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Chapter 1

Background

1.1 Compressed sensing

Traditionally, given a linear system

y = Az, (1.1)

for y € C™, A € C™*V it requires the dimension m, N of A satisfy m > N to guarantee the uniqueness
of the recovery.

From empirical observation one obtains that various types of signals admit sparse representation with
respect to certain bases or frames. Which means, comparing to how much information the dimension can
be loaded, these signals carry in fact only few information farer away than that. In this situation, can we
recover them also from measurements less than the system can carry, i.e., in mathematical expression,
m << N7 Sparse recovery has already long history. This problem is nowadays called compressed sensing
(CS).

Candes, Romberg, Tao [12], and Donoho [21] first combined the ideas of linear program, or ¢-
minimization with a random choice of compressed sensing matrices [26]. Recovering the sparse signal by
solving a linear program is called basis pursuit.

Compressed sensing [12}/14,21] deals with reconstructing (approximately) sparse vectors x € R from
significantly few measurements generated linearly from z by the form ({a;,z))™, with vectors a; € RV
and m < N. Exact recovery is theoretical possible, due to the low information carried by the original
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signal and its “oversampled” measurements. In contrast to its linear structure between the signal and its
measurements, the recovery is done non-linearly by such as a convex optimization problem or a greedy
numerical algorithm (e.g., [61|16/23,/41]).

Given a measurement matrix A with rows (4;)7, € RY well-chosen vectors, the measurement noise
denoted by (e;),, m measurements (y; = (A4;, z)+e¢;)7; and & recovered from ¢;-minimization problem,

then the recovery of the standard compressed sensing problem

y=Azx+e, (1.2)

will have a guaranteed result (e.g., [12,[14]21], see also |26]) that the solution & to the optimization
problem

min ||z||; subject to [[Az — yl|2 < €, (1.3)
z

can be bounded meaningfully from above, see an example below. Denote the set of sparse signals with
unit length in ¢y, Dy v := {z € RY, supp(z) < s, ||lz]l2 = 1}, define o4(2), = minyep, |2 — v, the
best s-term approximation error of = in £,, which is a function that measures how close x is to being

s-sparse. |12,/21] show that for a wide class of random matrices the solution Z to (1.3 satisfies

€ os(x)1
\/EJF N ) (1.4)

o — 2 < v (

when m > Cyslog(N/k), for some positive constants C; and C5. Note that which implies directly that
in noise-free scenario, an s-sparse signal & can be uniquely determined.

In the following section, several popular criteria for unique recovery of compressed sensing are intro-

duced.

Sparsity and criteria for reconstruction

We refer the reader to [26] for further information of this chapter. When m << N, under certain
criteria (for example, null space property), the ¢;-minimization problem (L.3)) recovers a sparse signal
from (|1.1) guarantees the reconstruction (when the error is under control). There are three scenarios to
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be considered and therefore three varied types of null space property are required respectively to control
the reconstruction error. They will be briefly listed below, and will be introduced more precisely in the

following sections.
1 If x is sparse and no noise exists, then the null space property guarantees recovery.

2 If z is approximately sparse and no noise exists, then the stable null space space property guarantees

approximate recovery.

3 If x is approximately sparse and measurement noise exists, then robust null space property guar-

antees approximate recovery.

Note that robust null space property implies stable null space property implies robust null space

property.

Null Space Property

Definition 1. [26]/ A matriv A € C™*N s said to satisfy the null space property relative to a set
S C [N] if

lvslli < |Jvg|l1 for all v € ker A\ {0}. (1.5)

It is said to satisfy the null space property of order s if it satisfies the null space property relative to any

set S C [N] with card S < s.

Theorem 1. [26] Given a matriz A € C™*N | every s-sparse vector is the unique solution of with

e = 0 if and only if A satisfies the null space property to the set S.

Proof. Given v € ker A. Since the theorem is for all y, to verify the theorem, for any support set S with

cardinality s the problem (|1.3)) with y = Avg and € = 0. Since

Av = A(vg +vg) =0
=A(vs +vg) = A(vs) — A(-vg5) =0

= A(vs) = A(~vs)



By assumption vg is supported on S thus the unique solution of thus |lvs|l1 < |lvgl|li- Conversely,
given z € CV a solutions to (1.3)), if there is z, which is also a solution to ([1.3)), (z can be either s-sparse

or not.) Denote support set of z, S, respectively, then,

lzll1 < llzs, — 25, /11 + ll2s, |11
<[z = 2)g, Il1 + 25,1
= llzg, lr + [lzs, [I1

= [lz[l1,

which constricts the assumption that both of them are minimizer of Therefore the solution to|[l.3|is
unique. O
Stable Null Space Property

In this chapter a criteria stronger than null space property will be applied for the signal z is now only

approximately sparse, then we have

Theorem 2. [26] For any 1 >p >0 and any z € C¥,

1
0s(¥)e < 7oy (1.6)

Proof. Without loss of generality we can rearrange x; according to its length (¢;-norm) in nonincreasing

order and assume |x;| <0 foralli=1,...,N. Then

j=s+1
N
< (27 D (layl)”
j=s+1
1< a=p N
< (2 (W) ) (3 ()
j=1 j=s+1
1 =
< (Cll=lz) =) (el
1
= — =l



A tighter bound to Theorem [2] is:

Theorem 3. [26] For any q > p > 0 and any z € CV, the inequality

Cp,q
0u(@)g < 2l (1.7)
holds with
Cpg = [(g)p/qu = g)l—”/qw <1 (1.8)

Proof. Again, following similar steps as in Theorem without loss of generality, given signal x = (xj);-vzl

nonincreasing rearranged according to length of z;’s. O

Robust Null Space Property

If there exists measurement noise, i.e., € in (1.3]) is not always 0, then define the criterion robust null

space property as following.
Definition 2. [26] The matriv A € C™*N is said to satisfy the robust null space property (with respect

to || - ||) with constants 0 < p <1 and T > 0 if for any set S C [N] with card(S) < s if

lvslls < pllvslls + 7]l Av] for allv € CV. (1.9)

Note that in the definition v doesn’t need to be in ker A.

Theorem 4. [26] The matriz A € C™*N satisfies the robust null space property with constants 0 < p < 1

and T > 0 of order s if and only if for any S with |S| < s

2T
_pllA(Z*Z)H (1.10)

1+
Iz =2l < T2zl — lleh + 2sl) + 5

Further the £4-robust null space property defined as
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Definition 3. [26] The matriz A € C™*N is said to satisfy the {,-robust null space property of order

s (with respect to || - ||) with constants 0 < p <1 and 7 > 0 if for any set S C [N] with card(S) < s if
lvslle < <F loslh + llAvl| for all v e CV. (1.11)

Theorem 5. [26] Given 1 < p < q, suppose that the matriz A € C™*N satisfies the Lq-robust null space

property of order s with constants 0 < p < 1 and T > 0. Then, for any x,z € CV,

Iz =2l < (12l = llzllx + 204(2)1) + Ds'/P= 9| A(z = )], (1.12)

sl—1/p
where C := (1 + p)?/(1 = p) and D := (3+ p)7/(1 — p).

