§ subject to Ax =b. (1.15)

The linear set of equations forming the constraint define a feasible set of solutions
that are on an affine subspace (a subspace shifted by a constant vector). This shift
can be any possible solution of this system, Xy. A linear combination of xy and any
vector from the null-space of A forms a feasible solution as well. Geometrically,
this set appears as a hyperplane of dimension R"™" embedded in the R™ space.

It is within this space that we seek the solution to the problem posed as (P,).
Geometrically speaking, solving (P,) is done by “blowing” again an ¢, balloon

3 The properties a norm should satisfy are: (i) zero vector: ||v|| = 0 if and only if v = 0; (ii) absolute
homogeneity: V¢ # 0, ||ru]| = [#/|lul], and (iii) the triangle inequality: |ju + v|| < |lu|| + ||v||. Note that
from properties (ii) and (iii) it is implied that a norm is a convex function because ||fu + (1 — 7)v|| <
fllul] + (1 — p)||v|| for all ¢ € [0, 1], implying convexity.
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Fig. 1.1 Demonstrating the fact that a unit-length £,-norm vector (dashed) becomes shortest in £,
(p > q) (solid) when it is the sparsest possible. On the left this is demonstrated for p = 2 and
g = 1, and the right shows it for p = 1 and ¢ = 0.5. The dash-dotted curves in both graphs show
the reverse claim — maximizing the £, length leads to the most non-sparse outcome.

centered around the origin, and stopping its inflation when it first touches the fea-
sible set. The question is what characterizes such an intersection point? Figure 1.2
presents a simple demonstration of this process for a tilted hyperplane (serving as
the constraint-set) and several p values: 2, 1.5, 1, and 0.7. One can see that norms
with p < 1 tend to give that the intersection point is on the ball-corners, which take
place on the axes. This implies that 2 of the 3 coordinates are zeros, which is the
tendency to sparsity we are referring to. As opposed to this, £, and even ¢} 5 give
intersection points which are not sparse, with three non-zero coordinates.

Put more generally, an intersection of an affine subspace and an £, ball is ex-
pected to take place on the axes for p < 1, and thus lead to a sparse solution. Even
the £;-ball enjoys this property, and in fact, one has to be highly unlucky with the
angle of the affine subspace to avoid a sparse outcome.

Another similar measure promoting sparsity is the weak ¢,-norm. Denoting by
N(e, x) the number of entries in x exceeding €, we define the weak £,-norm as

IXII?, = sup N(e,x) - €’ (1.16)
’ e>0

Here, just as before, 0 < p < 1 is the interesting range of p, giving very powerful
sparsity measure. The weak ¢, norm is a popular measure of sparsity used by the
mathematical analysis community. The usual £,-norm is almost equivalent, and in
fact, the two become the same for a vector with uniform spread of its energy among
its non-zero entries. The plain ¢, is easier to handle and thus more popular in most
cases.

It would seem very natural, based on our discussion above, to attempt to solve a
problem of the form

(Pp) : min ||x||§ subject to Ax = b, (1.17)
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Fig. 1.2 The intersection between the £,,-ball and the set Ax = b defines the solution of (P,). This
intersection is demonstrated here in 3D for p = 2 (top left), p = 1.5 (top right), p = 1 (bottom
left), and p = 0.7 (bottom right). When p < 1, the intersection takes place at a corner of the ball,
leading to a sparse solution.

for example, with p = 2/3, p = 1/2, or even smaller p, tending to zero. Unfortu-
nately, each choice 0 < p < 1 leads to a non-convex optimization problem, and this
raises some difficulties, as we have mentioned above. Nevertheless, from an engi-
neering point of view, if sparsity is a desired property, and we know that £, serves it
well, this problem can and should be used, despite its weaknesses.

While all the discussion above focuses on the £,-norm, there are other functions
of x that promote sparsity just as well. In fact, any function J(x) = }; p(x;) with
p(x) being symmetric, monotonically non-decreasing, and with a monotonic non-
increasing derivative for x > 0 will serve the same purpose of promoting sparsity.
As classic examples of this family, we mention p(x) = 1—exp(|x]), o(x) = log(1+|x]),
and p(x) = |x|/(1 + |x]).
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1.5

0.5

9

Fig. 1.3 The behavior of |x|” for various values of p. As p tends to zero, |x|” approaches the
indicator function, which is O for x = 0 and 1 elsewhere.

1.7 The £y-Norm and Implications

The extreme among all the sparsifying norms is the case of p — 0. We denote the
£o-norm as®

m

. P _1; P _ LR
lIx[lo = }g{l)IIXIIP = }}g(l); Ixel” = #{i : x; # 0} (1.18)

This is a very simple and intuitive measure of sparsity of a vector X, counting the
number of nonzero entries in it. In order to see this counting behavior, Figure 1.3
presents the scalar weight function |x|” — the core of the norm computation — for
various values of p. It shows that as p goes to zero, this curve becomes an indicator
function, being 0 for x = 0 and 1 for every other value. Thus, summation of such
measures on all the entries of X becomes a count of the non-zeros in this vector, as
claimed.

The term {y-norm is misleading, as this function does not satisfy all the axiomatic
requirements of a norm. More specifically, if we consider the £, as a continuation
of the £,-norm for p — 0, then for checking its behavior we need to take its 0-
th root,” and this is impossible. Alternatively, we can simply refer to the function
[x|lo as a candidate function for a norm. While this function satisfies the triangle
inequality, |lu + V|l < [lallp + |[V]lo, the homogeneity property is not met: for ¢ # 0,
[lrallo = llallp # #lullo. This loss of sensitivity to scale will return to haunt us from
time to time.

6 A more accurate notation would be |[x]|, but we shall stick to the one described above, so as to
be consistent with the literature.

7 The homogeneity and the triangle inequality properties are both tested with the p-th root of the
function described in Equation (1.10).
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We should note that the ¢, norm, while providing a very simple and easily
grasped notion of sparsity, is not necessarily the right notion for empirical work.
A vector of real data would rarely be representable by a vector of coefficients con-
taining many zeros. A more relaxed and forgiving notion of sparsity can and should
be built on the notion of approximately representing a vector using a small number
of nonzeros; this can be quantified by the weak-£,, and the usual £,-norms described
above. Nevertheless, we proceed the discussion here with the assumption that ¢ is
the measure of interest.

1.8 The (Py) Problem — Our Main Interest

Consider the problem (Pj) obtained from the general prescription (P,) with the
choice J(x) = Jo(x) = ||x]|o; explicitly:

(Py) : min ||x||[p subjectto Ax =b. (1.19)

Sparsity optimization (1.19) looks superficially like the minimum £,-norm problem
(P,), but the notational similarity masks some startling differences. The solution
to (P,) is always unique, and is readily available through now-standard tools from
computational linear algebra. (Py) has probably been considered as a possible goal
from time to time for many years, but it seems initially to pose many conceptual
challenges that have inhibited its widespread study and application. These are rooted
in the discrete and discontinuous nature of the £y norm; the standard convex analysis
ideas which underpin the analysis of (P,) do not apply. Many of the most basic
questions about (Py) seem immune to immediate insight:

e Can uniqueness of a solution be claimed? Under what conditions?
e If a candidate solution is available, can we perform a simple test to verify that
the solution is actually the global minimizer of (Py)?

Perhaps in some instances, with very special matrices A and left hand sides b, ways
to answer such questions are apparent, but for general classes of problem instances
(A, b), such insights initially seem unlikely.

Beyond conceptual issues of uniqueness and verification of solutions, one is eas-
ily overwhelmed by the apparent difficulty of solving (Pp). This is a classical prob-
lem of combinatorial search; one sweeps exhaustively through all possible sparse
subsets, generating corresponding subsystems b = Agxg where Ag denotes the ma-
trix having |S| columns chosen from those columns of A with indices in S; and
checking if b = Agxg can be solved.

Let us illustrate this complexity by the following simple example: Assume that
A is of size 500 x 2000 (n = 500, m = 2000), and suppose that we know that the
sparsest solution to (Py) has |S| = 20 non-zeros. We desire to find the proper set of
|S| columns. Thus, we exhaustively sweep through all (”‘) ~ 3.9E +47 such options,

N
and per each test the small linear system b = Agxg for equality. Assume that each
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individual test of such a system requires 1 £—9 seconds. A simple calculation reveals
that it will take more than 1.2EF + 31 years(!!!) to conclude these series of tests.

The complexity of exhaustive search is exponential in m, and indeed, it has been
proven that (Py) is, in general, NP-Hard. Thus, a mandatory and crucial set of ques-
tions arise: Can (Py) be efficiently solved by some other means? Can approximate
solutions be accepted? How accurate can those be? What kind of approximations
will work? These are the questions we aim to answer in this book.

1.9 The Signal Processing Perspective

We know today that finding sparse solutions to underdetermined linear systems may
become better-behaved and may be a much more practically relevant notion than we
might have supposed just a few years ago. In parallel with this development, another
insight has been developing in signal and image processing, where it has been found
that many media types (still imagery, video, acoustic) can be sparsely represented
using transform-domain methods, and in fact many important tasks dealing with
such media can fruitfully be viewed as finding sparse solutions to underdetermined
systems of linear equations. Many readers will be familiar with the media encoding
standard JPEG and its successor, JPEG2000. Both standards are based on the notion
of transform encoding that leads to a sparse representation.

We can thus make a simple connection between the above algebraic discussion
and the signal representation problem formal as follows. Let b denote the vector
of signal/image values to be represented, let A be the matrix whose columns are
the elements of the different bases to be used in the representation. The problem
we have posed in Equation (1.1) aims to provide a single representation among the
many possible ones for b. When using the £,-norm measure, the outcome is a linear
operator A* that multiplies b in order to compute x — this is the well-known Frame
approach towards redundant representations, which applies linear operations both
for the forward transform (from b to x) and its inverse (from x to b).

On the other extreme, the problem (Py) posed in Equation (1.19) offers literally
the sparsest representation of the signal content. This way, while the inverse trans-
form is linear, the forward one is highly non-linear, and quite complex in general.
The appeal in such a transform is in the compact representation it provides. This op-
tion motivates a closer study of the mathematical problems mentioned above. Much
more on this connection will be given in the second part of this book, where we
explore ways to harness the understanding of sparse solutions of linear systems of
equations to applications in signal and image processing.
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Chapter 2
Uniqueness and Uncertainty

We return to the basic problem (Py), which is at the core of our discussion,

(Py) : min ||x||[p subjectto b = Ax.
X

While we shall refer hereafter to this problem as our main goal, we stress that we
are quite aware of its two major shortcomings in leading to any practical tool:

1. The equality requirement b = AX is too strict, as there are small chances for any
vector b to be represented by a few columns from A. A better requirement would
be one that allows for small deviation.

2. The sparsity measure is too sensitive to very small entries in x, and a better
measure would adopt a more forgiving approach towards such small entries.

Both these considerations will be included in later analysis, but for this to succeed,
we must start with the stylized version of the problem as indeed posed by (P).

For the underdetermined linear system of equations, Ax = b (a full-rank matrix
A € R™" with n < m), we pose the following questions:

Q1: When can uniqueness of the sparsest solution be claimed?
Q2: Can a candidate solution be tested to verify its (global) optimality?

This section addresses these questions, and some of their extensions. Rather than an-
swering the above questions directly, we first consider special matrices A for which
the analysis seems to be easier, and then extend our answers to the general A. In do-
ing so, we also follow the path taken by researchers who originally addressed these
questions.

2.1 Treating the Two-Ortho Case

We shall first discuss the (Py) problem defined above in a concrete setting: the case
where A is the concatenation of two orthogonal matrices, ¥ and ®. As a classic

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 17
and Image Processing, DOI 10.1007/978-1-4419-7011-4 2,
© Springer Science+Business Media, LLC 2010



18 2 Uniqueness and Uncertainty

example, we can consider the amalgam of the identity and the Fourier matrices
A = [LF]. In such a setting, the fact that the system b = Ax is underdetermined
means, concretely, that there are many ways of representing a given signal b as a
superposition of spikes (i.e., columns from the identity matrix) and sinusoids (i.e.,
columns from the Fourier matrix). A sparse solution of such a system is a repre-
sentation of said signal as a superposition of a few sinusoids and a few spikes. The
uniqueness of such a sparse solution seemed surprising when first noticed.

2.1.1 An Uncertainty Principle

Before addressing sparse solutions for the linear system [V, ®@] x = b, we shall con-
sider a (seemingly) different problem, inspired by the setting of classical uncertainty
principles. As the reader no doubt knows, the classical uncertainty principle states
that two conjugate variables (e.g., position and momentum, or any other pair cou-
pled by the Fourier transform) cannot both be known with arbitrary precision. Turn-
ing to its mathematical formulation, it states that any function f(x) and its Fourier
transform F(w) must obey the inequality’

f ) Xfx0)Pdx - f ) W F(w)Pdw >

1
= 2.1
R R > 2.1)

where we have assumed that these functions are ¢>-normalized,

f CfPdx = 1.

o

This claim says that a signal cannot be tightly concentrated both in time and in
frequency, and there is a lower bound on the product of the spread in time and the
spread in frequency.

A comparable claim in our terminology would be that a signal cannot be sparsely
represented both in time and in frequency. We now turn to develop this exact view-
point, as it will be helpful for understanding some of the discussion that follows.
Suppose we have a non-zero vector b € R” (a signal, say) and two orthobases ¥
and @. Then b can be represented either as a linear combination of columns of ¥ or
as a linear combination of columns of ®:

b = Yo = BB (2.2)

Clearly, a and S8 are uniquely defined. In a particularly important case, ¥ is simply
the identity matrix, and @ is the matrix of the Fourier transform. Then « is the
time-domain representation of b while 8 is the frequency-domain representation.
For an arbitrary pair of bases ¥, ®, an interesting phenomenon occurs: either
a can be sparse, or 8 can be sparse, but not both! However, this claim is clearly

! The bound 0.5 stated here depends on a specific definition of the Fourier transform.
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dependent on the distance between W and ®, since if the two are the same, we
can easily construct b to be one of the columns in ¥ and get the smallest possible
cardinality (being 1) in both @ and S. Thus, we turn now to define the proximity
between two bases by their mutual-coherence.

Definition 2.1. For an arbitrary pair of orthogonal bases ¥, ® that construct the ma-
trix A, we define the mutual-coherence u(A) as the maximal inner product between
columns from these two bases,

proximity(¥, ®) = u(A) = max Wi jl. (2.3)

The mutual-coherence of such two-ortho matrices satisfies 1/ yn < u(A) < 1,
where the lower bound is achievable for certain pairs of orthogonal bases, such as
the identity and the Fourier, the identity and the Hadamard, and more. To see that
this is indeed the lower bound on the possible coherence, one simply notices that
Y7 ® is an orthonormal matrix, having the sum of squares of its entries in each
column equal to 1. All entries cannot therefore be less than 1/ +/n since then we
would have that the sum of all squared entries is less than 1. Using Definition 2.3
above, we have the following inequality result:

Theorem 2.1. For an arbitrary pair of orthogonal bases ¥, ® with mutual-coherence
H(A), and for an arbitrary non-zero vector b € IR" with representations « and 3 cor-
respondingly, the following inequality holds true:

Uncertainty Principle 1: ||a|lo + ||Bllo = 2.4)

2
A
Proof: We shall assume hereafter, without loss of generality, that ||b|]l, = 1. Since
b = Wa = ®B, and b”b = 1, we have that

1=b"Db (2.5)
"Y' op

an Z @iy ¢; < pA) - Z Z il - 1B

i=1 j=1 i=1 j=1

Here we have exploited the definition of the coherence between the two bases. This
inequality leads to

L<uA)- D7D el )1 = u(A) - lledl Bl (2.6)

i=1 j=1

This could be interpreted as yet another uncertainty principle for the £;-norm case,
suggesting that two representations cannot be jointly ¢,-short. Indeed, using the
relation between the geometric and the algebraic means (¥ a,b > 0, Vab < (a +
b)/2), we have
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1 2
lledliliBlh = A =l + 118l = 0

(2.7)

However, this is a distraction from our goal, and we return to an {p-based uncertainty
principle.

Let us consider the following problem: Among all possible representations « that
satisfy |||l = 1 and have A non-zeros (i.e., ||@|lp = A), what would be the one giving
the longest £; length? This defines an optimization problem of the form

max lell; subject to ||a||2 1 and ||lallp = (2.8)

Suppose that this problem leads to a solution g(A) = g(|lallp). Similarly, a paral-
lel definition for 8 with B non-zeros gives a result g(||8|lo). This means that using
Equation (2.6) we have an inequality of the form

— < ol < gl - gC1Blo). 29)
H(A)
since each ¢; length is replaced with its upper-bound. Such an inequality is our
target, and thus solution of the problem posed in Equation (2.8) is needed.

We can assume, without loss of generality, that the A non-zeros in « are its first
entries, the rest being zeros. We further assume that all of these entries are strictly
positive (since only absolute values are used in this problem). Using Lagrange mul-
tipliers, the £, constraint vanishes, and we obtain

L@) = Za,+/l[l—ia] (2.10)

i=1
The derivative of this Lagrangian is

0L(a)
oa i

=1-2la; =0, @2.11)

implying that the optimal values are given by @; = 1/24, and are all the same. This
means that the optimal value (due to the ¢, constraint) is a; = 1/ VA, and thus
g(A)=A/ VA = VA is the value of the maximal ¢,-norm of the vector a. Using this
and a parallel result for 8, plugged into (2.9) leads to

A S < llalhlBlh < gdllello) - gIBllo) = Vllallo - lillo- (2.12)

Using again the geometric-algebraic mean relationship we obtain

1
m \/|C¥||0 (18110

as claimed. O

(ledlo + 11Bllo) » (2.13)

NI'—‘
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An alternative and simpler proof (by Allan Pinkus) is the following: Since ® and
¥ are unitary matrices, we have that ||b|l> = |||l = ||8ll.. Let us denote the support
of a by I. From b = Ya = ) ;.; ajy; we have

Z a! ¢;

i€l
D Wi

iel

2

B> = b ¢ = (2.14)

2
< lel3 -

< b5 - 11 - u(A)?,

where we have used the Cauchy-Schwartz inequality,? and the definition of the
mutual-coherence. Summing the above over all j € J, the support of 3, we obtain

DB = I < IbIG - 111 - 1J] - (A, (2.15)
jeJ

This leads to the inequality we have posed in Equation (2.13), thus proving the
theorem. o

This result suggests that if the mutual-coherence of two bases is small, then @ and
B cannot both be very sparse. For example, if, as above, ¥ is the identity and ® is the
Fourier matrix, then u([¥, ®]) = 1/ +/n. It follows that a signal cannot have fewer
than 2 v/n nonzeros in both the time and frequency-domains. In such a case, we also
know that this is a tight relationship, since the picket-fence signal with a uniform
spacing of +/n (assuming it is an integer) is converted by the Fourier transform (due
to Poisson formula) to the same signal, thus accumulating 2 /n non-zeros. Figure
2.1 shows this signal.

Heisenberg’s classical uncertainty principle, in the discrete setting, says that, if
we view a and S as probability distributions (by taking the absolute value of the
entries and normalizing) then the product of their variances satisfies 0'(270'/23 > const.
In contrast, (2.4) gives a lower bound on the sum of the nonzeros, regardless of their
locations.

2.1.2 Uncertainty of Redundant Solutions

We now make a connection to the uniqueness problem. Consider the problem of
finding a solution to Ax = [V, ®@]x = b in light of the uncertainty principle (2.4).
Suppose there are two solutions, Xi, X, for the underlying linear system, and that one
is very sparse. We will see that the other cannot be very sparse as well. Necessarily,
the difference e = x; —x; must be in the null-space of A. Partition e into sub-vectors

% The Cauchy-Schwartz inequality is given by: |x”y[> < |Ix|13 - |ly|l?. Equality is obtained if and only
if x and y are linearly-dependent.
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Fig. 2.1 The picket-fence signal for n = 64. It has 8 uniformly spread non-zeros with equal height.
The Discrete-Fourier-Transform (DFT) of this signal looks exactly the same.

e, and e of the first n entries and last n entries of e, respectively. We have
WYey = —Dey =y # 0. (2.16)

The vector y is nonzero because e is nonzero, and both ¥ and ® are nonsingular.
Now invoke (2.4):

llello = llewllo + lleallo = 2.17)

u(A)
Since e = x| — X», we have

2
(Uncertainty Principle 2) : x|l + [[X2llo > llello > m (2.18)
yoi
Here we have used the triangle inequality for the £y norm, |[xq|lo + [[X2llo = [Ix; —
Xollo, Which is trivially verified, by counting the non-zeros of the two vectors and
considering no overlap of supports (which leads to equality) and an overlap (which
gives this inequality). To summarize, we have proven the following result:

Theorem 2.2. Any two distinct solutions Xi,X; of the linear system [¥,®]x = b
cannot both be very sparse, governed by the following uncertainty principle:

(Uncertainty Principle 2) :  |[xillo + |[X2llo = ——.
H(A)

We refer to this result as an uncertainty of redundant solutions, as we discuss here
solutions to the underdetermined system.
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2.1.3 From Uncertainty to Uniqueness

A direct consequence of inequality (2.18) is a uniqueness result:

Theorem 2.3. If a candidate solution for [¥, ®]x = b has fewer than 1/u(A) non-
zeros, then it is necessarily the sparsest one possible, and any other solution must
be “denser.”

This seemingly simple claim is wonderful and powerful. At least for the special
case discussed here, A = [V, @], we have a complete answer for the two questions
we have posed at the beginning of this chapter. Namely, we can certainly claim
uniqueness for sparse enough solutions, and once such a sufficiently sparse solution
is given to us, we can immediately claim its global optimality. Notice that in general
non-convex optimization problems, a given solution can at best be verified as being
locally optimal, and here we have the ability to verify its optimality globally.

Since the discussion so far concentrated on the two-ortho case, it is now time to
dare and address general matrices A, using similar treatment. Clearly, though, an
uncertainty result of the kind posed in Theorem 1 would be impossible to imitate,
and we will have to bypass it somehow.

2.2 Uniqueness Analysis for the General Case

2.2.1 Uniqueness via the Spark

A key property that is crucial for the study of uniqueness is the spark of the matrix
A, a term coined and defined by Donoho and Elad in 2003. The spark is a way of
characterizing the null-space of a matrix A using the {y-norm. We start with the
following definition:

Definition 2.2. : The spark of a given matrix A is the smallest number of columns
from A that are linearly-dependent.

Recall that the rank of a matrix is defined as the largest number of columns from
A that are linearly independent. Clearly, there is a resemblance between these two
definitions — replace largest with smallest, and independent by dependent, and you
return to the definition of the spark. Nevertheless, the spark of a matrix is far more
difficult to obtain, compared to its rank, as it calls for a combinatorial search over
all possible subsets of columns from A.

The importance of this property of matrices for the study of the uniqueness of
sparse solutions has been unraveled already by Rao and Gorodnitsky in 1998. In-
terestingly, this property has previously appeared in the literature of psychometrics
(termed Kruskal rank), used in the context of studying uniqueness of tensor decom-
position. The spark is also related to established notions in matroid theory; formally
it is precisely the girth of the linear matroidmatroid defined by A, i.e., the length of
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the shortest cycle in that matroidmatroid. Finally, if we consider the same definition
where the arithmetic underlying the matrix product is performed not over the fields
of real or complex numbers but instead over the ring of integers mod ¢, the same
quantity arises in coding theory, where it allows to compute the minimum distance
of a code. The resemblance between all these concepts is striking and instructive.

The spark gives a simple criterion for uniqueness of sparse solutions. By def-
inition, the vectors in the null-space of the matrix Ax = 0 must satisfy [[x||p >
spark(A), since these vectors combine linearly columns from A to give the zero
vector, and at least spark such columns are necessary by definition. Using the spark
we obtain the following result:

Theorem 2.4. (Uniqueness — Spark): If a system of linear equations Ax = b has
a solution X obeying ||x|lo < spark(A)/2, this solution is necessarily the sparsest
possible.

Proof: Consider an alternative solution y that satisfies the same linear system Ay =
b. This implies that x — y must be in the null-space of A, i.e., A(x —y) = 0. By
definition of spark,

lIXllo + [lyllo > IIx = yllo > spark(A). (2.19)

The left-most term in the above inequality simply states that the number of non-
zeros in the difference vector x — y cannot exceed the sum of the number of non-
zeros within each of the vectors x and y separately — this is the triangle inequality
mentioned before. Since we have a solution satisfying [[x||y < spark(A)/2, we con-
clude that any alternative solution necessarily has more than spark(A)/2 non-zeros,
as claimed. O

Again, this result is very elementary and yet quite surprising, bearing in mind that
(Pp) is a highly complicated optimization task of combinatorial flavor. In general
combinatorial optimization problems, when considering a proposed solution, one
hopes only to check local optimality —i.e., that no simple modification gives a better
result. Here, we find that simply checking the solution sparsity, and comparing that
with the spark, lets us check global optimality.

Clearly, the value of spark can be very informative, and large values of spark are
evidently very useful. How large can spark be? By definition, spark must be in the
range® 2 < spark(A) < n + 1. For example, if A comprises random independent
and identically distributed entries (say Gaussian), then with probability 1 we have
spark(A) = n + 1, implying that no n columns are linearly-dependent. The same
spark is obtained for Vandermonde matrices constructed from distinct m scalars. In
these cases, uniqueness is ensured for every solution with n/2 or fewer non-zero
entries. Similarly, the spark of the two-ortho identity-Fourier pair is* 2 v/, using

3 The spark can be as low as 1 if there exists a zero-column in A, but we do not consider such a
case as relevant to our analysis.

41f n is prime, the spark of the identity-Fourier pair becomes n + 1, as the picket-fence signals are
no longer relevant.
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Poisson formula — a concatenation of two picket-fence signals, each with /i peaks
evenly spread is the sparsest possible vector in the null-space of the matrix [I, F].

2.2.2 Uniqueness via the Mutual-Coherence

The spark is at least as difficult to evaluate as solving (Pp). Thus, simpler ways
to guarantee uniqueness are of interest. A very simple way exploits the mutual-
coherence of the matrix A, defined by generalizing the definition given for the two-
ortho case. In the two ortho case, computation of the Gram matrix ATA leads to

I Yo
TA —

ATA = [ o ] (2.20)
Thus, the above-defined mutual-coherence for this case is obtained as the maximal
off-diagonal entry (in absolute value) in this Gram matrix. Similarly, we propose a

generalization of this definition, as follows:

Definition 2.3. : The mutual-coherence of a given matrix A is the largest absolute
normalized inner product between different columns from A. Denoting the k-th col-
umn in A by a, the mutual-coherence is given by

|a?aﬂ
u(A)= max ———.
1<i.j<m, i#] |||, - ||aj||2

(2.21)
The mutual-coherence is a way to characterize the dependence between columns
of the matrix A. For a unitary matrix, columns are pairwise orthogonal, and so the
mutual-coherence is zero. For general matrices with more columns than rows, m >
n, u is necessarily strictly positive, and we desire the smallest possible value so as
to get as close as possible to the behavior exhibited by unitary matrices.

We have seen that for structured two-ortho matrices A = [¥, ®] the mutual-
coherence satisfies 1/ y/n < pu(A) < 1. When considering random orthogonal matri-
ces of size n X m, the work in Donoho and Huo has shown that they tend to be inco-
herent, implying that u(A,, ) is typically proportional to +/log(nm)/n for n — co.
It has been shown that for full-rank matrices of size n X m the mutual-coherence is

bounded from below by
- m—n
K=\ um=-1)"

Equality is obtained for a family of matrices named Grassmannian Frames. The
set of columns in such matrices are called equiangular lines. Indeed, this family of
matrices has spark(A) = n + 1, the highest value possible. Numerical construction
of such matrices has been addressed by Tropp et al. using an iterative projection
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onto (sometimes not so) convex sets. We will return to this topic towards the end of
this chapter.

We also mention work by Calderbank in quantum information theory, construct-
ing error-correcting-codes using a collection of orthogonal bases with minimal co-
herence, obtaining similar bounds on the mutual-coherence for amalgams of orthog-
onal bases. Also related to this line of activity is the more recent contribution by
Sochen, Gurevitz, and Hadani, on constructions of signal sets such that their shifts
exhibit low coherence.

Mutual-coherence is relatively easy to compute, and as such, it allows us to
lower-bound the spark, which is often hard to compute.

Lemma 2.1. For any matrix A € R™™, the following relationship holds:

1
spark(A) > 1 + —. (2.22)
H(A)
Proof: First, modify the matrix A by normalizing its columns to be of unit {,-norm,
obtaining A. This operation preserves both the spark and the mutual-coherence. The
entries of the resulting Gram matrix G = AT A satisfy the following properties:

(Gie=1:1<k<m) and {|Gijl SpA) : 1<k j<m k#j},

Consider an arbitrary leading minor from G of size p X p, built by choosing a sub-
group of p columns from A and computing their sub-Gram matrix. From the Gersh-
gorin disk theorem,” if this minor is diagonally-dominant —i.e., if 3} ;.; 1G; ;| < |Gl
for every i — then this sub-matrix of G is positive-definite, and so those p columns
from A are linearly-independent. The condition 1 > (p— Dy — p < 1+ 1/u
implies positive-definiteness of every p X p minor. Thus, p = 1 + 1/u is the small-
est possible number of columns that might lead to linear dependence, and thus
spark(A) > 1+ 1/pu. O

We have the following analog of the previous uniqueness theorems, and this time
based on the mutual-coherence.

Theorem 2.5. (Uniqueness — Mutual-Coherence): If a system of linear equations
AXx = b has a solution x obeying ||x|ly < % (1 + 1/u(A)), this solution is necessarily
the sparsest possible.

Compare Theorems 2.4 and 2.5. They are parallel in form, but with different
assumptions. In general, Theorem 2.4, which uses spark, is sharp and is far more
powerful than Theorem 2.5, which uses the coherence and so only a lower bound on
spark. The coherence can never be smaller than 1/ v/n, and therefore, the cardinality
bound of Theorem 2.5 is never larger than /n/2. However, the spark can easily be
as large as n, and Theorem 2.4 then gives a bound as large as n/2.

3 For a general (possibly complex) matrix H of size nxn, Gershgorin’s disks are the n disks formed
by the centers h(i, i) and radiuses 3 ;,; |h(i, j)|. The theorem states that all eigenvalues of H must
lie within the union of these disks.
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In fact, for the special matrix A = [¥, ®] we have also obtained such a rule.
Interestingly, the lower bound for the general case becomes (1 + 1/u(A))/2 while
the special two-ortho case gave a stronger (i.e., higher) lower bound. The general
case bound is nearly a factor of 2 weaker than (2.18), because (2.18) uses the special
structure A = [V, ®@].

2.2.3 Uniqueness via the Babel Function

In the proof of Lemma 2.1 we considered minors of size p X p extracted from the
Gram matrix of the normalized matrix A. The positive-definiteness of all such mi-
nors imply that every p columns are linearly-independent. However, for simplifica-
tion of the analysis we bounded all the off-diagonal entries of G by a single value
H(A), and thus, lost robustness to possibly few extreme entries in this matrix.

Since we need to check whether the sum of the p—1 off-diagonal entries in every
row in these minors is less than 1 (for the Gershgorin property to hold true), we can
define the following Babel function, following Tropp:

Definition 2.4. For a given matrix A with normalized columns, we consider a subset
A of p columns from A, and compute the sum of the absolute values of their inner
product with a column outside this set. Maximizing over both the set A and the
outside column j we obtain the Babel function:

~T ~
= a;aj. 2.23
p(p) = max - max ZA]| 4 (2.23)

Clearly, for p = 1, we get that u;(1) = p(A). For p = 2 the above implies that
we need to sweep through all possible triplets, considering two as those belonging
to A, and the third as the external vector to compute inner products with. This defi-
nition implies that this function is monotonically non-decreasing, and the slower its
growth the better the analysis it leads to, compared to the use of the cruder coherence
measure.

It might seem that computing this function for large p becomes exponential and
thus prohibitive, but this is in fact not true. By computing |G| = |IATA|, and sorting
every row in descending order, we obtain the matrix Gg. The first entry in every row
is 1, being the main diagonal entry, and thus should be disregarded. Computing the
sum of the p leading entries in every row (second and beyond), we get for every j
in the above definition the set of worst A’s, and among them we should choose the
maximal one, thus

p+1

p(p) = max 22] Gs (.. (2.24)
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We note that for every p we have that u;(p) < p - u(A), and the two become equal
for Grassmannian matrices, where all the off-diagonal entries in the Gram matrix
are of the same magnitude.

How can we use the Babel function for better assessing the uniqueness? It is
clear that if y;(p) < 1, we deduce that all p + 1 sets are linearly-independent. Thus,
a lower-bound on the spark could be

spark(A) > 1min {pli(p—1) > 1}. (2.25)
<p<n

The uncertainty and uniqueness properties follow immediately.

2.2.4 Upper-Bounding the Spark

The spark is impossible to evaluate in general, as it is even harder than solving
(Py). This is because its evaluation requires a sweep through all possible groups of
columns from A with varying cardinalities, seeking for a linearly-dependent subset
of columns. This is a combinatorial search of exponential complexity with m.

While this difficulty explains the necessity to replace the spark with the mutual-
coherence, the price paid in loss of tightness of the uniqueness result may be consid-
ered as too dear to be permitted. This motivates an alternative method for approx-
imating the spark, and this time using an upper bound. Such a bound implies that
we cannot guarantee uniqueness based on the obtained value, but it would give us a
rough evaluation of the region of uniqueness.

In order to develop the upper-bound, we redefine the spark as the outcome of m
optimization problems (Pg) fori=1,2, ... ,m of the form:

(Pf)) : xf)p, = arg mxin [x|lo subjectto Ax =0and x; = 1. (2.26)

Each of these problems assumes that the sparsest vector in the null-space of A uses
the i-th entry. By solving this sequence of (Py)-like problems, the sparsest result
among {x},,}"", gives the spark,

spark(A) = min 11X llo- (2.27)

Since the set of problems (Pf)) is too complex, we define an alternative set of
problems, replacing the £, with the £;-norm,
(P’i) : z;p, = argmin [x||; subjectto Ax=0and x; = 1. (2.28)
X
As we have seen in Chapter 1, these problems have a linear programming structure,
they are convex, and solvable in reasonable time. Furthermore, it is clear that for
every i, we have that ||X2pt||0 < ||zlop,||0, since ||X2p;||0 is the sparsest solution possible
for this problem by definition, and thus we have the promised bound
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spark(A) < min |z, [lo- (2.29)
1<i<m

Numerical experiments show that this bound tends to be quite tight, and close to the
true spark.

2.3 Constructing Grassmannian Matrices

A Grassmannian (real) matrix A of size nXm with m > n is a matrix with normalized
columns such that its Gram matrix G = AT A satisfies
m-—n

Vk# i 1Grjl = P (2.30)

As we have stated above, this is the smallest possible mutual-coherence possible.
Such matrices do not necessarily exist, and in particular, they are possible only if
m<min(n(n+1)/2,(m—-n)(m—n+1)/2).

Grassmannian matrices are special in the sense that the angle between each and
every pair of columns in it is the same, and it is also the smallest possible. Thus, con-
struction of such matrices has a strong connection with packing of vectors/subspaces
in the IR"-space. While the case m = n leads trivially to unitary matrices that are easy
to construct, constructing a general Grassmannian matrix is very hard. A numerical
algorithm for this task was proposed by Tropp et al. and we bring it here as an il-
lustration of such design procedures. We should add that while image processing
finds little interest in such constructions, they find important application in channel
coding, wireless communication, and more.

The key idea in the proposed algorithm is to iterate between projections onto the
requirements such matrix should satisfy. Starting with an arbitrary matrix A, these
projections should refer to the following requirements:

1. The columns in A are {;-normalized: This can be forced by normalizing every
column.

2. Property (2.30): We should compute G = ATA, detect the off-diagonal entries
that are above some threshold, and decrease them. Similarly, since too small val-
ues are also not permitted in such Gram matrices, one might also add an increase
to such off-diagonal entries.

3. The rank of G should not exceed n: Since the above modifications cause G to
become a full-rank one, an SVD operation and truncation of the singular-values
beyond the first n ones brings the new Gram matrix to the proper rank.

This process can and should be repeated many times. There is no guarantee for
convergence, or arrival at a Grassmannian matrix, but tests show that one can get
closer to such matrices with this numerical scheme. A Matlab code that follows
these guidelines is given in Figure 2.2.
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D=randn(N,L); % initialization
D=D*diag(1./sqrt(diag(D’*D))); % normalize columns
G=D"*D; % compute the Gram matrix
mu=sqrt((L-N)/N/(L-1));
for k=1:1:lter,
% shrink the high inner products
gg=sort(abs(G(:)));
pos=find(abs(G(:))>gg(round(dd1*(L*L-L))) & abs(G(:))) <1;
G(pos)=G(pos)*dd2;
% reduce the rank back to N
[U,S,V]=svd(G);
S(N+1:end,1+N:end)=0;
G=U*S*V’;
% Normalize the columns
G=diag(1./sqrt(diag(G)))*G*diag(1./sqrt(diag(G)));
% Show status
gg=sort(abs(G(:)));
pos=find(abs(G(:))>gg(round(dd1*(L*L-L))) & abs(G(:))) <1;
disp([k,mu,mean(abs(G(pos))),max(abs(G(pos)))]);
end;
[U,S,V]=svd(G);
D=sqgrt(S(1:N,1:N))*U(:,1:N);

Fig. 2.2 Matlab code for building a Grassmannian matrix.

Figure 2.3 shows the results for this procedure.® For a matrix of size 50 x 100, the
minimal possible coherence is v1/99 = 0.1005. Figure 2.3 shows the initial Gram
matrix and the one obtained after 10, 000 iterations, using dd1 = dd2 = 0.9. Figure
2.4 shows the sorted oftf-diagonal entries in these two Gram matrices, and as can be
seen, the iterative procedure succeeds very well in obtaining a matrix very close to
a Grassmannian one. In fact, in this run, the maximal off-diagonal entry is 0.119.
Figure 2.5 presents the mutual-coherence as it evolves through the iterations of the
algorithm.

2.4 Summary

We have now given answers to the questions posed at the start of this chapter. We
have seen that any sufficiently sparse solution is guaranteed to be unique among all
possible solutions. Consequently, any sufficiently sparse solution is necessarily the
global optimizer of (Py). These results show that searching for a sparse solution can
lead to a well-posed question with interesting properties. We now turn to discuss
practical methods for obtaining solutions for (Py).

¢ Courtesy of Joel Tropp.
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Fig. 2.3 The initial Gram matrix (top-left) and the final one (top-right) in training a Grassmannian
matrix of size 50 X 100. The bottom part of the figure shows the absolute of the final Gram matrix,
showing that the off-diagonal elements tend to have the same value, as required.
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Chapter 3
Pursuit Algorithms — Practice

It is now time to consider reliable and efficient methods for solving (Py), as a
straightforward approach seems hopeless. We now discuss methods which, it seems,
have no hope of working — but which, under specific conditions, will work. Looking
at the problem (Py),

(Py) : min ||x||p subjectto b = Ax,

one observes that the unknown x is composed of two effective parts to be found
— the support of the solution, and the non-zero values over this support. Thus, one
way to attack the numerical solution of (Py) is to focus on the support, with the
understanding that once found, the non-zero values of x are easily detected by plain
Least-Squares. As the support is discrete in nature, algorithms that seek it are dis-
crete as well. This line of reasoning leads to the family of greedy algorithms that
will be presented hereafter.

An alternative view of (Py) can disregard the support, and consider the unknown
as a vector x € R™ over the continuum. Smoothing the penalty function |[x||y, one
can adopt a continuous optimization point of view for solving (Py). The relaxation
methods that are presented later in this chapter adopt this view, by smoothing the £y-
norm in various forms, and handling the revised problem as a smooth optimization.

3.1 Greedy Algorithms

3.1.1 The Core Idea

Suppose that the matrix A has spark(A) > 2, and the optimization problem (Py)
has value val(Py) = 1 (at the optimal solution), so b is a scalar multiple of some
column of the matrix A, and this solution is known to be unique. We can identify
this column by applying m tests — one per column of A. The j-th test can be done

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 35
and Image Processing, DOI 10.1007/978-1-4419-7011-4 3,
© Springer Science+Business Media, LLC 2010
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by minimizing €(j) = [|a;z; — bll, leading to z} = ajrb/||aj||§. Plugged back into the
error expression, the error becomes

alb 2
€(j) = min|la;z; = bl = || ——a; - 3.1)
5 a3 ,
@fb)*  (alby
= bl -2+
lajl  llal
, @by
= b} - ——-.
;13

If this error is zero, we have found the proper solution. Thus the test to be done is

simply ||a 1“2 ||b||% = (aJT.b)2 (which is equivalent to the statement that the Cauchy-
Schwartz inequality should be satisfied with equality), indicating that b and a; are
parallel. This procedure requires order O(mn) flops, which may be considered rea-
sonable.

Proceeding with the same rationale, suppose that A has spark(A) > 2kj, and
the optimization problem is known to have value val(Py) = ko. Then b is a linear
combination of at most ky columns of A. Generalizing the previous solution, one
might think to enumerate all (I’Z;) = O(m*) subsets of ky columns from A, and test

each. Enumeration takes O(m*°nk,*) flops, which seems prohibitively slow in many
settings.

A greedy strategy abandons exhaustive search in favor of a series of locally op-
timal single-term updates. Starting from x° = 0 it iteratively constructs a k-term
approximant x* by maintaining a set of active columns — initially empty — and, at
each stage, expanding that set by one additional column. The column chosen at each
stage maximally reduces the residual £, error in approximating b from the currently
active columns. After constructing an approximant including the new column, the
residual ¢, error is evaluated; if it now falls below a specified threshold, the algo-
rithm terminates.

3.1.2 The Orthogonal-Matching-Pursuit

Figure 3.1 presents a formal description of this strategy, and its associated nota-
tion. This procedure is known in the literature of signal processing by the name
Orthogonal-Matching-Pursuit (OMP), but is very well known (and was used much
earlier) by other names in other fields — see below.

Note that the Sweep stage gives error values of the following form, which is very
similar to what we have seen above in Equation (3.1),

Typk=1 2
. . k—1)12 J k-1
€(j) =minlla;z; -1 [|; = Sa;— (3.2)
7 a1 .
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Task: Approximate the solution of (Py): miny ||x|[p subjectto Ax = b.
Parameters: We are given the matrix A, the vector b, and the error threshold
€.

Initialization: Initialize k = 0, and set

e The initial solution x° = 0.
e Theinitial residual r® = b — Ax? = b.
e The initial solution support S° = Support{x’} = 0.

Main Iteration: Increment k by 1 and perform the following steps:

e Sweep: Compute the errors e(j) = min,, |la;z; — r*"'||3 for all j using the
optimal choice z; = ajTr"*l /llajlf3.

e  Update Support: Find a minimizer, jo of e(j): V j ¢ S, €(jy) < (), and
update S* = ST U {j).

o Update Provisional Solution: Compute x*, the minimizer of [|Ax—bl|? sub-
jectto Support{x} = Sk.
Update Residual: Compute r* = b — Ax*.
Stopping Rule: If ||r¥||; < &, stop. Otherwise, apply another iteration.

Output: The proposed solution is x* obtained after k iterations.

Fig. 3.1 Orthogonal-Matching-Pursuit — a greedy algorithm for approximating the solution of (Py).

(airk—l)Z (afrk—l)Z

_lek-1112 J
—“r “2_2 2 2
llal15 llal15
T Ll
= [ - =
llal15

Thus, the quest for the smallest error is actually equivalent to the quest for the largest
(in absolute value) inner product between the residual r*=! and the normalized vec-
tors of the matrix A.

In the Update Provisional Solution stage, we minimize the term ||Ax — bllg with
respect to X, such that its support is S¥. We denote A g as a matrix of size n x |S¥|
that contains the columns from A that belong to this support. Thus, the problem to
be solved is a minimization of ||AgtXgt — b||§, where X« is the non-zero portion of
the vector x. The solution is given by zeroing the derivative of this quadratic form,

AL (Asixgi —b) = AL = 0. (3.3)

Here we have used the formula of the residual in the k-th iteration, r* = b — Ax* =
b — Agxg. The above relation suggests that the columns in A that are part of the
support S* are necessarily orthogonal to the residual rf. This in turn implies that
in the next iteration (and afterwards), these columns will not be chosen again for
the support. This orthogonalization is the reason for the name of the algorithm —
Orthogonal-Matching-Pursuit.
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A more complex and somewhat better behaving variant of the above algorithm
can be suggested, where each of the tests in the sweep stage is done as full Least-
Squares (LS), considering all the accumulated columns and the candidate one to-
gether, and solving for all the coefficients at once. As in the OMP, m — |S*~!| LS
steps are performed at the k-th step. This method is known as LS-OMP. The LS
steps can be made efficient using the formula

(3.4)

Mb|" [M"'+pM 'bb"M! —pM-'b
b’ ¢| ~ —pb'M™! p ’

where p = 1/(c — b’ M~'b). Denoting the sub-matrix that gathers the k — 1 chosen
columns from A as A, the LS problem we should solve is

min ‘[Asa"] X’]—b . (3.5)
Xg.Z <
2
The solution is given by zeroing the derivative of the above expression
AT (A, a1 [x,] [AT
YR e
leading to
x| _[ATA, ATa;| ' [ATD a7
2|, [alAsal2] [afb | '

Thus, based on the formula given in Equation (3.4), if we have stored the matrix
(ATA)™!, then the above formula becomes easy, and leads to an update of this ma-
trix for k columns. Once the solution is found, the residual error should be evaluated,
and the column a; that leads to the smallest error should be chosen. Observe that if a;
is orthogonal to the columns of A, the above matrix to be inverted becomes block-
diagonal, and the result would be x; = Afb and z = al.Tb/ ||ai||§. This means that the
coefficients of the previous solution remain intact, and a new non-zero is introduced
with a coefficient z.

There are numerical shortcuts for the evaluation of the residuals, but we shall not
explore this matter here. Note that the above recursive approach towards the Least-
Squares task in the LS-OMP is also relevant for speeding up the OMP, implying
that the Update Provisional Solution stage can be made far more efficient.

If the delivered approximation has ky non-zeros, the LS-OMP and OMP methods
require O(komn) flops in general; this can be dramatically better than the exhaus-
tive search, which requires O(nm*°ky?) flops. Thus, the single-term-at-a-time strat-
egy can be much more efficient than exhaustive search — if it works! The strategy
can fail badly, i.e., there are explicit examples constructed by Vladimir Temlyakov
where a simple k-term representation is possible, but this approach yields an n-term
(i.e., dense) representation. In general, all that can be said is that among single-
term-at-a-time strategies, the approximation error is always reduced by as much as
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possible, given the starting approximation and the single-term-at-a-time constraint.
This property has earned this algorithm the name “Greedy algorithm” in approxi-
mation theory.

3.1.3 Other Greedy Methods

Many variants on the above algorithm are available, offering improvements either
in accuracy and/or in complexity. This family of greedy algorithms is well known
and extensively used, and in fact, these algorithms have been re-invented in various
fields. In the setting of statistical modeling, greedy stepwise Least-Squares is called
forward stepwise regression, and has been widely practiced since at least the 1960s.
When used in the signal processing setting this goes by the name of Matching-
Pursuit (MP) or Orthogonal-Matching-Pursuit (OMP). Approximation theorists re-
fer to these algorithms as Greedy Algorithms (GA), and consider several variants of
them — the Pure (PGA), the Orthogonal (OGA), the Relaxed (RGA), and the Weak
Greedy Algorithm (WGA).

The MP algorithm is similar to the OMP, but with an important difference that
makes it simpler, and thus less accurate. In the main iteration, after the sweep and
the update support stages, rather than solving a Least-Squares for re-evaluating all
the coefficients in x, the coefficients of the S*! original entries remain unchanged,
and the new coefficient that refers to the new member j, € S* is chosen as zjo. This
algorithm is described in Figure 3.2.

The Weak-MP is a further simplification of the MP algorithm, allowing for a sub-
optimal choice of the next element to be added to the support. Embarking from the
MP algorithm description in Figure 3.2, the update support is relaxed by choosing
any index that is factor ¢ (in the range (0, 1]) away from the optimal choice. This
algorithm is described in Figure 3.3.

Let us explain and motivate this method: We have seen the equivalence between
the inner products computed, Iajrrk’ll (up to a normalization factor), and the corre-
sponding errors €(j) among which we seek the minimum. Rather than searching for
the largest inner-product value, we settle for the first found that exceeds a -weaker
threshold. The Cauchy-Schwartz inequality gives

(ajrrk—l)Z (a;"rk—l)Z

———— < max , < |12, (3.8)
il = i< lad]? ?

This puts an upper bound on the maximal achievable inner-product. Thus, we can

compute [[r*"!]3 at the beginning of the Sweep stage, and as we search for jy that

gives the smallest error €(j), we choose the first that gives

(al rk1)?
10—2 > ||l‘k_l||§ > 2. max —
lla, 15 i<jsm  ||a/|l5

(al'rv=1)?

(3.9)
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Task: Approximate the solution of (Py): miny ||x|[p subjectto Ax = b.
Parameters: We are given the matrix A, the vector b, and the error threshold
€.

Initialization: Initialize k = 0, and set

e The initial solution x° = 0.
e Theinitial residual r® = b — Ax? = b.
e The initial solution support S° = Support{x’} = 0.

Main Iteration: Increment k by 1 and perform the following steps:

e Sweep: Compute the errors e(j) = min,, |la;z; — r*"'||3 for all j using the
optimal choice z; = ajTr"*l /llajlf3.

e  Update Support: Find a minimizer, jy of €(j): V 1 < j < m, €(jo) < €()),
and update S* = S U { ).

e  Update Provisional Solution: Set x* = x*~!, and update the entry x*(jj) =
(o) + 25

¢ Update Residual: Compute r* = b - Ax* = r*"! -7/ a;,.

e  Stopping Rule: If |[r]|, < &, stop. Otherwise, apply another iteration.

k—1

Output: The proposed solution is x* obtained after k iterations.

Fig. 3.2 Matching-Pursuit for approximating the solution of (Py).

Task: Approximate the solution of (Py): miny |[x|lp subjectto Ax =b.
Parameters: We are given the matrix A, the vector b, the error threshold ¢,
and the scalar 0 < ¢ < 1.

Initialization: Initialize k = 0, and set

e Theinitial solution x° = 0.
e Theinitial residual r® =b — Ax? = b.
e Theinitial solution support S° = Support(x’} = 0.

Main Iteration: Increment k by 1 and perform the following steps:

o Sweep: Compute the errors e(j) = min,, |la;z; — r*~'| for j = 1,2, ...
using the optimal choice z; = aJT.r""/llajllg. Stop the sweep when
lal e /llajll > 1 - [

e Update Support: Update S = S U {jo), with j, found in the sweep
stage.

e  Update Provisional Solution: Set x* = x*~!, and update the entry x*(jj) =
(o) + 25

o  Update Residual: Compute r = b — Ax‘ = r*"! — 2% a;,.

e  Stopping Rule: If |||, < ), stop. Otherwise, apply another iteration.

Output: The proposed solution is x* obtained after k iterations.

Fig. 3.3 Weak-Matching-Pursuit for approximating the solution of (Py).
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for a pre-chosen ¢ in the range (0, 1). The above condition can be written alterna-
tively as

@2 > 2B - Jlay, 3. (3.10)

This way, the chosen index clearly points to a column that is at the most factor ¢
away from the possible maximum. Note that it is possible that the complete sweep
is performed without any index satisfying the above condition, and then we simply
choose the maximum that was found as a by-product of the search. This way, the
search could become much faster, with the understanding that the rate-of-decay of
the residual has been somewhat compromised.

3.1.4 Normalization

All the above greedy algorithms (OMP, MP, and weak-MP) are described for a
general matrix A, which may have columns that are not of unit £,-norm. We can
normalize the columns by the operation A = AW, using a diagonal matrix W con-
taining 1/||a;]|> on the main-diagonal, and then use A in the above algorithms. Will
the outcome be different? The answer is stated in the following Theorem.

Theorem 3.1. The greedy algorithms (OMP, MP, and weak-MP) produce the same
solution support S* when using either the original matrix A or its normalized ver-
sion A.

Proof: We start with the OMP’s k-th step, and observe that the choice of the next
index is made by finding jj that leads to the smallest of the errors, given by €(j) =
||rk’1||% - (ajrrk’l)z/llajllg. Denoting a; = a;/||ajll», we clearly have that ||a;]|, = I,
and thus we get

—1:\2
Trkl

€(j) = I3 —[ / 3.11)

llall2

= 1115 - @’

T k=112
= I - (afr

llall>

Thus, using the normalized columns leads to the same outcome for the choice of the
index jo.

The Least-Squares step that follows finds the solution to ming [|Ax — bl|2, subject
to the found support S*. Denoting by As the sub-matrix of A that contains the
columns from the support, the solution to the above problem is easily given by

x; = (ALAs) " Alb, (3.12)



42 3 Pursuit Algorithms — Practice
and the resulting residual is

= b - Asx = [1- As (A5As) " AL|D. (3.13)
Working instead with the normalized matrix, we use the sub-matrix AS = AsWsg,

where W is the extracted portion from W referring to the support S. The residual
obtained by the OMP that uses this normalized matrix is

P = [1-As(ALAs) AY|b (3.14)
[ T -1 T
= [1- AsWs (WsATASWS) WSAS]b

= [1- AsWsW! (AZAS)" w;'wSAg] b

= |1-As(afAs) AL|b=r"

We got that the residual is the same for the two options, original or normalized
matrix A. Therefore, as the residual drives the next stage of choosing the support,
the OMP is indifferent to the normalization, as claimed.

MP uses the same procedure for choosing the index jj and as we have already
shown, this does not change under normalization. The residual update in MP is even
simpler, done by the formula

k _ k-1 k-1 ai)rk_l
— - _ % — -l _ .
r=r Z,j, =T a2 aj,. (3.15)
Jol12
Applying the same step with the normalized matrix gives
sk _omk—l _ mrom o _omk—l =T ek-lg
F=F" -Za,=F —-a 1 a (3.16)
Assuming that 1 = r*! and using the connection @; = a;/|[a || we obtain
<k _ =kl _ xT ~k-1x
F=F"-a,F a (3.17)
T
= kel _( Ao ) rk—l( Ao )
llaj,ll2 llaj,ll2
al rk!
_ k=1 _ "o ok
- Jo — %
llaj,li5

and again we got that the residual remain unchanged as well, guaranteeing the MP
steps are also indifferent to the normalization.
The last algorithm to consider, the weak-MP, searches for j, that satisfies

T k-1 T k-1
lal v/l [l > £ [l e (3.18)
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when using the original matrix. The same step with the normalized matrix leads
to the very same rule, and thus the same choice of index, due to the relation a; =
a;/||ajll». Also, the residual update is the very same one used with the MP, and thus
the residual does not change too, leading to the fact that weak-MP is also indifferent
to the normalization of the matrix A, and this concludes this proof. O

It is simpler to work with the normalized matrix, since then plain inner-products
are used in all these algorithms for choosing the next support index. Therefore, we
shall assume hereafter that these matrices are preceded with a normalization.

Note that if the original problem is given with a non-normalized matrix, the nor-
malization does have an effect on the obtained result x*. Thus, if a normalized matrix
is used in any of these algorithms, a post de-normalization step of the form x* = W&k
must be performed. This is because the algorithm provides a solution that satisfies
A% = b, and since A = AW we get that

b = AX* = AWX = Ax¢ = x* = Wi, (3.19)

3.1.5 Rate of Decay of the Residual in Greedy Methods

In the MP algorithm we have seen (see Figure 3.2) that the residual is updated by
the recursive formula'

k_ k-1 k-1 T k-1
r=r —zjoajn =r" —(a;r aj, (3.20)

where jj is chosen such that Iajrrk’ll is maximized. Thus, the energy of the residual
behaves like

e(jo) = lIrll3 (3.21)
= I = 2(af "2 + (aj r*1y?
= 113 - @ r )

k=112 T k—152
= 7115 — max (ajrt2,
1<j<m

Let us define the following decay-factor, following the idea developed by Mallat
and Zhang (1993):

Definition 3.1. For the matrix A with m normalized columns {a j}Tzl, and an arbi-
trary vector v, the decay-factor 6(A, v) is defined by
lalv?
0(A, v) = max > (3.22)
1<j<m ||V||2

! From now on we shall assume that the columns of A are normalized.
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Clearly, by this definition we have that the relation ||v||§ -0(A, V) = max; IaJT.V|. Also
evident is the fact that 0 < 6(A, v) < 1 by its definition as a normalized correlation.
The maximum is attained for v = a;. The minimum could be attained only if A is
rank-deficient. We shall return to this discussion shortly, after using this definition
for analyzing the MP error decay rate.

Based on the above definition we now define the following universal decay-factor
that minimizes the above over all possible vectors v.

Definition 3.2. For the matrix A with m normalized columns {a j}T:p the universal
decay-factor 5(A) is defined by

al'v]?
5(A) = inf max —— = inf 6(A, V). (3.23)
v o I<j<m ||v||2 v

2

This definition seeks the vector v that leads to the smallest possible inner product
with the columns of A. As we show next, this implies the weakest decay of the
residual. Returning to Equation (3.21) and using 6(A), the decay-factor of the matrix
A, we obtain

k|2 k=112 T k=12
lIe)l; = lie™ 7|5 — max |a; r| (3.24)
1<j<m
k=112 aJT'rk_1|2 k=112
= - max ———— - [Ir" I,

tzjsm (kT2
k—1112 k—1 k=112
= IR - SCAL P - kB

< IFNB = SIS = (1= 6(A)) - I3,
Application of this formula recessively leads to
IFX03 < (1= 6(AF - IK°l3 = (1 = 6(A) - IIbII3, (3.25)

establishing an exponential rate-of-convergence bound of the residual. A similar
analysis for the OMP reveals that this is also the bound on its residual rate of decay,
as the LS update in the OMP reduces the error even more, when compared to the
MP. Similarly, the Weak-MP leads to an exponential rate of convergence with t6(A)
replacing 6(A), leading to a weaker decay-factor.

For all the above to show convergence, we must verify that 6(A) is strictly posi-
tive and not zero. Since the A we consider is a full-rank matrix with more columns
than rows, its columns span the entire R” space. Thus, no vector v could be orthog-
onal to all these columns, and thus 6(A) > 0.

As an interesting example, if A = I (or any orthogonal matrix for that matter), it is
easy to verify that 6(A) = 1/n. Interestingly, the explanation for this is very similar
to the one explaining the smallest mutual-coherence for two-ortho matrices. Take
the identity matrix, concatenate the vector v, and then compute the Gram matrix.
The decay-factor 6(A) is simply the largest off-diagonal of this Gram matrix, and
this is the square of the largest entry in v. Thus, the (normalized) vector that gives
the smallest possible inner product with the columns of I'is v,,, = 1/ \n.
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Task: Approximate the solution of (Py): miny ||x|[p subjectto Ax = b.
Parameters: A, b are given, along with the number of atoms desired, k.
Quality Evaluation: Compute the errors (/) = min_, [la;z; — b||§ for all j using
the optimal choice 2 = a/Tb/||aj||§.

Update Support: Find the set of indices S of cardinality k that contains the
smallest errors: ¥V j € S, €(j) < minggs €(i).

Update Provisional Solution: Compute x, the minimizer of ||Ax — b3 subject
to Support{x) = S~.

Output: The proposed solution is x, the minimizer of ||Ax — bllg subject to
Support{x} = S.

Fig. 3.4 The Thresholding Algorithm — an algorithm for approximating the solution of (Py).

An alternative expression can be used for the definition of §(A), by normalizing
the columns of A as we did before, obtaining A. Using this leads to

o a7vP
6(A) = inf max >
v I<j<m ||V||2

(3.26)

. 1 ~
=1nf—2 max JTVIZ
v ||V||2 1<j<m

ATV,

vV

If the ¢, would have been replaced by ¢, this would have become the smallest
eigenvalue of the matrix AA”, which is also known to be strictly positive since this
matrix is positive-definite.

3.1.6 Thresholding Algorithm

We conclude the discussion on the greedy algorithms by introducing another method,
which is far simpler than all the previous ones, and slightly different in the way the
greediness is practiced. A simplification of the OMP algorithm can be proposed,
where the decision made about the support of the solution is based on the first
projection alone. The idea is to choose the k largest inner products as the desired
support. This method, called the thresholding algorithm, is depicted in Figure 3.4.

The error €(j) according to which the support is chosen is the same one used in
earlier algorithms, and is given by

€(j) = min|la;z; = b3 (3.27)
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Thus, the same result is obtained by first normalizing the columns in the matrix A
and then using the simpler formula,

e(j) = IIbl; - (afb)’. (3.28)

This also implies that the search for the k elements of the support amounts to a
simple sort of the entries of the vector |ATb|. Clearly, this algorithm is far simpler
than the greedy techniques presented above.

We note that in the above algorithm description, we assume that k, the number
of required non-zeros, is known. Alternatively, we can increase k until the error
IAX* — b]|, reaches a pre-specified value €.

3.1.7 Numerical Demonstration of Greedy Algorithms

We conclude the discussion on the various greedy algorithms by proposing a sim-
ple demonstration of their comparative behavior on a simple case study. We create
a random matrix A of size 30 X 50 with entries drawn from the normal distribu-
tion. We normalize the columns of this matrix to have a unit £,-norm. We generate
sparse vectors X with independent and identically-distributed (iid) random supports
of cardinalities in the range [1, 10], and non-zero entries drawn as random uniform
variables in the range [-2, —1] U [1, 2]. We deliberately choose the non-zeroes to be
away from zero, as it has a strong effect on the success of greedy methods (and es-
pecially the thresholding algorithm). Once x is generated, we compute b = Ax, and
then apply the-above described algorithms to seek for x. We perform 1,000 such
tests per each cardinality, and present average results. We note that based on ideas
developed in Chapter 2 we know that in all our tests the original solution is also the
sparsest, as the spark of A is 31.

When testing the success of an approximation algorithm, there are many ways to
define the distance between the solution it proposes, X and the ideal one x. Here we
present two such measures — ¢,-error, and recovery of the support. The ¢,-error is
computed as the ratio IIx —&I12/11xI1%, indicating that we are interested in {-proximity
between the two solutions, and we measure this distance as relative to the energy in
the true solution.

Such measure does not reveal the complete story of these algorithms, as it fails
to indicate when the support is recovered perfectly or at least partially. Thus, we add
another measure, computing the distance between the supports of the two solutions.
Denoting the two supports as Sand S, we define this distance by
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Fig. 3.5 Greedy algorithms’ performance in terms of relative £, recovery error.

max{S}, 1Sl - 1S N S|

dist(S, S) = -
max{|S], |Sl}

(3.29)

If the two supports are the same, the distance is zero. If they are different, the dis-
tance is dictated by the size of their intersection, relative to the length of the longer
of the two. A distance close to 1 indicate that the two supports are entirely different,
with no overlap.

The algorithms compared are the LS-OMP, the OMP, the MP, the Weak-MP
with # = 0.5, and the thresholding algorithm. All these algorithms seek the proper
solution till the residual is below a certain threshold (||r¥||2 < 1e — 4). The results of
this experiment are summarized in Figures 3.5 and 3.6.

As expected, the best performing method is the LS-OMP, closely followed by
the OMP. There is a slight difference between the MP and its weak version. The
thresholding algorithm performs poorly, being the worst among these techniques.
Overall, these algorithms behave quite well for low-cardinalities, in both measures
presented, and there is a general agreement between the two measures on how the
algorithms are ordered from best to worst. We shall further analyze some of these
algorithms theoretically in the next chapter, which will help in understanding the
results obtained.
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3.2 Convex Relaxation Techniques

3.2.1 Relaxation of the {,-Norm

As already mentioned, a second way to render (Py) more tractable is to relax the
(highly discontinuous) £y-norm, replacing it by a continuous or even smooth approx-
imation. Examples of such relaxation options include replacing it with £, norms for
some p € (0, 1] or even by smooth functions such as )’ ; log(1 +ax§), F x?/(a+x§),
or Y (1 - exp(—ax?)).

An interesting example of this family is the FOcal Underdetermined System
Solver (FOCUSS) algorithm by Gorodnitsky and Rao. This method uses a method
called Iterative-Reweighed-Least-Squares (IRLS) to represent £, (for some fixed
p € (0,1]) as a weighted £,-norm. In an iterative algorithm, given a current ap-
proximate solution X;_1, set X;—; = diag(|Xx-1]?). Assuming, for a moment, that this
matrix is invertible, the term ||X,;11x||§ is equal to ||x||§:§z, since every entry in X is
raised to the power 2 —2¢ and then they are summed. Thus, by choosing g = 1 —p/2,
this expression imitates the £,-norm, ||x||£.

Instead of using the inverse of X;_; as done above, we use the pseudo-inverse,
||X]j_1x||2, defined as plain inversion for non-zero entries x; and zeros elsewhere.
Note that with this change the above interpretation of the £,-norm is not ruined, as
those entries contribute zeros to the summation of the norm anyhow. Based on this,
if we attempt to solve the problem
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(My) - min IIX;_1X|I§ subject to b = Ax, (3.30)
X

this is an imitation of the (P,) problem around the previous solution x;_;. In partic-
ular, for ¢ = 1, this would be a variant of the (Pj) problem. However, as opposed to
the direct formulation of (P,), this problem is solvable using standard linear algebra
and Lagrange multipliers, as the penalty uses a plain ¢,-norm. Thus

L(x) = IX;_,xI; + 2" (b — Ax) (3.31)
0L(x)

X

=0=2X; )’x-ATA

If we assume that X}, is invertible, this implies that X;"_, has no zero entries on the
main-diagonal, and thus (X,:“_l)‘1 = Xj-1. In this case the solution is given by

xc = 0.5X7 AT A (3.32)

In the general case, where some entries in the main-diagonal of X;_; are zero, the
solution given above nulls the corresponding entries in X;. Assuming hereafter that
a zero entry in X;_; should remain as such in subsequent iterations (in order to
promote sparsity in the solution), this formula remains true and behaves properly.
Plugging this to the constraint Ax = b gives

05AXcPA"A=b = 1=2(AX2,A7) b. (3.33)

Here again the inversion must be done with care, and in fact should be replaced by
a pseudo-inverse.? Thus,

x = X2_ AT (AX2_ A7) b, (3.34)

The approximate solution Xx; is used to update the diagonal matrix X; and a new
iteration can begin. This algorithm is formally described in Figure 3.7.

While this algorithm is guaranteed to converge to a fixed-point, it is not necessar-
ily the optimal one. Interestingly, Gorodnitsky and Rao show that the sequence of
solutions obtained necessarily give a descent over the function []%., |x;| for p = 0.
Another intriguing property, already mentioned above, and obvious from Equation
(3.34), is the fact that once an entry in X is nulled, it is never revived. This implies
that initialization of this algorithm should be non-zero for all entries, to enable each
to be chosen in the converged result.

2 The matrix X;_; chooses a subset of columns from A. If the number of columns is n or more,
and those span the complete space, then the inversion is the same as the pseudo-one. In case the
number of columns is below 7 or if their rank is smaller than n, there might be a difference between
the two inversions. Nevertheless, If in addition those columns span a space that contains b, then the
pseudo-inverse deployed provides the proper solution for A. Otherwise, b is not contained in those
columns’ span, and no A satisfies this equation anyhow. However, this option never takes place if
the algorithm prunes the columns of A wisely (requires a proof).
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Task: Find x that approximates the solution of (P,): miny [x||/, subjectto b =
Ax.
Initialization: Initialize k = 0, and set

e The initial approximation xo = 1.
e  The initial weight matrix Xy = L.

Main Iteration: Increment k by 1, and apply these steps:

e  Solve: the linear system
4
X = (X, 1)’AT (AX; ,AT) b

either directly or iteratively (several Conjugate-Gradient iterations may
suffice), producing result x;.

o  Weight Update: Update the diagonal weight matrix X using x;: Xi(j, j) =
eI =72,

e  Stopping Rule: If ||x; —x;_1]|» is smaller than some predetermined thresh-
old, stop. Otherwise, apply another iteration.

Qutput: The desired result is x;.

Fig. 3.7 The IRLS strategy for solving (P,).

The FOCUSS algorithm is a practical strategy, but little is known about circum-
stances where it will be successful, i.e., when a numerical local minimum will actu-
ally be a good approximation to a global minimum of (Pp). Another popular strategy
is to replace the £y norm by the £;-norm, which is, in a natural sense, its best convex
approximant; many optimization tools are available ‘off the shelf’ for solving (P;)
(see next section).

