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1 Introduction

Compressed sensing (CS) has, with little doubt, been one of the great successes of
applied mathematics in the lastdecade [16,20,21,23,25,26,33]. It allows one to sample
at rates dramatically lower than conventional wisdom suggests—namely the Nyquist
rate—provided the signal to be recovered is sparse in a particular basis, and the sam-
pling vectors are incoherent.

However, the standard theory of CS is finite dimensional. It concerns the recovery
of vectors in some finite-dimensional space (usually R" or C") whose nonzero entries
with respect to a particular basis are small in number in comparison with N. Herein
lies a problem. Real-world signals are often analog, or continuous-time, and thus
are modeled more faithfully in infinite-dimensional function spaces [14]. Any finite-
dimensional model may therefore not be well suited to such problems.

Although this issue has been quite widely recognized [24,56,60], there have been
few attempts made thus far to extend the existing theory to infinite-dimensional models
(see Sect. 1.4). The purpose of this paper is to provide such a generalization.

To do this, we move away from the usual matrix-vector model and consider the
following scenario. A signal f is viewed as an element of a separable Hilbert space H,
and its measurements are modeled as a sequence of linear functionals ¢; : H — C,
J € N, giving rise to the countable collection

(), (). &), - (1.1)

of samples of f. Suppose now that the signal f is sparse or compressible in some
orthonormal basis {¢;} ;cn of H. The main questions we address in this paper are the
following: can we recover f by subsampling from the collection (1.1), and if so, how
can this realized by a numerical algorithm? In doing so, we obtain a framework for
so-called infinite-dimensional compressed sensing in Hilbert spaces, valid for a large
class of sampling schemes {¢;} jcn and reconstruction bases {¢;} ;eN.

This work stems from recent developments in classical sampling of signals. In
[2,3,5], a sampling theory, known as generalized sampling, was introduced for stable
reconstructions of signals in arbitrary bases {¢;};en from their samples (1.1) (see
Sects. 1.3 and 3 for further details). The contribution of this paper is a continuation of
this work in which sparsity is exploited to allow for substantial subsampling.

1.1 An Example

Magnetic resonance imaging (MRI) was one of the original motivations for CS [20].
Developed extensively by the work of Lustig et al. [46], the application of CS in MRI
is now a subject of intensive research.

However, the MRI problem is inherently infinite dimensional, as are a number of
related applications, such as X-ray CT and electron microscopy [8]. In these problems,
an image, modeled as a function f € H = L?(—1, 1)?, is measured by taking point-
wise samples of its continuous Fourier transform. If the samples are assumed to be
taken on the usual Cartesian lattice, then the collection of measurements {£;(f)};eN
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are precisely the continuous Fourier coefficients of f. To put this example into the
above formulation, one usually assumes that f is approximately sparse in an appro-
priate orthonormal wavelet basis {¢;} jeN.

On the other hand, the standard means of applying CS techniques in this setting is
based on discretization. Namely, one replaces f by a finite vector (or array) of pixel
values and replaces the continuous Fourier transform by its discrete analog [34]. This
gives a finite-dimensional recovery problem amenable to standard CS tools. Yet, as
we explain further in Sect. 2.1, modeling the inherently infinite-dimensional problem
in this way can quite easily lead to problems due to samples mismatch, even in simple
examples (see Sect. 2.1). Moreover, such approaches are also susceptible to the well-
known “inverse crime” [39].

Note that the above continuous/infinite-dimensional formulation of the MRI recon-
struction problem has recently been employed by Guerquin-Kern et al. [38,39] (for
earlier work, see Fessler et al. [58]). However, there are currently no recovery guaran-
tees for this problem. The general results we prove in this paper seek to address this
gap. For a demonstration of the advantages of the continuous formulation in electron
microscopy, we refer to [53].

This aside, the MRI problem also illustrates another aspect of this paper. In many
problems of interest, the samples (1.1) are fixed and cannot be altered. In MRI, this
is due to the particular design of the physical scanner. Although much of research
in CS has been devoted to the topic of designing good sampling systems [16,33],
for many problems one does not necessarily have this luxury. Thus we require theo-
rems and techniques for infinite-dimensional CS that allows one to work with fixed
measurements.

1.2 Discretizing Infinite-Dimensional Problems

At this stage, it is worth asking whether or not a new framework is needed. In order
to solve the above problem, one must at some stage discretize. It may therefore seem
plausible that finite-dimensional CS techniques and theory could be applied once one
had restricted the problem from the Hilbert space H to a suitable finite-dimensional
space. If f is sparse in an, albeit countably infinite, basis {¢;} e, it might seem
reasonable to treat the corresponding recovery problem using solely existing finite-
dimensional CS tools.

In some limited cases, this may be possible. However, as we discuss in Sect. 2, in
general this problem cannot be tackled in such a way. Indeed, ‘discretizing’ the problem
so as to make it amenable to computations is a subtle process (see Sect. 2). The most
obvious discretizations may well destroy the original structure of the problem. This
means that exact (or, more generally, stable) recovery may not be possible since the
key structure that allows for subsampling is not carried over to the discretization

In this paper, we provide new techniques for discretizing the infinite-dimensional
reconstruction problem. Loosely speaking, these are based on the following guiding
principle: Seek to retain as much of the infinite-dimensional structure and key proper-
ties of the original problem as possible when discretizing. By following this principle,
we obtain a framework for infinite-dimensional CS that overcomes these potential
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issues. Specifically, we first devise an appropriate infinite-dimensional formulation
of the problem and then truncate carefully in the second step. This leads to a finite-
dimensional problem which retains the key features of the original problem, but which
can be solved numerically.

It is worth noting that this principle is quite general and is by no means unique
to this particular problem. Whilst found in many areas of numerical analysis, most
relevantly for this paper it was recently employed in [40,41] to solve the long-standing
computational spectral problem. A number of ideas in this article stem from [41] and
the contributions of this paper may be viewed as a continuation of this work. Note that
similar versions of this principle have also been advanced by Stuart et al. for solving
inverse problems [57].

1.3 Generalized Sampling (GS)

The framework we propose in this paper is based on recent developments in classical
sampling known as generalized sampling (GS) [2,3,5] (see also [10,29,43,62,63]).
GS is anovel sampling theory which incorporates the key issues of approximation and
stability via the so-called stable sampling rate [5]. This allows for guaranteed recovery
of any signal in an arbitrary basis from a collection of its samples in a manner which is
both numerically stable and, in a certain sense, optimal. In this paper, we extend this
work by showing that when the signal to be reconstructed is sparse or compressible,
reconstruction can also be performed with significant subsampling. We refer to the
corresponding technique as generalized sampling with compressed sensing (GS—CS).

One important instance of both GS and GS—CS is recovery from Fourier samples
(the MRI problem, in particular). Although classical Fourier analysis allows for recon-
struction in terms of an infinite series of complex exponentials, the slow convergence
of this series and the appearance of the Gibbs phenomenon [44] renders such approx-
imations impractical. Nonetheless, in many circumstances it is well known that the
given signal can be well represented (i.e., it is sparse or has rapidly decaying coeffi-
cients) in a new basis of functions, be they splines, wavelets, curvelets, etc. [31]. GS
and GS—CS allow one to reconstruct in such a basis in manner that is both accurate,
numerically stable and, in the case of the latter, amenable to subsampling when the
signal is sparse or compressible.

1.4 Relation to Other Work and Contributions of the Paper

There have been a number of recent attempts to generalize CS to infinite dimensions.
In [30,47,48], an infinite-dimensional CS approach is described for analog-to-digital
conversion based on a union of subspaces signal model, which is related to previous
research of finite rates of innovation [14,27,64]. In [42], the approach of [30,47,48]
was applied to inverse and ill-posed problems. The application of CS techniques to the
recovery of functions was considered by Rauhut and Ward. By devising an appropriate
sampling distribution to ensure a restricted isometry property, they prove near-optimal
recovery guarantees for the reconstruction of sparse sums of Legendre polynomials
[52] or spherical harmonics [51]. Note that the sampling mechanism in this work is
Elol:;ﬂ
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limited to pointwise samples of the function itself, as opposed to its Fourier transform.
Hence, it is not applicable to the MRI problem, for example.

Besides medical imaging, infinite-dimensional problems are found in other
applications including radar, sonar and remote sensing [56]. Use of standard, finite-
dimensional CS in such problems is susceptible to gridding error (also known as basis
mismatch) [22]. Although the setting here is somewhat different to that which we con-
sider in this paper, the same issue arises: Poor discretization of an infinite-dimensional
problem leads to inferior reconstructions. Recent works [32,60] have sought to address
this by applying essentially the same guiding principle followed in this paper. Closely
related to this is the work of Candes and Fernandez-Granda on super-resolution [17],
wherein an analog model is employed for reconstruction from low-bandwidth Fourier
samples using convex optimization.

Note that most of the above works describe CS in infinite dimensions for some
particular class of problem and do not address the general scenario of arbitrary sam-
pling schemes {¢;} ;cn and reconstruction bases {¢;} ;e in a Hilbert spaces H. Our
GS—CS framework aims to do this. It is therefore a natural way to extend standard
finite-dimensional CS. In this light, it should not come as a surprise that certain finite-
dimensional CS results (specifically, those related to the incoherence-based theory of
CS [18,34]) become corollaries of our main theorems.

Having said this, we remark that the intent of this paper is to present only a first
step toward extending CS fully to the Hilbert space setting. Finite-dimensional CS has
been the subject of many papers over the last decade (see [34] for a comprehensive
treatment). Unsurprisingly, there are some key aspects of the finite-dimensional theory
whose extensions to infinite dimensions are either beyond the scope of this paper or
currently unknown. See Sects. 6 and 10 for further details.

Notation In the remainder of the paper, we use the following notation. If /?(N) is
the standard space of square summable sequences in C, we write ||-|| for its standard
norm (all other norms will be specified). Let {¢;} jen be the natural basis on I2(N),
and, for I' C N define Pr to be the orthogonal projection onto cl(span{e; : j € I'}).
IfI' ={1,..., N}, then we simply write Py. We shall also use similar notation when
working in finite-dimensional vector spaces. Finally, if U is a bounded operator on
either 12(N) or CV, we write ||U]|| for its induced operator norm.

2 The Need for an Infinite-Dimensional Framework

Consider the following simple model problem, which will form the primary example
throughout this paper:

Problem 2.1 Suppose that f € L?(R) has support contained in [—1, 1], and let
{¢j};en be the orthonormal basis of Haar wavelets on L?(—1, 1). Define

¢ =FrG/2RT). Jjei, 2.1)

to be the Fourier coefficients of f, where F f denotes the Fourier transform of f, and
T > 1 is arbitrary. Throughout, we shall take 7 = 1. Assume that f is sparse, or
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compressible, in the basis {¢;};eN. Then, the problem is to recover f from a small
number of the measurements (2.1).

Recall that f can be recovered from the infinite collection {¢; (f)} ;7 viaits Fourier
series. However, since f is known to be sparse in the Haar wavelet basis {¢;} jeN, this
raises the possibility of reconstructing f from a small and finite number of its samples,
which is the focus of this paper.

2.1 The Discrete Model

Let us consider the simplest possible case, where f = xj0,1/2) — x[1/2,1) is the Haar
mother wavelet and is by definition one sparse in the Haar basis. The usual approach to
recover f used in applications such as sparse MRI [46] involves two steps. First, one
discretizes f to an equispaced grid of 2N points and replaces the infinite collection
of samples (2.1) by the finite vector

y=¢f)={i(fHH:j=-N+1,....,.N}, NeN (2.2)

Second, one uses a combination of the discrete Fourier and discrete wavelet transforms
(DFT and DWT, respectively) to formulate the corresponding discrete recovery prob-
lem. Specifically, let Ugr, Vaw € CZN*2N pe the matrices of these transforms. The
classical discrete approximation to the problem of inverting the Fourier transform is
then given by y = Ujgsx, where x is a vector approximating the grid values of f. Since
f is sparse in the Haar basis, one may think that xo = Vgyx is also sparse, and there-
fore, we could recover f perfectly from only relatively few of its samples y = ¢(f)
by using standard CS techniques. In particular, if 2 C {1,...,2N}, |Q| =m < 2N
is chosen uniformly at random, one solves

min_ 7]l subject to PoUgVyln = Pay. (2.3)
neC2N

If £ is a minimizer of this problem, then one might expect £ to agree with the vector
xo with high probability, and hence, we could recover f viax = Vd;vl X0-

To test whether this is the case or not, we consider an example with 2N = 256 and
m = 130, i.e., we use nearly 50 % of the measurements in the range —N + 1, ..., N.
Figure 1 displays the reconstruction of f by fn ., where fy ,, = Zfi’ 1&j9jand € is
a minimizer of (2.3). As is evident, f is not recovered anywhere near exactly, and the
reconstruction fy , computed from (2.3) commits a rather large error. This occurs
despite the fact that f is one-sparse Haar wavelet basis, and we used m = 130 Fourier
samples.

2.1.1 The DFT Destroys Sparsity

The source of the poor reconstruction in (2.3) is the discretization used to approximate
the continuous Fourier transform of a function by the discrete Fourier transform a vec-
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Fig. 1 Graphs of fy ,(t) (left) and f(t) — fy m(t) (right) against ¢ for 2N = 256 and m = 130, where
Frm® =330, &0 (1) and € = (£;)2Y, is a minimizer of (2.3)

tor. The result is a mismatch between the data, which are continuous Fourier samples,
and their modeling as discrete Fourier samples.

To explain in more detail, consider the matrix U d_fl , which maps the vector of
Fourier coefficients ¢ ( f) of a function f to a vector consisting of pointwise values on
an equispaced 2N-grid in [—1, 1]. This mapping commits an error: For an arbitrary
function f, the result is only an approximation to the grid values of f. Indeed, consider
the vector x € C2V defined by Ugex = ¢(f). Itis straightforward to see that x consists
precisely of the values of the function

N

1 .
=5 > FfG2em, (24)

j=—N-+1

on the equispaced 2N -grid. This function is nothing more than the truncated Fourier
series of f, and therefore, the approximation resulting from modeling the continuous
Fourier transform with Uyt is equivalent to replacing a function f by its partial Fourier
series fy.

Now consider the discrete wavelet transform xg = Vgwx € C2V of x. The right-
hand side of the equality constraint in (2.3) then reads PqUgyr Vd;vl Xo,, and therefore,
for the method (2.3) to be successful we require xg = Vgwx to be a sparse vector.
However, this can never happen. Sparsity of xo is equivalent to stipulating that the
partial Fourier series fy be sparse in the Haar wavelet basis. Yet the function fy
consists of smooth complex exponentials and thus cannot have a sparse representation
in a basis of piecewise smooth functions. In other words, by using the DFT to discretize
the problem, we have destroyed some of its key structure—namely the sparsity—thus
going against the guiding principle of Sect. 1.2.

2.1.2 The DFT Leads to the Gibbs Phenomenon

Given that 1 is not sparse in Haar wavelets, suppose now, as an exercise, we forgo
any subsampling and let m = 2N. The problem (2.3) then has a unique solution 7.
However, the entries of 1 are not the Haar wavelet coefficients of f, but rather those
EOE';W
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Fig. 2 Graphs of fy(¢) (left) and f(t) — fn(¢) (right) against ¢ for 2N = 256

of fy. Thus, by solving (2.3) (both with and without subsampling) we are not actually
computing Haar wavelet coefficients of f, but those of the partial Fourier series fy
instead. Thus, we cannot expect to obtain a better (i.e., more accurate) reconstruction
of f than fy.