Restricted Isometry Property

The null space property is not easy to be proved diretly, therefore restricted isometry property (RIP) is
used as the most popular criterion in the CS regime since first introduced in [13]. Plenty of papers focus
on proving the RIP of different types of matrices such as Gaussian random matrices [2], subgaussian
random matrices |26], partial random discrete Fourier matrices [46], In this thesis we will use our new

method as another approach to prove the RIP of partial random discrete Fourier matrices.

Definition 4. [13] The restricted isometry property of order s with constant, called restricted isometry

constant, 65 = 05(A) of a matriz A € C™*N is the smallest § > 0 such that
(1= 0[5 < [[Az[5 < (14 6)|lz]l3 (1.13)

for all s-sparse vectors x € CN.

Checking the restricted isometry property is in general an NP hard problem [53], and deterministic
matrices with guaranteed restricted isometry property are known for relative large embedding dimensions
(e.g., [20]). Therefore many papers on CS work with random matrices. Random matrices such as
subgaussian matrices |2], partial random circulant matrices [39], and partial random Fourier matrices [46]
are known to have the restricted isometry property for large enough embedding dimension with high
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probability. Examples of subgaussian matrices include Gaussian and Bernoulli. Such matrices are shown
to have the restricted isometry property provided m = Q(slog(eN/s)) (e.g. [2]). This order of the

embedding dimension m is known to be optimal [47].
Define Ds v := {x € RN : ||z|2 = 1 and |supp(z)| < s}, equivalently,

= sup |[[Az|3-1]. (1.14)

A 2 _ 2
o= sup [Vl el
z€Ds N

€D, N [Ed[5:

Since /5-robust null space property implies robust null space property implies stable null space prop-
erty implies null space property and of purpose of this thesis, only that the restricted isometry property
implies robust null space property will be shown. In the following theorem, the restricted isometry

property is shown to imply robust null space property.

Theorem 6. |25/ Given compressed sensing matriz A € C™*N having restricted isometry property with
constant da5 < 1/9 then the matriz A satisfies the lo-robust null space property of order s relative to the

ly-norm on C™ and with constants 0 < p < 1 and 7 > 0 depending only on 5.

Proof. Let v € C™, and let S = Sy denote an index set of s largest absolute entries of v and further Sy

of next s largest absolute entries, etc. By similar argument as in

1
[vs, ll2 < Ellvsk,lllu for all k=1, (1.15)

so that a summation gives

1
D llvsellz > Z vl (1.16)

k>1
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By assumption of restricted isometry property

lvsl3 = llvs, 13 < 7— 1l Avs, I3
0
1
= 1_58 <AVSO,A'U_AU§O>
1
= 5 (Avso, Av) — 1= 5 Avso,];AvSk
1
= Avly — Avg,, A
=g Mvslaldvle - 5 3 tdus, Avs) >
\/7
< Hvsoll 14v]l2 = 37— D (Avsy) sousis Alvs, ) spusi)
S k>1
\/ 1
5 ” So” [Av|l2 — 1-5 Z(<A(USO)SOUSR-7A(vsk)sousk> - <USOVUSk>)
s S k>1
_VI+9, 1 .
1-9 ” SOHQHAUH2_ —5 Z<(ASAS_Id)(USO)SOUSk?(Usk)SOUSk>
s S k>1
ML Hvso||2HAv||2+1—ZH (Az 4, — d)us, s s,
s E>1
1496
< L g, =3 s, lallos,
s S k>1
V1+ 05
< 75 wsoll2| Z5ze||vso|| l[vs, |2
s S E>1
\/1+(5S
T3 Ivsoll2llAvll2 + 5 IIDSO\\zszskllz
s k>1
V1+ 0
< T lvsell2llAvllz + 7= ||USOH22HU& (I
s E>1
V1+ 0,
< T3 Iwsoll2llAvllz + 5 IIUSOH lvgll,
cancel both side by ||vg, ||2, which equals ||vs]||2
\/1+(5 025
losllz < =— IIA ll2 + || sl

Since 05 < 09y <

in .

1
97

\/ 1+5 > 0
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1.2 Quantization

Given an analogue signal, one needs to transform the signal into finitely many digits to make the digital
transmission and storage possible. How can one represent it by finitely many digits? First thanks to the
research result from physicist Nyquist, the Nyquist rate ensures that, with sampling rate twice faster
than the largest signal frequency, one can exactly recover the signal without any loss. This means a
continuous signal can be represented by these discrete values (called measurements). Since this works
for signals, to which the frequency is bounded (otherwise there is no such “largest” frequency). This
is an important result of sampling theory in Fourier analysis, and is uniquely determined by these
measurements. Precisely, the signal is proved to be able to be represented by a linear expansion of the

measurements with respect to a basis formed by sinc functions (this led to research on wavelets).

Sampling indeed discretizes the signal, however these sampled data can be irrational numbers, which
cannot be represented by finite digits. Quantization is the technique to represent these data by finitely
many digits (rational numbers). This ”transform” is called ”quantization” (or modulation).

Quantization consists of two steps, sampling and representing by finitely many symbols from a finite
alphabet. An alphabet is a finite set of numbers. The most natural and usual choices of alphabets have
equispaced elements, as for example we will focus in the so-called mid-rise alphabet with 2L levels and
step-size A, denoted by A% and given by A := AZ + iAZ. The extreme case of such an alphabet is
the 1-bit quantization alphabet, which we denote by A = {—1,41}. It is called one-bit quantization,

because each element is represented by one-bit digit.

1.2.1 Memoryless scalar quantization

Memoryless scalar quantization quantizes each component independently. Intuitively one might use it

to quantize (compressed sensing) measurements.

As an simplest example of MSQ, pulse code modulation (PCM) uses a scalar quantizer

Q_A:(C—>A

z argirélﬁv v (1.18)
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to quantize every entry of a vector y independently.

However it has its drawback in context of compressed sensing. This will be discuss further in Chapter

therefore we work in this thesis with another structured quantization method, ¥ A-quantization.

1.2.2 Y A-quantization

In [29] Giintiirk showed that even with extreme coarse case (one-bit), one-bit well-designed ¥ A-quantization

can reach a reconstruction error decays exponentially in A = = as O(27%07)

, while the expected bound
is O(27*), where 1/ is the sampling rate. In [19] Deift et al. designed a family of ¥ A-quantizationby us-
ing rth order greedy ¥ A-quantization together with a feedback filter, and then they improved the bound
from O(27%97}) to O(27%-192%). This bound is further improved in [18], in which a near-optimal coeffi-

cient comparing to the optimal result in [38]. In [38], the first lower bound for one-bit X A-quantization

is provided, which says for K-bit quantization the lower bound is bounded by O(2=5/*).