Turning from (Py) to its relaxed version, (P,) with 0 < p < 1, care must be taken
with respect to normalization of the columns in A. While the {y-norm is indifferent
to the magnitude of the non-zero entries in x, the £,-norms tend to penalize higher
magnitudes, and thus bias the solution towards choosing to put non-zero entries in
x in locations that multiply large norm columns in A. In order to avoid this bias, the
columns should be scaled appropriately. Convexifying with the £;-norm, the new
objective becomes:

(Py): min W™ 'x||, subject to b = Ax. (3.35)
X

The matrix W is a diagonal positive-definite matrix that introduces the above-
described pre-compensating weights. A natural choice for the (i, ) entry in this ma-
trix for this case is w(i, i) = 1/||a;||,. Assuming that A has no zero columns, all these
norms are strictly positive and the problem (P;) is well-defined. The case where all
the columns of A are normalized (and thus W = I) was named Basis-Pursuit (BP)
by Chen, Donoho, and Saunders (1995). We will use this name for the more general
setup in Equation (3.35) hereafter.
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Considering (3.35) and defining & = W~'x, this problem can be reformulated as

(Py): min |[|%|; subjectto b =AWX = A%. (3.36)
X

This means that, just as before, we can normalize the columns of A and use its
normalized version A, getting the classic BP format. Just as for the greedy methods,
once a solution X has been found, it should be de-normalized to provide the required
vector X. Thus, from now on we can safely assume that (P;) is given in a canonic
structure with a normalized matrix.

3.2.2 Numerical Algorithms for Solving (P;)

We have seen that the problem (P;) can be cast as a linear programming (LP) prob-
lem. As such, it can be solved using modern interior-point methods, simplex meth-
ods, homotopy methods, or other techniques. Such algorithms are far more sophis-
ticated than the greedy algorithms mentioned earlier, as they obtain the global solu-
tion of a well-defined optimization problem. However, this also means that program-
ming these techniques is far more complicated, compared to the greedy algorithms.
There are several well-developed software packages that handle this problem, which
are freely shared over the web. These include the £;-magic by Candes and Romberg,
the CVX and the L1-LS developed by Boyd and his students, Sparselab managed
by David Donoho, SparCo by Michael Friedlander, SPAMS by Julien Mairal, and
more.

We also note that the FOCUSS method we have seen above is an interesting and
far simpler algorithm for a numerical approximate solution of (P;). However, even
though (P;) is convex, FOCUSS is not guaranteed to converge to its global mini-
mum. Instead, it may get stuck on a steady-state solution (not a local minimum, as
there are none of those!!), or even give fluctuations instead of descending monoton-
ically.

3.2.3 Numerical Demonstration of Relaxation Methods

We return to the tests presented in Section 3.1.7 and add two relaxation-based algo-
rithms to the comparison. The first is the IRLS as described above, for p = 1 (i.e., it
is expecting to approximate the ¢; minimization). The second method tested is the
Linear-Programming solver by Matlab, for computing the solution of the Basis Pur-
suit. We should note that the BP and IRLS take much more time to run compared to
the OMP (we shall not provide a complexity analysis of these algorithms — see the
relevant literature), and therefore in this experiment we used only 200 experiments
per cardinality.
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Fig. 3.8 IRLS and BP (using Matlab’s Linear-Programming) algorithms’ performance in terms of
relative £, recovery error.

Figures 3.8 and 3.9 present the obtained results. For the convenience of compar-
ison to the greedy techniques, we add the OMP performance to these graphs. It is
clear that the relaxation methods are performing much better in both measures of
quality evaluated. It is also evident that IRLS provides a good approximation to the
¢ minimization as done by the Basis-Pursuit.

3.3 Summary

In this chapter we have concentrated on numerical solutions to (Py), by either greedy
techniques or relaxation ones. Each family of methods has its own merits, and
choosing between the various options depends on the application at hand. All the
presented algorithms are approximation ones, implying that they may fail from time
to time to provide the truly sparest solution of the linear system Ax = b. The natural
question to ask is whether there could be conditions under which such algorithms
are guaranteed to operate well. This is exactly the topic of our next chapter.
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Chapter 4
Pursuit Algorithms — Guarantees

Assume that the linear system Ax = b has a sparse solution with ky non-zeros,
i.e., [x|lo = ko. Furthermore, assume that ky < spark(A)/2. Will matching pursuit
or Basis-Pursuit succeed in recovering the sparsest solution? Clearly, such success
cannot be expected for all ky and for all matrices A, since this would conflict with
the known NP-hardness of the problem in the general case. However, if the equa-
tion actually has a “sufficiently sparse” solution, the success of these algorithms in
addressing the original objective (Py) can be guaranteed.

We present here several such results that correspond to the matching pursuit
(OMP, as described in Figure 3.1), the basis pursuit (i.e., solving (P;) in place of
(Py)), and the thresholding method. We start our discussion with the special case
where A is a union of two unitary matrices, A = [¥, ®], and then turn to develop
these results for the general matrix A.

Before we embark to the exciting discussion ahead of us, we should mention
that all the results derived in this chapter are worst-case ones, implying that the
kind of guarantees we obtain are over-pessimistic, as they are supposed to hold for
all signals, and for all possible supports of a given cardinality. We shall revisit this
matter in a later chapter, discussing ways to relax those assumptions.

4.1 Back to the Two-Ortho Case

4.1.1 OMP Performance Guarantee

In order to simplify our notations, we shall assume that by a rearrangement of the
columns in ¥ and @, the vector b is created as a linear combination of the first &,
columns in ¥, and the first k, columns in @, such that kg = k, + k,. Thus,

kp kq
— _ v ¢
b—Ax—le.a,//,-+le.¢i. 4.1)
i=1 i=1
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We shall further denote all the support indices as S, and S,, respectively, where
clearly we have that [S,| = k), and |S,| = k.

At the first step (k = 0) of the algorithm r* = r® = b, and the set of computed
errors from the Sweep step (see Figure 3.1) are given by

. . 2
€(j) = min lajz; - bl = [|(ajb)a; - b, = IIbI; - @] b)* > 0.

Thus, for the first step to choose one of the ky non-zero entries in the proper support,
we should require that for all j ¢ S, and j ¢ S, we have that

(i) |wfb|>[uib| and (i) |y]b|>[67b]|. 4.2)

Here we have assumed, without loss of generality, that x‘]” is the largest among the
non-zeros in X, and we desire to see it chosen in this greedy step. We shall return
to this assumption in a short while and handle the opposite case, when the largest
entry belongs to S,,.

We refer hereafter to the requirement (i), and then turn to treat the second in a
similar manner. Substitution of this in Equation (4.1), this requirement translates
into

kp

k"l
D ulyi+ Y lule
i=1

i=1

kp

k‘l
DT+ Y Xyl
i=1

i=1

> . (4.3)

In order to consider the worst-case scenario, we should construct a lower bound for
the left-hand-side, an upper-bound for the right-hand-side, and then pose the above
inequality again. For the left hand side we have

kp

k’I
v, T ¢, T
Do xului+ Y xule
i=1

kz/
S AEDNEARTEY (4.4)
i=1 i=1

> [xY1(1 -k, - u(A)).

Here we have exploited the orthogonality of the columns of W that causes all the
elements of the first term to drop, apart from the first one. We used the definition
of the mutual-coherence u(A) in Equation (2.3), and the assumption that Ix'fl is the
largest non-zero entry in x. We also used the inequality relations |a + b| > |a| — |b|
and | }; a;l < X;lail.

A similar treatment for the right-hand-side of Equation (4.3), this time bounding
from above, leads to

kp

kq
Do xylui+ Y Kyl
i=1

i=1

<101 ky - w(A). (4.5)

Using these two bounds plugged into the inequality in (4.3), we obtain
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11~y ) > 11y (&) = Ky < 3 6
Since all the above is done with the assumption that S, contains the largest non-zero
entry, a parallel requirement k, < 5 ( A is also necessary for the opposite case.
Returning now to requirement (11) above, and following the same treatment, the
lower bound on the left-hand-side remains unchanged, whereas the right-hand side
becomes

kp

3 el wZ KTon| < 1nt] -k, - (A, 7

i=1

leading to the requirement

(1= k() > 161k - p(A) =k + kg < L (4.8)
H(A)

This requirement is non-informative, as it is covered by the previous two inequal-

ities, kp,k, < 1/2u(A). Satisfying these guarantees that the first step of the OMP

performs well, in the sense that a non-zero is chosen from within the proper sup-

port.

Once done, the next step is an update of the residual r'. In this update, we sub-
tract a coefficient multiplying the column ¥, (1), and thus the new residual is also
a linear combination of ky non-zeros at the most, with the same supports S, and
S,. Thus, using the same set of steps as above guarantees that the algorithm finds
again an index from the true support of the solution, if the conditions on k&, k, are
met. Furthermore, due to the orthogonality between the chosen directions and the
residual (a property enforced by the LS,") we never choose the same index twice.

Repeating this reasoning, the same holds true for &y such iterations, hence the
algorithm selects always values from the correct set of indices, and always an index
that has not been chosen yet. After ky such iterations exactly, the residual becomes
zero and the algorithm stops, ensuring the success of the overall algorithm in recov-
ering the correct solution x. All this can now be posed as a theorem for the success
of the OMP.

Theorem 4.1. (Equivalence — OMP — Two-Ortho Case): For a system of linear
equations Ax = [V, ®]x = b with two ortho-matrices ¥ and ® of size n X n, if a
solution X exists such that it has k, non-zeros in its first half and k, non-zeros in the
second, and the two obey

! In the OMP algorithm, when we update the residual, we solve miny [|Ag X, - b|2, and the
optimal result satisfies AT L[(Agx;, —b) = ASTA r¥ = 0. This means that the current support columns
are all orthogonal to the new residual, and thus in the next sweep phase they give zero inner-
product, and are not chosen. On the other hand, in the MP algorithm the residual update is given
byrf =rFl —a jZj,» where 2, is chosen as the minimizer of €(j) = |la;z ~ ‘2. Thus, as the
derivative of this error for the optimal 7 is aﬁ) (a;,2; — r1) = —a” r* = 0, we have that the residual
is orthogonal only to the last chosen column, and thus the other might be chosen.
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max(k,, k,) < (4.9)

1
2u(A)’
OMP run with threshold parameter € = 0 is guaranteed to find it exactly in ky =
k, + k, steps.

Proof: Given above. |

This result is the first of its kind we show here, and its implications are far-
reaching. The ability to claim that OMP safely leads to the necessary result is won-
derful and encouraging. Interestingly, this result never appeared in a published pa-
per, and instead, a generalization of it to the general matrix A was shown. Neverthe-
less, this result is important by its own, because it will help us understand better the
gap in behaviors between OMP and BP. This leads us now naturally to the discus-
sion of the two-ortho case handled by the Basis-Pursuit.

4.1.2 BP Performance Guarantee

We now turn to analyze the performance of the Basis-Pursuit in the two-ortho case.
This follows the work of Donoho and Huo (2001) and the later improvements by
Elad and Bruckstein (2002).

Theorem 4.2. (Equivalence — Basis Pursuit — Two-Ortho Case): For a system of
linear equations Ax = [V, ®]x = b with two ortho-matrices ¥ and ® of size nxn, if
a solution X exists such that it has k, non-zeros in its first half and k,, > k, non-zeros
in the second, and the two obey

2u(A)Vkpky + p(A)k, — 1 <0 (4.10)
that solution is both the unique solution of (P) and the unique solution of (Py).

Since the above condition may seem obscure, we provide a weaker but more
“civilized” version of the above requirement, which is simpler to interpret:

V2-05

Ixllo = k, + k, <
0TI TR A

(4.11)
Figure 4.1 presents a comparison between these two bounds and the result obtained
for the OMP. It is clear that OMP is found to be weaker compared to the BP in han-
dling the (Pp) problem, and denser solutions are anticipated to lead to a successful
result with the BP. The question (left open at this stage) is whether the two bounds
are tight? The tightness of the BP result was established by Feuer and Nemirovsky,
but the tightness of the OMP remains questionable.

Proof: Define the following set of alternative solutions:
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assuming pu = 0.1.

vEx, vl < Il
C= . 412
{y Iyllo > Iillo, and Ay - x) = 0 12

This set contains all the possible solutions that are different from x, have larger sup-
port, satisfy the linear system of equations Ay = b, and are equivalent or better in an
{1-length perspective. This set being non-empty implies that there is an alternative
solution that the Basis-Pursuit might find, rather than the desired x.

The condition in Equation (4.10) guarantees, due to Theorem 2.3, that k,, + k, =
[Ixllo < 1/u(A), x is necessarily the unique sparsest possible solution (see Figure
4.1). Thus, alternative solutions (y # X) are necessarily “denser,” and the require-
ment |ly|lo > ||x||p can be omitted from the definition of C.

Defining e = y — x, we can rewrite C as a shifted version of it around x,

Ci=1{ele#0, |le+x|;—|x|; <0, and Ae = 0}. (4.13)

The strategy of the proof we are about to present is to enlarge this set and show that
even this enlarged set is empty. This will prove that Basis-Pursuit indeed succeeds
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in recovering x. The enlargement will be done so as to simplify the description of
the set, up to the point where its volume can be assessed.

We start with the requirement ||e + x||; — ||x||; < 0. We shall denote by x” and x4,
and similarly e” and e, as the two parts of the vectors x and e, respectively, each
portion corresponding to one of the unitary matrices ¥ and ®. Using the notations
from the OMP analysis, S, and S, of size k, and k, representing the non-zero
supports over the two parts of x, this requirement can be re-written as

0> [le+xlly — [Ixll; = Z jef + x7'| = [x]| + Z e + x| — [x{| (4.14)
e S
i¢S, ¢S,
P q q q
+ (el 1= )+ Y e + x| = I
€S, €S,

Here we have exploited the facts that x/ and x! are zeros outside their support. Using
the inequality |a+b|—|b| > —|a|, we can relax the above condition and demand instead

0> > 1efl+ > ledl (4.15)

¢S, ¢S,
+ e+ Xl = D+ Y (el + ) = 1))
€S, €S,
> S lee S k- T - Yl
i¢S, i¢S, €S, €S,

The new inequality poses a weaker requirement over the vector e, and thus, with
this replacement of the condition we have enlarged the set C;. The new inequality
can be written more compactly by adding and subtracting the terms } ;cs, Iel.p | and
Yies, ¢!l and denoting them as 1 - [e”| and 17 - [e?| to indicate that it is a sum of the
non-zeros of the vector |e”| and |e?|, respectively. This leads to

lle”lly +le?lly —2- 1), - [e”| =2 -1] - |e?] < 0, (4.16)
Thus, substituting into the definition of C; we get

e+ 0
CyCle | lle”|l; +le?]; —2 - lg -lef|—-2- lg -1e?] <0 3. 4.17)
and Ae=0

We shall denote this set as C!.

We now turn to handle the requirement Ae = We? + ®e? = 0, replacing it with
a relaxed requirement that expands the set C! further. First, a multiplication by AT
yields the conditions
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e’ + ¥ ®Pe? =0 and @' We” + ¢ = 0. (4.18)

Notice that every entry in the matrix W' @® (and its adjoint) is an inner product
bounded from above by the mutual-coherence u(A). Thus, applying absolute value
on the above relationships leads to

le”| = [P" ®e?| < u(A) - 1- e
and (4.19)
le?| = |7 We?| < u(A)-1-|e”|.

The term 1 stands for a rank-1 n X n matrix filled with ones. Returning to the set C!,
we can write

e+ 0
le”lls + lle?lly =217 - [e’| =2-1] -e?| < 0
le”] < u(A)-1-1e?|
and |e?] < u(A)-1-e”|

clc =C2.  (4.20)

Defining f7 = |e”| and ¢ = |e!|, the above can be written differently as

££0
U 41700 -2-17 7 217 -f1<0
Cr=1f £ < u(A)-1-19 : (4.21)

£ < pu(A)-1-£7
and 2 >0, f9>0

The obtained set Cy is unbounded since if f € C; then af € Cy for all @ > 0.
Thus, in order to study its behavior, we can restrict our quest for normalized vectors,
17f = 17¢7 + 179 = 1. This new set, denoted as C, becomes

£+0
1-2-10 -7 -2.17 7 <0
£7 < u(A) - 1-£4
£9 < u(A)-1-£7
1787 +£9) = 1
and 7 >0, £9>0

(4.22)

The set C, is very comfortable to analyze because of several reasons:

e Compared to the definition of the set C, in C, there is no explicit use for A, and
instead, the mutual-coherence represents it. Similarly, there is no trace to the
optimal solution x.

e The set C, is posed in terms of linear constraints and positivity, which make it
possible to convert to a Linear-Programming problem.

e The order of the non-zeros in f” and f¢ has no influence on the solution, and thus,
without loss of generality, we can assume that the k,,k, non-zeroes are located at
the start of these vectors.
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n =50; kp = 7; kg =9; mu = 0.1; % Setting parameters

C = [ones(1,kp), ... % Penalty
zeros(1,n-kp), ...
ones(1,kq), ...
zeros(1,n-kq)];
A = [ones(1,2*n); % Inequality Constraints Matrix

-ones(1,2*n);
eye(n), -ones(n)*mu;
-ones(n)*mu, eye(n)];

b=[1; -1; zeros(2*n,1)]; % Inequality Constraints vector
x=linprog(-C,A,b,[],[],zeros(2*n,1)); % Linear Programming Solver
plot(x,.); % Showing the Result

Fig. 4.2 Matlab code for solving the LP problem posed in Equation (4.23).

We can now define the following Linear-Programming problem based on C,,

2 <puA)-1-f4
£ < u(A)-1-£7
1787 +£9) = 1
>0, £7>0

T T .
max 1, -f7+1, -f7 subjectto

4.23
X ( )

The idea is the following. Suppose we are able to find the solution to this problem,
£/ . £, If the penalty term satisfies 17 - £+ 17 - £ < 0.5, this implies that the
first requirement in the definition of the set C, is not met, implying that this set is
empty, and thus BP succeeds. As we shall show, for k, and k, small enough, this is
exactly the situation.

Solving the above LP problem is quite easy, and especially so when a numerical
solution is considered. Figure 4.2 presents a short Matlab program that does exactly
that — try it, and see how the solution behaves.

Based on such numerical tests, if we assume k,; > k,, the following parametric
solution be be proposed:

£, =lo-10,B-1,, 1" and £, =y 10,6 -1, 1, (4.24)
i.e., the first k, entries in ffp, are the same, equal to @, and the rest are also the same,
equal to 8. A similar structure is imposed on fgp, with values y and ¢. This solution
can be tested for feasibility and lead to the desired result, but there is a problem
with such an approach: Suppose we show that the proposed result does not lead to
a penalty below 1/2. How can we be sure that this is truly the optimal solution, and
we have truly exhausted all other possibilities?

The approach taken in the original work by Elad and Bruckstein was to introduce
the dual to the above problem. The dual is a minimization problem, known to bound
the primal (original) penalty from above, and have the same optimal value. Thus, by
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suggesting (wisely) a solution to the dual and checking that it does not exceed 1/2,
we prove conclusively that the primal is smaller than 1/2 as well.

Here we shall take a different, and simpler, route. We address the solution of
(4.23), and denote IIffp,Ill = @, and thus ||f;’,,,||1 = 1 — @, due to the last constraint,
17(f? + £9) = 1. The first and second constraints translate into

7 < u(A)-1-£7 = (1 — a)u(A) - 1 (4.25)
f9 <u(A)-1-f° =aqu(A)-1.

Since the objective is the maximization of the term 1; -7 + 1; -f4, it is natural to
choose all the non-zero entries as large as possible, based on the constraints posed
in Equation (4.25). Thus,

17+ 1] - 17 = ky(1 — a)u(A) + kyau(A) (4.26)
= kpp(A) — alky, — ku(A).

Since we assume that k, > kg, it is clear that we should choose @ as small as possible
so as to maximize this expression. We now add the following two conditions, stating
that the energy allocated to the non-zeros in the two vectors should not exceed the
entire ({) energy,

£, = 1787 = @ > ky(1 ~ )u(A) 4.27)
€2, Ml = 1717 = (1 — @) > kyau(A).

These lead to the following inequalities, that pose limits on the value of a:

kpu(A)

> k(1 — A > — 4.28
R R e LY (4.28)
1 - >k, - A < —F.
(-2 k- aud) = o<
For these two conditions to have an intersection we should require
kpu(A 1 1
A ok (4.29)

1+ kp(A) =~ 1+ kyu(A) 15 AR

Assuming that this condition is met (and we should verify this at the end, but looking
kpp(A)

at Figure 4.1, this is obviously met), the smallest possible value for « is TH A and
thus the maximal penalty in Equation (4.26) becomes
17 + 1087 = kpu(A) — ap(A)(k, — k) (4.30)
kpu(A)
= kyu(A) — —2——u(A)(k, — k
pH(A) s kp#(A)u( Ykp = kg)
k(A + kpkou(A)

1+ kpu(A)
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For BP to succeed, we should require that this expression is strictly smaller than 1/2
leading to

kou(A) + ok u(A)?
p,u( ) P q,u( ) < l 431)
1+ kp,u(A) 2

= 2kyk,u(A)? + kpu(A) — 1 <0,

which is the claimed requirement.

In order to prove the alternative inequality [[x|lo = &k, + k, < ‘E(;O)'S, we will take

the above requirement, isolate the term k, and then add k,, to it, leading to

1 - k,u(A)
2u(A Yk,
2u(AKE + 1 - u(Ak,
B 2u(AYk,
1 2(u(Ak,)* + 1 = (u(A)k,)
T A 2(u(A)ky) ’

By minimizing the upper-bound with respect to the term p(A)k, we obtain

ky + kg = |IXllo < kp + 4.32)

2t —u+1
flw) = =———
u
, 2uldu—1)-2Qu* —u+1) 2> -1
= f (l/t) = 4M2 = 2u2 =0.

The optimal value (should be checked for being a minimum and not maximum) is
thus u(A)k, = +Vv0.5. The negative solution is irrelevant (since both u(A) and k,
and non-negative), and we obtain

V2-05
kp +ky = |Ixllo < W (4.33)
- 1 . 2(,u(A)k,,)2 + 1 — (uA)k,)
— u(A) 2(u(A)kp) '
as claimed. O

4.2 The General Case

We now turn to handle the general case with an arbitrary matrix A. As already shown
in the previous chapter, we can assume, without loss of generality, that the columns



4.2 The General Case 65

of this matrix are normalized, since if this is not the case, we can normalize it and
de-normalize the outcome at the end, getting the very same solution.

4.2.1 OMP Performance Guarantee

The following result generalizes the one in Theorem 4.1 for general matrices, and
therefore it is necessarily weaker. The origin of this weakness is the fact that in the
two-ortho case, the Gram matrix contains some inner-products that are known to
be zero, while here we do not assume such a structure. The proof provided for the
general theorem is very much similar to the one shown above, with several necessary
modifications.

Theorem 4.3. (Equivalence — Orthogonal Greedy Algorithm): For a system of
linear equations Ax = b (A € R™™ full-rank with n < m), if a solution x exists
obeying

1 1

OMP (OGA) run with threshold parameter €y = 0 is guaranteed to find it exactly.

Proof: Suppose, without loss of generality, that the sparsest solution of the linear
system is such that all its ky non-zero entries are at the beginning of the vector, in
decreasing order of the values |x;|. Thus,

ko
b=Ax= Z x.a;. (4.35)

t=1

At the first step (k = 0) of the algorithm r* = r? = b, and the set of computed errors
from the Sweep step are given by

. . 2
€(j) = mina;z; - blj3 = ||lajalb —b]|; = bl - @alb)* > 0.
Thus, for the first step to choose one of the first & entries in the vector (and thus do
well), we must require that for all i > &y (columns outside the true support)
|a{b| > [a]D|. (4.36)
Substitution of this in Equation (4.35), this requirement translates into

ko

Z xal a,

=1

ko

Z x.a! a,

t=1

> ) (4.37)
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Again, we construct a lower bound for the left-hand-side, an upper-bound for the
right-hand-side, and then pose the above requirement again. For the left-hand-side
we have

ko

Z xal a,

t=1

ko
>l = > lul - JaTa)
=2
ko
> i = )l p(A) (4.38)
=2
> il (1 = a(A) ko = 1)).

Here we have exploited the definition of the mutual-coherence u(A) in Equation
(2.21), and the descending ordering of the values |x;|. Similarly, the right-hand-side
term is bounded by

ko

2w <

=1

Z|xz| |a at
t=1

ko

< >l p(A) (4.39)
=1

< Joer| - u(A)ko.

Using these two bounds plugged into the inequality in (4.37), we obtain

ko
D waa = bl (1= u(A)ko = 1) (4.40)
=1
> [xi| - u(A)ko
ko
> Zx,afa, ,

t=1

which leads to

1 1
L+ uA) > Mk = ko < 5 (1 + m) 4.41)

which is exactly the condition of sparsity stated above. This condition guarantees
the success of the first stage of the algorithm, implying that the chosen element
must be in the correct support of the sparsest decomposition.

Once done, the next step is an update of the residual, and since this is done by
decreasing a term proportional to a; (or any other atom from within the correct
support), this residual is also a linear combination of the same ky columns in A at
the most. Using the same set of steps we obtain that condition (4.41) guarantees
that the algorithm finds again an index from the true support of the solution, and
the orthogonality enforced by the LS guarantees that the same entry is never chosen
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again. After &y such iterations, the residual becomes zero and the algorithm stops,
ensuring the success of the overall algorithm in recovering the correct solution x as
the theorem claims. O

4.2.2 Thresholding Performance Guarantee

The thresholding algorithm presented in the previous chapter is very appealing due

to its evident simplicity. The question we should ask is whether such simple method

could lead to a guaranteed performance? We provide the following analysis that fol-

lows much of the flavor of the above greedy method, and using the same notations.
Success of the thresholding algorithm is guaranteed by the requirement

min |alb| > max [a’b], (4.42)
1<i<ko ko
ko

Plugging the expression b = } °| x;a,, the left-hand-side term becomes

ko

Z x.a! a,

t=1

min |a,-Tb| = min
1<i<kq 1<i<kq

. (4.43)

We exploit the fact that the columns of A are normalized, their maximal inner prod-
uct is bounded from above by u(A), and we also use the relation |a + b| > |a| — |b].
All these enable us to lower-bound this term by

ko
min thaiTa, = min |x; + E xal a, (4.44)
1<i<kg 1<i<kq .
=1 1<t<ko, t#i
. T
> min < |x;]| — Z X:Q; a;
1<i<kg .
1<t<ko, t#i
. T
> min |x;] — max Z xa; a,
1<i<ko 1<i<ky .
1<t<ko, t#i

\%

[%min] — (ko — l)ﬂ(A)|xmax|'

[Xminl and |x,4.] and the minimum and maximum values of the vector |x| on the
support 1 <t < k.

Turning to the right-hand-side term in Equation (4.42), and following similar
steps, we aim to upper-bound this expression. This gives

ko
max |a]Tb| = max Z x,aJT»at
J>ko J>ko pa

< kopt (M) Ximaxl- (4.45)
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Thus, requiring

[Xminl = (ko — Dp(A) Xmax| > kopt(A) Xmax] (4.46)

necessarily leads to the satisfaction of the condition posed in Equation (4.42). Put
differently, this reads as the condition

1 |xmin| 1 )
ko < = — +1 (4.47)
L) (|xmax|u<A>

which guarantees the success of the thresholding algorithm. As can be seen, this
requirement is more strict, compared to the OMP requirement found above, and
becomes equivalent to it if all the non-zero entries in x are of the same magnitude.
We conclude by posing this as a theorem.

Theorem 4.4. (Equivalence — Thresholding Algorithm): For a system of linear
equations AX = b (A € R™" full-rank with n < m), if a solution x (with minimal
non-zero value | x| and maximal one |X,,4x|) exists obeying

1 1 |xmin|
Xl < = (1 + — ) (4.48)
20T A Ko

the Thresholding algorithm run with threshold parameter €y = 0 is guaranteed to
find it exactly.

4.2.3 BP Performance Guarantee

We now turn to consider Basis-Pursuit, i.e., the replacement of (Py) by (P;) as an
optimization problem. Surprisingly, the same bound on the sparsity as in the OMP
analysis also guarantees the success of basis pursuit. Note, however, that this does
not imply that the two algorithms are always expected to perform similarly! Indeed,
we have already seen a gap between these two methods for the two-ortho case.
These two general case Theorems do suggest that the worst-case behavior of the two
techniques is the same, provided that the two bounds are tight. Empirical evidence
will be presented in later chapter.

Theorem 4.5. (Equivalence — Basis Pursuit): For the system of linear equations

Ax = b (A € R™" full-rank with n < m), if a solution x exists obeying

1 1
||X||() < 5 (1 + m) , (449)

that solution is both the unique solution of (P1) and the unique solution of (Py).

Proof: The proof is similar to the one provided for the two-ortho case, with some
necessary modifications. In fact, this proof is easier in some ways.
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Define the following set of alternative solutions:

y #X

Iyl < lxl
C= . 4.50
Y1 livlle > lixll (4.50)

and A(y—x) =0

This set contains all the possible solutions that are different from x, have larger
support, satisfy the linear system of equations Ay = b, and are at least as good
from the weighted ¢, perspective. This set being non-empty implies that there is an
alternative solution that the Basis-Pursuit will find, rather than the desired x.

In view of Theorem 2.5 and the fact that ||x||p < (1 + 1/u(A))/2, X is necessarily
the unique sparsest possible solution, hence alternative solutions (y # X) are nec-
essarily “denser.” Thus, this requirement can be omitted from the definition of C.
Defining e = y — x, we can rewrite C as a shifted version of it around x,

Cs=1{ele#0, Jle+x|;—Ix|; <0, and Ae=0}. (4.51)

The strategy of the proof we are about to present is to enlarge this set and show that
even this enlarged set is empty. This will prove that Basis-Pursuit indeed succeeds
in recovering X.

We start with the requirement |le + x||; — [|x||; < 0. Assuming, without loss of
generality, that by a simple column permutation of A, the ky non-zeros in x are
located at the beginning of the vector, this requirement can be written as

ko

le+xlly = lIxlly = > lej +xj = x|+ > lefl <0 (4.52)
=1

J J>ko

Using the inequality |a+b|—|b| > —|a|, we can relax the above condition and demand
instead

k() kﬂ
=D lel+ D e < D e+ xjl =il + > lejl 0. (4.53)
j=1 J>ko j=1 J>ko

This inequality can be written more compactly by adding and subtracting the term
Z’;‘;l le;| and denoting it as 1,{0 - |e| to indicate that it is a sum of the first ky entries of
the vector |e|. This leads to

llell; — 21, - le| <. (4.54)
Thus, substituting into the definition of C,; we get

Ciocle|e#0, lel —21f le/<0, and Ae=0}=Cl.  (4.55)
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As stated above, the modification from the condition |le + x]||; — ||x||; < O to the new
alternative |le||; — 21,{0 - le| < 0 is effectively enlarging the set, because every vector
e satisfying the initial condition must also satisfy the new one, but not vice-versa,

We now turn to handle the requirement Ae = 0, replacing it with a relaxed re-
quirement that expands the set C! further. First, a multiplication by AT yields the
condition A” Ae = 0, which does not yet change the set C!. Every entry in the matrix
ATA is a normalized inner product used for the definition of the mutual-coherence
H(A). Also, the main-diagonal of this matrix contains ones. Thus, this condition can
be rewritten by adding and removing e, as follows

—e=(ATA - De. (4.56)

Taking an entry-wise absolute value on both sides we relax the requirement on e and
obtain

le| = (ATA —De| < |ATA = 1| - |e| 4.57)
<A -1 - el

Here we have used the relation | }; g;vi| < >;lgillvil- This relation could be inter-
preted as the effect of one row of a matrix G multiplying the vector v, implying that
the j-th element in such a multiplication satisfies |Gv]; < (|G]v]);.

The term 1 stands for a rank-1 matrix filled with ones. In the last step above we
have used the definition of the mutual-coherence and the fact that it bounds from
above all normalized inner products of the columns of A. Returning to the set C!,
we can write

elez0, [le]; —217 -le[<0
Ci ¢ | > =C. (4.58)
and |e| < ml : |e|

The obtained set C? is unbounded since if e € C? then ae € C2 for all @ # 0.
Thus, in order to study its behavior, we can restrict our quest for normalized vectors,
|lelly = 1. This new set, denoted as C, becomes

Crz{e

In the last condition we have used the relation 1je|] = 1 - 17]e|, and the fact that
17le| = |lell; = 1.

In order for the vector e to satisfy the requirement 1 — 21,{0 - le| < 0, one needs to
concentrate its energy in its first ky entries. However, the requirements ||e||; = 1 and
lejl < u(A)/(1 + u(A)) restrict these ko entries to be exactly |e;| = u(A)/(1 + u(A)),
because these are the maximal allowed values. Thus, returning to the first condition
we get the requirement

H(A)
1+ u(A)

llelly = 1, 1-21; -]e| <0, and |e| <

1} . (4.59)

u(A) -

1-217 -le| =1 -2k
o Teud)

(4.60)
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This means that if kg is less than (1 + 1/u(A))/2, the set will be necessarily empty,
hence implying that Basis-Pursuit leads to the desired solution as claims. O

The above proof amounts to showing that if there are two solutions to an inco-
herent underdetermined system, one of them being sparse, moving along the line
segment between the two solutions causes an increase in the £;-norm as we move
away from the sparse solution.

Historically, The general BP result was found before the OMP one, and the two
were preceded by the two-ortho case analysis, which provided a kind of existence
proof that something interesting could be said about solving underdetermined sys-
tems of equations under some conditions. The fact that the same form of assump-
tions lead to the same form of result for both algorithms is tantalizing: is there some
deeper meaning? To our aid comes the two-ortho case, in which we saw that the two
methods actually depart, with better performance to BP.

4.2.4 Performance of Pursuit Algorithms — Summary

The above-described theorems motivate using OMP and BP to approximate the so-
lution of (Py), and as such, they are conceptually important. However, these results
are weak; they guarantee success only when the object is extremely sparse, with
fewer than +/n non-zeros out of n. In many cases such sparsity is out of the ques-
tion.

Attempts to further strengthen the above results were made based on the Babel
function (see Chapter 2), leading to somewhat sharper results. However, in cases
where the matrix A has an unfavorable coherence value, i.e., u(A) = 1, even the
‘strengthened’ conclusions are quite weak. Actually, incoherence offers only a par-
tial description of the situations under which sparsity-seeking methods succeed. In
the case of random matrices A, much more favorable results are possible. Empiri-
cal evidence by extensive simulations consistently show that OMP and BP perform
well even in situations violating the above bounds. This reflects the worst-case na-
ture of the analysis behind the above results. We shall return to this matter at a later
chapter, considering a probabilistic viewpoint that yields reasonable and hence more
optimistic bounds.

4.3 The Role of the Sign-Pattern

Suppose that for a linear system of equations Ax = b we hold a candidate sparse
solution x with [[x|lo < spark(A)/2. Clearly, this is the sparsest possible solution
for this system, and thus, it is the global minimizer of (Py). In the analysis of BP
(posed as the problem (P;)) we consider a competitive solution, y # X, such that
Ay = b, which may lead to a shorter £; length. Thus, we have studied the difference
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[yl — IIxll1, such that if it is negative, it implies a failure of BP. In our attempt to
simplify the analysis, we defined e = y — X, and bounded this difference from below,
by

lle +xlly = lixll = 15 - lel = 17 - le| = [lell; — 217 - lel, (4.61)

where 1; and 1, are indicator vectors, with 1-es on the support s of x and zero
elsewhere or vice-versa.

The vector z, = sign(x) is zero outside the support of x, and its values are +1 on
the support, depending on the sign of the entries in s. Clearly, 1, = |z,|, and thus, the
above lower-bound can be written differently as

lle +x1ly =[xl > llell — 2/z.|" - Je]. (4.62)

However, this alternative expression is of no important consequence.
If y is indeed a competitive solution with a shorter ¢,-length (i.e., ||x]l; > [lyl1),
then ||x + eel|; < |[x||; for any O < € < 1, due to the convexity of the £; function:

lIx + eell; = [I(1 — e)x + eyl (4.63)
< (I =o)lixll; + €llyll
= [Ixllr — edlixlli = llylli) < Il

Thus, we choose € such that €le| < [x| on the support of x, and clearly € > 0. With
this change, we can write

lle + x|, — [Ix|l; = 1% - [e] + z_ - e. (4.64)

The first term, 17 - |e| corresponds to the off-support part of the summation. The
second term, z)f - e, stems from the formula® |a + b| — |a| = sign(a)b for |b| < l|al.
Adding and subtracting 17 - e| = |z,|” - |e| in the above equation leads to

T T T T
lle +xlli —[Ixll; = 1. - e[ + z, - e = [lell; — [z, -le[ + 2, -e. (4.65)

Note that this is not a bound, but an exact equality. Therefore, the study of the
success of BP concentrates on checking whether the set

{ele#0, llell - z]" - el + 2} - € < 0, and Ae = 0] (4.66)

is non-empty. This implies that in analyzing whether there could exist a competi-
tive solution to x, all that is actually used is its sign-pattern vector z,, and any two
sparse vectors having the same sign-pattern will necessarily behave the same (lead
to success or failure). Thus, in checking the performance of BP for representations
with cardinality k, all we need to do is to sweep through all the possible 2! sign-

2 This formula is easy to verify: If a;0 and —a—=a;—b—, then |a + b| = |la| = a +b —a = b.
Similarly, if aj0 we have |a + b| — |a| = —a — b + a = —b, as claimed.
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patterns,3 and check for each. While this is unreasonable for large values of k, it is
still far better than a test that takes into account magnitudes of the non-zeros as well.

4.4 Tropp’s Exact Recovery Condition

It would be impossible to conclude our discussion on the guarantee results for pur-
suit performance without mentioning the alternative and illuminating analysis de-
veloped by Joel A. Tropp in his “Greed Is Good” paper. This analysis is based on
the definition of an Exact Recovery Condition (ERC). While this condition by itself
is non-constructive, it brings an additional and interesting insight towards the per-
formance limits of the OMP and the BP, and it eventually leads to a different and
easier way to prove Theorems 4.3 and 4.5.

We shall denote a support of interest as S, and the sub-matrix from A that con-
tains the columns of this support by As. We now turn to define the ERC.

Definition 4.1. For a given support S and for a matrix A, the Exact Recovery Con-
dition (ERC) is given by

ERC(A,S) : r;;%xllAgailll < 1. (4.67)

This condition essentially considers linear systems of equations of the form
Agx = a;, where a; is a column from A that is outside the support S. The ERC
states that the minimum (¢,-)energy solution to all these systems should all have an
{1-length smaller than 1.

The importance of the ERC comes from its strong connection to the success of
pursuit techniques:

Theorem 4.6. (ERC and Pursuit Performance:) For a sparse vector x over the
support S, which is the solution of the linear system Ax = b, if the ERC is met, then
both OMP and BP are guaranteed to succeed in recovering X.

While this is a stronger condition for the success of the pursuit algorithms, com-
pared to the ones posed using the mutual-coherence, it is not constructive — one
cannot test it unless the support is known. Furthermore, if we only know the cardi-
nality of the solution, |S], and we desire to use the ERC, we should test this condition
for all the (Igl) possibilities, in order to guarantee a success, and this is of course pro-
hibitive. Let us prove the above theorem, and show how the ERC is tied to the OMP
and BP success, and then discuss what should be done to turn this vague test into a
more practical claim. Our next discussion follows the steps taken by Tropp.

Proof: We start with the OMP analysis, and assume that we are at the first stage of
the algorithm. For this round to end well, we should require that the term ||A§b||oo

3 Note that if a given sign-pattern is known to lead to failure/success, this immediately states the
same for its negative pattern, —z,, simply by multiplying the solution for e by —1.
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(maximal inner product of b with one of the support atoms) is larger than the maxi-
mal inner product with atoms outside the support, IIAQbIlm. Thus, we require

IAZ bl
IATDIL,

Now, recall that b = Agxg, and thus
(ADTALb = As(ALAs)'ALb
= As(ALAs) 'ALAsxs
= Asxs
=b,
as this is a linear projection operation onto the span of Ag. Thus,

IAGDIo AL AD AL
p= S = = < IALAD . (4.69)
NN IASbIl.

Here we have replaced the original ratio with the £.,-induced norm.* on the operator
Agr (Ag)*. This norm is computed as the maximum absolute row-sum (||B|l =
max; 3’ ; |b;;), and it is equal to the maximum absolute column-sum of the transposed
matrix, which is non other than the £;-induced norm, ||B||; = max; 3, |b;;). Note that
the pseudo-inverse and the transpose operations applied on As commute. Thus we
obtain

IAGAD o = IAGAS 1 (4.70)

Thus, by requiring [|A{As:|l; < 1, we guarantee that p < 1 and thus the first step
of the OMP is successful. The obtained requirement is non-other than the ERC, as
posed in Equation (4.67) (as it is the maximum over all the absolute column-sums).

The above implies that the first atom to be chosen is from within the true support
S, and thus the residual obtained as a consequence is necessarily within the span
of As as before. Thus, all the above analysis remains the same, with the residual
ri replacing b, and this leads to the success of all [S| steps of the overall OMP, as
claimed.

Turning to the analysis of the BP, we consider a candidate alternative solution y,
as we did in Section 4.2.3. We define the difference between this solution and the
true one as e = y — X, and we already saw that this implies that e in the null-space
of A. Breaking e into two parts es and es:, such that 0 = Ae = Ases + As-es., we
get that

es = —AbAs-es.. @71

* An induced-norm of a matrix B is defined via a vector norm, by maximizing the norm of the
vector ||Bv]|| over all vectors v on the sphere ||[v]| = 1, i.e., ||B|| = max, |[Bv]||/||v]|.
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We already saw in Equation (4.53) that for the BP to succeed, we should demand
that this error vector concentrates most of its £;-energy outside the support, namely,

lleslli < llesell- (4.72)
Plugging in the relation we have in Equation (4.71), this reads
lleslh = IAgAs-es |l < llesell:. (4.73)

Since [|[AfAs-es|li < |AfAs i - llese|l1 (with the £;-induced norm), this means that
if the ERC is met, BP is guaranteed to succeed, as claimed. m|

In order to make all the above practical, one needs to find a simple alternative
to verify the correctness of the ERC. As Tropp shows in his work, this can be done
using the mutual-coherence or the babel function. We shall concentrate here in the
relation to the mutual-coherence, in a way that immediately reveals the connection
between this discussion and Theorems 4.3 and 4.5.

Theorem 4.7. For a matrix A with mutual-coherence u(A), if k < 0.5(1 + 1/u(A)),
then for all supports S with cardinality equal or smaller than k, the ERC is satisfied.

Proof: For an arbitrary i-th column from the off-support, we require [|[Aga;ll; =
||(A§A3)‘1A§ai||1 < 1. Replacing this with a more strict requirement can be done
by demanding [[((ALAs)™"[l; - |A%ajll; < 1. The vector Ala; has entries in the range
[~u(A), u(A)], and thus [|A%aill; < [Slu(A).

The matrix AgAS is strictly diagonally-dominant (SDD), for which using the
Ahlberg — Nilson — Varah bound we obtain’

1
IATAS) ) € —————. (4.74)
ST TSI = DA
Combined with the above we get the condition
_ Slu(A)
AZAS L - IlAsa; < Ok 1. 4.75
IAGAS) Il - [[Asayll; < 1_(|S|_1)ﬂ(A)< (4.75)

This leads to the claimed relationship |S| < 0.5(1 + 1/u(A)). As this condition is
the same for all columns a;, we conclude that if |S| < 0.5(1 + 1/u(A)), the ERC is
satisfied. O

3 Proving this very same bound for the £,-induced norm [[(ALAs)™"|l, is very easy, stemming from
the minimal eigenvalue of AgAS being 1 — (|S] — 1)u(A). However, for the £;-induced norm, we
rely on the above-mentioned paper.
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4.5 Summary

In a concentrated effort during the years 2001-2006, the above-described equiva-
lence results have been obtained in a series of works. While the ability to guarantee
the success of pursuit techniques is surprising and encouraging, it is heavily shad-
owed by the relatively pessimistic bounds presented here. In Chapter 7 we return to
this problem, demonstrate it, and describe more recent work that aimed at getting
more optimistic bounds to reflect the empirical observations.

Another limitation of the results posed here is the fact that (Py) is rarely the prac-
tical problem we would be interested to solve, as requiring exact equality Ax = b is
too strict and thus naive. We now turn to a new chapter that relaxes this assumption.
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Chapter 5
From Exact to Approximate Solutions

5.1 General Motivation

The exact constraint Ax = b is often relaxed, with an approximated equality mea-
sured using the quadratic penalty function Q(x) = ||Ax— bllg. Such relaxation allows
us to (i) define a quasi-solution in case no exact solution exists (even in cases where
A has more rows than columns); (ii) exploit ideas from optimization theory; (iii)
measure the quality of a candidate solution; and more.

Following the rationale of the previous sections, one may reconsider (Py) and
tolerate a slight discrepancy between Ax and b. We define an error-tolerant version
of (Py), with error tolerance € > 0, by

(Py): min |x|lp subjectto |[b—Ax], <e. (5.1)
X

The ¢>-norm used here for evaluating the error b — Ax can be replaced by other
options, such as ¢, £, or a weighted {»-norm.

In this problem a discrepancy of size € is permitted between a proposed repre-
sentation Ax and the signal b. When (Py) and (Pf) are applied on the same problem
instance, the error-tolerant problem must always give results at least as sparse as
those arising (Py), since the feasible set is wider. Indeed, for a typical general prob-
lem instance (A, b), the solution of (Pj) will have n nonzeros. On the other hand,
in some real-world problems (as we shall see below), although the solution of (Py)
would be dense, the solution of (Pf) can be seen to have far fewer non-zeros, tending
towards sparsity.

An alternative and more natural interpretation for the problem (Pf) is one of noise
removal. Consider a sufficiently sparse vector Xy, and assume that b = Ax,+e, where
e is a nuisance vector of finite energy ||e||§ = €. Roughly speaking (Pg) aims to find
X, i.€., to do roughly the same thing as (Pp) would do on noiseless data b = Axo.
In later chapters we shall return to this interpretation and make it precise, using
statistical estimators that lead to formulations similar to (Pf).

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 79
and Image Processing, DOI 10.1007/978-1-4419-7011-4_5,
© Springer Science+Business Media, LLC 2010
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Past work studied this problem in various forms, and in this chapter we dis-
cuss some of what is now known. Results are in some ways parallel to those in the
noiseless case. Specifically, we should discuss the uniqueness property — conditions
under which a sufficiently sparse solution is known to be the global minimizer of
(Py); practical pursuit techniques to approximate the solution of this problems; and
equivalence — theoretical guarantees for their successful recovery of the desired so-
lution. As we shall see next, however, the notions of uniqueness and equivalence no
longer apply — they are replaced by the notion of stability.

5.2 Stability of the Sparsest Solution

Before turning to approximate the solution of (P{), we must answer a far more
fundamental question: Suppose that a sparse vector X, is multiplied by A, and we
obtain a noisy observation of this product, b = Ax(+e with |[b—Ax||, < €. Consider
applying (Pf) to obtain an approximation to Xy, and getting a solution xg,

X[ = arg mxin [[x|lo subjectto [|b —Ax]||, <e.

How good shall this approximation be? How its accuracy is affected by the spar-
sity of xo? These questions are the natural extension for the uniqueness property of
sparse solutions we have discussed in the context of the (Py) problem in Chapter 2.

5.2.1 Uniqueness versus Stability — Gaining Intuition

As we show next, we can no longer claim uniqueness for (Pf) in the general case.
In order to demonstrate that, we present a simple experiment: A is chosen to be the
two-ortho [I, F] of size 2 x 4, xo = [0 0 1 0]”. We generate a random noise e with
pre-specified norm € = ||e||; and create the vector b = Axg + e. Thus,

Axg+e = 010.707 -0.707 (1) Llel 0.707 + e,

0

100.707 0.707 ] 0 [e.} [0.707+e1

Figure 5.1 presents the locations of Axy, b, the regions {v| |[[v — Axy|» < €}, and
{vl|lv—-bll> < €}, with € = 0.2. The last of those is the region of the image (i.e., after
multiplication by A) of all the feasible solutions x to the problem (Pf). Naturally, the
vector X poses a feasible solution, while being very sparse. Indeed, it is an optimal
solution to (), in the sense that no sparser solution exists (a sparser solution is only
the null vector, and it is outside the feasible set). Could there be alternative feasible
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Fig. 5.1 A 2D demonstration of the lack of uniqueness for the noisy case, with a relatively weak
noise.

solutions that are sparse? Figure 5.1 shows that solutions of the form xo = [0 0 x 0]"
with some values of x are also feasible, while having the same cardinality.

Figure 5.2 presents the same experiment, this time with a stronger noise, € = 0.6.
This leads to a different scenario, where not only we have lost uniqueness with re-
spect to the same support, but other supports with cardinality ||x||p = 1 are possible,
and in fact, even the null solution is included, implying that this is the optimal solu-
tion to (Pf).

Here is a more formal way of explaining this. We shall denote xs and Ags the
portions of x and A that contain the support S elements/columns, respectively. Sup-
pose that x is a sparse candidate solution to this problem over the support S, with
[Ix]lo = |S|, and it satisfies the constraint, ||b — Asxsl|» < €.

If it so happens that xg is also the minimizer of the term fs(z) = |[b — Aszl|»,
and fs(xgp ") = €, we can propose no alternative solution over this support, since
any perturbation around xg leads to an increase in this term and thus violation of
the constraint. In terms of Figure 5.1, this case takes place when the closest point
to b on the green line is Axg, or put differently, if the distortion e = b — Agxg is
orthogonal to the columns of Ag.! In all other cases, the fact that min, fs(z) < €
implies an ability to perturb the so-called optimal solution X in a way that preserves
its feasibility and the support, and thus we get a set of solutions that are as good as x.

I As the minimizer of fs(z) = |[b — Aszl|,, the vector x5 should satisfy Ag(b —Agxs) = Age =0.



82 5 From Exact to Approximate Solutions

14r 1
1.2 1
1 / J
0.8} ]
0.6 1
0.4f H
viliv-Ax li<e
vlillv-bll<e
0.2 ° IIz-a1—bII <e N
° IIz-aZ—bII<s
04 o llz-a -bll <¢
llz-a,-bll <e
Other sparse solutions
0.2 I I n I N T
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

Fig. 5.2 A 2D demonstration of the lack of uniqueness for the noisy case, as shown in Figure 5.1,
but with a stronger noise, that permits alternative solutions with a different support.

Furthermore, if some of the non-zero entries in x are small enough, this perturbation
may null them, leading to a sparser solution.

5.2.2 Theoretical Study of the Stability of ( P)

So, returning to the original question we have posed, instead of claiming uniqueness
of a sparse solution, we replace this with a notion of stability — a claim that if a
sufficiently sparse solution is found, then all alternative solutions necessarily resides
very close to it. The following analysis, taken from the work by Donoho, Elad, and
Temlyakov, leads to a stability claim of this sort.

We start by returning to the definition of the spark and extending it by consider-
ing a relaxed notion of linear-dependency. In the noiseless case we considered two
competing solutions x; and x; to the linear system Ax = b, and this led to the rela-
tion A(x; — X») = Ad = 0. This motivates a study of the sparsity of vectors d in the
null-space of A, which naturally leads to the definition of the spark.

Following the same rationale, we should consider now two feasible solutions x;
and x; to the requirement ||Ax — b||, < e. Considering b as the center of a sphere of
radius €, both Ax; and AXx, reside in it or on its surface. Thus, the distance between
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IIAx1 - Ax2II2

Fig. 5.3 The vector b as the center of a circle, and the image of two candidate solutions, Ax; and
AXx; that are € away. This leads to a distance of 2¢ at the most between Ax; and Ax,.

these two vectors is 2¢€ at the most, as shown in Figure 5.3, and we have the relation
[[A(x; — x2)ll» = [|Ad|], < 2e. A different way to see this is the following, which
exploits the triangle inequality:

IA(x1 = x2)ll2 = ll|AX; = b + b — Axs|> (5.2)
< ”AXl - b||2 + ||AX2 - b”z < 2e.

Therefore we should generalize the spark to allow for e-proximity to the null-space,
as the following definition suggests.

Definition 5.1. Given a matrix A € IR™™, we consider all possible sub-sets of s
columns, each such set forms a sub-matrix A; € R™. We define sparky,(A) as the
smallest possible s (number of columns) that guarantees

min os(A;) <. (5.3)

In words, this is the smallest (integer) number of columns that can be gathered from
A, such that the smallest singular-value? of A is no larger than 7.

For 1 = 0, this demand reduces to linear dependence of the chosen columns, and
thus we have sparko(A) = spark(A). Naturally, spark,(A) is monotone decreasing
in 1, and

YO<n<1, I<spark,(A) < spark(A) <n+ 1. 5.4)

2 This is the last one among the s singular-values, and its index is therefore s.
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We also know that for = 1 we get spark,(A) = 1, since any single (and normal-
ized) column has one singular-value equal to 1.

A fundamental property of the spark is that the equation Av = 0 implies ||v]|p >
spark(A). Similarly, a generalized version of this property is the following:

Lemma 5.1. If ||Av|l; < and ||Vl = 1, then |Vllo > spark,(A).

Proof: This property is a direct consequence of the above definition, and the fun-
damental properties of singular-values. By the definition of spark,(A), there exists
at least one subset of columns from A with spark,(A) columns, such that its small-
est singular-value is 1 or below. Also, the definition states that any set of less than
spark,(A) columns guarantees that all their singular-values are strictly above 7.
Now, consider a case where ||[v|lo = s < spark,(A). By fundamental properties of
singular-values, the corresponding sub-matrix A of size n X s (s < n) must satisfy
[lAV]l> = l|[Asvill2 > ollvsll = o for any normalized vector v. Since s < spark,(A)
we know that oy > 7, and thus we got that ||Av]l, > oy > 1. As this contradicts the
knowledge that [|Av||> < i, we conclude that s = |[v]ly > spark,(A). |

We now turn to a more fundamental observation, that ties spark,(A) to the
mutual-coherence of this matrix:

Lemma 5.2. If A has normalized columns and mutual-coherence u(A), then

spark,(A) > ﬂ +1 (5.5)
T Ay '
Proof: We use a simple observation about eigenvalues of diagonally-dominant ma-
trices, based on Gershgorin’s disk theorem (see Chapter 2). Given an s-by-s sym-
metric matrix H with diagonal entries equal to 1 and off-diagonal entries < u in
amplitude, we have that the smallest eigenvalue of H can be bounded from below
by /Imin(H) >1- (S - l)ﬂ'

With A obeying the above assumptions (normalized columns, and fixed coher-
ence), every leading minor in the Gram matrix G = AT A has ones on the diagonal
(assumed normalized columns), and its off-diagonal entries are bounded by u(A) in
absolute value. Thus, the above claim gives a lower bound on the minimum eigen-
value of every such minor of size s by s, denoted by ATA. We have

Anin(ATAS) 2 1= (s = Du(A). (5.6)
1- /lmin(AZAs)
§> —— + 1.
H(A)
For the choice Amin(AfAs) < 772, every set of s such columns have singular-values
bounded from above by 7 and thus spark,(A) > % + 1. O

Based on the above developed tools, we now turn to present a variant of the
uncertainty result we had for the noiseless case.
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Lemma 5.3. If x| and x, satisfy ||b — Ax;|l, <€ i= 1,2, then

2e

IX1llo + [X2llo > spark,(A), where 1= ———.
X1 = x2ll2

(5.7)

Proof. The triangle inequality yields ||A (x; — X») || < 2e. Put differently, we have
[|AV]l, < n, where v = (X; — X;)/|[X; — X;||,. Based on the property shown in Lemma
5.1, we get ||vllo > spark,(A). But

[IXtllo + %21l > [Ix1 = X2llo = [[V]lo, (5.8)

which establishes (5.7). |

Now, just as for the exact case, we use the above uncertainly rule to derive a
uniqueness result, but this time in the form of a localization to a single Euclidean
ball.

Theorem 5.1. Given a distance D > 0 and €, set n = 2€/D. Suppose there are two
approximate representations X;, i = 1,2 both obeying

1
b —AXxll, <€ and |xilo < Espark,,(A). 5.9)

Then ||x| — x|, < D.
Proof: Using the details above and Lemma 5.3 we have that

sparky(A) > |xillo + lIx2llo > spark,(A) (5.10)
for v = 2€¢/|Ix; — xs||>. Because of the monotonicity of spark,(A) this implies

2e 3
n=—=<v

- (5.11)
D Ix; — X2l

which leads to the claimed result. m|

Finally, we are now ready to pose a stability result that claims that the solution
of (Pf) cannot be far of from a sufficiently sparse initial vector Xo.

Theorem 5.2. (Stability of (P)): Consider the instance of problem (Pf) defined
by the triplet (A, b, €). Suppose that a sparse vector Xy € IR™ satisfies the sparsity
constraint |[Xollo < (1 + 1/u(A))/2, and gives a representation of b to within error
tolerance € (i.e., |[b — AXy|l2 < €). Every solution X{ of (P{) must obey

42
= u(A)2lIxollo = 1)

Note that this result parallels Theorem 5 that presents the uniqueness result for the
noiseless case, and indeed it reduces to it exactly for the case of € = 0.

lIx§ — xoll3 < ; (5.12)



86 5 From Exact to Approximate Solutions

Proof: The solution to (P, denoted as XG» is at least as sparse as the ideal sparse
solution X, since X is only one of the many possible feasible solutions, while (Po )
seeks the sparsest of them all. Since |[Xo|lo < (1 + 1/u(A))/2, there exists® a value of
n > 0 such that

1
lIXollo, lIxgllo < 5 sparky(A), (5.13)

and using Lemma 5.2 we replace this inequality with a more strict requirement

ol <+ (A2 4 1) < L par ca) (5.14)
= —spar .
=2\ @A) = P,
which poses a lower bound on 7 being

7 < 1—pA) - Qlxollo— 1). (5.15)

Invoking Theorem 5.1, we have two feasible and sparse solutions, each with cardi-
nality below %spark,,(A), with 7 as given above. Thus, n should satisfy n = 2¢/D
where D > |[xo — X{|l» and combining this with the upper bound on 7 in Equation
(5.15) we obtain

4¢2 4€2
IIxo — x§|)2 < D* = — < (5.16)
0ol 7 = 1-puA)- Qlxollo - 1)

as claimed. O

5.2.3 The RIP and Its Use for Stability Analysis

Before concluding the discussion on the stability of (P), we introduce a somewhat
different point of view, which leads to an alternative stability claim. In order to
present this theoretical analysis, we start by introducing a new measure of quality
of a given matrix A that replaces the mutual-coherence and the spark. This measure
developed by Candes and Tao, termed Restricted Isometry Property (RIP), is pow-
erful in grasping a key property of the matrix A, that makes consequent analysis
easy.

Definition 5.2. For a matrix A of size n X m (m > n) with £,-normalized columns,
and for an integer scalar s < n, consider sub-matrices A containing s columns from
A. Define 6, as the smallest quantity such that

Ve e RY (1-6yllell5 < llAsell; < (1 +6y)llell3, (5.17)

3 Since sparko(A) > (1 + 1/u(A))/2.



5.2 Stability of the Sparsest Solution 87

hold true for any choice of s columns. Then A is said to have an s-RIP with a
constant dj.

The key idea in the above definition is the claim that any subset of s columns from
A behave like an orthogonal transform that loses/gains almost no energy. Clearly,
this definition is only informative for §; < 1.

It is quite easy to see the resemblance between the RIP and the spark, properties.
Whereas spark, is the minimal number of required columns s to get 17* away from
singularity,* RIP fixes s and seeks the minimal value of 1 —d, (5.17), again implying
that these s columns are (1 — d;)-away from singularity. Note that, in that respect,
RIP is richer, as it also proposes a bound from above. As we shall see next, RIP
makes the stability analysis far easier. Figure 5.4 describes the connection between
spark, and RIP.

Given a matrix A, it is hard or even impossible to evaluate d, for s > 1, as
this requires a sweep through all the (’:‘) supports. In that respect, this measure is
as complex as the spark for assessment. Indeed, just as we have bounded the spark
using the mutual-coherence, this can be done here, leading to d, < (s—1)u(A). Note
that for s = 1 we have §; = 0, since the columns are normalized. The above bound
on the RIP constant is easily seen by

IAscl? = cTATA e (5.18)
< lel” [T+ u(A)A - D] [¢|
< (1= pA)llell3 + u@A)llell}
< [1+ (s = DuA)]llell3.

In the above we used the structure of the minor from the Gram matrix, having ones
on the main-diagonal and off-diagonal entries bounded by w(A). We also used the
norm-equivalence inequality |||} < +/s|le|l» for vectors ¢ of length s. The lower-

bound can be established similarly as

Aell5 = c"ATA e (5.19)
> [e|" [1— u(A)(A = D] c]
> (1 + p(A)llell — uA)llell}
> [1 - (s — DuA)]llll3.

Here we used again the norm-equivalence inequality [l¢|l; < +/slle|l>.

An alternative and easier derivation of the above bounds (from above and be-
low) on ¢, can be obtained using the Gershgorin disk theorem, that states that the
eigenvalues of AT A are necessarily bounded by

1-(s— Du(A) < AATA) < 1+ (s — Du(A), (5.20)

and this directly leads to the above claim, since

#1In terms of the smallest eigenvalue, and not singular one.
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Fig. 5.4 The top graph presents the behavior of spark, as a function of 7%. Point A in this graph
corresponds to 17 = 0, leading to the regular (noseless) spark. Point B is the other extreme, where
n = 1 and thus spark, = 1. The bottom graph presents the RIP constant J, as a function of s.
There is an exact analogy between points A and B in the two graphs, when considering 1 — J, as a
function of s. As such, sparrk, and RIP are related to each other as a function and its inverse.

nin(ATAG) - llell3 < IAsell3 < Aar(ATA) - [leli3. (5.21)

Armed with this definition of RIP, we make the following observation: Suppose
that a sparse vector X of cardinality sy is multiplied by A, and contaminated by an
e-bounded-norm vector e (i.e., |le|l, < €), generating b = Ax( + e. Thus, clearly,
b — Axoll> < €.

Now, assume that we solve (PS) and get a candidate solution, denoted by X.
Clearly, this solution is sparse, with sy non-zeros at the most (since Xy is also fea-
sible, and it has sy non-zeros). Also, this candidate solution satisfies the inequality
b —AX|, < e.
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Defining d = X — X¢, we have that ||Axy — AX|l» = ||Ad|], < 2, since both these
vectors (Axy and AX) are € away from the same center vector b. We also observe
that d is a sparse vector with 2sy non-zeros as the most, since ||d|lp = |IX — Xollo <
[IXollo + IXllo < 2s0.

Let us assume that the matrix A satisfies the RIP property for 2s, with the cor-
responding parameter 6,,, < 1. Thus, using this property and exploiting the lower-
bound part in Equation (5.17), we get

(1= 625)ldll5 < IAdI < 4€, (5.22)

and thus, we get a stability claim of the form

- 4¢?
45 = Ik — xoll5 < . (5.23)
1 = 024,
Using our bound for 65, from above using the mutual-coherence, this reads
- 4¢? 4¢?
1% - xoll5 < (5.24)

< .
[ =62, 1 (25 - Du(A)

The obtained result is the same as the (Pf) stability claim reported in Theorem 5.2.
Note that this bound is true only if the denominator is positive, implying that we
require 5o < 0.5(1 + 1/u(A). If € = 0, the stability result obtained suggests that
X = xq, which is aligned with the results of Chapter 2

The very same analysis as shown above can be made more general. Assume
that an arbitrary approximation algorithm is used for solving (), and a feasible
candidate solution X is proposed with [|X||p = s; non-zeros. Using the same rationale
we get that the proposed solution is necessarily close to the ideal one,

2 2
R=xolf < — < de ,
[0 = T=(s0 + 51 = DuA)

(5.25)

due to its sparsity. This claim brings us naturally to the next Section, where we
discuss specific approximation algorithms and their tendency to yield such sparse
solutions.

5.3 Pursuit Algorithms

5.3.1 OMP and BP Extensions

Since (Py) is impractical to solve in the general case, it seems unlikely that a direct
attack on (P) is a sensible goal. The pursuit algorithms discussed above can be
adapted to allow error tolerances; how will they perform? Referring to the two op-
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tions we had for devising such algorithms — the greedy approach and the relaxation
of the £, functional — variants of these methods may be investigated.

Consider, for example, the greedy algorithm described in Figure 3.1 — the OMP
algorithm. By choosing €, = € in the stopping rule, the algorithm accumulates non-
zero elements in the solution vector until the constraint ||b — Ax|l, < € is satis-
fied. With this minor change, the OMP is very easy to implement and use, and this
explains its popularity. The same modification holds true for all the other greedy
methods.

Similarly, relaxing ¢, to an £;-norm, we get the following variant of (P;), known
in the literature as basis pursuit denoising (BPDN) (note that just as in the exact
case, we assume that A has normalized columns, and thus there is no need for a
weighting matrix):

(PY): min |[x||; subjectto ||b— Ax||; <, (5.26)
X

This can be written as a standard problem in optimization with a linear penalty and a
quadratic and linear inequality constraints. Such problems are very well-studied by
specialists in optimization and there are many practical methods for solving them —
practically the whole of modern convex optimization theory is applicable, and par-
ticularly the recent advances in solving large systems by interior-point and related
methods. We shall not review that literature here, and instead discuss two relatively
simple and tailored approaches for this problem, suitable for readers without back-
ground in convex optimization.

There are various specialized optimization packages that take into account the
tendency of the solution of our problem to be sparse (£;-magic by Candes and
Romberg, CVX and L1-LS by Stephen Boyd and students, Sparselab by David
Donoho and students, GPSR by Mario Figueiredo, SparCo by Michael Friedlander,
PDSCO by Michael Saunders, ShrinkPack by Elad, Zibulevsky, and Shtok, MCAlab
by Fadili, Starck, Donoho, and Elad, and more). These pose a good way to get a reli-
able solution to (P{) with little programming effort — one only has to set up (P{) as a
problem of the type each optimizer can solve. We note, however, that for large-scale
applications general-purpose quadratic programming optimizers seem slow and can
perhaps be improved by special purpose techniques, as indeed provided by some of
the above-mentioned packages.

For an appropriate Lagrange multiplier lambda, the solution to (5.26) is precisely
the solution to the unconstrained optimization problem

. 1
D : min Alfx|l; + ZIb - Ax|}3, (5.27)

where the Lagrange multiplier 4 is a function of A, b, and €.

We mention below the Iterative-Reweighed-Least-Squares (IRLSindexIterative-
Reweighed-Least-Squares) algorithm, which was already mentioned in the context
of the exact problem (Pp). We shall also briefly present the LARS algorithm due
to its feature to provide the complete regularization path (i.e., solutions for all ).
We stress, however, that there are other options as well for solving the relaxed prob-
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Task: Find x that approximately solves (Qf): miny  A|x]|; + % b - Axllg.
Initialization: Initialize k = 0, and set

e The initial approximation (chosen arbitrarily) xo = 1.
e The initial weight matrix Xy = L.

Main Iteration: Increment k by 1, and apply these steps:

e  Regularized Least-Squares: approximately solve the linear system
(22X, + ATA)x = A"b

iteratively (several Conjugate-Gradient iterations may suffice), producing
result x;.

o  Weight Update: Update the diagonal weight matrix X using x;: Xi(j, j) =
(D] + €.

e  Stopping Rule: If |[x; —x;_;|» is smaller than some predetermined thresh-
old, stop. Otherwise, apply another iteration.

Output: The desired result is x;.

Fig. 5.5 The IRLS strategy for approximately solving (Qf).

lem (e.g., Homotopy, gradient projection, and more). Specifically, in Chapter 6 we
present a family of specialized algorithms for the minimization of (Qf), based on
iterative-shrinkage procedures.

5.3.2 Iteratively-Reweighed-Least-Squares (IRLS)

A simple strategy to attack (Qf) is the Iterative-Reweighed-Least-Squares (IRLS)
algorithm, similar to the way we took in the exact case in Chapter 3. We note,
though, that while the core idea is similar, the derivation here is somewhat different.

Setting X = diag(|x|), we have |x]|; = x"X~!x. Thus we may view the £-norm as
an (adaptively-weighted) version of the squared ¢;-norm. Given a current approxi-
mate solution x;_1, set X;_; = diag(|xx-1|) and attempt to solve

1
(My): min XX x+ z||b - Ax|[3; (5.28)

this is a quadratic optimization problem, solvable using standard linear algebra. Ob-
tain an (approximate) solution X (say); a diagonal matrix X is constructed with
the entries of x; on the diagonal, and a new iteration can begin. This algorithm is
formally described in Figure 5.5.