Unfortunately, since f is piecewise smooth, fy is a very poor approximation to
f. As N — oo, fy does not converge uniformly to f and only converges very
slowly in the weaker L? norm. One also witnesses the Gibbs phenomenon, with its
characteristic O (1) oscillations, near each jump in f. These effects are visualized in
Fig. 2. The fact that (2.3) leads to a Haar wavelet approximation to f, as opposed to
f, can be observed by noting the similarities between the left panels in Figs. 1 and 2,
respectively.

2.1.3 Relation to the Inverse and Wavelet Crimes

The poor reconstruction seen above is due to a mismatch between the data and the
model. Had the data been simulated using the DFT, then no such problems would
have occurred, and one would have seen perfect recovery. However, this improvement
is artificial and an example of the well-known inverse crime [39]. That is to say,
unrealistic simulation of the data leads to spuriously good reconstructions, but when
realistic data are used (i.e., arising from the continuous Fourier transform) such as in
the above examples, the reconstruction quality substantially declines.

Besides this, the above approach also incurs the wavelet crime. Recall that the
discrete wavelet transform is an infinite-dimensional operator that takes as input the
coefficients of the expansion of the function corresponding to the scaling function.
The output of the discrete wavelet transform are the wavelet coefficients as well as the
scaling coefficients corresponding to the next level. In the discretization model above,
the vector x contains approximate pointwise samples of the function f. Thus, at best
we can interpret x as the coefficient vector corresponding to an expansion using the
scaling function of the Haar wavelet (which is the step function). However, in all other
cases of Daubechies wavelets (where the scaling is different from the step function),
the vector xgp = VgwX is just an approximation to the actual wavelet coefficients of f.
This effect is referred to as the “wavelet crime” by Strang and Nguyen [55, p. 232].
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2.2 Discretization Via Finite Sections

Since discretization via the DFT caused the above problems, it may at first seem
reasonable to overcome these issues by replacing the DFT-DWT matrix Uyt Vd;vl by
the new measurement matrix

Gi(e1) -+ Gilean)

Uy = : . : 2.5)
SN (1) -+ Lan(gan)
IfQ C {l,...,2N}, |2] = m, is chosen uniformly at random, one now finds a
minimizer £ to the problem
min |||, subjectto PoUnn = Pol(f), (2.6)
neC2N

and forms the reconstruction fy , = Z%Zl &j@; (note that in this case we have, for
convenience, reindexed the Fourier samples {¢;};cn over N rather than Z). Clearly
this approach preserves the sparsity of the original problem, unlike (2.3).

We now consider an example of (2.6) where N = 384 and f = Ziﬁl aj; is
such that |supp(f)| = |{«a; : aj # 0}| = 5. In Fig. 3, we display the reconstruction
given by (2.6) using m = 760 samples. Unfortunately, this reconstruction is still poor.
Despite using 98 % of its Fourier samples in the range 1, ..., 2N, the function f
is recovered nowhere near exactly by (2.6). Repeating the experiment with different
random draws of 2 yields very similar results.

Why does this happen? On the face of it, (2.6) looks like a standard CS problem:
A measurement matrix is formed by taking inner products of the first 2N elements
of two orthonormal bases (the Fourier and Haar wavelet bases in this case) and then
one subsamples randomly from its rows. The issue lies with the fact that Uy is not an
isometry: In fact, its condition number in this instance is at least 10'® in magnitude.

This lack of isometric structure can be traced to the underlying infinite dimen-
sionality of the problem. In general, a matrix Uy of the form (2.5) will only be an
isometry if and only if the N basis elements span the same space. This is clearly not
the case in (2.5), where the sampling and reconstruction bases consist of the first N
(smooth) complex exponentials and (piecewise constant) Haar wavelets, respectively.
In other words, simply thinking (since f has only finitely many nonzero Haar wavelet
coefficients) that the problem can be viewed as a finite-dimensional one in CV is
problematic. As noted above, Uy is not an isometry, whereas the “infinite change of
basis matrix”

S1(e1) Ci(g2) -+
U = | %(p1) Q2(p2) --- |, 2.7

formed by combining the full countably infinite bases is. It is precisely the loss of this

structure when “discretizing” U via Uy that is the source of the poor reconstruction
observed above.
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Fig.3 Errors f(t) — fn m (¢) againstz (left) and f(t) — g5 ; (1) (right). Note that fx ,, requires m = 760
samples, whereas g - requires only i1 = 50 samples

2.3 A New Approach

With these two examples in mind, in the remainder of this paper we introduce a new
approach that allows for successful recovery by discretizing in a way that preserves the
two key properties highlighted (sparsity and the isometric structure). This approach
will be introduced formally in the next sections. However, we first give a brief numer-
ical demonstration. Let f (1) = ij:l aj@;(t) be as in Sect. 2.2, and let U be given

by (2.7). For N € N, we now choose 2 C {1, ..., JV}, |©2| = m, uniformly at random
and compute a minimizer & to

illllfN) Inll;r subjectto PoPzUPyn = Pay, y ={01(f),(f),...}, (2.8)
ne

where M € N, and let g Vo = Zj"’: 1§, be the reconstructed approximation to
f. In Fig. 3, we apply this algorithm with N = 1351, /m = 50 and M = 768.
Note the significant improvement over the approach of Sect. 2.2. In particular, when
averaged over 50 trials, the error || f — g5 ;|2 is found to be roughly 1.15 x 10~ 11
in comparison with || f — fn |72 & 2.43 for the previous approach. Moreover, this
new reconstruction uses fewer than 4 % of the Fourier coefficients, whereas fu ,, used
roughly 98 % and was still a poor approximation.

The purpose of remainder of this paper is to explain precisely why (2.8) leads to
such a marked improvement. As we explain, the key to this is the judicious choice of the
parameter N, which is selected according to what we refer to as the balancing property
(see Sect. 5.1). This property guarantees a faithful discretization of the operator U,
which, unlike in (2.5), ensures that the isometry structure is approximately preserved
when discretizing with the finite matrix Py U Py.

We note in passing that the notion of keeping the structure when discretizing infinite-
dimensional operators is of course not new, and the delicate issues are indeed widely
recognized. See, for example [11,12], although this framework is not specific to the
CS setting.
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3 Generalized Sampling: Signal Recovery in Infinite Dimensions

Suppose that H is a separable Hilbert space over C. Let {¢;};cn be an orthonormal
basis, f = Z;’o: 1 «j@; and suppose that we have access to the countable collection
of samples

S1(): ©2(f), 53()s - - -, (3.1

where ¢; : H — C are continuous linear functionals on . Our aim is to recover the
coefficients {«;} ;eN, and therefore f, from the samples (3.1). Before discussing how
to recover infinite-dimensional sparse or compressible signals, it is first necessary to
address the classical case where no sparsity is assumed. Only once this problem has
been solved can one consider the issue of subsampling.

To do this, we shall use the technique of generalized sampling (GS) [2-5], which
we now recap. Under some assumptions on {{;};cn (e.g., each ¢; is continuous and
¢j(-) = (-, ¥j) where {{;};en is an orthonormal basis of ), we can view the full
recovery problem as the infinite system of equations

Ua =¢(f). (3.2

wherea = {1, a2, ...}, ¢(f) = {¢1(f), &2(f), ...} and U is the infinite measurement
matrix (2.7). Clearly, if we were able to invert U, and provided we had access to all
samples of f, then we could recover « (and hence f) exactly. Of course, this is never
the case in practice and so we instead consider truncations of (3.2) and look to compute
approximations @i, ..., @y to the first N coefficients of «.

3.1 Uneven Sections and Generalized Sampling (GS)

The most obvious approach for discretizing (3.2) follows by taking a finite section Uy,
i.e., the leading N x N submatrix of U and solving the resulting N x N linear system.
However, finite sections can be extremely problematic in practice, leading in general
to both poor approximations and numerical instability [2,5]. As noted in Sect. 2.2, this
is due to the loss of isometric structure when discretizing U via Uy .

Fortunately, there is a simple way to overcome the problems associated with the
finite section method, based on taking rectangular, as opposed to square, sections of U
(see [2,35] and references therein). In particular, we replace the finite section method
with

Aa™M) = Py U*PyC(f), A= PyU*PyU Py, (3.3)

where M € N (the number of coefficients &y, ..., &y computed) is appropriately
chosen (typically M < N). The result is known as generalized sampling (GS). Note
that A = (PyU Py)* PyU Py, where PyU Py is the N x M uneven section of U.

The main idea now is to allow M and N to vary independently of each other—in
particular, selecting M < N sufficiently small—to ensure a numerically stable and
accurate reconstruction of the first M coefficients «jq, ..., ays. To this end, the main
theorem proved in [2,5] is as follows:
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Theorem 3.1 Ler U € B(12(N)) be an isometry and suppose that o € 12(N) satisfies
Ua = ¢(f) forsome ¢(f) € 12(N). Let Ny be the least N such that Cn.m < 1, where

Cn.m = |Py — PuU*PyU Py|. 3.4

Then, there is a unique solution a™1 10 (3.3), and we have the sharp bound

5 1
o —a™M| < ——— | Pial. 3.5)

V1—Cnum

It can be shown that the quantity Cy j—a measure of how close the uneven section
Py U Py is to an isometry—tends to zero as N — oo, for any fixed M. Thus, @™]
can be made arbitrarily close to Py« (the best approximation to « from Py (/ 2(N)))
by varying N suitably. Furthermore, the method is also stable, since the condition
number of the matrix A scales like 1/,/1 — Cy p [5]. That is to say, precisely the
same quantity that ensures that the isometric structure of U is approximately retained
by the discretization Py U Py also guarantees accuracy and numerical stability of the
reconstruction.

In practice, we need a way in which to quantify the required scaling of N and M.
To do this, in [5] the stable sampling rate

®(M; 6) = min {N eN:Cyy <1 —92}, 6 (0,1), (3.6)

was introduced. In particular, sampling at a rate N > ©(M;6) ensures that
/T — Cn.y > 6, and therefore stability and accuracy of @"™! up to the magnitude of
0.

Remark 3.2 Note that ® (M; 0) can be computed numerically [5], since Cy s is just
the 2-norm of an M x M matrix (see 3.4). Hence, the conditions of Theorem 3.1 can be
verified a priori via a straightforward calculation. Analytical bounds are also possible
[2,3,5,6]. In [6], it was proved that ®(M; ) ~ c(6)M for Fourier sampling with
wavelets as the reconstruction system, the principal example of this paper. Typically,
c(0), whilst greater than one, is not too large. However, any attempt to sample much
below this rate necessarily fails. In [6], it was also shown that setting N = M (this
corresponds to the finite section), or in fact N = ¢ M for any ¢ less than some critical
threshold cp > 1, leads to exponential instability and divergence. For some earlier
related results, see [35].

3.2 Generalized Sampling with Fourier Samples

Suppose {¢;(f)};ez correspond to the Fourier samples (2.1). In practice, the Fourier
series (2.4) based on the first N samples leads to a very poor reconstruction of f.
However, suppose now we know another basis {¢; } ;< in which f is well represented.
We can then apply GS to obtain an improved reconstruction

Elol:;ﬂ
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Fig. 4 Errors f(t) — fn(t) (left) f(t) — fn,m(t) (right) against ¢ for N = 51 and M = 12

M
v =D &), 3.7)

j=1

in this basis, where the coefficients &; are the solution of (3.3). The key point is that,
if we know that f is well represented in {¢;} e, then we can recover f optimally (up
to a multiplicative constant) in terms of the first M basis function ¢y, ..., ¢p using
only its first N Fourier coefficients.

To demonstrate, consider the function f(z) = el t e [—1, 1]. Suppose we can
sample the Fourier coefficients of f, namely {F f(j/2)}jecz. To reconstruct f from
these samples, we will consider two different techniques. First, we test the truncated
Fourier series fy defined in (2.4). Due to the fact that f is not periodic we cannot
expect rapid convergence of fy to f. However, GS allows us to reconstruct in any
basis. Thus, (due to analyticity of /) we will choose the reconstruction basis {¢;} jeN
consisting of orthonormal Legendre polynomials on [—1, 1] and define fn s as in
(3.7). In Fig. 4, we have displayed the errors f — fn and f — fn . Note that both
reconstructions, fy and fi u, use the same samples, yet the improvement of fy
over fy is significant: An O (1) error is reduced to roughly machine precision. We
remark that for this choice of reconstruction basis the stable sampling rate ® (M; )
is quadratic in M [3]. Moreover, a lower scaling (in particular, N = M) necessarily
results in extreme ill-conditioning [9].

4 Infinite-Dimensional Compressed Sensing

We are now in a position to introduce sparsity and subsampling into the reconstruction
problem. The infinite-dimensional compressed sensing approach we introduce next is
based on the ideas of generalized sampling, and we refer to it as generalized sampling
with compressed sensing (GS—CS).

4.1 Sparsity and Compressibility in Infinite Dimensions

First, we need to notions of sparsity and compressibility in infinite dimensions. We

shall say that f = Zjil aj@; is sparse in the basis {¢;} ;N if there exists an M € N
such that

FoC'T
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A =supp(f) C{l,...,M} supp(f)=1{j e N:a; #0}, 4.1)

Note that we do not know A, but we usually have estimates for |A|and M. If |A| = r,
we say that f is (r, M)-sparse in the basis {¢;} jen.

It is important in this definition that the nonzero entries of f are restricted to some
finite bandwidth M. We cannot expect stable recovery from a finite number of samples
if the |A| nonzero entries are allowed to have arbitrary locations in N, regardless of
the reconstruction algorithm used [15]. This is one of several ways in which infinite-
dimensional CS differs from its finite-dimensional counterpart, and means that in
practice so-called uniform recovery is not achievable in infinite dimensions without
bandwidth restrictions. We discuss this point further in Sect. 10.

Typically, f will not be perfectly sparse, and moreover, exact knowledge of the
effective sparsity | A| and bandwidth M may be lacking. In finite-dimensional CS, it is
standard to address this by considering compressible signals, i.e., those whose r-term
approximation error decays rapidly. In the infinite-dimensional setting, we require a
slightly different notion that takes into account the bandwidth M. To this end, we let

or,m (o) = min{|la — nll;1 : nis (r, M)-sparse},

be the error of the best approximation of f by a (v, M)-sparse vector. Loosely speaking,
we shall say that f is compressible if this term is small.

4.2 Models

Having defined sparsity, we now introduce the signal models we consider in the remain-
der of this paper:

(1) Semi-infinite-dimensional model Here we assume f is either sparse with band-
width M, or that

f=g+h, A=supp(g) C{l,...,M}, supp(h)={l,...,M}. (4.2)

In other words, f is (r, M)-compressible for some r and a7, p7 (x) = 0. This model
is semi-infinite dimensional: Although f has only finite support in {¢;} ;cn, We
may draw samples from the countable collection (3.1).

(ii) Fully infinite-dimensional model Here we consider the significantly more general
setting:

f=g+h, A=supp(g) C{l,...,M}, supp(h) CN. 4.3)

This model is termed fully infinite-dimensional since the support of f can be
infinite.

4.3 Generalized Sampling with Compressed Sensing (GS-CS)

Suppose now that f = 270:1 aj@; is sampled via {¢;};cn, and let 2 C N of size

2| = m € N be the index set of the measurements taken. We first propose the
Elol:;ﬂ
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infinite-dimensional optimization problem

min ||n||;1 subjectto PoUn = Pql(f), “4.4)
nell(N)

where U is the infinite matrix (2.7) and ¢(f) = {¢1(f), &(f), ...} is the infinite

vector of samples.