As an introduction to Y A-quantization, see an example on the first order greedy XA-quantization,

which runs the following iteration:

g = Qayi +ui—1)

(1.19)
Ui = Ui-1 T Y — G
where Q 4 as defined in (1.18]).
Generally, an M order Y A-quantization with quantization rule p : R™*! — R iterates
¢ = Qalp(Yiswi1,Ui—2,. .., Ui—y)),
(1.20)

Ui =Yi—qi — Z;Zl (;)(—1)jui—j,

for some quantization rule p.

We say a Y A-quantization is stable, if for all m € N, and for all y € R™ with ||¢|| bounded from
above, or equivalently if the quantization rule p and property of y in recursion (1.20) imply that w in

(1.25)) is bounded from above by an absolute constant which depends only on the order r in the form

[ulloe < (7). (1.21)

16



As an example of stable r-th order greedy X A-quantization, which is also the Y A-quantization used

through this thesis, is introduced below in Chapter [T:2.3]

1.2.3 The r-th order greedy Y A-quantization

The rth order greedy Y A-quantization is defined as following.

¢ = Qalp(Yi, Ui—1,Ui—2, ..., Ui—y)),

Ui =Y — G — Z§=1 (;)(*1)%@—3‘7

(1.22)

where

" r
P(Yis Wim1, Ui2s - Uimy) = Z (J) Un—j + Yn- (1.23)

j=1

Using the first-order difference m x m matrix D with entries given by

1 ifi=j
i =9y -1 ifi=5+1> (1.24)

0 otherwise

the relationship between z, u, and ¢ can be concisely written in matrix-vector notation as
D'u = y—gq. (1.25)

Since y is bounded, if the alphabet A = AZ, for some (small) quantity A, |u;| < 5, then ||go is

bounded, i.e., this quantization is stable. And further, |jull> < /m% and

q; is within the range [+(2" "' A+||y|ls)]. This can be generalized similarly to an alphabet A = AZ+iAZ.
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Daubechies et al. |17] shows that for band-limited functions, reconstruction error from rth order

greedy YA quantized measurements is bounded by O(A~%).

1.3 Compressed sensing and quantization

Only concerning about compressed sensing without quantization is actually not practical, since nowadays
the process of this technique is done on computer. For transmission and storage of the data, one must
represent the data by only finitely many digits.

Signal recovery from quantized compressed sensing measurements is the main topic of this thesis.
More precisely, we estimate the error bound of the signal recovery , with a two-stage signal process, first
by compressed sensing and then quantization.

There are plenty of works focusing on the first stage of signal process, i.e., the compressed sensing
introduced in chapter The second stage, the quantization, which was first applied on frame structure
was introduced in chapter

In this chapter we recap the papers which worked on quantization on compressed sensing.

In the compressed sensing context, quantization is the map that replaces the vector y = Az +e € C™

by a representation that uses a finite number of bits as of the form

Q:C™ =A™,

where A C C is a finite set, called the quantization alphabet. Both memoryless scalar quantization and
Y. A-quantization discussed in this thesis use this quantization map.

As the reconstruction, Zymnis et al. in [56] provided two decoder based on maximum likelihood
and least square respectively. The performance is shown numerically. A more “compressed sensing-like”
reconstruction was proposed in [34] by Jacques. Instead of reconstruct the quantized measurements by
standard ¢; minimization with ¢3-norm constraint on the noise (called Basis Pursuit DeNoise (BPDN)).
Jacques et al. proposed Basis Pursuit DeQuantizer of moment p (BPDQ,) as a decoder for general
quantization. BPDQ), is also an ¢;-minimization optimization problem, but with £,-norm constraint on
noise. It is showed that the reconstruction error is bounded if the compressed sensing matrix satisfies the
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restricted isometry property of £,-norm. And for Gaussian compressed sensing matrix the reconstruction
error outperforms that reconstructed via BPDN by dividing its error bound by v/p + 1. Methods proposed
in these two papers are designed for arbitrary quantizer. In contrast to it, [48] provided the decoder
designed specifically for rth order greedy XA-quantization. This is also the decoder we used in our

research, see Chapter [4}
Considering about the quantizer, in [51], it concerns about designing an optimal quantizer.

In [10], it is the first time that the one bit compressed sensing is considered, and instead of recover
the signal by traditional basis pursuit and treating the one-bit quantized Gaussian measurements simply
as +1, Boufounos et al. treating the measurements as sign constraints and then solving an optimization
problem (this is however non-convex) on a unit sphere, and it was shown numerically to outperform the

traditional reconstruction stably and robustly.

In contrast to [10], a sub-Gaussian compressed sensing matrix is used in [1]. Also by treating the
quantized measurements as signs and reconstruct the signal by an convex optimization problem, one

achieves the error bound by O((slog(N/s)/m)'/*).

There can be a variety of choices as the decoder for reconstructing the signal from its one-bit mea-
surements. In [42], Plan et al. showed that the reconstruction for accurately recovering of an s-sparse
signal can be achieved by simply solving a linear program. It is in [50], a reconstruction from memory-
less one-bit measurements of a structured compressed sensing matrix is analysed. It is shown that with
number of measurements m ~ ¢~ *slog(N/se), any s-sparse can be recovered with error e. This result

holds due to the ¢; /¢s-restricted isometry property of the circulant Gaussian matrices.

Beside the discussion on one-bit quantization (either memoryless quantization, Y A-quantization,
or any other quantization schemes), [24}|28]/37,/49], use a more generalized alphabet, with Gaussian
or sub-Gaussian compressed sensing matrix. And it is worthwhile to note that in these works the
compressed sensing matrices are within the range of sub-Gaussian matrices or directly assuming the
restricted isometry property of the compressed sensing matrix. And signal recovery from quanized
measurements of a structured compressed sensing matrix is discussed in [32}[50L/55]. No paper prior
to [32] analysed quantization on structured compressed sensing matrices, such as discrete Fourier matrix
or partial random circulant matrices. More details are provided in Chapter [1.3.2
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1.3.1 MSQ on CS

MSQ is a nice choice to analyse the effect and performance of quantization on compressed sensing, due
to its simplicity. The first paper with MSQ on compressed sensing is [10]. It has been however shown
that, MSQ has its theoretical limit in the context of compressed sensing. What does it mean? Let us
consider how we can do to improve the error bound in practical? First, we can increase the number of
the measurements. Or we can use a finer alphabet.

And indeed if treating the measurements after MSQ quantization as noise in compressed sensing
problem, and then reconstruct the problem by standard decoder such as 7 it is true that one can
have smaller noise if a finer alphabet is used, which means by the reconstruction guarantee a smaller
reconstruction error bound. This is somehow not meaningful for a fixed quantizer, therefore which is
outside the discussion about improving the reconstruction error bound in context of quantization on
compressed sensing. The meaningful pursuit for better bound is then to increase the number of the
measurements.

In fact it has been shown that MSQ is not an efficient quantizer for compressed sensing [927], in [35]

that the error in reconstructing sparse signals from 1-bit quantized measurement is bounded by
O(slog(N/s)/m).