Let us demonstrate this algorithm on a specific case study, and through this also
gain some insight into the problems (Q/ll) and (P). We generate a random matrix A
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Fig. 5.6 Normalized ¢,-error of the solution (|[&, — Xo|[>/|[Xol|*) as a function of A. Each point in
this curve is the outcome of 15 iterations of the IRLS algorithm. The dashed curve presents the
value of |log(||A&, — b||>/(no?))|, getting a value close to zero implies that the residual is equal to
the noise power.

of size 100 x 200, create a random sparse vector X, of length 200 with cardinality
[Xollo = 4, where its non-zero entries are drawn uniformly from the range [-2, —1]U
[1,2]. We compute b = Ax( + e, where e is an additive random Gaussian iid noise
vector with standard-deviation oo = 0.1. Our goal is to recover Xy, and for that we
shall solve (Qf) with the IRLS algorithm.

The first problem we encounter is the choice of 1. Whereas the problem (P{) can
be clearly posed with € ~ \/no to represent the deviation we expect between Ax and
b, turning to the format of (Qf) loses this simple intuition. The thumb-rule we shall
use is to choose A as approximately the ratio between o~ and the standard-deviation
of the expected non-zeros in the solution. More on this choice and its justification
are given in Chapter 11. As the non-zero’s STD is roughly 2, we choose A around
the value o-/2 = 0.05.

Figure 5.6 presents the quality of the solution, measured by |[X,; — X0l /11Xoll?,
as a function of A. Each solution is obtained using 15 iterations of the IRLS algo-
rithm. The same graph shows also the term |log(||A%, — b||>/(n®))|, which shows
for which A the residual ||A%,; — b|*> becomes equal to the noise power no?. This
is another thumb-rule that can be used for determining A, and as we see, there is a
good agreement between this choice of A and the optimal one.

Figure 5.7 presents three possible solutions, for the best found A, and two values
— one above and and one below it. These solutions are compared to the ideal X,
and as can be seen, the optimal A value indeed finds a good solution with a good
detection of the non-zeros in the ideal vector xi. A smaller A leads to a more dense
solution, while a larger one further sparsifies it.
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Fig. 5.7 Solutions obtained by the IRLS algorithm (15 iterations) for three values of A — the best
one (in the middle), a smaller one (top), and a larger one (bottom). The true non-zero values of X
are added as dots for reference.

There is an interesting way to present all the solutions for all A values together
in one graph. Building a 2D array that contains all the solutions as its columns,
simply plot all its rows as graphs. This approach is commonly used in the context
of an algorithm called Least-Absolute-Shrinkage-and-Selection-Operator (LASSO)
and another termed Least-Angle-Regression (LARS) (see next subsection). These
methods expose the path each entry takes from zero (for large enough value 1) to a
possibly non-zero value. Such a graph is presented in Figure 5.8. we see that values
of A above 1 lead to a zero solution. As A becomes smaller, more and more entries
are “awakened” (become non-zeros). The dotted curves represents the entries of X,
and thus stand as the ideal result we should strive to.

All the above discussion is general and could refer to any alternative solver of
(Qf). We now turn to show the specific behavior of the IRLS. We already see in some
of the above figures that the IRLS does not fully sparsifies the proposed solution,
even for the optimal A. Figure 5.9 presents the (Q’}) function value for the computed
solution as a function of the iteration. We see that the IRLS is very effective in the
first several iterations, but then slows down dramatically. Furthermore, we see that it
is even not guaranteed to give a descent in every iteration. These observations mean
that this method can be effective mostly if we are interested in a crude solution. By
a relaxation of the IRLS iteration, one can give better convergence behavior and
guarantee a descent in each iteration, but we shall not dwell on this here.
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Fig. 5.8 All the IRLS solutions for all A values. Each curve represents one entry in the solution
and the path it takes as a function of A. The dotted curves are those of Xg.
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Fig. 5.9 The function value (A||x||; + % b - Aill%) as a function of the iterations of the IRLS, for
the optimal value of A.
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5.3.3 The LARS Algorithm

In the statistical machine learning community, the problem we have defined as (Qf)
is known as LASSO (Least Absolute Shrinkage and Selection Operator), used for
regression over a wide set of features. LASSO was conceived by Friedman, Hastie,
and Tibshirani, three researchers from the statistics department at Stanford Univer-
sity. This took place around the very same time the Basis-Pursuit was invented for
signal processing purposes by Chen, Donoho, and Saunders — from the same depart-
ment (actually, the same corridor!!).

In the LASSO formulation, the columns of A represent each a feature with vary-
ing values, and the vector b is the output of a complex system. We desire to find
a simple linear combination of few features that could explain the output b. Thus,
solving (Qf) not only provides a way to get such regression, but it also selects a
small subset of features, known as model selection.

While LASSO and BPDN target different applications, their mathematical for-
mulation is exactly the same. In the statistical machine learning community that
studies LASSO, the goal is a numerical method that could solve (Qf) for all possi-
ble values of A at once. We refer to this type of solutions as the complete path of
the regularization. The motivation is natural — this can help us in migrating from the
solution of (Qf) to (P}) easily, and better tune € or A for our needs.

Surprisingly, such path of solutions can be obtained with almost the same com-
putational effort as solving for one value of A alone. Indeed, in order to see why
this is at all possible, think of the OMP as a technique that also sweeps through
A, as the residual energy is decreased by adding one atom at a time. LARS (Least
Angle Regression Stagewise), proposed by the LASSO team and Efron, is very sim-
ilar to OMP, but with a guarantee that the solution path is the global optimizer of
(Qf). We now turn to describe the core of this algorithm, adopting an interesting and
appealing interpretation of this algorithm proposed by Julien Mairal.

We start by observing that for a solution to be the optimal minimizer of (Qf), it
should lead to a sub-gradient set that contains the zero. For the convex function

1
J&) = Al + Ellb - Axf3, (5.29)

the sub-gradient set is given as the set of all vectors

+1  x[i]>0
af(x) = {AT(Ax = b) + Az} Vz={[-1,+11i]=0 . (5.30)
-1 x[i]<0

When searching the minimizer of the function f(x), we should seek both x and z
that suites it, such that 0 € 9f(x).

The sub-gradient set at location X, defines all the possible directions v that satisfy
F(X) = f(x0) = vI(x — xg) for a sufficiently small neighborhood, |[x — Xo|l, < 6.
This should remind the reader of tangent planes, passing through x, and bounding
the convex function f(x) from below at xo. For differentiable functions this aligns



96 5 From Exact to Approximate Solutions

with the single-vector regular gradient. The fact that the sub-gradient may contain
more than just one vector is a direct consequence of the non-differentiability of f(x)
around zero.

We now turn to describe how this sub-gradient requirement is used for the cre-

ation of LARS, where we focus on the main theme of this method, disregarding
small (but important) details.
Step 1: Starting with 4 — oo, we obviously have x; = 0 as our optimal solution.
Observe that as A is decreased towards zero, for all values A > ||A7b||«, the zero
solution remains optimal, because using Equation (5.30), the requirement 0 € 9 f(x)
and the assumption x,; = 0 imply

0=-ATb+ Az, (5.31)

and z, = ATb/A satisfies the condition posed in Equation (5.30), i.e. all the entries
in z are in the range [-1, 1].

Step 2: As 1 is decreased and gets to ||A7b||«, assume that it is the i-th entry in this
vector that gets the maximal value. Keeping x,[i] = O for slightly smaller A clearly
violates (5.30). Thus, we change this entry and accordingly set z,[i] = sign(x,[i]).
This single non-zero value x,[] is obtained by solving

0 = a/ (ax — b) + Az,[i] (5.32)
alb—Az,[i]  alb - Asign(x,[i])
- :

a’a; a’a;

= xlil =

It is easily seen that this value has the same sign as the inner product al.Tb, as re-
quired.

The proposed solution is correct for A = ||ATb||., and nearby values below, and

the condition on z translates to the assignment z, = AT(b — Ax,)/A. The i-th row of
this requirement is satisfied trivially with equality due to (5.32), and the rest are met
by setting z, based on the above formula.
Step 3: We proceed by decreasing the value of A, changing linearly the solution x,
based on Equation (5.32), and updating z, based on the above assignment. Assume
that for the current value of A we hold the support of x, denoted by S. We denote by
x’ the non-zero part of x,, and A, as the sub-matrix of A that contains the chosen
columns. The current solution is thus given by

xt = (ATA) (AT - a2, (5.33)

where z} = sign(x)), is the sign-vector of the non-zero portion of the vector x,.
This solution changes linearly with A. As this process of decreasing A continues,
two situations can be encountered:

1. The i-th entry in z, outside the support of X, becomes +1 and is about to exit
the permitted range [—1, +1]. In this case we add this entry to the support, and
update the solution to include it, using the above formula.
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Fig. 5.10 Normalized £,-error of the solution (|[%; — Xo||*/|IXol*) as a function of A. Each point in
these curves is the outcome of LARS (solid) or 15 iterations of the IRLS algorithm (x marks).

2. One of the non-zero entries in X3 becomes zero. In this case it should be removed
from the support and the solution updated, again using the above formula.

In practice, the value of A is decreased from one check-point to the next, testing for
these cases, and updating the support S, the solution x,, and the vector z,. Note that
throughout the algorithm we assume that there is a unique optimal solution to (Q’ll),
and build it explicitly. Also, note that we assume that at every stage only one entry
in the solution joins/leaves the support. In cases where these assumptions are not
met, the algorithm requires delicate modifications.

Before concluding this discussion, we turn to demonstrate LARS. We perform
the same test we have applied on the IRLS (and in fact, on the same data). We use
a Matlab software written by Karl Sjostrand from the Technical University of Den-
mark, which provides LARS’ full regularization path. As the results are quite close
to those of the IRLS, we present only the following two figures that correspond to
Figure 5.6. Figure 5.10 shows both the LARS and the IRLS (15 iterations) curves,
and as can be seen, they are quite similar, and especially so around the optimal value
of A. Figure 5.11 zooms-in on the area around the minimum, showing that a differ-
ence does exist in favor of LARS. Applying more iterations by IRLS is not likely
to close this gap, due to the much-slower convergence we have observed. LARS is
more accurate, and also cheaper in terms of computations, making it an ideal solver
for low-dimensional problems. As the number of steps required by LARS roughly
equals the dimensions of x, using this technique in high dimensions is prohibitive.
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Fig. 5.11 A zoomed-in version of Figure 5.10 that exposes the small differences between the two
algorithms.

5.3.4 Quality of Approximations Obtained

LARS and IRLS, as solvers of (Qf), are only approximation algorithms to our true
desire — the solution of (Pf). In this context, OMP and other greedy methods also tar-
get this objective, which gives us common grounds to compare these very different
techniques. How good are these approximations? A partial answer appears in Figure
5.10, showing that X, obtained by LARS/IRLS tends to be close to x( for a proper
choice of A. Just as in Chapter 3, we can also ask how good are those algorithms in
recovering the true support and entry-values of Xy, but this time noisy measurements
are involved. We address these questions here, by an experiment similar to the one
reported in Sections 3.1.7 and 3.2.3, in which we compare LARS and OMP.

We create a random matrix A of size 30 x 50 with entries drawn from the normal
distribution, and then we normalize its columns. We generate sparse vectors Xy with
iid random supports of cardinalities in the range [1, 15], and non-zero entries drawn
as random uniform variables in the range [-2, —1]U[1, 2]. Once X is generated, we
compute b = Ax + e, where e is a zero mean iid random Gaussian noise. We set
its standard-deviation to o = 0.1. We then apply the LARS and OMP algorithms to
seek for x. Both methods provide a set of solutions, both adding one atom at a time.
From those we choose the sparsest solution that satisfies ||AX — bllg < 2no? (chosen
empirically to give good results). We perform 200 such tests per each cardinality,
and present average results on ¢, recovery error (between X and its estimate X), and
on the support distance (see Section 3.1.7 for more details on these performance
measures). These results are given in Figures 5.12 and 5.13.
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Fig. 5.12 OMP and LARS performance as approximate solvers of (Pg). The performance shown
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Fig. 5.13 OMP and LARS performance as approximate solvers of (Pg). The performance shown
here refers to the success rate in detecting the true support.
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Fig. 5.14 OMP and LARS performance as approximate solvers of (Pg). The performance shown
here refers to the average cardinality of the obtained solutions, and our goal is getting as sparse as
possible solution.

The results we see in these two figures indicate that OMP is better in recovering
the support, while LARS is better in getting smaller ¢, error. In terms of ¢, error,
it seems that both algorithms perform well, as the errors obtained are quite small.
Since LARS minimizes (Qf), it tends to under-estimate the values of the non-zeros,
as those are penalized by the ¢ term. Thus, we can adopt the support given by the
LARS solution, and re-evaluate the non-zero entries in X by solving a simple Least-
Squares problem of the form miny ||Asx — bllg. As can be seen in Figure 5.12, this
helps in slightly reducing the error.

Figure 5.14 shows another aspect of the OMP and LARS performance. For the
error threshold chosen, both methods ultimately aim to give the sparsest possible
solution, and thus it is natural to ask, how sparse is the proposed solution? In Figure
5.14 we show the average cardinality of the solutions obtained by the OMP and
the LARS in the above-described experiment. It is evident that OMP performs very
well, getting nearly the original cardinality, whereas LARS is far behind, tending to
give a denser solution. This aligns well with the results shown in Figure 5.13 that
indicate that LARS gives a poor detection of the support — we now know that this is
due to its tendency to give too many non-zeros.
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5.4 The Unitary Case

If A is unitary, the minimization of (Pf), (Q/ll), and even (P{) can all be manipulated
in a sequence of simple steps and turned into a set of n independent and identi-
cal one-dimensional optimization tasks that are easily handled. Let us start with a
treatment of (), as defined in Equation (5.1),

(Pj): min |x|lp subjectto [[b—Ax]|, <e.
X

Using the identity AAT = I, we get an equivalent problem of the form

(P§):  min [x|lp subjectto [[A"b x|, <e. (5.34)
X

Here we have exploited the fact that £,-norm is unitary-invariant, which implies the
equality.

b — Axll = A" (b — AX)]>.
Denoting x, = ATb, we obtain a simplified problem of the form

(Py) : min_ {|xllo (5.35)

subject to [Ix, = x| = > (x.[i] - 2[i])” < €.
i=1

this problem defines the optimal solution as the sparsest vector that is e-close to X..
Thus, the optimal solution is simply obtained by sorting the entries of the vector
x,. = ATb in a descending order of their absolute values, and choosing the leading
terms till the constraint ||x. — x||; < € is satisfied. This implies that there exists a
threshold value 7'(¢) such that

c {xg[i] = x.[i] |x[i]l = T(e) (5.36)

7] =0 |ulill <TG

where T (¢) is chosen as the largest possible value that satisfies [|x. — x{|l» < €. The
operation described in Equation (5.36) is known as hard-thresholding, used often in
signal processing for sparsifying vectors. Note that the solution we have obtained is
the globally optimal one, even though the initial problem is non-convex and highly
combinatorial in nature.

Turning to handle (P{) and (Q’ll), the treatment is similar, although a bit different.
Following the same steps, we get the equivalent problems

(P$):  min |x||; subjectto |Ix.—x|}3 <€ (5.37)
X

. 1
©D:  min Al + Flx. = XI5, (5.38)
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As already mentioned above, these two problems can be made equivalent by a proper
choice of 4, as a function of € and x... Thus, we proceed with the formulation of (Qf),
and observe that its penalty function is separated into n disjoint, independent, and
equally formulated 1D problems of the form (x, is now a scalar),

1
Xopr = argmin  A|x| + E(x - x)% (5.39)

Since the absolute value function is not differentiable at the origin, we replace the
classical approach of zeroing the derivative with the requirement that the zero is
included in the sub-gradient set (see the discussion about the LARS algorithm).
This poses a requirement on x,,, of the form

+1 x>0
Oex—x,+A4[-1,+1]x=0. (5.40)
-1 x<0

This states that the solution should be in the set that nulls the sub-gradient of the
function. Denoting

+1 x>0
z:{[—1,+1]x=0 , (5.41)
-1 x<0
we require x — X, + Az = 0. Assuming that x, > A, we get x,,; = x, — A as the optimal
solution by assigning z = 1. Similarly, for x, < —A, the solution is x,p; = x. + 4
for the assignment z = —1. For —4 < x, < A, the optimal solution is necessarily
Xopr = 0, with the choice z = x,/A4, which is indeed in the range [-1, +1]. Thus,
returning to the problems (P}) and (Qf) posed in Equation (5.37), we propose the
solution

x{[i1=0 [x.[i]] > A (5.42)
x{[i] = x. il + A x.[i] < -4

= sign(x.[i]) - [l [d]] = Al

xi[i] =xi] -4 xJ[i] = A4
x{ _{

where A should be chosen as the largest possible value that satisfies [[x. — x{|l» < €,
if we are solving (P{). This operation is known as sofi-thresholding.

We see that the three problems (P(), (P]) and (Qf) admit simple and closed-form
optimal solutions. Furthermore, as already said, even though (P(f)) 1S non-convex, we
guarantee that the solution we provide is globally optimal.

Interestingly, if the simple thresholding algorithm (see Chapter 3) is applied for
approximating the solution of (Pf) in this case, it leads to the optimal result. This
is because it computes the vector A”b and chooses its leading entries (in absolute
value), just as the optimal formula suggests. Furthermore, although less obvious to
see, MP and OMP also lead to the optimal solution in this case. Their first iteration
chooses the largest entry from the vector |A”b|, and this aligns well with the optimal
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solution formula. Subsequent iterations require the evaluation of the residual, but
due to the orthogonality of A, this is equivalent to the removal of the chosen column
from A. Thus, all iterations remove leading entries from |A” b|, and the stopping rule
guarantees that the smallest possible non-zeros are used.

5.5 Performance of Pursuit Algorithms

Can pursuit methods approximately solve (P)? A partial and empirical answer has
been given above. We bring in this section several theoretical results that address this
question. The first part is taken from the work by Donoho, Elad, and Temlyakov,
with some modifications, corresponding to the BPDN stability. Rather than pre-
senting a parallel result for OMP, we develop such a property for the far simpler
thresholding algorithm.

5.5.1 BPDN Stability Guarantee

Theorem 5.3. (Stability of BPDN): Consider the instance of problem (P{) defined
by the triplet (A, b, €). Suppose that a vector Xg € IR" is a feasible solution to (P5)
satisfying the sparsity constraint |[Xollo < (1 + 1/u(A))/4. The solution X5 of (P5)
must obey

4¢?
1 = u(A)(@ixollo — 1)

Proof: In this proof we follow closely with the steps of proof of Theorem 4.5, with
necessary modifications.

Both Xy and x¢ are feasible and thus satisfy |[b — Axg|l, < € and [[b — Ax{|, < e.
Considering the vector b as a center of a sphere of radius €, we know that both Ax
and Axf are on the surface of this sphere, and thus the distance between them is at
most 2e. Denoting d = X] — Xg, W€ therefore have

2
lIx] — Xoll; <

(5.43)

IAXS — Axoll, = [IAd]}, < 2e. (5.44)

We write this requirement differently using the Gram matrix ATA = G, exploiting
the fact that its main-diagonal contains ones, and its off-diagonal entries are bounded
by the mutual-coherence p(A). This leads to

4€* > ||Ad|); = d"Gd (5.45)
= [ld|l} +d"(G - Dd
> |ldl; - 1dI"|G - T|d|
> |ldIl3 - p(A) - 1" [1 - T|d]
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= [ldI}3 - (A) - (1" 1/d| - |dI” )
> (1+ A3 ~ (A,

In the above we used the property |d|"1/d| = |d|" 117|d| = ||d||>.

We know that [x{[l; = [ld+Xoll; < [[Xoll;, reflecting the fact that, as the solution to
(P}), x{ has the shortest possible £;-norm. Using this and the inequality developed
in the proof of Theorem 4.5, we obtain

lldll; = 21{1d] < lld + xoll; — IIxoll; <O, (5.46)
where 1; is a vector of length m with ones on the support S of the vector x¢. Thus,
lldil; < 217 (d] + lld + xoll; = IIxoll; < 21{1d]. (5.47)

Using the ¢1-f>-norms relation, ¥ v € R”, ||v|]|; < +/n||v|l>, we obtain

il < 21711 <2 [iS1Y 1P < 2 VISl (5.48)
€S

Plugged back into the inequality in Equation (5.45), we obtain
4€ > (1 + pA)IdI; — pAldlT > (1 +p(A) - 4S@A)ldl5.  (5.49)

This leads directly to the claimed result. Note that we must require 1 + u(A) —
4|SJu(A) > 0 for the above inequality to be true, and thus the requirement on the
cardinality of X, as the theorem states. |

For € = 0, we return to the noiseless case. This reveals a loss of tightness of the
stated result, as the sparsity required is half the amount mentioned in Theorem 4.5.
Another important observation is that the obtained bound on the distance between
xo and x{ is larger than 4€?, which is four times all the “noise” energy in the vector
b. This presumably suggests that there is no denoising effect in solving (Pf). This is
a direct consequence of the worst-case analysis that was practiced here, along with
an assumption about the noise being adversary.

In addition to the above stability claim, results on successful recovery of the
support would also be of interest. Work reporting such results exist, requiring more
strict (and thus less realistic) conditions. Similarly, considering the above as signal
a denoising procedure, there is an interest in the expected performance, but this will
not be explored here.

5.5.2 Thresholding Stability Guarantee

Rather than providing a comparable stability result for the OMP, as in the paper
by Donoho, Elad, and Temlyakov, we develop a similar theorem for the far sim-
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pler thresholding algorithm. This way we show the two extreme methods and their
guaranteed performance. Again, we rely on the structure of the proof as shown in
Theorem 4.4 that handled the noiseless case. First, we state the theorem, and then
provide its proof.

Theorem 5.4. (Thresholding Performance): Consider the thresholding algorithm
applied to the problem instance (Pf) with the triplet (A, b, €). Suppose that a vector
Xo € R satisfies ||b — Axq||, < € and the sparsity constraint

1 |xmin| 1 €
[Xollo < —( — + 1) -— (5.50)
00 2 Xl 1(A) LA K]

where | Xpin| and |Xq,| are the minimum and maximum values of the vector |Xo| within

its support. The result produced by the thresholding algorithm must obey

62

= u(A)(IXollo = 1)

Furthermore, this algorithm is guaranteed to recover a solution with the correct
SUpport.

X7 — Xoll; < 7 (5.51)

Before turning to prove this result, a short discussion is in order. The sparsity
requirement posed in Equation (5.50) is clearly sensitive to both the contrast of the
non-zeros in the solution x, and to the noise level. This is substantially different
from the BPDN requirement that shows no similar sensitivities. On the other hand,
the error bound in Equation (5.51) is much better than the one obtained for the
BPDN. We assume that this is due to loss of tightness of the BPDN results.

Proof: We shall assume without loss of generality that the |S| = k¢ non-zeros in
Xo are its first entries, and thus b = e + Zfil Xolt]a,. Success of the thresholding
algorithm is guaranteed by the requirement

min |alb| > max |a’b], (5.52)
1<izko j>ko !

Plugging the expression for b, the left-hand-side term becomes

ko
a'e+ » xo[tlaa,
=1

min |ain| = min
1<i<ko 1<i<ky

. (5.53)

We exploit the fact that the columns of A are normalized, and their maximal inner
product is bounded from above by u(A). We also use the relations |a + b| > |a| — |b],
and v'u < ||v|l, - lu]l,. All these enable to lower-bound this term by

ko
- (5.54)

1<i<ky

= min

x;+ale+ Z xal a,
I<i<ko

1<t<ko, 1#i
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> min {|x| - |ale|l - Z x.al a,
1<i<ky
1<t<ko, t#i
: T
> min |x;] — max Z Xa; a;| — €
1<i<ko 1<i<ko X
1<t<ko, t#i

> |xmin| - (kO - l)ﬂ(A)|xmax| — €.

Turning to the right-hand-side term in Equation (5.52), and following similar steps,
we aim to upper-bound this expression. This gives

ko
Thi — T T
max [ajb| = max (afe + ; @) ay| < kopt(A) Xarl + €. (5.55)
Thus, requiring
|xmin| - (kO - l)ﬂ(A)|xmax| > kOﬂ(A)lxmaxl +2e (556)

necessarily leads to the satisfaction of the condition posed in Equation (5.52). Put
differently, this reads as the condition

ko < & ("“""”' 1y 1) < (5.57)

2 \ o &) 7 ) (A X

which guarantees the success of the thresholding algorithm in recovering the proper
support.

As for the deviation in the obtained solution, we shall assume that the above
requirement is fulfilled, and thus the proper support has been recovered. Thus, the
thresholding algorithm amounts to a simple Least-Squares solution of the form

X} = argmin JA,x — b|3 = (ATA))"'ATb (5.58)

where this result refers only to the non-zero entries of the solution over the proper
columns from A, accumulated by the sub-matrix A;. We denote similarly x; as the
portion of the vector X, on the proper support. Exploiting the fact that || A x5 —b]l, <
€ we obtain

X310 — X113 = IATA)T'ATD - X313 (5.59)
= [IATA)'ATD — (ATA) ' (ATA XS
= IATA) AT (b - A x5
< [IATA)T'ATIZ - 1Ib — AX)I15
< ATA)T'ATIE = € AT

The term ||Aj||§ is the £>-induced (operator) norm, defined as
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IBvII
IBII} = max 2

5 = /lmax(BTB) = /lmax(BBT)-
e

The fact that A, (B'B) = A,,,.(BB”) can be directly derived by exploiting the
SVD? of the matrix B. Returning to our analysis of the thresholding algorithm, we
need to bound from above the spectral radius of the matrix AT (AN = (ATA)~'. If
0 < Apin < -+ < Ayay are the eigenvalues of the matrix AZAs, then their reciprocals
are the eigenvalues of the inverse matrix, and thus the norm of the inverse is 1/,
and thus

x5 — X005 < € - AT (5.60)
= - IATAY I3
62
T Auin(ATA)

Thus, we need to bound this eigenvalue from below. Using the Gershgorin’s disk
theorem, all eigenvalues of AZAS must be inside the disk centered around 1, with
radius (S| — Du(A) = (ko — 1)u(A) and thus A,,;,(ATA;) > 1 - (kg — 1)u(A). This
leads to

€ €

L ATA,) = T (ko — Du(A)’

X5z — X515 < (5.61)

as claimed. O

5.6 Summary

In this chapter we have generalized (Py) to allow for an error in the equality Ax = b,
and shown how most of the results from Chapters 2, 3, and 4 can be generalized to
cover this more practical problem. As mentioned in Chapter 4, here as well we are
under the dark shadows of too-pessimistic bounds, and these arise because of three
main reasons:

1. Noise modeling: Throughout this chapter, the noise e contaminating the vec-
tor Ax is assumed as a deterministic adversary vector of known length €. This
means that it may choose the worst realization in order to interfere the analy-
sis/algorithm. By migrating from such a noise model to a random vector, better
results can be obtained, accompanied by a (near 1) probability for the claimed
bounds to be true. See Chapter 8, where we adopt such an approach for the anal-
ysis of the Dantzig-Selector.

5> Assuming that the SVD of B is given by B = UZV’, we have that BB = ULV VZ'UT =
UZXU7, whereas B'B = VETUTUZV? = VETEVT . In both cases, the eigenvalues are simply
the squared singular ones.
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2. Allowing rare failures: The analysis we perform in this chapter does not allow a
failure within the guaranteed range of the pursuit success/uniqueness. By allow-
ing a very small fraction of such failures, the bounds could become much higher,
and more optimistic. For most applications, this also reflects the true desire of
the implementor — a willingness to sacrifice a pursuit problem from time to time,
with the ability to generally claim a high rate of success. We adopt this point of
view in Chapter 7.

3. Worst-case characterization of A: The coherence, the RIP, and the spark, are all
worst-case measures that characterize the matrix A. Even if we improve our anal-
ysis with respect to the above two themes, using these measures in our bounds is
likely to lead to overly pessimistic results. The solution is a replacement of these
measures by others, more relaxed, such as a probabilistic RIP/coherence, etc.

There are more recent contributions that address the analysis of pursuit algorithms
with better results, taking the above ideas into consideration. We mention some of
those in Chapter 7, and we refer the interested readers to recent work by Ben-Haim
et al.

A fundamental optimization problem that has been defined in this chapter is (Qf).
This problem will accompany us throughout the next chapters, as it is key in the so-
lution of various problems in this field. A reliable numerical solution of this problem
would be of great value, and especially so for high-dimensional problems, where
OMP, LARS, and IRLS cannot be trusted to perform well. In the next chapter we
focus on this problem and introduce a family of algorithms suited for handling (Qf).
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Chapter 6
Iterative-Shrinkage Algorithms

6.1 Background
In this chapter, our goal is the minimization of a function of the form
T 1 2
f&) =" px) + 5lb - Axll, (6.1)

which we have seen before in several forms. The function p(x) operates entry-wise
on the vector x. As an example, for p(x) = |x|” we get that 17 p(x) = |x||”, which
gives us the freedom to choose any p we find as fit. In this chapter we shall keep the
discussion general, and allow any “sparsity-promoting” function p(-). In particular,
the function posed above is a generalized version of what we have defined as (Qf).

Minimization of such functions can be treated using various classic iterative op-
timization algorithms ranging from Steepest-Descent and Conjugate-Gradient to
more involved interior-point algorithms. However, all these general purpose meth-
ods are often found inefficient, requiring too many iterations and too many compu-
tations to reach their destination. This is especially the case for high-dimensional
problems, as often encountered in image processing. In such cases, the IRLS, OMP,
and LARS methods presented in previous chapters are also performing very poorly,
and an alternative is needed.

In recent years, a new family of numerical algorithms has been gradually built,
addressing the above optimization problem very effectively. This family is the
Iterative-Shrinkage algorithms, that extend the classical Donoho-Johnston shrink-
age method for signal denoising. Roughly speaking, in these iterative methods, each
iteration comprises of a multiplication by A and its adjoint, along with a scalar
shrinkage step on the obtained result. Despite their simple structure, these algo-
rithms are shown to be very effective in minimizing f(x) in Equation (6.1). A thor-
ough theoretical analysis that took place in the past several years proves the con-
vergence of these techniques, guarantees that the solution is the global minimizer
for convex f (for a convex choice of p), and studies the rate of convergence these
algorithms exhibit.

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 111
and Image Processing, DOI 10.1007/978-1-4419-7011-4_6,
© Springer Science+Business Media, LLC 2010
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There are various Iferative-Shrinkage methods, with variations between them.
These algorithms are shown to emerge from very different considerations, such as
the Expectation-Maximization (EM) algorithm in statistical estimation theory, prox-
imal point and surrogate functions, the use of the fixed-point strategy, employment
of a parallel Coordinate-Descent (CD) algorithm, variations on greedy methods, and
more. This exposes the wealth with which one could design a solver for the above-
described optimization task. In this chapter we give a broad view of this group of
methods, their derivation, their speedup, and a little bit of their comparative perfor-
mance. We should note that in this chapter our main focus is the actual construction
of these algorithms, and the core intuition they are built on, and therefore some
important topics, such as convergence studies, are omitted.

6.2 The Unitary Case - A Source of Inspiration

6.2.1 Shrinkage For the Unitary case

We already saw in Chapter 5 that if A is unitary, the minimization of (Qf) can be
very easy, with a closed-form solution that leads to shrinkage. The function f(x) is
somewhat more general, but as we shall see next, its treatment is exactly the same;
in particular, f(x) can be manipulated in a sequence of simple steps and turned into
a set of m (m = n) independent and identical one-dimensional optimization tasks
that are easily handled. Starting from Equation (6.1), using the identity AAT = 1,
and exploiting the fact that £,-norm is unitary-invariant we get

1
F®) = SlIb = Ax|3 + 217 p(x) (62)
1
= SIAATD I3 + 41" p(x)
1
= SIAD = x|} + A1 p(x) .

Denoting xo = A”b we get

1
Ixo = xIl5 + 417 p(x) (6.3)

fx) §|

m

; [%(XOUC] - X[k])z + /lp(x[k])} = ; 8(X[k],xo[k]).

The minimization of the scalar function of the form g(x,a) = 0.5(x — a)> + Ap(x)
with respect to x requires that we either zero the gradient (in the case of a smooth
p(x)), or show that the sub-gradient of g contains the zero, for the non-differentiable
case. These can be solved (analytically in some cases, or numerically in others —
this is done once and off-line), leading to the expression %,,; = S, (a) that finds
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the global minimizer of the scalar objective function g(x, a) described above. Note
that for non-convex choices of p there might be several solutions zeroing the (sub-
)gradient. Thus, all solutions must be found and compared by their value of the
function.

The obtained Shrinkage function is a curve that maps an input value a to the de-
sired output value £,,,. This function maps values near the origin to zero (S, 1(a) = 0
for |a| < T'), and those outside this interval are “shrinked,” thus the name of this op-
erator. The threshold 7' and the shrinkage effects are both functions of the choices
of p and A.

Returning to our original problem, we have found a closed-form solution to the
minimizer of f(x), based on the following two steps: (i) Compute xo = A”b; and
(ii) Apply the operator S, to each entry in Xy and obtain the desired X. Note that
even if the original function is non-convex, the found solution is globally optimal if
S,.1 was designed properly.

The natural question raised by the above discussion is: When turning from a
unitary matrix A to a non-unitary (and perhaps non-square) one, must we lose all this
simplicity? As we show in the next section, one could handle the general problem
using similar shrinkage tools, but will be required to perform a sequence of them to
obtain the desired result.

6.2.2 The BCR Algorithm and Variations

At least when it comes to a matrix A built as a union of several unitary matrices, the
answer to the above question is positive. This was observed by Sardy, Bruce, and
Tseng in 1998, leading to their Block-Coordinate-Relaxation (BCR) algorithm. We
present this method here very briefly, as it is a direct extension of the unitary case
solver shown above. For simplicity, we shall assume that A = [V, ®], where ¥ are
® are two n X n unitary matrices. Out minimization can be re-written with respect
to the two n-length portions of x, denoted as xy and Xg,

1
S = 5lIb = AxIl3 + 17 p(x) (64)
1
= 5lIb = Wxy — @xgll3 + A1 p(xp) + N’ p(xa) = f(xv,Xo).
The core idea in the BCR algorithm is to minimize f(Xy,Xg) With respect to the
two parts of x separately and alternately. This is why this algorithm is named Block-
Coordinate-Relaxation. Assume that we hold a current solution at the k-th iteration,

denoted by x*, built of the two portions, X}, and x%. Assuming that x%, is kept fixed,
the function f(xy, x’;)) can be written as

1 ~
f(xp, xb) = 51Ib - Pxy|* + 17 p(xy), (6.5)
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where b = b — (I)x];). This is the same function as in the unitary case, for which a
closed-form solution is readily available to us. This solution is given as

X! =8, (WD) = S, (P (b - @xb)). (6.6)

Similarly, once Xk+1 has been computed and now kept fixed, the function f' (XkH

is easily mlnlmlzed with respect to X with a closed-form expression, given by

Xgp)

X5 =8, (0 (b - b)), (6.7)

This way, alternating between these two update stages, the overall function is mono-
tonically decreasing, and proven to converge to a local minimum of the penalty
function (which becomes the global one for a convex p(+)).

An alternative to the above sequential process can be proposed, where the two
updates are done in parallel. As before, we start with a current solution at the k-th
iteration, denoted by x, built of the two portions, x’;, and x’;). We can propose an
update of the two parts in parallel using the formula pair

X! = 8, (P (b - @x))

X! =8, (@7 (b - Wx)).
The only difference from the previous algorithm is in the update of X’g ! that uses Xy,
instead of Xk+1 Merging these two into one formula can be done by the followings

simple steps and exploiting the fact that the shrinkage operator operates on scalars
independently,

k

][ pro-es) o5

f*‘ Sy (@7 (b —PxL))

@7 (b - Ax* + @xy)

|

This way we got an interesting closed-form formula for the update of the entire
solution from one iteration to the next. Note that in this new form, nothing indicates
that A is expected to be of a special form (two-ortho). Naturally, we should wonder
whether this formula could be used for more general matrices A. Surprisingly, the
answer is positive, with some restrictions,! as we shall see next.

We now turn to develop iterative algorithms of similar form that use a shrinkage
step within each iteration. These algorithms consider a general matrix A, and thus

A
p/l(

Y7 (b - AxF) + xb,
P4\ @7 (b — AxF) + X,

= S, (AT (b - Ax") + x4,

(
(
[‘I’T(b - Ax +Wxt) )
|

! Those restrictions refer to the operator norm of the matrix A that should be taken into account.
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generalize the BCR approach done above. As we shall see, the formula obtained for
the parallel update emerges naturally in various forms.

6.3 Developing Iterative-Shrinkage Algorithms

There are different ways to develop Ilferative-Shrinkage algorithms. The first to ex-
plicitly propose such an techniques were Starck, Murtagh, and Bijaoui in 1995, in
the context of image deblurring using wavelet. However, their construction was done
without a clear connection to the objective function in (6.1).

We choose to start our discussion with the proximal (or surrogate) functions that
were used by Daubechies, Defrise, and De-Mol in their construction. As we show,
this is also the foundation for the EM and the Bound-Optimization algorithm, as
proposed by Figueiredo and Nowak. Then we turn to describe two entirely different
constructions: the first, by Adeyemi and Davies, is based on the fixed-point method
in optimization, coupled with the IRLS algorithm. The second method uses a paral-
lel coordinate descent algorithm. Finally, we discuss the StOMP method by Donoho,
Drori, Starck, and Tsaig, that develops an Iferative-Shrinkage method based on the
matching pursuit algorithm.

6.3.1 Surrogate Functions and the Prox Method

The discussion below is based on the work of Daubechies, Defrise, and De-Mol.
Considering the original function in Equation (6.1),

1
F&) = 3lIb = AXI; + A1 p(x) ,
let us add to it the following term
¢ 2 ] 2
d(x,%0) = S[Ix = Xoll; = S IAX — Axolf; .
2 2
The parameter ¢ will be chosen such that the function d(-) is strictly convex, imply-

ing that we require its Hessian to be positive-definite, cI— AT A > 0. This is satisfied
by the choice ¢ > ||ATAlls = A,,.(ATA). This new objective function

N 1 c 1
fo0=3lb - Ax|i3 + 17 p(x) + Sl = xoll3 — S lIAx - Axll?, (6.9)

is the surrogate function that will be used in the proposed algorithm. As we shall see
next, the fact that the term ||Ax||§ drops in the new function, turns the minimization
task into a much simpler and effective one. Opening the various terms in Equation
(6.9) and re-organizing it, we obtain a new expression of the form
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1
f(x) = =Ibl3 + EnAxOué + =Ixoll; — BT Ax + 217 p(x) (6.10)

1 | c

2 2

+§||x||§ — ex"xo + x" AT Ax

= Const; —x” [AT (b - Axo) + exo| + 217 p(x) + §||x||§ .

The constant in the above expression contains all the terms that are dependent on b
and x¢ alone. Using the definition

1
vo=-A"(b-Ax)) +x, (6.11)
c
we can rewrite f(x) (after division by ¢ which has no impact on the minimization
goal) as

N 1 1
f(x) = Const, — x" v + =17 p(x) + E||x||§ (6.12)
C
% T 1 2
= Consts + —1" p(x) + §||X - voll5.
C

As it turns out, this penalty function is exactly the one we minimized for the unitary
case (see Equation (6.3)), and the solution is given as

1
Xopt = Spa/e(V0) = Sp e (;AT (b — Axp) + Xo . (6.13)

This is a global minimizer of the function f(x) in Equation (6.9).

So far we managed to convert the original function f to a new function £, for
which we are able to get a closed-form expression for its global minimizer. This
change of the objective function depends on the choice of the vector xi. The core
idea of using the surrogate function is that we minimize the function f iteratively,
producing the sequence of results {x;};, where at the (k+ 1)-th iteration we minimize
£ with the assignment X = x;. Perhaps the more surprising of all is the fact that the
sequence of solutions {x;}; is proven to converge to the (local) minimizer of the
original function f. Thus, the proposed algorithm is simply an iterative application
of Equation (6.14) in the form

1
X1 = Spe EAT (b — Axy) + X¢|. (6.14)

We shall refer hereafter to this algorithm as the Separable Surrogate Functionals
(SSF) method, and it is described in details in Figure 6.1, with a possible addition
of a line-search. For the choice ¢ = 1 this reduces to the plain SSF algorithm as
developed here.

The above approach can be interpreted as the proximal-point algorithm, which
is well known in optimization theory. The function d(x, Xo) is a distance measure to
the previous solution. When added to the original function at the k-th iteration, it
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Task: Find x that minimizes f(x = A17p(x) + 1 - [[b — Ax|i3.
Initialization: Initialize k = 0, and set

e  The initial solution xy = 0.
e The initial residual rp = b — Ax; = b.

Main Iteration: Increment k by 1, and apply these steps:

Back-Projection: Compute e = Ar;_;.

Shrinkage: Compute e; = Shrink (x;_; + e/c) with threshold A.

Line search (optional): Choose u to minimize the real valued function
S(Xp-1 + pes = Xg-1)).

Update Solution: Compute x; = x;_; + (e, — Xi—1) -

Update Residual: Compute r; = b — Ax;.

Stopping Rule: If ||x; — x;_; ||§ is smaller than some predetermined thresh-
old, stop. Otherwise, apply another iteration.

Output: The result is x;.

Fig. 6.1 The SSF iterative-shrinkage algorithm with line-search.

promotes proximity between subsequent estimates of the iterative process. Surpris-
ingly, while this is expected to have an effect of slowing down the algorithm, in the
case discussed here it is actually leading to a substantial speed-up. As a quadratic
and convex term, this distance function has the shape of an ellipsoid. For direc-
tions x — Xo that are close to the null-space of A, the distance is nearly Euclidean,
cllx — Xo||§ /2. For directions that are spanned by the rows of A, the distance drops
to nearly zero. Thus, d(x,Xo) poses some sort of a narrow tunnel of permitted (or
preferred) solutions, which supports the overall problem.

As a final point in this section, we draw the reader’s attention to the similarity
between the SSF algorithm and the iterative formula obtained for the parallel-BCR
in Equation (6.8). In fact, there is a slight difference — if the SSF is applied to a
two-ortho matrix A, then as A, (ATA) = 2, we need to add a factor of 0.5 in
the SSF formula. However, such a factor is not necessary in practice — in a recent
analysis done by Combettes and Wajs it is shown that the constant ¢ should satisfy
¢ > 0.52,,,:(ATA) in order to guarantee a convergence of the SSF algorithm, exactly
as the formula in Equation (6.8) employs.

6.3.2 EM and Bound-Optimization Approaches

The discussion above could be replaced with a different set of considerations,
and yet, one that leads to the very same algorithm. This new perspective is taken
from the work of Figueiredo, Nowak, and Bioucas-Dias, that uses the Expectation-
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Maximization (EM) estimator, or better-yet, its alternative deterministic optimiza-
tion foundation - the Bound-Optimization method.?

Starting from the function f(x) in Equation (6.1), which is hard to minimize, the
bound-optimization method suggests to use a related function Q(X, Xo) that has the
following properties:

1. Equality at x = xo: Q(Xo, Xo) = f(Xo);
2. Upper-bounding the original function: Q(x, x¢) > f(x) for all x; and
3. Tangent’ at Xo: VO(X, X0y, = V f(X)|

X=X *

Such a function necessarily exists if the Hessian of the original function is bounded
from above by V2f(x) < H, because then one can propose a bounding quadratic
function of the form Q(X,Xo) = f(Xo) + Vf(x0) (x — Xo) + 0.5(x — x0)TH(x — X0),
satisfying these conditions exactly.

Using the function Q(Xy, Xo), the sequence of solutions generated by the recurrent
formula

X1 = arg min Q(X, Xg) (6.15)

is guaranteed to converge to a local minimum of the original function f(x). As can
be easily verified, the choice from the previous sub-section,

1 c 1
0(x, %) = 5lIb = AX|; + 17 p(x) + 51X = X013 ~ S/IAX — Axoll,

satisfies all these three conditions, and as such, leads to the desired optimization
algorithm. Note that beyond the above three conditions, we need to make sure that
minimization of Q is easier, as indeed happens, due to its separability. Also, the
value f(x;) is necessarily decreasing since

SXir) £ OXpr1, Xp) = mxin O(x,xz) < O(Xx, Xp) = f(xp). (6.16)

In the above inequality, the relation f(Xg+1) < O(Xk+1,Xx) 1S a direct consequence of
the second property of Q. Also, the relation ming Q(x, X;) < Q(Xx, Xi) is guaranteed
to give a strong decrease in the function’s value due to the second property. By the
Tailor expansion, it is easily verified that being tangent to the original function f at
x; implies a descent of at least Vf(x,)" H™'V f(x;), where H is an upper bound on
the original function’s Hessian.*

2 This technique is also known as the Majorization-Maximization method.
3 In fact, this requirement can be removed without harming the claims made.

# Taking the quadratic function proposed above and minimizing it, the descent obtained is the one
mentioned here.
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6.3.3 An IRLS-Based Shrinkage Algorithm

As we have seen in Chapter 5, a popular algorithm for minimization of f(x) in
Equation (6.1) is the Iterative-Reweighed Least-Squares (IRLS) algorithm. It con-
verts non-{;-norms to £, ones by an introduction of weighting. In this approach, an
expression of the form 17 p(x) is replaced by 0.5x” W~!(x)x, where W(x) is a di-
agonal matrix, holding the values W[k, k] = 0.5x[k]? /p(x[k]) in its main-diagonal.
While this change by itself is trivial, when plugged wisely into an iterative process,
it leads to an appealing algorithm. Consider the function

1 1 A _
f(x) = z||ro — Ax|5 + 17 p(x) = §||b - Ax|)5 + ExTW Ix)x .

Assume that we hold a current solution X, and we aim to update it. This is done in
two stages. The first updates x assuming a fixed W. This requires a minimization of
simple quadratic function, leading to the linear system

Vix) = —-AT(b - Ax) + AW (x)x = 0 . 6.17)

Thus, inversion of the matrix ATA + AW~!, either directly (for low-dimensional
problems) or iteratively (several Conjugate-Gradient steps) leads to the desired up-
date. Once found, we update W based on the new values of the found solution. This
is the IRLS core as already described in Chapter 5, and its performance is poor,
especially for high-dimensional problems.

An interesting twist over the above algorithm is proposed by Adeyemi and
Davies, leading to yet another Iterative-Shrinkage algorithm. Consider Equation
(6.17), and write it slightly different, by adding and subtracting cx. The constant
¢ > 1is arelaxation constant, whose role is to be discovered soon. Thus,

-ATb+ ATA - cDx+ W' x) +cDx = 0. (6.18)

A well-known technique in optimization, known as the fixed-point iteration method,
suggests a way to construct iterative algorithms by assigning (wisely! so as to guar-
antee convergence and also allow for a simple computation) iteration counter to the
appearances of x in the equation. In our case, the proposed assignment would be

ATb — (ATA = cDx; = AW (xp) + DXy 1 (6.19)

leading to the iterative equation
Ao AN (PN
Xt = (—w (x0) +1) ZATh - Z(ATA - cD)x, (6.20)
C C &
1
=S (—AT(b —Axp) + xk) )
c

where we have defined the diagonal matrix
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S = (%W‘l(xk) + I)_1 = (%I + W(Xk)) 1 W) . (6.21)

This matrix plays the role of shrinkage of the entries in the vector %AT(b —Axp)+Xg,
just as it is done in Equation (6.14). Indeed, every entry is multiplied by the scalar
value

0.5:[i1%/p(aiil) il

= . (6.22)
2+ 0550iP/pCalil)  ZpCulil) + xlil?

This way, for large values of |xi[]| this factor is nearly 1, whereas for small values
of |x,[]] this value tends to zero, just as shrinkage does.

Note that this algorithm cannot be initialized with zeros, as in previous methods,’
since this vector is a stable solution to this fixed-point iteration. Interestingly, once
an entry in the solution becomes zero, it can never be “revived,” implying that this
algorithm may get stuck, avoiding the near-by local minimum. Figure 6.2 presents
this algorithm in details.

The constant c is crucial for the convergence of this algorithm, and its choice is
similar to the one in the SSF algorithm. The iterative algorithm in Equation (6.20)
applies the matrix S- (%ATA —1I) sequentially. For convergence, we must require that
the spectral radius of this matrix is below 1. Since ||S||; < 1, this implies that ¢ should
be chosen such that the matrix %ATA — I is convergent. As the eigenvalues of this
matrix are in the range [—1, —1+1,,..(AT A)/c], we should require ¢ > A,,,.(ATA)/2,
which is twice more tolerant, compared to the choice made in the SSF algorithm.

6.3.4 The Parallel-Coordinate-Descent (PCD) Algorithm

We now turn to describe the PCD algorithm, developed by Elad, Matalon, and
Zibulevsky. The construction below starts from a simple coordinate descent algo-
rithm, but then merges a set of such descent steps into one easier joint step, leading
to the Parallel-Coordinate-Descent (PCD) Iterative-Shrinkage method. The ratio-
nale practiced here should remind the reader of the BCR algorithm by Sardy, Bruce,
and Tseng, that handled a special case of A being a union of unitary matrices.

Returning to f(x) in Equation (6.1), we start by proposing a Coordinate Descent
(CD) algorithm that updates one entry at a time in X while keeping the rest un-
touched. A sequence of such rounds of m steps (addressing each of the entries in
x € R™) is necessarily converging. Interestingly, as we are about to show, each of
these steps is obtained via shrinkage.

Assuming that the current solution is X, we desire to update the i-th entry around
its current value xp[i]. This leads to a 1D function of the form

1
8() = 5 IIb - Axo - ai(z - xoliDI5 + Ap(2) . (6.23)

3 In our tests we use a vector with a constant (0.001) in all its entries.
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Task: Find x that minimizes f(x = A17p(x) + 1 - [[b — Ax|i3.
Initialization: Initialize k = 0, and set

e  The initial solution xy = 1.
e The initial residual rp = b — Ax; = b.

Main Iteration: Increment k by 1, and apply these steps:

Back-Projection: Compute e = Ar;_;.

Shrink-Update: Compute the diagonal matrix S by S[i,i] =
xe[i2 /(B pCalil) + xelil?).

Shrinkage: Compute e; = S (x;—; + €/c¢).

Line search (optional): Choose u to minimize the real valued function
S (X1 + pes = Xg-1)).

Update Solution: Compute x; = x;_1 + u(e; — Xg—1) -

Update Residual: Compute r; = b — Ax;.

Stopping Rule: If ||x; — x;_ ||§ is smaller than some predetermined thresh-
old, stop. Otherwise, apply another iteration.

Output: The result is x;.

Fig. 6.2 The IRLS-based iterative-shrinkage algorithm with line-search.

The vector a; is the i-th column in A. The term a;(z — xo[i]) removes the effect of
the old value and adds the new one. Written differently, and denoting b = b — Ax( +
xoli]a;, this function becomes

1 e
8 = 3 [b- aZ|2 + (@) (6.24)

L~ - 1
= 3IBIE — B a2 + Sllail; - 2* + p(2)

bl a’b 2
=||ai||2[—— L+ L p(2)
20202 Nl 2 il

1 a’h \ 1
= [layli3 —(Z— ‘ ) ———p(z) | + Const.
120 lail?) e

The 1D function obtained has exactly the same form as the one shown in Equation
(6.3) for the unitary case, for which a shrinkage computation provides the minimizer.
Thus, the solution for obtaining the optimal z is given by

a’b
Zopt = Spa/lail3 Tl (6.25)
2

1 .
S;zﬂ/az(” e aj (b - AXo)+xo[l]].



122 6 Iterative-Shrinkage Algorithms

While this algorithm may work well in low-dimensional cases, it is impractical in
high-dimension problems in general, where the matrix A is not held explicitly, and
only multiplications by it and its adjoint are possible. Thus as this algorithm requires
an extraction of columns from A one at a time, it becomes prohibitive.

We consider a modification of the above method that overcomes the problem
posed, and we rely on the following property: When minimizing a function, if there
are several descent directions, then any non-negative combination of them is also a
descent direction. Thus, we propose a simple linear combination of the set of all the
above m steps in Equation (6.25). Since each of these steps handles one entry in the
destination vector, we can write this sum as

m 1 .

Vo = Z €Sy /a2 (_||a»||2 al (b — Axg) + xo[l]] = (6.26)
i=1 illy

Spall2 (Halllz aj (b — Axo) + Xo[l])

»Sp,/l/l\amlli (ma;(b - AX()) + xo[m])_

In the above expression, €; is the trivial m-dimensional vector with zeros in all entries
and 1 in the i-th one. Rewriting of this expression leads to the following simpler
formula

Vo = S, diagara) 11 (diag(A”A) A" (b - Axo) + xo). (6.27)

The term diag(A” A) consists of the norms of the columns of the dictionary A. These
are used both for the weighting of the back-projected error AT (b — Axy), and for
the shrinkage operator. This set of weights can be computed off-line, before the
algorithm starts, and there exists a fast way to approximate these weights. Notice
that the obtained formula does not call for an extraction of columns from A as in
Equation (6.25), and the operations required are a direct multiplication of A and its
adjoint by vectors, as in Equation (6.14).

While each of the CD directions is guaranteed to descend, their linear combi-
nation is not necessarily descending without a proper scaling. Thus, we consider
this direction and perform a Line Search (LS) along it. This means that the actual
iterative algorithm is of the form

Xpsl = Xg + (Vg —Xg) = (6.28)

6 A stochastic algorithm can be proposed, based on the fact that for a white Gaussian vector u ~
N(0,I) € R, the multiplication A”u has a covariance matrix A”A. Thus, by choosing a set of
such random vectors and computing their multiplication by A”, the variance of each entry is an
approximation of the required norms.
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Task: Find x that minimizes f(x = A17p(x) + 1 - [[b — Ax|i3.
Initialization: Initialize k = 0, and set

e  The initial solution xy = 0.
e The initial residual rp = b — Ax; = b.

Prepare the weights W = diag(ATA)™!.
Main Iteration: Increment k by 1, and apply these steps:

Back-Projection: Compute e = A”r;_;.
Shrinkage: Compute e, = Shrink (x;_; + We), using thresholds given as
AW, i].

e Line search (optional): Choose y to minimize the real valued function
S (X1 + pes = Xg-1)).
Update Solution: Compute x; = x;_1 + (e — Xg—1).
Update Residual: Compute r; = b — Ax;.
Stopping Rule: If ||x; — x;_ ||§ is smaller than some predetermined thresh-
old, stop. Otherwise, apply another iteration.

Output: The result is x;.

Fig. 6.3 The PCD iterative-shrinkage algorithm with line-search.

:xk+u(8

o diag(a7a) 11 (diag(ATA)flAT(b - Axp) + xk) - xk) s

with u chosen by a line-search algorithm of some sort. This means that we are
required to perform 1D optimization of the function

1
h() = 311 = A (X + p(Ve = X0)) 13 + A1 p(xi + p(vi — xp))

which requires only two more multiplications of A by v, and x;. This overall process
will be referred to hereafter as the Parallel-Coordinate-Descent (PCD) algorithm.
This algorithm is presented in Figure 6.3.

As we can see, compared to the SSF in Equation (6.14), the method derived here
is different in two ways: (i) the norms of the atoms in A play an important role in
weighting the back-projected error, whereas the previous algorithm uses a constant;
and (ii) the new algorithm requires a line-search to obtain a descent. We will return
to discuss these differences towards the end of this section, in an attempt to bridge
between the two methods.

6.3.5 StOMP: A Variation on Greedy Methods

The last algorithm we describe within this family of Iferative-Shrinkage methods
is the Stage-wise Orthogonal-Matching-Pursuit (StOMP). As opposed to the previ-
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ous methods, its construction does not emerge from an attempt to minimize f(x)
in Equation (6.1), although it could be attributed to the minimization of this func-
tion with the {p-norm as the sparsity penalty. Instead, the creators of StOMP em-
bark from the Orthogonal-Matching-Pursuit (OMP) and the Least-Angle Regression
(LARS) algorithms. We should also mention that the StOMP algorithm is especially
tailored for cases where the matrix A is random, such as in compressed-sensing, al-
though it may be used in other cases with some success. Despite these major differ-
ences between StOMP and the other methods in this chapter, we chose to describe
it here due to its general resemblance to an iterative-shrinkage procedure. StOMP
algorithm comprises of the following steps:

Initialization: We initialize the by fixing the solution to be zero, xy = 0, and thus
the residual vector is ry = b — Axg = b. We also define the support of the found
solution and set it to be empty, Iy = ¢. Turning to the first iteration and beyond
(k > 1), the following steps are performed.

Back-Project the Residual: Compute e, = AT(b — Ax;_;) = ATr;_;. Most of
the obtained values are assumed to be zero-mean iid Gaussian due to the assumed
randomness of the dictionary. Few outliers in the above vector are those referring
to possible atoms in the construction of b.

Thresholding: We define the set of dominant entries in e; as J; = {i| 1 < i <
m, lex[i]| > T}, with a threshold chosen based on the permitted error |[b — Ax||%.
If the threshold is chosen such that |J;| = 1, we get the OMP, as only one entry is
found and updated. In the more general case considered by StOMP, several and
even many entries can be chosen at once.

Union of Supports: We update the support of the desired solution to be [; =
Ii—1 U Ji. Thus, this support is incrementally growing.

Restricted Least-Squares: Given the support and assuming that |I;| < n, we
solve the Least-Squares problem

arg min|[b — APx][3 , (6.29)

where P € R™ is an operator that chooses the |I;| entries from the vector x
that are permitted to be non-zeros. This minimization is done using a sequence
of Ky Conjugate-Gradient (CG) iterations, where each iteration multiplies by AP
and its adjoint.

Update of the Residual: Having found the updated vector x;, we compute the
residual to be r;, = b — Ax;.

As said above, when the thresholding step chooses one entry at a time, this is ex-
actly the OMP method. For the StOMP mode of operation with many entries cho-
sen at each step, the above process should be iterative several times (the authors
recommend 10 iterations, as each iteration can potentially add many elements to
the support), leading to the desired sparse solution of the approximated linear sys-
tem b ~ Ax. A shortcoming in StOMP is its tendency to over-populate the detected
support of the solution. A more recent work by Needell and Tropp proposes an alter-
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native algorithm termed CoSaMP, that includes a mechanism that enables removal
of on-support elements based on their weak contribution.

StOMP comes with a thorough theoretical analysis that considers the case of ran-
dom dictionaries. In such a case, the values in ATe; could be interpreted as a sparse
noisy vector, where the noise can be reliably assumed to be white zero-mean Gaus-
sian. Thus, a thresholding step that follows is nothing but a denoising algorithm. In
such a scenario, the creators of StOMP show an interesting phase transition from
success to failure.

We add the following important observation: Because of the Ky CG iterations
required, every iteration of StOMP parallels in complexity to Kj iterations of the
SSF, IRLS-based, and the PCD algorithms. In that respect, this structure should
remind the reader with the interior-point and the truncated Newton algorithms’ inner
solver.

6.3.6 Bottom Line — Iterative-Shrinkage Algorithms

Figure 6.4 presents the four Iterative Shrinkage algorithms described above as block
diagrams. As can be seen, although different from each other in various ways, all
rely on the same main computational stages, such as the term b — Ax, its back
projection by multiplication by AT, and a thresholding/shrinkage step.

In this chapter we deliberately avoided discussing in depth the theoretical study
of the algorithms presented here. Nevertheless, we should state the following few
facts: the SSF and the PCD algorithms are guaranteed to converge to a local mini-
mizer of the function in Equation (6.1). For p(x) = |x|, where this objective function
becomes convex, a convergence to the global minimizer is guaranteed.

Among the four core algorithms described, the SSF, the IRLS-based, and the
PCD are closer to each other. Which of these is faster? Recall that the constant ¢
in SSF must satisfy ¢ > A,,.x(ATA), and in the IRLS method half this value. On
the other hand, the PCD uses a scaling of the same term using the weight matrix
diag(ATA)~!. As an example, for a dictionary built as a union of N unitary matrices,
the SSF requires ¢ > N, implying a weight of 1/N in Equation (6.14). In the PCD
algorithm, the weight matrix is simply identity due to the normalized columns in A.
Thus, PCD gives O(N) times stronger effect to the term A7 (b — Ax;), and because
of that we expect it to perform better. We shall verify this assumption by conduct a
series of comparative experiments. We should mention that the convergence speed is
also expected to improve dramatically due to the accelerations, which are discussed
next.
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Fig. 6.4 Block diagrams of the four obtained Iterative-Shrinkage algorithms. Note that while
these four block-diagrams seems to be very similar, there are delicate differences between them in
various locations.
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6.4 Acceleration Using Line-Search and SESOP

All the above algorithms can be further accelerated in several ways. First, the idea of
performing a line search, as described in the PCD, is relevant to the other algorithms
just as well.” All that is required is to use Equations (6.14) or (6.20) to compute a
temporary result X, and then define the solution as Xzy1 = X + U(Xpemp — X1,
optimizing f(Xx+1) with respect to the scalar .

A second, and much more effective speed-up option is the deployment of the
Sequential Subspace Optimization (SESOP) method. The original SESOP algorithm
proposes to obtain the next iterate Xy, via optimization of function f over an affine
subspace spanned by the set of g recent steps {X;_; — X;— j_l}lqz—()l , and the current
gradient. This g + 1-dimensional optimization task can be addressed using a Newton
algorithm, as this problem is defined over a very low-dimension space. The main
computational burden in this process is the need to multiply these directions by A,
but these ¢ multiplications can be stored in previous iterations, thus enabling the
SESOP speed-up algorithm with hardly any additional cost.

In the simple quadratic optimization case, SESOP algorithm with g > 1 amounts
to regular CG. The ¢ = 0 case is equivalent to a line-search. Preconditioning, like
multiplication of the current gradient by inverse of the Hessian diagonal, may sig-
nificantly accelerate the method.

In the context of iterative-shrinkage algorithms, one can use the direction (X;emp —
X;), provided by SSF, IRLS-based, PCD, or even the StOMP algorithm, instead of
the gradient used in the standard SESOP. We shall demonstrate this approach in the
next section and show how effective it is.

6.5 Iterative-Shrinkage Algorithms: Tests

In this section we present a synthetic experiment aiming to study the behavior of
the various algorithms described in this chapter. Our tests do not include StOMP,
because of the conceptual differences mentioned earlier. The experiment we perform
aims to minimize of the function

1
fx) = 3lb - Ax|3 + Al

The ingredients forming this problem are:

e The matrix A: We use a construction of the form A = P,,,HP;,, where H is the
216216 Hadamard matrix, P;, is a diagonal matrix (of the same size) with values
on the main-diagonal growing linearly in the range [1, 5], and P, is built as the
identity matrix from which we choose a random subset of 214 rows. Thus, the
overall matrix A is of size 2!4 x 2!°, that scales the entries of the input vector X,

7 Even though StOMP has not been derived as a minimizer of the function in Equation (6.1), one
can still apply this line-search and extract the best of each iteration.
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rotates it in the ]Rzm-space, and then chooses a subset of n = 2'# of the resulting
entries. The multiplication by A or its adjoint can be done very fast, due to the
availability of a Fast-Hadamard Transform (FHT) operation.

e the reference solution x,: We generate a sparse vector Xq of length m = 2'°
that contains 2000 non-zero in random locations, and with values drawn from
the normal Gaussian distribution.

e The vector b: The vector b is computed by b = Ax( + v, where v is a random
vector with iid entries, drawn from a Gaussian distribution with zero mean and
standard-deviation o = 0.2. This choice of variance leads to ||Ax0||§/ ||b—Ax0||§ ~
8, implying that the “signal” part ||Axo||% is 8 times stronger than the noise added
V1.

e Choice of 1: We choose A empirically so as to lead to a residual that satisfies
%Ilb - AX||§ ~ no?. The value chosen (after several experiments) is 4 = 1.

The algorithms we compare herein are the SSF, the IRLS-based algorithm, and the
PCD. For the SSE, we consider its regular form, as given described in Figure 6.1
(with g = 1), a line-search (LS) version (find p), and an accelerated version with
SESOP of dimension 5. Similarly, we test the IRLS method and a SESOP-5 accel-
erated version of it. As for the PCD, we test its regular mode that uses a line-search,
and a SESOP-5 acceleration.

Throughout the simulations presented in this chapter, the inner optimization for
the line-search and SESOP are done using 50 plain Steepest-Descent iterations. In
Chapter 10 we shall return to the iterative-shrinkage algorithms in the context of a
specific image processing application. There we consider a smoother version of ¢,
for the function p, thus enabling a Newton optimization.

Before turning to present the results obtained, we should discuss the constant
c in the SSF and IRLS algorithms. This should be chosen as ¢ > ||ATA||% =
IPTH" P! P, HP,, 3. If we omit P,,, (e.g., assume that n = 2'°) then this gives
¢ > 25, due to the maximal magnification by the main-diagonal of P;,. The fact
that P,,,, extracts some of this energy by choosing a subset of n entries implies that
the choice ¢ = 25 is correct and close to be the best possible value. Similarly, the
squared-norms of the atoms in A, which are used by PCD, are easily obtained by
taking the entries from the main-diagonal of P;, squaring them, and multiplying by
n/m. These are the exact norms, due to the properties of H.

We now turn to present the results obtained. First, we show graphs presenting
the value of f(x) as a function of the iterations per each method. These are shown
in Figures 6.5-6.7, where the minimum value of f(x) (found by the best of these
iterative methods) is subtracted. The first of these figures presents the various SSF
algorithms (plain, LS, and SESOP-5). The second figures presents the IRLS results,
compared to the SSF, and the third show the PCD methods compared to the SSF.

We also show the quality of the solution obtained, measured by the ratio ||x; —
Xo||§ / ||x0||§. These values should be below 1 and close to O to indicate that the relative
error in the solution is small. These results are shown in Figures 6.8- 6.10.

Several conclusions can be drawn from these results:
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Fig. 6.5 The objective function value as a function of the iterations for the various tested algo-
rithms — the plain SSF, the SSF with a line-search, and the SSF with a SESOP-5 acceleration.
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Fig. 6.6 The objective function value as a function of the iterations for the various tested algo-
rithms — the SSF with a line-search, the plain IRLS, and the a SESOP-5 acceleration of it.
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Fig. 6.7 The objective function value as a function of the iterations for the various tested algo-
rithms — the SSF with a line-search, the PCD (with a line-search), and a SESOP-5 accelerated
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Fig. 6.8 The solution’s quality measure as a function of the iterations for the various tested algo-
rithms — the plain SSF, the SSF with a line-search, and the SSF with a SESOP-5 acceleration.
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Fig. 6.9 The solution’s quality measure as a function of the iterations for the various tested algo-
rithms — the SSF with a line-search, the plain IRLS, and the a SESOP-5 acceleration of it.

1 ‘
SSF-LS
——PCD-LS
oof4 PCD-SESOP-5H
0.811 1
N: 07’ 7
xo
|
= 06f 1
0.5- 1
0.4r . 1
03 1 1 1 1
0 10 20 30 40 50

Iterations

Fig. 6.10 The solution’s quality measure as a function of the iterations for the various tested
algorithms — the SSF with a line-search, the PCD (with a line-search), and a SESOP-5 accelerated
version of it.
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e There is a general agreement between the two measures shown, thus enabling us
to concentrate on Figures 6.5-6.7.

e The best performing method among the three (SSF, IRLS, and PCD) is the PCD.
It provides a nearly perfect converged result after 15 iterations.

e A line-search added to these algorithms helps their convergence properties. Sim-
ilarly, SESOP acceleration is indeed helping. The accelerated PCD requires 10
iterations to converge. A smaller effect is observed by the accelerated SSF.

e As expected, the IRLS-based algorithm is weaker, and tends to get stuck.

How good is the result obtained in terms of recovering the true sparse combination
of atoms that generated b? Figure 6.11 presents the original vector Xy and the solu-
tion obtained by the PCD after 10 iterations. As said above, there are 2000 non-zeros
in the original vector, i.e., |[Xo|lo = 2000. The PCD solution detects 2560 non-zeros,
out of those 1039 are from the true support (the dominant ones, and mostly those
far from the origin, due to the relative strength of the non-zero versus the noise).

A zoomed-in graph in the bottom of 6.11 shows that indeed most major peaks in
X are detected well, and attributed with a value that is somewhat smaller. This ten-
dency is expected, since the objective function we use penalizes for the magnitude
of the non-zeros. We can fix this by taking the found support from x, denoted as S,
and solving a constrained Least-Squares problem of the form

min ||Ax — bllg subject to Support(x) = S, (6.30)
X
which can be performed easily by an iterative procedure of the form
Xce1 = Projg [x - pAT (Ax = b)) (6.31)

The operator Projg projects the vector on the support, essentially nulling the entries
outside it. The result of this procedure are shown in Figure 6.12, and as can be seen,
the non-zero values are indeed getting closer to those of the original xy. Note that in
terms of the measure ||x; — x0||%/ ||x0||§, whereas the original value obtained by the 10
PCD iterations is 0.36, after this adjustment it becomes 0.224, showing a substantial
improvement.