Recall that GS relies on a well-posed infinite-dimensional recovery problem (3.2)
before discretization can proceed. Seeking similar notions for (4.4), we are led to the
following questions:

(i) How do we choose €27 Obviously there is no unique choice, but it makes sense
to choose 2 uniformly at random from {1, ..., N}, where N € N is some fixed
number. This raises the question following question: How large must N be?

(i1) Suppose that » is a minimizer of (4.4) (note that  need not be unique). How
large is ||n — «||, where « is the infinite vector of coefficients of f in the basis
{¢;}jen. In particular, how does ||n — || depend on both m (the total number of
samples) and N (the range from which the samples are drawn)?

(iii) If f is exactly sparse in {¢;} jeN, do we recover its coefficient vector a exactly
(with high probability) from (4.4), and what are the conditions on m and N that
ensure this recovery?

Suppose for the moment that we have answers to these questions. Besides special
circumstances, we cannot solve (4.4) numerically; hence, we must discretize. For this,
we follow the same ideas that lead to generalized sampling. Thus, we introduce a
parameter k € N and consider the finite-dimensional optimization problem

min ||n]/;1 subject to PU Pxn = Pqi(f). 4.5)
neCM

We refer to this as generalized sampling with compressed sensing (GS-CS).
This formulation leads to a further set of questions:

(iv) When will (4.5) have a solution? Note that (4.5) need not have a solution for all
k, since Po¢(f) need not be in the range of PqU Py (although, as we shall show,
this is always the case for sufficiently large k). However, this raises the following
question: Will solutions of (4.5) converge to solutions of (4.4) as k — o0?

(v) If f is not sparse but compressible, how large is the error || — «| when 1 is a
solution to (4.5) and « is the vector of coefficients of f? In particular, if f belongs
to either of the models (4.2) or (4.3), can || — «|| be bounded above in terms of
oy pm (f) for appropriate r and M?

Answers to these questions will be provided in Sect. 6, where we state the main results
of this paper.

Remark 4.1 The reader may at first be concerned that replacing (4.5) by (4.4) is
problematic since there is no possibility with (4.5) of recovering signals for which
supp( f) is not fully contained in the range {1, ..., k}. However, recall that we cannot,
with any algorithm, expect stable recovery of coefficients with arbitrary locations in
N. So there is no issue with replacing (4.4) by (4.5) provided k is chosen sufficiently
large (see question (iv)).
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5 Additional Notation and Definitions

We now introduce some additional notation that will be used in the remainder of
this paper. From now on, let H = lz(N), and if £ € H and j € N, then write
£(j) =& = (§,ej). For ' C N, we denote the natural embedding operator from
I2(I") to H by (1. Note that 1t = nlr for n € H. For any vector § € H we write
supp(§) = {j € N : £(j) # 0}, and we define the sign sgn(&) € [*°(N) of & € [*°(N)
as follows:

EN/IENHI IEEQG) #0

0 otherwise.

sgn(§)(j) = {
For an operator U € B(H), we let

v(U) = sup |u;jl, ujj =(Uej,e;), (5.1
i,jeN
be the coherence parameter, i.e., the max norm of the operator U with respect to

{ej}jen. Also, we define the maximum row norm of U by || U ||,y = sup; N (ZjeN |

1/2
u; j|2) . This quantity forms a vector space norm on the vector space of all infi-

nite matrices (although not an algebra norm). Finally, for convenience, we define the
following function that will be used frequently in the exposition. For M € N and
UeBMH),letoyy:{1,..., M} x Ry x N— NU {0} be given by

mu(r,s, N)=[1i eN: |Pr,U*PrUei| >s¢|.  (5.2)

Observe that the mapping s — wuy vy (7, s, N) is a decreasing function. Moreover,
since

|Pr,U*PryUe;l| < || Pr,U* Pry [[I| PryUe; || < [| Py U* Pyl PN U P24,

where the term || Py U PiJ; 1l is decreasing in i — oo, we see that can be bounded
above by the simpler, but admittedly less sharp quantity

&y (r s, N) < min {i eN: |PyU*Py||PNUPH| < s} . (5.3)

5.1 The Balancing Property

For GS, the stable sampling rate (3.6) determines how to discretize the recovery
problem in line with the principle of Sect. 1.2. For GS-CS, we require an analogous
quantity, known as the balancing property.

Definition 5.1 Let U € B(H) be an isometry and M, |A| € N. Then N and m satisfy
the weak balancing property with respect to U, M and |A| if
FolCT
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-1

| Py U* PyU Py — Pyl < (4\/10g2 (4N,/|A|/m)) , (5.4)

max Py PLU*PvUP - '
IP|=|ALTC{1,..., M} I1Pa P NUPrlmr < WA

(5.5)

We say that N and m satisfy the strong balancing property with respect to U, M and
|A] if (5.4) holds, and (5.5) is replaced by

| | PRU*PyU Pr e < (5.6)

max < _
IT|=|A|,Tc{l,...M Sm

The balancing property dictates how large a bandwidth M the | A| nonzero coefficients
can lie, given m measurements in the range {1, ..., N}. Note that there is a strong
analogy between this and the stable sampling rate (3.6), the main differences being
due to the additional complications that enter when subsampling. Indeed, condition
(5.4) ensures that Py U Py is close to an isometry, and is very similar to (3.6).

The following proposition establishes that the balancing property is well defined:

Proposition 5.2 If U, M and |A| are as in Definition 5.1, then there always exists
integers N and m that satisfy the weak and strong balancing properties with respect
toU, M and |A|.

Proof Firstletm = ¢N forsome 0 < ¢ < 1. Now note that since Py — [ strongly as
N — oo we have that PyU — U strongly. However, for any I' C N with |[T'| < oo
we have that PyU Pr — U Pr innorm as N — oo by compactness. Notice also that
IViime < ||V*| forany V € B(H). The fact that U is an isometry now shows that the

left-hand sides of (5.4)—(5.6) can be made arbitrarily small by taking N sufficiently
large. O

Remark 5.3 The inequality in (5.5) is somewhat inconvenient. However, it can be
replaced by the far simpler, although stronger, condition

1
Py U*PyU Py — diag(PyU*PyU P, < —.
| PU™PyU Py g(PyU™ Py M)||mr_8m
Here diag(B) denotes the diagonal part of the matrix B. In particular, condition
(5.7) is the requirement on the magnitude of the off-diagonal entries of the matrix
Py U* Py U Py In much the same manner, (5.6) can also be replaced by the much more
convenient (however stronger) condition ||U*PyU Py — diag(U* PyU Ppy)||mr <
1

8VIATT

(5.7)

6 Main Results

We now present our main results. Proofs of these results form the content of the

remainder of this paper. To avoid pathological examples, we from now on assume that
the sparsity r = |A| > 3.
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6.1 The Semi-Infinite-Dimensional Model

The first results concern the semi-infinite-dimensional model (see Sect. 4.2):

Theorem 6.1 Let U € B(H) be an isometry, M € N, € > 0 and suppose that
xo € [°(N) withsupp(xg) = A, where A C {1, ..., M}. Suppose that N and m satisfy
the weak balancing property with respect to U, M and |A|, and let Q@ C {1, ..., N}
be chosen uniformly at random with |2| = m. If { = Uxq then, with probability
exceeding 1 — €, the problem

inf |[nll;p subject to PoU Pyn = Pqc, 6.1)
nell (N)

has a unique solution & and this solution coincides with xo, provided that m satisfies

m=>C-N-v*U)-|A|- (1og (e—l) n 1) log (%M) (6.2)

for some universal constant C. Furthermore, if m = N, then & is unique and & = x
with probability 1.

This theorem states that a sparse signal xo can be recovered perfectly (with high
probability) by subsampling from the coefficients ¢, provided (5.4), (5.5) and (6.2)
hold. The main estimate (6.2) is similar to a standard finite-dimensional CS bound, in
that it relates the number of measurements m to the coherence v(U), the sparsity |A|
and several log factors. The primary difference is that the parameter N in the estimate
(the range from which the samples €2 are drawn) differs from the term M (the range
of A). The precise relation between the two is given by (5.4) and (5.5), i.e., the weak
balancing property. Note that this result addresses the questions (i) and (iii) posed in
Sect. 4.

Remark 6.2 Much like the stable sampling rate (see Remark 3.2), the weak and strong
balancing properties depend completely on the matrix U. In particular, there is no
universal choice (for all isometries U) of N given M. For analysis of the balancing
properties in the case of the Fourier/wavelets matrix (in which case N can be taken to
be linear in M, up to log factors), we refer to [7,50].

Recall that the second scenario in the semi-infinite-dimensional model corresponds
to signals yp = xo + &, where xq is sparse and supp(h) C {1, ..., M}. The following
theorem concerns this case:

Theorem 6.3 Let U € B(H) be an isometry, M € N, € > 0 and suppose that
yo € [®°(N) with supp(yo) C {1, ..., M}. Suppose that N and m satisfy the weak
balancing property with respect to U, M and |A|, and let Q C {1, ..., N} be chosen
uniformly at random with |Q2| = m. If ¢ = Uy and & € 'H is a minimizer of (6.1)
then, with probability exceeding 1 — €, we have that

2N
5 —yoll =8 (1 + 7) orm(yo), r=I[Al (6.3)

provided m satisfies (6.2). If m = N then (6.3) holds with probability 1.
Elol:;ﬂ
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This theorem demonstrates recovery for compressible signals of the form (4.2).
Specifically, we witness perfect recovery, up to an error determined by the best
(r, M)-term approximation and a constant proportional to N/m (see Remark 6.7
below). In particular, this result answers question (v) for the semi-infinite-dimensional
model.

6.2 The Fully Infinite-Dimensional Model

The semi-infinite-dimensional model (4.2) places the restriction that the support of the
nonsparse term % is contained in {1, ..., M}. As discussed in Sect. 3, this assumption
is quite rare in practice, and a more realistic setting is provided by the fully infinite-
dimensional model in which we assume that yp = xo + h, where xq is sparse and
[supp(h)] is infinite.

To address this setting, it is first necessary to consider the infinite-dimensional
optimization (4.4):

Theorem 6.4 Let U € B(H) be an isometry, € > 0 and suppose that yy € [ L(N).
Suppose that N and m satisfy the strong balancing property with respect to U, M and
|Alandlet 2 C {1, ..., N} be chosen uniformly at random with |Q2| = m. If{ = Uy
and & € H is a minimizer of

inf ||nll; subjectto PoUn = Pqt, (6.4)
nell(N)
then
2N
€ —yoll =8(1+ — or.m(Yo), r=1Al (6.5)

with probability exceeding 1 — €, provided

NS

m=>C-N-v2U)-|Al- (log (6*1) + 1) ~log(

where w = oy u(JAl, s, N) (recall 5.2), s = M”W and C is a universal

constant. If m = N then (6.5) holds with probability 1.

Remark 6.5 Using (5.3), the quantity o in (6.6) can also be replaced by a much more
convenient (and of correspondingly less sharp) estimate. In particular, we have that
w < M, where

~ m
M =min{r e N: |PyUP*| < )
[ IENU P < 128Nm10g(e4e—1)]

Observe that | PyU P-||?> = || PyUU* Py — PyU P,U* Py||, which is similar to the

quantity C,, y introduced in (3.4). Hence, M can be estimated in much the same way

the stable sampling rate is estimated in GS (see Remark 3.2). For the case of the
Fourier/wavelets matrix, we refer to [7,50].
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This theorem, much like Theorem 6.3, confirms recovery of yy up to an error
determined solely by o,y (yo). Note that it provides answers to questions (i)—(iii)
posed in Sect. 4. However, observe that the optimization problem (6.4) is infinite-
dimensional. In practice, one always replaces (6.4) with the finite-dimensional problem

inf |Inllp subjectto PoU Pyn = Pqt, (6.7)
nell(N)

where k € N is suitably chosen. The obvious question now arises: How do solutions
of (6.7) compare to those of (6.4) as k — oo? For this we have the following:

Proposition 6.6 Let U € B(H), xo € ['(N) and Pq be a finite rank projection. Then,
for each sufficiently large k € N there exists a & € H such that

& € argmin{||n||[1 1 PQU Py = PQU)C()}.
nell(N)

Moreover, for every € > 0, there is a K € N such that, for all k > K, we have
6k — &kll;1 < €, where

ék € argmin{||17||11 : PoUn = PQUX()}. (6.8)
nell(N)

In other words, solutions of (6.7) will be approximate minimizers of (6.4) for all
sufficiently large k and, in particular, will approximately satisfy (6.5). Note that when
(6.8) has a unique minimizer z it is straightforward to show that & = z for all large
k. We do not include this result since it is a rarity in practice for minimizers to be
unique. Conversely, this proposition demonstrates that having multiple minimizers is
not problematic. We remark also that this proposition does not show how to determine
k in a signal-independent way. Yet this can be done and is discussed further in [1,7].

We now make several further comments on the above theorems:

Remark 6.7 The error bounds (6.3) and (6.5) are close to optimal in the sense that they
involve the best approximation error o,y (o), yet multiplied by a factor proportional
to N/m. Such a factor is not found in analogous finite-dimensional results. However,
this term is the reciprocal subsampling percentage and in practice will usually not
be much larger than 100 in magnitude (this would correspond to 1 % subsampling).
Also unlike finite-dimensional results, we do not address the issue of noisy data in this
work. !

Remark 6.8 Neither the bandwidth M nor the sparsity »r = |A| need be known in
Theorems 6.3 or 6.4. Specifically, these results state the following: Given m and N
(the parameters of the sampling), any vector y is recovered up to an error proportional
to o m (y0), where r and M are determined implicitly through the balancing property
and (6.6). This is typical in applications such as MRI, where the sampling resolution

1 Since writing this paper, it has subsequently been shown that the term N /m can be removed and that
noise can be incorporated in the data and recovery guarantees. See [7] for details.
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N is fixed (due to the physical limitations of the scanner), as is the total number of
samples m.

Remark 6.9 The amount of subsampling depends on the coherence parameter v(U).
For a given operator U, this is a fixed (although arbitrarily small) number, and this
suggests that subsampling will not be possible when M is large. That is, we must take
m = N. However, if U has the property that U(UPkJ‘), U(PkJ‘U) — Qask — oo,
then one can actually circumvent this problem using so-called multilevel random
subsampling techniques. This is not within the scope of this paper but is treated in
detail in [7].

6.3 Theorems on Finite-Dimensional CS

As mentioned, GS—CS extends finite-dimensional CS from finite-dimensional vec-
tor spaces to separable Hilbert spaces. It is therefore unsurprising, but important to
note nonetheless, that similar results to existing theorems for finite-dimensional CS
can be obtained as straightforward corollaries of Theorems 6.1-6.4. In particular, we
have

Theorem 6.10 Let U € C"*" be an isometry, and suppose that xo € C" with
supp(xg) = A. For € > 0 suppose that m € N is such that

m=>C-n-v*U)-|A|- (1og(e*1) + 1) logn, (6.9)

for some universal constant C, and let Q@ C {1, ..., n} be chosen uniformly at random
with || = m. If { = Uxo, then, with probability exceeding 1 — €, the problem

min ||n||;1 subjectto PoUn = Pqc,
neCr

has a unique solution & and this solution coincides with x.