In fact shown by Goyal, Vetterli, and Thao [27], even if the support set is given, the reconstruction

error of MSQ cannot be better than
Q( 1og(N/s))
m 8 ’

This bottleneck of MSQ in context of compressed sensing comes from the fact that each measurement
is mapped individually, which, however, doesn’t benefit from the structure of compressed sensing, i.e., the
nicely redundant linear structure. While quantizing each of the measurements, the correlation between
measurements is totally ignored.

On the other hand, in ¥ A-quantization schemes, each measurement is quantized by taking the pre-
vious quantization steps into account. Although it is not designed based on the correlation of the mea-
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surements, one is correcting in each iteration the quantization error from previous iterations, therefore
Y A-quantization outperforms MSQ. In [51], a quantization scheme is created specifically for compressed
sensing measurements. This scheme is however not so commonly used in practice. Therefore in this

thesis we still work with Y A-quantization.

1.3.2 YA-quantization on CS

A compressed sensing problem has its hidden structure as a finite-frame expansion once the support set
is determined.

Besides directly analysing the reconstruction error from XA-quantized compressed sensing measure-
ments, papers [3H15,7,8,15,36437,43./55] also work with ¥ A-quantizationon finite-frame expansions. One

can view in this context that the sparsity s of x as the dimension of z, i.e., s = N here.

In [4], signal recovery from first order XA quantized frame expansions under different frames are
analysed by Benedetto et al. It is shown that for normalized tight frame and harmonic frames, the
reconstruction error is bounded by O(s/m). Soon after that Benedetto et al. provided the result on
second order A quantized frames expansion [3]. In [3], for unit-norm tight frames and Harmonic frames
the reconstruction error is in fact generally bounded again by O(s/m), and only when the dimension of
the space is even, the Harmonic frames can reach a bound by O((s/m)?). In |7], the same bound as
in [3] is also proved by Bodmann, and furthermore, the reconstruction error for first order XA quantized
frame expansion is proved to have its maximal error is both lower and upper bounded by Q(s/m) and
O(s/m). Bodmann et al. in [8] continuing provided the error bound for frame expansion with higher
order XA quantization.

In fact in [8], the result is valid also for any proper quantizer, and the method used involving smooth
frame-path. This is also the idea of the Sobolev dual frame. Sobolev duals in frame theory and YXA-
quantizationwas first studied by Blum et al. in paper [5]. In [5], Blum et al. showed that generally the
reconstruction error bound for rth order ¥ A-quantization can achieve O((s/m)"), while using Sobolev
dual frame as the decoder. The above papers are actually recapped historically. And until at this
point, the error bound is within polynomial scaling size, while in [9] Boufounos et al. gave an optimal
reconstruction error bound for quantization of sparse representation is O(e*(m/ S)) in year 2007. First
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until year 2012 in [36], Krahmer et al. achieved an error bound of O(e~V™/%) for higher order Y A-

quantization.

The frames mention above are somehow deterministic. Actually back in [27] an asymptotic approach
was used to demonstrate the tightness of a random frame, and then in [28] random frames came up on
stage nonasymptotically as underlying frame on signal recovery problem from quantized frame expansion.
This setting is closer to the compressed sensing setting, and is indeed analysed as the first step on
the way to compressed sensing. In [28] Giintiirk et al. work first with random compressed sensing
matrices, more specifically, a Gaussian matrix. In this paper, given a noise-free environment, a two-step
method is proposed, in first step, an exactly sparse signal with components appropriate larger than
some threshold, it is guaranteed that the support set of the signal can be recovered by solving an ¢;-
minimization problem. After recovering the support set of the signal, a finite-frame expansion of the
signal showed up. As the next step, the Sobolev dual frame is applied to reconstruct the signal from
its frame expansion. This method successfully achieves an error bound of O((m/s)"=1/2)%) for any
0<a<l, ifm> s(log N)l/(l’a) up to a constant with respect to X A-quantizationorder r with high
probability. Since it is actually the background knowledge for our result in Chapter [3] the results is

stated in the following up section below.

Recently in [15] another dual frame called Beta duals was designed for recovering the quantized mea-
surements of random (Gaussian) frame expansions, which reaches an error bound of O(y/sL~(=mm/s),

for L being the quantization levels (how fine the alphabet is used), and 1 some small quantity.

Two-Step Recovery

Given an s-sparse signal z, and an m x N compressed sensing matrix ®, where m < N, obtaining
measurements y = ®x. Applying an rth order X.A- quantization scheme to y, ¢ is obtained. If treat ¢
as perturbed measurements, i.e., ¢ = y + e = ®x + e, then by [28], the support set can be determined.

This is proved by a modified version of Proposition 4.1 in 28] and the reconstruction guarantee in [11].

Proposition 1. Given * € RN an s-sparse signal, denote e a noise vector with |le|l2 < ¢, and let
® ¢ RVX™ be a compressed sensing matriz. Reconstruct x from q = ®x + e via ¢, minimization
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obtaining ', i.e.,

Z = argmin ||z||1 subject to || Pz — g2 < e.

If ﬁ@ has restricted isometry constants such that das < %, then ||z — &2 < Kﬁ@ let || T]lo = s,
and if minjer |z;| > KQT_%A, j € T, for some positive constant K, then the index set of largest s

components of ' is T.

With criteria of Proposition [1} the support set, T, of x can be identified. Then reconstructing the
signal by multiplying a left inverse of ®p, say L on the left of the submatrix, ®p, consisting of columns

of ® with respect to the support set T', the reconstruction ¢s-error is then given by

[l — &l = [ILy — Lall = IL(y = @)ll2 = [IL(D"u)ll2 < [[LD"[|l2—2]|ull2-

The Sobolev dual matrix Lgep,, first introduced in [5], is a left inverse of ®; defined to minimize
HLDT||2_>2, i.e.,

Lsop,r :=argminy, [|[LD"||a2  subject to L&y = 1.

The geometric intuition is that the dual frame L., is smoothly varying. Since L®7 = I, LD"D™"®p =
I. And Lo, = argming ||[LD" |22 we choose Lo, D" to be the Moore-Penrose pseudoinverse of
D~"®r, written as (D~"®r)T, for which recovers the £, minimized solution, as well as in [28], the error

bound is then obtained

1

—&|ls < (D ®g)T = -
[l — 2|2 < [|( 7)"[l22lull2 i (D7)

[[ul2- (1.26)

Recall that ||ulls < 271A/m, once a bound for ¢, (D~ "®7) is found from below we can bound ||z —Z 2
from above. The bound of this singular value is stated in Proposition [5] proved based on study of Toeplitz
matrices, which depends highly on Weyl’s inequality [31] (see also for example in [28]).

With the same two-step approach as above from [28], in paper [37] the frame used in [28] was extended
to a sub-Gaussian frame expansion, and the error bound was further improved from polynomial to root-
exponential O (e~ (m/%)).