Just before leaving this chapter, we should draw the reader’s attention to the fact
that in Chapter 10 we revisit the topic of iterative-shrinkage algorithms, deployed to
an image deblurring application. The experiments there include further comparisons
between some of the algorithms mentioned here, and thus provide both a practical
view for the need for these methods, along with extended comparison of SSF, PCD,
and their accelerated versions.

6.6 Summary

In the field of sparse representation modeling, minimization of the function
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Fig. 6.12 The same graph as the one shown in the bottom of Figure 6.11, with the least-squared
adjusted solution over the support found.

1
f(x) =" p(x) + 5lb - Ax|3,

plays a vital role for various applications, and this will be clearly seen, as we move
to later chapters that introduce the practical sides of this field. In this chapter we
introduced a family of efficient optimization techniques to achieve this goal. These
are the iterative-shrinkage algorithms, which employ iterations that consist of mul-
tiplication by the matrix A and its adjoint, and a scalar shrinkage operation on the
temporary solution found. These methods are extremely important when dealing
with high-dimensional problems.

Beyond their relative efficiency in minimizing f(x), an important feature of these
methods is the close relationship they have with the more classical shrinkage algo-
rithm that was developed originally for the unitary case. We have introduced several
such algorithms, and presented a basic experiment to demonstrate their behavior.
The research on these methods is ongoing, exploring new techniques (e.g. Breg-
man’s and Nesterov’s multi-stage algorithms), analyzing convergence behavior, and
proposing applications that employ these in practice.
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Chapter 7
Towards Average PerformanceAnalysis

The analysis presented so far presents a simple but limited portrait of the ability of
concrete algorithms to find sparse solutions and near-solutions. In this chapter we
briefly point to the interesting and challenging research territory that lies beyond
these worst-case results. We start with some simple simulations to motivate this
discussion.

7.1 Empirical Evidence Revisited

We have presented experiments that compare pursuit algorithms, both in Chapter 3
and later in Chapter 5. We return to these here, with an emphasis on the success in
recovering the support of the true solution.

Consider a random matrix A of size 100 x 200, with entries independently drawn
by random from a Gaussian distribution of zero mean and unit variance, N(0, 1).
The spark of this matrix is 101 with probability 1, implying that every solution for
the system Ax = b with 50 entries and below is necessarily the sparsest possible,
and as such, it is the solution of (Py). By randomly generating such sufficiently
sparse vectors Xo (choosing the non-zero locations uniformly over the support in
random, and their values from N(0, 1)), we generate vectors b. This way, we know
the sparsest solution to Axy = b, and we are able to compare this to algorithmic
results.

The graph presented in Figure 7.1 shows the success rate for both OMP and
BP (implemented by Matlab’s Linear-Programming solver) in recovering the true
(sparsest) solution. The success is measured by the computing ||X — Xoll% / ||x0||§ and
checking that is below a negligible value (in our experiments this is set to le — 5),
to indicate a perfect recovery of the original sparse vector Xy. For each cardinality,
100 repetitions are conducted and their results averaged to give the probability of
success. The value of the mutual-coherence of A in this experiment is u(A) = 0.424,
so that only for cardinalities lower than (1 + 1/u(A))/2 = 1.65 pursuit methods
are guaranteed to succeed. As we can see, both pursuit algorithms succeed in the

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 137
and Image Processing, DOI 10.1007/978-1-4419-7011-4 7,
© Springer Science+Business Media, LLC 2010
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Fig. 7.1 Probability of success of pursuit algorithms in the recovery of the sparsest solution of the
linear system Ax = b. The results are shown as a function of the cardinality of the desired solution.

recovery of the sparsest solution for 1 < [[xgllo < 26, far beyond the coverage of
the above-described theoretical bound. We can also see that the greedy algorithm
(OMP) is performing somewhat better than the BP.

Turning to the noisy case (solution of (P{)), we use the same matrix A, and gener-
ate a random vector X, with a pre-specified cardinality of non-zeros. It is normalized
so that ||Axo|l> = 1. We compute b = Ax(+e, where e is a random vector with prede-
termined norm |le||; = € = 0.1. Thus, the original vector X, is a feasible solution for
(P), and close to the optimal due to its sparsity. The theoretical study in Chapter 5
suggests a stable recovery of Xq (within an error of order €) for cardinalities smaller
than (1 + 1/u(A))/2 (or even division by 4 for the BP case), and again these lead to
overly pessimistic prediction of performance.

The graph presented in Figure 7.2 shows the relative error for OMP and BP
(we use the LARS solver) for this test.! This relative error is defined as the ratio
X — x0||%/ e, averaged over 100 experiments. In both tested algorithms, the solution
is such that ||AX — bl|, < €. As can be seen, both methods do very well for all cardi-
nalities tested, showing strong tendency to stability, while the theoretical results set
a much lower bound for stability to hold.

As the solution of () may be interpreted as noise cleaning, we also present in
Figure 7.3 the averaged relative error [|X — Xo||% / ||X0||§ obtained in these experiments.
This ratio should be as small as possible, and a value of 1 is comparable to an

! The observant reader may detect the similarity between the results shown in this graph, and those
that were given in Chapter 5 Figure 5.12. Note, however, that the experiment setting is somewhat
different.
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Fig. 7.2 The tendency of pursuit algorithms to provide a stable recovery of the sparsest solution
of the linear system Ax = b in the presence of noise.
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Fig. 7.3 The noise cleaning effect of pursuit algorithms, as a function of the cardinality of x.

approximation of plain zeros for X. We see that the two methods tested exhibit good
noise cleaning behavior, and as expected, it is of stronger effect for low-cardinalities
in xg.

These simulations show that the obtained bounds do not tell the whole story.
When working with matrices having specific properties, or with problems exhibit-
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ing structured sparsity, we might find that the worst-case analysis gives very weak
guarantees compared to what actually happens.

7.2 A Glimpse into Probabilistic Analysis

7.2.1 The Analysis Goals

Realizing that there is such a marked gap, several researchers developed in recent
years (2006-2009) new results on the performance of pursuit algorithms, put for-
ward using a probabilistic machinery. In this section we review some of these results
and bring them without proofs. In the next section we shall concentrate on one such
work by Schnass and Vandergheynst and bring its complete derivation. Their work
studies the performance of the thresholding algorithm in the noiseless setting, and
it illustrates the potential in adopting a probabilistic point of view when analyzing
pursuit algorithms. The appeal in this specific work is the relative ease with which
one can obtain stronger bounds, a fact that does not migrate well to other pursuit
methods.

Before turning to describe specific attempts to alternative analysis, we should
state our goal clearly. The ultimate objective would be a theoretical analysis that
provides the average performance of pursuit algorithms, namely, the probability
performance curves shown in the previous chapter’s experiments. As this may be
too difficult to obtain, we could relax our goals and be satisfied with probabilis-
tic performance curves that bound the true ones from below, thus providing some
guarantees for error-rates per a given cardinality.

Since we are mostly interested in the region of near-perfect performance, we
could focus on the low-cardinalities zone in the above curves. Considering a
success-rate of 1 — ¢ and beyond (higher) for an arbitrarily small value §, we may
propose an analysis that aims to show that such error-rates are achievable by some
cardinalities below an (hopefully high) upper-bound threshold, which lower-bounds
the true point on the empirical curve. In this respect, earlier worst-case results cor-
respond to such an analysis for § = 0 (assuming that the results obtained are tight).

Such line of reasoning implies that we allow a small but controlled fraction of
errors. Indeed, many of the existing methods that take this analysis route choose to
specify their results in an asymptotic terminology with respect to the dimensions of
the problem, aiming to show that 6(n) is tending to zero, implying that encountering
such failures becomes extremely rare. Another immediate and fundamental impli-
cation of this type of study is that the problem set defined by the triplet {A,b, €}
must be modelled probabilistically, so as to enable any claim about probability of
failure. Different works provide different modeling of this randomness, as we shall
see below.
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7.2.2 Two-Ortho Analysis by Candes & Romberg

A pioneering and the very first attempt reported on probabilistic analysis of pursuit
algorithms is the work (developed during 2004, and published in 2006) by Em-
manuel Candes and Justin Romberg. This work revisits the uniqueness and BP-
equivalence results for the two-ortho noiseless case, as presented in Chapters 2 and
4. Their work provides a robustified analysis that permits a negligible and dimin-
ishing amount of outliers, and thus leads to stronger claims on both the uniqueness
and equivalence fronts. This way, they avoid the worst-case limitations enforced in
earlier studies.

As already mentioned above, in order to provide a probabilistic analysis of any
sort, one must start with a probabilistic modeling of the problem. The work by Can-
des and Romberg considers a deterministic two-ortho matrix A = [¥, @] of size
n X 2n, multiplied by random sparse vectors x. These sparse vectors are randomly
generated by considering their two portions, Xy and X¢, each having a fixed and
a-priori chosen cardinality Ny and Ng. All possible (1\:;) supports for xy are con-
sidered as equably probable, and one of them is drawn at random. The non-zeros
in this vector are iid random variables, drawn from an arbitrary continuous and cir-
cularly symmetric (for complex numbers) probability density function. The same
process is repeated for the creation of xg. The outcome of the multiplication is
b = Ax = Yxy + ®xy, leading to the definition of the linear system {A, b} for
which we are interested in the solution of (Py).

Having defined our problem suite, the first question addressed refers to the
uniqueness of a sparse solutions of (Py). Allowing for a small and negligible num-
ber of outliers, what would be an upper bound on Ny + Ng so as to guarantee
that such x is the unique (sparsest) solver of (Py)? The second question considers
a similar bound that guarantees a successful recovery of such sparse vectors x by
Basis-Pursuit, again allowing of a small amount of failures.

Recall that for both the uniqueness and the equivalence to hold true, previously
stated results set bounds proportional to 1/u(A), which in turn is proportional to vn
at best. The novelty in the work by Candes and Romberg is the establishment of new
bounds, proportional to 1/u(A)? with some log factor (to the power of 6), and thus
at best behave like 1/ 1og® n. Those bounds guarantee the uniqueness of the sparsest
solution, and the fact that it is recovered by the solution of (P;), and both are shown
to be correct with high-confidence as n — oco. More specifically, the following two
theorems are developed by Candes and Romberg.

Theorem 7.1. Consider the linear system Ax = b with A = [V, ®] and b = Ax,,
where X is drawn at random as described above with cardinalities Ny and Ng such
that

s

Ny +Np < —————M—.
T LAY logn

(7.1)
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Then, with probability at least 1 — O(n™P), the vector X is the solution of (Py), i.e.,
it is the sparsest possible solution to Ax = b.

Theorem 7.2. Consider the linear system Ax = b with A = [V, ®] and b = AXx,
where X is drawn at random as described above with cardinalities Ny and N such
that

C

Ny +Np < ———.
TP WA Togtn

(7.2)

Then, with probability at least 1 — O(n™P), the vector X is the solution of (P), i.e.,
it is found exactly by the Basis-Pursuit.

The constants Cl; > C,g > 0 are not specified, but they are relatively small, and
depend only on 8, which in turn controls the accuracy of these claims. Both this,
and the fact that these Theorems fail with probability proportional to n? imply that
these new results become relevant and stronger than the worst-case ones for large
enough values of 7.

While we will not provide the proof for these two results (they are too much in-
volved), we shall briefly explain one critical ingredient in their derivations. Denoting
by @y, and Py, the sub-matrices that contain the columns over the chosen support,
the proofs rely strongly on the analysis of the norm of the Ny X Ng matrix (151{,50 Dy,
aiming to show that it is small enough. This should remind the reader of parallel
attempts seen earlier to analyze a portion of the Gram matrix AT A (where s stands
for the restriction to the support), and claim that it is positive-definite for as large
as possible |s|. Put differently, considering the matrix AT A — I, which removes the
main-diagonal, our desire was to show that this matrix has a small spectral radius
(and thus norm).

While our attempts in the worst-case analysis were tunnelled towards the desire
to have small off-diagonal entries in this portion of the Gram matrix, leading our
worst-case analysis to the definition of the mutual-coherence, handling such sub-
matrices as a whole, and taking into account the entries’ signs may lead to better
bounds on the cardinalities that still guarantee positivity of AT A,. This is the very
source from which Candes and Romberg draw their improved bound.

Interestingly, in a more recent work (2008), Tropp extends this treatment to gen-
eral (non two-ortho) matrices, showing that such leading minors from the Gram
matrix of size proportional to n are still guaranteed to behave well. This leads to the-
orems similar to the two mentioned above, but for general matrices. Tropp’s results
too obtain bounds that have the squared mutual-coherence in their denominator.

The fact that two theorems shown above (and Tropp’s results) are relying on
the mutual-coherence (even though it is squared) should be disturbing. While well-
chosen matrices lead to O(n/ log n) bounds, other choices (e.g., the Discrete Cosine
Transform (DCT) and wavelet as a two-ortho matrix, or redundant DCT as a gen-
eral one) give poor coherence and thus poor overall bounds. Indeed, the mutual-
coherence is a worst-case measure by its definition, and as such, should have been
avoided in such an analysis. Nevertheless, the mutual-coherence appears quite often
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in probabilistic analysis of pursuit algorithms, probably because it helps in simpli-
fying complex proofs.

7.2.3 Probabilistic Uniqueness

A different result, presented by Elad, addresses only the uniqueness property, gen-
eralizing the spark-based result in Chapter 2. This work, too, assumes a probabil-
ity density function on the sparse vectors x, constructed from an iid set of entries
with a fixed cardinality. While the worst-case analysis suggests that only below
spark(A)/2 uniqueness is guaranteed, this work shows that uniqueness can be still
claimed with high probability for cardinalities beyond this bound.

The key property used for the construction of this result is the fact that if a ran-
dom representation x is obtained with s = |[x|lp < spark(A) non-zeros, it implies
that the corresponding vector b = Ax resides in a non-degenerate s-dimensional
space (since the columns from A used are necessarily linearly-independent). Any
competing sparser representation X, must lead to vectors Ax, that reside in s — 1-
dimensional space and below, and while there are many such constructions, their
number is finite. Thus, their overlap with the original s-dimensional space is nec-
essarily zero, and therefore the original representation is unique with probability
1.

Surprisingly, even for representations with spark(A) < s = |[x|lop < n, some sort
of uniqueness can be claimed, with high-probability. In order to build such a re-
sult, this work proposes to characterize the matrix A in a way that extends the spark,
forming the signature of the matrix. The signature of A is a function Siga (s), count-
ing the relative’ number of supports of cardinality s that are linearly-dependent.
Whereas the spark “thinks” worst-case, the signature gets the more general picture
by gathering all the subsets of columns from A that are linearly-dependent.

Using the (impossible to get!) signature of A, the probability for the existence
of a sparser solution is shown to be 1 — Siga(s). This is easy to derive, since by
considering all possible supports of cardinality s, Siga(s) of which are linearly-
dependent, and are thus reducible, leading to sparser representations. As for the rest,
they refer to linearly-independent groups of columns, for which alternative sparser
representations cannot be found, leaning on the same rational we have exercised
earlier.

7.2.4 Donoho’s Analysis

Another work that considers the average performance of the BP is reported by
Donoho (2006). Whereas the work by Candes and Romberg assumes a fixed (and

2 normalized with respect to the number of such supports, (’;)
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structured!) matrix A, the randomness being due to b (via the randomization of the
solution x), the analysis provided by Donoho considers A as a random matrix, with
columns chosen uniformly on the unit-sphere. Despite this major change in point
of view, the results obtained are similar in flavor, suggesting that both uniqueness
and equivalence are guaranteed with high probability for O(n) non-zeros in x. Here
too the results hold asymptotically with growing dimension n and a diminishing
failure probability. Followup results by various authors extend the above results to
the approximate case, handling the relation between the solutions of (P{) and (Pf),
thereby establishing a wider zone of guaranteed stability.

7.2.5 Summary

Other results that exploit the probabilistic view aimed at getting stronger bounds ex-
ist, see e.g. recent work by Candes and Tao, Tropp, DeVore and Cohen, Donoho and
Tanner, Shtok and Elad, and others. While all these attempts aim to show the same
effect — an equivalence (or stability in case of added noise) of pursuit algorithms
for O(n) non-zeros in x — their treatment varies substantially, their characterization
of the matrix A may differ, and so do the assumptions these works rely on. At this
point, the literature on this topic is growing so rapidly that it is difficult to do any
justice at all to this field, its achievements, and results. Adding to the confusion
in this arena is the fact that many of the newly introduced results are tailored for
compressed-sensing, where A constitutes a set of random projections. The results
obtained are somewhat relevant, with partial ties to the problem posed here.

7.3 Average Performance of Thresholding

7.3.1 Preliminaries

We have seen that among the various greedy techniques, the thresholding is the
simplest possible one, as it derives the solution in one projection step, by calculating
|ATb| and choosing its largest entries till the desired representation error is met.
In Chapters 4 and 5 we presented the worst-case analysis of this algorithm, and
now we turn to analyze its behavior under stochastic settings. The simplicity of
this algorithm makes such analysis relatively easy, compared to the more involved
study required in the other pursuit methods. The analysis we provide below follows
closely with the work of Schnass and Vandergheynst, and the worst-case analysis
that was presented in Chapter 4 for the noiseless case, which is the case considered
here.

We assume that b is constructed as b = Ax = } s x;a,, where the non-zeros of
x are chosen as arbitrary positive values in the range [|Xinl, [Xmaxl] (Where |x,,] is
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strictly positive), multiplied by iid Rademacher random variables ¢ assuming values
+1 with equal probabilities. S is an arbitrary support of cardinality .

In the analysis that follows, we shall use the following large-deviation inequality,
true for any 7 > 0, an arbitrary sequence of iid Rademacher random variables {¢};,

and an arbitrary vector v:
T2
P( > T)sZexp{——z}. (7.3)
32IvIl;

This inequality is given in the book by Ledoux and Talagrand (Chapter 5, Section
4). As we shall see next, this inequality plays a vital role in the development of the
probabilistic bound for the thresholding algorithm.

DI

t

7.3.2 The Analysis

As we have already shown in Chapter 4, the probability of failure of the thresholding
algorithm is given by

P (Failure) = P(min lalb] < max IaIT-bI). (7.4)
€S JjgS :

Choosing an arbitrary threshold value T, the above probability can be bounded from
above by

P (Failure) < P(min a7 b| < T) + P(max ja’b| > T). (7.5)
i€S jes

This step relies on the following rationale: Considering two non-negative random
values a and b we have that

Pla<b) = foo P(a = H)P(b > t)dt
=0
T 00
= f P(a =t)P(b > t)dt + f P(a =t)P(b > t)dt.
t=0 =T

In the first integral (that sums over the range [0, T']) we use the relation P(b > 1) < 1.
Similarly, in the second integral we use the fact that P(b > ) < P(b > T) since
t > T. This leads to

T 00
Pla<b) < f P(a = t)dr + f P(a = )P(b > T)dt
=0 =T
=P(aST)+P(b2T)~me(a:t)dt
t=T

=Pa<T)+Pb2T)P(a>2T)<Pla<T)+Pb=>T).
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Fig. 7.4 A graphic explanation for the inequality P(a < b) < P(a < T) + P(b > T). Considering
the joint probability P(a, b), the left graph presents the area to integrate over this joint probability,
in order to obtain P(a < b). The right graph shows the two terms, P(a < T) and P(b > T), and
clearly, their sum covers the previous area and beyond.

This is exactly the step taken in Equation (7.5). Figure 7.4 provides an alternative
graphic explanation for the inequality P(a <b) < P(a<T)+ P(b >T).

Considering the first probability in the right-hand-side, it is increased if we de-
crease the term min;es Ial.TbI. Similarly, an increase of max j¢s IaJT.bI in the second
term increases its probability to be above T. Thus, we follow (some of) the same
steps as done for the worst-case analysis in simplifying these expressions. We start
with the first term in Equation (7.5), plug the expression b = s x,a,, and exploit
the fact that ||a;||, = 1, obtaining

min |a/ b| = min Z x.al a,
€S i€S

=min |x; + E x,aiTat. (7.6)
€S
teS

teS\i

Using the relation |a + b| > |a| — |b|, the above can be lower-bounded by

min |x; + E x,a,-Ta, > min 1 |x;| — E xtaiTa, (7.7)
ieS . i€S .
teS\i teS\i
> N T
> | Xpmin max Xia; a;
€S

teS\i

T

> |Xmin| — max § &lxla; a;
€S i
teS\i

Thus, returning to Equation (7.5), we get
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Fig.7.5 A graphic explanation for the inequality P(max(a, b)) < P(a > T)+P(b > T). Considering
the joint probability P(a, b), the left graph presents the area to integrate over this joint probability,
in order to obtain P(max(a, b). The right graph shows the two terms, P(a > T') and P(b > T), and
clearly, their some covers the previous area.

P(min lal'b| < T) (7.8)
i€S

< P| Doyl = max {| D" elxilala,|p < T
€ 1eS\i

T
=P max E 6-flxt|ai al > Xl =T .
€S X
teS\i

Using the rule P(max(a,b) > T) < P(a > T) + P(b > T) (demonstrated in Figure
7.5), we get

. T T
P(r}ggﬂ la; b| < T) < Z P Z'etlx,lai a;| > |xpinl = T . (7.9)
€S teS\i

Plugging now the large-deviation inequality presented in Equation (7.3) we fi-
nally obtain

P(min /bl < 7)< 3 P\| 5 abulala = Lol = 7 (7.10)
€S 1€8\i
minl — T 2
SZZexp{— (Xin Z)T 2}
ieS 32 Yiesvi lxl*(a; a,)

(1Xminl — T)2 }

<2 -
< 251 eXp{ 32 a2 — 1)
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(|xmin| - T)2 }

<2 7
< 2] eXp{ 32 ke P2 (1S)

where we have defined

k) = max max a’a;)’. 7.11
(k) = max. may ZS]( ) (7.11)

Note that we obviously have (k) < ku(A)?.
Turning to the second probability term in Equation (7.5) and following similar
steps, we get

P(max |a]Tb| > T) = P[max
s &S

Z €t|xz|a_,T'az
<> P[

teS
- T]
Jj&S

Z e,|x,|aJT.at
T2
<2 exps —
Z P { 32 Yes |xt|2(aJT~at)2}

> TJ (7.12)

teS
Jj&S

T2
< 2(m—|S|)exp {_m} .

Returning to Equation (7.5), we have that the probability of a failure is bounded by

_ (lxmin|_T)2 }
32| XpmaxPp2(IS1)

T2
+2(m — 1S]) exp {—m}

P (Failure) < 2|S| exp{ (7.13)

The above bound is a function of 7 and it should be minimized with respect to 7' so
as to lead to the most tight upper-bound. The optimal value of 7 is hard to obtain in
closed form, and therefore we simply assign T = |x,,;,|/2 leading to

2
min 1
P (Failure) <2m exXp {— (z—) . m} . (714)

7.3.3 Discussion

Let us explore the implications of this result. Consider the case where A is of size
nx pn (p > 11is fixed), and we use the thresholding algorithm to recover the spars-
est solution of the linear system Ax = b. We use the relation u,(k) < ku(A)?, as
mentioned above, and we further assume that u(A) o 1/ +/n (as for Grassmannian
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IAmmI

Frames or some unitary amalgams). We shall denote r = , S0 as to simplify the
expressions obtained. Thus, the probability of failure of the thresholdmg algorithm
in recovering a solution of cardinality k becomes under these assumptions

2
P (Failure) < 2pn - exp {— 1rz;lk} . (7.15)

Thus, with cardinalities of the form k = cn/logn, this probability becomes
2

128¢

2
P (Failure) < 2pn - exp {— log n} =2p-n'"Tm, (7.16)

When choosing ¢ < r%/128, this probability becomes arbitrarily small as n — co.
This should be contrasted with the worst-case analysis that guarantees recovery of
k oc +/n cardinalities.

For the more general case, where the relation p(A) o 1/ /1 is not true, sparse
solutions are recoverable if their cardinality is k = ¢/(u(A)? logn), following the
same rationale, and using the same condition on c.

We could improve the above analysis of the thresholding algorithm in several
ways, and this is very likely to lead to more optimistic constants in the above
claims. One such improvement is a replacement of the term p, (k) by a smaller value.
The definition given in Equation (7.11) seeks the worst sum of squares of k inner-
products al.Ta,, and as such, it necessarily leads to a too pessimistic value. Suppose

we have an evaluation of the probability density function of such sums over all (’,:‘)
supports. Rather than choosing the maximal value, we can discard of the tail of this
distribution (thereby assuming that on those cases of volume ¢ we fail), and use a
smaller value in the probability bound. This probability should then be multiplied
by 1 — ¢ to reflect the added failures.

The obtained result is one in line of a sequence of similar results about the suc-
cessful recovery of sparse solutions with cardinalities that are near-linear with re-
spect to the dimension n. This is the simplest to obtain, due to the simplicity of
the underlying algorithm. Nevertheless, it reflects well the flavor common to other
studies. We summarize this analysis with a Theorem that states the essence of our
findings:

Theorem 7.3. (Probable Equivalence — Thresholding Algorithm): For a system
of linear equations Ax = b (A € R™" full-rank with p > 1), if a solution x (with
minimal non-zero value |X,,;,| and maximal one |x,,4,|) exists obeying

2
Xmin 1
128 (xmax) u(A)?logn’

then the Thresholding algorithm run with threshold parameter €y = 0 is likely to
find it exactly, with probability of failure vanishing to zero for n — oo.

lIxllo < (7.17)
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7.4 Summary

Swinging between the initial excitement about results of the form shown in Chapter
3, and the later disappointment from their tendency to be overly pessimistic, re-
searchers are still interested in the core question of theoretical bounds that predict
the success of pursuit algorithms, in a way that matches empirical evidence. In this
chapter we have shown some of these attempts, and gave a detailed description of
one of those results that corresponds to the thresholding algorithm.

Has the main question been answered already? Unfortunately the answer to this
question is negative. Despite the above results, we still do not posses a good and
constructive answer for a given matrix A of fixed size, which will predict reliably
the performance as seen in experiments. In that respect, it would be a mistake to keep
using measures such as the mutual-coherence or the RIP in forming such bounds,
since this immediately implies a worst-case flavor.
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Chapter 8
The Dantzig-Selector Algorithm

In this chapter we present an appealing and surprising alternative pursuit algorithm
for sparse approximation. This algorithm is competitive with the Basis Pursuit De-
noising (BPDN) and the OMP. This algorithm was proposed in 2007 by Candes and
Tao, and termed Dantzig-Selector (DS). The name chosen pays tribute to George
Dantzig, the father of the simplex algorithm that solves Linear Programming (LP)
problems. The connection to LP will become evident shortly.

As we show in this chapter, the elegance in the work of Candes and Tao does
not stop in the proposal for an effective pursuit algorithm. Their work is mainly fo-
cused on providing theoretical guarantees for this method’s affectivity in accurately
recovering sparse solutions. In this chapter we bring one such result taken from their

paper.

8.1 Dantzig-Selector versus Basis-Pursuit

In Chapter 5 we discussed the following problem: a sparse vector X( is multiplied
by a matrix A of size n X m, where in particular n could be smaller than m. We
shall assume hereafter that the columns of A are ¢,-normalized. The outcome is
contaminated by a white Gaussian additive noise' e, with iid entries ¢; ~ N(0, o),
and we obtain b = Axy + e. Our goal is to estimate reliably xy. Using the ideas
presented in Chapter 5, it would be natural to propose the estimator of the form

(P;) X =argmin [[x]lp subjectto |[b—Ax|, <€, (8.1)
X

with e chosen proportional to vno. We referred to this as (Pf), and as this problem
is too complex to solve in general, an option we discussed is a replacement of the ¢

U'In Chapter 5 we assumed that the “noise” is a deterministic vector of bounded energy |le|l, = €.
Such an assumption makes this distortion an adversary noise that may assume any form so as to
work against the reconstruction goals. By replacing this with a stochastic assumption, the bounds
developed become stronger, but at the price of a somewhat more involved analysis.

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 153
and Image Processing, DOI 10.1007/978-1-4419-7011-4_8,
© Springer Science+Business Media, LLC 2010
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by an ¢;-norm, leading to the Basis Pursuit Denoising algorithm,

(P}) X§ =argmin [|x||; subjectto |b—Ax|], <e. (8.2)

We now turn to describe the Dantzig-Selector (DS), which is a very interesting al-
ternative to (P7). Candes and Tao propose to estimate xo by solving the problem

(Phg) R = arg mxin Ix||; subject to [JAT (b — AX)||e < Ao (8.3)

As can be seen, the constraint has been changed! The original requirement ||b —
Ax|, < € makes sense, as the residual is expected to be of a limited norm. Further-
more, this expression also emerges as the log-likelihood of the vector b given x, and
as such, it ties the formulation of (P{) to the MAP estimation — a relation that will
be made explicit in Chapter 11. Nevertheless, one cannot overlook the plain fact
that this constraint does not force the residual b — Ax to behave like random white
Gaussian noise. In particular, structured and correlated residuals are permitted by
this constraint, despite our knowledge that they are highly improbable.

The alternative proposed by DS computes the residual r = b — Ax, and then
evaluates its inner products with the columns of A. These inner products form vari-
ous weighted combinations of the entries in r and all those are expected to be small.
The constraint thus proceeds by requiring that all these are below some pre-specified
threshold, Ao.

In order to get an intuition as to why to multiply by A”, consider the following
scenario: Suppose that the proposed solution x is close to xg, but one of non-zeros
in X( is omitted, and this entry refers to the column a; from A. This omission is
reflected in a residual of the form r = b — Ax( + ca; = e + ca;. This vector correlates
strongly with a;, since a] r = a e + c. Whereas the first part is likely to be near-zero,
the addition of ¢ could be large (especially if this atom is dominant in the creation of
b), and this would serve as a detector for the infeasibility of the proposed solution.
This way, by sweeping though all columns of A, considering an inner product with
each of them, and requiring all to be relatively small, we make sure that the residual
is “whitened,” and no traces of the atoms remain in it.

The problem posed in Equation (8.3) has a linear programming form. This is eas-
ily observed by adding an auxiliary variable u > [x|, and reformulating the problem
to be

—u<x<u
min 17u subject to and . (8.4)
o —oA1 <AT(b - Ax) < oAl

All the terms (penalty and constraints) are linear with respect to the unknowns, and
thus this is a classic LP, for which specific solvers can be tailored (e.g., an iterative-
shrinkage algorithm). As a convex problem, obtaining the global minimizer of this
problem is within reach, and this estimator is therefore quite appealing.

Another way to convert DS into a linear programming form is to split the un-
known x into two vectors that contain its positive and negative entries, X = u — V.
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Then the problem can be re-written as

min 1Tu+17v (8.5)

u>0 v>90
subject to and
—ocA1 < AT(b - Au + Av) < oAl

This approach should remind the reader of the technique used to convert the £; min-
imization into an LP form, in Chapter 1. Similar to the discussion there, we should
convince ourselves that the supports of the two vectors u and v do not overlap, or
put differently, that u”v = 0. This is easily verified using the same rationale — if two
such matching elements become non-zeros in the two vectors, then by decreasing
both by the same amount such that the smallest of them becomes zero, the penalty
of the problem gets smaller, while the constraint remains unchanged.

Is DS better than the Basis-Pursuit-Denoising for recovering x,? Based on the
description given above, the answer one would give is positive — after all, it seems
that the constraint DS uses is far more informative than the one posed by the BP.
As we shall see next, this intuition may be quite misleading, and at least when A is
unitary, there is no difference between the two.

8.2 The Unitary Case

When the matrix A is unitary, we have seen that both (Pf) and (P]) admit closed-
form solutions, in the form of hard or soft shrinkage. Can the same be said for the
DS algorithm?

Looking at the constraint ||A” (b — AX)||c < A0, and using the fact that ATA =1,
this now becomes the requirement ||A”b — x||., < Ao Thus, DS becomes a set of m

independent scalar optimization problems of the form

min |x| subjectto [a’b—x| < Ao, i=1,2, ... ,m. (8.6)

The solution is easily obtained as

ain - Ao ain > Ao
X0 = 0 la/b| < Ao . (8.7)
a’b+ 1o a’b<-Ac

This is a classic soft-thresholding operation, exactly equivalent to the solution ob-
tained for the problem (P]) (for a proper choice of parameters Ao~ versus €). This
equivalence between (Pf) and (Pf)s) is not true in general, though.

Returning to the general case, the above result also suggests that it might be pos-
sible to propose iterative-shrinkage algorithms for handling DS, just as we harnessed
such methods for the £,-based penalty.
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8.3 Revisiting the Restricted Isometry Machinery

In order to present a theoretical analysis of DS, we shall use the RIP as defined in
Chapter 5. We bring this definition again for completeness of the presentation, and
then add a new and related definition that will be found helpful in the analysis of the
Dantzig-Selector.

Definition 8.1. For a matrix A of size n X m (m > n) with £,-normalized columns,
and for an integer scalar s < n, consider submatrices A containing s columns from
A. Define ¢, as the smallest quantity such that

VeeR' (1-dylell; <Al < (1+8)llell3, (8.8)

hold true for any choice of s columns. Then A has an s-restricted isometry property
with a constant J.

A second definition, in line with the above, is for the Restricted Orthogonality
Property (ROP):

Definition 8.2. For a matrix A of size n X m (m > n) with {,-normalized columns,
and for two integer scalars sy, s, < n, consider two disjoint sets of s; and s, columns
from A, denoted as the submatrices A, and A;,. Define 6;, 5, as the smallest quantity
such that V ¢; € IR* and ¢, € R*

e AL Ay, el = KA €1, A, €2)] < 6y, llei el (8.9)

holds true for any choices of sy, s, columns. Then A has an sy, s,-restricted orthog-
onality property with a constant 6y, ,.

This definition aims to characterize an independence between disjoint sets of
columns, such that they do not interfere with each other in an attempt to represent the
same vector. As for the RIP, evaluation of the value of 6y, ;, is impractical, and here
as well one could bound 6, 5, using the mutual-coherence by 6y, ;, < +/s1520(A),
but we will not dwell on this here, as these bounds are too crude for practical use.
We note two important observations regarding the above definitions:

1. While for a general matrix A it is virtually impossible to evaluate §; and 6, ;,,
one could evaluate these quite reliably for random matrices. This is why such
measures are popular for compressed-sensing applications, where A can be made
stochastic.

2. For a general matrix A, it is most likely that the RIP and the ROP measures
lead to pessimistic theoretical results. This is because those measures are, by
their definitions, worst-case measures, and as such, they are unforgiving to trivial
situations, such as near-by columns.
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Armed with the above definitions, we are now able to analyze the performance of
DS. We bring here only the first among several of the results that Candes and Tao
provide in their important paper, as this result by itself is sufficient to see the strength
of DS and how the above definitions can be used.

Theorem 8.1. (Stability of DS): Consider the instance of problem (Pgs) defined

by the triplet (A,b,0) and A = /2(1 + a)log m. Suppose that a vector Xy € IR" is

s-sparse (|[Xollo = s), where s satisfies 25 + 0525 < 1, and b = AXg + e, where e is a
zero-mean random Gaussian noise with iid entries having variance o>.

Then, the solution Xf)s of (Pf)s) obeys
lIx}s = Xoll3 < C*-2logm - s - o2, (8.10)
with probability exceeding 1 — (\/mlogmm®)~', and C = 4/(1 — 625 + 62y).

Before we turn to prove this result, we briefly discuss its meaning and implica-
tions. We draw attention to the following observations:

e There is a strong resemblance between this result and the one posed in Theorem
5.3 in Chapter 5, for the BPDN stability. However, the bound here is far better,
as it is proportional to so up to a constant (and log) factors, whereas there the
bound is proportional to no?, absorbing all the noise power. As was explained
earlier, the reason for this difference is the change from an adversary noise to a
stochastic one.

e The way this theorem is posed here may mislead the reader to assume that this is
an average performance analysis of DS, as the result is conditioned with a proba-
bility of correctness. However, this probability has to do with the randomness of
the noise and nothing to do with a probabilistic ensemble of supports or random
generators of Xg.

e The sparsity condition posed is obscure, being indirectly dictated by the RIP and
ROP parameters. Thus, this result becomes both clearer and stronger as we turn
to handle random matrices A. Performance prediction of this theorem for general
matrices A may be too pessimistic, as it is also of worst-case nature.

e This result is surprising! In order to validate the strength of the bound obtained,
consider an estimation of Xy by an oracle that knows the correct support s. In
such a case, the estimation boils down to a Least-Squares problem of the form

7’ = argmin [|A,z - b|j5 = (ATA))"'ATD. (8.11)

The error in such a case is only reflected on the support s, as the two vectors are
the same (zeros) elsewhere. Using the fact that b = Agx] + e, the expectation of
is error becomes

E (Il - x3113) = E (AT A" ATb - x513) (8.12)
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= E(IATA)'AT(AX) +€) - x{3)
= E(IATA,)'ATell)
= trace {(ATA,) ' AT E(ee")A(ATA,) '}

L2
= o7 - trace [(ATA)) ') 2 f:;s.

We have used the simple relation E(ee’) = oI, and also the fact that the eigen-
values of ASTAS are known to be in the range [1 — d;, 1 + J,] (due to the RIP),
and thus those of the inverse are in the range [1/(1 + ), 1/(1 —d,)]. As the trace
sums the eigenvalues, the lower bound above is established.

All this means that DS gets a result very close to the best possible one, as the
oracle delivers, and this is done without having any clue about the support. This
is the surprise mentioned.

We now turn to provide the proof for this result. We follow closely the steps taken
by Candes and Tao in their work, with small modifications for better clarity of the
proof.

Proof: We have two candidate solutions to consider, x, and xgs, and we are inter-
ested in the distance between them, d = Xés — Xo. While Xés is clearly feasible, xg
is not necessarily so. Thus, we shall look only at those fraction of cases where X is

feasible, implying that
IAT(Ax) = b)lle = [|A €]l < Ao (8.13)

Every item in the vector A”e is a Gaussian random variable ~ N(0, o) (since the
columns of A are normalized), and thus

1 | 2\
P(—IATe|l. < /l) = (1 - 2f e‘zdx) (8.14)
(0' 1 N2rx
2m

2
>1- —f e Zdx,
V2r L

where we have used the inequality (1 — €)” > 1 — me, true for 0 < € < 1. Notice
that the vector ATe/o is normalized and thus the canonic expressions. Using the
inequality (verified easily by taking a derivative of this function)

o

u

00 [
_2 e 2
e 7dx < ,
u u

we obtain
1 2 © 2
P(—||ATe||oo < /l) >1- [ e Fax (8.15)
o 21 Ja
2m 2
>1- e 7.

- V27
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Plugging to this expression 4 = /2(1 + a) logm, we get

2 2
\/;A e (8.16)
T
1

N

Jrl+alogm

For sufficiently large a, this probability can be made arbitrarily small, and thus we
consider the majority of the cases in which x is feasible.

We define the residual created by the optimal solution of DS asr = b — Axgs.
We have that

1
P(—IIATeIIm < /l) >1-
a

ATAd = ATA(xg - X)) (8.17)
= AT(Axo - b) - AT(Ax},¢ — b)
=AT(r-e).

Since the two solutions are feasible, we have that |[ATe||, < Ao and ||AT 1| < Ao
Thus, using the triangle inequality,

IATAd|l = |AT (e - 1)l < |AT €]l + AT F]|s < 240 (8.18)

Another direction we take exploits the fact that since Xf)s is the solution of DS,
it has the shortest £;-length, compared to any other feasible solution, and in partic-
ular, xo. Thus, [[x}¢lli = lIxo + dll; < [[Xoll;. We denote ||v]; s as the £;-norm of v
restricted to the support s of the sparse vector Xo, and similarly, ||v]|; ;c is restricted
to summation of the off-support entries of v. We use the inequality

lIxo +dll1 = l[xo +dll1s + X0 + dl]1s (8.19)
2 [[Xoll,s = 1]y + 1]l

where we have used the relations [[xo + d||; « = [|d||; s and ||xo + dll;; > [IXoll1.s —
lldll; s. Since [[Xoll1 = [[Xoll1,s, We return to the inequality ||Xo +dll; < [Ixoll; and obtain
the requirement

lldll1s > [1dl[1 s (8.20)

This condition says that the difference vector d must have its £;-energy concentrated
on the support s.

To summarize thus far, the difference vector d must satisfy two restrictions posed
in Equations (8.18) and (8.20). Among all these, we aim to search for the highest
||d||% and show that it is in fact bounded from above, as the theorem suggests.

In order to proceed, we introduce the following notation: whereas we use s to de-
note the support of X, ¢ stands now for a support of size 25, containing the original
support, and the next largest (in absolute value) s entries from d. The sub-matrix A,
is of size n X 2, containing the columns indicated by g. Using the RIP relation we



160 8 The Dantzig-Selector Algorithm

have that for any vector v of length 2s,

V1 =6lIVIl2 < [|AgVIl < V1 + 6a4]IVIl2, (8.21)

and we assume that 9, < 1, implying that Q = AgAq is positive-definite. The above
inequality states that (1 — 6,,)v7 v < v/ Qv. For the assignment w = Q%v, this can
be re-stated as (1 — 6, )w/ Q™ 'w < w’w. Assigning w = AgAd we have

Iwli3 = d"ATA,ATAd = |A] AdIS. (8.22)
and
wQ'w=d"ATA,ATA)'ATAd (8.23)
=d"A"P,Ad
=d"AP;Ad
2
- ”Pqu”z'

The term P, = A, (AJA,)"'A] is a projection onto the space spanned by the
columns of A, and as such it is nilpotent (Pé = P,). All this leads to the inequality

(1-6:9)||P,Ad|} < AL AdIE. (8.24)

Using the inequality posed in (8.18), ||ATAd||, < 240, we know that every entry
in the vector AT Ad is bounded by 210 The vector AgAd accumulates 2s of those
entries, and thus

1
1-—

2s - (42%02)
62x||AqTAd||§ N B (8.25)

[P, ad; <

We now turn to handle the left-hand-side of the above expression, bounding it from
below. We slice the difference vector d into a set of vectors {d;}j=o,15..., all of the
same length m. Each d; contains s non-zeros, where do has the support s, d; has a
support ¢ \ s, and so on, in descending order of the magnitude of the non-zeros in d.
Thus, clearly we have thatd = }; j d;, and we can therefore write

P,Ad = P,Ady + P,Ad) + ) PyAd, (8.26)
J>1
= Agd+ ) P,Ad;.

j>1

The first two terms are simplified by removing the projection operation, as these two
vectors are in the space projected upon. Also, we use the fact that Ady +Ad; = A,d.
Using the triangle inequality in reversed mode (||v|; = |[[v+u—ul|; < [[v+ul+]ul}»),
we get
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[P, Ad]|, = A, d+ > P,Ad; (8.27)

j>1

2

D P,Ad;

j>1

> ||Agdll2 -

2
> ||A,dll, - Z [P,Ad),-

j>1

The RIP relation posed in Equation (8.21) gives that [|A,d|l, > V1 — dxlld]l>,, and
thus

[P,Adl], > V1-62lldllog - ) [[PAd], . (8.28)

j>1

For j > 1, the term ||Pqu J”i can be written as an inner product between the vector
P,Ad; that is in the span of the 2s columns of A, and Ad;, spanned by a disjoint set
of s columns from A (again using the property P, = Pfl). Using the ROP we have
that such an inner product is bounded by

2
= (P,Adj, Ad)) < 6y - IP,Adjl12]IAd]l. (8.29)

[IPoAd|;

Exploiting the RIP again, we have that ||Ad;ll, < V1 + dlld;|l2, since this multipli-
cation combines s columns from A. Thus

[P Ad)|, < 62 - V1 +6,ld)ll2 (8.30)
< d;
=l
<25 yd
el

Here we have used the properties 1 + 6, < (1 — 5,7 and 655 > 6.

We now observe that for j > 1, the s non-zero entries of d; are smaller than the
mean of the entries in |d;_;|, expressed as ||d;_;[/;/s. Summing this upper bound on
the entries over the s non-zeros in d; leads to ||d;ll> < [ld;_;[l;/ v/s. Thus,

0
2lPadil, < == 5 il 831)

1 VI =62 1

H2ss

lld;lh
V 623 PZO !
92??

- il .
\/_ Vl - 62?

Returning to the inequality posed in (8.28), plugging the above leads to
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0255
P,Ad 1 = 0xlldll2 g — —————Ildll; 5. 8.32
[Poad], > VT= 8, - ==l (8.32)

Combining this with (8.25) we get
V25 - (240) L O
1 =62y Vs (1= 625)

Using the requirement posed in (8.20) and the ¢, — ¢, relationship for vectors of
length s, [IVll; < /slIvll2 , we obtain [|dll1 s« < [ldllis < Vsldll2,s, and thus

lldll24 <

lldlf1,se- (8.33)

m : (2/10-) + 92s,s

d < d|o. 8.34
lldllz., Y o, ik, (8.34)
Using the fact that |||l s < [|d|2,, we write
V25-2A0)  bay,
ldll,, < + 2 dllgs (8.35)
1- 525 1- 625

and rearranging terms leads to

6. V2s - (2A0)
N | . - V25- Qo) 8.36
( 1- 625) Il = 1= | |
V2s - (210)
= ldllg < 7
lldll24 < 1 = a5 — Oy

conditioned on the requirement 1 — §,; — 65 > 0.
To conclude the proof, we return to the observation made earlier, stating that
lld;ll> < lld;_1ll1/ Vs, and thus

1 1
I3 e = Dl < ~ > Ijlif =~ . (8.37)

j>1 >0
Using this, the relation (8.20), and the fact that ||d||§’s < ||d||§’q, we obtain
Idil3 = lldi3,, + lldIl3 . (8.38)
<14, + <1l
<14, + 17,
<2di3,,

which leads to the claimed bound in the theorem by plugging the expression from
(8.36). ]
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8.5 Dantzig-Selector in Practice

So, how does DS perform in practice? How does it compare to the Basis-Pursuit? Of
course, we already know that the two are exactly equivalent if A is unitary. In this
section we present a limited experiment that suggests answers to these questions. We
generate a matrix A of size 50 x 80, by taking the unitary DCT matrix, choosing a
subset of 50 of its rows at random, and normalizing the columns. We then generate
a random vector Xy of length 80, such that ||xgllp = 10, in arbitrary and random
locations, and with random normal non-zero values. Finally, we compute b = Ax +
e, such that e has zero-mean Gaussian iid entries with standard-deviation o = 0.05.
This forms our problem suite, and we apply DS and BP in an attempt to recover Xo.
The DS is formulated as

(P)s) %ps =argmin [Ix|l; subjectto [|AT(b - Ax)||. < Ao
X

We solve this problem using Matlab’s linear programming tool, using the second
of the two conversions discussed in the beginning of this chapter. As we do not
know which A to use, we sweep through a set of values in the range [0.1, 100] (the
top value guarantees that the zero solution is also considered, since in this case
IATD||eo < Aparo). The BP is formulated as

(Pp) Rpp =argmin |Ix||; subjectto [|b— Ax|, < uo,

and we use the LARS solver mentioned in Chapter 5 for solving this problem for
various thresholds po, such that we cover all possible output cardinalities, from the
empty to the one that contains 49 non-zeros.

As we obtain a series of solutions (as a function of the varying thresholds) for
each method, we organize these as a graph that presents the relative accuracy of the
solution, ||X — X0||% /IIXolI?, as a function of the number of non-zeroes in the solution,
|[Xllo. Figure 8.1 shows such graphs, averaged over 200 experiments. The figure also
presents the oracle performance, obtained by a simple projection of the vector b on
the columns of A in the true support. We see that DS and BP are nearly equivalent,
and their best performance is obtained for a cardinality of ~ 25, with an error that is
4 times larger than the oracle.

Recall that the two methods are biased towards smaller non-zero entries, due to
the £;-penalty. Thus, adopting only the support of the solution and solving for the
non-zero values by Least-Squares, we may obtain improved results, and especially
so if the found support is near-correct. The projected errors are also plotted in Fig-
ure 8.1, and indeed, both methods gain from this modification. This time, the best
performance for both methods is obtained for a cardinality of ~ 10, which is the
true one. Again, both methods are nearly equivalent, and getting closer (factor 2.8
between the DS/BP and the oracle errors) to the oracle.

Figure 8.2 is very similar to the one shown in 8.1, but with errors measured as
||A)'Z—AX0||§ / ||Ax0||§. This difference is important in some cases, where the objective
is not the recovery of the sparse representation X, but rather the separation of the
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Fig. 8.1 Accuracy of the solution, measured by ||X — X0||% / ||x0||§, versus its cardinality for the
Dantzig-Selector and the Basis-Pursuit. The different points in these graphs are created by varying
the threshold of the algorithm. The graph shows the final results of the two algorithms and also
their Least-Squares projections onto the found support.

clean signal Ax( from the noise e. As can be seen, the overall behavior is very
similar to the graph in Figure 8.1, leading to the same conclusions.

Could we rely on the above experiment and conclude that BP and DS are nearly
equivalent in general? The answer is certainly not. First, this experiment is one
among many that could have been done, and it may well be that a different problem-
setting would lead to different conclusions. The question of the relative performance
between DS and BP is still an open question, which would occupy both theoreticians
and practitioners in coming years. One interesting question that comes out from the
above experiment is whether the combination of the two (i.e., solving an optimiza-
tion problem with the two constraints) could lead to better results.

8.6 Summary

The Dantzig-Selector is a relatively new pursuit technique in the realm of sparse
representation modeling, although earlier signs of it appeared in the literature in
2001 (see the work by Starck, Donoho, and Candes). Many questions regarding this
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Fig. 8.2 Accuracy of the solution, measured by [[AX — Axollg / ||Ax0||%, versus its cardinality for
the Dantzig-Selector and the Basis-Pursuit. The various graphs are very similar to those shown in
Figure 8.1.

tool remain open at this stage — its relation to estimation theory, its comparative
performance versus other pursuit techniques, limits on its average performance, nu-
merical techniques to practically and efficiently solve it, methods to improve it by
merging its force with other existing techniques, and more. These topics and others
would occupy many interested scientists and engineers in the coming years.

One important property that has drawn our attention to the Dantzig-Selector is the
ability to claim a near-oracle performance for it. Similar results emerged recently,
suggesting similar claims for the Basis-Pursuit, the OMP, and even the thresholding
algorithm. Still, all these results are of a worst-case flavor, and as such, there is much
room for future improvements.
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Chapter 9
Sparsity-Seeking Methods in Signal Processing

All the previous chapters have shown us that the problem of finding a sparse solu-
tion to an underdetermined linear system of equation, or approximation of it, can
be given a meaningful definition and, contrary to expectation, can also be computa-
tionally tractable. We now turn to discuss the applicability of these ideas to signal
and image processing. As we argue in this chapter, modeling of informative signals
is possible using their sparse representation over a well-chosen dictionary. This will
give rise to linear systems and their sparse solution, as dealt with earlier.

In the following discussion, we shall replace the notation b in the linear system
Ax = b to be y, so as to reflect the nature of this vector as a signal of interest.

9.1 Priors and Transforms for Signals

Consider a family of signals — a set of vectors Y = {y j}j e R". To make our
discussion more concrete, we shall assume hereafter that each such signal is a [ \n-
by-+/n] pixels image patch, representing natural and typical image content. The
same discussion can be directed towards other data sources, such as sound signals,
seismic data, medical signals, financial time series, and more.

While image patches are very diverse vectors in IR"”, we have no reason to assume
that they occupy the entire space. Said more accurately, assuming that the pixels in
y have values in the range [0, 1), these image patches do not populate or sample the
hyper-cube [0, 1)" c R”" uniformly. For example, we know that spatially smooth
patches occur much more often in images, whereas highly non-smooth and disor-
ganized image content is highly unlikely to exist. This mode of reasoning naturally
leads to the Bayesian framework of imposing a Probability-Density-Function (PDF)
on the signals — a ‘prior’ distribution P(y).

Priors are extensively used in signal processing, serving in inverse problems,
compression, anomaly detection, and more. This is because they provide a system-
atic way of measuring the probability of a signal vector. For example, consider the

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 169
and Image Processing, DOI 10.1007/978-1-4419-7011-4 9,
© Springer Science+Business Media, LLC 2010
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noise cleaning (denoising) problem: a given image y is known to be a noisy version
of a clean image yj, contaminated by an additive perturbation vector v, known to
have a finite energy ||v||> < €, i.e., ¥ = yo + V. The unknown image y, must be in the
ball |lyo — yll2 < €. The optimization problem

max P(§) subjectto [[§j—ylh<e€ .1
y

leads to the most probable image ¥ in this sphere, which is an effective estimate of
¥o- This way the prior is exploited for solving the denoising problem. The above for-
mulation of the denoising problem is in fact that Maximum-A-posteriori-Probability
(MAP) estimator, and more detailed and accurate version of it will be introduced
later on in Chapter 11.

Much effort has been allocated in the signal and image processing communities
for forming priors as closed-form expressions. One very common way to construct
P(y) is to guess its structure based on intuitive expectations from the data content.
For example, the Gibbs distribution P(y) = Const - exp{—/lllLyllg} uses a Laplacian
matrix (defined as the linear space-invariant operation that applies the Laplacian
filter to the image y) to give an evaluation of the probability of the image y. In such
a prior, smoothness, measured by the Laplacian operator, is used for judging the
probability of the signal.

This prior is well-known and extensively used in signal and image processing,
and is known to be related to both Tikhonov regularization on one hand, and to
Wiener filtering on the other. Returning to Equation (9.1), this prior leads to an
optimization problem of the form

min L3 subjectto [Iy -yl < e, 9.2)

3

which can be converted to
Ignm&ﬁ+mw—m& 9.3)

where we have replaced the constraint by an equivalent penalty. The solution is
easily obtained as

§=u[L'L+u] 'y, 9.4)

The value of i should be chosen such that the constraint ||§ — y||,» < € is met.
A similar problem, where y = Hy, + v, with H representing a linear degradation
operator (e.g., blur), leads to the solution

§=u[L"L+H"H| . 9.5)

This is the well-known Wiener filter, which for space-invariant and cyclic operators,
L and H, it can be solved directly in the frequency-domain.
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The above specific prior stressing smoothness is known to cause blurring of the
image when used in various image enhancement and restoration tasks. The rem-
edy for this problem was found to be the replacement of the ¢,-norm by a more
robust measure, such as an {;-norm, that allows heavy tails for the distribution of
the values of Ly. Thus, a prior of the form P(y) = Const - exp{—A|Lyl|;} is far
more versatile and thus became popular in recent years. Similar to this option is
the Total-Variation (TV) prior (Rudin, Osher, and Fatemi, 1993) that also promotes
smoothness, but differently, by replacing the Laplacian with gradient norms, thereby
using first-derivatives rather than second ones. Note that with the intuition gained in
previous chapters we see that the adoption of the ¢;-norm leads to an enforcement
of sparsity of the signal/image derivatives.

A different property that can be used for constructing a prior is assuming a struc-
ture on the signal’s transform-coefficients. One such example is the JPEG compres-
sion algorithm, which relies on the fact that 2D-DCT coefficients of small image-
patches tend to behave in a predicted way (being concentrated around the origin).
A different example refers to the wavelet transform of signals and images, where
the coefficients are expected to be sparse, most of them tending to zero while few
remain active.

The above two examples are an excellent illustration for the notion of linear ver-
sus non-linear approximation. In linear approximation, we apply a transform and
choose a pre-specified set of M coeflicients to approximate it, just as done with the
2D-DCT coefficients above,' and PCA in general (see next). A non-linear approxi-
mation takes the dominant M coefficients, regardless of their location. Using these
M-term approximations, the non-linear approach is expected to lead to a better rep-
resentation of the original signal. Indeed, this is the approach used on the wavelet
coeflicients.

Lets us look more closely at the wavelet transform, and how it leads to a prior.
For a signal y, the wavelet transform is given by Ty where the matrix T is a spe-
cially designed orthogonal matrix that contains in its rows spatial derivatives of
varying scale, thereby providing what is known as “multi-scale” analysis of the sig-
nal. Therefore, the prior in this case becomes P(y) = Const - exp{—/lIITyllﬁ} with
p < 1 to promote sparsity. Here the resemblance to the Total-Variation and the
Laplacian priors becomes evident, as in all these cases derivatives of some sort and
a robust measure are combined in forming the prior distribution P(y).

Wavelet-based priors shed light on a rich family of signal priors that assign like-
lihood for an image based on the behavior of its transform coefficients Ty. In the
signal and image processing literature, such priors were postulated in conjunction
with a variety of transforms, such as the Discrete-Fourier-Transform (DFT), the dis-
crete cosine transform (DCT), the Hadamard, and even data-dependent transforms
such as the Principal-Component-Analysis (PCA, also known in the signal process-
ing community as the Karhunen-Loeve-Transform - KLT).

! Actually, JPEG operates slightly different, by considering the leading DCT coefficients to be
active, but allowing some outliers, and in that respect, this is not an exact linear approximation.
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Constructing a PCA-based prior starts by gathering a database of signal exam-
ples, Y = {y j}j € R", as described above. We compute the center of this cloud of

n-dimensional points, ¢ = 1%, > ;Y. as the mean of all the examples. Then we com-
pute the auto-correlation matrix R = % 2y —oy; - ¢)”. The effective prior is
given as the multivariate Gaussian distribution

P(y) = Const - exp {%(y -¢)R (y - c)} . (9.6)

This model assumes that the cloud of examples Y behaves like a high-dimensional
ellipsoid in IR", where c is its center and R describes its shape. If we assume that
¢ = 0 (i.e., if we deal with signals shifted to the origin), then this model is very
close to the Tikhonov regularization mentioned earlier, by assigning L’L = R™!.
This model is the one that leads to the 2D-DCT in JPEG mentioned above.

One may adopt a common point of view towards all these signal priors, regarding
them as mere attempts to describe a random generator machine M that supposedly
generates the signals of interest. However, in all these cases, while the relative?
evaluation of the probability for a given signal is easy via the P(y) formulae, drawing
a random sample from such distributions is quite difficult. This brings us to the
Sparse-Land model, which is a way for synthesizing signals according to a prior
defined by a transform.

9.2 The Sparse-Land Model

Let us return to the linear system Ax = y and interpret it as a way of constructing
signals y. Every column in A is a possible signal in IR"” — we refer to these m columns
as atomic signals, and the matrix A displays a dictionary of atoms. One can consider
A as the periodic table of the fundamental elements in the “chemistry” that describes
our signals.

The multiplication of A by a sparse vector x with ||x||8 = ko < n produces a
linear combination of ky atoms with varying portions, generating the signal y. The
vector X that generates y will be called its representation, since it describes which
atoms and what “portions” thereof were used for its construction. This process of
combining atoms linearly to form a signal (think of it as a molecule in the chemistry
of our signals) may be referred to as atomic-composition.

Consider all the possible sparse representation vectors with cardinality ||X||8 =

ko < n, and assume that this set of (,’:)) possible cardinalities are drawn with uniform
probability. Assume further that the non-zero entries in x are drawn from the zero-
mean Gaussian distribution Const-exp{—axiz}. This gives us a complete definition of
the PDF of x, and thus also for the way signals y are generated — this constitutes the

2 Due to the need for the normalization coefficient.
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random signal generator Ma 4,..}- Note that the signal y is the outcome of a mixture
of Gaussians, each of dimension ky with equal probability.

A modification that can be introduced into the above model is the replacement of
the fixed cardinality with a random one. In such case, rather than assuming that every
signal is composed of a fixed ky atoms, one could assume that the cardinality itself is
random, with emphasis on sparse representations, such as a probability proportional
to exp{—k}. Such a change is not significant to our discussion here.

An important further addition to the definition of the signal generation model
M could be postulating a random perturbation (noise) vector e € R” with bounded
power |le]l, < €, such that y = Ax+e. Such an additive perturbation is useful because
of two important reasons:

e The model M imposes too strong restrictions on the signals, and using it in prac-
tical applications will necessarily lead to a mismatch between actual observed
signals and their imposed model. The introduction of the € perturbation mends
this problem.

e The case € = 0 implies that the volume of signals generated by M is of “zero
measure” within IR". This is because we assume a finite number of possible sup-
ports, (kmo), each leading to a kyp-dimensional subspace signals in the R" space.
If € increases, this set assumes a small but positive volume, via the “thickened”
cloud around those subspaces.

With the addition of such a perturbation, we refer hereafter to the Sparse-Land
model as M(A, kg, a, €).

At this point the reader might be troubled by the arbitrariness of the Sparse-Land
model, and wonder why should such a description fit signals of interest? In order
to partially answer this question, we should note that despite the very different ap-
pearance of this model, it is in fact tightly related to methods we discussed earlier
in Section 9.1. Consider, for example, the case where A is square and invertible.
The relation AX = y can be converted to be x = A~y = Ty, where T = A~!, This
means that the sparse representation vector we use here plays a role of a transform-
coeflicients vector. Thus, a model of the sort P(y) = Const - exp{—/lllTyllg}, as de-
scribed earlier, is in fact equivalent to a model P(y) = Const - exp{—/lllxllg}, which
describes the probability of the signal y in terms of the sparsity of its representa-
tion X, just as Sparse-land does. Does this imply that Sparse-Land is included in
the transform-based models mentioned earlier? The answer is negative, as we argue
towards the end of this chapter, when we discuss analysis versus synthesis models.

9.3 Geometric Interpretation of Sparse-Land

In order to gain a geometric insight into the Sparse-Land model and some alterna-
tives to it, we return to the beginning of this chapter, considering a large corpus of
signal-examples (vectors) Y = {y j}j € R". We concentrate on one arbitrary signal
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Yo € Y and its §-neighborhood, and aim to study this neighborhood’s behavior in
the n-th dimensional space.

For small enough value of §, moving from y, along the directions e = y — yy
represent small permissible perturbation directions that lead to feasible signals. The
question we pose is: do those fill the entire R" space? We denote this set of permis-
sible directions as

Q) ={ele=y-yo, wherey € Y and |ly - yoll» < 6}. 9.7)

Gathering all vectors e € ng into an nx |Q‘y50| matrix Ey , we aim to study the behav-
ior of its singular-values. We will be interested in families of structured signals, for
which the effective rank of such matrices is ky, < n, for any yo € Y. This is equiv-
alent to the statement that the ky, + 1 singular-value and beyond in these matrices
tend to be near-zero and are therefore negligible.

Signals satisfying the above local low-dimensionality assumption essentially
give a local behavior that is approximately a linear subspace of dimension ky,,
shifted around y(. While this subspace and its dimension may vary from one point to
another in the signal space, all of them are characterized as being far smaller than the
ambient n dimensions. Experimental studies show that most signals we work with,
such as images, audio, and more, follow such a structure, and this can be exploited
in processing them.

As a simple example for how to exploit this structure, consider again the denois-
ing problem. A clean signal yj is to be recovered from a noisy version of it y, where
Ily — yoll < 6o < 6. Suppose that from the complete set Y we extract all examples
that are in the d-neighborhood of y. We compute the average vector of this set, ¢,
and subtract it,> getting a good approximation to ng, since g < d. The accuracy of
this approximation is dictated by the assumption that the local permissible subspace
changes smoothly, enabling the assumption § > dy.

The knowledge of ng implies the knowledge of the ky -dimensional subspace
spanning its members (the columns of Ey ). Let us denote this subspace by the nxky,
matrix Qy,, such that its columns form an orthogonal set of vectors. The permissable
signals that may explain the noisy signal y can be formulated as a linear combination
of the columns of Qy, with a shift ¢, i.e., the possible solutions are of the form
Qy,z + ¢. Thus, an effective denoising is obtained by computing the projection of y
onto this affine subspace,

Zop = argmin [[Qy,z + ¢ = yIl} = Qy,(y — ©). (9.8)
leading to

§=0Qy,Q;y-0o+c (9.9)

3 The set gathered forms as affine subspace, and the average computed is the estimation of its
origin.
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Fig. 9.1 A graphic demonstration of the denoising process that uses local neighbors in order to
compute the center ¢, and the projection directions Qy.

The essence of this process is the assumption that any content orthogonal to the
directions in Qy, is known to be pure noise and thus should be discarded. Figure 9.1
presents this explanation graphically.

Based on the above description, it is tempting to suggest a modeling of a signal
source by holding many instances of example signals Y/, and using them directly
in the denoising process. We can repeat the above process, of seeking the §-close
neighbors, estimating the local subspace, and projecting onto it. This is known as a
local Principal-Component-Analysis (PCA) modeling. Its major drawbacks are the
need for a very large set of examples in order to guarantee effective modeling, and
the high-complexity algorithm for cleaning any signal by sweeping through all this
database.

In the above local-PCA model, Qy, are the principal directions of the signal for
the location yy, and those are permitted to vary freely as a function of yy. In general,
a complete model of this sort requires either a storage of Y/ and extraction of Qy,
per need, or a storage of all the possible unitary bases, gathered off-line for every
y € 8. Both options are prohibitive in most cases.

If we can further assume that a finite and small number of such projection-
matrices and center-vectors, {Q,, cp}[’j _, (say few hundreds or thousands), cover all
possible cases, this model can be made more efficient. This calls for a (possibly
fuzzy) clustering of the signals y € Y to subgroups that correspond each to a dif-
ferent matrix Q, and a center ¢,. Once a signal is to be processed using this model,
we start by assigning it to one of these groups (by searching its nearest-neighbor in
Y), and then attaching the proper projection-matrix and center vector {Q,, ¢,} to it
for further processing. Such a model has been proposed by Yi Ma and others, under
the name Generalized PCA, and shown to be very effective in grasping the images’
behavior.

The Sparse-Land model is one step further in an attempt to make such local
model more concise. Assuming for simplicity that all these local subspaces are of
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the same dimensionality, &, using sparse representations of cardinality k over a dic-
tionary A with m columns, we have at our disposal (’,’:) subspaces, just by allowing k-
sparse representations with all the possible supports. This way, our dictionary holds
very efficiently all the key directions required to represent the signal anywhere in
R", while enabling a very large number of possibilities. Clearly, though, this comes
at the price of further restricting the structure of the model by assuming that the
atoms in the dictionary are principal directions shared by many sub-spaces.

For completeness of the above presentation, we should mention yet another ap-
proach that could benefit from the availability of the example set Y. Given a noisy
version of yy, denoted by y, such that |ly — yoll» < d9, we can simply search for
the nearest-neighbor for y in Y/, and consider this as the denoised result. This direct
example-based technique is very appealing, but it would work well only under the
very restricting assumption that Y is sampled very densely, so as to hold the clean
signal yq or others very close to it.

This approach could be considered as an extreme sparse representation modeling
of the signal y, such that the §-local neighborhood serves as its local (and varying)
dictionary, and we allow for use of one atom with a coefficient being 1 to represent
it.

Alternatively, one could seek the K-nearest-neighbor signals to y in Y and aver-
age them. This tends towards the vector ¢ used in the above affine modeling as the
estimated center, and this result is inferior to the local-PCA method. Thus, the bene-
fits that parameterized models, such as clustered-local-PCA and Sparse-Land, bring
are the ability to work with reasonably modest example sets, and a stable estimation
of the local characteristics.