Theorem 6.11 LetU € C"*" be anisometry, and suppose that yo = xo+h € C" with
supp(xg) = A. For € > 0 suppose that m € N satisfies (6.9), and let Q C {1, ...,n}
be chosen uniformly at random with |2| = m. If ¢ = Uyy, then, with probability
exceeding 1 — €, any minimizer & of the problem

min |[n||;1 subject to PoUn = Pqc,
HEC”

satisfies

2n
IE —yoll <814+ — ) IIAl.
m

Proof of Theorems 6.10 and 6.11 The matrix U extends in the obvious way to a partial
isometry U on H. Note that (U)* PyU = Py, for N = n. We may now, in an obvious
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way, extend U to an isometry U on ‘H such that v(ﬁ ) = v(U). Therefore, the weak
balancing property is automatically satisfied for M = N and any m € N. We now
apply Theorems 6.1 or 6.3. O

These results are similar to existing nonuniform recovery results for finite-
dimensional CS proved recently by Candes and Plan [18]. The main difference is
the larger factor n/m in the error bound and the absence of noise in the data (see
Remark 6.9).

7 Numerical Examples

Before giving proofs of these theorems, it is useful to present some further examples
of GS—CS. In doing so, we will demonstrate the main premises of this paper. Firstly,
if it is known that a function f has a good representation in terms of a different basis,
then one can obtain a far better reconstruction of f than that stemming from its Fourier
series. Secondly, by using GS—CS it is possible to get a substantial improvement over
finite-dimensional CS techniques.

Consider the problem of reconstructing ¢ = Ff and f from the samples

{¢;(f)}jen where £;(f) = F f(p(j)/2) and p is defined by
p(1)=0,p2)=1,03)=—-1Lp@H =2,p0)=-2....

We now compare three methods for approximating f and g:

(1) The partial Fourier series fy (see 2.4) and its Fourier transform gy = F fn.
(i1) The GS reconstructions fy u (see 3.7) and gy i = F fn M-
(iii) The GS—CS reconstructions

k k
SNmx(@) = Zaﬂ/)j(t% gNm k(1) = Zajfwj(t),

Jj=1 j=1

where o = {«q, ..., ax} is computed via the convex optimization problem (4.5).
Note that fy » and gn s use exactly the same samples as fy and gy, yet f m.x and
gN.m.k use only a subset of those samples.

If f is sparse or has rapidly decaying coefficients in Haar wavelets, then we expect
(1) to give a very poor reconstruction. However, both the GS and GS—CS methods
should give very good reconstructions, with the latter taking advantage of the sparsity
to reduce the number of Fourier coefficients sampled (recall that GS does not exploit
any sparsity—it offers guaranteed recovery for all functions f by using the full range
of Fourier coefficients). Note that in the first example below the samples in the case of
GS—CS are chosen such that half of them are fixed (from the first indices) and the other
half is chosen uniformly at random. This is to improve results because of coherence
issues (see Remark 6.9).
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Fig. 5 Errors |g(t) — gn (1)| Ueft), |g(1) — gn,p (1)] (middle) and |g(1) — gN,m,k (1)| (right) against 7, for
N =601, M =200, m = 230 and k = 650

Table 1 Errors for the reconstructions g, gv, m and gy i k

N lg — gnllLoo lg — gn mllLoo lg — N m.kllLoo (avg. 20 trls)
601 1.43 474 x 1073, (M = 200) 473 x 107, (m = 230, k = 550)
1201 0.85 236 x 107, (M = 400) 2.38 x 1077, (m = 460, k = 1400)

7.1 First Example

As a first example, let us consider the function g = F f, where

200
)= ajo;) + cos2rn)xy o 1(0), 1 €0, 1], (7.1)
j=1

{¢j}jen are Haar wavelets on [0, 1] and X1, 2 is the indicator function of the interval
216

[%, %]. Suppose that [{j : a; # 0}| = 25, so that f can be decomposed into a sparse
component and a remainder. Note that the remainder has infinite support in the Haar
wavelet basis, so this function belongs to the fully infinite-dimensional model (see
Sect. 4.2).

In Fig. 5, we display the errors committed by the approximations (i)—(iii) for this
function. As expected, the expansion gy gives an extremely poor reconstruction,
whereas both the GS and GS—CS give far better approximations, both reducing the
error by a factor of roughly 10,000. Moreover, and also as expected, the GS—CS
approximation attains the same numerical error as the GS approximation using only
around 38 % of the Fourier samples. These observations are given in Table 1.

Whilst GS and GS-CS give very similar numerical errors, it is important to
notice that the reconstructions are typically very different. In particular, in GS one
reconstructs approximately the first M Haar wavelet coefficients «q, ..., ap, where
M < N. On the other hand, in GS—CS one computes k such coefficients, where typ-
ically (although not always) k > N. This difference can be explained by examining
Egs. (3.3) and (4.5). In GS, which corresponds to (3.3), one requires M < N to ensure
invertibility of the operator A. On the other hand, unless & is taken sufficiently large,
(4.5) need not have a solution, since the right-hand side Pq¢(f) may not lie in the
range of the (finite-dimensional) section PoU P, : C* — C!®l. In particular, this
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Table 2 The error ||g — gn .k | oo for different values of N, m and k [the notation E ,, x = oo means
that (4.5) does not have a solution]

N ENmk = 1§ — gn.mkl Lo (avg. 20 trials)

601 Enp230200 =00  En230350 =00 En230,550 = 4.759 x 107 En 230,850 = 4.727 x 107°

1201 Ey 460400 =00  Enag0.500 =00  En60,1000 = 2.384 x 1075 E 460,1300 = 2.392 x 1075

Fig. 6 Left to right (i) Original, (ii) zoomed original, (iii) finite-dimensional CS reconstruction using
periodic Daubechies-6 wavelets, (iv) infinite-dimensional CS reconstruction using boundary Daubechies-6
wavelets

may well be the case whenever k < N. Fortunately, as shown in Proposition 6.6, this
cannot happen if k is sufficiently large. The effect of increasing k for the example (7.1)
is illustrated in Table 2. As is evident, once k is sufficiently large, the problem (4.5)
has a solution, and the error drops accordingly.

7.2 Second Example

This example was first introduced in [53] and demonstrates the difference between
finite-dimensional CS techniques and the proposed infinite-dimensional GS-CS tech-
niques in a practical electron microscopy setup. In this setting, the sampling procedure
is completely dictated by the physics behind the microscope and corresponds to radial
line sampling in Fourier space. Note that we use exactly the same sampled data in
both cases, and seek to recover the function f(x, y) = exp(—x —y) cos?(x + y) from
m = 16120 (6.15 %) continuous Fourier samples taken radially from a 512 x 512
grid. We commence with the finite-dimensional approach (see Sect. 2.1) and solve

m(icn llz|l1 subject to PQUded;le = Pay,
ze n

where Ugs and Vd;vl denote the discrete Fourier and discrete wavelet transforms, respec-
tively. Next we solve

min | z||1 subject to PqU Pz = Pqy,
z€ P (£2(N))

where U is as in (2.7). As Fig. 6 displays, the infinite-dimensional approach shows a
substantial improvement over the finite-dimensional technique. The reason behind the
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superior reconstruction is, as discussed in Sect. 2.1, the use of Uys Vd;vl implies that
the error is dominated by the truncated Fourier series, whereas in the GS-CS approach
the discretization is faithful to the guiding principle of Sect. 1.2, and hence the error is
dominated by the actual wavelet decay, which is much faster than the Fourier decay.

8 Infinite-Dimensional Optimization

The remainder of this paper is largely devoted to proving the results of Sect. 6, which
will be the specific focus of Sect. 9. Before doing so, however, we first discuss the topic
of infinite-dimensional optimization in a little more detail. As the informed reader will
have noticed, all our results are really questions of infinite-dimensional optimization:
for example, in the case of Proposition 6.6, showing the existence of minimizers to the
finite rank discretizations of an infinite-dimensional optimization problem, and their
convergence to minimizers of that problem. For this reason, we now recap some of
the basics of this field.

8.1 Background

The field of infinite-dimensional convex optimization is certainly not new [28,49].
However, it is much less standard than the more thoroughly investigated topic of
finite-dimensional convex optimization. We now cover some of the basic tools that
will subsequently prove useful.

We consider complex vector spaces. Standard optimization theory is usually con-
sidered over the reals, and this is also the case in [28] (the main reference we consider
herein for the field of infinite-dimensional optimization). To be able to quote [28]
freely, we use the standard trick and consider any complex Banach space X as a real
vector space. In particular, if X is the real Banach space induced by X, then

X* = {Re(x™) : x* € X*].

This follows by the observation that if x* € X™ and u = Re(x*) then u is a real linear
functional. Also, if u € X* and x* : X — C is defined by x*(x) = u(x) — iu(ix),
then x* € X*. To avoid unnecessary clutter, we will (with slight abuse of notation)
use X as the notation for X.

Definition 8.1 Let X be a Banach space and let F' : X — R. The polar function
F*: X* — R is defined by

F*(x*) = sup{Re(x*(x)) — F(x)},

xeX

where R = R U {—00, 00}.

Definition 8.2 Let X be a Banach space, F : X — R be convex and consider the
following problem
(P): inf{F(x):x e X}.
EOE';W
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If Y is a Banach space and @ : X x ¥ — R U {00} is a convex lower semi-continuous
function such that ®(x,0) = F(x) for all x € X, then the dual problem P* with
respect to @ is defined by

(P*): sup{—®*(0, y*): y* € Y*}.
If @ is not specified, we will say that (P*) is a dual problem for (P).

Let X and Y be Banach spaces and suppose that 7 € B(X, Y) and yg € Y. Consider
the problem
(P1): inf{|x| :x € X, Tx = yo}.

Note that (Py) can be written as the equivalent convex optimization problem:
(P): inf{F(x)+ G(Tx), x € X}, (8.1

where F(x) = |lx|land G : ¥ — R U {oo} is defined by G(z) = 8{0;(z — yo). Here
the function ¢ : ¥ — R U {oo}, where C C Y is convex, is defined by dc(z) = 0
if z € C and §¢(z) = oo if z ¢ C. Moreover, by letting @ : X x ¥ — R U {oo} be
defined by

Ox,y) =Fx)+G(Tx +y), (8.2)

and observing that

where T’ : Y* — X* denotes the dual mapping, we also obtain the following dual
problem with respect to ®:

(P) 0 sup{—F*(=T'y") = G*(y*) : y* € Y™}

Much like (P;) and (}31), the dual problem (P}") also has an equivalent form. In fact,
since F*(x*) = 0if ||x*||x+ < 1 and F*(x*) = oo if ||x*||x+ > 1, together with the
observation that

G*(y*) = sup{Re(y* () — 8(0}(y — y0), ¥ € Y} = Re(y" (30)),
we find that
(P): supfRe(y*(yo)) : IT'y"llx+ < 1, y* € Y™}
Using these ideas, we obtain the following well-known result [28]:
Proposition 8.3 Let X and Y be Banach spaces and suppose that T € B(X,Y) and
yo € Y. If T is onto, then
inf{|lx|| : x € X, Tx = yo} = sup{Re(y* (y0)) : IT"y"[lx+ < 1, y* € Y™}
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8.2 Stability Analysis for Infinite-Dimensional Convex Optimization
We now consider the issue of stability of the optimization problem

min ||n{|;1 subjectto PoUn = PoU (xo + h), (8.3)
nell(N)

and its finite-dimensional approximations

min ||n]|;1 subjectto PoU Pyn = PU (xo + h), (8.4)
nel'(N)

where xo, i € I'(N) and & is small in norm. Note that this is the first step toward a
proof of Theorems 6.3 an 6.4 concerning the recovery of compressible signals which
are described by the semi/fully infinite-dimensional models Sect. 3. However, at this
moment we do not consider either sparsity or randomness. This comes in Sect. 9,
in which the results proved in this and the previous section are applied to the sparse
recovery problems (6.1) and (6.4) to yield proofs of Theorems 6.1-6.4.

Stability turns out to be a rather subtle issue. We now illustrate why.

Definition 8.4 Let Q, A be finite subsets of N, U € B(?(N)) and let f : R, — R,
be a continuous function such that lim;_.o f(¢) = 0. Suppose that & € H, supp(§) =
A, is the unique minimizer of

inf{|Inll;, : PeUn = PoUE}. (8.5)

If, forany € > O and ¢ € H such that || — ¢||;, <€, we have that |x —&|;, < f(e),
where x is a minimizer of inf{||n||;, : PoUn = PQU{}, then we say that {U, @, A}
islocally f-stable at &.If f(#) = Ct for some constant C > 0, then {U, @, A} is said
to be locally linearly stable at £. We say that {U, 2, A} is globally f-stable (linearly
stable) if the above statements hold for all £ € I2(N), supp(£) = A, such that £ is the
unique minimizer of (8.5).

Proposition 8.5 Let U € B(12(N)) be unitary and real, and let 2, A be finite subsets
of N. Suppose that {U, 2, A} is globally f-stable. Suppose also that there exists a real
x € I>(N), supp(x) = A, such that x is the unique minimizer of inf{|Inll;, : PoUn =
PoUx}. Then, if (PoU Pa)* PoU PAlp, 2 is invertible, and y € H, supp(y) = A,
is arbitrary, then y is the unique minimizer of inf{||nll;, : PoUn = PoUy}.

Proposition 8.6 Let U € B(12(N)) be unitary and real, and let 2, A be finite subsets
of N. Suppose that for any real & € [>(N), supp(&) = A, it holds that & is the unique
minimizer of inf{|nl;, : PaUn = PQUE}, and also that (PoU Pa)* PoU Palp, 2
is invertible. Then, {U, Q, A} is globally linearly stable when the vector space 1>(N)
is considered over the reals.

These results establish the relationship between global stability and the existence of
unique minimizers (proofs are given in the Appendix). In particular, existence of unique
minimizers for all y with supp(y) = A is (almost) equivalent to global stability. Thus,
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global stability is a rather strict condition and may be difficult to achieve. However,
we will be concerned with a fixed signal to recover and hence global stability may not
be necessary. Conditions in order to establish local stability are the topic in the next

section.

8.3 The Key Result

The key result of this section, which will later lead to the proofs of Theorems 6.1-6.4,
is the following (see, e.g., [34, Thm. 4.33] for a related finite-dimensional version):

Proposition 8.7 Let U € B(H) with |U|| < 1, and suppose that A and 2 are finite
subsets of N. Let xo, h € H be such that supp(xg) = A, supp(h) N A = (@} and
lAll;1 < oo, and suppose that A C {1, ..., M} for some M € N. Let §, &y € 'H such

that

& € argmin {[|nll; : PoUn = PoU (xo + h)},
nell(N)

&y € argmin {||nll; : PoU Pyn = PoU (xo + Pyh)}.
nel' (N)

If there exists p € ran(U* Pg) and q > 0 with the following properties:

() (g "PAU*PQUPN)!| < 2,

(i) [Pap — sgn(xo)ll < ¢/8,
(i) [|PLpllie < 1/2,

then

16
1§ —xoll =\ —+7)lAl.
q
Also, if (i) and (ii) hold and (iii) is replaced with ||PMPALp||loo < 1/2 then
16
1Em — xoll < 7 +7) 1Pmhllp.