Beyond the quantization on finite-frame expansion, papers [24,281|32,37,55] provide error bound for
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Y A-quantizationon compressed sensing. Since this is the main issue of this thesis, we will take a closer

look of these papers.

Following the two-step method proposed in [28|, the author of this thesis joint with Krahmer in [24]
exploit the property of the compressed sensing matrices used in [28})37] to the matrices, of which a certain
linear transformation satisfies the restricted isometry property. The results are presented in this thesis,

see Chapter [3] for more details.

I would say that this two-step approach is somehow a“frame-like” approach to quantization problem
on compressed sensing, and it can analyse the cases without noise and the exactly-sparse signals. Instead
of using the two-step recovery approach in [24}28}37], in [48] Saab utilized a “compressed sensing”-like
approach to estimate the error bound of quantization on compressed sensing, by solving a convex problem,
or more precisely, a £1-minimization problem, which then allowing the analysis of approximately-sparse
signals with existence of noise. In contrast to BPDQ, in [33], which is for general quantization, the
decoder here is specifically designed for rth order XA-quantization. This approach is “compressed
sensing-like”, such that it can get rid of the drawback in the “frame-like” approach to quantization on
compressed sensing, that doesn’t allow the existence of noise and the signal has to be exact sparse (not
robust to noise and not stable of the signal). In [48], even approximately sparse can be handled with
noise bounded by €. Specifically, if g results from quantizing compressed sensing measurements y using

an r*P-order LA scheme, one approximates = with & via

(%,€) := arg {mr; |z|li subject to [|[D™"(®2z + v — q)|l2 < y(r)vm

)

and ||v|2 < ev/m, (1.27)

where y(r) depends on the quantization scheme used. As the result the reconstruction error decays

polynomially in m as m~"*1/2 and the approach is shown to be stable and robust.

[48] gave a general form for reconstruction error, however they took only sub-Gaussian matrices for
example, we in this thesis (also in paper [32]) applies it to a structured case, i.e., partial random circulant

matrices. The main task is to prove the RIP of its transformation.

What is this important transformation of the compressed sensing matrix used in [2449]7 Such
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that once the restricted isometry property of which is satisfied, the reconstruction error is bounded
polynomially, as results in [24,/49]. It is in fact the interaction between the compressed sensing matrix
and the right unitary matrix, denoted by V*, of the singular value decomposition of the inverse of rth
order difference matrix gone through a projection,denoted by P,. With these notation the result is stated

below.

Theorem 7. [48] Let ® be an m x N matriz, and let s,l € {1,...,m}. Suppose that %ng*‘b satisfies
the restricted isometry property of order 2s and constant 6 < 1/9. Denote by Q%A a stable rth order
YA quantizer. Then, for all v € RN with ||®x|le < p < 1 and all e € R™ with |lefo < € < 1— u the

estimate & obtained by solving (1.27) with ¢ = Q%A (Px + €) satisfies

—r+1/2 s
|12 — ]2 < Cy (%) “CQU\/(? +03,/%e7 (1.28)

where the constants C1,Csy, Cs depend on the quantizer, but not the dimensions of the problem.

Quantization problem on structure random compressed sensing matrices such as discrete Fourier

matrix was first analysed in [55]. [55] shows that by using the first order ¥ A-quantization the compressed

m )71/2

sensing recovery error decays polynomially as 0(34 Tog N

, when the compressed sensing matrix is a
randomly selected m x N submatrix of the NV x N discrete Fourier transform matrix, with m scales like

k*, while a linear scaling of m with & (up to log factors) arising in Theorem [7]is expected and a linear

scaling of m is also common in compressed sensing without quantization.

As another example of structured random compressed sensing matrix, in Chapter [4| we demonstrate

our result in [32] on partial random circulant matrices and which result in the theorem below.

Theorem 8. Denote by Qv a stable rth order XA quantizer. Let ® be an m x N partial random
circulant matriz associated to a vector with independent L-subgaussian entries with mean 0 and variance
1. Suppose that N > m > (Cn)ﬁslogﬁ Nlogﬁ s, for some n > 1 and o € [0,1/2). With
probability exceeding 1 — e~ ", the following holds:

For all x € RN with ||®z||e < <1 and all e € R™ with |e||o < € <1 — u the estimate & obtained by
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solving (1.27)) satisfies

. my\ —r+1/2 ox(x) m
—zll <0y (= —e.
Hx mHQ_Cl(() (5+02 \/E +C3 ge

Here C,Cy,Cs, C5 are constants that only depend on v and L.

Still another, it is of great interest to find the error bound of signal recovery from Y A-quantization
quantized Fourier transformation (DFT) due to its popularity in industry and engineering.

Thus the problem in this chapter is then to bound the reconstruction error of the X A-quantization
quantized partial random discrete Fourier transformation.

The difficulty of this problem is that it is still not clear what is exactly the singular value decom-
position (svd) of the higher order quantization matrix, i.e. the matrix V* in svd of D" = V*SU. A

conjecture is proposed as following.

Conjecture 1. There exists a constant ¢ such that for any r, the singular vectors V* of D™ € R"™*™

satisfies

/1
HVHmax <ecr m’

where ||V ||max := max; j |v; ;| is the element-wise norm of V.

And when trying to apply our method (i.e. Dudley’s inequality together with McDiarmid’s inequality)
in Chapter [4] for finding the restricted isometry property of the product P;V*RoC,, another problem is
that the DFT doesn’t repeat like the circulant matrix, with which the cancellation can happen to reduce

the effect of P,V*.
It was hoped that the product %PgV*RQF satisfies the RIP. In [55], it is shown to achieve the

restricted isometry property if I’ contains no all one column. However if F' contains the all one column,

there is no satisfactory upper bound for the product.

Theorem 9. [55] Let F € CN** be an nonnormalized DFT with any s out of N columns (i.e. FTF =

NI )and assume that F contains no all 1 column. Then there exists a positive function ¢ such that for
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any ¢, e > 0, as long as £ satisfies m > € > ¢, (r, ¢)slog®(m/€), it holds with probability 1 — € that

4s

L),

2PV RoF) > £(1—c — zﬁ log

and

4s

<)

Tmax(PV*RoF) > (1 +c + 2\/ilog

where c1(r, c) = car?" /c? with ¢y being an absolute constant.

In Theorem |§| [55], the error bound is established by controlling the norm of P)V*RoF and constraint

in the decoder, i.e. ¢;-minimization.

Theorem 10. [55] Let F be an nonnormalized DFT matriz of dimension N, and let RoF € C™ N be
a matriz with randomly selected rows from F with replacement. Assume x € RY is an s-sparse signal. If
Conjecture [1] is true, let q be the rth order S A-quantization of the compressed measurements RoF' with

the quantization alphabet 07 + 6Zi and suppose T is the solution to
min [|z]]1, s.t. |[D7 (g — RoF2)|eo < 0/2.
Then there exist absolute constants ¢c1 and co such that for any € > 0,

sup |z — |2 < C(s, N, r)m_r+1/2,
rzeDs N

with probability over 1 — € provided that m > cos* log3 N/e.