9.4 Processing of Sparsely-Generated Signals

How do we practice signal processing for Sparse-Land signals? Suppose we have a
signal y which has been generated from the model M(A, ko, @, €) and the parameters
of the model are known. There are numerous signal processing tasks that could be
of interest to us; let us discuss them and see how sparsity-seeking representations
might enter in.

e Analysis: Given y, can we determine the underlying vector x, which generated
it? This process may be called atomic-decomposition, as it leads us to infer the
individual atoms that actually generated y. Clearly, the true underlying represen-
tation obeys ||[AXy — y|l» < €, but there will be many other vectors x generating
similarly good approximations to y. Suppose we can actually solve (Pf):

(Pj): min |x|lp subjectto |ly — Ax|, < e.
X

Under our assumptions, the solution xf of this problem, though not necessarily
the underlying x, will also be sparse and have ky or fewer non-zeros. Results
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described in earlier chapters show that if kq is small enough, then the solution of
(Pf) is at most O(e) away from xo.

e Compression: Nominally, y requires a description by n numbers. However, if
we can solve (PS) where 0 > ¢, then the resulting solution xg affords an approxi-
mation § = Axg to y using at most 2k scalars, with an approximation error of at
most 6. By increasing 6 we obtain a deeper compression with fewer non-zeros,
and a larger approximation error. This way, we obtain a rate-distortion curve for
a compression mechanism.

e Denoising: Suppose that we observe, not y, but instead a noisy versiony =y +v
where the noise is known to obey |[v|, < ¢. If we can solve (Pg*f), then the
resulting solution xS*E will have at most ky non-zeros; our earlier results show
that if ko is small enough, then X8+§ is at most O(e + §) away from X,. Once
found, we obtain an approximation of our cleaned signal by Axg“.

e Inverse Problems: Even more generally, suppose that we observe, not y, but
a noisy indirect measurement of it, § = Hy + v. Here the linear operator H
could represent blurring, masking (which leads to in-painting), projection, down-
scaling, or some other kind of linear degradation, and v is noise as before. If we
could solve

min ||x||p subjectto ||§f — HAX|, < d +¢,
X

then we would expect to identify directly the sparse components of the underly-

ing signal and obtain an approximation Axg“.

o Compressed-Sensing: For signals which are sparsely generated, one can obtain
good reconstructions from a reduced number of measurements — thereby com-
pressing the sensing process rather than the traditionally sensed data. Let P be a
random jj X n matrix with Gaussian iid entries, and suppose that it is possible to
directly measure ¢ = Py, which has jy < n entries, rather than sensing y, which

requires n values. Attempt recovery by solving

min ||x|lp subjectto |lc — PAx||, <,
X

to obtain the sparse representation and then synthesizing an approximate recon-
struction using Axg. Results from compressed-sensing suggest that if jo > 2ko,
this recovery is likely to succeed with high-probability.

e Morphological Component Analysis (MCA): Suppose that the observed signal
is a superposition of two different sub-signals y;, y» (i.e., y = y; + y2) where
y1 is sparsely generated using model M, and y, is sparsely generated using
model M,. Can we separate the two sources? Such source separation problems
are fundamental in processing of acoustic signals, for example in the separation
of speech from impulsive noise by Independent Component Analysis (ICA) al-
gorithms. Turning to the signal model presented here, if we could solve

: : 2 2 2
min_[Xyflo +[1X2llo subject to [ly — Aixi — AoXoll; < € + 6,
1,42
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the resulting solution (x{,x5) would generate a plausible solution §; = Ax{,
§2 = AXS to the separation problem.

There have been several successful trials of this idea by Starck and others, first
in acoustics and later in image processing. An appealing image processing ap-
plication that relies on MCA is inpainting, where missing pixels in an image are
filled-in, based on a sparse representation of the existing pixels. MCA is neces-
sary because the piecewise smooth (cartoon) and texture contents of the image
must be separated as part of this recovery process.

A wide range of other applications including encryption, watermarking, scrambling,
target detection, recognition, feature extraction, and more, can also be envisioned.
All these application ideas call for the solution of (Pg), or variants. We have inten-
tionally described all these proposed applications in the conditional mood, since in
general (Pg) is not known to be tractable or even well defined. However, our earlier
discussion of (Pg) shows that the problem, under the right conditions, is sensible
and can be approximately solved by practical algorithms.

9.5 Analysis Versus Synthesis Signal Modeling

Just before leaving this chapter, we return to the core of the Sparse-Land model def-
inition, and contrast it with an interesting alternative. Sparse-Land is built around
a generative model for the signal y, by constructing it as a linear combination of
atoms, AX = y. An alternative, more in line with the priors mentioned in the be-
ginning of this chapter, is an analysis modeling that assigns a probability P(y) to 'y
by analyzing it through an analysis operator T, effectively computing the analysis-
representation Ty.

Consider, as an example, denoising with Sparse-Land. Solving (Pg*‘s) as pro-
posed above,

§ = A -argmin |[x||o subjectto |ly — Ax|[; < €+,

leads to denoising. Assume now that A is square and invertible and define z = Ax.
The above denoising process can be re-written equivalently as

§ = argmin |JA"'z||y subjectto |ly —z|l» < €+ 6.
z

Thus, the matrix A~' becomes an analysis operator T, and the formulation obtained
here coincides with the one that appeared in Equation (9.1).

A classic example for such a pair of analysis and synthesis formulations that are
equivalent is the 1D Total-Variation analysis operator and the Heaviside synthesis
dictionary. The 1D Total-Variation performs a simple derivative by convolving the
signal with the filter [+1, —1]. Let us assume that at the right border of the signal, we
proceed with zero padding (implying that the rightmost sample is multiplied by 1).
This results with an n X n Toeplitz matrix with the main-diagonal containing (+1)-
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Fig. 9.2 The matrix T for the 1D Total-Variation (left) and the corresponding synthesis operator
A, the Heaviside basis (right).

es, and the first diagonal to the right containing (—1)-es. We compute its inverse,
A = T, and the resulting matrix gives the Heaviside basis. Its columns are simple
step functions in all possible n locations. Figure 9.2 presents these two matrices,
both of size 100 x 100.

The equivalence between these two operators is natural since in analysis terms,
we seek a piecewise smooth signal that shows little energy in the sum of the ab-
solute derivatives. In a generative way, this implies that such a signal is built as a
linear combination of few step functions. This way, we see that our proposed model
can cover known Markov-Random-Field (MRF) models that are extensively used in
signal and image processing.

The above may suggest that analysis and synthesis based modelings may become
equivalent in the general case, where A is a full-rank matrix of size nxXm with n < m,
with the following two presumably equivalent formulations for denoising:

(PSymhesis) ys =A- arg H';il’l ”X”O SllbjCCt to ”y - AX“Z <€e+o

(PAnalysis) ya = arg Il’lzil’l ”TZ”O SubjeCt to ||y - Z”Z <€e+ 57

for A = T+ = (TTT)"'T”. In fact, starting from the analysis formulation, we define
Tz = x and thus we can replace the term ||Tz||y by the simpler, ||x||o. Multiplying this
equation by T”, we obtain the relation T” Tz = T” x. Based on the full-rank assump-
tion made above regarding A (and thus T), this implies that z = (T7T)"'T”x = Ax,
and therefore the £,-term in the constraint can be replaced to from |y — z||; to
lly — Ax]l>.

While this seems like a perfect transfer from the analysis to the synthesis formu-
lation, it is in fact missing a key element. From the two equations we got, Tz = x and
z = (TTT)"'T”x, immediately follows the requirement on x, T(T'T)"'T’x = x.
This requirement simply states that x must reside in the range of T. Adding this as a
constraint to the synthesis formulation, we get an exact equivalence, and otherwise,
the synthesis gets a larger number of degrees of freedom, and thus its minimum is
deeper (in fact, it is upper-bounded by the analysis formulation).



180 9 Sparsity-Seeking Methods in Signal Processing

This way we see that the two models depart in general. The discussion throughout
this chapter is steered towards the synthesis model, and this would be the focus of
the signal processing modeling we adopt here. However, we stress that there is no
clear answer to the question which of the two modeling approaches is better.

9.6 Summary

In this chapter we have proposed a generative model for describing signals. This
model, denoted by M(A, kg, @, €) assumes that the signals of interest are created
as random sparse combinations of atoms from a given dictionary, with a permitted
small perturbation. We saw that this model is related to other ones that are exten-
sively used in signal and image processing, such as MRF, Total-Variation, PCA and
local-PCA, and more.

It must be clear that any mathematical model for signals, including the Sparse-
Land model presented here, must do some injustice to the signals modelled, as it
cannot describe their content exactly. Nevertheless, and despite this deviation from
the true signal behavior, such models can be used successfully in various signal pro-
cessing applications. The reason for this success could be explained in the following
way. Consider a true signal source of dimension 7, and further assume that the prob-
ability density function (prior) for this source is given as the function P(y). When
we propose a model we essentially propose an alternative PDF, P(y).

A perfect model would be one that provides a very close approximation to this
PDF, implying for example that ||P(y) — P(y)|| is very small. Less favorable models,
but ones that may still perform well, would be those that give a very small weighted
error ||P(y)(P(y) — P(y))||. This means that the error is small in the active zone of the
signal distribution, while getting a somewhat larger error in the inactive zone. This
implies that such models are excellent in stating whether a signal is likely to occur,
but are weaker in detecting whether a signal is not.

Put differently, assume that the portion covered in R" by true signals is ft,,e << 1
(the zone where P(y) is relatively high). The less favorable models mentioned above
may provide a coverage of tye < Umoder << 1 portion in this space, such that it
covers all/most-of the true zone and an additional (wrong!!) part. Synthesizing a
signal from this model is very likely to result with a non-natural signal, since most
of the area endorsed by this model is outside the true zone of likely signals. Thus,
synthesis of signals from such a model leads to a failure. Nevertheless, cleaning an
additive noise with such a model may work very well. This is because the additive
noise puts us in a region where P(y) is very low, and most chances are that in this
area f’(y) is also very low (because 4. < 1). Denoising amounts to a search of §
in the vicinity of y such that it gives the highest value of P(y), and if this aligns with
maximizing the true probability P(y), we have a good denoising algorithm.

Further work is required to establish the above preliminary ideas and show that
they hold true for popular families of signals of interest.
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Chapter 10
Image Deblurring — A Case Study

In this chapter we present an application of the Sparse-Land model to image de-
blurring, in order to demonstrate the applicative side of the above-discussed model
and algorithms. As we show next, this long-studied problem can be handled quite
effectively using the fundamentals of the model with hardly any changes. The con-
tent of this chapter follows closely with the work by M.A.T. Figueiredo and R.D.
Nowak that appeared in ICIP 2005, and a later paper by M. Elad, B. Matalon, and
M. Zibulevsky (2007). While there exists a more recent work that leads to some-
what improved results, the appeal in this work is the relative simplicity with which
near-state-of-the-art results are obtained.

10.1 Problem Formulation

We assume that an original image y of size vn X +/n pixels (and in our case
\/n = 256) goes through a known linear space-invariant blur operation H, followed
by an additive zero-mean white Gaussian noise with known variance o2. Thus, we
measure a blurred and noisy image of the same size, ¥ = Hy + v. We aim to recover
y, with the assumption that y could be described as Ax with a known dictionary A
and a sparse vector X. As we have seen in Chapters 6 and 9, this problem leads to
the following minimization problem

1
X = arg min E”y - HAxIl% +2-17 -p(X) , (10.1)

where p(x) operates on every entry in X separately. A commonly used choice of
p(x) is p(x) = |x|? with p < 1, which leads to the £,-norm, but many other options
exist. The restored image is given by § = AX, and our goal is to get as close as
possible to the original image, in terms of the mean-squared-error (MSE). As we
will be employing synthetic experiments, in which we start from an original image,
degrade it, and then restore ¥, this error can be evaluated.
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There is a similarity between the restoration technique posed here and the Total-
Variation (TV) image restoration, in which the penalty to be minimized is given
by

. B
§=argmin S~ Hyll; + - 1" pry(y). (10.2)

The term pry(y) computes the local (discrete) 2D-gradient length at each pixel,

N

(h and v represent horizontal and vertical directions) and list those in one column
vector of length n.

In terms of our definitions in Chapter 9, this is an analysis-based inverse problem,
since the unknown is the image itself and not its representation. We have seen that in
the 1D case, the first-derivative in the analysis-form corresponds to a Heaviside basis
in the synthesis counterpart. As we are dealing here with a 2D image, such a relation
no longer holds. Nevertheless, one could replace the TV penalty 17 - pry(y) with
an approximated version of it that computes four first-derivatives in orientations
0°, 45°, 90°, and 135°, and sums their absolute values with proper weights,

1 1
16y /ddoll; + $||3Y/0d45||1 + |10y /ddooll; + $||3Y/5d135||1-

This penalty can be written as ||Ty||;, where T is of size 4n X n, containing the
four derivative operations. The resulting scheme has an exact analysis structure,
for which we may explore the corresponding synthesis one. We note that while the
obtained operator T is nearly rotation-invariant, it is not of a multi-scale nature, i.e.,
all the computed derivatives are of the same scale. This should be contrasted with
the wavelet alternative which we introduce next.

10.2 The Dictionary

For the formulation in Equation 10.1 to lead to a practical image deblurring algo-
rithm, we have to specify the dictionary A, such that it could lead to sparse represen-
tation modeling of image content. Following the work by Figueiredo and others, we
use the translation-invariant (undecimated) wavelet transform using Daubechies’ 2-
taps filter (Haar), with 2 layers of resolution, leading to a redundancy factor of 7 : 1.

The chosen Haar transform is obtained by filtering the image with the 1D kernels
[+1,+1]/2 and [+1, —1]/2 horizontally, and applying the same filters vertically on
the two outputs. This gives 4 output images of the same size as the input one. The
process proceeds with the low-low pass image (the one that went through the kernel
[+1,+1]/2 in both directions), applying the same set of operations, thus getting an
overall of 7 images of size \/nx n each, at the output. This entire process describes
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Fig. 10.1 The forward filtering process that computes A”y.

the multiplication ATy in our terminology. Figure 10.1 shows this filtering process.
Figure 10.2 shows the inverse operation that folds these filtered images back to
the original image, thus computing Ax. Figure 10.3 presents the 7 bands obtained
using the traditional wavelet presentation, although, as opposed to the unitary Haar
wavelet described here, each band gives an image of the same size.

We note that this choice of dictionary is far from being the optimal choice for
sparsely representing images, and better results may be obtained if a more adequate
dictionary is used. Such a transform is available within Wavelab, the Rice wavelet
toolbox, and other public domain wavelet packages.

The operation Ax is accomplished by the inverse Haar transform for this redun-
dant case. Since this transform represents a tight Frame (i.e., AA” = I), the adjoint
and the (pseudo) inverse are the same.! The adjoint operation can admit a filtering
interpretation, much like the operation Ay, but we shall not dwell on this here.

! Verifying that the inverse transform is also the adjoint (transpose) can be done by computing the
inner-product between the forward transform of two random vectors, v and u, (A”v, ATu), and
verifying that it coincides with v7u. Several such tests leading to exact equality are sufficient.
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Fig. 10.2 The inverse filtering process that computes Ax.

Applying the inverse transform on a vector X = e; (i.e., only the i-th entry is
equal to 1 and all the rest are zeros) gives the i-th column in A, and this can be used
for visualizing the atoms in this dictionary. Figure 10.4 presents 20 such atoms that
were chosen at random, out of 2,800 atoms that serve for representing images of
size 20 x 20 pixels with the same redundancy factor.

10.3 Numerical Considerations

The numerical solvers used in our experiments for the deblurring task are the SSF
and the PCD, as described in Chapter 6, using 100 iterations, with and without a
line search or SESOP speedup. The parameter A is set manually to lead to the best
results. The method used in the original work by Figueiredo and Nowak is the plain
SSF, given by
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Fig. 10.3 The 7 bands of the 2 resolution layers Haar wavelet. This graphic description fits the uni-
tary Haar wavelet, and in our implementation every band leads to an image of the same (original)
size.

1 -
Xir1 = Spye | Xk + EATHT (§ - HAXy) |, (10.3)

with ¢ = 1, since ||HA||% =1.

In our tests we used p(x) = [x| — slog(1 + |x|/s), which leads to near-{;-norm
for small values of s > 0 (s = 0.01 in our experiments). Figure 10.5 presents the
function p(x) for several choices of the parameter s. Despite its first appearance, this
function is smooth everywhere and convex, as its derivatives manifest,

dp(x) _ |xlsign(x) and d’p(x) s
dx s+ dx  (s+x)?

One important advantage of this choice of p is the fact that it leads to a closed-form
analytical expression for the shrinkage step. Considering the function

(x = %))’
) = ===+ Ap(x), (10.4)
the minimum is obtained for
y .
S . (C) (10.5)
dx s+ X

Assuming that xy > 0, this necessarily implies that the solution to the above equa-
tion, x,,;, is also non-negative. This is because in the first term ((x — x0)%/2) in
Equation (10.4) would prefer a positive value over a negative one, and the second
term (Ap(x)) is indifferent to this sign. Therefore, the equation we face is
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Fig. 10.4 A set of 20 randomly chosen atoms from a dictionary of size 400 x 2800, used for repre-
senting images of size 20 X 20 pixels. These atoms refer to the Haar translation-invariant transform
with 2 resolution levels. We see in these atoms horizontal, vertical, or combined derivatives, we
see two possible support sizes, and we also see atoms which are constant over their support, repre-
senting the low-low part of the transform.
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O:df(x)zx—xo+/l X :(x+s)(x—x0)+/lx' (10.6)
dx S+ x s+ x
The solution to this equation is given by (the negative option is discarded)
—s—A A—x0)?+4
Kopt = (xo—s )+ \/(;+ X0)” + 4sxo ' (10.7)

Naturally, for xo < 0 the same formula applies with negating and mirroring this
curve. This analytic shrinkage rule for 4 = 1 is presented in Figure 10.6 for the
same choices of the parameter s as in Figure 10.5. As can be seen, as s gets smaller,
we are approaching a soft-thresholding function.

Another benefit in the use of the above smoothed £;-norm expression, is the abil-
ity to apply Newton optimization within the line-search (or SESOP optimization)
that takes place within every iteration.

The work by Figueiredo and Nowak is different with respect to the choice of
the function p, as they consider an £,-norm with p = 0.7, or an alternative called
Jeffrey’s uninformative prior. Another difference between the two solutions refers
to the initialization: Our simulations are initialized with X, = 0, whereas the work
by Figueiredo et al., proposes a potentially better initialization based on an adaptive
Wiener restoration. For a convex penalty function as the one we use, this has no
important consequences, but as we tend to non-convex choices of p(x) this difference
may be critical.

10.4 Experiment Details and Results

In the following experiments we apply the above algorithms for the restoration of
the image shown in Figure 10.7. We assume that the blur kernel is a 15 x 15 filter
with values 1/(i* + j2 + 1) for =7 < i, j < 7, normalized to have a unit sum. This
blur kernel is shown in Figure 10.8.

We start by presenting the deblurring performance for > = 2 (1 = 0.075). Figure
10.9 presents the comparative performance of the SSF (plain, with line-search, and
with SESOP-5 acceleration) and the PCD (regular and with SESOP-5 too). The
graphs show the value of the objective as a function of the iteration. Similarly to
the conclusions drawn in Chapter 6, it is clear that (i) line-search is helpful for SSF;
(i1) SESOP acceleration helps further in accelerating SSF and PCD; and (iii) PCD-
SESOP-5 is the fastest to converge.

For a quantitative evaluation of the results, we use the Improvement-Signal-to-
Noise Ratio (ISNR) measure, defined as

lly - ¥15
ISNR =10-log{ ——2-1 [dB] . (10.8)
IAX - yll5
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Fig. 10.5 The function p(x) for several choices of the parameter s. The top graph shows the
general structure, and the bottom one presents a zoomed version of this graph around the origin.
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Fig. 10.6 The shrinkage rule for the function p(x), for several choices of the parameter s and
assuming A = 1.

Fig. 10.7 The original image cameraman, on which the restoration experiments are performed.
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Fig. 10.8 The blur kernel used, a 15 x 15 filter with values 1/ + j2 + 1) for =7 < i,j < 7,
normalized to a unit sum. The blur is presented both as a mesh-graph and as an image.

This way, if we propose § as the solution, /SNR = 0dB. For a restored image of
better quality, the ISNR is expected to be positive, and the higher it is, the better
the image quality obtained. Figure 10.10 shows the ISNR results for the test with
o2 = 2, as a function of the iteration for the various iterative-shrinkage algorithms
tested. As can be seen, PCD (with or even without a SESOP speedup) is the fastest
to obtain the maximal quality.

Figure 10.11 shows the restored images obtained after 30 iterations of the PCD
algorithm. Figure 10.12 similarly shows the result obtained for o> = 8 (for which
we choose A = 0.15 for best ISNR). As can be seen, the resulting images are restored
very well, even by this very simple and crude algorithm.

As a teaser, just before we conclude this chapter, we draw the reader’s attention
to the following strange behavior. As we minimize the penalty function discussed
in this chapter, f(x) = 0.5]|Ax — y|[3 + 1 - 17 - p(x), our goal is the recovery of the
sparse representation x of the image we are restoring. As such, we expect this vector
to be sparse, so as to fulfil the Sparse-Land model assumptions. Thus, it is natural
to ask: How sparse is this vector at the solution? Figure 10.13 shows a sorting of the
absolute values of the entries in X. As can be seen, the result is not sparse at all!

2 There are ways to stop these algorithms when they get to the peak-ISNR value based on the
SURE estimator.
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Fig. 10.9 The value of the penalty function in Equation 10.1 as a function of the iteration, shown
for several iterative-shrinkage algorithms: (i) Plain SSF; (ii) SSF boosted by a line-search; (iii)
PCD (with line-search); (iv) SSF with SESOP speedup; and (v) PCD with SESOP speedup.
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Fig. 10.10 Deblurring results in terms of ISNR as a function of the iteration, shown for several
iterative-shrinkage algorithms: (i) Plain SSF; (ii) SSF boosted by a line-search; (iii) PCD (with
line-search); (iv) SSF with SESOP speedup; and (v) PCD with SESOP speedup.
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Fig.10.11 Deblurring results with 30 iterations of the PCD algorithm: Measured blurry and noisy
image (left), and restored (right). This result refers to the experiment with o> = 2 (resulting with
IS NR = 7.05dB).

Fig. 10.12 Deblurring results with 30 iterations of the PCD algorithm: Measured blurry and noisy
image (left), and restored (right). This result refers to the experiment with o> = 8 (resulting with
ISNR = 5.17dB).
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Fig. 10.13 The PCD solution after 30 iterations presented by sorting it absolute entries. As can be
seen, the result is not sparse at all!

The reason for this result is clearly the choice of A, which gives a too weak
emphasis to the second term in the penalty, thus allowing a non-sparse solution. As
we have said above, this choice of A is deliberate, giving the best result in terms of
ISNR (or the smallest Mean-Squared-Error — the two are coupled). Thus we should
ask: Why the best performing A leads to a dense result, and is this a contradiction
to the Sparse-Land model we have described so enthusiastically in the previous
chapter? An interesting answer to this question is provided in Chapter 11, where
we consider explicit ways to compute the best (in terms of Mean-Squared-Error)
estimate of x for the Sparse-Land model.

10.5 Summary

It seems that a direct use of the Sparse-Land model from Chapter 9 to the image
deblurring problem leads to a successful application. This stands as the first among
many testimonials for the practicality of this model for image processing tasks. The
reason we have chosen to begin our journey to applications with this problem in
particular is the purity and immediacy with which we have migrated from the core
ideas in Chapter 9 to an actual solution of this inverse problem.
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Better image deblurring algorithms exist, and one such method is the BM3D-
based method by Dabov et al. Interestingly, while this method differs quite substan-
tially from the algorithm posed here, it is also based on the Sparse-Land model. This
method is applied on image patches, with a collaborative treatment of the image con-
tent. We shall return to these themes and discuss patch-based sparsity methods and
BM3D in particular, in later chapters.

This chapter also revisits the topic of iterative-shrinkage algorithms from Chapter
6. We see again the behavior of the SSF and the PCD and their accelerated versions.
The bottom line we have reached here suggests that in a matter of 10 — 20 iterations,
each applying one multiplication by A and its adjoint, one can get to the desired
result. There is one fact shadowing this conclusion — we observed that the outcome
does not show any tendency to be sparse. Does this stand in contradiction to the
Sparse-Land model? We now turn to Chapter 11, where this question is given an
interesting and surprising answer.
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Chapter 11
MAP versus MMSE Estimation

So far we kept the description of the pursuit algorithms on a deterministic level, as an
intuitive optimization procedure. We mentioned in Chapter 9 that these algorithms
correspond to an approximation of the Maximum-A’posteriori-Probability (MAP)
estimator, but this connection was not explicitly derived. In this chapter we make this
claim exact by defining the quest for sparse representations as an estimation task.
As we shall see, this calls for a clear and formal definition of the stochastic model
assumed to generate the sparse representation vector. A benefit of such treatment is
an ability to derive the Minimum-Mean-Squared-Error (MMSE) estimator as well,
and this in turn leads to the need to approximate it. These and more are the topics
we cover in this chapter.

11.1 A Stochastic Model and Estimation Goals

We start by defining a random generator of sparse vectors. While this definition
is arbitrary and can be modified in various ways, it grasps the essence of sparse
representations and their general behavior.

The generator we define produces a sparse vector x € IR” by first drawing at
random an integer scalar |s| from the Probability-Density-Function (PDF) P(]s]),
which represents the cardinality, ||x]lo = |s|. A typical behavior of P (|s|) would be
one that promotes sparser vectors, such as Py(|s]) ~ 1/|s], Ps(|s|]) ~ exp(—«]s]), or
even Py(|s|) ~ o(k — |s|) that imposes a fixed k non-zeros. For simplicity, we shall
proceed with this limited case where |s| = k.

Once k is chosen (or set, as mentioned above), we consider all ('Z) possible sup-
ports as equi-probable, and we draw one support s at random, such that |s| = k.
Finally, we assume that the non-zero entries in s are drawn from N(O, o-f.) as iid
entries. This completes the description of how x is generated, and this description
induces a PDF for this source, denoted by Py(x). We shall refer to this random
generator of vectors as G .
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As stated above, this model can be modified in various ways. Examples for gener-
alizing this model include the possibility to assign different variances to the chosen
non-zero coefficients, an ability to assign different probabilities for each entry to be
chosen, instead of spreading this uniformly, replacing the Gaussianity of the entries
with a heavy tailed distribution, and more.

Another way to pose a prior on X is to assign to each atom a probability P; to
participate in the active support. Once chosen, its entry value follows the same iid
Gaussian rule as above. Such a model may result with various supports, from the
very empty to the very full. Assuming that all atoms share the same probability and
the same variance o2, this implies that 2 parameters govern the complete behavior
of this model. The great appeal in this model is the total independence between the
m elements of x, as opposed to the (somewhat hidden) dependency that exists in G;.
We shall refer to this model as G,. Much of the analysis presented in this chapter
refers to both models, G| and G,, equally well.

Returning to our random generator G, described above, the random vector X is
assumed to be multiplied by the dictionary A of size n X m, giving a signal z that
is known to have a sparse representation. This signal is multiplied by a degradation
matrix H of size g X n. The measurement is the vector y = HAx + e, where e is a
zero-mean white Gaussian noise vector with iid entries, drawn from N(O, oﬁ). The
estimation goal is the recovery of x (or z) based on y and the statistical information
available to us on x and e.

The estimation we shall construct depends on various considerations. First, we
should define the goal for the estimator. The MAP estimator aims to find X that
maximizes the posterior probability P(x]y). The MMSE aims to find the solution
X that minimizes the expected ¢,-error of the estimation. Other goals and estima-
tors can be proposed, but we shall mostly restrict the discussion in this chapter to
these two. Beyond the objective the estimator targets, we shall see that practical
numerical considerations are also of interest, and especially so for cases where the
exact estimation cannot be computed or derived. As we shall see next, all the practi-
cal estimators formed for addressing the above defined problem are in general only
approximations.

11.2 Background on MAP and MMSE

Since we use the MAP and the MMSE estimators quite extensively in this chapter,
we provide here a general definition of these two Bayesian tools. Given a mea-
surement vector y and an unknown vector to be estimated, x, the MAP estimator
proposes the following estimate:

MAP = max P(xly), (11.1)

where P(x]y) is the posterior probability of x given the measurement y. Clearly, the
complexity of constructing the MAP estimate is mainly manifested in formulating
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well this conditional probability. Once this is done, the estimation problem becomes
an optimization task. In cases where this optimization is non-convex with many
possible local minimum solutions, the estimation becomes problematic and may
divert from the true objective posed.

Using Bayes’ rule, the posterior probability of x given the measurements is given
by

P(xly) = PORPX) (11.2)

P(y)
Considering the fact that the denominator P(y) is not a function of the unknown x,
and as such it can be disregarded, the MAP estimation amounts to

$MAP — max P(x]y) = max P(y[x)P(x). (11.3)

The probability P(y|x) is known as the likelihood function, and the probability P(x)
is the unknown’s prior. If this prior probability is flat and uninformative, the above
process effectively maximizes the likelihood function, leading to the well-known
Maximum-Likelihood estimator.

Turning to the MMSE, a well-known and classic result states that this estimator
is obtained as the conditional mean of the unknown. This is easily seen by writing
the mean-squared error as

MSE, = E (& - xI3ly) = f % — x|l P(xly)dx, (11.4)

and taking a derivative with respect to the estimate X in order to minimize the error.
This leads to

MSE
9 (,; == Zf(f(—x)P(x|y)dx: 0. (11.5)

Thus, the optimal (MMSE) estimator is given as

LMMSE _ fxxP(xly)dx

f Ply)dx = fXP(X|y)dX =Exly). (11.6)

The denominator in the above expression equals 1 since it is a complete integration
over the probability rule P(x]y).

Interestingly, if we define our goal as minimizing a weighted error with a matrix
W, the error considered is

WMSE, = E (||W(§< - x)||§|y) (11.7)

= f W& = %)l P(xly)dx.

The WMMSE estimator is obtained by requiring
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WMSE, .
66—; =2WI'W f & - x)P(x|y)dx = 0, (11.8)

If W'W is invertible, the above expression leads to the same estimator as before,
since the multiplication by W/ W can be omitted. If this matrix is not invertible,
this implies that our estimate is not unique, as it can remain optimal by adding any
portion that is found in the null-space of W' W.

Considering our estimation task, y = HAx + e, we could consider the minimum
MSE in the representation domain, E(||x — )‘(II%Iy), or focus on the error in the signal
domain, E(J|Ax — illgly). It is quite easy to see that the two estimation tasks align,
both requiring the minimizer of E(||x — f(||%|y), and if we desire the signal, we further
multiply by A. This is because

OE(J|AX — 7|
OE(lAx ~ 2ly) _ 0 f IAx - Z2P(xly)dx (11.9)
07 07 Jy

=2 f(i — Ax)P(x]y)dx = 0,
X
which leads to

Z=A fo(ny)dx = AE(Xy). (11.10)

11.3 The Oracle Estimation

11.3.1 Developing the Oracle Estimator

We have discussed the oracle in the context of the Dantzig-Selector, and we return to
it now, developing it for the estimation problem at hand. The oracle is an infeasible
estimator, as it assumes the knowledge of the chosen support for x, information that
is unknown in the actual problem. Nevertheless, there are several good reasons to
consider its construction:

e The oracle is the core ingredient in the practical estimators we derive next;
The oracle gives a reference performance quality to compare against;
The oracle provides simple and convenient closed-form expressions for the esti-
mation and the induced MSE; and

e The oracle is relatively easy to derive, and its development reveals some interest-
ing insight into the more complicated estimators that follow.

Since the support s is known, all that remains to estimate are the values of the non-
zero entries in X. We denote by x; a vector of length s containing those unknowns.
Similarly, A, is a sub-matrix of size n X k that corresponds to the support. Clearly,
y = HA x, + e, where x; ~ N(0,02I). Using Bayes’ rule, the posterior probability
of x; given the measurements is given by
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P(ylx,)P(x,
P(x,ly) = % (11.11)

The denominator P(y) can be disregarded as it is a constant factor normalizing this
probability. The probabilities P(y|x;) and P(X) are easily obtained as simple multi-
variate Gaussians,

P(x,) = : X% (11.12)
X) = P exp 2072 .
and
IHA x, — ylI3
P(ylx,) = Gl P {_T ) (11.13)

Thus, the posterior for the oracle is given, up to a normalization factor, as

T HA x, — y||2
x!x; |l Y||2}- (11.14)

P(x. — —
(Xs1y) oceXp{ 20 207

The MAP-oracle estimation would be the vector X, that maximizes the above prob-
ability, and this is given by

ﬁil/lAP—arucle = max P(X3|y) (1 1. 15)
Xy

{ XZXS ”HASXS - y”% }

max exp
202 2072

Xy

1 TyT 1 - 1 TyT

e X e

Notice a (linear) shrinkage effect in the above expression, as the term #I causes the
result to be somewhat smaller, compared to a direct pseudo-inverse of i—IAs.

Rather than developing the MAP, the oracle can target instead a minimization
of the MSE as its design goal. As we have seen above, the MMSE-oracle can be
obtained as the mean of the posterior probability P(x,|y). Since this probability is
Gaussian, its peak is also its mean, which implies that the MAP-oracle is also the
MMSE one. This outcome is classic and well-known, in the context of the Wiener
filter.

If we desire to minimize the oracle’s error in the signal domain, the error to
minimize is E (||A.,.(§( - x)||§|y). Assuming that AT A is invertible, we have seen that
the same estimator X remains optimal for this goal as well. This implies that we
assume 7 > k, which is readily satisfied for the sparse vectors x we are interested
in. Similarly, if we target the error in the measurements domain, non-singularity
of ATHTHA, implies the same estimator, and this requirement also suggests that
q >k
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11.3.2 The Oracle Error

We now turn to discuss the MSE induced by the oracle estimator. Since we have seen
that the expression obtained fits the two discussed estimators (MMSE and MAP),
we shall refer to it hereafter as £, The MSE is given by

E (”ﬁ(;mcle _ Xs”i)

2
1 1\
=E (OjAJT,HTHAS + ;1) OjAfHTy — X, ]
e X e 2
2
1 TyyT 1 - 1 TyyT
=E|||| SATH'HA, + 1| —ATH'(HAx,+€) - x| |,
o o
e X e 2

where we have used the fact that y = HA x, + e. Rearranging terms and defining
Q, = SATH"HA, + L1, we obtain

E (”ﬁ(s)mcle _ Xé”;)

o

1
+Q;' SAlH'e
ag

e

2
e e X

.
|

1 1
= E[H—Q;1 —x,+Q;' SAlH'e
a g
Q.°ATH" E(ex!)

1 1 1
Q' (—ZAZHTHAS - ATH'HA, - —I) X,
(oa o o

X e

= trace (%Q;zE(xst) -

22
X Te0%

1
+—4Q;2ASTHTE(eeT)HAS)
O—e

1 1
= trace (Q;2 [—21 + —ZASTHTHASD = trace (Q;').
o o

X e

Here we have used the fact that E(ex!) = E(e)E(x!) = 0, because the two are
independent. Thus, the oracle gives an MSE error

sorac 2 1 1 -
E (Hxs acle _ xs||2) - trace([o_—gAsTHTHAs + pl] ] (11.16)

X

As an example, if the columns of HA are orthogonal and H is square n X n, this
error becomes o202 - k/(02 + 02). Whereas the additive noise power is no?, the
oracle error is less than k/n times this energy (it is in fact slightly smaller because of
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Fig. 11.1 The oracle performance as a function of the input noise. The performance is shown both
by an empirical calculation of the oracle estimate and a comparison to the ground-truth, and by
using the exact formula for the expected error. Results are shown relative to the input noise energy

2
no.

the additional factor o2/(0 + 02)). For non-orthogonal columns, this noise decay
is smaller.

Figure 11.1 presents the oracle results for the following experiment: A random
dictionary A of size 20 x 30 is generated with iid Gaussian entries, and with nor-
malized columns. We assume hereafter that H = I. Sparse random vectors x are
generated, using the G| model, with a fixed cardinality k = 3, and o, = 1. A Gaus-
sian iid noise vector is added to Ax, with standard-deviation in the range [0.1,2].
For each such parameter setting we perform 1,000 experiments, and average the
outcomes.

The results in Figure 11.1 are presented as the ratio between the oracle’s error and
the input noise £ (lel®) = no-f, such that a ratio smaller than 1 implies an effective
noise removal. One graph presents the empirical error obtained by computing %74
using Equation (11.15) and evaluating the error directly by IIX—)“(”’“""’H%. The second
graph shows the error as predicted by the formula in Equation (11.16). This figure
also shows the constant factor k/n = 0.15, which is the expected noise decay-factor
for the unitary case. Since this experiment uses a general matrix A, the actual ratio
obtained by the oracle error is not necessarily smaller than k/n, but as we can see, it
tends to meet this ratio and beyond.
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11.4 The MAP Estimation

11.4.1 Developing the MAP Estimator

We return to the estimation problem defined at the beginning of this chapter, and
assume no knowledge about the support. In order to propose a MAP estimator, we
should formulate the posterior P(x|y). Marginalizing over all the possible supports
s € ©, we have

P(xly) = > P(xls, y)P(sly). (11.17)
seQ

Consider a candidate x — if it has a support that does not align with any s € Q, the
probabilities P(x|s,y) in the above summation are all zeros, and the overall prob-
ability of such a candidate solution is zero as well. Therefore, such a solution can
hardly compete as being the MAP estimate, maximizing of the posterior.

Thus, we consider a potential solution x with a specific support s* € Q. Clearly,
since s™ is different from all other supports in 2\ s*, only the term that corresponds
to s* remains in the above summation, and the probability for such x reduces to
P(xly) = P(x|s*,y)P(s*|y). In fact, as we consider a specific s* on which x is sup-
ported, we can replace x by X, as the remaining entries are known to be zeros. Using
this rationale, the MAP estimation is simplified to

£MAP = arg max P(x|y) = arg max P(x,|s,y)P(sly). (11.18)
X SEQ.Xq

This means that our search for the support s and the vector x; that corresponds
to this support are coupled into one process. In a way, one could regard this as a
model selection problem, where the MAP chooses the model (the support s) that best
explains the measurements. Using Bayes’ rule, we can rewrite the above probability
expression as

P 7S P s P P
P(x;ls, y)P(sly) = (y'sp’inyx = (yzl)?y)(S)

_ Pyls, X)) P(x,l)P(s)
P(y)

The MAP estimator is further simplified by removing the division by P(y), because
it is constant with respect to the unknowns, leading to

£MAP = argmax P(xy) (11.19)

= argmax P(y|s, X;)P(Xs|s)P(s).
X,s
If we assume that s is known, as the expression P(X,|s) suggests, the random vector

X, becomes a multivariate Gaussian with zero mean and 0';%1 as its covariance matrix
, and thus
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P(x4|s) = ;ex —w (11.20)
W ek TP T 202 [ ‘

Similarly, for a known x; and support s, the measurement y is a sum of a determin-
istic vector HA (X, and the random noise e, and thus this vector is also Gaussian,

L[ IHAX - IR
Qnyig? F 202 [

P(yls.x,) = (11.21)

Plugging these two expressions into the MAP definition in Equation (11.19) and ap-
plying a —log on the obtained expression, we get an equivalent optimization prob-
lem of the form

IHA X, — yI5 11113

MAP = arg min + + klog( \/EO'X) —log(P(s)) -
X, 2072 2072

The term klog( V27o,) comes from the normalization factor of the probability
P(xyls). If k is fixed, this term can be disregarded, but when it is not, it must be
inserted, as it affects the number of non-zeros, k, in the optimal solution.

For example, if we replace the originally assumed support-prior, P(s) = 6(|s| —k),
by the more general option, P(s) = Const - exp(—«|s|), this leads to

IHA X, = yI5  [Ixl15
SMAP _ : 2 2
X = arg r{(l’lsn { 207 207 (11.22)
+(@ + log(V2ro))lsl}
Written differently, and exploiting that fact that |s| = ||x[|p, we get
IHAx - yl5 I3
SMAP _ : 2 2
X = arg mxm {T’% 20 (11.23)

+(@ + log( V27 ))lIxlo} -

This formulation reveals the connection between this estimation and the problems
we have posed and treated in earlier chapters — this is a variation of the (Pf) problem.
Interestingly, the term ||x||§ did not appear in these chapters, and its presence here is
part of the more exact formulation that we derive, and in particular the fact that the
non-zeros in X are Gaussian.

Let us return to the assumption that only supports with a pre-specified cardinality
k are permitted (i.e., P(s) = d(|s| — k)), and P(s) is uniform over all these, being
equal to 1/ (’,’(’) Thus, the last term can be discarded from Equation (11.22) as it does
not influence the maximization. For a fixed s, the minimization posed in Equation
(11.22) is easy, and we have seen it already in the context of developing the oracle,

1 1\ 1
iﬁ:(;AZHTHAS+OZI) ;AIHTy (11.24)
e X e
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_ 1 71ATHT
- _zQ_; s y’
O—e

However, we have to sweep over all possible supports s € £, compute this expres-
sion, plug it into the penalty function posed in Equation (11.22), and choose the
one that leads to the minimal value. Plugging this expression into the penalty as
suggested gives (after some tedious algebraic steps):

IHAX -yl Il
2072 202
ILHAQ'ATH y - yI}  II5Q;'ATH"yI3
e Pt

2 2
2072 202

Penalty = (11.25)

1 _ 1 .
=y’ (ﬁ(HASQS 'ATH")? - —(HAQ; 'ATH")

e

+ Z%_ZI+ 5 1 XHASQ 2ATHT)
- %ATHTHASQ;')ASTHTy.
_ !325 o 4yTHAsQ lATHT

In the last step in the above equation we have used the fact that the term in the
parenthesis is equal to 0.5I. This expression suggests that the search for the MAP
support should be done by maximizing the term

Val(s) = y'HA,Q;'ATH'y = IQ; " ATH"yI;

This implies a sweep through all (’") possible supports in £, an impossible task in
general. To summarize, MAP estimation is obtained by

1
M = — Q' ALH"y (11.26)
g

e

where s° = argmax Q" ATH'yIl.

In the case where HA is square and unitary, this estimation can be further simpli-
fied. The matrix Q, becomes proportional to I, and thus does not influence the above
maximization. Using the notation 8 = ATH”y, the MAP optimal support is found
by computing this vector and choosing its k largest entries in absolute value. Thus,
as opposed to the general MAP that cannot be practically computed, the unitary case
admits a closed-form and cheap solution.
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Just before turning to approximations of the MAP estimation, we note the follow-
ing. An alternative way to define the MAP estimation is by maximizing the posterior
P(sly), i.e., seeking the most probable support that explains the measured data. Us-
ing Bayes’ rule, this would be equivalent to the maximization of P(y|s)P(s), where
P(y|s) is a multivariate Gaussian distribution that can be built by marginalizing over
X, (see Equation (11.31) and beyond). In the case considered here (with a fixed car-
dinality |s| = k), this approach leads to a very similar solution as the one we derive
above. In more complex scenarios, though, this approach may lead to an entirely
different and more stable result—see a discussion about this issue in the paper by
Turek et al.

11.4.2 Approximating the MAP Estimator

For general cardinality k, the process described above is infeasible, as it requires a
sweep through all (',:’) possibilities, and thus there is no hope to provide an exact

MAP estimate for our problem. Interestingly, for k = 1, we have only ('{’) =m
options to consider and this becomes practical. Indeed, denoting the m columns of
the matrix HA by &; fori = 1,2,...,m, for k = 1 the above expression uses these
single columns maximizing the term

a7 yll3
EENER

2
o on

Val(i) = (11.27)

If we further assume that all the columns a; have the same ¢>-norm, this expression
simply suggests to maximize the absolute inner product of the measurement vector
with each column in HA in the quest for the best column (and thus, support of
cardinality k = 1).

Based on this insight, one could propose a greedy algorithm that accumulates
the k elements of the support one by one — apply the process for k£ = 1 and choose
the first support element. Then proceed to the next stage by adding one column to
the support, performing m — 1 tests (since one column has been already chosen).
This process should be repeated k times, accumulating the k elements of the support
in a greedy fashion. This leads to a variant of the Matching-Pursuit algorithm, as
this method too relies on maximizing inner products between the columns in HA
and the measurements. Thus, we can regard the OMP (or any of its variants) as an
approximation of the MAP for the estimation problem we have posed.

As a side note we add that the OMP is slightly different from the greedy algo-
rithm that emerges above, and this might suggest that modifications to the OMP
are required to better suit our estimation goals, depending on the validity of the
proposed model. For example, considering the second stage in the above-proposed
greedy method, assume that i; is the index chosen in the first stage, and we are
searching now for the second one, 7. The term to maximize is
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Val(ir) = yYHA,Q;'ATH"y (11.28)
o w0y ala, b
favan] | e eE | [a
a8, &,k aly
= 2 T "

and this is clearly different from computing the residual from y after removal of the
first column and then repeating the k = 1 test again. While the above numerical
process might seem daunting, there are numerical shortcuts that can be proposed,
such that every iteration requires roughly the same amount of computations as the
first iteration.

Returning to the experiment for which we have demonstrated the oracle’s be-
havior in Figure 11.1, we can now add the MAP performance. Figure 11.2 shows
the empirical MAP error, obtained by computing the estimate £*4” using Equation
(11.26), and evaluating the error directly by ||x — 47 |I§. This figure also shows an
approximation of the MAP by the OMP. The method used here is different from the
ones discussed above — we employ the very same OMP as discussed in Chapter 5,
extracting a solution with cardinality |[x|lp = 3. Using this as the chosen support for
our approximate estimate, we compute the final result as an oracle estimate over this
support. As can be seen, this approximation is quite close to the exhaustive MAP

that sweeps over all (’]’:) = 4060 supports in searching the optimal one.

11.5 The MMSE Estimation

11.5.1 Developing the MMSE Estimator

We have already seen that the MMSE estimate is given by E(x|y), and using the
expression for the posterior probability in Equation (11.17) this gives

E(xly) = fo(x|y)dx (11.29)
= ZP(sly) fo(xIs, y)dx
SEQ X

The inner integral stands for the MMSE estimate for the case where the support s is
known, and this is the oracle we have already seen, given by

f xP(x|s,y)dx = E(xly, s) = &2 (11.30)

X

2
e X

1 1\
=|=ATH'HA, + =I| —ATH'y.
o’ o2 oz’

e
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Fig. 11.2 The exact (and thus exhaustive) and the approximated MAP performance as a function
of the input noise. The approximation is obtained by the plain OMP used to detect the support, and
then an oracle formula over this support. Results are shown relative to the input noise energy no-=.

The above already indicates that the MMSE estimator is about to be a weighted
average of many “oracle” solutions, each with a different support, and each weighted
by its likelihood to be correct, defined as P(sly). We therefore turn now to develop
an expression for this probability.

Using Bayes’ rule again, we have that P(sly) = P(y|s)P(s)/P(y). The probability
P(s) is constant over all the supports s € 2 such that |s| = k, and thus can be omitted.
Similarly, P(y) can be considered as a normalizing factor in our development of
P(sly) and thus can be disregarded as well. Thus, we end up with the need to evaluate
P(yl|s). This probability can be written by marginalization over X;, integrating over
all possible values of the non-zeros in the support s,

P(yls) = f P(yls, X ) P(X,] s)dX;. (11.31)

s

This integral is k-dimensional, averaging P(y|s, X,) over all x, € R¥. The probability
P(x,]s) is known to be Gaussian, N'(0, o>I). Similarly, once both the support and the
non-zero values are given (s and X;), y is also Gaussian, with HA x; as its mean,
and 021 as its covariance. Plugging these into Equation (11.31), we have

P(yls) = f P(yls, Xo) P(Xs|s)dXq (11.32)

X
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HA,v - y||? v||?
N f oxp [ THAY =V IMEY
velR¥ 2072 2072

Rearrangement of the term in the exponent gives

IHA,v —yl5  IvlI5 1
ot = 50 ) Qv —hy) (1133)
e X
1 1 )
- Ehs Qsh; + E”Y”za
where
L rer 1
Qs = SAH HA, + -1
gy, o5
and (11.34)

1
h, = Q;'ATH"y,
0-6

Q; is the very same matrix defined earlier, and h; is the oracle solution for the
support s. Thus, plugging these into Equation (11.32) we obtain

HA,v-yl|? |Iv]2
P(y|s)ocf ,exp{—w ! ||2}dv (11.35)
velR*

2 T h 2
202 202

1 1
= eXP{EhsTQshs - FHY”%}

1 T
. j;de exp {—E(V —h)" Qv - hs)} dv.

The integral in the above expression is over the complete volume of a multivariate
Gaussian distribution, apart from the missing constant coefficient. Thus,

fv . exp {—%(v —h)"Qy(v - hs)} dv = /Qmk det(Q; ). (11.36)

This leads to the result

P(y]s) o exp{%h{Qshs} - Jdet(Q; 1) (11.37)

= exp{%hZQxhx + %log(det(Qsl))}.

Notice that we have removed the terms exp {—IIyII% / 20'5} and (27), since both can
be absorbed into the proportionality constant, as we are only interested in the terms
that depend on the support s. To conclude, in order to compute the MMSE estimate,
we should compute the terms
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s = exp {%h{Qshs + %log(det(Qsl))} (11.38)

y'HA,Q;'ATH"y
= exp 204

+ % log(det(QEI))}

for all s € ©, and normalize them to have a unit sum. The values obtained are in
fact P(sly) to be used in the weighted sum in Equation (11.30) for the construc-
tion of the MMSE estimate. We should draw the reader’s attention to the term
y"HA;Q 'ATH"y in the above expression — this is the very same term used for
testing the supports in the MAP (see Equation (11.25)).

To summarize, the MMSE estimation is obtained by combining Equations (11.29)
and (11.30), and the definition of g, as given in Equation (11.38):

-1
ZSEQ qs (G_%Q’AZ-HTHAS + é[) éA?HTy

)}MMSE _
ZSG.Q qs

(11.39)

Since we have seen that the MAP estimation admits a closed-form and cheap
solution for the unitary case, it is of interest to know if a similar claim can be made
with respect to the MMSE estimation. We shall not provide the analysis here, but
we do state that such a closed-form formula can and has been established (see recent
papers by Protter et. al. and Turek et. al.) for the MMSE estimation, avoiding the
combinatorial complexity altogether. Furthermore, under what we have defined as
model G, for generating x, the MMSE estimator takes the shape of a shrinkage
operation, just like the MAP. The difference between the two is thus only in the
shape of the shrinkage curve.

11.5.2 Approximating the MMSE Estimator

Whereas the exact MAP requires a sweep through all s € © in a search for the
most appropriate support, the MMSE requires a similar sweep, but for computing an
oracle estimate for each, and averaging these estimates with proper weights. Clearly,
the MMSE is even more complex than the MAP, and as infeasible as the MAP in
general, having an exponentially large possibilities to explore.

Just as we did for the MAP, we consider the simplified case of k = 1. In this case,
qii=1,2,...,min Equation (11.38) become

B y'HA,Q;'ATH"y
ql - exp 20_3

1 @’y) . 1 | 18113 N 1
=expi=— - ———+=lo — |-
P 2072 12 + 2 T8 oz o2

o

+ %log(det(Q;l))} (11.40)
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These can be computed and used for a weighted averaging of all the m cardinality
k = 1 possibilities. Assuming that the columns a; are normalized, these weights are
proportional to exp(C(ﬁiTy)z), giving preference to atoms parallel to the measure-
ment vector.

An approximation algorithm for the MMSE can be proposed for the case of k > 1,
based on pruning of small ¢;. If we choose a few (say p < m) indices 1 < i <
m for which the value ¢; are the largest and omit the rest, we keep most of the
important elements in the weighted average. Turning to k = 2, rather than exploring
all (’g) support possibilities, we explore only the p(m — 1) options that correspond
to the p indices already chosen for k = 1, and for each of these we test the m — 1
remaining atoms as candidate second ones. For these p(m—1) tests we have a quality
assessment attached, g, as in Equation (11.38). Thus, we can again omit most of
the elements and choose the best p. The process than repeats for k£ = 3 and beyond,
and when we reach k we remain with a set of p chosen supports that were found
greedily to give high probability g;. A weighted average of these could replace the
exhaustive MMSE, approximating its outcome.

An alternative algorithm for approximating the MMSE for a general value of k
can be proposed based on randomization. This approach relies on a random sam-
pling of the supports s € Q in order to draw a sub-set to average upon. For k = 1,
the ¢; (after their normalization) are the exact probabilities P(sly) for supports with
cardinality |s| = 1. Rather than choosing the top ones deterministically, as proposed
above, we could draw indices at random with probabilities proportional to ¢;. Hav-
ing a set of such drawn indices, a plain average of the solutions for these indices is
an unbiased estimate for the MMSE weighted average.

The above process could in principle be done for |s| = £ > 1 as well, randomly
drawing supports and averaging their oracle estimates. However, for the approxima-
tion of the average to be relatively accurate, we should use too-many random draws,
which makes this idea impractical. Instead, we may suggest to greedily accumulate
the drawn supports. For example, after choosing the first atom i; as described above,
we compute the m — 1 probabilities g; = P(s = [ij, i]|y) for pairs that include the
chosen atom i; as the first item, and considering all the m — 1 possibilities for i. Us-
ing this distribution, we can draw the second atom and this way choose i,. As this
process proceeds, we arrive at a support of cardinality k by k such random draws,
each from a set of O(m) probabilities (it is in fact m — j + 1 probabilities at the j-th
step).

The Random-OMP algorithm is a simplified version of the above procedure, fol-
lowing the same general structure of choosing the next atom based on the m scalar
probabilities g;. Starting with the ordinary OMP, we replace the deterministic mech-
anism for choosing the best atom to add to the support, by a random draw, just as
above. However, the probabilities ¢; are re-evaluated by Equation (11.40) after each
greedy step, considering the residual signal as the one to project onto the atoms in
A. Running this random algorithm several times, we obtain several (potentially) dif-
ferent supports and their oracle estimates. These are averaged (without weighting!!),
leading to the approximate MMSE.
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Task: Approximate a MMSE estimate given in Equation (11.39).

Parameters: The pair (A,y), the cardinality |s|, the values of o, and o, and
the number of runs J.

Main Iteration: Run the random algorithm below J times:

o Initialization: Initialize k = 0, and set
—  The initial solution x° = 0.
—  Theinitial residual 1’ = y — Ax" = y.
—  The initial solution support S° = Support{x’} = 0.
o  Greedy Iteration: Increment k by 1 and perform the following steps |s|
times:
— Random Draw: Draw j, at random with probability proportional to

1 @rh?r oy llall3 1
q,-:exp{ '_+§10g O_—Lf+;% .

278 g%
—  Update Support: Update the support by S* = S U {jo}.
- Increment Solution: Compute x*, the minimizer of ||Ax — y||? subject
to Support{x} = S,
—  Update Residual: Compute r* = y — Ax*.
e Finalize the j-th Solution: Set s = S*, the support detected, and compute
the solution using the oracle’s formula,

. 1, 1\ 1,
Xj = (pAb AS + OTZI) OTZAA y.

e e

Output: The proposed approximation is obtained as a simple average of the J
random results,

J

k.

J=1

X =

~I=

Fig. 11.3 Random-OMP for computing the approximate MMSE estimation (assuming H = I for
simplicity).

One could regard the above two processes as approximate Gibbs samplers for the
supports that constitute the peaks of the probability function P(y|s). The Random-
OMP algorithm is depicted in Figure 11.3.

We return again to the experiment behind Figures 11.1 and 11.2, this time adding
MMSE performance curves. Using Equation (11.39), we compute £MS£ and eval-
uate the error directly by [x — R¥MSE||2. We also apply an approximation of the
MMSE by the Random-OMP, by running it 25 times and plain-averaging the results.
Since all the atoms in A have a unit norm, the random draw of the atoms within the
Random-OMP is proportional to exp(C (aiTy)z), with 1/C = 20'3(1 + a'g /0')26) — this
constant should be used by the Random-OMP function. Each run of the Random-
OMP is used to extract the support, for which an oracle estimate is generated. These

are averaged to obtained the final result.
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Fig. 11.4 The exact (and thus exhaustive) and the approximated MMSE performance as a function
of the input noise. The approximation is obtained by averaging 25 runs of the Random-OMP.
Results are shown relative to the input noise energy no>

o

The results of this experiment are brought in Figure 11.4, and we see that this ap-
proximation is quite close to the exhaustive MMSE, which has to sweep and average

the oracle estimates over all (’,’:) = 4060 supports.

11.6 MMSE and MAP Errors

We have obtained expressions for the MAP and the MMSE estimates, and now we
target the development of similar expressions for the actual MSE these estimators
lead to. Our analysis starts with the error for a general estimate X, observing that it
can be written as

E(IR -x];3) = f IR = xI3P(xly)dx (11.41)
xelR
= " PGsly) f IR = XIBP(Xls, y)dx,
seQ xR

where we have used the marginalization of the posterior as proposed in Equation
11.17).
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The integral above can be rewritten differently by modifying the term ||& — x|2,
adding and subtracting an oracle estimate £’ that corresponds to the known sup-
port s. This is not to be confused with the ideal oracle estimate for the complete
estimation problem, for which we have to know the true support s* that created the
measurements y. Thus, we use ||X — x||2 =& - ”’“C’e + x"’”“’e x|12, yielding

f I% - XI5 P(x]s, y)dx = f IR — XIFP(x]s, y)dx (11.42)
XEIR" XE
+ ||X Aoracle” P(X|S y)dX
fxelR :

Note that the integral over the cross-term (X274 —x) (& — £2"%“/¢) vanishes, since the
term (X — "”‘Cle) is deterministic and can thus be moved outside the integration. The
remaining expression in the integral is zero, since "% = E(xly, s) by definition.

Returning to Equation (11.42), the first term represents an oracle MSE for a given
support s, and this has been already given in Equation (11.16) as

-1
(”Aorade Xs“i) = trace ([éAZHTHAS + O%I] ] = trace (Q}l).

X

The second term is even simpler: Since ||X — "”’"ellz is deterministic, it is moved
outside the integration, and the remaining part is simply 1. Thus,

f IR = XIFP(Xls, y)dx = IR — 7|3 + trace (Q;").
xelR”
Using the fact that P(sly) « g, as developed in Equation (11.38), we have

E(IR - xIB) = g [IR = R (11.43)

ZSE.Q qs eQ
+ trace (Q;')] .

By plugging into this expression & = ¥M5E we get the MMSE error. Interestingly,
if we minimize the above expression with respect to X we obtain the MMSE estima-
tor formula as given in Equation (11.39), since nulling the derivative of the above

expression with respect to X gives

OE(IX - Xlli) 5 Lse045& — Recte)
0x ZSEQ qs

gorac le

=0

- {MMSE _ > 5eQ qsXg
ZSE.Q qs

As an interesting example, for the case where H = I and A is unitary, the term
ATHTHA, is an identity matrix of size |s| = k, and thus trace (Q;l) = ko202 /(02 +
o2) is constant for any s € Q. Turning to the value of g, we observe that for our
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case g, o exp(C - ||B,]13/20°2), where B, = ATy is a projection of y onto the columns
of the support s, and the constant is C = 02/(c% + 02). Finally, the s-oracle is given
by Ro7ale = g8, /(0 + 02) = CB,. Combining all these we get

18 ||2) 5 >
X X —(
Seoep(LE) R- B 42

ClBll o2+ 02’
ZYEQ CXp( 2) * ¢

Returning to the general case, we observe that the general error expression found
in Equation (11.43) can be written differently by adding and subtracting ¥MSE,
giving

E(Ik-x|}3) = (11.44)

Vs ds - [I& = &%) + trace (Q;")]

250 ds
_ Zseeds [I1% — RMMSE 4 RMMSE _ goracle||2 1 race (Q;')]

ZSEQ qs

E(I& - xI)3) = (11.45)

'\MMSE”Z

Yyea qs - [IRMMSE - goracte|2 4 race (Q;1)]
+

ZYEQ qs
AMMSE 2 cMMSE 2
Il + E(IX - x[l2).

=% -

=% -

Again, the cross term (% — RMMSENT(RMMSE _ goracley dropg from the above expres-

sion since the first part can be moved outside the summation, and the second part
vanishes due to the formula of RS 35 a linear combination of oracle estimates.
In particular, this means that

E(”AMAP “AMAP '\MMSE”% (1146)

2

—-x|j5) =
oMMSE _ 2

+E(|[% - x|l2).

In Figure 11.5 we show the tendency of the formulae developed here for the
MMSE and the MAP to describe accurately the empirical performance of these
estimators. The figure shows the empirical results as in Figures 11.2 and 11.4, and
on top the expected error is manifested for the MMSE in Equation (11.43) and for
the MAP as in Equation (11.46).

11.7 More Experimental Results

All the simulations describes thus far correspond to a very-low dimensional prob-
lem, for which the exact and exhaustive estimators can be computed in reasonable
time. We now turn to a very similar simulation in higher dimension. We use a ran-
dom dictionary, just as before, but with size 200 x 400. We set the cardinality of
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Fig. 11.5 The MAP and the MMSE performance, presented both by their empirical evaluations,
and by the formulae using the expected error formulae (11.43) and (11.46). Results are shown
relative to the input noise energy no>.

the unknown representation to be k = 20. Figure 11.6 shows the performance of
the OMP and the Random-OMP (with 25 runs averaged), varying the additive noise
variance, and averaging the results over 100 independent experiments. We see that
the results resemble those that we have observed in the low-dimensional tests.

This figure contains a third and new estimator, referred to as the “Sparsified
Random-OMP”. This estimate is obtained by taking the largest k entries in the
Random-OMP solution, and defining this as the support of interest. Computing an
oracle’s estimate over this support, we obtained this proposed estimation. In some
problems, we desire to get an £, accurate estimation, while also providing sparsity.
This for example is the case in compression or recognition tasks.

We see that this approach gives performance somewhere between the previous
two (OMP and Random-OMP). The fact that it loses in quality compared to the
Random-OMP is quite expected, bearing in mind that the Random-OMP is a rel-
atively good approximation of the MMSE estimation, one can offer no alternative
that outperforms it. We also see that this estimator tends to be better than the OMP,
indicating that this approach is not the MAP estimator in disguise.

How many random runs should be applied to enable the Random-OMP to get
close to the MMSE estimate? Figure 11.7 shows the performance obtained for vary-
ing number of such runs, using the same experiment settings as above. As can be
observed, even 4 runs are sufficient to get quite close to the desired results.
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Fig. 11.6 The performance curves of the OMP (approximate MAP), the Random-OMP (approx-
imate MMSE), and a sparsified version of the Random-OMP, as a function of the additive noise
variance. Results are shown relative to no-2.
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Fig. 11.7 Random-OMP performance with varying number of random runs averaged.
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Fig. 11.8 The Random-OMP result (/ = 100) compared to the true representation Xg.

Our last test focuses on the Random-OMP, and in particular on its tendency to
provide a non-sparse solution. We perform a single estimation test, similar to the
ones appearing above — the dictionary used is an over-complete DCT matrix of size
200 x 400, obtained by taking every second row from a unitary DCT matrix of size
400x400. The chosen parameters are k = 10, 0, = 0.2, 0, = 1, and J = 100. Figure
11.8 shows the Random-OMP result, and as expected, while the result tends to be
close to the original representation X, it is not sparse, due to the massive averaging
that takes place in its computation. Figure 11.9 further investigates this behavior by
presenting the sorted absolute values of these two representations, showing clearly
that the Random-OMP solution tends to be dense. This tendency is further strength-
ened if the noise is stronger, or when the dictionary’s coherence is bad.

The fact that the Random-OMP (and indeed, the MMSE it approximates) gives
a non-sparse solution brings us back to the issue raised towards the end of Chapter
10. We have seen there that the best A (in terms of MSE) leads to a dense represen-
tation solution. We can now explain this very simply as being an approximation of
the MMSE, which is also not expected to be sparse. Furthermore, and more broadly,
even if the unknown we seek to estimate is sparse, and even with a known cardinal-
ity, this does not mean that its MMSE estimate is going to be sparse. An interesting
question with this regard is what is the k-sparse MMSE estimate for our problem?
Is it similar to the sparsified Random-OMP we have introduced? This remains as an
open question at the moment.
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Fig. 11.9 Sorted absolute value of the entries in the Random-OMP result and the true representa-
tion Xg.

11.8 Summary

In the context of estimation theory, the Sparse-Land model leads to an optimiza-
tion problem of the form defined as P, for the MAP estimator. This chapter clearly
mapped this relationship, making it precise. A far more important achievement of
the adopted estimation point of view, is the ability to consider the MMSE estima-
tion. We have seen that while both these estimators lead to exponentially growing
amounts of computations, reasonable approximations of them are within reach. This
analysis gives a more solid foundation for the quest for the sparsest representation
and the use of pursuit techniques in signal processing applications.
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Chapter 12
The Quest for a Dictionary

A fundamental ingredient in the definition of Sparse-Land’s signals and its deploy-
ment to applications is the dictionary A. How can we wisely choose A to perform
well on the signals in question? This is the topic of this chapter, and our emphasis
is put on learning methods for dictionaries, based on a group of examples.

12.1 Choosing versus Learning

In the quest for the proper dictionary to use in applications, one line of work con-
siders choosing pre-constructed dictionaries, such as undecimated wavelets (as in
Chapter 10), steerable wavelets, contourlets, curvelets, and more. Many of these
recently proposed dictionaries are tailored specifically to images, and in particular
to stylized ‘cartoon-like’ image content, assumed to be piecewise smooth and with
smooth boundaries.

Some of these proposed dictionaries (which are often referred to also as trans-
forms) are accompanied by a detailed theoretical analysis establishing the sparsity of
the representation coefficients for such simplified content of signals. This is typically
done in terms of the rate of decay of the M-term approximation — the representation
of the signal using the best M non-zeros from the transform coefficients.

Alternatively, one can use a tunable selection of a dictionary, in which a basis or
Frame is generated under the control of a particular parameter (discrete or contin-
uous). The two most known examples that belong to this category are the wavelet
packets and the bandelets. The wavelet packets, due to Coifman at. al., suggest a
control over the time-frequency subdivision, tuned to optimize performance over
a specified instance of a signal. The bandelets, due to Mallat et al., are spatially
adapted to better treat images, by orienting the regular wavelet atoms along the
principal direction of the local area processed.

While pre-constructed or adapted dictionaries typically lead to fast transforms
(of complexity O(n log n) instead of nm in a direct use), they are typically limited in
their ability to sparsify the signals they are designed to handle. Furthermore, most
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of those dictionaries are restricted to signals/images of a certain type, and cannot be
used for a new and arbitrary family of signals of interest. This leads us to yet another
approach for obtaining dictionaries that overcomes these limitations — by adopting
a learning point-of-view.

This learning option starts by building a training database of signal instances,
similar to those anticipated in the application, and constructing an empirically-
learned dictionary, in which the generating atoms come from the underlying em-
pirical data, rather than from some theoretical model. Such a dictionary can then be
used in the application as a fixed and redundant dictionary. We shall explore this
third option in more detail in this chapter.

As opposed to the pre-constructed and adapted dictionaries, the learning method
is able to adapt to any family of signals that complies with the Sparse-Land model.
However, this comes at the price of a much higher computational load — learned
dictionaries are held as explicit structure-less matrices, and using them in applica-
tions involves many more computations, compared to the pre-constructed dictio-
naries. Another shortcoming of the training methodology is its restriction' to low-
dimensional signals. This is why handling of images is done with such dictionaries
on small patches. We will discuss ways to overcome these two limitations later in
this chapter.

12.2 Dictionary-Learning Algorithms

We now turn to discuss the learning methodology for constructing A. Assume that a
training database {yi}f‘;’ , is given, and thought to have been generated by some fixed
but unknown model M4 k,.q.}- Can this training database allow us to identify the
generating model, and specifically the dictionary A? This rather difficult problem
has been studied initially by Field and Olshausen in 1996, who were motivated by
an analogy between the atoms of a dictionary and the population of simple cells in
the visual cortex. They thought that learning a dictionary empirically might model
evolutionary processes that led to the existing collection of simple cells; and they
indeed were able to find a rough empirical match between the properties of a learned
dictionary and some known properties of the population of simple cells.

Later work by Lewicki, Engan, Rao, Gribonval, Aharon, and others, extended
their methodology and algorithm in various ways. Here we describe two training
mechanisms, the first named Method of Optimal Directions (MOD) by Engan et al.,
and the second named K-SVD, by Aharon et al..

I At least for now. Work on the construction of learned multi-scale dictionaries is underway, and
hopefully this shortcoming should be removed in the near future.
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12.2.1 Core Questions in Dictionary-Learning

Assume that € — the model deviation — is known, and our aim is the estimation of A.
Consider the following optimization problem:

M
min an,-uo subject to |ly; — Axilh <€, 1<i<M. (12.1)
A,

This problem describes each given signal y; as the sparsest representation X; over
the unknown dictionary A, and aims to jointly find the proper representations and
the dictionary. Clearly, if a solution has been found such that every representation
has ko or fewer non-zero entries, a candidate feasible model M has been found.
The roles of the penalty and the constraints in Equation (12.1) might also be
reversed, if we choose to constrain the sparsity and obtain the best fit for it,

M
Jin, Z llyi — Axill; subjectto [Ixillo < ko, 1 <i< M. (122)

= =]
Are these two problems properly posed? Do they have meaningful solutions? There
are some obvious indeterminacies (scaling and permutation of the columns). Still,
if we fix a scale and ordering, is there a meaningful solution to the problems posed
in Equations (12.1) and (12.2) in general? As we show next, the answers to these
questions are positive.

In terms of well-posedness of the dictionary-learning problem presented above,
a fundamental question is whether there is a uniqueness property underlying this
problem, implying that only one dictionary exists, that sparsely explains the set of
training vectors. Surprisingly, at least for the case of € = 0, there is an answer to
this question, as shown by Aharon et al.. Suppose there exists a dictionary Ay and
a sufficiently diverse database of examples, all of which are representable using at
most kg < spark(Ag)/2 atoms. Then, up to a re-scaling and permutation of the
columns, A is the unique dictionary that achieves this sparsity for all the elements
in the training database.