Proof Note that (8.6) and (i) yield

PQU (xo — PaE) = PQU (P& — h)
=  PAU*PQU(xg — Pp) = PAU* PQU(PLE — h)

(8.6)

8.7)

(8.8)

= X0 — PAE =(PAU*PQU PA) ' PAU* PQU (PLE —h). (8.9)

(note that (i) implies that PAoU* PqU P, is invertible). Hence, from (i) and (8.9), and

by using the fact that ||U|| < 1, we obtain

lxo — Pa&ll < 2/qlIPXg — hl.
Elol:;ﬂ
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Thus,
20 i 2 i 2
IIxo—éllfC—IIIPAS—hIIJrIIPAéIIS c—]+1 ”PAEHII_I';”hHll* (8.11)

The rest of the proof is therefore devoted to showing that || Pi-.f Il;1 is bounded by a
constant times ||/ ][;1.

The fact that p € ran(U* Pg) and PoU (§ — (xo + h)) = 0 implies that (&, p) =
(xo + h, p). Thus, it follows, by appealing to (iii), that

1
Re((x0, p)) + Re((h, p)) = Re((§, p)) < Re((€, Pap)) + 5 Z £ (8.12)
JjeAC

Thus, since supp(h2) N A = 4, we have
1
Re (xo — &, Pap) = Re (x0, p) —Re (§, Pap) = —Re (h, p) + EIIPAL\’EIIZ1
1 1
= —Re (h, Pp) + 31PE&ln < 5 (Il + 1PAEN).

We will return to this equation, but for the meantime we will continue to investigate
the quantity Re({(xo — &, Pap)). Observe that

Re (xo — &, Pap) =Re (xg — &, Pap — sgn(xg)) + lIxoll;1 — Re (&, sgn(xp))
> Re (xg — &, Pap — sgn(xo)) + llxollp — P&l
= Re (xg — Pa&, Pap — sgn(x0)) + llxoll; — & 11 + I1PEE.

Since ||xo + &I, > ||€]l;1, we obtain
Re (xo — &, Pap) = Re (xo — &, Pap — sgn(xo)) — [[Alln + [Py&llp.  (8.13)

Moreover, using (ii) and (8.10), we get |(xo — PA&, Pap —sgn(xp))| < %H PALé —h.
Hence, substituting this into (8.13) now gives

\

1
Re (xo — &, Pap) = _Z”Pi_é — hll = Ikl + I PAE N

v

5 3
— Wl + Z||P§s||,1. (8.14)

Combining (8.13) and (8.14) and rearranging now gives ||PAl§||11 < T|lAll;1. Substi-
tuting this into (8.11) now yields (8.7). The proof of (8.8) is almost identical, and we
omit the details. O
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8.4 Proof of Proposition 6.6

To end this section, we now present a proof of Proposition 6.6. We first require the
following:

Lemma 8.8 Let U € B(H) and P be a finite rank projection. Then, for every x €
Ran(PU), there exists & € 'H such that

& € argmin {|Inll; : PUn = x}.
nel'(N)

Proof Recall that (co)* =1 L By weak™ compactness there is a sequence {&} C [ 1
and a & € ! such that PUE, = y, &l Ncinf{linll; : PUn = x} and (&, e;) —
(§,ej)ask — ooforall j € N.Hence [|§]];1 < limg_ oo [|Ekll;1. Since § — & weakly
as elements in H, it follows by the fact that PU is compact (since P is of finite rank)
that PU&, — PUE. Thus PUE = yx as required. m|

Proof of Proposition 6.6 To see the existence of & for large k, it suffices to observe
that Ran(PqU) and Ran(PqU Py) coincide for all sufficiently large &, since Pg has
finite rank.

For the second part of the proposition, it is easy to see that it suffices to show that
every subsequence of {£;}xcny has a convergent subsequence in the /! norm with limit
& satisfying

1§l = inf {llnll;x - PeUn = PoUxo}. (8.15)

Therefore. let {&x}rcn be a subsequence of the original sequence (we use the same
notation for simplicity). Since ||&|l;1 > [|&k+1l;1 for all large k it follows that {&} is
bounded. So by weak* compactness of the /! ball we have that, by possibly passing
to a subsequence, there is a £ € H such that § — & weakly (as elements in H) as
k — oo. By compactness of PoU, we find that PoU&, — PqUE& as k — o0, and,
since PoU&; = PqU xo, it follows that PoUé& = P U xq.

To see that & satisfies (8.15), we argue as follows. We claim that for any A > 0 we
have

€kl < igfi{llﬂllzl i PoUn = PoUxo} + A, (8.16)

]
for all sufficiently large k. Let r = dim(Ran(PqU)) < oo, andletéy, ..., é, be coor-
dinate vectors such that span{PqUe j };.:1 = Ran(PqU). Then every n € Ran(PoU)
with ||| = 1 can be written as n = ciPoUeé; + ... + ¢, PoUé,, where the c;s

are bounded by, say, | < ¢ < oo. Now let § be a minimizer of (8.15) (the exis-
tence of such a minimizer is guaranteed by Lemma 8.8), and choose k so large that
{6):_) C Ran(Py), ||IPQUPFE| < 1/Qcr) and [|PEE| < 2/2. Letcr,... ¢
be chosen such that PQUPkJ-é/HPQUPkJ-%H =c1PQUeé; + ...+ ¢, PoUe,, and set
i = P& + (181 +...cré,)|| PU PHE|. It follows that PUij = PoUé = PqUxy,
7l < I€ll;1 + A and 77 € Ran(Py). Hence ||&l;1 < [|£];1 + A and we have shown
(8.16). Now choose m € Nsuchthat||PnJ;$||ll <A Then|&]p < ||Pm$||11+||PWJ;$||11.
Elol:;ﬂ
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But P& — P& and & satisfies (8.16), thus |1 < infyer{linllp : PeUn =
PqUxp} + 2 for any A > 0. Therefore £ satisfies (8.15), as required.

For the final part of the proof, we are required to show that ||& — &[],y — 0 as
k — o0o. By possibly passing to another subsequence, it follows by (8.16) that

1kl = ig{{ﬂ’?”zl : PoUn = PoUxo} + 1/k. (8.17)
n

Note also that, for fixed m € N, we have P, (§ — &) — 0 as k — oco. But by (8.17)
we also have || P&l + | Préilln < 1Pwéllpn + | P&l + 1/k. So

lim limsup || P-& |1 = 0.
m—00 k%OO

It thus follows that £ — & (in1!) as k — oo, and the proof is complete. m]

9 Proofs of the Main Results
9.1 Key Ideas

Before we present proofs of Theorems 6.1-6.4, we would like to sketch the key ideas.
Our approach is to use Proposition 8.7 to show the existence of a p € ran(U* Pg) with
the following properties

(i) 107 PAU*PQU Pa — Pl < 1/2, (i) |[Pap — sgn(xo)|| < 0/8
(iii) || Py Py plie < 1/2,

for some 6 > 0 (recall the setup in Theorems 6.1 and 6.3).

Throughout the paper, we will be concerned with randomly choosing a set Q2 C
{1, ..., N}. In our models, we will choose €2 uniformly at random; however, in some
of the proofs we will also use another approach that renders the analysis possible,
whilst not affecting the model unduly. Therein, we take a sequence {1, ...dy5} of
independent identically distributed Bernoulli random variables taking values O and 1
withP(§; = 1) = g forall j. We thenset Q = {j : §; = 1}. We will refer to this type
of random selection of 2 as the Bernoulli model, and we will denote such a procedure
by {N,..., 1} D Q ~ Ber(q).

Note that transitioning from the uniform sampling model to the Bernoulli sampling
model in this way has become standard approach in the literature. In particular, one
can show that the Bernoulli model implies (up to a constant) the uniform sampling
model in each of the conditions in Proposition 8.7. We refer to [19,20,34] for details.

From now on, we thus consider (without loss of generality) the Bernoulli sampling
scheme. We assume that {N, ..., 1} D Q ~ Ber(#), for some finite N € N. However,
we will construct €2 in an equivalent, but slightly different way. Namely, we let

Q=QUQQU---UQ,, Q;~Ber(g)),
EOE';W
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where the specific value of 1 will be determined later. Note that as long as the g ;s are
chosen according to 6 this is equivalent to letting 2 ~ Ber(0). Indeed, we have that
Q ~ Ber(0) is equivalent to Q¢ ~ Ber(1 — ). So, for k € {1, ..., N}, we have

Pk e Q9 =1 —0),
where Q¢ = {1, ..., N}\Q2. But
Pk e (QUQQU---UQ))=0—-qgD(l—q2)-- (1 —qp).

Thus, if we let
(I=gq)(1—=q)---(1—-gqu)=00-0) (CHY

it is easy to see (by independence) that the two models are equivalent. Note that there
might be overlaps between the €2;’s. This automatically gives us the following:

Q+q+...+q,>6.

This observation will be used several times in the arguments that follow.

9.2 The Golfing Scheme

We can now present the golfing scheme. Let U € B(H) be an isometry and let
{N,...,1} D Q; ~Ber(g;) for j =1, ..., uand some u € N where the g ;s satisfy
(9.1) for some 0 < 6 < 1. Suppose also that xo € H. Define the operator

Eq, =U*Pq,U, j=1,.... 4.

The construction of p is based on the following idea. Let

i
p=Y, Y = Zq]'_lEQ_,-Zj—l

=1
Z; = sgn(xg) — PaYi, Zo = sgn(xop), 9.2)

where the specific value of i will be determined later. The construction suggested in
(9.2) will be referred to as the golfing scheme and is a variant of the original scheme
introduced in [36] by D. Gross. The actual construction will differ slightly from the
one suggested here; however, this should give the reader an idea about the approach.

Before we can prove the main results we need to establish some ancillary results
that will be crucial in the construction of p.

9.3 The Proofs

We first require the following three results. Proofs are found in the Appendix. For
related finite-dimensional versions, see [18] or [34, Chpt. 12].
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Proposition 9.1 Let U € B(H) be an isometry, {N, ..., 1} D Q ~ Ber(q) for some
0<qg <1,and A C Nwith |A| < 00. Also, let M € N be sufficiently large so that
A C{l,..., M} and define Eq = U*PQU. Then, forn € Handt,y > 0

P (llg™" o PA EaPanlis > (¢ + | Py PRU Py UPAlmdInl) <7 (93)

provided

4 22 4
q2(l—z+3—{,/|A|)~log(;|Acﬂ{1,...,M}|)-UZ(U).

Also,
P(lg™ PAEaPaNlie > ( + | PEU*PNUPAlm) Inll) S v O4)

whenever
4 22
q> (t_2 + ?\/W) -log (4w/y) - v2(U),

where = oy u(|Al, tq, N) and oy p is as in (5.2). In addition, if g = 1,the
left-hand sides of (9.3) and (9.4) are equal to zero.

Proposition 9.2 Let U € B(H) be an isometry, A C N with |A| < oo and
{N,....,1} D Q ~ Ber(qg) for some 0 < q < 1. Then, for fixed n € H and
0 <t,y <1, wehave

P (| (97" PaU*PoUPA = Pa) | > (¢ + 1 PAU PN UPA = Pall) llnl]) < v
provided
g1 =)' =472 2W) - 1A,

and
t 2K _1 2 3
log 1+4_1 szax{q — 1,1} - v (U) - |A] - log{ — ),
14

where K is the constant in Talagrand’s Theorem (Theorem 11.2).

Theorem 9.3 There exists a constant C > 0 with the following property. Suppose
that U € B(H) is an isometry, A is a finite subset of Nand {N, ..., 1} D Q ~ Ber(0)
for some 0 < 0 < 1. Then, for e > 0 and y > 1 we have

1
P (HQ—IPAU*PQUPA N H > = 4+ ||PAU*PyUPa — PA||) <e,  (95)
y
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provided
0 >C-y-v*U)-|A|-log(|A]),

-1
6>C-y -v2U)-|A|-log(Ce™ ). (log (1 + %)) . 9.6)

If 0 = 1 then the left-hand side of (9.5) is equal to zero.

With these results in hand, we can now give the proofs of the main results:

Proof of Theorems 6.1 and 6.3 The set Q@ C {1,..., N} is chosen uniformly at ran-
dom with |2 = m. By Proposition 8.7, it suffices to show that there exists a
p € ran(U* Pg) such that

(i) 107 PAU* PQU Py — Pall < 1/2, (i) | Pap — sgn(xo)ll < 6/8,
(iii) | Py Py plie < 1/2, 9.7)

with high probability. As discussed, we may (without loss of generality) replace this
way of choosing €2 with the model that {N, ..., 1} D Q ~ Ber(f) for6 = m/N (0
will have this value throughout the proof). Doing so may only change the constant C
in (6.2). Note that, as discussed in Sect. 9.1, the model {N, ..., 1} D Q ~ Ber(0) is
equivalent to choosing €2 as

QR=QUQU---UQ,, Q;~Ber(g)),
for some 1 € N with

I=qD(—g2)--- (1 —gqu) =(1-0). 9-8)

The latter model is the one we will use throughout the proof and the specific value of
o will be chosen later. The theorems will follow if we can show that the conditions
in (9.7) occur with probability exceeding 1 — €, and what follows is a setup to ensure
this eventuality. We will focus on (ii) and (iii) in (9.7) first and deal with (i) at the end
of the proof. The proof proceeds in a number of steps.

Step I (The construction of p): Let v be a positive number such that v < p and let
{a1,...,a,) and {B1, ..., B} be sequences of positive numbers. The values of 1,
v, {oz,‘}fL:l and {,Bl-}f;l will be carefully chosen later in the proof. Consider now the
following construction of p : let

Zy = sgn(xo),

and define recursively the sequences {Zi}f:() C H, {Yi}fll C H and {@,-}f:l C Nas
follows. First, let

1
Zi =sgn(xo) — PaYi, Yi=> q7'Eq,Zj1, i=1,2,
j=1
Elol:;ﬂ
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where EQj = U*ng U, and {q1, ..., q,} stem from (9.8). The precise values of the
q;’s will be chosen later. Let also ®1 = {1} and ®, = {1, 2}. Then, for i > 3, define
recursively the following:

O;_1 U{i} if H P —qi_lPAEsz,- PA) Zi—lH <a;ilZi-1ll,

Q; = and ‘q;]PMPi_EQiPAZi*I‘PO < BillZi-1ll,
i1 otherwise,
-1 .
Y = 2jee; 4; Eo;Zj-1 ifi € ©;,
Yiy otherwise,
7 — sgn(xg) — PpaY; ifi e @l 09)
Zi—y otherwise.
Now, let {A;}2_, and {B;}*_, denote the following events
A |(Pa—a7 ' PaBe,Pa) Zisa| sl Zical. i=12,
Bii o' PuPdEa Pazici| < BilZicil =12
B3 : [Oul > v,
By: (N, A) NN, B), ©.10)

where |0, | denotes the length of ®,. Also, let 7(j) denote the jth element in ©,
(e.g., (1) =1, t(2) =2 etc, we also let 7(0) = 0). Finally, define p by

| Y if Bgoccurs,
- sgn(xp) otherwise.