1.3.3 What’s the goal

An overview of the problem setting can be described as following. Given an original signal z, and a
compressed sensing matrix A, collecting the measurement y = Az randomly and after going through the
Y A-quantization, recover the signal by the proposed method, say decoder, to get Z.

Fundamentally the problem in this thesis is to find an ”good” upper bound for the reconstruction
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error in fs, i.e., ||Z — z||2. When the measurement noise exists, the problem is extended by letting the
measurement y = Ax + e, and for the possibility to recovery the signal nicely, surely the noise cannot be
too large therefore set an upper bound for it as conventionally, |le|l2 < €. And if the signal is not strictly
sparse, but approximately the result should show how the nonsparsity would effect the bound, this may

be expressed in terms of o5(z),.

What is then a ”good” upper bound for the reconstruction error? Let us first ask: The upper bound

should be a function of which variables?

To be a meaningful bound, this upper bound should reveal what one can do to make the error smaller.

And also a good upper bound should be ”tight” enough, i.e., should be small.

And if the signal is not strictly sparse, but approximately, the bound should show in which level or

how badly this nonsparsity can affect the recovery.

On the perspective to the decoder, since the variables related to the quantizer is fixed once the
quantization is decided, Thus the order r, the step size A of the quantization can be regarded as constant
when the quantizer is decided. The number of the measurements is then the essential variable to see
whether the bound is good enough. Literally the optimal reconstruction error of sparse signals decays
exponentially in m, O(e~""). The dimension of the signal N is decided once the signal is there, which
can not be changed by any artificial interference. The sparsity of the signal also cannot be changed.

Noise is also not changeable but have to be under control.

To evaluate the results, we first notice that as in the case with X A-quantization in the finite-frames
context (e.g., [36]) and in the sub-Gaussian compressed sensing measurements context [37,49], the optimal
reconstruction error decays root-exponentially (to the sampling rate m/s) when the original signal is exact
sparse and without noise. With this, we may say that polynomial decay (to the sampling rate m/s) is
already satisfactory. Second, if with m meaningfully scales linearly up to sparsity s satisfactory? Now
comparing to the case of Gaussian or Bernoulli random compressed sensing matrix, it is required to have
m linearly scaling to sparsity s. Therefore it is actually quite exciting to reach also a linear scale.

The decoder to be chosen can surely affect the upper bound in this thesis, since a practical, instead
of a general, recovery is one of the main issue in the series of signal recovery problem on quantization
compressed sensing.
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In [28], a two-step recovery is proposed. The support set of a sparse signal is recovered first, and
then the problem is reduced to signal recovery for frame expansions. This decoder has the limit that the
signals have to be strictly sparse, and the terms should be away from zero. In [48] with robust null space
property, or restricted isometry property, the decoder is stable and robust. In this thesis, the decoder
proposed in [48] will be applied here.

In the context of quantization compressed sensing, despite the importance of circulant matrices, all
of papers in this topic focus on the random subgaussian measurement matrices for its nice properties to
be analysed. However since every linear time invariant (LTI) system is represented by convolution to a
kernel function, and a convolution is then represented by a circulant matrix. For the generality of a LTI

system, it is of importance to analyse the circulant matrix in quantization compressed sensing.
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Chapter 2

Review of mathematical tools

2.1 Dudley’s inequality

This chapter is modified from [52]. Dudley’s inequality, specifically, Dudley’s entropy bound is a typical
method nowadays to bound the supremum of a random variable over an index set. The technique is
based on the chaining argument, which runs along the index set by approximating an aimed index by a
series of elements from the index set. To the end, the entropy bound, which contains a covering bound

will be evaluated by, here in the thesis, Maurey’s method and a volumetric argument.

2.1.1 The generic chaining

The generic chaining is an essential step on the way to Dudley’s inequality [52]. To demonstrate it,

we need a set of random variables with an index set T', denoted as X, s € T, which satisfies the tail

property.

2
P(|X, — X;| > ud(s, b)) < 2exp(7“), for allu € R. (2.1)
As stated above, this index set T is a metric set with distance between z, y denoted by d(z,y). Let

T, be a subset of T and for t € T, 7, (t) € T,, which is closest to ¢.
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The chaining argument

Now consider the following argument. If given event £
| X t) = X)) < ud(mn(t), Too1(£))27/2, ¥n > 1, t € T, (2.2)

then we are ready to go into the chaining step.

sup | Xy — X, | = sup Xooy— Xg,
teT\ t tol t€T|7; (®) @

< sup Z | X () = X ()]

teT 135

< sup Z ’U,d(ﬂ'n (t)7 Tn—1 (t))Qn/2
teT n>1

<sup > uld(mn (1), 1) + d(mn 1 (1), 1)]27/

= sup{ Y _ ud(m,(t),)2"? + > " ud(m,_1(t),£)2"*}

teT n>1 n>1

< SUP{Z ud(my(t), t)2n/2 + Z ud(mp (1), t)2n/2}

teT . S) n>0

= sup 2u Z d(ma(t), )27/,

teT n>0

which implies that taking infimum of all admitted sequence (T},)n>0 with card T,, < N,,, it holds also

sup | Xy — Xy, | < QUZinfsup d(T,, t)2"/2. (2.3)
teT n>

Tn teT

The next thing we want to do is to express the right hand side by the covering number of the set X.

Now define entropy numbers e, and covering number.

Definition 5. [52/

e, = infsup d(T,, t), (2.4)
teT

where the infimum is taken over all subsets T,, of T.

Definition 6. [52] Let (X,d) be a metric space and let € > 0. A subset N of X is called an e-net of X
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if every point x € X can be approximated to within € by some point y € N, i.e. so that d(z,y) <e. The
minimal cardinality of an e-net of X, if finite, is denoted N'(X,d,€) and is called the covering number

of X.

To evaluate the summation in (2.3)) by using covering numbers, there should be a connection between
Definition (2.1.1)) and Definition ([2.1.1). This is by setting the cardinality to the sequence T;, such that

card T,, < N,, = 22", and than obtaining
en = inf{e, N'(T,d,e) < 2%"}. (2.5)
Therefore

€n
V1og 22" (e, — ent1) < / V1oeg N(T,d, €)de
€n+41

€n

= v/1og 2 Z 22 (e, — epg1) < Z V1og N(T, d, €)de

n>0 n>0 Y én+1
_ €o
= \/10g222n/26n722%6n §/ Veg N(T, d, €)de
n>0 n>1 0
1 €0
=S Viog2(1 — —=) Y 2", < / V1og N (T, d, €)de.
V2 e 0

Therefore the summation part in (2.3)) is bounded by

> 2n2e, < {/log2(1 — %)}-1 /0 Vog N(T, d, €)de. (2.6)

n>0

Insert (2.6) to (2.3)obtaining
1 €0
sup | X; — Xy, | < 2u{/log2(1 — —)}*1/ Vlog N(T,d, €)de. (2.7)
teT \@ 0