Some readers may prefer to think in terms of matrix factorizations. Concatenate
all the database vectors column-wise, forming an n X M matrix Y, and similarly, all
the corresponding sparse representations into a matrix X of size m X M; thus the dic-
tionary satisfies Y = AX in the noiseless case. The problem of discovering an under-
lying dictionary is thus the same as the problem of discovering a factorization of the
matrix Y as AX where A and X have the indicated sizes, and X has sparse columns.
The matrix factorization viewpoint connects this problem with related problems of
nonnegative matrix factorization and in particular, sparse nonnegative matrix factor-
ization.
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12.2.2 The MOD Algorithm

Clearly, there is no general practical algorithm for solving problem (12.1) or (12.2),
for the same reasons that there is no general practical algorithm for solving (Py),
only more so. However, just as with (Py), the lack of general guarantees is no reason
not to try heuristic methods and see how they perform in specific cases.

We can view the problem posed in Equation (12.1) as a nested minimization
problem: an inner minimization of the number of nonzeros in the representation
vectors X;, for a given fixed A and an outer minimization over A. A strategy of alter-
nating minimization thus seems very natural; at the k-th step, we use the dictionary
A1y from the k — 1-th step and solve M instances of (Pf), one for each database
entry y;, and each using the dictionary A-_p. This gives us the matrix X, and we
then solve for A, by Least-Squares,

Ay = arg mAin Y — AX 1 (12.3)

VX, (XXE)

=YX,
where we evaluate the error using a Frobenius norm. We may also re-scale the
columns of the obtained dictionary. We increment k£ and unless we have satis-
fied a convergence criterion, we repeat the above loop. Such a Block-Coordinate-
Relaxation algorithm has been proposed by Engan et al., and termed Method of
Optimal Directions (MOD). This algorithm is described in Figure 12.1.

Figure 12.2 demonstrates the MOD for a synthetic experiment. A random dic-
tionary (iid Gaussian entries, normalized columns) of size 30 X 60 is generated,
and from it we produce 4, 000 signal examples, each by a random combination of
4 atoms, with coefficients drawn from the normal distribution N(0, 1). Each such
signal is further contaminated by a random zero-mean Gaussian noise with o = 0.1.
This implies a signal-to-noise ratio of ~ 8 in this experiment. Performing 50 itera-
tions of the MOD on this set of signals, we attempt to recover the original dictionary.
The MOD is used with a fixed cardinality ko = 4, and initialized by adopting the
first 60 examples as the dictionary atoms. Figure 12.2 (right) shows the average
representation error as a function of the iteration.

Since this is a synthetic experiment, where the ground-truth dictionary is known,
we can evaluate how close the estimated dictionary is to its objective. Figure 12.2
(left) presents a graph of the relative count of recovered atoms. An atom a; from
the true dictionary is considered as recovered if it finds a match 4; in the estimated
dictionary, such that Ial.Tﬁ il > 0.99. Note that if the estimated atoms were to be
contaminated by the same amount of noise as the training data (i.e., 4, = a; + ¢,
with e; ~ N(0, o21)), the variance of this inner-product would have been

E((afﬁj - al.Ta,-)z) =a'E (ejejT) a;, = o’ =001,
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Task: Train a dictionary A to sparsely represent the data {Yi},}-Zp
mating the solution to the problem posed in Equation (12.2).

Initialization: Initialize k = 0, and

by approxi-

e Initialize Dictionary: Build A, € R™", either by using random entries,
or using m randomly chosen examples.
e  Normalization: Normalize the columns of A .

Main Iteration: Increment k by 1, and apply

e  Sparse Coding Stage: Use a pursuit algorithm to approximate the solution
of

N . 2 .
%; = arg min llyi — Ag-nxll; subjectto [[x[ly < ko.

obtaining sparse representations X; for 1 < i < M. These form the matrix
X(k).
e  MOD Dictionary Update Stage: Update the dictionary by the formula

_ : _ 2 _yxT 7\
Agy = argmin [[Y - AXf; = YX, (XaXf) -

e  Stopping Rule: If the change in ||Y — A(k>X(k)||§ is small enough, stop.
Otherwise, apply another iteration.

Output: The desired result is A.

Fig. 12.1 The MOD dictionary-learning algorithm.

where we have exploited the fact that al.Tai = 1. Thus, requiring a standard deviation
of 0.01 in these inner products is 10 times smaller than the expected fluctuation, and
as such, it is quite demanding.

Both graphs show that MOD performs very well on this test, recovering most of
the atoms in the original dictionary, and doing so in a matter of 20 — 30 iterations.
Moreover, using 4 atoms per each example, MOD manages to get to an average
representation error which is below 0.1 — the noise level. This means that the found
dictionary is a feasible solution to our problem.

12.2.3 The K-SVD Algorithm

A different update rule for the dictionary can be proposed, in which the atoms (i.e.,
columns) in A are handled sequentially. This leads to the K-SVD algorithm, as
developed by Aharon et al. Keeping all the columns fixed apart from the jy-th one,
a;,, this column can be updated along with the coeflicients that multiply it in X. We
isolate the dependency on a;, by rewriting (12.3) as 2

2 To simplify notation, we now omit the iteration number k.
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Fig. 12.2 The MOD behavior in a synthetic experiment. The left graph presents the relative num-
ber (in %) of correctly recovered atoms, and the right one shows the average representation error.

2
IY — AX||% = Y—Zajxf. (12.4)
j=1 F
2
= Y_ZanJT —a;x),
j¢j0 F

In this description, XJT stands for the j-th row of X. The update step targets both a
and x;, and refers to the term in parentheses,

E; =Y—Za,xf (12.5)

J#Jo

as a known pre- computed error matrix.

The optimal a, and X , minimizing Equation (12.4) are the rank-1 approximation
of Ej, and can be obtamed via an SVD, but this typically would yield a dense vector
x;], implying that we increase the number of non-zeros in the representations in X.

In order to minimize this term while keeping the cardinalities of all the represen-
tations fixed, a subset of the columns of E should be taken — those that correspond
to the signals from the example-set that are using the jj-th atom, namely those

columns where the entries in the row Xi} are non-zero. This way, we allow only the

existing non-zero coefficients in XZ to vary, and the cardinalities are preserved.

Therefore, we define a restriction operator, P;, that multiplies E;, from the right
to remove the non-relevant columns. The matrix P, has M rows (the number of
overall examples), and j» columns (the number of examples using the jo-th atom).
We define (x )T =X P i, as the restriction on the row x , choosing the non-zero
entries only.

For the sub-matrix, E; P;,, a rank-1 approximation via SVD can be applied, up-
dating both the atom aj, and the corresponding coefficients in the sparse represen-
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tations, XRO . This simultaneous update may lead to a substantial speedup in the con-
vergence of the training algorithm. Figure 12.3 describes the K-SVD algorithm in
detail.

Note that one need not use the full SVD as only the first rank part of E; P, is
required. An alternative numerical approach for finding a;, and xfo can be proposed,
following the same block-coordinate rationale: Fixing a;,, we can update xfo by a
plain Least-Squares that solving

PTE” a;
. T2 R _ Jo jo“Jo
Iill%n “Ejopjo _ajo(xfo) ”F = Xj, = lla; ”2 .
Jo Jol12
Once updated, it is kept fixed, and we update a;, by
E, P, xk
. RATII2 _ Jo™ Jo* jo
Tm ||E10Pjo - aj(](xj[)) ”F = aj = R 12
! <K 12

Few such rounds of updates for these two unknowns is sufficient for getting the
desired dictionary update.

Interestingly, if the above process is considered for the case where ky = 1, and
constraining the representation coefficients to be binary (1 or 0), this problem re-
duces to a simple clustering task. Furthermore, in such a case, both the above train-
ing algorithms simplify to become the well-known K-means algorithm. While each
iteration of K-means computes the means of K different subsets, the K-SVD algo-
rithm performs an SVD for each of the K different sub-matrices, and thus the name
K-SVD (K is used as the number of columns in A).

The fact that the dictionary-learning problem is a generalization of clustering
reveals more on the learning task considered here:

e Just as for the clustering problem and the K-Means which aims to solve it, we
cannot guarantee that the MOD and K-SVD algorithms obtain the global min-
imum of the penalty function posed in Equation (12.2). Indeed, even a local
minimum solution cannot be guaranteed, as these algorithms may get stuck on a
saddle-point steady-state solution.

o Still on the matter of convergence, since the pursuit applied in the sparse coding
stage may get to a sub-optimal solution, we cannot guarantee a monotonic non-
increasing penalty value as a function of the iterations. However, we can modify
the algorithm such that after the pursuit we adopt only those examples that show
a descent in the representation error, thus guaranteeing an overall descent.

e The similarity between the K-Means and the K-SVD (and MOD) enables us
to exploit the vast empirical experience accumulated on ways to accelerate the
K-Means. These techniques include a gradual change in the number of atoms
within the learning procedure, a similar change in the number of atoms to use per
example, a multi-scale approach, where the examples are represented by multi-
scale pyramids, and the training is done on lower-dimensions first, and more. We
shall not dwell on these techniques here.
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Task: Train a dictionary A to sparsely represent the data {Yi},}-Zp
mating the solution to the problem posed in Equation (12.2).

Initialization: Initialize k = 0, and

by approxi-

e Initialize Dictionary: Build A, € R™", either by using random entries,
or using m randomly chosen examples.
e  Normalization: Normalize the columns of A .

Main Iteration: Increment k by 1, and apply

e  Sparse Coding Stage: Use a pursuit algorithm to approximate the solution
of

N . 2 .
%; = arg min llyi — Ag-nxll; subjectto [[x[ly < ko.

obtaining sparse representations X; for 1 < i < M. These form the matrix
X(k).

e K-SVD Dictionary-Update Stage: Use the following procedure to update
the columns of the dictionary and obtain A): Repeat for jo = 1,2,...,m
—  Define the group of examples that use the atom a},

Q_,'n = {ll 1 < l < M, X(k)[j(), l] * 0}

—  Compute the residual matrix

E;,=Y- Z a;x;,

J#Jo

where x/ are the j’th rows in the matrix X.
—  Restrict Ej; by choosing only the columns corresponding to ;;, and
obtain Efo.
~  Apply SVD decomposition Ef = UAV’. Update the dictionary atom
a;, = uy, and the representations by xfo =A[1,1]-vy.
e  Stopping Rule: If the change in ||Y - A(k)x(k)”%: is small enough, stop.
Otherwise, apply another iteration.

Output: The desired result is A ).

Fig. 12.3 The K-SVD dictionary-learning algorithm.

Figure 12.4 presents the results obtained with the K-SVD for the synthetic exper-
iment described in the previous section. For both algorithms we add a correction
stage after the dictionary update, in which, if an atom in the dictionary is rarely
used, or if it is found to be too similar to another atom in the dictionary, it is re-
placed by the worst-represented example.

As can be seen, in this experiment the K-SVD gives slightly better results, com-
pared to the MOD, both in terms of the final outcome (100% dictionary recovery
with an average representation error of 0.09), and the speed of convergence. Gener-
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Fig. 12.4 The K-SVD behavior in a synthetic experiment. The left graph presents the relative
number (in %) of correctly recovered atoms, and the right one shows the average representation
error.

ally speaking, these two algorithms behave similarly and comparably, with a small
advantage to the K-SVD.

We now turn to present an elementary experiment performed on real data. We
train a dictionary for sparsely representing patches of size 8 x 8 extracted from the
image Barbara, shown in Figure 12.5. This image is of size 512512, implying that
there are (512—7)% = 255, 025 possible patches, considering all overlaps. We extract
one tenth of these patches (uniformly spread) to train on, using both the MOD and
the K-SVD with 50 iterations. In both cases, we set the target cardinality to kg = 4
atoms per patch.

Both algorithms are initialized with a 2D separable DCT dictionary of size 64 X
121. This dictionary is created by forming first a ID-DCT matrix Ap of size § x 11,
where the k-th atom (k = 1,2,..., 11) is given by a;” = cos((i — 1)(k— D)x/11), i =
1,2,...,8. All atoms apart from the first are further processed by removing their
mean. The final dictionary is obtained by a Kronecker-product A,p = Ajp ® Ajp,
which implies separability of this matrix when operating on a 2D image-patch.

Figure 12.6 presents the average representation error on the training set for both
algorithms. We see that even though the DCT is considered to be a good dictionary
for sparsely representing image patches, both algorithms improve the error substan-
tially beyond its initial value. The MOD and the K-SVD perform comparably in this
test, leading to almost the same error. The DCT and the two resulting dictionaries
are presented in Figure 12.7.

Both learning procedures lead to a a dictionary that consists of piecewise smooth
atoms and textured ones, because of the nature of the image trained on. One may
be tempted to believe that the MOD and K-SVD dictionaries are identical or nearly
so, however, using the same procedure mentioned above for measuring the distance
between the two dictionaries, we find that there is an overlap of only ~ 14% of the
atoms, the rest being considered as different (implying that their cross-inner product
is below 0.99).
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Fig. 12.5 The original image Barbara, on which the dictionary training is evaluated.

——MOD
- - -K-SVD

Average Representation Error

Iteration

Fig. 12.6 The average representation error on the training set for the MOD and the K-SVD algo-
rithms, as a function of the iteration.

Since we train the dictionaries using a small fraction of the image patches avail-
able to us, a natural question to pose is whether the found dictionaries sparsify the
rest of the patches as well. Performing OMP on all the patches, the average repre-
sentation error obtained with the DCT dictionary is 10.97, the MOD dictionary gives
an error of 7.82, and the K-SVD leads to an error of 7.80. Both trained dictionaries
lead to an error very close to the errors observed on the training set and far better
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Fig. 12.7 The DCT (top), the MOD (bottom left) and the K-SVD (bottom right) dictionaries,
trained using 8 x 8 patches from the image Barbara.

than the DCT, implying that the sparsification property is generalized well for the
other patches in the image.

12.3 Training Structured Dictionaries

So far the discussion has concentrated on the core dictionary learning problem and
two of its possible solutions. We should remind the reader that, along side with the
elegance and success of this methodology, there are also important shortcomings to
it, and these include:

e Speed and Memory Problems: The trained dictionary A € R™"™ is held and
used as an explicit matrix. When plugged to applications, each multiplication of
the form Ax or ATy requires nm operations. In comparison, structured dictionar-
ies require much less computation. For example, a separable 2D dictionary of the
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same size® requires 21 y/m. As another example, a wavelet dictionary requires
only O(m) operations. Thus, the explicit storage and use of learned dictionar-
ies as described above is much less efficient, compared to traditional transform
methods.

e Restriction to Low-Dimensions: The learning process shown above is restricted
to low-dimensional signals, i.e., n < 1000 is a reasonable limit not to be sur-
passed. An attempt to go beyond this raises a series of problems, starting with a
need for an intolerable amount of training data, a very slow learning procedure,
and a risk of over-fitting because of the too many free parameters in the sought
dictionary. These problems pose a hard restriction on how learned dictionaries
should be used in practice. For example, in a series of image processing algo-
rithms (some of them shown in later chapters), learned dictionaries are used on
small image patches, rather than on the whole image.

e Operating on a Single-Scale: Learned dictionaries as obtained by the MOD
and the K-SVD operate on signals by considering only their native scale. Past
experience with the wavelet transform teaches us that often times it is beneficial
to process the signal in several scales, and operate on each scale differently. This
shortcoming is related to the above mentioned limits on the dimensionality of the
signals involved (which does not leave much freedom for multi-scale processing)
and the speed issue (multi-scale dictionaries are potentially faster to multiply
with).

e Lack of Invariances: In some applications we desire the dictionary we compose
to have specific invariance properties. The most classical examples are shift-,
rotation-, and scale-invariances. These imply that when the dictionary is used on
a shifted/rotated/scaled version of an image, we expect the sparse representation
obtained to be tightly related to the representation of the original image. Injecting
these invariance properties to dictionary-learning is therefore valuable, and the
above methodology has not addressed this matter.

All the above shortcomings reflect properties that exist in pre-designed dictionaries,
and it would be advantageous to transfer these to learned dictionaries as well, thus
creating a more appealing alternative to the classical transforms. In this respect, the
above-presented dictionary-learning methodology constitutes only the first step in
replacing classical transforms.

In this section we present three initial branches of activity on dictionary-learning
that aim to solve some of the above problems. More work is required in order to
bring the learning methodology to a mature level, such that it competes favorably
with pre-chosen or adapted alternatives, on all aspects — quality of results, speed,
and elegance.

3 Operating on an image patch of size v x +/n, the multiplication by the dictionary is performed
by multiplying this patch from the left by a matrix of size \/m X v, and a similar multiplication
from the right with a matrix of size v x \m.
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12.3.1 The Double-Sparsity Model

The double-sparsity method described in this section aims to address the limit on
the input signal dimension, along-side with the speed of deployment of the obtained
dictionary. We return to the dictionary-learning formulation as posed in Equation
(12.2),

M

min lly: — Axi|l3 subjectto |Ixillo < ki, 1 <i< M,
A,
where every signal is known to be constructed from k; atoms (the change from kg
in the original notation to k; will become clear shortly). We shall assume that each
of the m atoms in A € R is exhibiting a very specific inner structure, which will
help in getting faster dictionaries to multiply with.

The structure we choose assumes that each atom in A can be described as a sparse
combination of ky pre-atoms extracted from a pre-specified dictionary Ay € R,
Thus, our assumption can be formulated as A = AyZ, where Z € R is a sparse
matrix with ky non-zeros per column. This structure is motivated by the appearance
of the typical dictionaries for image-patches, showing piecewise smooth, periodic,
or textured content. The key for the worthiness of this method is the choice of Aj. On
one hand, it should be chosen such that the assumption made above is nearly correct.
On the other hand, it should be a matrix that has a fast multiplication algorithm, so
that operating with A and its adjoint are cheap.

Putting this structure into the dictionary-learning optimization task, as posed in
(12.2), we obtain

min Y7, ly: — AoZxill3 (12.6)

iy {2}

o < <ji<
subject to {”leO <k, 1<j _m}'

IIxillo <k, 1 <i<M

Minimizing this problem can be done following the above described algorithms that
iterate between an update of {x;}”!, by sparse coding, and an update of {z j}';l_] for
the effective dictionary update. '

Minimization with respect to the sparse representations X;, while assuming that
Z is fixed, can be done as usual, as a sparse coding stage that employs OMP. This
stage is cheaper than the regular MOD/K-SVD sparse-coding stage, because the
multiplication of any vector by A (or its adjoint) is expected to be much cheaper
than O(nm). For example, a unitary and separable 2D-DCT applied on an image
patch of size v/nx /n requires O(nlog n). A redundant and separable 2D-DCT does
not have a fast nlog n algorithm, but the separability by itself is an asset, leading to
O(n'?) operations, instead of the regular O(n?).

. . m . .
Fixing X = {xi}f‘;[ |» the update of {z j} , Mmay seem more demanding, but in-fact
amounts to a very similar sparse coding stage. Considering one column z; at a time,
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we are imitating the K-SVD algorithm in the sense that one atom Agz; from the
overall dictionary is updated. Just as with the K-SVD, we consider hereafter only
those examples that use the j-th atom in their construction. Therefore, the expression
Y — AZX contains now a subset of the complete M columns. We denote the j-th row
(and not column!!) from X by iJT The expression ZX can be written as the sum of
myg outer products of the form z ji]T Thus, the ¢, term in Equation (12.6) becomes
(recall that the summation over i considers only relevant examples that use the j-th
atom)

m

D llvi = AoZxilly = [[Y - Ao D" 2%} (12.7)

J=1 F
Thus, minimization of Equation (12.6) with respect to z; leads to the optimization
problem

min [[E; - Aoz, | subject to |lz;llo < ko. (12.8)
Zj

where we have defined E; = Y —Ag XL, ;%] . Note that the row X/ contains all
the coefficients of the j-th atom, and since we have restricted the error to examples
that use this atom, this vector is dense.

The obtained optimization is treated by an alternating minimization over ijT and
z;. Minimization of this problem with respect to i]T is a simple Least-Squares step
that gives

2 A (Ej~Aiz%)) =0 = X = 55—z, AE; (12.9)

The denominator stands for the norm of the j-th atom, and we can assume it is
normalized, by a proper normalization of z;.

Minimization with respect to the sparse vector z; can be shown* to be equivalent
to the solution of

min [|[E;&; - Az;[[> subjectto liz;llo < ko, (12.10)
Zj

and this is a classic sparse coding operation that can be handled by OMP. Several
such rounds of updates as described above lead to the updated atom z;, and also X,
which gives is the updated representation coefficients that use this atom.

Beyond the gained speed, the introduction of structure to the dictionary is benefi-
cial in two other ways: (i) Since the number of degrees of freedom in the dictionary
is smaller, fewer examples are sufficient for an effective learning, and faster conver-
gence of the learning algorithm is obtained; and (ii) Higher-dimensional signals can

*1uis easily verified that |[E; - Aoz ,-ij”zp = |E&; - Aoz |2 + B, %)).
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be treated. More on these benefits and demonstration of this approach are brought
in the work by Rubinstein et al.

12.3.2 Union of Unitary Bases

Another approach for injecting structure into the learned dictionary is to force the
dictionary to be a union of unitary matrices. This structure guarantees that the ob-
tained dictionary is a tight Frame, for which the adjoint and the pseudo-inverse are
the same. We now turn to describe this approach in more details.

Starting again with the dictionary-learning formulation as posed in Equation
(12.2),

Afx

M
min lly: — Axll; subjectto [Ixllo < ko, 1 <i < M,
= =]

assume now that A is chosen to be a union of unitary matrices, as proposed by
Lesage et al. One good reason for this structure is the Block-Coordinate-Relaxation
(BCR) algorithm that was mentioned in Chapter 6 for the sparse coding stage. This
algorithm requires multiplications by unitary matrices and simple shrinkage steps,
and is thus very efficient. Other reasons for this structure could be the ease of the
training (as we show next), and the natural tightness of the Frame A. We shall as-
sume, for simplicity, that only two unitary matrices are involved in the dictionary,
ie., A = [V, ®] € R>*",

Focusing on the dictionary update stage, and assuming that the sparse represen-
tations are fixed, our goal is to solve

r{}iﬂr} 'YXy + ®Xg — Y||% subjectto W'¥ =®'® =1 (12.11)

Here we use the decomposition AX = YXy + ®Xy. Fixing W, optimizing the
above with respect to ® leads the well-known orthogonal Procrastes problem. This
problem admits a closed-form solution, which we derive next. Thus, we can iterate
between an update of @ and ¥ several times, and this way perform the dictionary
update stage.

As for the Procrastes problem, it is formulated as a plain Least-Squares problem
of the form ||A — QBJ|%, where A, B are arbitrary pair of matrices of the same size,
and the unknown Q is a square and orthogonal matrix that should rotate the columns
of B towards those of A, such that the squared-error is minimized. First we observe
that

A — QB> = tr{ATA} + tr{B"B} - 2tr{QBA”}. (12.12)

Thus, our minimization task is equivalent to the maximization of tr{QBAT}. Assum-
ing that the SVD of the matrix BA” is available to us, BA” = UZV”, our penalty
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can be written as
tr{QBAT} = tr{QUEV”} = tr{ VI QUZ} = tr{ZZ}. (12.13)

Here we have used the property tr{AB} = tr{BA} (for an arbitrary square matrix
pair), and the notation Z = V'QU. Z is a unitary matrix as well, while T is a
diagonal matrix with the singular-values {o;}?_, on the main-diagonal. Thus,

tr{ZX) = Z oizi < Z o (12.14)
i=1 i=1

The last inequality stems from the fact that entries in a unitary matrix are in the
range [—1, 1]. Fulfilling the upper-bound is obtained for the choice Z = I, which in
turn implies that Q = VU” — this is the closed-form solution mentioned above.

12.3.3 The Signature Dictionary

An interesting structure that leads to a shift-invariance property is the Image Signa-
ture Dictionary (ISD), as proposed by Aharon et al. We shall present this method
for a simplified 1D case, so as to reduce the notational burden.

The dictionary in mind is A € R™"™, as represented throughout this chapter.
However, this dictionary is constructed from a single signal a; € R™!, by extracting
all the possible patches of length n (including cyclic shifts). We refer to ag as the
signature signal that defines the effective dictionary. Note that in the 1D case, this
dictionary has a circulant structure. While the dictionary have mn entries, m free
parameters alone dictate its entire content.

Denoting by Ry the operator that extracts a patch of length n from location k from
ap, the k-th atom in A is given by a; = Riag. The representation of a signal y as a
linear combination of atoms from this dictionary is given by

m m

y=) nar = > uRap. (12.15)

k=1 k=1

Armed with this structure, we now return to the dictionary-learning goal, as posed
in the problem

M
min Z lly; — Ax,-||§ subject to ||x;llo < ko, 1 < i< M. (12.16)
A,[Xf]gl i=1

Adopting the same block-coordinate descent algorithm, the sparse coding stage that
updates x; remains unchanged, since A can be formed as usual. Indeed, we could
numerically benefit from its structure by using the fast-Fourier-Transform (FFT) for
a fast convolution that replaces the exhaustive inner-products.
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The dictionary update stage differs, so as to take into account the inner structure
of A. Using the formulation in Equation (12.15) to replace the term Ax; in Equation
(12.16), we get

m 2

= > xilkIRea

k=1

(12.17)

M M
2

D lyi - Axil} =

i=1

i=1

2

Thus, an update to the dictionary is obtained by optimizing the above ¢, expression
with respect to ag. We obtain the equation

M (m T m
0= Z (Z xi[k]Rk] [Yi - Z xi[k]Rkao], (12.18)
k=1

i=1 k=1

which leads to

m m [ M T mom
al?' = [ZZ [Z x; k]xl[]]}RT ] szl[k]RkYz (12.19)

k=1 j=1 Li=1 i=1 k=1

Note that the term p(k, j) = Zl’-‘f 1 Xi[k]x;[j] in the above equation stands for the
cross-correlation between the entries in the representation vectors. The operation
vV = R,{u creates a zero vector v, and then puts u (of length n) in its k-th location.
We do not provide here further analysis of this formula and its implications, beyond
the obvious statement that this can be used for an easy update of ag. More details
can be found in the recent work by Aharon and Elad, where this structure has been
used in 2D for images. Benefits attributed to this structure are the following:

e Since the number of degrees of freedom is much smaller than nm, this implies
that less training data is required, and faster convergence of the learning proce-
dure can be obtained.

e The better-behaved penalty function for the learning procedure implies a smaller
tendency towards local minimum.

e Asthe dictionary emerges from a single signal (or image) with plain shifts, work-
ing on two shifted signals can be made more efficient by applying a sparse coding
on the first, and simply shifting these atoms to approximate the second. This idea
was used successfully in the work by Aharon and Elad to reduce the complexity
of sparse coding for image patches.

e This structure is the first in which atoms of varying sizes are easily accommo-
dated.

Because of these reasons and more, the ISD seems to be a promising concept, and
more work is required to expose and exploit its potential.



244 12 The Quest for a Dictionary

12.4 Summary

With a proper dictionary, the Sparse-Land model can lead to better performance in
the various applications it is harnessed to. Dictionary-learning seems to be a promis-
ing direction for obtaining a favorable model. In this chapter we presented several
algorithms and ideas that have already appeared in the literature. Nevertheless, it
is clear that far more should be done in order to establish this approach as truly
competitive, stable, and reliable.

Still on the dictionary-learning problem, a different front that requires more work
refers to the desire to extend the Sparse-Land model. Extensions to consider are
dependencies between the atoms, varying probabilities for the atoms to be used, and
perhaps the introduction of non-linearities. In all these cases, the dictionary-learning
algorithms must be updated to cope with these changes.

As a last point in this chapter we mention that among the various things to be
desired for a good dictionary, a truly multi-scale structure is of an utmost impor-
tance. Learning of such structures has not been treated thoroughly so far, as it poses
numerous difficulties. When such a structure will be properly introduced, it might
open new horizons for the vast activity on wavelet and X-let transforms, and lead
to a convergence of these two branches (learning dictionaries, and designing multi-
scale frames).
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Chapter 13
Image Compression — Facial Images

The sparse-representation viewpoint discussed so far, along with dictionary-learning,
is merely that — a viewpoint. The theoretical results we have given merely tell us that
sparse modeling is, in favorable cases, a mathematically well-founded enterprize
with practically useful computational tools. The only way to tell if sparse modeling
works in the real world is to apply it, and see how it performs! We have already
seen the use of sparse representation modeling for image deblurring , and the re-
sults seem to be promising. In this and the next chapters, we review selected results
applying this viewpoint to several image processing tasks.

In this chapter we consider the problem of facial image compression. The content
of this chapter follows up closely with the work by Bryt and Elad. Compression
using sparse representation modeling seems as a very natural approach. Therefore, it
is tempting to develop an image/video compression scheme that relies on this model.
Nevertheless, developing such a compression scheme that competes favorably with
JPEG2000 (for still images) and H-264 (for video) is very hard, if not impossible.
The reason is that in these methods, the entropy-coding stage has been perfected.
Thus, it is not sufficient to change the elementary steps of the coding algorithm —
one must provide an appealing entropy-coding as well.

Because of this, we choose to address a very specific coding task, where the
model by itself could make the desired difference. This brings us to the handling of
facial images, which is the topic of this chapter.

13.1 Compression of Facial Images

Compression of still images is a very active and matured field of research, vivid
in both research and engineering communities. Compression of images is possible
because of their vast spatial redundancy and the ability to absorb moderate errors
in the reconstructed image. This field of work offers many contributions, some of
which became standard algorithms that are wide-spread and popular. Among the
many methods for image compression, one of the best is the JPEG2000 standard
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— a general purpose wavelet-based image compression algorithm with very good
compression performance.

At its core, JPEG2000 relies on the fact that images are expected to be sparse
when represented using wavelets. In this sense, JPEG2000 is already a supporting
testimony for the efficiency and relevancy of Sparse-Land as a model for images.
Nevertheless, and as said above, part of the success of the JPEG2000 is attributed
to the well-designed entropy-coding within this compression algorithm. Our goal is
to address a compression task, where the entropy-coding becomes secondary in its
importance.

When considering the compression of a specific and narrow image class, the
amount of redundancy increases, thus enabling a better compression performance.
Such is the case with compression of facial images. Indeed, this expected gain has
been observed and exploited in several recent publications that offer tailored com-
pression algorithms for facial images. Among those contributions, the more recent
ones show performance surpassing those of the JPEG2000.

Compression of facial images is an appealing problem, both because of the re-
search challenges it provides, and the important applications it serves. From a re-
search perspective, one should primarily wonder how to exploit the additional re-
dundancy that such a focused image class exhibits, and how to surpass general pur-
pose compression algorithms this way. This is not an easy challenge due to the vast
efforts put to the general purpose algorithms, and especially their entropy-coding
parts.

Application-wise, facial images are perhaps the most popular images, held in
large databases by various organizations, such as police and law-enforcement,
schools and universities, states, and in databases of employees in large companies.
Efficient storage of such images is of value, and especially so when considering
photo-ID in electronic ID cards. In such applications, very low bit-rate compression
is to be considered, where general purpose algorithms fail utterly.

Motivated by the above, this chapter addresses the task of compression of facial
images, as described above. We target photo-ID images of pre-specified and fixed
size 179 x 221 grayscale images with 8 bits per pixel.! The goal is very low bit rates
(roughly speaking, we consider compression ratios ~ 100), where most algorithms
are unable to show recognizable faces. We use a database containing nearly 4, 500
such facial images, some of which are used for training and tuning the algorithm,
and the others for testing it.

As already mentioned above, the compression algorithm described in this chap-
ter is taken from the work by Bryt and Elad. This algorithm relies strongly on recent
advancements made in using sparse and redundant representation of signals, and
learning their sparsifying dictionaries. The K-SVD algorithm is used for learning
dictionaries for representing small image patches in a locally adaptive way, and us-
ing the obtained dicitonaries to sparse-code the patches’ content. This is a relatively

! This database contains color photos taken by a 4 Mega-pixel digital camera (Fuji FinePix A400),
against a white and uniform background, with the highest compression settings for best quality.
These photos were cropped and scaled to the above-mentioned size, and also converted to a gray-
value format.



13.2 Previous Work 249

simple and straight-forward algorithm with hardly any entropy-coding stage. Yet,
it is shown to be superior to several competing algorithms: (i) the JPEG and the
JPEG2000, (ii) the VQ-based algorithm presented by Goldenberg et. al., and (iii) A
Principal-Component-Analysis (PCA) approach.?

13.2 Previous Work

Among the thousands of papers that study still image compression algorithms, there
are relatively few that consider the treatment of facial images. Among those, the
most recent and the best performing algorithm is the one by Goldenberg et. al. That
work also provides a thorough literature survey that compares the various methods
and discusses similarities and differences between them. We concentrate here on the
description of this specific algorithm, as it serves as the foundation for the sparse-
representation-based method described in this chapter.

The algorithm by Goldenberg et. al., like some others before it, starts with a ge-
ometrical alignment of the input image, so that the main facial features (ears, nose,
mouth, hair-line, etc.) are aligned with those of a database of pre-aligned facial im-
ages. Such alignment further increases the redundancy in the handled image, due to
its high cross similarity to the database. The warping is done by an automatic detec-
tion of 13 feature points on the face, and moving them to pre-determined canonical
locations. These points define a slicing of the input image into disjoint and covering
set of triangles, each exhibiting an affine warp, being a function of the motion of its
three vertices. Side information on these 13 feature locations enables a reverse warp
of the reconstructed image in the decoder. Figure 13.1 (left side) shows the located
features and the induced triangles. After the warping, the image is sliced into square
and non-overlapping uniform patches (of size 8 X 8 pixels), each of which is coded
separately. Such possible slicing (for illustration purposes we show this slicing with
larger patches) is shown in Figure 13.1 right side.

Coding of the image patches is done using Vector-Quantization (VQ). The VQ
dictionaries are trained using tree-K-Means per each patch separately, using patches
taken from the same location extracted from 4, 500 training images. This way, each
VQ is adapted to the expected local content, and thus the high performance pre-
sented by this algorithm. The number of code-words in the VQ is a function of the
bit-allocation for the patches. As we argue in the next section, while VQ enjoys a
well-founded theoretical support as a near-ideal coder, VQ coding is limited by the
available number of examples and the desired rate, forcing relatively small patch
sizes. This, in turn, leads to a loss of some redundancy between adjacent patches,
and thus a loss in further potential compression.

Another ingredient in this algorithm that partly compensates for the above-
described shortcoming is a multi-scale coding scheme. The image is scaled down

2 The PCA algorithm was developed by Bryt and Elad as a competitive benchmark, and while it is
generally performing very well, it is inferior to the main algorithm presented in their work, which
uses sparse and redundant representations.
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Fig. 13.1 Left: Piecewise affine warping of the image by triangulation. Right: A uniform slicing
to disjoint square patches for coding purposes.

and VQ-coded using patches of size 8 x 8. Then it is interpolated back to the original
resolution, and the residual is coded using VQ on 8 x 8 pixels patches once again.
This method can be applied on a Laplacian pyramid of the original (warped) image
with several scales.

As already mentioned above, the results shown in Goldenberg’s work surpass
those obtained by JPEG2000, both visually and in Peak-Signal-to-Noise Ratio
(PSNR) quantitative comparisons.® In this chapter we introduce an alternative al-
gorithm that replaces the coding stage from VQ to sparse and redundant representa-
tions. This leads us to the next section, where we describe the principles behind this
coding strategy.

13.3 Sparse-Representation-Based Coding Scheme

The algorithm we are about to describe below is based on sparse representation
modeling of image patches and trained dictionaries, very much in line with the
Sparse-Land model presented in Chapter 9, and learned dictionaries, as advocated
in Chapter 12. In a way, we generalize the VQ point of view of the previous work
and replace it with sparse representations, thereby leading to better results.

3 PSNR is computed by 10 - log10(2552 /MSE), where the MSE is the Mean-Squared-Error per
pixel.
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13.3.1 The General Scheme

A block diagram of the encoder and decoder are given in Figure 13.2. This algorithm
consists of two main processes: An off-line K-SVD training process and an on-line
image compression/decompression processes.

The K-SVD training process is an off-line procedure, preceding any image com-
pression. The training produces a set of K-SVD dictionaries that are then considered
fixed for the image compression-decompression stage. A single dictionary is trained
for each 15 x 15 patch over a set of examples that are the learning set. The train-
ing follows the description in Chapter 12, with parameters detailed below. Prior to
the training process for each patch, The mean patch image of the examples in the
learning set is calculated and subtracted from all the examples in this set. This is
equivalent to the statement that the mean-facial image of the learning database is
computed and subtracted from all images, serving as a rough prediction of the in-
coming images to be coded. The entire coding is done on the residual, and this mean
image (stored both in the encoder and the decoder) is added after decompression.

The image compression process uses the following steps in the encoder, followed
by a mirror application of them at the decoder:

e Pre-Processing: This is the same pre-process stage of geometrical warping as
described above. This leads to better conditioning of the input image, increasing
its redundancy versus the image database. The parameters of the warp are sent as
side information for the inverse warp at the decoder. Those parameters are coded
using 20 bytes.

o Slicing to Patches: Just as the VQ algorithm, the sparse-representation-based ap-
proach also works on fixed-size square patches, coding each patch separately and
adaptively. However, the coding strategy is different, being based on sparse and
redundant representations. The change in methods leads to the ability to handle
larger patches, and thus get a more efficient coding. In the simulations reported
here we use patches of size 15 x 15 pixels* (we shall denote by n the length
of the patch when organized as a vector, and thus +n = 15 pixels), although
larger patch sizes are also possible. Another benefit the sparse-representation-
based algorithm has is the ability to use the very same dictionaries for various
bit-rates. This is markedly different from the VQ solution that needs different
trained code-books per each rate.

e Removal of the Mean: The patches must fit the dictionary in their content, and
thus the same mean patch images that were calculated for the learning set before
the training process are subtracted from the relevant patches in the incoming
image.

e Sparse-Coding: Every patch location has a pre-trained dictionary of code-words
(atoms) A;; € R™™ . The size we use for m is 512 — a discussion on this choice
appears in the results section. These dictionaries are generated using the K-
SVD algorithm on a set of 4,400 training examples. The coding itself is done

# Due to the inconsistency between the image and patch sizes, some of the patches at the right and
bottom boundaries are of different sizes than the rest.
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Fig. 13.2 Detailed block diagram of the proposed encoding/decoding method.

the

by assigning a linear combination of a few atoms to describe the patch content
(sparse-coding). Thus, information about the patch content includes both the lin-
ear weights and the chosen indices. Note that the number of atoms vary from
one patch to another, based on its average complexity, and this varied number is
known at the decoder.

The encoder and the decoder are storing the dictionaries. The sparse-coding stage
for encoding of the patches is done using the OMP algorithm. The decoder is
simply aggregating the proper atoms with the proper weights to reconstruct the
patch, building the output one patch at a time independent of the others.
Entropy-Coding and Quantization: We use a straight-forward Huffman table
applied only to the indices. The representations’ weights are quantized with a 7
bits uniform quantization, with boundaries chosen based on the training infor-
mation for each patch separately.

Since the above compression scheme strongly relies on a successful detection of
features to warp by, a natural question is whether errors in this stage are de-

structive to the overall compression algorithm. When the detection of the features
fails utterly, the compression necessarily leads to very low performance. Since the
compression is performed on an incoming image, we have access to both the re-

sul

ting PSNR, and also the average PSNR we expect to get for this bit-allocation.

Therefore, if the compression PSNR is below some threshold, we obviously know
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that the detection failed (or possibly the input image is not a facial image). In such a
case, and in a completely automatic fashion, we can employ the JPEG2000, which
is indeed weaker, but still reasonable. A second option we have in such a system is
to prompt the user to detect the features manually for this image. Thus, even rare
situations (less than 1% in our experiments) where the features are not found do not
lead to a breakdown in a system that employs the proposed algorithm.

13.3.2 VQ Versus Sparse Representations

As mentioned earlier, the destination compression ratio and the number of training
examples pose a hard limit on the allowed patch size when using VQ. This is because
as the patch size grows while keeping the rate (bits-per-pixel) fixed, the dictionary is
required to grow exponentially, reaching sizes far beyond the number of examples to
train on. More specifically, using patch size of /n X +/n pixels, with m code-words
in the VQ dictionary, considering an image with P pixels, and a target rate of B bits
for the entire image, all these ingredients are related to each other by the equation

P .
B=—-log,(m) = m=27%. (13.1)
n

For example, coding an image of size 179 x 221 (P = 39, 559) pixels® with a target
rate of B = 500 x 8 bits, a patch of size v/n = 8 leads to m = 88, which is reason-
able. However, increasing the patch size to v/n = 12 already leads to m =~ 24,000,
which cannot be trained from 4, 500 examples. Thus, the VQ approach is limited to
relatively small patch sizes (8 x 8 used by Goldenberg et. al.), implying that much
of the spatial redundancy between adjacent patches is overlooked.

When turning to sparse and redundant dictionaries, the picture changes dramati-
cally. We consider a patch size of n X +/n pixels, with m atoms in the dictionary,
ko of which are used on average® in the representation (assuming 7 bits quantization
of the weights). Handling of an image with P pixels, and a target rate of B bits for
the entire image, all these ingredients lead to the relation

B= S ko - (log,(m) + 7). (13.2)

This means that per patch, instead of using log, m bits when working with VQ, we
need ko(log, m + 7) bits on average. Thus, if the required amount of bits per patch
is too high (as indeed happens when n grows), it can be absorbed by varying k. For
example, for an image with P = 39, 600 pixels, using m = 512 atoms, a target rate

> This is the actual size used in our experiments.

6 If ky varies from one patch to another, side information is necessary in order to instruct the
decoder how many atoms to use in each patch. However, in the proposed scheme, while k( indeed
varies spatially, it remains fixed for all images and thus the decoder knows the number of atoms
allocated per patch location with no additional side information.
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Fig. 13.3 The Required average number of atoms k as a function of the patch size n, with the
influence of the overall allocated number of bits B.

of B = 500 ~ 1000 bytes, and a patch sizes in the range vn = 8 ~ 30, all these
lead to a required average number of atoms ky as shown in Figure 13.3. As can be
seen, the values are reasonable and so we have the flexibility to control the rate by
changing ko in the range 1 ~ 12.

13.4 More Details and Results

The work by Bryt and Elad conducts several experiments in order to evaluate the
performance of the proposed compression method and the quality of its resulting
images. In this section we show some statistical results as well as reconstructed
images from this compression method and a comparison between these results to
several other competitive compression techniques.

Bryt and Elad use 4,400 facial images as the training set and a different 100 im-
ages as the test set. All the images in both sets are of a fixed size of 179x221 pixels.
The slicing to disjoint and covering set of patches is uniform over the image with
a size of 15 x 15 pixels per each. Examples of such pre-processed training/testing
images can be seen in Figure 13.4.

Before turning to present the results we should add the following: While all the
results shown here refer to the specific database we operate on, the overall scheme
proposed is general and should apply to other facial image databases just as well.
Naturally, some changes in the parameters might be necessary, and among these, the
patch size is the most important to consider. We also note that as one shifts from one



13.4 More Details and Results 255

Fig. 13.4 Examples of pre-processed images used in the training/testing sets.

source of images to another, the relative size of the background in the photos may
vary, and this necessarily leads to changes in performance. More specifically, when
the background regions are larger (e.g., the images we use here have relatively small
such regions), the compression performance is expected to improve.

13.4.1 K-SVD Dictionaries

Using 100 iterations of the K-SVD algorithm, the required dictionaries are learned.
Every obtained dictionary contains 512 patches of size 15 x 15 pixels as atoms. In
Figure 13.5 we see the dictionary that was trained for patch number 80 (the left eye)
for ky = 4 sparse coding atoms, and similarly, in Figure 13.6 we see the dictionary
that was trained for patch number 87 (the right nostril) also for ky = 4 sparse coding
atoms. It can be seen that both dictionaries contain atoms similar in nature to the
image patch for which they were trained for. A similar behavior is observed in other
dictionaries.

13.4.2 Reconstructed Images

The proposed coding strategy allows us to learn which parts of the image are more
difficult than others to code. This is done by assigning the same representation error
threshold to all the patches, and observing how many atoms are required for the
representation of each patch on average. Clearly, patches with a small number of
allocated atoms are simpler to represent than others. We would expect that the repre-
sentation of smooth areas of the image such as the background, parts of the face and
maybe parts of the clothes will be simpler than the representation of areas contain-
ing detailed parts such as the hair or the eyes. Figure 13.7 shows maps of the atom
allocation per patch and representation error (Root Mean-Squared-Error — RMSE)
per patch for the images in the test set at two different bit-rates. It can be seen that
more atoms are allocated to patches containing the facial details (hair, mouth, eyes,
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Fig. 13.5 The Dictionary obtained by K-SVD for patch no. 80 (the left eye) using the OMP method
with kg = 4.

Fig. 13.6 The Dictionary obtained by K-SVD for patch no. 87 (the right nostril) using the OMP
method with ky = 4.

facial borders), and that the representation error is higher in these patches. It can also
be seen that the overall number of allocated atoms increases and the representation
error decreases with the image bit-rate.

As in other compression methods, the reconstructed images suffer from several
kinds of artifacts. These artifacts are caused by the fact that we operate on dis-
joint patches, coding them independently. Contrary to methods such as JPEG and
JPEG2000, the reconstructed images at the presented method do not have a strong
smearing artifact all over the image, but only local small areas in which the im-
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Fig. 13.7 For coding to 400 bytes, (a) shows the atom allocation map and (b) shows the represen-
tation error map. Similarly, (c) and (d) show the same maps for 820 bytes.

age is smeared. Other artifacts include inaccurate representation of high frequency
elements in the image, inability to represent complicated textures (mainly in the
clothes), and inconsistency in the spatial location of several facial elements compar-
ing to the original image. These artifacts are caused by the nature of the algorithm
developed, which has a limited ability to build the reconstructed image out of the
given dictionaries.

In Figure 13.8 we can see two original images from the training set and their
reconstructed images in a bit-rate of 630 bytes. The mentioned artifacts can be seen
in these images especially in the areas of the chin, the neck, the mouth, the clothes
and the hairline. Although there are areas in the images that contain a smearing
effect, the majority of the image is clear and sharp, and certainly having a high
visual quality.

Figure 13.9 shows three original images from the test set and their reconstructed
images at a bit-rate of 630 bytes. As in the previous images, the mentioned artifacts
can be seen in these images as well, in the same image areas as before. As expected,
the quality of the images from the test set is not as high as the quality of images
from the learning set, but these images too are clear and sharp, and have a high
visual quality.

Much like other compression methods, the quality of the reconstructed images
in the proposed method improves as the bit-rate increases. However, the contri-
bution gained from such a rate increment is not divided equally over the image.
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Fig. 13.8 Examples of original (top) and reconstructed (bottom) images from the training set, with
a relatively low error (4.04, on the left) and a relatively high error (5.9, on the right) representation
Root-MSE, both at a bit rate of 630 bytes.
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Fig. 13.9 Examples of original and reconstructed images from the test set, with a relatively low er-
ror (5.3, left), an average error (6.84, middle) and a relatively high error (11.2, right) representation
RMSE, all three at a bit-rate of 630 bytes.

Additional bits are allocated to patches with higher representation error, and those
are improved first. This property is directly caused by the nature of the compres-
sion process, which is RMSE-oriented and not bit-rate-oriented. The compression
process sets a single RMSE threshold for all the patches, forcing each of them to
reach it without fixing the number of allocated atoms per patch. Patches with simple
(smooth) content are most likely to have a representation error far below the thresh-
old, even when using one atom or less, whereas patches with more complex content
are expected to have a representation error very close to the threshold. Such prob-
lematic patches will be forced to improve their representation error by increasing
the number of atoms they use as the RMSE threshold is decreased, while simple
patches with a representation error below the threshold will not change their atom
allocation. Figure 13.10 illustrates the gradual improvement in the image quality
as the bit-rate increases. As can be seen, not all the patches improve as the bit-rate
increases but only some of them, such as several patches in the clothes area, in the
ears and in the hairline. These patches are more difficult to represent than others.
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Fig. 13.10 Comparing the visual quality of a reconstructed image from the test set at several bit-
rates. From top left, clockwise: 285 bytes (RMSE 10.6), 459 bytes (RMSE 8.27), 630 bytes (RMSE
7.61), 820 bytes (RMSE 7.11), 1021 bytes (RMSE 6.8), Original image.

13.4.3 Run-Time and Memory Usage

In assessing the required memory for the proposed compression method we need to
take into account all the dictionaries that were produced for each patch, the previ-
ously mentioned mean patch images, the Huffman tables, the coefficient usage tables
and the quantization levels for each patch. All these lead to less than 20 Mbytes.

Practically, the training and testing processes have been all implemented using
non-optimized Matlab code on a regular PC (Pentium 2, 2GHz, 1GByte RAM).
Training of all the required dictionaries requires 100 hours to complete (and thus
has been implemented on several computers in parallel, each handling a different
group of patches). The compression of a single image requires 5 seconds, and its
decompression takes less than 1 second.
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13.4.4 Comparing to Other Techniques

An important part in assessing the performance of this compression method is its
comparison to known and competitive compression techniques. As mentioned be-
fore, we compare the obtained results with JPEG, JPEG2000, the VQ-Based com-
pression method described earlier, and a PCA-Based compression method that was
built especially for this work as a competitive benchmark. We therefore start with a
brief description of the PCA technique.

The PCA-Based compression method is very similar to the scheme described
above, simply replacing the K-SVD dictionaries with a Principal Component Anal-
ysis (PCA) ones. These dictionaries are square matrices storing the eigenvectors of
the auto-correlation matrices of the training examples in each patch, sorted by a de-
creasing order of their corresponding eigenvalues. Another induced difference is the
replacement of the sparse coding representation with a simple linear approximation
that projects on the first several eigenvectors, until the representation error decreases
below the specified threshold. Comparison to the PCA-Based compression method
is important here, because whereas the proposed technique could be interpreted as
an adaptation of the JPEG2000 to the image family by training, the PCA could be
seen as a similar step emerging from JPEG.

Figures 13.11, 13.12 and 13.13 show a visual comparison of the obtained results
with the JPEG, JPEG2000, and the PCA methods at three different bit-rates. Note
that Figure 13.11 does not contain JPEG examples because the bit-rate is below the
possible minimum in this case. These figures clearly show the visual and quanti-
tative advantage of the proposed sparse-representation-based method over all the
alternatives. We can especially notice the strong smearing effect in the JPEG and
JPEG2000 images, contrary to the images obtained by the proposed algorithm.

Figure 13.14 shows a rate-distortion curves comparison of the compression meth-
ods mentioned above, averaged over the 100 test images. The PSNR shown here
corresponds to the aligned grayscale images for all methods, in order to evaluate the
representation error from the sparse coding and reconstruction stages alone, without
the error that results from the geometrical warp process. Adding the error induced
by the geometrical warp implies a decrease of 0.2 — 0.4dB for the VQ, PCA, and
K-SVD methods, which does not change the overall ordering of these algorithms.

In addition to these rate-distortion curves we added a curve for a “Clean”
JPEG2000 method, which is simply a horizontally shifted version of the JPEG2000
curve taking into account the header embedded in the JPEG2000 standard. This
header was found to be approximately 220 bytes.

It can be seen from this comparative graph that the K-SVD compression method
presents the best performance and especially so in the very low bit-rates of 300 —
1000 bytes, which is the area of interest.
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Fig. 13.11 Facial images compression at a bit-rate of 400 bytes, comparing results of JPEG2000,
the PCA, and the K-SVD methods. The values in the brackets are the representation RMSE.

13.4.5 Dictionary Redundancy

Dictionary redundancy, or over-completeness, is defined as m/n, being 1 for com-
plete (non-redundant) representations, and above it in the experiments reported
above. A natural question is whether such redundancy is truly necessary for get-
ting the compression results shown. Fixing the patch size, n, what would be the
effect of changing the number of atoms, m? Figure 13.15 shows four curves of the
averaged PSNR on the test set images with varying redundancy. Each curve shows
this behavior for a different fixed image bit-rate. Note that since the patch size is
15 x 15 pixels, having 225 atoms implies a complete (non-redundant) dictionary,
and when having 150 atoms, we are in fact in an under-complete regime.
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Fig. 13.12 Facial images compression at a bit-rate of 550 bytes, comparing results of JPEG,
JPEG2000, the PCA, and the K-SVD methods. The values in the brackets show the representa-
tion RMSE.

We can see in Figure 13.15 that the quality of the images is improving (PSNR-
wise) with the dictionary redundancy, but this increase is subsiding. Intuitively, we
would expect a change in the tendency of the curves at some point, partly due to
over-fitting of the dictionaries (due to the limited number of examples), and partly
because too high redundancy is expected to cause a deterioration in performance,
due to the cost of transmitting the indices. Such change in tendency has not been
observed because of limitations in the training data size.

13.5 Post-Processing for Deblocking

13.5.1 The Blockiness Artifacts

The motivation for a deblocking method in this scheme is the appearance of blocki-
ness artifacts in the reconstructed images that result from the nature of the proposed
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Fig. 13.13 Facial images compression at a bit-rate of 820 bytes, comparing results of JPEG,
JPEG2000, the PCA, and the K-SVD methods. The values in the brackets show the representa-
tion RMSE.

compression algorithm. These disturbing artifacts are visible all over the image in
varying degrees of strength, and all the reconstructed images suffer from them. The
blockiness artifacts are created because the coding of each image is done in uniform
non-overlapping patches, and these patches are coded independently according to
their relevant trained dictionaries. Therefore, the nature of the representation in each
patch is different, and especially so in patches which require a different number of
atoms or which have a different pattern of data in them. These differences can cre-
ate false edges between the patches, as can be seen in Figures 13.11-13.13. This
phenomenon is expected to appear in every compression technique in which the en-
coding is done in non-overlapping patches, but it is more significant in the presented
method, due to the deep compression ratio, and the size of the patches. Naturally,
patch sizes can be decreased and dictionaries can be extended, but doing so will
not eliminate the artifacts completely and will severely hurt the performance of the
compression algorithm as the bit-rate of each compressed image will increase. Such
a solution is thus inefficient from a wider point of view.
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Fig. 13.14 Rate-Distortion curves for the JPEG, JPEG2000, “Clean” JPEG2000 (i.e., after removal
of the header bits), PCA, VQ, and K-SVD methods.

13.5.2 Possible Approaches For Deblocking

There are several possible approaches one can take to eliminate the blockiness arti-
facts, and these mostly divide into two main categories: Encoding stage approaches
and post-processing approaches. The encoding stage approaches suggest attacking
the problem by preventing the blockiness artifacts from being created in the first
place. Such possible approaches include encoding in overlapping patches, train dic-
tionaries on two or more shifted grids, train dictionaries with respect to their neigh-
boring dictionaries and other approaches along these lines. These approaches offer
a clean structural solution to the problem and are designed to eliminate the blocki-
ness artifacts completely. However, the disadvantages of these methods should not
be overlooked — they are complex, some are complicated to implement, and they
can lead to an increase in the bit-rate of the compressed images, which is highly
undesirable.

In contrary to encoding stage approaches, post-processing approaches attempt to
eliminate the blockiness artifacts after they have already been created by the com-
pression algorithm. Such possible approaches include various filtering techniques
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Fig. 13.15 The effect of changing the redundancy in the trained dictionaries on the quality of the
test set images in PSNR for a fixed bit-rate (four different fixed values).

applied to the compressed-decompressed image. These approaches are simple and
easy to implement, and they do not increase the rate of the compressed image. The
main disadvantage of these methods is of course that they cannot guaranty to elim-
inate the blockiness artifacts in all cases and all images, as the method of operation
is limited and does not have an access to the source of the problem.

13.5.3 Learning-Based Deblocking Approach

The deblocking method we present here belongs to the second category, as it is an
application of specially created filters over the reconstructed image. We define a
three pixel wide border-frame of each patch as the Region-Of-Interest (ROI) to be
fixed. These areas suffer the most from the blockiness artifacts, and their location is
known to us, once the grid is set. For each pixel in the ROI of each different patch we
calculate a different 5 X 5 linear filter to correct the blockiness artifacts. This is done
using a learning set for the same pixel, accumulated over many (1, 000 in this case)
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similar images. The learning set consists of original pixels and the reconstructed
ones after compression-decompression.

In general, this approach is similar in its spirit to the principles of the proposed
compression algorithm, in which the encoding stage for new images is done ac-
cording to dictionaries that were trained according to a learning set. In this case,
however, we calculate the optimal filters by the Least-Squares penalty

Iy = arg min |[YRyhy - Xexll3, (13.3)
k

where hy, is the desired 5 x 5 filter for the k" pixel, ordered as a column vector. The
matrix X contains the original images in the learning set as its rows, and similarly,
Y is the matrix containing the decoded images in the learning set as rows. Ry is a
matrix that extracts from Y the appropriate pixels in the 5 x 5 environment of the k"
pixel, and e, is a vector that selects the k" pixel out of the images X.

The goal of this minimization problem is to design a linear filter that attempts to
best fit the k" pixel in the reconstructed image to the one in the original image, using
only the pixel’s 5 X 5 neighborhood. Equation 13.3 has a simple analytic solution
for ﬁk in the form of

h, = RIYTYR,) ™ - RI'Y Xey. (13.4)

Note that the needed filters vary from one bit-rate to another, and thus should be
calculated for each separately.” For a given bit-rate group, the trained filters can
be combined as the rows of a large matrix H,, such that when it multiplies the
compressed-decompressed image, all the filters are activated, and deblocking is per-
formed.

This filter calculation process is simple, easy to implement and does not increase
the bit-rate of the compression, as the resulting matrices of filters for each bit-rate
are calculated in an off-line mode and are stored in the decoder. The method of
using these filters on any given reconstructed image is also very convenient, simply
by multiplying the matrix H, by the lexicographic representation of the image in the
post-processing stage of the compression algorithm.

13.6 Deblocking Results

We use 1,000 facial images as our learning set and 100 different images as our test
set. All the images in both sets are of size 179 x 221 after pre-processing. Figure
13.16 shows a rate-distortion curves comparison as in Figure 13.14, with a new
curve that corresponds to the deblocked results. As can be seen, an improvement of
0.4dB is obtained because of the proposed deblocking method.

7 Doing this for each bit-rate is impractical, and not necessary. Our bit-rate range (300-1000 bytes)
can be divided to groups, and each should get its own set of filters.
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Fig. 13.16 Rate-Distortion curves for the JPEG, JPEG2000, “Clean” JPEG2000, PCA, VQ, and
the two K-SVD methods.

In order to visually show the effectiveness of the presented deblocking method,
we apply it on the same images as in Figure 13.12, referring to a rate of 550
bytes. We also add an additional image where the blockiness artifacts are particulary
strong. The filters matrix that was calculated for this bit-rate is used on the recon-
structed images as a post-processing operation and the results can be seen in Figure
13.17. In spite of its limitations, it can be clearly seen that the deblocking method
has eliminated the blockiness artifacts in most places and reduced them significantly
in others. Although the deblocking filters create a small degree of smoothing along
the block edges where they are applied, the images still appear sharp and their over-
all visual quality is improved. In addition to the improvement in the visual quality,
which is our primary goal, we also gain an improvement in the PSNR of the images,
as seen in Figure 13.16.

13.7 Summary

In this chapter we have demonstrated how sparse and redundant representations and
the K-SVD learning algorithm can be used for handling a practical image compres-
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Fig. 13.17 A comparison of reconstructed images at the rate of 550 bytes before (top) and after
(bottom) applying the linear deblocking method.

sion application — coding of facial images. The devised scheme is practical, simple,
and direct, and yet it leads to performance surpassing the JPEG2000 algorithm.

Unfortunately, the path taken in this chapter cannot be imitated in order to pro-
pose a general purpose image compression algorithm, and this remains as a major
challenge for the near future. Still, from the experiments demonstrated here we have
learned several important lessons:

e Contrary to intuition, redundancy can be of value in improving compression per-
formance;

e Sparse and redundant representations can successfully replace a VQ scheme un-
der some conditions, and lead to better results; and

e In the broad comparison between linear and non-linear approximation (PCA ver-
sus K-SVD in our tests), we have seen here that despite the additional cost of
transmitting indices, the non-linear approximation performs better.

Further Reading

1. PJ. Burt and E.H. Adelson, The Laplacian pyramid as a compact image code,
IEEE Trans. on Communications, 31:532-540, 1983.



270

2.

10.

11.

13.

14.

15.

16.

13 Image Compression — Facial Images

O. Bryt and M. Elad, Compression of facial images using the K-SVD algorithm,
Journal of Visual Communication and Image Representation, 19(4):270-283,
May 2008.

. O. Bryt and M. Elad, Improving the K-SVD facial image compression using a

linear deblocking method, The IEEE 25-th Convention of Electrical and Elec-
tronics Engineers in Israel, Eilat, Israel, December 3-5, 2008.

P. Cosman, R. Gray, and M. Vetterli, Vector quantization of images subbands:
A survey, IEEE Trans. Image Processing, 5:202-225, 1996.

. M. Elad, R. Goldenberg, and R. Kimmel, Low bit-rate compression of facial

images, IEEE Trans. on Image Processing, 16:2379-2383, 2007.

. AlJ. Ferreira and M.A.T. Figueiredo, Class-adapted image compression using

independent component analysis, in: Proceedings of the International Confer-
ence on Image Processing (ICIP), Barcelona, Spain, pp. 14-17, September
2003.

A.J. Ferreira and M.A.T. Figueiredo, Image compression using orthogonalized
independent components bases, in: Proceedings of the IEEE XIII Workshop on
Neural Networks for Signal Processing, Toulouse, France, 17-19, September
2003.

. AJ. Ferreira and M.A.T. Figueiredo, On the use of independent component

analysis for image compression, Signal Processing: Image Communication,
21:378-389, 2006.

O.N. Gerek and C. Hatice, Segmentation based coding of human face images
for retrieval, Signal-Processing, 84:1041-1047, 2004.

A. Gersho and R.M. Gray, Vector Quantization And Signal Compression,
Kluwer Academic Publishers, Dordrecht, Netherlands, 1992.

T. Hazan, S. Polak, and A. Shashua, Sparse image coding using a 3D non-
negative tensor factorization, in: Proceedings of the Tenth IEEE International
Conference on Computer Vision (ICCV), Beijing, China, pp. 17-21, October
2005.

. J.H. Hu, R.S. Wang, and Y. Wang, Compression of personal identification pic-

tures using vector quantization with facial feature correction, Optical-Engineering,
5:198-203, 1996.

J. Huang and Y. Wang, Compression of color facial images using feature correc-
tion two-stage vector quantization, /EEE Trans. on Image Processing, 8:102—
109, 1999.

K. Inoue and K. Urahama, DSVD: a tensor-based image compression and
recognition method, in: Proceedings of the IEEE International Symposium on
Circuits and Systems (ISCAS), Kobe, Japan, pp. 23-26, May 2005.

A. Lanitis, C.J. Taylor, and T.F. Cootes, Automatic interpretation and coding of
face images using flexible models, IEEE Trans. on Pattern Analysis and Ma-
chine Intelligence, 19:743-756, 1997.

Y. Linde, A. Buzo, and R.M. Gray, An algorithm for vector quantiser design,
IEEE Trans. on Communications, 28:84-95,1980.



Further Reading 271

17.

18.

19.

20.

21.

22.

23.

24.

B. Moghaddam and A. Pentland, An automatic system for model-based coding
of faces, in: Proceedings of DCC ’95 Data Compression Conference, Snowbird,
UT, USA, pp. 28-30, March 1995.

L. Peotta, L. Granai, and P. Vandergheynst, Image compression using an edge
adapted redundant dictionary and wavelets, Signal- Processing, 86:444-456,
2006.

Z. Qiuyu and W. Suozhong, Color personal ID photo compression based on ob-
ject segmentation, in: Proceedings of the Pacific Rim Conference on Commu-
nications, Computers and Signal Processing (PACRIM), Victoria, BC, Canada,
pp- 24-26, August 2005.

M. Sakalli and H. Yan, Feature-based compression of human face images,
Optical-Engineering, 37:1520-1529, 1998.

M. Sakalli, H. Yan, and A. Fu, A region-based scheme using RKLT and predic-
tive classified vector quantization, Computer Vision and Image Understanding,
75:269-280, 1999.

M. Sakalli, H. Yan, K.M. Lam, and T. Kondo, Model-based multi-stage com-
pression of human face images, in: Proceedings of 14th International Confer-
ence on Pattern Recognition (ICPR), Brisbane, Qld., Australia, pp. 16-20, Au-
gust 1998.

A. Shashua and A. Levin, Linear image coding for regression and classification
using the tensor-rank principle, in: Proceedings of the IEEE Computer Society
Conference on Computer Vision and Pattern Recognition (CVPR), Kauai, HI,
USA, pp. 8-14, December 2001.

D.S. Taubman and M.W. Marcellin, JPEG2000: Image Compression Funda-
mentals, Standards and Practice, Kluwer Academic Publishers, Norwell, MA,
USA, 2001.






Chapter 14
Image Denoising

14.1 General Introduction — Image Denoising

Images often contain noise, which may arise due to sensor imperfection, poor il-
lumination, or communication errors. Removing such noise is of great benefit in
many applications, and this may explain the vast interest in this problem and its so-
lution. However, the importance of the image denoising problem goes beyond the
evident applications it serves. Being the simplest possible inverse problem, it pro-
vides a convenient platform over which image processing ideas and techniques can
be tested and perfected. Indeed, numerous contributions in the past 50 years or so
address this problem from many and diverse points of view. Statistical estimators
of all sorts, spatial adaptive filters, stochastic analysis, partial differential equations,
transform-domain methods, splines and other approximation theory methods, mor-
phological analysis, differential geometry, order statistics, and more, are some of the
many directions and tools explored in studying this problem.

In this chapter we have no intention of providing a survey of this vast activity
on image denoising. Instead, we concentrate on a specific family of algorithms that
are of interest in the context of this book — algorithms that use sparse and redun-
dant representation modeling. These methods have been found in recent years to
be highly effective and promising, often leading to the best known performance in
terms of the noise removal results they achieve.

Our exposition starts with an algorithm that builds on the rough core of sparse
representation modeling, similar to the content in Chapter 10, and adopting a global
treatment of the image denoising problem. Then we present various improvements
of this paradigm that propose local processing, learning of the shrinkage curve, in-
corporating dictionary training, and more. We cover also the Non-Local-Means
(NLM) algorithm, because of an interesting tie we expose to sparse-representation
methods covered. We conclude this chapter with an introduction of the Stein Un-
biased Risk Estimator (SURE), used for an automatic tuning of the parameters of
some image denoising algorithms.

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 273
and Image Processing, DOI 10.1007/978-1-4419-7011-4 14,
© Springer Science+Business Media, LLC 2010
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We start by a proper modeling of the problem. An ideal image y, € IRY (of size
VN x VN pixels) is measured in the presence of an additive zero-mean white and
homogeneous Gaussian noise, v, with a known standard-deviation o~. The measured
image, y, is thus

y=Yo+V. (14.1)

We aim to design an algorithm that can remove the noise from y, returning as close
as possible to the original image, yo. We start by a direct application of the ideas
posed in Chapters 9 and 10 for solving this problem, and evolve from there to more
advanced techniques.

14.2 The Beginning: Global Modeling

14.2.1 The Core Image-Denoising Algorithm

The signal denoising problem has been mentioned over and over again throughout
this book, and when it comes to solving it using sparse and redundant representation
modeling, we were always led to some variant of the optimization problem (),

(Py) min [x|lp subjectto ||Ax — yII% <e (14.2)
X

The threshold € is closely tied with the noise power, and a natural choice of it would
be cNo2, with 0.5 < ¢ < 1.5. The solution to this problem, denoted by X, is the
sparse representation that represents the desired clean image. Thus, the denoised
output is § = AX.

In previous chapters we have seen this method being recommended from both a
deterministic and a stochastic points of view, we have introduced ways to fine-tune
it to perform better by adding assumptions on the statistics of the non-zero entries
in x, we have explored various options to further improve the denoising effect by
approximating the MMSE estimator, and more. All these facts lead to the claim that
this formulation is solid and reliable.

Naturally, the above formulation calls for a proper choice of the dictionary A.
Using sparse representations with specific choices of A as a driving force for de-
noising of images has drawn a lot of research attention in the past decade or so.
Initially, sparsity of the unitary wavelet coefficients was considered, leading to the
celebrated shrinkage algorithm, as already mentioned in Chapter 6. However, the
performance of this method was found to be insufficient and leaving much room for
improvements, leading researchers to consider redundant representations.

One reason to use redundant representations is the desire to have a shift-invariance
property. In terms of the denoising algorithm, this implies that no matter where the
edges are, their treatment will remain the same. Also, with the growing realization
that regular separable 1D wavelets are inappropriate for handling images (i.e., these
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transforms are unable to represent images sparsely), several new tailored multi-scale
and directional redundant transforms were introduced, including the curvelets, con-
tourlets, wedgelets, bandelets, and the steerable wavelets. The use of these dictio-
naries within the above formulation of the image denoising solver leads to far better
results, when compared to the unitary wavelet shrinkage method. For a while (the
early 2000’s), these algorithms were considered as the best available image denois-
ing methods.