Note that p € ran(U* Pg) if B4 occurs. Now make the following observations. Since
Zp = sgn(xp) yields, fori < |®,|, we have
Zz(i)
=sgn(xg) — Pa (q;(ll)Esz,(l)Sgn(XO) + q;(lz)Esz,(z)Z1 +...+ CI;(,!)EQ,(,-) Zr(i—l))
=Zii-1) — CIT_(,!)PAEQI(,-) PAZii—1) = (Pa — qr_(}) PAEq, ;, PA) Zzi-1)- (9.11)

Hence, if the event B4 occurs, then

v
1Pap — sgn(xo)ll = 1 Zey I < VIAI] ey (9.12)

i=1

v
1 —1 1
1Py Py plie < D Nl i, PuPa Eq,e Ze—nlli=
i=1
EOE';W
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< Zﬂrmnzm il = V1Al Zﬂf@Ham), 9.13)

i=1

and p € ran(U* Pg) (note that in the above equation we interpret ag = 1). We will
now show that with a certain choice of parameters v, {8 ]} iy and {« ]} _; then (ii)
and (iii) in (9.7) are satisfied when the event B4 occurs. We delay spec1fy1ng a the
value for p until Step IV. Let L > 2 (we will give a value for L in a moment) and

1
o =0y = ——5—, o =1/2, 3<i=<p,
2log,’ (L)
1 log, (40~ /TA]) .
B =p2= . p= 2 VAU 3<i<np
4J/1A| 4J/1A|
It follows that
_VIAL
VIA|
| Har(z) v IOg (L)
Hence, if
_ (mgz (80_1 |A|)—|, (9.14)

then it follows by (9.12) that
| Pap —sgn(xo)|l = 6/8

(recall that L > 2) yielding (ii) in (9.7). Also, after inserting the values of v, {8 j}‘;: 1
and {oej}’;=1 into (9.13) we get:

v i—1 —1
1 11 1 log, (46~ /TA])
VIA| E Bz | |0[1:(j) = —(l+— + -5
i=1 j=1

4 2l0g)? (L) 4 logy(L)

+110g2(49*1«/|A|)+ N 1 log, (46~ /TA])
8  logy(L) vl log, (L)

1
<_a
-2

if welet L = 40~ /]A].

Thus, by (9.13) we have

I Pp Paplli= < 1/2,
yielding (iii) in (9.7). In particular, we have showed thatif v, {8; }“
chosen as above, then (ii) and (iii) are satisfied when B4 occurs.
Thus, we have now obtained a means to show that (ii) and (iii) in (9.7) hold with
a certain probability. To do this, we will make a careful choice of « and then provide

| and {a]} iy are

Fo C 'ﬂ
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bounds on P(Bj). The way this latter step is carried out is by giving estimates for
P(A{ U A9), P(B{ U BS) and IP(B5). This is the content of Steps II-1V.

Step II: We claim that if y > 0 then P(A{ U AS) < 2y, provided N, g1, ¢> are
chosen such that

|PAU*PyUPp — Ppll <

, (9.15)
41og)?(46-1 YTAT)

and
g1 =q:2C-2W)- 1Al (log (y7') +1) -1og (67 VIAI).  ©16)

for some universal constant C > 0. Also, if g1 = g2 = 1, then P(A{ U AS) = 0.

To deduce the claim, we first observe that by Proposition 5.2 these requirements
are well defined. Now note that Proposition 9.2 gives, fori = 1,2 and 0 <t,y <1
that

P(|(47" PaU*Po,UPA = Pa) Zict| = (e + 1 PAU*PNU Ps = PAll) 1Zi-11])
=V 9.17)

if
(1 =g~ > 472 .02 (U) - |A| (9.18)

and
log 1+Z szax{q —1,1}-v°(U) - |A| -log{ — ), (9.19)
14

where K is the constant in Talagrand’s Theorem (Theorem 11.2). Thus, by (9.17),
(9.18) and (9.19) (and a small computation using Taylor’s Theorem), we can choose
t = «; /2 and deduce the first assertion in Step II. As for the second assertion, clearly,
if g1 = g2 = 1 then the right-hand side of (9.17) is zero as required.

Step III: We claim that P(Bf U B3) < 2y for y > 0if N, g1 and g are chosen
such that

1
Py PrU*PyUP <, 9.20
” M LA N A”mr_ Sx/m ( )
and
a1=02= C-v*W) 1Al (log (y~' M) +1), ©:21)

for some universal constant C > 0. Also, if g1 = g» = 1, then IP’(Bf U B;) =0.
To prove the claim, recall that Proposition 9.1 gives, fori = 1, 2and ¢, y > 0, that

P

a7 PP Eg,PaZict| > (14 1PuPLU* PNU PAllne) 1 Zi-111) < v,

IOC
FoC'T
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if

2 4
g = (t2 + ‘—fﬁ) log (;w Nl M}|) AU).

3t

Choosing r = B;/2 automatically yields the first assertion in Step III. Also, the fact
that ]P’(Bf U B; ) = 0, when g1 = g2 = 1, follows automatically from Proposition 9.1.

Step IV: We claim that P(B5) < y, for y > 0if u (recall u and v from Step I), N
and {q3, ..., g, } are chosen such that

1 = 83v +log(y 1, (9.22)
| PAU*PNU Pp — Pall < 1/4, (9.23)
and 1
log, (46~ V[A])
Py PrU*PNUPA |y < —2 2 9.24
“ /BN N A”mr = Sm ( )
and also g3 = g4 = ... = g, = q, where
q>C-U2(U)-|A|-(IOg¢+1) (9.25)
- log, (46~ /TAD)
for some universal constant C > 0. Also,ifg3 = g4 = ... = g, = 1, thenP(B5) = 0.

To prove the claim, we start by determining the condition (9.22) on . Define the
random variables X1, ... X, by

|0 Zj # Zjn,
Xj= o
1 Zjyo=Zjq.

We immediately observe that
P(B?f) = ]P)(|®/L| < V) = P(X] + ...+ XM,2 > U — 1))‘

Unfortunately, the random variables X1, . .. X, > are notindependent, which prevents
the use of standard tools such as Chernoff bounds or Hoeffding’s inequality. Note that
the use of such tools has become popular when dealing with the golfing scheme;
however, the dependency issue prevents this in the general case. See also [37] for a
discussion of this phenomenon. To deal with the dependency issue, we proceed as
follows:

PX1+...+ Xy 2>pn—0)
(=)
< D PXaay = L Xz@y = Looo Xnqy, = D
=1

Fo C 'ﬂ
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(;1, \1)
= > PXr,., = UXeay = 1o Xnyey = D)
=1
X]P)(Xﬂ(l)l - 1 77(’);1. -l — 1)
(o)
= > PXa@y,_, = Xz =1 Xn@ypyy = 1)
=1
XPXrw),—,.s =11 Xz, =1, Xapy =D PXzq, =1) (9.26)
where 7 : {1, .. (u 2)} — NAV ranges over all (“~2) ordered subsets of

{1, ..., n0—2} of size w — v. Let P > 0 (a specific value for P will be assigned
later) be such that

P>=PXnqy, =1, P=2PXre, , ; =UXzey =1 ... X201, = D>
-2

1=1,...,(”“ ) i=0,. o u—v—2, 9.27)
w—v

then, by (9.26),

w—v

-2
PXy+...+ Xpy2>p—v) < (“ )P””. (9.28)
We now choose P = 1/4 and claim that

—2e
PX1+...+ X, 2>pn—v) <exp (—2(M — 2)t2 + (u —v)log (%)),
(9.29)
where t = (u —v)/(u — 2) — P > 0. To see this, note that it is a straightforward

calculus exercise to show that

w—v
w—

e[P,1].

2
— log(P) < 2(—2 — P) ,

(n—v)
By using the fact that (“ 2) < (M) , we immediately get

v HL—V

(“ - 2) PR < exp (—2(u — )2 4 (u—v)log (M))
w—v [T

which, after recalling (9.28), yields (9.29). So, by (9.29) we have that

D Xizp-v| <y (9.30)

FoE'ﬂ
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whenever

e 2H=DP =) Mog =D+ _

Hence, after observing that log((u —2)/(u —v))+1 < (u—2)/( — v), we deduce
that (9.30) is satisfied whenever

2
_ x—v B —1p2 _x—2_
w>x, (x 2)(x_2 P) kg(y ) - =0 (9.31)

where x is the largest root satisfying (9.31). In particular, we have shown that P(BS) <
y when (9.31) is satisfied. The choice of P yields x < 8[3v + log(y ™~ 1/2)1 Hence
(9.22) yields (9.31).
For the rest of the proof of Step IV, we need to determine the conditions on N and
{q3, ..., qu} such that (9.27) is satisfied with P = 1/4. Note that X = 1 if and only
if one of the following events occur:

j=k+2,

|(Pa = a7 PaEg, Pa) Zjt| > o1 | 2

a7 PuPdEa, Pazica| = Bi1Zimil j=k+2 (932

Observe that we may argue exactly as in the proof of Step II (via Proposition 9.2)
and, regardless of the vector Z;_1, we deduce that P(D) < 1/8 when N and ¢q; are
chosen such that

|PAU*PyUPA — PAll < a/2,
qj = C-v*(U)-|Al-a;” (log(24) + 1), j=k+2, (9.33)

for some universal constant C > 0. Observe also that we may argue exactly as in
the proof of Step III (via Proposition 9.1) and, regardless of the vector Z;_1, we may
deduce that P(D;) < 1/8 when N and ¢; are chosen such that

| Py PAU* PNU Pallr < B/2,

qr,;zc-uz(U)-(/32 ﬁwﬂA)ﬂ%6M®+D,j=k+l@M)
J

for some universal constant C > 0. Thus, for/ =1, ..., (Z:i) andi =0,..., 0 —
v — 2, by letting k = 7 (/),,—v—;, we find that

P(Xray,_,i = 1 Xz, =1, Xn(l)wfaﬂ) =1
<SPDIUD [ Xny, =1, oo s X0)yoyiy = D = P,

EIOE°
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and similarly, by letting k = 7 (l); we get that
P(Xzqy, =1) <P(D1UDy) <P,

whenever (9.33) and (9.34) are satisfied. In particular, (9.33) and (9.34) imply (9.27).
But (9.33) and (9.34) follow from (9.23), (9.24) and (9.25) (with a possibly different,
however universal, constant C) and hence the first part of the claim is proved. The
fact thatif g3 = g4 = ... = g, = 1 then P(B5) = 0 follows from Propositions 9.2
and 9.1.

Step V: We claim that

B(IIPap = sen(xo)l > 0/8U Py PApli= > 1/2) <57, (9.39)
fory > 0 when N € N and 6 > 0 are chosen according to (5.4), (5.5) and
0> C-vXU)-|A|- (log (y—l) + 1) log (Me—1 |A|), (9.36)

for some universal constant C > 0. Also, if & = 1 then the left-hand side of (9.35) is
equal to zero.

To prove this, recall the events A1, A>, By, B2, B3, B4 from Step I. We have already
established in Step I that if the event B4 occurs then || Pap — sgn(xp)|| < 6/8 and
I Pps Pi- pllie < 1/2. Tt therefore suffices to show that

P (BS) < 5y. (9.37)

given the conditions (5.4), (5.5) and (9.36). To do this, we begin by making some
observations. First

P (Bf) < P(A§ U AS) + P(Bf U BY) + P(BS), (9.38)

and second
G +q+...+qu>0. (9-39)

Recall from Step II we have that P(A{ U AS) < 2y whenever (9.15) and (9.16) are
satisfied. Also, by Step III, P(B{ U B5) < 2y whenever (9.20) and (9.21) are fulfilled.
Finally, from Step IV we have that P(B5) < y provided

w=3 {mg(y—l) +3 (mgz (89—1 |A|)ﬂ, (9.40)

and (9.23), (9.24) and (9.25) are satisfied. In particular, using (9.38) we find that (9.37)
follows from (9.15), (9.16), (9.20), (9.21), (9.23), (9.24) and (9.25). Thus, we must then
show that these equations follow from (5.4), (5.5) and (9.36). Now letq; = ¢» = 6/4.
Then, by (9.36), we have that (9.16) follows (with a possibly different constant), and
EOE';W
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similarly (9.21) follows. Let ¢ = g3 = ... = g;,. By (9.39) and (9.40), we have

16¢ (mg(y*‘) +3 (mgz (89*‘ |A|)ﬂ >0,

and hence (9.25) follows. The only thing left to do is to deal with the requirements on
N. In particular, we need to show that (9.15), (9.20), (9.23) and (9.24) follow when
(5.4) and (5.5) are satisfied. Note that (9.23) and (9.24) are weaker than (9.15) and
(9.20). Thus, we only need to concentrate on (9.15) and (9.20). To see that (5.4) and
(5.5) imply (9.15) and (9.20), observe that

PAU*PNUPx — Ppn = PA(PuU*PyU Pyr — Pyy) Pa,
(since A C {1, ..., M}) and therefore
[PAU*PNU Px — Pall < [IPuU*PNU Py — Py
Hence (9.15) follows from (5.4). The fact that (9.20) follows from (5.5) is clear. Also,
the fact that the left-hand side of (9.35) is equal to zero when 6 = 1 follows from

Steps II-1V and the observation that when @ = 1 wehave g; = ... =¢g, = 1.
Step VI: We claim that, for y > 0,

P (167 PAU" PQU Py — Pall > 1/2) <y, (9.41)
when N € N and € > 0 are chosen such that
|PAU*PYUPs = Pall < 1/4, 6= C-0*(U)-|A] - (log (y71A]) +1).
for some universal constant C. Also, if & = 1 then the left hand side of (9.41) is equal

to zero.
To prove this claim note that, by Theorem 9.3, there is a K > 0 such that

1
P (HG—I(PQUPA)*PQUPA — Pa|[ = 7+ IPAU*PYUPs - PAH) =7,

provided
0 > 4K -v*(U) - |A] -log(|A)),

and

—1
6> 4K - v2(U)- 1Al log(Cy ™) - (k’g (1 i %)) |

This yields the asserted claim. The fact that the left-hand side of (9.41) is equal to zero
when 6 = 1 is clear.
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Step VII: In this final step, we will patch the different parts of the proof together.
Recall that our initial goal was to show that (9.7) follows with probability exceeding
1 — €. Note that in Step V we have shown that if y > 0, then (ii) and (iii) in (9.7)
are satisfied with probability exceeding 1 — 5y, provided (5.4), (5.4) and (9.36) are
satisfied. We are thus only left to show that (i) follows with a certain probability.
However, we immediately recognize that the conditions in Step VI follow from (5.5)
and (9.36), and hence (i) in (9.7) follows with probability exceeding 1 —y. This implies
that (i), (ii) and (iii) in (9.7) hold with probability exceeding 1 — 6y. By choosing y
such that 6y = € we observe that (9.36) follows (with possibly a different C)) from the
conditions in Theorems 6.1 and 6.3. Hence we have finally proved the first assertions
in these theorems. The second assertions follow from the fact that = 1 whenm = N
(and hence also g1 = ... =g, = 1), and Steps V and VI. O

Proof of Theorem 6.4 We will follow the recipe from the of proof of Theorem 6.3
almost word for word, pointing out only where the main differences lie. The first such
difference is the set of conditions provided by Proposition 8.7. In particular, we must
show that there exists a p € ran(U* Pg) such that

(i) 107" PAU* PQU Py — Pall <1/2, (i) [|Pap — sgn(xo)|| < 6/8
(i) | Py pli= < 1/2, (9.42)

is true with probability exceeding 1 — € (note that only (iii) is different from the proof
of Theorem 6.3).
Step I: This is almost as in the proof of Theorem 6.3, except that (9.9) is replaced
by
O Ui} if [ (Pa = a7 PaBa Pa) Zit| < i 1Ziall,

0; = and

a7 PEEq PaZici | < BillZic .
®,_ otherwise,

and the events By and B, in (9.10) are now
Bi: a7 PiEaPazin| =izl =12

Also, (9.13) must be changed to
v
I1Px Pl < Z 195, P B,y Zei—lli

< Zﬁm)nzm bl < V1Al Zﬁr(z) Harm

i=1

Step II: Exactly as in the proof of Theorem 6.1.
Step III: We claim that, for y > 0, then P(B{ U Bf) < 2y, if N, g1 and ¢ are
chosen such that
FoE'ﬂ
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1
PLU*PyUP < 9.43
” A N A”mr = Sm ( )
and
gi=q > C-v3U)-|A|- (log (y_lwl) + 1) , (9.44)
where

w1 = amu (Al g1 8VIADT!, N),

(recall @y, from (5.2)) for some universal constant C > 0. Also, if g1 = q2 = 1,
then IP(B{ U B5) = 0. The claim follows exactly as in the proof of Step III in the proof
of Theorem 6.1 by using the last part of Proposition 9.1.