To make the statement clear, summarized this chapter as following;:
If
| X (t) = X ()] < ud(mp(t), mao1(£)2%, Yn > 1, t € T, (2.8)
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then

€o
sup | X; — X3, < 2u{+/log2(1 — i)}_1/ V1og N(T,d, €)de. (2.9)
teT V2 0

2.1.2 Tail bound for sup X,

Our goal is however to find a upper bound p(u) for sup,cr X;, or stronger statement:

1 €0
P(sup | X: — Xy, | > 2u{~/log2(1 — —)}_1/ V0eg N(T,d,e)de) < p(u). (2.10)
teT V2 0
This is an compliment event to event ([2.8)), therefore

€o
Plsup | X; — Xy, | > 2u{/log 2(1 — —=)}~! / 1og N(T, d, €)de)
teT V2 0

<P(3(7n(t), mn—1(t))such that | Xy 1) — Xr,_ 1)) > ud (1, (t), o1 (t))27/?) (2.11)

<2 P X 1) — X 1] > ud(ma(t), w1 (1))272) (2.12)
2n iyl 22 7(9=n/2+1\\ _ 92" T 41 _,20n—1

<2 exp(—u”/(2 ) =2 exp(—u“2"7") (2.13)

ontlyg u? n+1 —u?
<2 exp(—g —2"H < 26Xp(7) = p(u).

In (2.13) by argument in Chapter 2 [52],
w2
u?2"t > -+ u?2nr > — ontl (2.14)

and then applying union bound in (2.11)) and Proposition in (2.12)yields the result. For later use,

this chapter will be concluded as

Theorem 11 (Dudley’s inequality [52]).

2
P(sup|X; — Xy | > u) S exp < ) (2.15)
teT

(foeo \/10'51\7(7T7d,E)de)2

In the followed up chapter, two classical method for estimating the covering number will be introduced.
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2.1.3 Evaluation of covering number

In this chapter Maurey’s method and volumetric argument will be demonstrated. And note that two of
them can be used together for one same set for volumetric argument is tighter than Maurey’s method

when ¢ is small.

Volumetric argument

Lemma 1. [5/] Volumetric argument says that the covering number N(B(0,1),d,€) of a unit ball

B(0,1) :={z € R", d(z,0) < 1} is less than or equal to (1 + 2)".

Proof. Let € > 0 and N, be a maximal e-separated subset of B(0, 1), i.e., Vo € B(0, 1) there exists t € N,
such that d(t,z) < ¢, then for any s # ¢t € N, B(s,¢/2) and B(t,€/2) do not intersect. Which implies

that

Vol(|Ne| B(t, €/2)) < B(0,1+ €/2)
INL| Vol(B(t,¢/2)) < B(0,1+ ¢/2)
(Wel(e/2)™ < (1+¢/2)"

N < (142/e)™.

Since the unit ball is covered by e-balls of elements in N, N, is larger then or equal to the covering
number. And since they are disjoint, the covering number is greater then or equal to it, and since the
covering number is the smallest such number, which is then less then or equal to it. Thus the N, equals

the covering number. O

Maurey’s method

Maurey’s method estimates the covering number of a convex hull consisted from U = {uj}j»v:l by ap-
proaching each element of the convex hull by an average of a summation of random vector taking values

from U.

Lemma 2. [{4] Given U = {u;}}_, If x € conv(U) then x = Zjvzl O;u; with 6; > 0, Zévzl 0; =1. Let

M

7 be a random vector which takes value u;. Let M be a number to be determined later, and set (Zj)j:1
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be independent copies of Z, and treating them for the moment as fixred numbers. If for some norm || - || x

there is an absolute constant A such that E., || 22/[:1 exlillx < AVM, then

log? A (cone(@d), |- 1x,€) < (22 log N. (2.16)

e
Proof. If x € conv(U) then z = Z;\le Oju; with 6; > 0, Zjvzl 0; = 1. Let Z be a random vector
which takes value u; with probability 8; for j = 1,..., N and thus EZ = z. Let M be a number to be
determined later, and set (Zj)jj\il be independent copies of Z, and z = 4 Zi\il Zx. Given (&)M | a

i.i.d. Rademacher random vector applying symmetrization in Lemma 7 and z is approached by z as

M M

1 2
Elz —zlx =Ell3; > %k —EBZ||x < 27 E > &Zilx.
k=1 k=1

If for some norm || - || x there is an absolute constant A such that E|| Zi\il exZillx < AV M, then

2A
E|lz — x|, < —. 2.17
Iz =alle < (217)

Which means there exist at least one such z* = ﬁ 2116\/1:1 Zj such that

o = ol < = (2.18)

Now M can be determined since ||2* — x| x is supposed to be less than e. This is achievable if M = (22)2.
And since there are N candidates which can be the z*, the covering number is hence bounded by N
Hence

log? N (convtd), || - || x,€) < (QA) log? N. (2.19)

€

2.2 Moments and tails

Moments and tails are used commonly to see the behaviour of a random variable. In this section we
introduce some properties which will be used in this thesis.
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Proposition 2 (Hoffding’s inequality for Rademacher sums). [26] Let = (by,...,by) € RM and
€ = (€1,...,€p) be an i.i.d. Rademacher sequence, i.e., each ¢; takes value +1 with equal probability.

Then, for u > 0,
M

P(D lesbsl = lbllou) < eap(—u?/2). (2:20)

j=1

Proof. By Markov’s inequality,

P(f:ejbj > u)

= P(exp Z)\ej > exp( )\u))

M
e MElexp(A Y eb;)]
j=1

= e*)‘“Hjle]E[exp(ej)\bj)]

1 1
— e*Auanl[i exp(—1Ab;) + 5 exp(1Ab;)]

“Au L (220)F S (Aby)*
= /\Hyli[z k! +Z k! ]

k=0 ’ k=0

k=0

—AuytM S (AbJ)Qk

<e Hyzl[z (Qk)kl]
k=0

e~ e ZiLib))/2)]
e eV IIBlIZ/2)]

— e MutA?|bll3/2

Minimizing the exponential by letting \ = ”g‘HQ , then
2

M a2

(Y ety = u) < e, (2.21)

j=1
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or equivalently,

u2

M
(Y ety = bllau) < e
j=1

Proposition 3 (Proposition 7.14 |26]). Let Z be a random variable satisfying

P(|Z| > u) < Be /2, Yu> V2,

for some constants o > 0, 8 > 2. Then

E|Z| < Cpv/In(4p),

with Cg = V24 1/(4v21n(48)) < V2 +1/(4v/21n(8)) ~ 1.499 < 3/2.

Proof. For some k > u > \@,

E|Z|:/O P(|Z| > u)du

oo

:/ 1du+/ P(|Z\>u)du§n+/ 567“2/2du,
0 K

K

by Lemma in Appendix, and assumption that £ > v/2,

—k2/2
ElZ <nt 2T
K

choosing k = y/21n(45) yields

o
4,/21n(4B)

)/ Ind4p.