Let us demonstrate an elementary image denoising algorithm that relies on a re-
dundant dictionary, in the spirit of the above discussion. Using the redundant Haar
transform for A, as used in Chapter 10,! we aim to denoise an image. For the ap-
proximation of the solution of the problem posed in Equation (14.2) we use the
thresholding algorithm. Thus, the overall denoising process is comprised of the for-
mula

§=ASr(Ay), (14.3)

where Sy is a scalar hard-thresholding operator (i.e., Sy(z) = 0 for |z] < T, and
S7(2) = z otherwise).

Since the columns of A are not £,-normalized, we should scale the thresholds by
these norms, implying that the i-th entry aiTy in the vector A’y is to be thresholded
by the value ||a;||> - T. Put differently, we can used a fixed value of threshold T in the
formula

§ = AWS; (W'ATy), (14.4)

where W is a diagonal matrix that contains the norms of the atoms, ||a;||,. Note
that this algorithm could be interpreted as the first iteration in an iterative-shrinkage
algorithm, which is initialized with zeros. More on the reason to use W appears
next.

Figure 14.1 presents the quality of the outcome (in terms of PSNR) of this algo-
rithm as a function of the parameter 7', for the input image Barbara, contaminated
by additive Gaussian noise of standard-deviation o = 20.2 As can be seen, for the
best choice of 7', we obtain an improvement of more than 5.2dB over the input noisy
image. Figure 14.2 shows the original image, the noisy one, and the result obtained
for the best choice of T, which seems to be clear of most of the initial noise.

! This matrix represents a tight Frame with redundancy factor of 7 : 1.

2 This image and the denoising of it (specifically, the removal of a zero-mean white and additive
Gaussian noise with o = 20) will accompany us throughout this chapter, as a benchmark for
comparing various denoising strategies.
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Fig. 14.1 The PSNR obtained by the thresholding algorithm with the redundant Haar dictionary,
as a function of the threshold parameter 7. While the input image has PSNR = 22.11dB, the best
possible result by the thresholding procedure leads to PSNR = 27.33dB.

14.2.2 Various Improvements

In order to further improve the performance of these methods, various additional
ideas and tools have been proposed. One such simple but valuable idea, is the as-
signment of a different variance to each non-zero coeflicient in the representation.
This stems from the observation that the magnitude of typical sparse representa-
tions of images show a varying variance per scale and orientation. Plugged into the
Basis-Pursuit formulation, this leads to the problem

1
& = min A||Wx||, + E||Ax -yl (14.5)

where W is a diagonal matrix that contains the inverse of the variances chosen, just
as described earlier in Equation (14.4). We have seen in Chapter 3 that this structure
implies a variation of the norms of the atoms in the dictionary A. The diagonal of
W can be gathered off-line by exploring the general behavior of the representations
obtained for various images. Alternatively, these weights can be learned on-line
from the given image, as proposed by Chang, Yu, and Vetterli, and then plugged to
the solver.

Other, more involved, ideas that lead to improved denoising performance are
those which somehow tie the representation coefficients one to the other. For exam-
ple, assume that we have the estimated variances of the entries in the representation
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Fig. 14.2 The original image (top-left), the noisy one with o~ = 20 grey-values (top-right), and the
denoised one obtained by the thresholding algorithm with the redundant Haar dictionary (bottom).
The input image quality is PSNR = 22.11dB, and the result shown here has PSNR = 27.33dB.

x. Also, for each entry x; in the representation we define its neighborhood N (i) (e.g.,
near-by entries in the spatial domain having similar orientation and scale). The for-
mulation

o=

2
% = min 1 ﬁ)] + Liax -y, 14.6
i Z [iEZN;i)(Uj 5 IAx — ¥l (14.6)
replaces the weighted ¢;-norm with a new ¢; — {, mixed measure that promotes
neighborhood groups of entries to behave similarly (either all the elements in the
neighborhood are zeros, or all become active). For the case where the neighborhood
contains only the center entry, this formulation coincides with the one posed in
Equation (14.5).
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While we do not explore this method here, we mention that this technique pro-
poses to exploit the known correlation that exists between the absolute values of
neighboring coefficients, in order to constrain the denoising algorithm towards a bet-
ter behaved image. The same motivation stands behind more complicated denoising
schemes such as the Bayesian Least-Squares method with the use of the Gaussian
Scale-Mixture (GSM) by Portilla et. al. (which leads to a PSNR of 30.32dB for the
Barbara test introduced above). While these techniques indeed show better perfor-
mance, they lose some of their appeal due to their overall complicated structure. As
we shall see next, alternative simple and intuitive image denoising algorithms can
be proposed, while leading to even better results.

To conclude this discussion, we observe that all the above is done while imposing
a global model on the image x. One major drawback with such a model is the need
to provide a dictionary that sparsifies images as a whole. An appealing alternative
to this global approach is a local processing of the image by operating on small
patches. As we show next, this will allow us to introduce trained dictionaries, learn
the shrinkage curve, and propose simple algorithms that are easily implemented and
are highly parallelizable.

14.3 From Global to Local Modeling

14.3.1 The General Methodology

Instead of working on the whole image at once, we can consider small image patches
p of size y/nXx +/n pixels, where n < N. We organize these patches lexicographically
as column vectors p € IR”. We shall assume that these patches follow the Sparse-
Land model M(A, ¢, ko). This implies that there exists a dictionary A € R™™ (m >
n), such that every patch p has a corresponding representation q € IR™ satisfying
[IAq —pll> < €, with ||qllo = ko. At the moment we shall assume that A is known and
fixed.

The above model assumption imposes a prior on images in terms of the behavior
of their local patches everywhere. How can this be used for image denoising? One
natural option is to denoise each of those patches separately and tile the results.
However, in doing so, visible artifacts may occur on block boundaries. One could
also propose to work on overlapping patches and average the results in order to
prevent such blockiness artifacts, as indeed practiced in various recent contributions.

As an example for such a local denoising approach, consider the following al-
gorithm, as initially proposed by Guleryuz and later improved by others. The dic-
tionary to be used is the unitary 2D-DCT, which leads to two important benefits:
(i) multiplication by A and its adjoint are fast (both because of separability, and the
relation to FFT); and (ii) sparse-coding with this dictionary is simple and direct.
Denoising the complete image y can be done by the following stages.
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1. Consider every pixel in y as a center of a patch of size vn x /i (typical value
of nis 64). We denote these patches as p;;.
2. Apply denoising of each such patch, p;;, using the thresholding algorithm:

a. Compute §;; = A" p;; (the forward 2D-DCT transform).

b. Pass the obtained vector ;; through a hard-thresholding operation with a
pre-specified threshold (dependent on the noise power, and possibly different
for each entry) and obtain §;;.

c. Compute p;; = Aq;;. This is the denoised version of the patch.

3. Merge the denoised patches by averaging them one on top of the other. There is
also a possibility to use a weighted averaging to gain a further improvement, but
we shall not explore this option here.

This simple algorithm seems to be surprisingly effective for image denoising, and
in the next subsections we shall explore several further improvements of it. Interest-
ingly, here and elsewhere, the overlaps between the patches are found to be crucial
for the good performance of the algorithm, and not just because of the blockiness
effects. The obtained averaging has the same flavor as the averaging proposed in
Chapter 11 for approximating the MMSE estimator.

14.3.2 Learning the Shrinkage Curves

The ideas presented in this sub-section are taken from the recent work by Yakov
Hel-Or and Doron Shaked.

The patch denoising process in the above-described algorithm can be written as
the expression

f)ij = A(’iij =AS {ATpij} . (147)

where S represents the element-wise shrinkage applied on the coeflicients in ;.

Assume that we hold a large corpus of clean image patches, {pg}kM: |» to train on.
We create from these a new set of their noisy versions, {pk},[y: |» simply by adding
white additive Gaussian noise with the pre-specified variance 0. Using these M
pairs, {pg,pk},ﬁ |» we aim to find the optimal shrinkage rule, replacing the hard-
thresholding practiced above, and also finding the best set of threshold parameters
in general. We start with the following penalty function,

Floear (S) = i [o? - As{aTn)[ (143)
k=1

In this penalty function, which is a function of the shrinkage operation, we aim to
apply the proposed algorithm on the noisy patches, and get as close as possible to
the clean (original) ones.
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We shall assume hereafter that the shrinkage operation is applied differently to
every element in the input vector. This is a natural assumption, since the near-DC
coefficients are less sensitive to noise compared to the high-AC ones, and as such,
they should go through a less aggressive shrinkage operation. Thus, the operation
S{u} on an arbitrary vector u € R™ is broken into

S{u} = : s (14.9)
Splulm)

where each S; may operate differently. Returning to the penalty function in Equation
(14.8), and denoting u; = AT py, it can be written as

Fioca (S1, 2., Su) = i Ip? - AS {ATpk}Hj (14.10)

M m
=Z Z i i)

Note that if the dictionary used is unitary, and we introduce the notations uk AT
and u;, = ATpy, this penalty function can be written alternatively as

2

Floca (S1,82, .., S) = f [of - As (A4 (14.11)
M 2
S slnd]
M

m M
= ZZ uk[l uk[l]})2

This reveals that the m shrinkage curves can be learned independently of each other,
as we have obtained m decoupled penalties, each handling one shrinkage curve.

Returning to the more general case, the next step we take is a proper representa-
tion of the shrinkage operator, so as to optimize its curve. We propose a polynomial
of the form

J
= Z eiljl, (14.12)

J=0
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and thus the choice of {c¢;[ ]]} _o Characterizes this operator fully. The advantage in
this representation is the fact that when plugged to the penalty function in Equa-
tion (14.10), the overall expression admits a simple quadratic form, for which plain
Least-Squares can find the optimal solution. There are other representations that can
be proposed for S;{u}, such as perfect anti-symmetric polynomial with odd powers
only, a spline representation, and more. In their work, Hel-Or and Shaked propose a
piecewise linear curve, in which the connecting points are trained.

Returning to our formulation and plugging in the polynomial model of the shrink-
age, the penalty we consider becomes

2

Fiocal (S1,82, ..., Sp) = = > aiSi {wlil) (14.13)

i=1

1=
=

=~
I

2

J
ai ) cil jluliV

J=0

2

bnﬂa
Ms

>~
I
—_

i=

2

We proceed by introducing the following matrix notation, which will enable easy
minimization of the above penalty. We define the vector ¢ € IR™ as the vector that

contains all the {¢;[ ]]} _o series, fori =1,...,m. Thus
= [c1[0L, c1[1],...,c1lJ], e2lOL ea[1], ... ,culOl, culll, ..., culJ]l.
Similarly, we define the matrix Uy € R™™  as a block-diagonal matrix with m
blocks,
b1] 0 - 0
0 by2]--- O
U, = . . . (14.14)

6 0 . by [m]
Each of the blocks b, [7] is of size 1 X J, with the content
bilil = [l welil's .. . welil)], for i=1,2,....m
Using these notations, the function we aim to minimize is given by

M
Fiocar (€) = Z Hpg - AUkc”z. (14.15)
=1

The optimal set of parameters that define the shrinkage curves is given by

aFOCa M
local (©) _ ¢ _ > UIAT (AU - pY). (14.16)
k=1

which leads to
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Fig. 14.3 A 200 x 200 portion of the image Lena, on which we train the shrinkage curves.

M -1y
Copt = lz U,{ATAUk] ZU,{ATpQ. (14.17)
k=1 k=1

Once the curves have been trained, the denoising algorithm can be applied on new
images that are suffering from an additive noise with the same power . If these
images are similar to the ones the curves were trained on, the performance of the
overall denoising is expected to be very good.

To demonstrate this algorithm in practice, we present the results of the following
experiment. We extract all (200 — 5)? patches of size 6 X 6 (n = 6) from a 200 x 200
portion of the image Lena, as shown in Figure 14.3, and its noisy version with
o = 20. Those patch-pairs are used to train 36 shrinkage curves, which are to applied
on the unitary 2D-DCT coefficients of these patches. The objective is the very same
one posed in Equation (14.15), and we exploit the fact that the different curves
can be optimized separately and independently. Because of numerical reasons, we
operate on the input patches after normalization of the form (py — 127)/128. The
obtained shrinkage curves are presented in Figure 14.4. We see that the near-DC
(the top-left corner graphs) coefficients are hardly touched, while some of the high
frequencies are strongly suppressed.

Once these curves have been obtained by training, we may apply them to other
images, in order to remove noise of similar strength (oo = 20). Figure 14.5 presents
the outcome obtained on the image Barbara. Note that since the shrinkage curves
have been parameterized as polynomials, their behavior for large entries may be
completely distorted. As such, an input value outside the training range may be
violently magnified. We treat this sensitivity by checking whether the input is within
the learning data range, and if not, we do not modify it at all.

Notice that the result obtained here is approximately 1dB better than the result we
have shown for the global thresholding algorithm. We may wonder how rich is the
training data we use and what is the effect it has on the result obtained. Repeating the
same experiment, this time training on the complete image Barbara, the result is
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Fig. 14.4 The 36 shrinkage-curves obtained by training using the penalty posed in Equation
(14.15). Each of these curves corresponds to one of the unitary-2D-DCT transform coefficients.

PSNR = 28.75, which is indeed better, but not by far. This validates that the training
data from Lena is indeed sufficient.

Interestingly, despite the deviation from the original problem handled here, this
paradigm can be used for other inverse problems, such as deblurring and deblocking
of JPEG images. If we assume that the algorithm can cope with these disturbances,
then this training method will be able to find the proper curves for best behavior.

One important ingredient is still missing in the above description, and this is the
fact that the overall denoised image is created by averaging the overlapped patches.
Thus, it would be better to optimize the shrinkage curves with respect to an error
between the original complete image and its estimated version, rather than consider
the intermediate errors in each patch. Formulating this is somewhat more tricky, but
still manageable.

We start with the assumption that a training image yy is given to us, containing
M pixels. We extract all its patches {p}(’},’(‘i , with overlaps, to serve the training pro-
cedure. The enumeration k stands for a specific position [i, j] in the image, such that
there is a one-to-one correspondence between these two indexing options. For the
training procedure, we also need a noisy version of these patches, {pk},i"i |- These are
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Fig. 14.5 The original image (top-left), the noisy one with o = 20 grey-values (top-right), and the
denoised one obtained by the patch-based unitary-2D-DCT learned shrinkage (bottom). The input
image quality is PSNR = 22.11dB, and the result shown here has PSNR = 28.36dB.

obtained by extracting all the patches from a noisy version of y,, contaminated by
white additive Gaussian noise with power o

We define the operator R, € R as the operator that extracts the k-th patch, by
pg = Ryyo. The transpose of this operation puts back a patch into the k-th position
in the constructed image, padded with zeros elsewhere. Thus, returning to Equation
(14.8), the proper penalty should be

M
Yo — % Z R/AS(ATRy]
k=1

Fglobal S = (14.18)

2
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Note that the division by n corresponds to the fact that in every pixel there are n
contributions due to the full—overlaps,3 and those are averaged. However, this coef-
ficient can be absorbed into the unknown vector ¢, and thus removed. Following the
same treatment as presented above, we obtain the penalty function

2

M
Faoha () = ||yo = > R{ AUye (14.19)
k=1 2
The optimal set of shrinkage parameters is given by
M M -1
Copr = Z u? ATR_,.] (Z R,{AUk] (14.20)
=1 k=1

M
. [Z U:ATRk) Yo.

k=1

A simulation of this algorithm, following closely with the description of the pre-
vious experiment, leads to better results. Training on the same database of patches
as above, but this time targeting the minimization of the penalty posed in Equation
(14.19), the obtained curves are very different, as seen in Figure 14.6. An interesting
phenomenon is obtained in some of the curves found — those show an over-shrinkage
of small entries, such that these are not only nulled, but in fact multiplied by a neg-
ative factor to reverse their effect.

Applying these curves in the very same manner as before on the image Barbara,
we obtain a further improved result with PSNR = 29.05dB (for a patch size of 8 x 8
pixels, the result is PSNR = 29.41dB).* This result is shown in Figure 14.7.

The appeal in the above described patch-based image denoising algorithm is the
eventual simplicity with which an incoming image is treated. Another benefit this
scheme puts forward is the non-iterative, local, and independent processing that the
image patches undergo in the cleaning process. This implies that hardware imple-
mentation of this algorithm can benefit greatly from parallel processing.

One could think of various ways to further improve these results, and among
those, it is most natural to propose to optimize the performance by modifying the
dictionary A. While we shall not take this path here, this brings us to the next sub-
section, where we introduce an image denoising algorithm which targets the design
of the dictionary as its primary goal.

3 And assuming a cyclic boundary condition, implying that every pixel in y, serves as a top-left
corner of a corresponding patch, and when the patch falls outside the image, a periodic extension
of the image is assumed.

“# The result that corresponds to this experiment, as reported by Hel-Or and Shaked in their paper, is
~ 30dB. The difference should be attributed to the differences in the patch size used, the shrinkage-
curve representation, and the training data.
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Fig. 14.6 The 36 shrinkage-curves obtained by training using the penalty posed in Equation
(14.19), which takes into account the overlaps between the patches.

14.3.3 Learned Dictionary and Globalizing the Prior

The local algorithm described in the above sections (with or without the shrinkage
curve learning) can be modified by using any redundant dictionary for the image
patches, and by replacing the thresholding method with OMP or BP. We now turn
to describe an algorithm that essentially leads to this approach in a systematic way.
This follows closely with the work of Aharon and Elad.

Assuming that our knowledge on the unknown complete image yy is fully ex-
pressed in the fact that every patch in it should belong to the M(A, €, ko)-Sparse-
Land model, the MAP estimator that takes this prior into account would be

{9} = arg min  Allz -yl + (14.21)
z,{qik

M M
> il + | 1Aqe — Ryzi.
k=1 k=1
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Fig. 14.7 Top-left - the original image, and Top-Right - the noisy image. The denoising results of
the two experiments are given at the bottom: Left - by training on patches directly and therefore
disregarding the overlaps between the patches (PSNR = 28.36dB); Right - by training the shrinkage
curves on the overall denoising error, taking the overlaps into account (PSNR = 29.05dB).

In this expression the first term is the log-likelihood global force that demands the
proximity between the measured image, y, and its denoised (and unknown) version
z. The second and the third terms are the image prior that makes sure that in the
constructed image, z, every patch p; = Rz of size v/n X +/n in every location
(thus the summation by k) has a sparse representation with bounded error. As for
the coefficients py, those must be location dependent, so as to comply with a set of
constraints of the form ||Aq; — pill> < €. As we shall see next, these coefficients are
not needed, and are replaced by known quantities.

When the underlying dictionary A is assumed known, the proposed penalty term
in (14.21) has two kinds of unknowns: the sparse representations ¢ per each loca-
tion, and the overall output image z. Instead of addressing both together, we propose
a sub-optimal approach of block-coordinate minimization algorithm that starts with
an initialization z = y, and then seeks the optimal . In doing so, we get a complete
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decoupling of the minimization task to M smaller ones, each of the form
G = argmin wliglo + Aq = pill, (14.22)

handling one image patch. Approximating the solution to this problem using the
OMP is easy, gathering one atom at a time, and stopping when the error ||Aq — pk||%
goes below cno?, for some pre-chosen value of the parameter c. This way, the choice
of 1 has been handled implicitly. Thus, this stage works as a sliding window sparse
coding stage, operated on each block of size Vn X /n at a time.

Given all §x, we can now fix those and turn to update z. Returning to Equation
(14.21), we need to solve

M
§=argmin Az -y} + ) IA& - Rezlf. (14.23)
k=1

This is a simple quadratic term that has a closed-form solution, given by

-1

M M
§ = (u + Z R,{Rk] (/ly + Z R,{Aqk] . (14.24)

k=1 k=1

This rather cumbersome expression may mislead, as all it suggests is that averaging
of the denoised patches is to be performed, with some relaxation obtained by aver-
aging with the original noisy image. The matrix to invert in the above expression is
a diagonal one, and thus the calculation of (14.24) can be also done on a pixel-by-
pixel basis, following the previously described sliding window sparse coding step.

So far we have seen that the obtained denoising algorithm calls for sparse coding
of small patches, and an averaging of their outcomes. However, if minimization
of (14.21) is our goal, then this process should proceed. Given the updated z, we
can repeat the sparse coding stage, this time working on patches from the already
denoised image. Once this is done, a new averaging should be calculated, and so on
and so forth. The problem with this approach is the fact that the additive noise in
the treated image is no longer white nor Gaussian, and OMP may be inadequate in
handling it. Furthermore, even if we intend to use the OMP, the threshold to use is
unknown, as the noise has been partially removed.

The denoising method developed above assumes that A is known. This may sug-
gest that we should form a library of many clean image patches and train a dictionary
off-line, using MOD or K-SVD, and then plug it into the above scheme. The results
of such an experiment are reported below. A 64 X 256 dictionary has been trained
(using 180 iterations of the K-SVD) over 100, 000 patches of size 8 X 8 pixels, ex-
tracted from various images. This dictionary is shown in Figure 14.8. Plugged to the
above denoising scheme with ¢ = 1.15 (see above), the denoised image obtained
with 4 = 0.5 is shown in Figure 14.9, and its PSNR is 28.93dB.

While this approach performs reasonably well, one could do much better. A more
ambitious goal is to develop a dictionary adapted to the image at hand, by learn-
ing the dictionary from the noisy image itself! This may yield sparser representa-



14.3 From Global to Local Modeling 289

Fig. 14.8 A globally trained K-SVD dictionary for general images.

Fig. 14.9 The denoising result when using the globally trained dictionary — PSNR = 28.93dB.

tions and a more effective denoising strategy. An interesting property of dictionary-
learning algorithms is their robustness to noise, which implies that learning from the
noisy image is likely to lead to a well-behaved and nearly noise-free dictionary.

An elegant way to lead to this very algorithm is to return to the MAP penalty in
Equation (14.21), and consider A as unknown as well. Proceeding with the Block-
Coordinate-Relaxation method, we start by fixing z = y, and initializing A somehow
(e.g., redundant DCT, as described in Chapter 12).

Updating the sparse representations of the patches, q is done as before, by a
sliding windowed OMP. Once done, the dictionary can be updated using either the
MOD or the K-SVD method. Iterating between these two steps leads to a dictionary-
learning algorithm that effectively works on the noisy patches of the image y. Once
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Fig. 14.10 The redundant DCT dictionary, which is used as initialization tothe K-SVD, and the
K-SVD dictionary trained on the noisy Barbara image directly, as obtained after 15 iterations.

converged (after such ~ 10 rounds), the final denoising image can be computed,
just as done in Equation (14.24). This way, we have merged the dictionary learning
into the actual denoising process. The performance of this method is superior to the
previous off-line training procedure, as we now demonstrate.

The results for this adaptive approach are summarized in Figures 14.10 and
14.11, following the same experiment outline as for the globally trained dictionary
described above. Figure 14.10 shows the initial (separable) redundant 2D-DCT dic-
tionary, and the one obtained after 15 iterations of K-SVD refinement steps. We see
that the adapted dictionary contains atoms that correspond to the textured regions
in the image Barbara, indicating that the dictionary adapts well to the content of
interest.

Looking closely at the K-SVD dictionary in Figure 14.10 (right), it appears that
some of the atoms obtained are very noisy and uninformative. At best, this may
imply that these atoms are useless and are never used for representing the image
patches. At worst, these atoms may become involved in these representations, and
then noise is injected to the image. In any case, this suggests that we may use a
lower redundancy in A, while keeping the quality of the denoising results, or even
improving it.

Figure 14.11 shows the denoised images obtained with these two dictionaries.
Even the initial dictionary gives a very good result of PSNR = 30.01dB. This re-
sult is even better than the globally trained dictionary, because, as opposed to this
globally trained dictionary, the redundant DCT contains oscillating atoms that fit
well with the large textured areas in Barbara. The denoising result is further im-
proved to PSNR = 30.98dB with the K-SVD modified dictionary, demonstrating the
efficiency of this model and its adaptation to the data it operates on.
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Fig. 14.11 Top: Original (left) and noisy image (right). Bottom: Denoised results using (i) the
initial separable 2D-DCT dictionary (left), with PSNR = 30.01dB; and (ii) the K-SVD dictionary
after 15 iterations (right), with PSNR = 30.98dB.

As a side note, we draw the reader’s attention to to the following observation:
When considering the initial redundant 2D-DCT dictionary, the algorithm that leads
to the result in Figure 14.11 (left) is very similar to the one discussed in previous
sections (the Hel-Or—Shaked method, or even its predecessor by Onur Guleryuz).
Indeed, the differences are in using a redundant matrix A (instead of the unitary 2D-
DCT), and applying OMP instead of plain thresholding. As we can see, with these
two modifications, we were able to boost the denoising performance quite markedly,
even without trying to shape the shrinkage curves.

We conclude this section by drawing attention to two extensions of the above
K-SVD denoising algorithms, the first to color images, and the second to video. In
both cases, we do not dive into the fine details of these extensions, and instead aim
to present the qualitative ideas that enable them.

Handling color images can be done by converting the image from RGB to YCbCr
(or other color representations that separate the intensity and the color details). In
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the new domain, the K-SVD denoising can be used on the intensity image, while fil-
tering the color layers can be done using a simpler approach — even plain smoothing.
The approach taken by Mairal, Elad, and Sapiro (2008) is different and better: The
very same K-SVD denoising algorithm is employed directly on the color image, by
operating on 3D patches that contain the three color layers (R, G, and B). This way,
the learned dictionary contains color atoms, and all the treatment as described above
remains the same. A small modification, however, is introduced into the ¢, distance
measure between patches used in the OMP, in order to avoid color artifacts. Figure
14.12 shows the results obtained from such an algorithm, operating on patches of
size 6 X 6 X 3.

Turning to video, which is a sequence of frames, the above K-SVD denoising
algorithm can be applied to each frame independently. However, one could do far
better if adjacent frames are processed jointly. One way to incorporate information
between frames is to consider the complete spatio-temporal volume of the video
as a 3D image, and operate on it this way. This implies that the K-SVD algorithm
processes small 3D patches, and similarly, the atoms in the trained dictionary are
3D patches as well. A further improvement of this scheme can be proposed, where
the trained dictionary is adapted to each frame in the sequence. In this case, the
denoising is performed on each frame sequentially (thus giving an on-line filtering
algorithm, rather than a batch denoising mode of operation), and the dictionary is
trained on 3D patches extracted from the current frame and its neighbors. While this
may seem like a much more demanding algorithm, the dictionary can be propagated
from the previous frame and updated with much fewer iterations to better serve the
current frame. The results of such an algorithm (operating on patches of size 5X5x5
pixels) are shown in Figure 14.13 for the Garden sequence. We should note that the
single-frame K-SVD denoising on this sequence leads to an inferior outcome with
a difference of 1.8dB. More details on this algorithm and its performance are found
in the paper by Protter and Elad (2009).

14.3.4 The Non-Local-Means Algorithm

The above K-SVD image denoising algorithm relies on a learning procedure that
works directly on the corrupted image. Since there are M patches in the image, and
as we assume that m < M, this implies that in this training process the noise is
damped and hardly effects the obtained dictionary.

We could take this adaptivity idea further, and propose an adapted dictionary per
each area in the image. Segmenting the image into parts, and training a different
dictionary per each, could lead to improved results. Indeed, in such an approach we
could use reduced redundancy, as it is no longer required. Taken to the extreme, we
could train a different dictionary per every pixel, using the patches in its neighbor-
hood. However, this clearly implies a very high computational load. Therefore, we
shall propose a simpler approach with a similar effect.
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Fig. 14.12 Top: The original (left) and the noisy images (right) - PSNR = 20.17dB. Bottom: Color
K-SVD denoised result(left) - PSNR = 30.83dB, and a zoomed-in portion of the result (right).
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Fig. 14.13 Video denoising using the K-SVD algorithm. Left: The original 10th and 20th frames,
Middle: These noisy frames (o0 = 50, PSNR = 14.88dB), Right: Denoised results (PSNR
= 22.80dB).

Assume that per every pixel k we accumulate the surrounding patches in locations
k € N(k), and form a dictionary from them (without any training). The size of this
dictionary is n X m, where m = |N(k)|. We denote this dictionary as Ay, and assume
that the center patch for which this dictionary has been constructed is pr = Ryy.
We shall assume a sparse representation of p; with respect to the dictionary Ay.
However, in order to improve the denoising performance, we could approximate
the MMSE estimator by proposing several such representations and averaging them
with proper weights. Those weights would be exactly those developed in Chapter 11.
This leads to a variant of the Non-Local-Means (NLM) algorithm. Indeed, it aligns
perfectly with the NLM if the above-mentioned sparse representations contain only
one atom, forced to have a unit coefficient, and if after the averaging we adopt only
the center pixel and throw the rest.

The NLM algorithm was introduced by Coll, Buades, and Morel, as an extension
of the bilateral-filter, and the above description is far from the way it was conceived.
The NLM proposes a denoising of an image y by performing a local weighted aver-
age, of the form

51 = DN Wilk Iyl = &, j = 1]
Y 2ikaeNG, ) Wijlks 1]

(14.25)

The key for the success of the NLM is the choice of the weights. Those are computed
by

IR, jy — R,»k,j/yllﬁ} (14.26)

wijlk, Il = exp {— a
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Fig. 14.14 The noisy image and its denoised result using the NLM filter, with PSNR = 29.59dB.

Thus, the NLM amounts to a weighted average of surrounding pixels, with weights
that are built inversely proportional to the ¢, distance between the patches centered
around the two pixels to be merged. This process can be applied iteratively, improv-
ing the above result.

The denoising result of the image Barbara (additive noise with o~ = 20, as in the
rest of this chapter) using the NLM is given in Figure 14.14. The patch-size used
is 7 x 7 pixels, the neighborhood size is 17 x 17 pixels, and T = 200. The result
obtained gives a PSNR of 29.59dB. While this is not necessarily the best possible
set of parameters for the NLM, it is not far from extracting the most from this filter.

The above interpretation of the NLM as an extreme case of sparse representation
and MMSE estimation gives rise to many possibilities and improvements. Those
include options such as improving the local dictionary, allowing more atoms in every
representation, using the complete patch and not just its center, and more.

Before we conclude the discussion on the NLM, we should note that the interpre-
tation given here for this algorithm is not the only one possible. Ties to other, more
classical, techniques in image processing are also possible. One connection which
we mentioned above exists between the NLM and the bilateral-filter. The bilateral-
filter can be regarded as a special case of the NLM when using patches of size 1 X 1
pixel. This filter also adds an exponential damping effect to the weights as a func-
tion of the distance between the center pixel and the one averaged with it. This in
turn is closely related to the Beltrami-flow image denoising algorithm, as proposed
by Kimmel, Malladi, and Sochen. In fact, as Spira et. al. show, the bilateral-filter
is the effective short-time kernel of the Beltrami algorithm. Similarly, one could tie
the NLM directly to a variant of the Beltrami framework, which performs the diffu-
sion operation on the image in a different feature-space, so as to accommodate the
patch-processing that is used.
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Fig. 14.15 The noisy image and its denoised result using the BM3D filter, with PSNR = 31.78dB.

14.3.5 3D-DCT Shrinkage: BM3D Denoising

As alast algorithm to be presented within this family of local patch-based processing
that use sparse representations, we introduce a recently proposed method by Dabov,
Foi, Katkovnik, and Egiazarian — the Block-Matching 3D (BM3D) algorithm. This
algorithm shares some similarities with the NLM and the other algorithms men-
tioned above. We shall not dive into the very fine details of this method, and instead
concentrate on its main theme. We note that to date, this is among the best per-
forming algorithms for image denoising, although the others mentioned are not far
behind. Figure 14.15 shows the denoising result of Barbara, removing an additive
noise with o = 20, and as can be seen, this is the best result shown in this chapter,
with PSNR = 31.78dB.

The BM3D algorithm operates on every pixel from y, and performs the same
denoising procedure explained below: Consider the k-th pixel (which corresponds
to a specific location [i, j]), and extract the patch py of size y/nx +/n centered around
it. The denoising process starts by finding a set Sy of similar patches throughout the
image. Similarity is measured by the ¢,-norm (a block-matching process). In order
to reduce the bad effect of noise, the distance computation is applied on denoised
versions of the patches, where denoising is done by the same thresholding algorithm,
as presented in an earlier section of this chapter.

Once found, these |Si| patches are stacked together to form a cube of size
Vi X +/n x |Sil. Joint denoising on this volume is done by using the very same
thresholding algorithm, only this time with the 3D-DCT transform. The idea is that
the high correlation between the patches and the spatial redundancy should both
lead to strong sparsity of the 3D-DCT coeflicients. After this (second) thresholding,
an inverse 3D-DCT is applied and we obtain a cleaned version of this set of patches.
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The cleaned patches are returned to their original locations in a destination can-
vas, and averaged with other patches that overlap them. This process is repeated
for every pixel, such that every patch may be cleaned several times, and with sev-
eral contexts. The averaging between the overlapped patches is done using weights
that are inversely proportional to the number of non-zeros that each patch got in the
thresholding stage. This way, highly sparse patches get higher priority in the overall
solution.

Although different from the aforementioned algorithms, there are some clear
ties and similarities. Processing patches, the thresholding algorithm used, block-
matching as in the NLM, the overlaps averaging, and more, indicate that the BM3D
indeed belongs to the same family of denoising techniques. Furthermore, based on
what we have already seen, it is natural to propose improvements for this method,
such as shrinkage curve learning, dictionary-learning, and more.

As said above, the BM3D is among the best performing algorithms for image
denoising. However, with the extensive work on image denoising, it is very likely
that this claim will become wrong in a short while. Indeed, a recent work by Mairal
et. al. proposes a variant of the K-SVD denoising algorithm, which already out-
performs the BM3D. We mention this work because it poses an interesting fusion
between the K-SVD and the BM3D algorithms.

Embarking from the K-SVD denoising, Mairal et. al. suggest the following el-
ementary (but crucial) modification: instead of applying sparse coding on each
patch independently, follow the BM3D line-of-reasoning by seeking similar patches,
forming the set Sy, and then apply a joint-sparse coding to these. The joint-sparsity
process forces the different patches to decompose using the same subset of atoms.
Once done, each patch is returned to its location, and the averaging resumes as in
BM3D. Two sources of strength in this method boost its performance: (i) the joint-
sparsity poses a further constraint on the atom-decomposition; and (ii) the extra
averaging that is caused by the fact that each patch may serve in several such sets

Sk.

14.4 SURE for Automatic Parameter Setting

Before we conclude this chapter, we turn to discuss a different topic, which is of an
utmost importance to all the above algorithms — the need to tune various parameters
in an attempt to get better results. Could there be an automatic method for this task?
In this section we describe the Stein-Unbiased-Risk-Estimator (SURE), which is
indeed an elegant way to answer the above question positively for some problems.
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14.4.1 Development of the SURE

In many algorithms in image processing there is a set of unknown parameters that
needs tuning. As an example that shall accompany us in this section, consider the
problem posed in Equation (14.4), where the parameter 7 is unknown. Clearly, this
parameter can be chosen such that ||§ — y|l, = No?, but this does not necessarily
lead to the lowest possible Mean-squared-Error (MSE). Given a noisy input image,
could we propose a method that tunes 7" automatically so as to optimize the MSE
with respect to the unknown ideal image, or get close to it? At first glance, this seems
to be an impossible task, since we do not have access to the true image yo. However,
as we show next, there is a way which comes close to answering positively this
question.

For this task, we introduce the Stein Unbiased Risk Estimator (SURE). It pro-
vides an unbiased estimation formula of the MSE, given an estimator (i.e., denoising
algorithm) § = h(y, 0) and the measurements y. The vector 6 stands for the various
parameters we need to set when applying this denoising method.

We operate within the settings of Equation (14.1), where v is an iid white Gaus-
sian noise with known variance o>. The MSE estimator proposed by Stein, denoted
by n(¥,y) = n(h(y, 6),y), is an unbiased estimator of the MSE, implying that

E[n@.9)] = E|[II§ - yoll3] . (14.27)

Thus, if we have an access to the function 7(y,y) that estimates the MSE, while
being dependent on 6, we can choose the value of 6 so as to minimize this function,
and aim this way at minimizing the true MSE, as a consequence.

To derive the SURE we start from the MSE expression, remembering that our
goal is minimizing it and not estimating its exact value. Thus we can ignore con-
stants that are independent of our estimator § = A(y, 6). Opening the MSE expres-
sion we obtain

E(I§ - yoll3) = E(llh(y. 0) - yol3) (14.28)
= E(lla(y, 0)13) - 2E [y, )" yo] + llyoll3
= E(Ih(y. O)I3) - 2E (h(y. )" yo) + const.

Only the second element in the equation is a function of the unknown y,, and we
proceed by further treating it. Recalling that yp =y — v we get

E (h(y.0)"yo) = E (h(y.0)"y) - E (h(y.0)"v). (14.29)

Denoting the i-th entry in the vector A(y, 6) by h;(y, ), and the i-th entry in the noise
vector as v;, this reads

N
E (h(y,0)"v0) = E (h(v.0)"y) = D E (hi(y, 0)v) (14.30)

i=1
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= E(h(y.0)"y)

N oroo 2
— ——hi(y, 0)v;exp {——’}dvi.
; Ioo \/ﬂO' 20—2

We now turn to handle the last term with the integration in the above expres-
sion. Note that the expression /;(y, 6) is a function of v; as well, as y; = y? +v;,
and thus it remains inside the integration. We shall assume hereafter that %;(y, 0)
is differentiable with respect to y. Using integration by parts, f u(x)v'(x)dx =
u(x)v(x) — f u’ (x)v(x)dx, we obtain

1 °© v?
E (l’l,(y, Q)V,') = ﬁ j:oo I’li(y, H)V,' exp {—r‘_z}dvi (1431)
o? . Viz
sl h(y’e)[ exp{_fﬂ}}d”
V2 ®
T ([remel-sa}]

00 d Vi2
—j:m d—vihi(y,e)eXP 352 dvi|.

Assuming that abs(h(y, 6)) is bounded, the first term in Equation (14.31) vanishes,
and we get

dhi(y, 0 :
E (hi(y, 0)vi) = \/_f (y ) xp{—%}dw (14.32)

2 E(dh,-<y, 9)).
dy;

Here we have used the fact that dy;/dv; = 1, which implies that dh;(y, 6)/dv; =
dhi(y, 0)/dy; - dy;/dv; = dhi(y, 0)/dy;.

Gathering this result and the ones in Equations (14.28) and (14.30), we finally
get that

MSE = E(lIh(y. ) - yoll3) (14.33)

dhi(y, 0)
dy;

N
= const + E [Ih(y, 0)I3] - 2E (h(y, )" y) + 207 Z E(

i=

= const + E [I(y, )l - 2h(y,0)"y + 20V - h(y. 0)| .

By removing the expectation we obtain an expression that serves as our unbiased
estimation of the MSE, and thus the SURE formula (that estimates the MSE up to a
constant) is given by

n(h(y.0),y) = lh(y, Ol — 2h(y,0)"y + 20V - h(y, 6). (14.34)
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Note that in the above development we have used the fact that the noise is iid
and Gaussian, and thus the formula obtained is limited to this case. An extension of
SURE has been derived by Y.C. Eldar for the more general scenario y = Hy, + v,
where H is an arbitrary linear operator, and v is a noise from the exponential family
(for which Gaussian noise is just one special case).

14.4.2 Demonstrating SURE to Global-Threhsolding

In order to demonstrate the use of SURE for parameter setting, we consider the
global thresholding algorithm for the denoising of an image, as described and ex-
perimented in Section 14.2.1. The denoising algorithm is given by (see Equation
(14.4))

h(y,T) = A:Sr(Aly), (14.35)

where 6 governs the shrinkage-curve, and we use the notation A; = AW~! and
A, = AW. This denoising algorithm is governed by the single parameter 7', which
we shall set using SURE.

For the SURE formula in Equation (14.34), we need to calculate the divergence
of this estimator. We will do this using the equality V - i(y, 8) = tr(dh(y, 6)/dy). The
derivative (given as the Jacobian matrix) of A(y, 8) with respect to y is given by

. 1) _ ASH(ATyAT. (14.36)
dy
The expression S’T(AlTy) stands for a diagonal matrix. Its main diagonal contains
an element-wise application of the derivative of the shrinkage-curve on the vector
AlTy. Here we have conveniently assumed that the shrinkage-curve is differentiable.
In order to allow this, we use a smoothed version of the hard-thresholding curve,
given by

k+1 (Z)k
z T
ST = o T (5) +1
) - Ttk DET) (5 +&+n(5)
r(2) = (25 + TF)? - ((;)k . 1)2 .
T

for an even and high value of k. This function is shown in Figure 14.16.
Plugging these into the SURE formula in Equation (14.34), we get the function

n(h(y, T).y) = |ASr(AT VI3 - 2Sr(Ay) ATy + (14.37)
+2072tr (A S (ATy)AT).
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Fig. 14.16 The smoothed hard-thresholding curve used within the SURE.

In order to find the best 7 (which minimizes the above expression), we perform an
exhaustive search over a range of possible values, and choose the best one. More
efficient methods could be envisioned, such as the golden-section search (since the
MSE behaves as a unimodal function), but this is not crucial for the exposition given
here.

As for the complexity of computing this expression for a single value of T, it
starts with the denoising algorithm, first computing u = ATy, then r = Sy(u),
followed by § = A,r. The two first expressions in Equation (14.37) require an
additional m operations each (m is the number of atoms in A) to complete.

As for the third term, we should start by computing t = S7.(u), again requiring
m operations. Using the relations A; = AW~! and A, = AW, we can simplify the
third expression to

tr(A2SH(ATY)AT) = (S, (ATy)ATA,) (14.38)
= tr(SHATy) W AT AW)
= (WS, (ATy)W AT A).

Since S’(u) is a diagonal matrix, the left and right multiplications by W and w-!
cancel out, leading to

tr(AaSHATYAT) = tr(SH(ATy)W?). (14.39)
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Fig. 14.17 The PSNR as a function of 7 using both the SURE formula and a direct computation
using the ground-truth.

This requires a computation of the atoms’ norm, and their element-wise multiplica-
tion by the elements of S7.(u). Thus, having these norms pre-computed, another set
of m operations builds this expression, and an overall of 4m operations leads to the
evaluation of the complete SURE estimate for a specific value of 7.

In Figure 14.17 we show the PSNR as a function of the parameter 7', very simi-
larly to the presentation in Figure 14.1. The dotted curve is obtained using a direct
computation of the PSNR using the clean image. The SURE expression in Equa-
tion (14.37) leads to the continuous curve, which clearly fits very well with the true
PSNR quality. Note that for these two curves to fit so well, we have to add a constant
to the SURE (in the MSE domain), and this was done as part of building this figure.
It is clear that in this experiment, choosing the peak in the SURE curve leads to the
best denoising result, as if we had access to the ground-truth. This is not always
the case with SURE, and especially not when the number of parameters to be set is
large.

14.5 Summary
The topic of image denoising is very hot, active, and timely, with numerous publi-

cations. The query

Topic=((image and (denoise or denoising))
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or
(image and noise and (removal or filter or clean)))

in IST leads to 7, 520 papers, out of which nearly half are journal papers. An analysis
of the publication year of these papers reveals that the interest in this problem and
its solutions is only growing.

In this chapter we merely scratched the surface of this vast activity, by concen-
trating on Sparse-Land-related denoising algorithms. All these assume an additive
white Gaussian noise, and consider its filtering from still B/W images. While the
algorithms presented here are few, they are also among the best at their task, which
testifies to the importance and the success of sparse and redundant representation
modeling.

Just as we explore noise filtering from B/W still images, we may also be inter-
ested in color images, or in video. The Sparse-Land model has been brought to these
problems as well, by generalizing some of the above algorithms. We brought in this
chapter representative examples for each of these extensions. We choose to omit the
details, and refer the interested readers to recent papers on these subjects.

This chapter offers a series of denoising methods, with a natural hierarchy in
their output quality. Table 14.1 presents this list of methods, ordering them by the
resulting PSNR on the Barbara denoising experiment. Note that this ordering is
not completely correct, as each method may give a different result by modifying its
parameters, or when operating on other images.

Looking at the PSNR alone gives a partial picture on this comparison, because
each algorithm requires a different effort in terms of computations and memory. In-
deed, the NLM, the BM3D, and the K-SVD denoising all require much more effort,
compared to the other algorithms. Speedup techniques for each of these algorithms
exist, and the struggle to propose a combination of fast and effective denoising al-
gorithms is still very much alive.

One last comment: Throughout this chapter we have been using the PSNR as
a measure of quality. While this measure is comfortable and easy to use, it does
not always reflect the true quality of the resulting images. An alternative measure,
called Structural Similarity (SSIM), has been drawing attention in recent years, as
a better quality-assessment method. Table 14.1 presents the SSIM measures for the
various results as well. SSIM computes a value in the range [0, 1, such that 1 stands
for perfect quality. As can be seen, the ordering of the results is not affected much
by the change of the quality measure. This could be explained by the fact that in
denoising (and especially in high-quality algorithms, as those explored here) we do
not get artifacts of the kind handled by SSIM.
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Chapter 15
Other Applications

15.1 General

This book is not meant to be a comprehensive textbook on image processing, and
therefore it is not our intention to show how every familiar application in image
processing finds a good use for the Sparse-Land model. Indeed, such a claim would
not be true to begin with, as there are image processing problems for which the
relation to this model has not been (and perhaps will never be) shown.

So far, we touched on deblurring and denoising of images, and also took Sparse-
Land to compression of specific families of images. In this chapter we continue
this journey by considering several more applications in image processing. Com-
mon to them all is the fact that these where shown to benefit well from the use of
Sparse-Land. We begin with the MCA paradigm and its use for separation of im-
age content. We shall show how this becomes useful for filling-in holes in images,
a problem known as inpainting. Both the MCA and inpainting are highly ill-posed
inverse problems, and yet they are handled quite well by using sparse and redun-
dant representations. Such is also the case with the image scale-up problem, where
a single image is enlarged while attempting to keep its sharpness and visual quality.
We shall discuss this application as well, and show several ways to solve it using
Sparse-Land.

Just before we embark on this journey, which ends this book, we draw the
reader’s attention to the following interesting observation: In the applications dis-
cussed herein, we shall meet the same pattern that appeared already in Chapter 14, of
operating on images as a whole, or turning to operate on small overlapping patches.
In fact, some of the techniques we shall describe here have great resemblance to the
denoising algorithms we introduced before, and this should not be surprising.

M. Elad, Sparse and Redundant Representations: From Theory to Applications in Signal 309
and Image Processing, DOI 10.1007/978-1-4419-7011-4 15,
© Springer Science+Business Media, LLC 2010
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15.2 Image Separation via MCA

In Chapter 9 we introduced the core ability of the Sparse-Land model to decompose
a mixture of signals into their ingredients, assuming that each piece has a different
(and known) dictionary. We assume that the observed signal is a superposition of
two different sub-signals y, y» and noise v (i.e. y = y; +y2 + V). We further assume
that y; is sparsely generated using model M, (with a dictionary A,), and similarly,
y2 is sparsely generated using model M, (with a dictionary A;). By solving

min [[xllo + [X2llo subject to [ly — Aix; — Asxall5 <6, (15.1)
X1,X2

the resulting solution (x{,x3) would generate a plausible solution §; = AxS, §, =
Axg to the separation problem. The parameter ¢ should take into account both the
noise energy, and the model inaccuracies in representing sparsely the signals y; and
y2.

Following the terminology adopted by Jean-Luc Starck, we shall refer hereafter
to this separation idea as Morphological Component Analysis (MCA). Note that the
above equation is very similar to the denoising formulation,

min ||x,|lp subjectto ||y — Adxallg <6, (15.2)
X

with one effective dictionary being A, = [A},A,] (‘a’ in the subscript stands for
‘all’), and a corresponding representation x. = [x], X} ].

15.2.1 Image = Cartoon + Texture

Can we use MCA to separate image content? What are the ingredients an image
would be assumed to be built of? Early work in image processing assumed that
images are mostly composed of a piecewise smooth (cartoon-like) content. One
strong manifestation to this belief is the way inverse problems in image processing
have been regularized, using an expression that penalizes non-piecewise smooth
behavior. A further evidence to this common belief is the way various Frames and
transforms (e.g., curvelets, contourlets) were conceived and tested.

Today, there is a growing agreement that images are in fact a mixture of cartoon
and texture parts, which are combined linearly, very much in line with the above
model. This means that we may use MCA to separate image content to cartoon
and texture images. However, for this to be done, we should answer three critical
questions:

1. What is the benefit in such a separation?
2. What should the proper dictionaries be for these two kinds of contents? and
3. How should we numerically solve the problem posed in Equation (15.1)?
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Addressing the first question, and generally speaking, the benefit in such a separa-
tion would be the potential ability to process the image better by treating each of the
parts using a properly tailored tool.

As a first example for such a benefit, consider compression of still images. While
a wavelet-based coding algorithm could do well for the cartoon part in the image,
it is expected to perform poorly on the texture content. Disregarding this fact im-
plies that the overall coding performance may be compromised. Instead, coding
each piece using its proper method could lead to far better results. In that respect,
coding of the texture should not target the same error measure (MSE). We may al-
low a generation of a similar texture in the reconstructed image, which is visually
indistinguishable from the original one, while being in fact very different in MSE
terms.

Another application that may benefit from MCA separation of images is denois-
ing. Consider, for example, the global formulation of the image denoising problem
posed in Equation (14.5). The dictionary A should contain a part that corresponds
to cartoon (e.g., Haar), and another part concatenated to it, which covers texture
content. This may explain the inferior denoising results we have obtained for the
Barbara image, using the global method with the Haar dictionary alone, as the
texture dictionary was missing.

Moving from the global to a local denoising with a trained dictionary, we are
in-fact implicitly using MCA. As can be seen in Figure 14.10 (right), the overall
dictionary A contains both cartoon (one dominant oriented edge per atom) and tex-
ture (periodic content) atoms, suggesting that it is already a combination of the two
desired parts. Note, however, that the task in denoising is oblivious to the separation
goal, and the carton/texture atoms are mixed as an unordered set of columns in the
overall dictionary A.

There are other applications that may benefit from image separation to cartoon
and texture, such as structured noise filtering, meaningful edge detection in textured
images, object recognition, image content editing, and more. In the next section
we shall discuss in more details the image inpainting problem — filling in missing
information in images — which also benefits from such a separation.

In order to answer the second and the third questions posed above (which dictio-
naries to use, and how to numerically solve (15.1)), we should first choose whether
to operate globally on the image, or locally using patches. We start with the global
method that considers the image as a whole, following the same structure as in
Chapter 14.

Before we turn to describe the global and the local MCA paradigms, we should
mention that separation of an image to cartoon and texture can be done using other
methods. Indeed, the first to consider such a separation were Mayer, Vese, and Os-
her in 2002. Their approach towards the image separation task focused on varia-
tional tools, extending the Total-Variation by proposing a dual norm for handling
the texture part. We shall not dwell on these ideas here, but we should mention that
despite the very different tools and language used, there are some striking similari-
ties between the variational formulation of the separation, and the MCA paradigm
discussed here.
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15.2.2 Global MCA for Image Separation

We begin by modeling the problem: An ideal image yo € R" (of size VN x VN
pixels) is composed of two parts — a cartoon and texture images of the same size, y,
and y,, respectively. The combined image yy = y. + ¥, is measured in the presence
of an additive zero-mean white and homogeneous Gaussian noise, v, with a known
standard deviation o. The measured image, y, is thus

Y=Yo+V=Yc.+Yy:+V. (15.3)

We desire to design an algorithm that can recover the two parts of yo, y. and y,.
Using the MCA formulation mentioned above, we propose to solve

PN . 1
R & =argmin Al + Al + 51y - Ak AxlB. (154)

Notice that we have chosen to replace the proximity constraint in Equation (15.1) by
a penalty, and the {p-norm by an ¢;-norm, both as shown earlier in various contexts.
The two unknowns to be found are the corresponding representations of the two
parts. Once computed, the two estimated parts are obtained by §. = A X, and §, =
Ak,

The matrices A, € RV and A, € RV are to be chosen such that they enable
sparse representation of cartoon and texture contents respectively. The matrix A,
could be some type of wavelet, or perhaps ridgelets, curvelets, or contourlets, de-
pending on the type of cartoon content we expect to find in the image (see examples
below). The texture dictionary A, should contain oscillatory atoms, such as found in
the Gabor transform, the global DCT, or the local one.! The sizes M, and M, are the
number of atoms in the two dictionaries, and those typically satisfy M., M, > N.
For example, the curvelet dictionary with 6 resolution levels has M, = 129N. Simi-
larly, the local-DCT applied on patches of 8 x 8 pixels has M, = 64N.

An alternative to the above formulation can be proposed, where we move from
the synthesis model to an analysis one (as explained in Chapter 9). Assuming (only
for the moment!!) that A, and A, are square and invertible, we could use the as-
signments X, = A-'§. and %, = A;'§, and obtain an alternative formulation of our
problem in the form

N : 1
Ye, §1 = argmin ATeyellr + ATyl + zlly —ye -y, (15.5)

where we have denoted T, = A_! and T, = A;!.
In the more general case where the dictionaries are non-square, we can still use
the analysis formulation, and assume instead that T, = A¥ and T, = A/. However,

! The global DCT is a regular DCT transform applied to the whole image. The local DCT is
obtained by applying the unitary DCT transform on image patches with full-overlaps. This consti-
tutes the pseudo-inverse of A,, and the atoms of A, are therefore the unitary-DCT basis functions
positioned in all possible locations in the image.
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as opposed to the square and invertible case discussed above, the analysis and syn-
thesis formulations are no longer equivalent. One appealing benefit that the analysis
formulation in Equation (15.5) has is the fact that the unknowns are directly the
image parts we desire, and those are typically of a lower-dimension (2N instead of
M. + M;), compared to their sparse representations.

As for the numerical solution of the problems posed in (15.4) or (15.5), various
methods can be envisioned. In particular, iterative-shrinkage algorithms (see Chap-
ter 6) can be used to solve directly the synthesis formulation in (15.4). For example,
the SSF algorithm, as described in Chapter 6, leads to the iterative update,

1
=) (—AaT (v - ALKE) + xk) (15.6)
C

which is posed in terms of the combined dictionary and the combined representation
as in Equation (15.2). Breaking this into the two representation parts we get

C

1

=8, (ZACT (y- A& - A&+ ﬁ") (15.7)
1

=S, (ZAtT (Y- A& - AR+ f(’;),

where § ,(r) is an element-wise soft-thresholding operation on r with a threshold 4,
and the parameter ¢ should be chosen such that? ¢ > /l,,wX(AZAa).

The analysis alternative formulation in (15.5) can be treated similarly, with some
necessary modifications to the above algorithm. More specifically, assuming that the
two dictionaries are redundant (M., M, > N) and full-rank, following the description
given in Chapter 9 we can turn back the analysis into a synthesis form by denoting

X = Teye = ye = Tix. = Ax, (15.8)
x =Ty, — ¥y, =T/x = Ax,.

This leads to an optimization problem of the form

IR . 1
R & = argmin Al + Al + 51y - Acxe - Axly  (159)
Subject to T A .x, =x, and T,A/x;, = x,.

The additional constraints appear because in the migration from y, to x, (and sim-
ilarly from y, to x,) we should demand that x. is in the column-span of T, (T},
respectively).

Exploiting the analysis formulation in Equation (15.9), we could use the very
same iteration formula as in Equation (15.7), since the penalty term in Equation
(15.9) is the same one as in Equation (15.4), and thus this iteration induces a descent

2 Using the Singular-Value-Decomposition of A, it is easy to show that this requirement is equiv-
alent to ¢ > /lmax(AaAZ) = /lmax(A(,ACT + A,A,T). For tight Frames we have that AL,ACT = A,A,T =1,
implying that ¢ should be larger than 2.
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on the penalty. Thus, we start by the update
1 1
=S, (—ACT (y —ARl - A,ﬁ’,‘) + xk) (15.10)
c
1 1
=8, (;AtT (Y- AK-AK)+ ﬁf) ,

as above. However, this should be followed by a projection onto the constraints, by
computing?

1 = T AR (15.11)

N Lkt
X];+l = T[A[Xt 2.

While this algorithm indeed handles the analysis-formulation as we desired, it
lost its main appeal since it is formulated in terms of the representations rather than
the separated images. This can be fixed by modifying Equations (15.10) and (15.11)
to be

) 1 G . .

5 = A SA(;AJ(y—yﬁ - )+ T(,-yﬁ) (15.12)
. I . .

yi = A Sy (EAtT (y-96-90)+ Tfyf),

where we have used the assignments as given in Equation (15.8).

We now turn to present several experimental results, obtained using the global
analysis paradigm. All the results shown here are taken from the work by Starck,
Elad, and Donoho (IEEE-TIP, 2004), and therefore, we do not include details on
parameter settings, etc., and focus on the qualitative results obtained. We start with
a synthetically generated image. This image is composed of a natural scene (con-
sidered here as the cartoon part), a texture, and an additive white Gaussian noise
(o = 10). Figure 15.1 shows the ingredients of this image.

The dictionaries chosen for this separation are the curvelets for the cartoon part,
and a global DCT transform for the texture. The very low frequency components
of the image are first subtracted from it, and then added to the cartoon part after
the separation. The reason for this is the evident overlap that exists between the two
dictionaries — both consider the low-frequency content to belong to them as both
can represent it efficiently. Thus, by removing this content prior to the separation we
avoid a separation ambiguity. Also, by returning this content later to the curvelets
part, we use our expectation to see the low frequencies as belonging to the piecewise
smooth image. Figure 15.2 shows the results of this experiment. As we can see, the
three ingredients of the image (cartoon, texture, and noise) are separated very well.

3 Given a vector v, we seek the closest alternative u such that the constraint u = Pu is satisfied,
where P is a projection matrix (square, symmetric, with eigenvalues being either zeros or ones).
Solving this using Lagrange multipliers leads to the optimal solution u = Pv.
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Fig. 15.1 The original cartoon and texture parts (top left and right), and the overall image (bottom)
to be processed.

In a second experiment, we apply the same separation algorithm to the image
Barbara. This time we use the curvelets and local-DCT (blocks of size 32 x 32
pixels) dictionaries. Figure 15.3 shows the original image and the separated cartoon
and texture parts. Figure 15.4 presents a magnified part of the face.

We conclude the experimental part by showing two simple applications for the
separation obtained. The first is an edge detection in an image. Such a process may
become a crucial processing stage in many computer-vision applications. When the
texture is highly contrasted, most of the detected edges are due to the texture rather
than the cartoon (which is the more informative) part. By first separating the two
components we can detect the true object’s edges by applying edge detection on the
cartoon part alone. Figure 15.5 shows the edges detected by the Canny edge detector
algorithm on both the original image and the cartoon reconstructed component.

Figure 15.6 shows a galaxy imaged with the GEMINI-OSCIR instrument. The
data is contaminated by white additive noise and a stripping artifact (assumed to be
the texture in the image) due to the instrument electronics. As the galaxy is isotropic,
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Fig. 15.2 The original noisy image (top left), the separated texture part (top right), the separated
cartoon (bottom left), and the residual noise component (bottom right).

the isotropic wavelet is used instead of the curvelets for representing the cartoon
part. The global DCT is used again for the texture, due to its structure. Figure 15.6
summarizes the results of this separation where a successful isolation of the galaxy,
the textured disturbance, and the additive noise is seen.

15.2.3 Local MCA for Image Separation

Just like in the image denoising application, MCA can be performed on small and
overlapping patches. The immediate benefits of such a mode of operation are (i) the
locality of the processing, which lends itself to efficient parallel implementation; and
(ii) the ability to incorporate learned dictionaries into the MCA. This last benefit —
the ability to work with trained dictionaries — has far-reaching implications, as we
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Fig. 15.3 The separated cartoon (left) and texture (right) parts, and the original image Barbara
from which these were extracted.

can use it to modify the separation task to any mixture of contents. For example,
two (or more) mixed textures can be separated using MCA, provided that we have
dictionaries fitting each of the ingredients.

There are various ways to turn MCA into a locally-processing algorithm, similar
to the wealth with which the denoising task has been shown to be handled locally
in Chapter 14. In this chapter we shall explore one such scheme, that builds on the
K-SVD denoising algorithm. As we shall see next, by a simple extension of this
method, we get state-of-the-art separation results as a side-benefit.

Following the details given in Section 3.3 in Chapter 14, we start by assuming
that the unknown mixed image yo = y. + Y, is fully expressed by the fact that for
every patch in it, Ryyo = Ryy. + Ryy,, there exist two sparse representation vectors
q and ¢, such that

IRy + Rey, — Acqt — Aqfll < €, (15.13)
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Fig. 15.4 A zoomed-in portion of the cartoon and texture parts (top left and right),and the original
image (bottom), all taken from the results presented in Figure 15.3

Fig. 15.5 The detected edges on the original image (left), and those detected using the cartoon part
only (right).
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Fig. 15.6 The original GEMINI image (top left), the texture component (top right), the cartoon
component (bottom left), and the residual noise (bottom right).

where A, and A, are two fixed dictionaries. Rather than using this notation, we
return temporarily to the combined dictionary A, and the corresponding con-
catenated representation for this patch, q’;. Thus, the above can be rewritten as
[IRkyo — Aaq’(jllz < €. Using this within a global MAP estimator leads to

{al),, 9} = arg min  Allz -y + (15.14)

z,{qalk
N N
k k 2
E Hilldgllo + E lAad, — Rezll3.
k=1 k=1

In this expression the first term is the log-likelihood global force that demands a
proximity between the measured image, y, and its denoised (and unknown) version
z. The second and the third terms are the image prior that makes sure that in the
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constructed image, z, every patch p; = R;z of size +/n X +/n in every location (thus
the summation by k) has a sparse representation with bounded error.

The problem posed in Equation (15.14) is one of denoising, and there is no trace
for the separation goal behind it. This is natural, since whether y, is mixed or not,
it still requires denoising in order to remove the additive noise, and the fact that
patches in yo can be assumed to have sparse representations with respect to the
dictionary A, is sufficient for denoising it efficiently.

Therefore, we treat the above denoising just as described in the previous chapter,
by initializing the dictionary to be the redundant DCT, and iterating between updates
of the representations {Qﬁ}sz , and the dictionary A,. This sequence of steps forms
an effective K-SVD dictionary-learning that trains on the corrupted image itself.
The regular image denoising algorithm would proceed after such steps by fixing the
representations and the dictionary, and turning to compute the clean image by the
formula

-1

N N
§= [11 + Z R,{Rk) [/ly + Z RZAQ’;) . (15.15)

k=1 k=1

However, this is where our local MCA algorithm departs from the denoising process
introduced earlier. Our alternative steps would be to (i) decompose the overall dic-
tionary A, into the cartoon and texture dictionaries, and then conclude the algorithm
by (ii) using the two separated dictionaries in order to separate the image.

The trained dictionary A, contains the atoms of A, and A, in an unordered fash-
ion. We can identify the texture/cartoon atoms, by their Total-Variation measure,
since we expect cartoon atoms to be smooth or piecewise smooth, while texture
atoms are expected to oscillate strongly.

As an example, the above algorithm is applied to a noisy (o0 = 10, as in the
previous experiments) version of the image Barbara for 25 iterations, and it leads
to the dictionary presented in Figure 15.7 (top). For an atom a, organized as a patch
of size y/n X \/n, we use an activity measure similar to TV, given by

Activity(a) = Z Z lali, j1 - ali - 1, | (15.16)

i=2 j=1
+ > D lali, j1 = ali, j = 111
i=1 j=2

These values (normalized such that their maximal value is 1) for all the dictionary
atoms are shown in Figure 15.7(bottom). As can be seen, these values reflects well
the degree of “textureness” in each atom.

Figure 15.8 presents the classification of each atom as belonging to the texture
or the cartoon dictionaries, based on thresholding the above (normalized) measure
with 7' = 0.27 (this value was chose manually for best performance. A value above
this threshold indicates a texture atom). Note that from the overall 256 atoms, only
36 are attributed to the cartoon, while the rest are considered as texture atoms.
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Fig. 15.7 Top: The K-SVD dictionary obtained on a noisy version (o = 10) of Barbara after 25
iterations; Bottom: The total-variation-like activity measure per each atom.

With the decomposition of the dictionary A, into A, and A; we also obtain a
corresponding separation of the representations g* to q* and g*. This is done by
simply allocating the coefficients that correspond to cartoon atoms to ¥, and simi-
larly, allocating the coefficients that correspond to texture atoms to g for the texture
part.

We are left with the need to recover §. and §,, exploiting the decomposition of the
dictionary. For this, we return to Equation (15.14), and define two new unknowns,
z. and z,, such that z = z, + z,. In order to enable a separation, we modify the term
IA.q; — Ryzll; into

IA.QS - Rezll; = |A.q* + Aqf — Ryzl)3 (15.17)
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Fig. 15.8 A mapping (right) that shows the texture (white) and the cartoon (dark gray) atoms,
obtained by thresholding the TV activity measure by 7 = 0.27.

= |A.q! + Aqf — Rez. — Ryzilf3
~ A.qf - Rez |5 + IA.qf — Rez 5.

The reason for the last approximate equality is our belief that the representation
errors for the cartoon and the texture patches are not expected to correlate, i.e.,

(Acqt — Riz) (Aqf - Rez) ~ 0, (15.18)
With these changes, Equation (15.14) becomes

(§e, §u} = argmin - Allz + 2 - yI3 (15.19)

N N

k 2 k 2

+ 2 A — Rezel + > IA Q) - Rzl
k=1 k=1

Notice that the £, term that forces sparsity of the representations has been removed.
This is done because we assume now that q* and qf are fixed and known, and our
goal is the recovery of z. and z,. Taking the derivatives with respect to z. and z,
gives the separation result

A~ -1
go| [T+ X RIR, i
[y,] B A AL+ Y, RIR, (15.20)
,[ﬂy + X0 R,fAcq’é} '
Ay + Zszl R/{Azqf

In the extreme case of A = 0, the solution is given by
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Fig. 15.9 The separated cartoon (left) and texture (right) parts, using the local MCA with the
K-SVD dictionary (4 = 0).

- N 17! N~
§. = Z R'R, Z R'A.q" (15.21)
Lk=1 | k=1
and
F N 171 N~
#i=| > RIR| > RiA,
L k=1 J k=1

which is very similar to the denoising solution posed in Equation (15.15). In the
more general case, the above inversion can be done very easily, exploiting the 2 x 2
block matrix inversion formula,* and exploiting the fact that all the blocks in our
case are diagonal and easily invertible.

Figure 15.9 shows the results obtained with this local method for the simple case
of 4 = 0 on the image Barbara. As can be seen, the separation is very success-
ful, and with results that are generally comparable to those obtained by the global
method described above, and this is achieved without the need to pre-specify the
dictionaries for the two parts.

4 This formula is given by

AB]' | Q —QBD™!
cp| T |-D'CcQD'+D'CQBD! |’

where Q = (A —BD!'C)~".
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15.3 Image Inpainting and Impulsive Noise Removal

Image inpainting refers to filling-in missing pixels in known locations in the image,
due to undesired scratches, occlusions, or because of image editing needs (when
removing an object from the scene). Extensive work on this problem is reported in
the image processing literature, using various techniques. In this section we consider
this problem, and more specifically, we focus on ways to inpaint images using the
Sparse-Land signal model. We start our discussion with the core ideas for inpainting
sparsely represented signals, and then extend this discussion to images.

15.3.1 Inpainting Sparse-Land Signals — Core Principles

Assume that yy € IR” is a simplified Sparse-Land signal, meaning that there exists
a sparse representation vector Xo with [|Xollp = ko such that yo = Axy. Assume
further that we measure y = My, where M is a degradation operator that removes
p samples from the signal. This matrix is of size (n — p) X n, built by taking the nxn
identity matrix and removing the p rows that correspond to the dropped samples.
Could we recover these missing values? How?

Considering this as a classic inverse problem in the form described in Chapter 9,
we may formulate this task as

min |[x]|p subject to y = MAX. (15.22)
X

We should find the representation that solves this problem, X,, and the recovered
(full) signal ¥y would be AXy. However, the question remains: Why should this
work well?

In order to answer this question, we return to the worst-case analysis that was in-
troduced in Chapter 2. Assume that the original representation X is sparse enough,
namely, ky < 0.5 - spark(MA). In such a case we know that the original representa-
tion X, is necessarily the sparsest possible solution for the linear system y = MAXx.
As such, if we could solve the problem posed in Equation (15.22), we should have
that Xy = x¢. This implies a perfect recovery of the original signal, §o = yo. There-
fore, if X( is sparse enough, inpainting is guaranteed to succeed perfectly.