Step IV: We claim that, for y > 0, then IP’(B§ ) <y, if u, (recall u and v from Step
I) N and {qg3, ..., q,} are chosen according to (9.22), (9.23) and

log, (46~ \/TA])

PLU*PyUP <—=__Y¥ 7 9.45
|| A N A”mr = 8\/m ( )
and also that g3 = g4 = ... = g, = q, where
log (w2)
2
q>C-v (U)-IAI-(— 1), (9.46)
log, (46~ 1/1A])

and

log, (46~ VA N)
VNI

(recall @y y from 5.2) for some universal constant C > 0. Also, if g3 = g4 =

... =gy = 1, then P(B5) = 0. The argument is almost the same as in the proof of
Theorem 6.3, except that the last part of (9.32) should read

Wy = MU (lAI, q

Dy a7 PEEa Pzt > BilIZimal =k 2
and (9.34) should be
IPAU*PNU Pallr < Bj/2.
qj > C-UZ(U)'(% + i\/W). (log 32w2) + 1), j=k+2.
Bi  Bi
Step V: We claim that, for y > 0,
P (IPap = senGco)ll = 6/8 U PR plliw > 1/2) < 5y, (9.47)
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when N € N and 0 > 0 are chosen according to (5.4), (5.6) and
6> C-vXU)-|A|- (log ()/—1) + 1) log (we—‘ |A|) , (9.48)

where

0
©128TATlog(ety—1)’

o =oyu(lAl,s,N), s

and oy, p is defined in (5.2), for some universal constant C > 0. Also, if @ = 1 then
the left-hand side of (9.47) is equal to zero.

The strategy is almost as in the proof of Step V in Theorem 6.1. In particular,
we argue by using Steps II-IV that PP (Bg) < 5y when (9.15), (9.16), (9.43), (9.44),
(9.23), (9.45) and (9.46) are satisfied, and thus (9.47) follows. We then need to show
that these equations follow from (5.4), (5.6) and (9.48). To do this, let g1 = g2 = 6 /4.
Then, by (9.48), we have that (9.16) follows with a possibly different constant. To
show that (9.44) is implied by (9.48), it suffices to show that @ > wj. This will follow
by the definition (5.2) of @y y (recall that the mapping s — wp vy (|Al, s, N) is a
decreasing function), and by observing that

-1

@1 8VIAD™ > s =0 (128/]A]log (¢ "))

To show that (9.46) follows from (9.48), it suffices to show that w > w,. To do this
(as argued above), it is sufficient to prove that

q10g2(49_14/_|A|) -
8VIA[ =

To see why the latter inequality is true, note that

(9.49)

gi+q+...+q.>0.

So, by recalling the value of u (from 9.22) from Step IV and observing that ¢ = g3 =
... =(qu, we get

16¢ {mg(y—l) +3 ’710g2 (89—1 |A|)ﬂ > 6.

In particular, it follows that

log, (407! V/1A]) = 0 log, (49~ VI41) S
17082 ~ 16 (log (y ') +3log, (80— /TAT) +1) = 8log(e*y ')
(9.50)
Thus, we have shown (9.49).
EOE';W
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We are now left with the task of showing that (9.15), (9.43), (9.44), (9.23) and
(9.45) follow from (5.4) and (5.6), and this follows by arguing exactly as in Step V in
the proof of Theorem 6.1

Step VI and Step VII: Exactly as in the proof of Theorem 6.1. O

10 Conclusions and Challenges

This paper provides a new framework for infinite-dimensional CS in Hilbert spaces
based on the ideas of generalized sampling. Although we have presented a mathemat-
ical analysis, there are several issues not addressed in this paper as well as a number
of avenues for further investigations. First, as mentioned, we have also not treated the
issue of noise in this paper. Fortunately, this can be done and follows by extending the
techniques introduced in this paper. We refer to [7] for details.

Second we note that the results in this paper are nonuniform, i.e., they hold for a
fixed signal of a given sparsity rather than for all signals of that sparsity. As mentioned
in Sect. 4 and discussed in [15], uniform recovery of sparse signals with nonzero
coefficients taking arbitrary locations is not possible in infinite dimensions. Moreover,
as explained in [7], this can become an issue even when using finite-dimensional CS
techniques. In problems which are inherently infinite-dimensional, arising in applica-
tions such as MRI, X-ray CT, electron microscopy and radio interferometry, uniform
recovery of all sparse vectors is unrealistic.

Nevertheless, it is of interest to see if the results in this paper can be strengthened
to uniform recovery results over a smaller class of signals, such as sparse signals with
some fixed sparsity bandwidth M, or the sparsity-in-levels class introduced in [7].
Such results could obviously not be based on the standard definition of the restricted
isometry property (RIP). However, alternatives such as the RIP in levels [13] may be
more suitable for extension to the infinite-dimensional setting.

This aside, another strong motivation for infinite-dimensional CS is the desire to
reconstruct functions from a small number of pointwise samples. Although a number of
works have studied this from a finite-dimensional perspective [51,52], the underlying
infinite dimensionality of this problem can lead to a number of issues in practice
[1]. Fortunately, these can be overcome by tackling the infinite-dimensional problem
directly using similar ideas to those introduced in this paper. See [1] for details.
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11 Appendix

This appendix contains all the proofs not given so far. Before we do this, there are two
results that will be crucial. The first is a due to Rudelson [54].
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Lemma 11.1 (Rudelson) Let ny,...,ny € C" and let €1, ...y be independent
Bernoulli variables taking values 1, —1 with probability 1/2. Then

M
Z&'ﬁi ® n;i
i=1

M
> i@
i=1

3
) < 5«/512% lI7: I

where p = max{2, 2log(n)}.

Note that the original lemma in [54] does not apply in this case. Actually, we need
the complex version proved in [61]. We will, however, still refer to it as Rudelson’s
Lemma. The following theorem is also indispensable:

Theorem 11.2 (Talagrand [45,59]) There exists a number K with the following prop-
erty. Consider n independent random variables X; valued in a measurable space Q2.
Let F be a (countable) class of measurable functions on Q2 and consider the random
variable Z = sup per >, f(Xi). Let

S=sup [[fllo. V=supE[D f(X)?
feF fe

i<n

IfE(f(X;)) =0forall f € Fandi < n, then, for each t > 0, we have

]P(|Z — E(Z)| >1) < 36Xp (—%élog (1 + #ﬁm)),

where Z = Sup rer | 2 <n f(Xi)l-

Note that we deliberately forgo the use of any vector/matrix Bernstein inequalities
in the proofs that follow, and instead use Talagrand’s result. This allows for more
flexibility in the infinite-dimensional setting.

We next present the proofs of Propositions 8.5 and 8.6. For this, it is useful to have a
result about the existence of unique minimizers. The finite-dimensional version of the
following proposition has become standard for showing existence of unique minimiz-
ers for finite-dimensional problems found in CS (see, e.g., [20, Lem. 2.1] or [34, Thm.
4.26]). Fortunately, the extension to infinite dimensions is rather straightforward:

Proposition 11.3 Let U € B(I*(N)) be unitary and let @, A C N be such that
|R2], |A| < oco. Suppose that xg € H with supp(xo) = A and consider the optimization
problem
in7f{ Inll;1 subject to PoUn = PoUxy. (11.1)
ne

Suppose that there exists a vector p € 'H such that
(1) p = U*Pgqn for somen € H
(ii) (p,ej) = (sgn(xo), ej), j € A
EOE';W
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(i) [(p,ej)l <1, j ¢ A,

and in addition that PqU Pn : PAH — PqH has full rank, then xq is the unique
minimizer of (11.1). If U and xq are real the converse is also true.

Proof By assumption, thereisa p € [°°(N) such that p = U* Py for some y € PoH
and ||p|l;c < 1. Also, by (ii)

Re((PoU Paxo, y)) = Re((xo, Pap)) = Z sign((xo. ¢;)) (x0. €;) = [lx0ll;1
jea

Thus, by using duality (recall Proposition 8.3), in particular the fact that PQU : H —
Pq’H is onto (this follows since U is unitary) and that

inf{|lx|lp : PoUx = PoUxo} = sup{Re({PoUxo, y)) : |U*Payliie < 1},

it follows that xg is a minimizer. But (p, e;) < 1for j ¢ Asoif & is another minimizer
then supp(§) = A. However, PoU Pa has full rank, so & = xp.

As for the converse in the real case, suppose that xo is the unique minimizer.
Then, for all sufficiently large n, xq is the unique minimizer to the finite-dimensional
optimization problem inf{||x|;1 : x € P,H, PoU P,x = PqUxp}. Proposition 11.3
is well known to be true in finite dimensions [34]. It follows that there is a y, such
that, for p, = P,U*Pqy,, we have (p,,e;) < 1 when j ¢ A and j < n, and
(on, ej) = sgn({xo, e;)) for j € A.lItis easy to see that there is a constant M < oo
such that ||y,|l;oc < M for all large n. Now we can define p = U*Pqy,. Then
P = pn+ PHJ-U *Pqyy, and thus p satisfies the requirements (i), (i) and (iii) for large
n. O

o

Proof of Proposition 8.5 Let « = |A| and also w = {a)j}j:1 ,

define

where w; € C. Now
Vo = Ipnc ® Sy : PAH ® PAH — PAH ® PAH, (11.2)

where S,, = diag ({wj }‘;‘:1) on Po’H and I e is the identity on PEH. Define U (w) =
UV,. Note that to prove the proposition it suffices to show that V,,x is the unique
minimizer of inf{||n|l;, : PoUn = PoU (w)x} for all w, where

wer={(" . &%) ect 6 el0.2m). 15 <a}. (11.3)

Indeed, if the assertion is true, Proposition 11.3 yields that every real ¥ € [*(N) with
supp(X) = A is the unique minimizer of inf{||n|;, : PoUn = PqUx}. Thus, for any
y € [3(N) such that supp(y) = A choose w € A and areal X € 12(N) such that
y = V,,x. Then, by using the assertion above for X we have proved the proposition.
To prove the assertion, note that if @ € A, then V,, is clearly unitary and also
an isometry on /! (N). Thus, it is easy to see that V,,¢ is a minimizer of inf{|||| It
PoUn = PqU(w)x} if and only if ¢ is a minimizer of inf{||n|l;, : PoU(w)n =
PqU (w)x}. We will therefore consider the latter minimization problem and show that
Elol:;ﬂ
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x is the unique minimizer of that problem for all w € A. To do that, it suffices, by
Proposition 11.3 and the fact that U(w) is unitary to show that there exists a vector
p € [2(N) such that

PocU(w)p =0, Pap =sgn(x), [[Pacpllie < 1. (11.4)

Now, for ¢ > 0 (we will specify the value of € later), define the function ¢ :
UgeaB(a, €) — Ry, where B(a, €) denotes the e-ball around «a, in the following
way. Let

W = Ip @ PqocUPac : PAH @ PacH — PAH @ PocH,
and define
@(w) = inf{|| Pacplli= : Wp = t3sgn(x) & —PoeU (w) Patasgn(x)},

where (4 : PAZZ(N) — 12(N) is the inclusion operator. Then (11.4) is satisfied if and
only if p(w) < 1. Thus, to show (11.4) we must show that ¢(w) < 1 forall w € A.

Suppose for the moment that € is chosen such that ¢ is defined on its domain. We
will show that ¢ is continuous. For this, it suffices to show that ¢ is continuous on
B(a, €) for a € A. Note that, by the fact that 5(a, €) is open it is enough to show
that ¢ is convex. To see that ¢ is convex, let wi, w> € B(a, €) and ¢ € (0, 1). Also let
&, 1 € I2(N) be such that

W& = isgn(x) @ —PoeU(w1) Patisgn(x),
Wi = disgn(x) & — PoeU(w) Patlisgn(x).

Note that the existence of such vectors is guaranteed by the assumption that ¢ is defined
on its domain. Now

ptwr + (I = D) < [[Pac(ts + (1 = 0)n)lliee < 1] Pac& e + (1 = 1)[| Pacnlli=.

Thus, taking infimum on the right-hand side yields ¢ (fw; 4+ (1 — f)wp) < te(wr) +
(1 — t)p(wy), as required. Returning to the question of the domain of ¢, note that
if (PQU Pp)* PoU PAlp, 2 is invertible, then (PoU (w) PA)* PoU (w) PAlp 2 is
invertible if ||U (®) — U(w)|| is small and @ € A. Letting

p = U(w)* PoU (@) Pa((PoU (0) PA)* PoU (@) Pal pypavy) ™ ' sgn(x)
we get
PocU Ppcp = —PocU (w) Pasgn(x).

Thus, ¢ is defined on its domain for small €.
Let I' denote the subset of all @ € A such that x is the unique minimizer of
inf{l[nll;, : PeU(w)n = PoU(w)x}. Note that I" is closed. Indeed, if @ € I' and
EOE';W
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{w,} C T is a sequence such that w, — w then @ € I". To see that, observe that since
{U, Q, A} is weakly f stable, it follows that for & € 12(N) satisfying

§lI = inf{linlly : PU(w)n = PoU(w)x}

we have

1§ —xlp < fllo —wpllie), VneN.

Thus, & = x and hence w € T'.

Note also that I is open. Indeed, forif € I then there exist p € H such that p satis-
fies (11.4) (with w replaced by @) e.g., ¢(®) < 1. But, by continuity of ¢ it follows that
@ is strictly less than one on a neighborhood of @. Since (PqU Pa)* PoU PAlp, 2
is invertible, it is easy to see that PoU (w) Pa)* PoU (w) PAlp W2(N) is invertible, for
all € A. Thus it follows by Proposition 11.3 that (11.4) is satisfied for all ® € A in
a neighborhood of @ and hence I' is open.

The fact that I' is open and closed yields that either I' = J or I' = A. The fact that
{1,...,1} € T by assumption yields the theorem. O

Proof of Proposition 8.6 Let V,, and A be defined asin (11.2) and (11.3), respectively.
Suppose that y € I2(N) is real with supp(y) = A. Then, by assumption, V,,y is the
unique minimizer of inf{||n|l;, : PeUn = PqUV,y}, when V,, is real. Thus, by
Proposition 11.3 it follows that there exists a p,, € [2(N) such that

PocUpy =0, Papo =sgn(Voy), [[Pacpollie < 1. (1L.5)

Let B = maxgep {|| PAcpo |1, @ is real}. Itis clear that B < 1. Thus, forevery y € H
with supp(y) = A there exists p, € 12(N) satisfying (11.5) where || Pacpg i <
B. It is now easy to show that (see the proof of Lemma 2.1 in [21]) there exists a
constant C > 0 (depending on B) such that, if § < lz(N), supp(§) = A, is the
unique minimizer of inf{||nl|;, : PoUn = PUE&}, ¢ € [2(N) and x is a minimizer of
inf{|Inll; : PeUn = PU{} then || Pacx]l;, < ClI§ — ¢|l;;- Thus, since

PQUPA(x —§) = PQU(§ —§) — PU Ppcx,

and (PoU Pa)* PoU Pa|p, 7 is invertible, the proposition follows. O

Proof of Proposition 9.1 Without loss of generality, we may assume that ||| = 1. Let
{8 j}?]=1 be random Bernoulli variables with P(§; = 1) = g. We will split the proof
into two steps, where we will prove the finite-dimensional part of the proposition in
Step I, and then tweak these ideas to fit the infinite-dimensional part of the proposition
in Step II.

Step I: We start by noting that, since U is an isometry, we have

N
q~' PuPxEqPan=q"' D PyPyU*S;(e; ® e;)U Pan
j=1
Elol:;ﬂ
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N
=g ' > PuPyU*(8; — q)(ej ® ¢;)U Pan
j=1
+Py PyU*PyUPAY. (11.6)

Our goal is to eventually use Bernstein’s inequality, and the following is therefore a
setup to do so. For 1 < j < N, define the random variables

Yj =q ' PuPrU*(; — q)(ej ® ¢;)U Pan,
X;- = (qilU*(Bj —q)(ej ®ej)UPan,e;), ieA°N{l,...,M}.

Thus, for s > 0 it follows from (11.6) that

N
P (Hq_IPMPi_EQPAUHIOO > s) =P([D Y+ PuPAU*PyUPAn| >
Jj=1 [®

N
< Z P Zx}+(PMPALU*PI¢UPAn,ei> > s
ieAN{l,....M} j=I

N
< > P> Xi|>s—IPuPRU*PNUPAlm |,
ieAcN{l,...,M} j=I

where we have used the fact that U is an isometry and hence
Py PRU*PyUPy = —Py PXU*PRUP,.

Thus, by choosing s = ¢ + || Py PA U* Py U Pallmr We deduce that

P (Hq*PMPALEQPMHlOO >+ | Py PEU PN U Pallmr)

N
= > P> x>t (11.7)

ieAcn(l,..., M} j=1

To estimate the right-hand side of (11.7), we shall use Bernstein’s inequality, and in
order to do that, we need a couple of observations. First note that

E(1XiP) = ¢ E (WU Pan. ) — q)(e; ® eUen)P)
= q_zE ((8j - q)z) |<UPA77, €j><Uei, €j>|2
=7 A= QU Pam. e} {Uei ). i€ AN{L..... M).

FoC'T
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Thus

N
S E(1X1) = a7 A=@lnlPv?W) = ¢~ A=wAU), i€ ANl ... M),
j=1

(11.8)
Also, observe that

X5 =g — @ll(n, PAU*(ej ® e)Ue;)| < max{(1 — q)/q, }v*(U)V/]A],
(11.9)
for1 <j <Nandi € A°N{l,..., M}. Now applying Bernstein’s inequality to
Re(X)), .. Re(X ) and Im(X’) Im(X ), we get that

N
ZX; >t
j=1

2
g (1 — @)v2(U) + max{g~'(1 — q), Jw2(U)/TATt /332
(11.10)

foralli e A°N{l,..., M}. Thus, by invoking (11.10) and (11.7) it follows that
P (JatPupiEaPan| = 1+ IPuPEU VU Pallmr) < ¥

when

q= (ﬂ + Kr)log (;mcm {1,...,M}|) VA(U).

3

The first part of the proposition now follows. The fact that the left-hand side of (9.3)
is zero when ¢ = 1 is clear from (11.8) and (11.9).

Step II: To prove the second part of the proposition, we will use the same ideas; how-
ever, we are now faced with the problem that P AL Eq Pan (contrary to Py P AL EqPan)
has infinitely many components. This is an obstacle since the proof of the bound
on Py Pi- Eq Pan was based on bounding the probability of the deviation of every
component of Py Pi_EQ Pan, and thus, if there are infinitely many components to
take care of, the task would be impossible. To overcome this obstacle, we proceed as
follows. Note that, just as argued in the previous case in Step I, we have that

N
q ' PxEqPan =) Y;+ PyU*PyUPu,
j=1
Y; =q 'PU*; — q)(e; ® ej)U Pan. (11.11)

Fo C 'ﬂ
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Define (as we did above) the random variables
X =(q7'U*(8j —q)(e; ® e))UPan. €i), i€ A°.

Note that we now have infinitely many X'.’s. However, suppose for a moment that for
every t > ( there exists a nonempty set A, C N such that

N

Psup (D X5 >1]=0 [A\A]<o0. (11.12)

€A j=1

Then, if that was the case, we would immediately get (by arguing as in Step I and
using (11.11) and the assumption that ||n|| = 1) that

P(|a'PiEaPan| > 1+ 1PAU*PKUPslm)

N
=P (|D Y+ PAU*PFUPAn| >t + | PyU*PNUPAllmr

Jj=1 ]o©
N
i
> e[
P€|A\A;] j=1

Thus, we could use the analysis provided above, via (11.10), and deduce that
P (| PdEapan| > 1+ 1PEUTPYUPAI) < v

when

2 4

q z(tz +3—{\/ )log (—|AC\At|) Vv2(U). (11.13)
v

Hence, if we could show the existence of A; and provide a bound on |A€\ A;|, we

could appeal to (11.11) and (11.13) and complete the proof. To do that, define

N
Ar=1i¢g AP D PAU*Sj(ej@epUei| <tq | =1
j=1

Note that (¢; ® ej)Ue; — 0 asi — oo forall j < N. Thus, A; # (). Moreover, we
also immediately deduce that |[A“\ A;| < oco. Note also that (11.12) follows by the
fact that Xi. = (n,q ' Px U*Sj(ej ® ej)Ue;) and the Cauchy—Schwarz inequality.
With the existence of A; established, we now continue with the task of estimating
|A€\ A;|. Note that to estimate | A \ A;| we need information about the location of
A which is not assumed. We only assume the knowledge of some M € N such that

FoE'ﬂ
@ Springer L|.. jO E|



Found Comput Math

Py > Pa. Thus (although an estimate of |A¢ \ A;| would be sharper than what we
will eventually obtain), we define

Ay(AL M y=1ieN | Pr,U*Pr,Uei| <tq

: max
Ficfl,... M}, T =] A
r>c{l,...,N}

Note that it is straightforward to show that [\q(lAL M,t) C A;. Also, 1~\q(|A|, M, 1)
depends only on known quantities. Observe that, clearly, for any I'y C {1,..., M}
and T, C {l,...,N} then |Pr,U*Pr,Uei| — oo as i — oo. Thus,
[A°\ Ay(JA], M, t)| < oo and since Ay (|Al, M, t) C A, it follows that

A\ Aga 0] < |}ieN | Pr,U* PryUei| > g

: max
ric{l,...M},|T1|=|A]

This gives the second part of the proposition. The fact that the left-hand side of (9.4)
is zero when g = 1 is clear from (11.8) and (11.9). O
Proof of Proposition 9.2 Without loss of generality, we may assume that ||5|| = 1.

Let {‘Sj}jyzl be random Bernoulli variables with P(§; = 1) = g. Also, for k € N, let
& = (U Pp)*eg. Observe that, since U is an isometry,

N 00
g (PQUPA) PQUPA =D ¢ '8k ® &, Pa=D &®&,  (11.14)
k=1 k=1
and

=<

1
H (—(PQUPA)*PQUPA - PA) n
q

N -
(Z(q]&c -D&® Ek) n
k=1

+I(PAU*PNU Px — Pa)nll, (11.15)

where the infinite series in (11.14) converges in operator norm. To get the desired
result, we first focus on obtaining bounds on ||(Z,1(V:1(q_18k — D& ® &)nll. The
goal is to use Talagrand’s formula, and what follows is a setup for that. In particular,
let { € H be a unit vector and denote the mapping H > & — Re((§, ¢)) by Z.
Let F be a countable collection of unit vectors such that for any £ € H we have
€1l = sup,er g:(é), and now define

N
Z=|XIl. X=DZr. Zt=(q "% - D& &)
k=1
Elol:;ﬂ
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Note that the following is clear (and note how this immediately gives us the setup for
Talagrand’s Theorem)

N
(Z(q‘lak - D& ® ék)n

k=1

7 =

N N
~né(X zk) )
(EJ: k=1

teF k=1

N
~ 2
sup]E(Z;(Zk)z)g supE (D (¢7'8c = 1) 166k )P 16k, mI?
k=1

teF teF k<N
<q ' —q) D &Il ex, UPam)
k<N
<q 1=’ W)IA]

To use Talagrand’s theorem, we must estimate the following quantities:

N
V=sup1E(ZE<zk>2), S = sup |1 lco, R=E(

{E]'— k=1 {Gf

N
>
k=1

For V we have the following estimate:

where we have used the fact that U is an isometry in the step going from the second
to the third inequality. The S term can be estimated as follows. Note that

£z =1(a7"8 = 1) 16 )1 ) < max{g™ — 1, DuAW)IAL k<N,
(11.16)
thus
S <max{g~' — 1, }v*(U)|A|. (11.17)

Finally, we can estimate R as follows:

2

N N
E(I1D 2z | =D BUZIP + D E(Zk, Zj))
k=1 k=1 ksj
<q ' =q) D &l (ex. U Pan)?
k<N

<q ' - U)Al,

again using the fact that U is an isometry. Therefore,

2
E(|> z)) < [E[|> 2| | =/ara-puwia.  ars)

k<N k<N

FoC'T
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With the estimates on V, S and R now established we may appeal to Theorem 11.2
and deduce that there is a constant K > 0 such that, for 6 > 0,

d

<3exp (—% (max{q—1 _1, 1}v2(U)|A|)_1 log (1 T g)) . (11.19)

N
(Z(q‘lak - D& ® ék)n

k=1

> 0+/g'(1 —q)v2<U>|A|)

provided ¢ is chosen such that the right-hand side of (11.18) is bounded by 1 (this is
guaranteed by the assumptions of the proposition). But by (11.15) it follows that for
any r > 0, we have

=)

>r—|[(PAU*PNU P — PA)||). (11.20)

P (” (l(PQUPA)*PQUPA - PA) n
q

N
< P( (2(4_15k — D& ®§k)n

k=1
Therefore, by appealing to (11.20) and (11.19) we obtain that

1
P (H (—(PQUPA)*PQUPA — PA) n
q

0 —1 0
< 3exp (—; (max{q—1 -1, 1}u2(U>|A|) log (1 + 5)) :

> 60+\/g71 (1 - U2(W)IA| + :)

where E = ||(PAU*PyU Pa — Pa)||. Choosing 6 = t/2 yields the proposition. O
Proof of Theorem 9.3 The proof is quite similar to the proof of Proposition 9.2. Let

{8 j}?/:l be random Bernoulli variables with IP(§; = 1) = 6. Note that we may argue
as in (11.14) and observe that

He—l(PQUPA)*PQUPA — P, H <

N -
DO - DERE
k=1

+ [ (PAU*PNU PA — Pa)| (11.21)

where & = (U Pa)*er. To get the desired result, we first focus on getting bounds
on || z,ﬁ’:l(e—lsk — D& ® &k||. As in the proof of Proposition 9.2, the goal is to
use Talagrand’s thereom and the first step to do so is to estimate E (|| Z]|), where

Z =008 — DE ® .
Claim: We claim that

E(1Z])* < 48 max{log(|A]), 136~ v (U)|A], (11.22)
FoCTM
Uy
@Sprmger L0



Found Comput Math

when
6 > 18 max{log(|AJ), 1}U2(U)|A|.

To prove the claim, we simply rework the techniques used in [54]. This is now standard
and has also been used in [19,61]. We start by letting 6 = {(Sk},](\/:1 be independent

copies of § = {5k}1](V:1- Then
N
Z — E; (Z( 15 —1 Ek®$k)H)
k=1
N
< Es (Eg( Z—Z(e—lsk— 1) 85 Q& )) (11.23)

k=1
by Jensen’s inequality. Let ¢ = {e j}’/\’: be a sequence of Bernoulli variables taking
values &1 with probability 1/2. Then, by (11.23), symmetry, Fubini’s Theorem and

the triangle inequality, it follows that

o= oo
< 28, (E( )) (11.24)

k=1
Now, by Lemma 11.1 we get that

<3 2log(|Al), 2}0!
< 3/max(2log(|A). 216" max [

Es (I1Z11) —Es(

N

> e ( 08 — 971&) & @&

k=1

D ad ' ab &

N -
D ab” sk @&

k=1

N
D 07 IaE ®E|. (1125

k=1

And hence, by using (11.24) and (11.25), it follows that

N

Z+ZEk®§k

k=1

Es (1Z1) = 3\/max{210g(|AI), 20~ (U)|A| Es(

).

Thus, by using the easy calculus fact thatif r > 0, ¢ < l and r < c«/r_+ 1 then

r<c(l+ \/5)/2, and the fact that U is an isometry (so that || lejzl E Q&I < 1),
it is easy to see that the claim follows.

FoE'ﬂ
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To be able to use Talagrand’s formula, there are now some preparations that have
to be done. First write

N
Z= sz, Zy = (9_15k — 1) & ® &
k=1

Clearly, since Z is self-adjoint, we have that || Z|| = sup,cr [(Zn, )|, where Gisa
countable set of unit vectors. For n € G, let the mappings B(H) > T +— (Tn,n)
and B(H) > T — —(T'n, n) be denoted by 7 and 7, respectively. Letting F denote
the family of all these mappings we have that || Z|| = sup;. . » Zng 1i(Zy), and the
setup for Talagrand’s theorem is complete.

Fork =1, ..., N note that

7zl = [(67'8c = 1)1 @ &) mm)l < 07" g%
Thus, after restricting 7; to the ball of radius 6! max<n ||&k ||? it follows that

S = sup [[fillc <0 "max|&)* <67V (U)IA (11.26)
nieF k<N

Also, note that

v=swE (X iz | < sk (X (675 1) el

77,'6.7: kSN T)E]“ kSN
< max g1 (67" — 1) sup 3 I(ex. U Pam)
k<N '76]:1;\1
= (07" = ) maxligl? < (67" = 1) 2W)IAL (11.27)
k<N

where the third inequality follows from the fact that U is an isometry. It follows by
Talagrand’s inequality (Theorem 11.2), the earlier claim (and requiring that the right
hand side of (11.22) is bounded by one, which is guarantied by the assumption of
the theorem), the first part of the assumed (9.6), (11.26) and (11.27), that there is a
constant K > 0 such that for r > 0

{l
<3exp (—%(9_1v2(U)|A|)_llog (1+%)) (11.28)

But by (11.21) we have
=)

> r — ||(PAU* PyU Pa — PA)ll). (11.29)

N _
DO - Da &

>1 448 log(|A|)91U2(U)|A|)
k=1

1
P (Hg(PQUPA)*PQUPA — Pa
N

DO - D& @&

=
k=1

FolCT
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for any » > 0. Therefore, by appealing to (11.29) and (11.28) we obtain

P

1
(Hg(PQUPA)*PQUPA — Pa

> 1 +481log(|ADO WA (U)|A| + :)

oo _ t _
< 3exp (—E(e W2 (U)IA) ]log<1+§)), E=|(PAU*PyUPx.—Pp)|.

for ¢t > 0. Choosing t = % yields the first part of the theorem. The last statement of
the theorem is clear. O
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