How does M affect the spark of the matrix MA? This multiplication removes p
rows from the dictionary A, and with such a modification, the spark necessarily dete-
riorates (gets smaller). This is because every set of spark(A)—1 columns from A are
linearly-independent, by definition of the spark. Removal of an arbitrary row from
A may either leave all of these sets intact (and thus the spark remains unchanged),
or modify one or more of those groups to become linearly-dependent, causing a de-
crease in the spark. Once a set of columns becomes dependent, removal of other
rows cannot turn such a set to become independent. Thus, the value spark(MA)
is non-increasing as a function of the removal count p. In particular, we have that
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Fig. 15.10 The image Peppers on which we perform the inpainting test.

spark(MA) < spark(A), which means that our assumption ky < 0.5 - spark(MA)
implies that X is the sparsest representation for the original signal y, as well.

The above is a simplified inpainting problem, and yet it clarifies why inpainting
of Sparse-Land signals could conceptually succeed. The core idea is the understand-
ing that since the signal y( has only 2k, degrees of freedom (atom indices and their
weights), we can recover this signal completely from less than the full n samples. In
the extreme case,’ a set of 2k, samples may be sufficient, meaning that p could be
as high as n — 2ky.

When noise is added both to the model and to the measurements, the actual in-
painting should be done by approximating the solution of

min [[x||p subject to |y — MAXx||, < 6. (15.23)
X

Spark considerations no-longer apply, but as we have seen in Chapter 5, alterna-
tive analysis exists to support the success of such a recovery algorithm, both for the
worst-case scenario, and for the more optimistic and more realistic average perfor-
mance.

Will this methodology work in practice? We answer this question by introducing
a preliminary experiment that illustrates how the above simple guide-lines can lead
to a reasonable recovery of missing samples. We shall later return to this experiment
and improve it in various ways. We operate on the image Peppers (of size 256x256
pixels) shown in Figure 15.10. This image is contaminated by an additive white
Gaussian noise with o = 20, and then sub-sampled in random locations, such that a
portion of the pixels remains.

The inpainting we propose to perform operates on patches of size 8 X 8 pix-
els, extracted with no overlaps from the corrupted image. Using a redundant DCT

5 This depends on A and the effect of M on it. If spark(MA) has full spark (2ky + 1), then 2k
measurements are indeed sufficient.



326 15 Other Applications

80

\
— Inpainting Results
- - =Noise Level

Root-Mean-Squared-Error

0 L L L
0 20 40 60 80 100
Percentage of remaining pixels

Fig. 15.11 Simple inpainting results — operating locally with no overlaps and using the redundant
DCT dictionary: This graph shows the RMSE (per-pixel) of the inpainting recovered image, as a
function of the percentage of remaining pixels.

dictionary A with 256 atoms (as described in Chapter 14), we aim to recover the
original patches by approximating the solution of Equation (15.23). This process
is performed per patch using the OMP algorithm with 6 = 1.1 - /64 — p - o (the
value of ¢ should be proportional to the amount of noise that exists in the remaining
samples of the patch). The final inpainted image is created by reconstructing each of
these patches from its sparse representation, and placing them back onto the image
canvas.’

Figure 15.11 displays the inpainting results, as a graph of the reconstruction
RMSE per-pixel as a function of the quantity of remaining pixels in the image. As
expected, this graph descends, indicating that the quality of the recovered patches
improves as more pixels are available. Also, when compared to the noise standard-
deviation o = 20, this graph shows that beyond recovering the missing pixels, this
procedure has a denoising effect as well for less than 50% missing pixels. Figure
15.12 presents the inpainted images obtained using the above method for the three
tests (removing 25%, 50%, and 75% of the pixels). The root-MSE values computed
between the recovered images and the original one are 14.55, 19.61, and 29.70 grey-
values respectively.

The above is a simple inpainting algorithm, being a direct implementation of the
very core ideas presented above, and yet, its results are reasonable (and especially so
for less than 50% missing pixels). Still, this method could and should be improved,

© We also add a clipping operation that forces the resulting image to have grey-values in the range
[0,255].
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Fig. 15.12 Simple inpainting results — operating locally with no overlaps and using the redundant
DCT dictionary: This figure show the given images (top) and their inpainted results (bottom), for
25% missing pixels (left, RMSE= 14.55), 50% missing pixels (center, RMSE= 19.61), and 75%
missing pixels (right, RMSE= 29.7).

and this can be done in various ways. Could we inpaint more complex images with
texture? Could we handle larger holes in the image? Can we imitate the local de-
noising algorithms and gain in performance by operating on overlapping patches?
Can we adapt the dictionary to the image and to the inpainting goals? These ques-
tions bring us to the next subsections, where we discuss local and then global image
inpainting algorithms of better quality that rely on the above ideas.

15.3.2 Inpainting Images — Local K-SVD

In Figures 15.11 and 15.12 we presented the results of a simple inpainting algorithm,
that operates on each patch in the image separately, and concatenates the results to
form the full image. Can we do better, while still operating locally? Figure 15.13
shows that a substantial improvement is within reach by a simple modification of
the algorithm: Instead of processing non-overlapped patches, we perform the same
inpainting process on fully overlapped patches. The resulting image is obtained by
averaging the recovered patches in the resulting image canvas. As can be seen, the
results are much improved, and especially so for the case where 75% of the pixels



328 15 Other Applications

Fig. 15.13 Improved inpainting results — operating locally with full-overlaps and using the re-
dundant DCT dictionary: This figure shows the given images (top) and their inpainting results
(bottom) using the redundant DCT dictionary, for 25% missing pixels (left, RMSE= 9.00), 50%
missing pixels (center, RMSE= 11.55), and 75% missing pixels (right, RMSE= 18.18).

are missing. Table 15.1 summarizes these results versus those shown above for the
non-overlapping treatment.

RMSE for RMSE for RMSE for
Algorithm  |25% missing pixels|50% missing pixels|75% missing pixels
No-overlaps 14.55 19.61 29.70
Full-overlaps 9.00 11.55 18.18

Table 15.1 RMSE for the inpainting tests applied locally on patches with and without overlaps,
all using the redundant DCT dictionary.

Let us formulate the inpainting problem in a way that leads to the above algorithm
in a natural way. Following our treatment for the denoising problem in Chapter 14,
let us assume that the unknown and complete image yj is such that every patch in it
is expected to have a sparse representation with respect to a known dictionary A. We
shall denote the mask that removes samples from y as a rectangular matrix M. We
shall further assume that the remaining pixels are noisy, contaminated by white zero-
mean additive Gaussian noise with variance o-2. Thus, the MAP estimator would be
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{tac,. 9) = arg min ~ AIMz — y|}3 + (15.24)
z,{qik
> mllaello + ) 1A Qe — Ryzl3.
k k

This expression parallels the one posed in Equation (14.21), requiring a proximity
between the measured image y and the unknown version z, only in the existing
pixels (this is reflected by the multiplication by the mask M). The second and third
terms are the image prior that ensures that in the reconstructed image z every patch
pr = Ryz of size 4/n x +/n in every location k should have a sparse representation
with bounded error.

In the case discussed above, the underlying dictionary A is assumed known, be-
ing the redundant DCT. We are supposed to minimize this function with respect to
both the sparse representations qy, and the overall output image z. As done before,
we adopt a block-coordinate minimization algorithm that starts with an initializa-
tion z = MTy, and then seeks the optimal ;. Note, however, that in choosing this
initialization, the pixels in z that correspond to missing values are totally corrupted,
and this should be taken into account in the evaluation of q;. We arrive at a complete
decoupling of the minimization task into smaller problems of the form

4 = arg ngn llallo subject to [[Mi(Aq — poll3 < cngo?. (15.25)

First, notice that we have turned the quadratic penalty in Equation (15.24) into a
constraint, thus removing the need to choose the parameter y;. Also, the energy of
the patch-error Aq—py is evaluated using only the existing pixels in this patch, as in-
dicated by the multiplication by M, = RkMTMRZ — alocal mask that corresponds
to the k-th patch.

The threshold to compare with must also take into account the count of existing
pixels in this patch, n; = 17 M,1. Thus, this stage works as a sliding window sparse
coding stage, operated on each block of size vn X /n at a time, performing the very
same process as described in Equation (15.23).7

Given all §x, we can now fix those and turn to update z. Returning to Equation
(15.24), we need to solve

y =arg mzin AMz - y|i5 + Z A — Rezll3, (15.26)
k
which leads to

-1
§= [/lMTM + Z R{Rk) [/lMTy + Z R,{Aqk]. (15.27)
k k

7 The formulation of the two problems might seem different, because M here is square, zeroing
the unknown elements, whereas M in Equation (15.23) is rectangular, removing these elements.
Beyond this semantic difference, the two formulations are the same.



330 15 Other Applications

This expression is almost identical with what we have proposed above for the de-
noising problem, and in particular, the matrix to invert is diagonal, introducing nor-
malization factors per each of the pixels in the resulting image. For missing pixels,
this expression suggests a simple averaging of the contributions of the recovered
patches directly. For existing pixels, this formula leads to an averaging as well, but
one that takes into account the measured values with a proper weight. Thus, the re-
sults shown in Figure 15.13 and Table 15.1 correspond to this very algorithm with
A set to be zero.

The natural next step would be to adapt the dictionary to the image using a
dictionary-learning approach. Following the K-SVD image denoising algorithm as
presented in Chapter 14, we could suggest the following process:

1. We should extract all possible patches with full-overlaps from the corrupted im-
age, and train a dictionary on these. As opposed to the denoising algorithm, the
sparse-coding and the dictionary update stages to be performed within this pro-
cess must take into account the mask of the missing pixels.

2. Once the dictionary is computed, we should sparse-code each of the patches,
and place them back to the image canvas, averaging overlaps, just as done in the
above method.

This algorithm is nothing but a minimization of the MAP function posed in Equation
(15.25), this time with respect to A as well. Fixing A, we perform sparse coding
exactly as described above. Once the sparse representations {{y}; are computed,
they are kept fixed, and the dictionary is updated, such that the expression

Error(A) = > IMi(Aqc - polB (15.28)
k

is minimized. This can be done using either an MOD or K-SVD update steps. Both
are more challenging in this case, as compared to the core description in Chapter
12, and this is due to the mask matrices, which require a closer attention. The MOD
step is obtained by nulling the derivative of Error(A), resulting with the expression

VaError(A) = Z M M, (Aq; — po)g! =0, (15.29)
k

from which it is hard to obtained a closed-form analytic formula for the update of
A. Exploiting properties of the Kronecker-product, we can use the formula ABC =
(CT ® A)B¢s, where B¢g is a vector obtained by a lexicographic ordering of the
columns of B. This leads to

-1
Acs = | D (@a))® M{MO| > (pea)cs- (15.30)
k k

In our case, the matrix to be inverted is of size mnxmn. For example, for a dictionary
of size 64 X 256 as in the above experiments, this matrix size is 214 % 214 Thus, a
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direct use of this equation for deriving A is prohibitive in most cases. The alternative
is to use the gradient in Equation (15.29) within a steepest decent algorithm.

The K-SVD counterpart is better behaved. We target the update of the columns
of A one at a time. Considering the j-th column, a;, we should address the error
expression in Equation (15.28) only for patches k that use this atom. Denoting this
set by ©Qy, we thus minimize

Error(A) = ) IMi(Aqi - po)l} (15.31)
keQ;
= > IMi(Aqe - a,q4(j) — o) + Miaqi(DI3-
keQ;

We denote yi = pr — Aqi + a;qx(j). This is the residual in the representation of the
k-th patch, where all the atoms apart from the j-th are used. Thus, our task would be

min " [IMk(y] - a;q()IB- (15.32)
aji(Dhee; oo}

While the above could be posed as a rank-1 approximation problem (that ties it
to SVD), a simpler approach is a short iterative (2-3 iterations) process where we
update the two unknowns alternatingly. We fix {qi(/)}rce; and update a;, by

4= [Z Miqi(j)?

keQ;

-1

D Miyla(), (15.33)
keQ;

where we exploited the fact that M,{Mk = My. Once computed, we should normal-
ize this vector. The update of qx() is obtained by

. -1 ;
Q) = [afMia,| " al My, (15.34)

computed for all k € Q;.

Table 15.2 presents the results of such K-SVD algorithm on the same tests per-
formed above, with 15 iterations of this sparse-coding — dictionary update alternat-
ing algorithm. These experiments indicate that a substantial gain in performance can
be obtained, and even more so if the initial dictionary is non-ideal for the inpainting
task. The image Peppers seems to agree with the redundant DCT, thus leaving a
smaller room for an improvement.

Figures 15.14, 15.15, and 15.16 present the results of a similar experiment, per-
formed on the image Fingerprint, with a mask that consists of carved text. As
before, we start with the redundant DCT dictionary and obtain RMSE = 16.13
grey-values. After 15 iterations of the K-SVD inpainting algorithm, the result im-
proves by 2.05dB to RMS E = 12.74 grey-values. Figure 15.14 shows the original
image, the given noisy image (with o = 20), and these two results. Figure 15.15
shows the absolute error images for these two results, and Figure 15.16 presents the



332 15 Other Applications

RMSE for RMSE for RMSE for
Algorithm 25% missing pixels|50% missing pixels|75% missing pixels
DCT: No-overlaps 14.55 19.61 29.70
DCT: Full-overlaps 9.00 11.55 18.18
K-SVD: Full-overlaps| 8.1 (0.85dB) 10.05(1.25dB) 17.74(0.15dB)

Table 15.2 RMSE for the K-SVD inpainting algorithm on Peppers with 15 iterations. The results
in the first two rows are the ones presented in Table 15.1. The last row gives the K-SVD results,
both in terms of the RMSE and the gain achieved[dB].

Fig. 15.14 Top left: The original Fingerprint image (portion of 200 x 200 pixels); Top Right:
The measured image with the additive noise (oo = 20) and the missing pixels (text mask); Bottom
left: Redundant DCT inpainting result (RMSE = 16.13); Bottom right: K-SVD (15 iterations)
result (RMS E = 12.74).

histogram of these two errors, indicating that the K-SVD error is more concentrated
around the origin.

The ability to inpaint an image using local and simple operations, as described
above, has been extended by Mairal. et. al. to video and color images. We bring here
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Fig. 15.15 Redundant DCT absolute error (left), and K-SVD absolute error (right).
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Fig. 15.16 Histogram of the two error images — the redundant DCT and the K-SVD ones.

two examples that illustrate these capabilities, and we point the interested reader to
the papers by Mairal, Elad, and Sapiro for more details.

Figure 15.17 presents an inpainting result obtained on a color image. The red text
represents missing pixels, and these are recovered using the K-SVD inpainting. The
patches used in this experiment are 3D ones (of size 9 X 9 X 3, chosen large enough
to fill-in the holes), containing the three color layers within each patch. This also
means that the trained dictionary has color atoms.

Figure 15.18 shows the results obtained for video inpainting. The sequence
Table-Tennis (images of size 240 x 352) has been corrupted by randomly eras-
ing 80% of its pixels. This figure shows 5 frames from the original sequence, the
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Fig. 15.17 Inpainting result using the local-K-SVD algorithm and taking into account the color in-
formation (this result is taken from the work by Mairal, Elad, and Sapiro (2008)). Top: the original
image, Center: the degraded image with red text representing missing pixels, Bottom: the recovered
image (PSNR= 32.45dB).
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corrupted frames, and the recovered results. The results include inpainting of im-
ages independently, as described in this chapter, and video inpainting, where the
spatio-temporal volume is treated as a 3D image. Thus, 3D patches are used for the
inpainting, and the dictionary is propagated from one frame to the next, as described
in Chapter 14 for the K-SVD video denoising. Another important modification in-
troduced in this experiment is the use of a multi-scale dictionary, implying that the
atoms are structured in several scales.

15.3.3 Inpainting Images — The Global MCA

In the section above we treated the image inpainting problem by operating on small
patches. Just as with the image denoising or image separation tasks, this can be
replaced with a globally operating algorithm, that transforms the complete image.
In this section we briefly describe this option, and show several representative results
to illustrate it.

An important benefit of the migration to a global treatment, is the ability to handle
larger holes in the image. On the down side, we leave aside the notion of trained
dictionaries, and use instead fixed ones. This also means that, as opposed to trained
dictionaries that may contain both texture and cartoon atoms, the fixed dictionaries
should be chosen such that they accommodate these two types of image content.
This ties us back to the image separation discussion given above.

Indeed, when we discussed the task of image separation to cartoon and texture
in Section 15.2.1, we mentioned that inpainting is an application that may find this
separation useful. As we show next, the framework we adopt to describe the global
inpainting algorithm is the very same one used for the global separation of images,
with a simple modification.

We start our treatment of the global inpainting problem by using the analysis-
based image separation formulation given in Equation (15.5). We modify this to
give the following objective, which takes into account the mask operator M,

Yer §1 = arg Iynlyn ATeyellr + ATyl (15.35)

1
+ 31y = M(ye + yoll.

Similar to the conversion done to a synthesis-like formulation in Equation (15.9),
we propose the alternative optimization problem

X, X, = argmin X[l + Allx (15.36)
Xes Xt

1
+ Elly — MA X, - MAX,|};
Subject to T A .x, = x, and T,A/x; = x;.
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Fig. 15.18 Results obtained with the proposed multiscale K-SVD video inpainting for 5 frames
of the table-tennis sequence. Each row corresponds to one frame, with the following from left
to right: the original frame, the same frame with 80% missing data, the results obtained when
applying the image inpainting algorithm to each frame separately (PSNR=24.38dB), and the result
of the video inpainting K-SVD ( PSNR=28.49dB). The last row shows a zoomed version of the
last frame.
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The only difference between this and Equation (15.9) is the presence of the mask op-
erator. Thus, the very same numerical algorithm can be proposed for solving (15.36),
with a slight modification. Any appearance of A, (or A,) in the SSF formula should
be replaced with MA . (MA,, correspondingly). Thus,

1 1
- s, (—ACTMT (y - MA & - MA &) + xk)
&
1 1
=g, (EAtTMT (y - MA&E - MA &) + ﬁf) ,

The projection stage that follows should not be touched, as it is operating on the
complete representation vectors,

1 1
~k+1 Ak+3 ak+1 ~Ak+3
2 =TAX. > and %7 =TAZX °.

We turn now to show several results of the global inpainting method, taken from
the paper by Elad, Starck, Querre, and Donoho (2005). We start with a synthetic
experiment, where we compose the image Adar as a combination of texture and
cartoon. Figure 15.19 shows this image Adar with two cases of missing data. The
results of the global inpainting method using curvelets and global DCT dictionaries
are shown in this figure as well. Both results show no trace of the original holes, and
look near-perfect.

Figure 15.20 shows the results of a similar experiment, where the existing pixels
in the image are also contaminated by a zero-mean white Gaussian noise (o =
10). As can be seen, the residual is almost featureless, implying that the noise was
removed successfully, without absorbing true texture of cartoon content.

The results shown in Figure 15.21 correspond to an experiment similar to the
one shown in Figure 15.19, but on the image Barbara, which is already a mixture
of cartoon and texture. The global inpainting method applied here uses the Haar
wavelet for the cartoon, and a homogeneous decomposition level wavelet packets to
represent the texture. Again, we see near-perfect recovery of the missing pixels.

Figure 15.22 presents the Barbara image and its filled-in results for three ran-
dom patterns of 20%, 50%, and 80% missing pixels. The unstructured form of the
mask makes the reconstruction task easier. As before, the inpainting method ap-
plied here used wavelet and wavelet packets to represent the cartoon and the texture
respectively, and again, the results look natural and artifact-free.

The last figure in this section, Figure 15.23, presents a similar experiment on the
Barbara image, this time filling in 9 blocks of sizes 8 X 8, 16 x 16, and 32 x 32
pixels. Filling-in large holes is more challenging, compared to the random mask. We
see that as the regions of missing pixels grow, the recovery deteriorates, as expected,
and smooth behavior is enforced.
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Fig. 15.19 Two synthetic Adar images (top and bottom left) with combined cartoon and texture,
and imposed missing pixels. The results of the global inpainting algorithm are given in the top and
bottom right.

15.3.4 Impulse-Noise Filtering

We conclude our discussion on the image inpainting problem by introducing another
application related to it — impulsive noise removal. The objective of this section is
to show the fundamental ability of the above inpainting algorithms to handle this
noise removal problem.

The topic of denoising has been discussed in length in Chapter 14, but with an
emphasis on white additive Gaussian noise. Another very commonly encountered
noise in images is an impulsive noise, where a fraction of the pixels in the image
are corrupted by a large negative or positive deviated value. Figure 15.24 presents
the original image Peppers and a noisy version of it with such a noise. In this case,
10% of the pixels (in random locations) are corrupted. These pixels are modified by
adding or subtracting 50 grey-values® to their original value. This way, we get dark
and bright points on the image, representing the noise. This noise is also commonly
referred to as salt and pepper noise because of its appearance as salt and pepper
grains spread over the image.

8 The final grey-value is clipped to the range [0,255], and thus the eventual deviation may be
smaller than 50 grey-values.
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Fig. 15.20 Global inpainting results with two missing pixels masks — curves (top) and text (bot-
tom)), both contaminated by an additive noise. Left: The inpainting results, Right: the residual.

Salt-and-Pepper noise is typically handled well by the median filter, which re-
places every pixel value by the median of its small neighborhood. Figure 15.25
(middle right) shows the result obtained with such a filter, and it is clearly seen that
itis working well, leading in this case to an RMSE of 7.42 grey-values. The median
filter used here applies a 3 X 3 neighborhood — experiments with larger or smaller
sized neighborhood were found to give poorer results.

The question is: could we do better than the median filter? If we knew the location
of the noisy pixels, we could have addressed this denoising problem as an inpainting
of these as missing pixels. In this section we aim to demonstrate this alternative
denoising approach.

Estimating the location of the corrupted pixels can be done by evaluating the dif-
ference between the noisy image and its median-filtered version, attributing large
differences to noisy pixels. Figure 15.25 (middle left) shows the estimated mask by
thresholding this difference with 27 grey-value. This threshold value was found em-
pirically to lead to good performance. The image contains 6,554 corrupted pixels,
and the mask detects 6,298 pixels, of which only 5,211 are true-noisy ones. The
pixels that were undetected correspond to clipped noisy pixels with small deviation,
or others in which the noise is not as evident (near-edge pixels, etc.).

Using the estimated mask, we can proceed with an inpainting process, which
aims the recovery of these as missing pixels. The result of a local inpainting al-
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Fig. 15.21 The Barbara image (top and bottom left) with two imposed masks of missing pixels.
The results of the global inpainting algorithm are given in the top and bottom right.

gorithm that uses the redundant DCT dictionary is shown in Figure 15.25 (bottom
right). The sparse-coding is performed with the OMP algorithm with a small error
threshold (oo = 5). Once done, only the missing pixels are replaced, fixing the rest
as correct ones. The RMSE of this method is 5.86, which is clearly better than the
median filtering result.

If the estimated mask is indeed reliable, we could use it to improve the median
filtering as well, by applying the median filtering only on the corrupted pixels. This
result is shown in Figure 15.25 (bottom left), with an RMSE of 6.52. While this
gives an improvement, it is clear that the inpainting approach is still superior. Fig-
ure 15.26 presents the absolute error images for the three denoising processes dis-
cussed above (median filtering, masked median filtering, and the inpainting-based
approach). Again, we see that the inpainting approach leads to the smallest error.

We should note that there is an extensive literature on impulsive noise removal,
using variational methods, diverse median and order-filtering methods, and more.
This literature also offers more elegant and reliable ways to estimate the location of
the corrupted pixels. In this section we deliberately restricted the discussion to ele-
mentary ideas and algorithms, focusing on the core ability of inpainting algorithms
to serve this problem as well.
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Fig. 15.22 Three Barbara images with 20%, 50%, and 80% missing pixels (right), and the global
inpainting results (left).

15.4 Image Scale-Up

We end this chapter with the image scale-up problem, often referred to in the liter-
ature as super-resolution.’ Our goal is to up-sample a single image while produc-
ing a sharp result. This task can be posed as an inverse problem, where the given
low-resolution image is assumed to be the measurement obtained from an original

° The term super-resolution may be confusing, as it is also used in the context of fusing several
low-resolution images into one high-resolution result. Here we are referring to a different process
of scaling-up a single image.
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Fig. 15.23 Three Barbara images with three patterns of missing pixels — 9 blocks of size 8 X 8,
16 x 16, and 32 x 32 pixels (right), and the global inpainting results (left).

high-resolution image that went through a blur, a decimation, and additive noise
effects.

The literature offers various ways to address the image scale-up problem, ranging
from simple linear space-invariant interpolation schemes (bilinear, bicubic, Lanc-
70s), to spatially adaptive and non-linear filters of various sorts. Sparse-Land-based
algorithms for handling this problem also exist, and here as well we can divide the
various methods to global and local ones. In this chapter we shall focus on the algo-
rithm proposed by Yang et. al., which operates locally on patches. While we follow
Yang’s work to large extent, we also introduce several important differences that
lead to improved results.



15.4 Image Scale-Up 343

Fig. 15.24 The original image Peppers and its noisy version, with 10% of the pixels corrupted by
an impulsive noise.

15.4.1 Modeling the Problem

We start by describing the problem model. The given low-resolution image, z; is
created from the high-resolution one, y; by

z; = SHy,, + v, (15.37)

where H and S are the blur and decimation operators, respectively. We shall assume
that S performs a decimation by an integer factor, by discarding rows/columns from
the input image. The vector v is an additive zero-mean white and homogeneous
Gaussian noise, with a known standard-deviation o-.

In order to avoid complexities caused by the different resolutions of z; and y,
we shall assume hereafter that the image z; is scaled-up by a simple interpola-
tion scheme that fills-in the missing rows/columns, returning to the size of y;. This
scaled-up image shall be denoted by yj;,

y: = QSHy;, + Qv = Ly, + ¥. (15.38)

The operator Q stands for the interpolation scale-up operation. Our goal is to process
y; and produce a result §,, which will get as close as possible to the original high-
resolution image, y;,.

The processing we are about to present operates on patches extracted from yjy,
aiming to estimate the corresponding patch from y,. Let pZ = Ryy, € R" be a
high-resolution image patch of size 1 X +/n, extracted by the operator R; from
the image y, in location k. We shall assume that the locations to consider, k, are
only those centered around true pixels in the low-resolution image y; (as opposed
to filled-in pixels due to the interpolation). We shall refer hereafter to this set of
samples as Q.

It is now time to invoke the Sparse-Land model: We shall further assume that pZ
can be represented sparsely by q; € R” over the dictionary A;, € R™"™, namely,
P} = Auq, where [|qllp < n.
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Fig. 15.25 The original image Peppers (top left), its noisy version (top right), the original image
with the estimated mask on top (middle left), and three denoised results obtained with (i) the
median filter (middle right, RMSE = 7.42), (ii) the median filter applied only on the detected
points in the estimated mask (bottom left , RMS E = 6.52), and (iii) the redundant DCT inpainting
applied with the estimated mask (bottom right, RMS E = 5.86).

Consider the corresponding low-resolution patch pi = Ry, extracted from y; in
the same location'® k, such that its size is v X /n. Since the operator L% = QSH
transforms the complete high-resolution image yj, to the low-resolution one, y;, we
can assume that pfC = LpZ + ¥, where L is a local operator being a portion of L,
and ¥, is the additive noise in this patch. Note that L is a spatially independent
operator, as we consider only locations k € Q from y;.

Since we have assumed that pZ = A;q, multiplication of this equation by L gives

19 We assume that p, and p are centered around the same pixel.
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Fig. 15.26 The absolute error images between the original image and: (i) the noisy image (top
left), (ii) the median result (top right), (iii) the masked median filtered image (bottom left), and (iv)
the inpainted result (bottom right).

Lp; = LAq. (15.39)

Exploiting the relation between the low-resolution and the high-resolution patches,
p, = Lp! + ¥, we thus get

LA,q = Lp} = p} - % (15.40)
implying that
Ip, —LAgl> <€, (15.41)

where € is related to the noise power o of V.

The key observation from the above derivations is that the low-resolution patch
should be represented by the same sparse vector q over the effective dictionary A; =
LA, with a controlled error ¢. This implies that for a given low-resolution patch
pf(, we should find its sparse representation vector, (, and then we can recover pi’
by simply multiplying this representation by the dictionary A,. This is the core idea
behind the image scale-up algorithm as developed by Yang et. al, as we are about to
present.
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15.4.2 The Super-Resolution Algorithm

The scale-up algorithm we are about to present consists of a training phase that
includes the following steps:

1. Patch-Pairs Construction: For a set of training images that are given in high and
low-resolution pairs {y{l,y{ }j» we extract pairs of matching patches that form
the training database, P = {pf, pi}j. Each of these patch-pairs undergoes a pre-
processing stage that removes the low-frequencies from pZ and extracts features
from pf{.

2. Dictionary Training: A dictionary A; is trained for the low-resolution patches,
such that they can be represented sparsely. A corresponding dictionary A, is con-
structed for the high-resolution patches, such that it matches the low-resolution
one.

The above training phase is done off-line, producing the two dictionaries, A; and
Ay, to be used in the super-resolution reconstruction.

Given a test low-resolution image y; to be scaled-up (recall that y; is already
interpolated to the destination size, and all we need to perform is a spatial non-linear
filtering that sharpens this image), we extract pre-processed patches pfC from each
location k € Q, and then sparse-code it using the trained dictionary A;. The found
representation ¢ is then used to recover the high-resolution patch by multiplying it
with Aj;,. We now turn to describe all the above process is more details.

15.4.2.1 Training Phase

The training phase starts by collecting several images {y,{} j» which are the high-
resolution examples. Each of these images is blurred and down-scaled by a factor s.

This leads to the formation of the corresponding low-resolution images {z-l’ };» which
are then scaled up back to the original size, resulting with the set {yl’ };. Thus,

J— J L5
Y = Lallyh +¥.

It is important to note that the same operator L,; should be used both in the training
and the testing phases.

The next step to perform is pre-processing. Rather than extracting small image-
patches and applying this step on them, we employ the desired pre-processing di-
rectly on the full images, and only then extract the patches. This avoids boundary
problems due to the small patch size.!!

The pre-processing applied on the high-resolution images consists of a re-
moval of their low-frequencies. This is done by computing the difference images

" A patch of size i x i in y; should correspond to a larger patch in y;, because of the spatial
extent of the blur and the scale-up operations. Nevertheless, this additional “band” of pixels can be
disregarded, as if we concentrate on predicting only the center of the destination patch from y;,.
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ef; = y;; - y{ . The reason for this step is the desire to focus the training on charac-
terizing the relation between the low-resolution patches, and the edges and texture
content within the corresponding high-resolution patches. As for the pre-processing
of the low-resolution images, these are filtered using K high-pass filters, in order
to extract local features that correspond to their high-frequency content. Thus, each
low-resolution image yf leads to a set of K filtered images, fk®y{ fori=1,2, ... ., K
(® stands for a convolution).

After the two pre-processing steps described above, we are ready to extract the
local patches, and form the data-set P = {pZ, pf(}k. Considering only locations k €

Q, we extract patches of size yn X +/n pixels from the high-resolution images ei.
The corresponding low-resolution patches are extracted from the same locations
in the filtered images f; ® y; and using the same size (yn x +/n pixels). Thus,
every corresponding K such low-resolution patches are merged into one vector f),l{
of length nK. Note that the patch size should be at least of size s X s so as to cover
the high-resolution image. If the patch size is larger, we get overlaps that improve
the reconstruction result.

The last step before turning to the dictionary-learning stage is to reduce the
dimension of the input low-resolution patches, {f)fc}k. We apply the Principal-
Component-Analysis (PCA) algorithm on these vectors, seeking a subspace on
which we could project these patches while preserving 99.9% of their average en-
ergy. The motivation for this step is the knowledge that the low-resolution patches
could not occupy the full nK space, since they are effectively built of patches of size
\/n/s x y/n/s in the low-resolution image z{ that go through a set of K linear filters.
The scaling up and the filtering are not expected to increase the dimensionality of
the resulting patches. By such a dimensionality reduction we expect to save com-
putations in the subsequent training and super-resolution algorithms. We denote by
B € R"*"X the projection operator that transforms the patch f)ﬁ( to its reduced feature
vector, p,’C = Bf)f{ e R™.

Turning to the dictionary-learning part in the training, we start with the low-
resolution training patches {p,l{}k. We apply a regular MOD or K-SVD training pro-
cedure for these patches, resulting with the dictionary A; € IR, Within this learn-
ing procedure, sparse-coding is performed using the OMP with a fixed number of
atoms per example, L. As a side product of this training, we obtain the sparse repre-
sentation vector q that corresponds to the training patch pf{.

After constructing A;, we proceed to the high-resolution dictionary construction.
Recall that it is our intention to recover the patch pZ by approximating it as being
pZ ~ A,qx, namely, use the found sparse representation vector for the low-resolution
patch, and multiply it by the high-resolution dictionary. Thus, we should seek a
dictionary Ay, such that this approximation is as exact as it can be. Thus, we define
this dictionary to be the solver of the problem

Ay

. h 2
arg rggp}k] o} — Anail? (15.42)

: 2
= argmin P, — Ay Qllz,
h
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where we have constructed the matrix Py, such that the high-resolution training
patches, {pZ}k from its columns, and similarly, Q contain {q;}; as its column. The
solution of the problem is given by

A, =P, Q" =P,Q"(QQ") ™. (15.43)

We should note that the above approach disregards the fact that the high-
resolution patches overlap, and thus a better training procedure can be envisioned
for computing Aj,. Bearing in mind that the eventual high-resolution images (in the
test stage) would be constructed by positioning these patches and averaging over
their overlaps, we should optimize A, such that these resulting images are as close
as possible to their origin. Put formally, and using the similar treatment given in
Chapter 14 (Section 14.3), the image ff{' should be constructed by the formula

-1
> RZRk} [Z R,{A,,qk} . (15.44)

keQ keQ

Ny -
Yo=Yt

Thus, it is natural to define the best dictionary Ay, as the solution of the optimization
task

1 15.45
i (15.45)

- ; J J_ )
Ay, = argmin Z Hyh Y~ Y
J

-1
. j j T T
e 3 v [S R [Sinal
J

keQ keQ
The reason y{ appears in the errors computation is the fact that the patches in Py,

2
2

are constructed from the difference images ei = yi - ylj , and this means that for the

image 5,111 to be constructed, we should return these low-frequencies.

While this minimization task is more demanding, it is expected to lead to better
output quality. We shall not explore this here, and in the experiments given below,
we adopt the simpler way to derive Ay,.

This concludes the training phase of the super-resolution algorithm.

15.4.2.2 Testing Phase: Scaling-Up an Image

We are given a test low-resolution image z; to be magnified. This image is assumed
to have been generated from a high-resolution image y;, by the same blur and scale-
down operations as used in the training. The following are the steps performed in
order to complete the super-resolution algorithm:

1. Scale this image up by a factor of s using bicubic interpolation, resulting with y;.
2. Filter the image y; using the same K high-pass filters that were used for feature
extraction in the training, and obtain f; ® y;.
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3. Extract patches from these K images, each of size y/nx v/n from locations k € Q.
Every K such patches that correspond to the same location are to be concatenated
to form a patch vector p}. This leads to the set {p) }.

4. Multiply the found patches {f)f(}k by the projection operator B to reduce their
dimensionality, resulting with the set {pf{}k, each patch of length n; (= 30).

5. Apply the OMP algorithm on {Pi}k, allocating L atoms to their representation,
and find the sparse representation vectors {qy }x.

6. Multiply the representation vectors {qx}; by the high-resolution dictionary A,
and obtain the approximated high-resolution patches, {A,qi}r = {f)f(’}k.

7. Construct the final super-resolved image by putting f)z to their proper location,
averaging in overlap regions, and adding y; to the final image. Put differently,
compute the final image by the formula, which performs exactly the above-
described procedure:

Yh=yi+

-1
> R,ka} D Rp). (15.46)

keQ keQ

15.4.3 Scaling-Up Results

We present two experiments that demonstrate the above-described scaling-up algo-
rithm in action.

The first test is applied on images showing a printed text. The training image
(screen-grabbed from a PDF file) is shown in Figure 15.27 — note that only one im-
age is used for training, and adding more is expected to improve the results. The
global operator Ly in this experiment is implemented by first blurring the high-
resolution images y;l with a 1D filter [1,3,4,3,1]/12 both horizontally and verti-
cally, and then down-sampling it by a factor s = 3. Le., the scaled-down image z; is
one-ninth of the original image size. The image y; is created by bicubic interpolation
of z;, returning to the original size.

Extraction of features from the low-resolution images is done using 4 filters that
perform 1-st and 2-nd horizontal and vertical derivatives: f; = [1,-1] = sz and
f3=1[1,-2,1] = f]. These filters are applied such that only sampled pixels are used
in the filtering computation.'? The patch size used is n = 9, and the PCA results with
areduction from 4 - 81 = 324 to n; ~ 30. The dictionary training procedure applied
40 iterations of the K-SVD algorithm, with m = 1,000 atoms in the dictionary, and
allocating L = 3 atoms per patch-representation.

The test image (a different image, grabbed from a different page, but having the
same scale) is shown in Figure 15.28. This figure shows the original test image, and
the scaled-down version that should be scaled-up. The scaling-up results are shown

12 This means that we either filter z; and then interpolate, or we filter y; with zero-padded filters of
the form f; = [0,0,1,0,0,~1] = £/ and f; = [1,0,0,-2,0,0,1] = f/.
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Fig. 15.27 First experiment: The training image for the image scaling-up algorithm. This image is
of size 717 x 717 pixels, and it provides a set of 54,289 training patch-pairs.

in Figure 15.29, and it is evident that the outcome is far better, compared to the
bicubic interpolation, showing an improvement of 2.27dB.

The second experiment is applied on the image Building. Starting from the
original image y; of size 800 x 800 pixels, we filter this image with the separable
filter [1, 2, 1]/4 (horizontally and vertically), and then down-scale it by factor s = 2
to obtain z; of size 400 x 400.

In this experiment we train the dictionaries using the very same image, by further
scaling it down by a factor s = 2, resulting with the image z; of size 200 x 200. The
image pair {z;, z;} is used for the training, based on the expectation that the relation
between these two images reflects also the relation that should be used to go from
Z; t0 Y.

Extraction of features from the low-resolution images is done using the same 4
filters, and the dimensionality reduction leads this time to n; ~ 42. The training data
contains 37,636 pairs of low- and high-resolution patches to be modeled. The pa-
rameters of the dictionary training all remain the same (40 iterations of the K-SVD
algorithm, m = 1000 atoms in the dictionary, and L = 3 atoms per representation).

Figure 15.30 shows the original image yj, the bicubic scaled-up image y;, and
the result of the scaling up algorithm, §,,. The difference between the two images is
3.32dB, and in order to see where these differences reside, the figure also shows the
the image |y, — yx|.- Figure 15.31 shows two 100 x 100 portions extracted from yy,
yi, and ¥, to better show the visual gain achieved by the scaling-up algorithm.
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Fig. 15.28 First experiment: The test image z; to be scaled-up (left), and its original high-resolution
version yy, (right). The image z; is of size 120 x 120 pixels, and it provides a set of 12,996 patches
to operate on.

Fig. 15.29 First experiment: The scaling up results — the image y; that was scaled-up using a
bicubic interpolation (left, RMSE= 47.06), and the algorithm’s result §,, (right, RMSE= 36.22).

15.4.4 Image Scale-Up: Summary

There are various ways to scale-up an image while preserving edges and small de-
tails. In this chapter we introduced only one such algorithm that illustrates how
sparse representation modeling and dictionary-learning can be used for this goal.
The presented algorithm is based on the method proposed by Yang et. al., with few
modification. This method is relatively simple, and yet it produces a substantial im-
provement over bicubic interpolation. The algorithm operates by training a pair of
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Fig. 15.30 Second experiment: The original Building image y; (top-left), the bicubic interpo-
lated image y; (bottom-left, RMSE= 12.78), the algorithm’s result §, (bottom-right, RMSE= 8.72),
and the difference image |, — y»| magnified by 5 (top-right).

low- and high-resolution dictionaries, using either training images, or exploiting a
lower-resolution version of the same image to be handled.

Various further improvements can be considered, and these are likely to enhance
the algorithm’s output quality. One such option is back-projection, as suggested by
Yang et. al.: The image ¥, we construct does not necessarily conforms with the
requirement L,;§,a ~ y;. Thus, we may project the result §; to this constraint. An-
other option is to force the overlapping patches f)Z to better align with each other.
This can be done by operating sequentially on the incoming patches pi, and when
applying the sparse coding stage (to produce qy, add a penalty on the distance be-
tween the newly constructed patch, f)Z and the ones already computed.
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Fig. 15.31 Second experiment: Portions from the original Building image y; (left), the bicubic
interpolated image y; (middle), and the algorithm’s result §;, (right. Notice that the original portions
show some compression artifacts, which do not appear in the scaled-up results.

15.5 Summary

In this chapter we have seen how three different applications in image processing
are treated using the same tools and methodologies, all based on the Sparse-Land
model. Each of these problems can be attacked using either global or local sparse
representation modeling, and there are close similarities between the various algo-
rithms considered.

Here and in the previous chapter, we have seen a migration from the core Sparse-
Land model to solutions of practical problems in image processing. This path from
theory to practice is not direct nor trivial, as there is a lot of freedom in how to tie the
model to the problem. Addressing applications in image processing with this model
is therefore a work of art, and in this chapter we have seen several very successful
exemplars of this creative process.

We end the technical part of this book here, but we should note that the work
on other applications in image processing that use Sparse-Land is on-going. Topics
such as image and video compression, multi-modal (e.g., video-audio) processing,
image segmentation, target detection in images, fusion of images, super-resolution
from a set of images, and more, are likely to benefit from the Sparse-Land model.
Hopefully, many more ideas and contributions will appear in the near-future, along
the lines described here.
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Chapter 16
Epilogue

16.1 What is it All About?

The field of image processing offers an unusually fertile playground for applied
mathematicians, where the distance between an abstract mathematical idea and an
application or even a product may be small. This explains both the presence of so
many mathematicians in this field, and the fact that research in it became so math-
ematically oriented in the past two decades. The activity on sparse and redundant
representation modeling is just one manifestation of both these trends.

In this book we have explored the concept of sparse representations for signals
and images. Although sparse representation is a poorly defined problem and a com-
putationally impractical goal in general, we bring in this book a long series of recent
mathematical results, showing that under certain conditions one can obtain results of
a positive nature, guaranteeing uniqueness, stability, and computational practicality.

Inspired by such positive results, we discussed in this book how these can be
used to form an appealing and strong source model for signals and images. We have
shown several potential applications that use this model of sparse representation in
real image processing settings, and showed cases where this leads to state-of-the-
art results. More specifically, problems such as image denoising, image deblurring,
facial image compression, image inpainting, and image scale-up, all benefit from
this model.

16.2 What is Still Missing?

This book is far from being complete. There are many theoretical, numerical, and
applicative topics related to sparse representations, with an already existing and
solid knowledge, which have been deliberately omitted from this book. These in-
clude topics such as joint-sparsity, compressed-sensing, low-rank matrix comple-
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tion, non-negative matrix factorization and non-negative sparse coding, blind source
separation, multi-modal sparse representation, relation to wavelet theory, and more.

Furthermore, in recent years we have seen more and more application branches
that successfully lean on this model, going beyond the image processing activity
we have explored in this book. These include tasks in machine learning, computer-
vision, pattern-recognition, wireless communication, audio processing, brain-research
(mostly studying the human visual system), inverse problems in geo-sciences, MRI
imaging, error-correcting-codes, and more.

Beyond all these missing parts that correspond to an existing knowledge, this
book also lacks in the fact that there are some holes in its presentation, which corre-
spond to yet unstudied pieces. While this book aims to give a fluent and compelling
view of the understanding and knowledge that have grown around Sparse-Land,
there are key questions that remain open at this stage. For example:

e A fundamental issue in using the Sparse-Land model in signal/image processing
is the question of the suitability of this model for such signals in the first place.
The approach taken in this book (and in the research it documents) is an empir-
ical “try and see” kind of answer. More work is required to carefully map the
connections between Sparse-Land and other models, such as Markov-random-
field (MRF), PCA and its generalizations, and more. Perhaps a more ambitious
goal would be to characterize the kind of signal-sources that find Sparse-Land as
a suitable model.

e Another fundamental question refers to flaws that exist in the Sparse-Land
model. For example, this model ignores the existing dependencies between atoms
in the sparse representation. Another manifestation of these flaws is exhibited by
the fact that one cannot synthesize reasonable signals from this model — for ex-
ample, a direct approach of randomly generating a sparse vector x with iid entries
and multiplying it by the dictionary does not lead to a natural image, even if the
dictionary is of good quality for images. Model extensions to better match this
model to true data are desired, and these are likely to take applications to the next
level of performance.

Other fundamental issues to be studied and solved include topics such as analy-
sis of pursuit techniques with non-worst-case measures (as opposed to the mutual-
coherence and the RIP), development of a multi-scale dictionary-learning paradigm,
getting performance guarantees for dictionary learning algorithms, setting the proper
redundancy for a dictionary, and more. Hopefully, the research to be done in the
coming years will address some of these issues.

16.3 Bottom Line

Despite these holes in the presentation and the missing pieces mentioned above, this
book offers an important and organized view of this field, setting the foundations on
which all the above missing parts are (or could be) built. As the activity in the field of
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sparse and redundant representations is so vivid and expanding, we feel it is time to
look back at the achievements made in the past two decades or so, and summarize
them clearly, as a way to understand where we are standing today, and this way,
better plan for the future research in this area. This is the approach taken in this
book.

It is very probable that other books will follow in the near future, in an attempt
to cover better these missing parts and the novel research projects that will emerge.
Indeed, perhaps a second edition of this very book would make such an attempt.
Time will tell.






Notation

(By order of their first appearance in the book)

Chapter 1:

n Signal’s (vector’s) dimension

m Number of atoms (columns) in the dictionary (matrix)
R Real numbers

R” n-dimensional Euclidean real vector space

R™™ Euclidean space for real matrices of size n X m
A,b The elements of the linear system Ax = b

AT The transpose of the matrix A

Al The inverse of the matrix A

A* The Moore-Penrose pseudo-inverse of the matrix A

J(x) Penalty function

L Lagrangian functional

QorC Sets

||x||$ The p-th power of the £,-norm of the vector x

||X||§ The squared-£,-norm — a sum of the squares of the entries in x
[1x1]4 The ¢,-norm — a sum of absolute values of the entries in x
[1%]|co The {--norm — a maximal absolute value among the entries in x
IXllwe,  The weak-£,-norm

[1x]lo The £y-norm — a count of the non-zeros in the vector x

(Py) Seeking the £;-shortest solution of a linear system

(P)) Seeking the £,,-shortest solution of a linear system

(Po) Seeking the sparest solution of a linear system

Chapter 2:

¥, d Unitary matrices

Xy,Xgp  The two portions of the sparse representation in the two-ortho case
I The identity matrix

F The Fourier matrix
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u(A) Mutual Coherence of the matrix A

rank(A) The rank of the matrix A

spark(A) The smallest number of columns in A that are linearly dependent
G The Gram matrix

u1(A)  Tropp’s babel function for the matrix A

UXV”  The Singular Value Decomposition of a matrix

Chapter 3:

Ay A portion of the matrix A containing the columns in the set s
ay The k-th column in A

rk Residual vector at the k-th step

Sk The estimated support at the k-th step

o(A) The universal decay-factor for OMP

S The support (active set) of x

W A diagonal weight matrix

X A diagonal matrix containing |x|? on its main diagonal
Chapter 4:

ko Cardinality — the number of non-zeros in the representation

Xy,Xgp  The two parts of the representation in the two-ortho case
kp, kg Number of non-zeros in the vectors Xy, X in the two-ortho case
C A set of vectors

Xomin The minimal absolute entry in x

Xmax The maximal absolute entry in x

Chapter 5:

(Pg) Seeking the sparest e-approximate solution of a linear system
€,0 Allowed error

v, e Noise or perturbation vectors

o The s singular value of a matrix

Spark, (A)  The smallest number of columns in A that are at most n away (in terms
of singular values) from linear dependence

Oy The RIP constant

Amin(A)  Smallest singular value of A

Amax(A)  Largest singular value of A

(P7) Seeking the £;-shortest e-approximate solution of a linear system
(Qf) A variant of (P{) with penalty replacing the constraint

A A coeflicient weighting the sparsity penalty

af A sub-gradient of f

o Random noise standard deviation

Chapter 6:

p(X) A separable sparsity penalty term
S,.1(x)  Anelement-wise shrinkage on X, whose shape is dictated by p, and thresh-
old by 4
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d(x1,X,)) Distance between the vectors x; and x,
diag(A) The diagonal of the square matrix A
P Projection operator

Chapter 7:
Ny,Ng  Same as k), k;, used in Candes and Romberg’s results
P(event) Probability of event

Chapter 8:
(Pgs) The Danzig-Selector optimization problem
Oy, .5, The restricted orthogonality property parameter

Chapter 9:

Yy A set of example signals

P(y) A prior probability on the signal y

P(y) An estimated prior probability on the signal y
Ma ke The Sparse-Land model

.ng A set containing the § neighborhood of y,

c A center vector of a neighborhood, computed as the mean

Qy, A projection matrix that considers the permissible subspace around yg
T An analysis operator (transform)

Hirue The relative volume in IR” with high-probability signals
Umoder  The relative volume in IR" with high-probability signals, based on the
model

Chapter 10:

A linear degradation operator (e.g., blur)
Measured signal

Estimated representation

P> > m

Chapter 11:

Py(|s|)  The probability density function of the cardinality |s|

Px(x)  The probability density function of the representation vector x
R1,R> Random generators of sparse representation vectors

o The variance of the non-zero entries in the representation vector x
o The variance of the noise entries in the vector e

gMAP The maximum-a’posteriori probability estimation

KMMSE  The oracle estimation (that knows the correct support)

goracle The minimum mean-squared-error estimation
P(x]y)  Conditional probability of x given y
E(expression) The expected value of the random expression

X The non-zero part in the vector X
qs The relative weights of the various solutions that are merged in the MMSE
estimate

det(A) The determinant of the matrix A
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Q An interpolation operator

N An ideal high-resolution image

Z; A blurred-decimated-noisy version of y,

v An interpolated version of z;

e, The difference image between y; and y;,

L. The overall operator that relates y; to y;

A A dictionary for the low-resolution features

Ay A dictionary corresponding to Ay, for the high-resolution content
Jfx Derivative filters that are used to extract features

P = {pz, pi} Training set of high- and low-resolution patches

B A dimensionality reduction projection operator for the low-resolution

patch features






Acronyms

(Alphabetical ordered)

2D Two Dimensional

BCR Block Coordinate Relaxation

BM3D Block-Matching and 3D filtering

BP Basis Pursuit

BPDN  Basis Pursuit Denoising

B/W Black and White

CD Coordinate Descent

CG Conjugate Gradient

CMB  Cosmic Microwave Background

CoSaMP  Compressive Sampling Matching Pursuit

CS Compressed Sensing

DCT Discrete Cosine Transform
DS Danzig Selector

ERC Exact Recovery Condition
FFT Fast Fourier Transfrom

FOCUSS FOcal Under-determined System Solver
GSM  Gaussian Scale Mixture

ICA Independent Component Analysis

iid Independent and Identically Distributed
IRLS Iterated Reweighed Least Squares

ISNR  Improvement Signal to Noise Ratio

JPEG  Joint Photographic Experts Group

KLT Karhunen Loeve Transform

K-SVD K times Singular Value Decomposition
K-Means K times Mean computation

LARS Least Angle Regression

LASSO Least Absolute Shrinkage and Selection Operator
LP Linear Programming

LS Least Squares
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MAP
MCA
MMSE
MOD
MP
MRF
MRI
MSE
NLM
NP
OMP
PCA
PCD
PDF
PSNR
QP
RIP
RMSE
ROP
SESOP
SNR
SSF
SSIM
StOMP
SURE
TV
SVD
VQ

Acronyms

Maximum A’posteriori Probability
Morphological Component Analysis
Minimum Mean-Squared-Error
Method of Directions

Matching Pursuit

Markov Random Field

Magnetic Resonance Imaging

Mean Squared Error

Non Local Means

Non Polynomial

Orthogonal Matching Pursuit
Principal Component Analysis
Parallel Coordinate Relaxation
Probability Density Function

Peak Signal to Noise Ratio
Quadratic Programming

(or RIC) Restricted Isometry Property (or Condition)
Root Mean Squared Error
Restricted Orthogonality Property
Sequential Subspace Optimization
Signal to Noise Ratio

Separable Surrogate Functionals
Structural Similarity

Stage-wise Orthogonal Matching Pursuit
Stein Unbiased Risk Estimator
Total Variation

Singular Value Decomposition
Vector Quantization



Index

accelerate/acceleration, 127, 128, 132, 191,
199, 233

acoustic, 14, 177, 178

adversary, 104, 107, 153, 157

amalgam, 18, 26, 149

analysis, 178, 179, 186, 312-314, 335

anomaly, 3, 169

anti-symmetric, 281

artifact, 256, 257, 263, 265, 266, 268, 278,
292, 303, 315, 337

asymptotic, 140, 144

atom, 66, 74, 95, 98, 123, 124, 128, 132,
154, 172, 173, 176, 178, 180, 188, 202,
216, 217, 227-235, 239, 240, 242-244,
251-253, 255, 259, 262, 264, 276, 288,
290, 292, 294, 295, 297, 301, 302, 311,
312, 320, 321, 325, 326, 331, 333, 335,
347, 349, 350, 360

atomic-decomposition, 172, 176

audio, 174, 353, 360

auto-correlation, 172, 261

average performance, 137, 143, 144, 157

B/W, 303

Babel function, 27, 28, 71, 75

back-project, 117, 121-124, 352

bandelet, 227, 275

Basis-Pursuit, 50-52, 55, 58, 59, 62, 64, 68,
69, 71-75, 89, 95, 137, 138, 141-143,
153, 155, 163-165, 276, 286

Basis-Pursuit-Denoising, 95, 103, 105,
153-155, 157

Bayes, 203, 204, 208, 211, 213

Bayesian, 169, 202, 278

Beltrami-flow, 295

bicubic, 342, 348-351

bilateral-filter, 294, 295

bilinear, 342
binary, 233
bit-allocation, 249, 252
bit-rate, 255, 257, 261, 264, 265, 267, 268
Block-Coordinate

descent, 242

minimization, 287, 329

rationale, 233

Relaxation, 113, 115, 117, 120, 230, 241,

289

block-matching, 296, 297
blockiness, 263-266, 268, 278, 279
BM3D, 199, 296, 297, 303
Bound-Optimization, 115, 117, 118
BP, see Basis-Pursuit
BPDN, see Basis-Pursuit-Denoising
Bregman, 134

Canny edge detector, 315

cartoon, 178, 227, 310-312, 314-316,
320-322, 335, 337

Cauchy-Schwartz inequality, 21, 36, 39

CD, see Coordinate-Descent

CG, see Conjugate-Gradient

chemistry, 172

circulant, 141, 242

color, 248, 291, 303, 332, 333

combinatorial, 13, 23, 24, 28, 101, 215

compressed-sensing, 124, 144, 156, 177, 359

compression, 169, 171, 177, 221, 247-249,
251-257, 260-262, 264, 265, 267, 269,
309, 311, 353, 359

computer-vision, 315, 360

Conjugate-Gradient, 50, 91, 111, 119, 124, 127

contourlet, 227, 275, 310, 312

converge, 6, 49, 51, 114, 116, 118, 125, 132,
191, 290
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convergence, 29, 44, 93, 97, 111, 112, 117,
119, 120, 125, 132, 134, 230, 233, 234,
240, 243, 244

convergent, 120

convex, 5-7, 9, 13, 26, 28, 48, 50, 51, 90, 95,
111,114, 115,117, 125, 154, 189, 191

convexifying, see convex

Convexity, see convex

convolution, 242, 347

Coordinate-Descent, 112, 120

cortex, see visual cortex

CoSaMP, 125

cosine, 171

covariance, 122, 208, 213

cross-correlation, 243

curvelet, 227, 275, 310, 312, 314-316, 337

CVX, 51,90

cyclic, 170, 242, 285

Dantzig-Selector, 107, 153-159, 163-165, 204
DCT, see Discrete-Cosine-Transform
deblock, 263, 265-269, 283
deblurring, 115, 132, 185, 186, 188, 191, 198,
199, 247, 283, 309, 359
decay-factor, 43, 44, 207
decimation, 342, 343
decoder, 249, 251-253, 267
decompression, 251, 260, 267
denoising, 104, 111, 125, 170, 174, 175,
177-180, 273-276, 278, 279, 282,
285, 288, 290-292, 294-298, 300-303,
309-311, 316, 317, 320, 323, 326-328,
335, 338-340, 359
detection, 92, 100, 169, 178, 249, 252, 253,
311, 315, 353
DFT, see Discrete-Fourier-Transform
diagonal
-block, 38, 281
-main, 41, 49, 87, 103, 119, 128, 142, 178,
242
-off, 25, 27-30, 44, 84, 87, 103, 142
main, 27, 70
matrix, 41, 49, 91, 119, 127, 242, 275, 276,
300, 301
diagonally-dominant, 26, 75, 84
dictionary-learning, 228, 229, 231, 233, 234,
238, 239, 241, 242, 244, 247, 289, 297,
320, 330, 347, 351, 360
dictionary-update, 231, 233, 234, 241, 243,
330, 331
differentiable, 5, 7, 95, 102, 112, 299, 300
diffusion, 295
discrete, 13, 21, 35, 186, 227

Index

Discrete-Cosine-Transform, 142, 171, 235,
237
1D-, 235
2D-, 171, 172, 239, 279, 282, 290, 291
3D-, 296
global, 312, 314, 316, 337
local, 312, 315
over-complete, 223
redundant, 239, 289, 290, 320, 325, 329,
331, 340
unitary, 163, 223, 278, 312
Discrete-Fourier-Transform, 171
disk, 26, 84, 87, 107
double-sparsity, 239
down-sampling, 349
down-scale, 346, 350
DS, see Dantzig-Selector
dual, 62, 63, 311

edge, 264, 268, 274, 311, 315, 339, 347, 351

eigenvalue, 26, 45, 75, 84, 87, 107, 120, 158,
261,314

eigenvector, 261

ellipsoid, 117, 172

EM, see Expectation-Maximization

empirical, 13, 68, 71, 76, 98, 103, 128, 137,
140, 150, 207, 212, 220, 228, 233, 339,
360

encoder, 251, 252

encryption, 178

entropy-coding, 247-249, 252

equiangular, 25

equivalence, 39, 57, 58, 65, 68, 76, 80, 141,
144, 149, 155, 179

equivalent, 8, 10, 36, 37, 59, 68, 101-103, 127,
155, 163, 164, 170, 173, 174, 178, 179,
209, 211, 240, 241, 251, 313

ERC, see Exact Recovery Condition

error-correcting-code, 26, 360

Exact Recovery Condition, 73

Exact-recovery-Condition, 75

Expectation-Maximization, 112, 117, 118

facial, 247-249, 251, 253-257, 267, 269, 359

factorization, 229, 360

FFT, see Fourier

FHT, see Hadamard

filling-in, 309, 324, 337

first-derivative, 171, 186

fixed-point, 49, 112, 115, 119, 120

FOCUSS, 48, 50, 51

Fourier, 19, 278
Discrete-Fourier-Transform, 22, 171
Fast-Fourier-Transform (FFT), 242
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Notation

Chapter 12:

Y A matrix containing signal examples as its columns

X A matrix containing representation vectors as its columns

E; A matrix containing signal representation errors as its columns, excluding
the j atom

® Kronecker product

Ay A fixed dictionary

Z A matrix containing sparse representation of the dictionary atoms

tr(A) The trace of the matrix A

Ry Patch extraction operator from location k in an image

Chapter 13:

B Budget of bits

P Number of pixels in the image

n Block-size

m Code-book (or dictionary) size

hy A deblocking filter for the k-th location

€ The k-th element in the trivial basis

Chapter 14:

Yo An ideal image of size N

y The estimated image (denoised)

X The estimated image’s representation

Pij A small patch extracted from an image at location [i, j]

qi; A patch’s p;; sparse representation

d;j.q;; Estimated sparse representations of p;;

c Coeflicients shaping the shrinkage functions

0 Set of parameters governing the denoising algorithm

h(y,0)  The denoising formula/algorithm

n(¥,y) An unbiased estimator of the MSE

Chapter 15:

Ve The cartoon-part in an image

A The texture-part in an image

Ve The estimated cartoon-part in an image

N The estimated texture-part in an image

M., M, Number of atoms in the carton and texture dictionaries,. respectively

T.,A. Analysis/synthesis operators for the cartoon part

T;,A;  Analysis/synthesis operators for the texture part

A, The total dictionary, containing both A, and A,

qe» Qs The cartoon and texture sparse-representations vector for an image patch

M A mask matrix, describing the remaining samples in the signal/image

S A decimation operator
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identity-Fourier, 24
matrix, 18, 21
transform, 18, 21
Frame, 14, 25, 149, 187, 227, 241, 275, 310,
313
frequency, 18, 21, 170, 227, 257, 314, 347
full-overlap, 285, 312, 330
full-rank, 3, 4, 17, 25, 29, 44, 65, 68, 149, 179,
313

galaxy, 315, 316
Gaussian, 24, 92, 98, 122, 124, 125, 128, 137,
153, 154, 157, 158, 163, 172, 173, 177,
185, 202, 205, 207-209, 211, 213, 214,
230, 274, 275, 278, 279, 284, 288, 298,
300, 303, 312, 314, 325, 328, 337, 338,
343
Gaussian-Scale-Mixture, 278
generalized, 84, 107, 111, 175, 237
geo-science, 360
Gershgorin, 26, 27, 84, 87, 107
global, 114, 278, 287, 311, 314, 319, 323, 335,
342, 349, 353
DCT, 312, 314, 316, 337
inpainting, 335, 337
inpainting, 327
MAP, 319
MCA, 311, 312
minimum/er, 6, 13, 50, 51, 71, 80, 113, 116,
125, 154, 233
model/ing, 274, 278
optimality/er, 17, 23, 24, 30, 95
solution, 51
thresholding, 282, 300
treatment, 273
globally optimal, 101, 102, 113
globally trained, 290
GPSR, 90
gradient, 112, 127, 171, 331
2D-, 186
Conjugate-, 50, 91, 111, 119, 124, 125, 127
projection, 91
sub-, 95, 96, 102, 112, 113
Grassmannian, 25, 28-31, 148
gray-value, 248
grayscale, 248, 261
greedy, 35, 36, 39, 41, 43, 45, 46, 51, 52, 65,
67,90, 98, 112, 123, 138, 144, 211, 216,
217
GSM, see Gaussian-Scale-Mixture

Haar, 186, 311
dictionary, 276, 277, 311
transform, 186, 187, 190, 275
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wavelet, 187, 189, 337
Hadamard, 19, 127, 171
Fast-Hadamard-Transform, 128
Heaviside, 178, 179, 186
Heisenberg’s uncertainty principle, 21
Hessian, 6, 115, 118, 127
histogram, 332
holes, 309, 327, 333, 335, 337, 360
homogeneity, 9, 12
Homotopy, 51, 91
hyper-cube, 169
hyperplane, 9, 10

iid, see independent and identically-distributed
ill-posed , 309
Image-Signature-Dictionary, 242, 243
Improvement-Signal-to-Noise Ratio, 194, 198
incoherence, 71
incoherent, 25, 71
independent and identically-distributed, 46, 92,
98, 124, 128, 141, 143, 145, 153, 157,
163, 177, 201, 202, 207, 230, 298, 300,
360
inpainting, 178, 309, 311, 324-328, 331, 333,
335, 337-340, 359, 373
invariant
-rotation, 186
-space, 170, 185, 342
-translation, 186
-unitary, 101, 112
invertible, 4, 48, 49, 173, 178, 204, 205, 312,
313,323
IRLS, see Iterative-Reweighed-Least-Squares
ISD, see Image-Signature-Dictionary
IST, 303
ISNR, see Improvement-Signal-to-Noise Ratio
isometry, 86, 156
isotropic, 315
Iterative-Reweighed-Least-Squares, 48, 51, 52,
90-93, 97,98, 108, 111, 115, 119, 125,
127,128, 132
iterative-shrinkage, 91, 111, 112, 115, 119,
120, 123-125, 127, 128, 132, 134, 154,
155, 194, 199, 275, 313

Jeffrey’s uninformative prior, 191
joint-sparsity, 297, 359

JPEG, 14, 171, 172, 249, 256, 261, 283
JPEG2000, 14, 247-250, 253, 256, 261, 269

K-Means, 233
K-SVD, 228, 233-236, 238-240, 261, 288,
289, 330-332
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algorithm, 231, 233, 240, 248, 251, 297,
331, 350
denoising, 291, 292, 297, 303, 317, 330
dictionary, 235, 255, 261, 290
inpainting, 327, 331, 333
learning, 268, 320
training, 251, 347
Karhunen-Loeve-Transform, 171
kernel, 186, 191, 194, 295
KLT, see Karhunen-Loeve-Transform
Kronecker-product, 235, 330
Kruskal-rank, 23

LI-LS, 51, 90
L1-Magic, 90
Lagrange multiplier, 4, 20, 49, 90, 314
Lagrangian, 4, 9, 20
Lanczos, 342
Laplacian, 170, 171, 250
large-deviation, 145, 147
LARS, see Least-Angle-Regression
LASSO, see Least-Absolute-Shrinkage-and-
Selection-Operator
Least-Absolute-Shrinkage-and-Selection-
Operator, 93, 95
Least-Angle-Regression, 90, 93, 95-98, 100,
108, 111, 124, 138
Least-Squares, 35, 38, 39, 41, 100, 106, 108,
111, 115, 124, 132, 157, 163, 230, 233,
240, 241, 267, 278, 281
lexicographic, 267, 278, 330
likelihood, 171, 203, 213
line-search, 116, 123, 127, 128, 132, 191
Linear-Programming, 8, 51, 62, 153-155
linearly-dependent, 7, 21, 23, 24, 28, 143, 324
linearly-independent, 26-28, 143, 324
local
-PCA, 175, 176, 180
DCT, 312, 315
K-SVD, 327
MCA, 311, 316, 320
minimum, 50, 51, 114, 116, 118, 120, 125,
203, 233, 243
log-likelihood, 154, 287, 319
low-dimension, 97, 119, 122, 127, 174, 221,
228,238
LP, see Linear-Programming
LS, see Least-Squares

Majorization-Maximization, 118

MAP, see Maximum-A’posteriori-Probability
MAP-oracle, 205

marginal, 208, 211, 213, 218
Markov-Random-Field, 179, 180, 360

Index

Matching-Pursuit, 39, 211
Least-Squares-Orthogonal- (LS-OMP), 38,
47
Orthogonal- (OMP), 36-39, 41, 42, 44, 45,
47,51, 52, 55,57, 58, 60, 65, 68, 71, 73,
74, 89, 90, 95, 98, 100, 102-104, 108,
111, 124, 138, 153, 165, 211, 212, 216,
221, 236, 239, 240, 252, 286, 288, 289,
291, 292, 326, 340, 347, 349
Random-Orthogonal- (Random-OMP), 216,
217,221-223
Stagewise-Orthogonal- (StOMP), 123-125,
127
Weak- (W-MP), 39, 44, 47
Matlab, 29, 51, 62, 97, 137, 163, 260
matroid, 23
Maximum-A’posteriori-Probability, 154, 170,
201-203, 205, 206, 208-212, 215, 218,
220, 221, 224, 286, 289, 319, 328, 330
Maximum-Likelihood, 203
MCA, see Morphological Component Analysis
MCAlab, 90
Mean-Squared-Error, 185, 198, 204-206, 218,
219, 223, 250, 298, 299, 301, 302, 311
median, 339, 340
Method of Optimal Directions, 228, 230, 231,
233, 235, 236, 238, 239, 288, 289, 330,
347
Minimum-Mean-Squared-Error, 201-203, 205,
206, 212-221, 223, 224, 274, 279, 294,
295
minor, 26, 27, 84, 87, 90, 142
mixture, 173, 310, 317, 337
MMSE, see Minimum-Mean-Squared-Error
MMSE-oracle, 205
MOD, see Method of Optimal Directions
molecule, 172
monotone, 11, 27, 51, 83, 85, 114, 233
Morphological Component Analysis, 177, 178,
309-312, 316, 317, 320, 335
MP, see Matching-Pursuit
MREF, see Markov-Random-Field
MRI, 360
MSE, see Mean-Squared-Error
multi-modal, 353, 360
multi-scale, 171, 186, 228, 233, 238, 244, 249,
275, 335, 360
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