E|Z| < /2In(48) +

1
=2 an)
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2.3 McDiarmid’s inequality

This chapter is based on [40]. McDiarmid’s inequality provides an upperbound to the concentration
probability of a function of independent random variables. This is based on measuring how the function

changes its value by varying only one random variable in the domain.

Theorem 12 ( [40], Theorem 3.7). Consider a random vector X = (X;)!™,, where the X; are taking
values in given sets A;, i € [m], and let f be a bounded real-valued function defined on H;"Zl A;. For
kE<mand = (z;), € H;n:l A;, let By denote the event that X; = x; for allt =1,...,k—1. For
gk (z) == E[f(X)|Br U {Xy = z}] — E[f(X)|By], consider the range ran(xy,...,xx—_1) := sup{|gr(z) —

9:(Y)| s x,y € Ar}. Assume that the sum of squared ranges

RQ(:?) = Z(rcm(xl, .. ,xk_l))2,

k=1

is bounded outside a ‘bad” subset B of [[j_, A;, that is, R2(%) <r? for all ¥ ¢ B. Then

P(|f(X) - Ef(X)| >t) < 2exp(—2t*/r®) + P(X € B).

McDiarmid’s inequality solves a concentration problem, here a generalized version, which states:

Theorem 13 ( [40], Theorem 3.14). Let (Q, F,P) be a probability space and (0,Q) = Foy C F1 C ... C Fn
a filtration in F. Consider a bounded random variable X, and set Xy, := E(X|Fy). Define the sum of

squared conditional ranges
m
2 _ 2
R = E rang,
k=1

where

rany := sup(Xg|Fr—1) + sup(—Xg|Fr—1),

and denote its (essential) supremum by
72 .= sup R%.

39



Then,

P(X —E(X) >t) < e 2°/7

Proof. Let V; := X}, — X_1, and F,, = 0(X), then Xy = E(z) and X,,, = X. Thus

by Markov’s inequality

< eftEE(ez?:/l Vi)

— ¢ E[E(e! T V)| Fpy s ]
_ eftf:]E [et 27511 Vi]E(etV’” |]:m—1)] .

(2.23)

Since the expectation of random variable (V,,|Fm—1)

E(Vin|Frm—1) = E[E(X|Fp) — E(X|F—1)[Frm—1]
= ]E[]E(lem)lfmfﬂ] - E[E(X‘]:mflﬂ}-mfl]

=E(X|Fm-1) — E(X|Fm-1) =0,

and due to boundedness of X, both sup(Vi|Fp—1) = sup [(Xm|Fm-1) = X—1], and inf (V| Froo1) =
inf [(Xm\]-"m_l) — Xm_l] are also bounded with range sup (Xm\]-'m_l) + sup ( — Xm|.7-'m_1) = ran,,.

By Hoffding’s lemma (see Lemma,

2,02
t“rang,

E(e!V™ | Fp_1) < exp( ). (2.24)
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Substitute (2.24) to (2.23)) and iterating these steps,

t2 m 2
P(X -EX >¢) <e ' exp(w).

After minimizing the right hand side of 1D with variable ¢ = ﬁ,
k—1 k

—2¢2
IP(X — ]EX > 6) < eXp(?),
taking supremum of R2,
—2¢2
7

By definition, X, := E(X|Fy) it is clear that E(Xy11|Fk) = E(E(X|Frt1)|Fr) = E(X|Fr)

(2.25)

(2.26)

(2.27)

O

= X,

The result of McDiarmid’s inequality is thus the consequence of a martingale sequence. The interested

readers are refered to [40] for further information.
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Chapter 3

RIP approached error bound

The content in this chapter is a joint work with Felix Krahmer. In this chapter the approach to estimating
the error of reconstruction from YA quantized measurements for compressed sensing in [24] is introduced.

Our method is based on the restricted isometry property (RIP) of the matrix %Pﬂ/*(l) of the
compressed sensing matrix ® with projection P, and the right unitary matrix V* of singular value
decomposition of the rth power to the inverse of difference matrix D, i.e., D" . The main
application of our result is the error analysis for random subgaussian matrices.

The main result in this chapter is that once we know the restricted isometry property of the interaction
matrix %PZV”@ of the compressed sensing matrix ®, then the reconstruction error can be bounded by
our result.

In this chapter the rth order greedy Y A-quantized measurements with quantization alphabet Z = AZ
are used as introduced in Chapter

Throughout this chapter the rth power of the difference matrix D, i.e., D" will be used repeatedly,
especially its singular value decomposition. Denoting the singular value decomposition of D™" by D" =
Up-+Sp-rVj_..

Note that the compressed sensing matrix ® is not normalized, while in almost all the compressed
sensing literature, it is usual normalized to have unit-norm columns. Since we here use an alphabet
(more precisely, the step size, A) which is independent of the size of the measurement, i.e., m, if the

columns are however normalized (up to \/%), it is not fair to compare the result when adjusting the
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measurement size m. Therefore, in this Chapter [3| as well as in [28] the measurement matrices are not
normalized, and assuming that each entry of the measurement matrices has variance one.
In chapter its application on Gaussian (generalized to subgaussian) is shown.

We state our main theorem as follows.

Theorem 14. Given an s-sparse signal x € RN, denoted by ® € R™*N o compressed sensing matriz,
and q the rth order Y A-quantized measurements of ®x with step size A. Suppose ® has the restricted

isometry property such that the support set T' can be determined. Choose L as the Sobolev dual matriz

of ®7 and reconstruct the signal by & = Lq (see Chapter|1.3.9 for details), if \/%ng*,,@, ? < m,

has the restricted isometry constant §; < &, where Py, maps a vector to its first £ components. then the

reconstruction error is bounded above by

|z — 22 < m(;)*”%

where ca(r) > 0 is a constant depending only on r.

Note from Theorem the smaller ¢ is the better the bound. However, ¢ has to be large enough
such that \/%(ng*,,xb) has the restricted isometry constant d5 < .

This result can be applied to obtain recovery guarantees for various compressed sensing setting such
as Gaussian, subgaussian measurements. We will show in later chapter that our result covers which
in [28] and [37].

The proof used the two-step analysis. In the first step, the support set is recovered via an /-

minimization problem. In the second step, the recovery error is estimated by recovering this frame-based

problem obtained from step one in two-step recovery by multiplication with the Sobolev dual frame.

3.1 RIP-based error analysis

From Equation ([1.26)), the main issue to bound the reconstruction error from below of ¢yin (D" ®7).
Finding the infimum of o,,;,(D~"®1) over all possible support sets T" is equivalent to finding the s-sparse
vector with the smallest image under D~"®p. In this chapter we show mathematically that how the

restricted isometry property of P;V*® can reveal the reconstruction bound. The reason in words, it is
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due to the constraints on both sides of the restricted isometry property, these constraints actually give
the bounds for singular values of the matrix %ng*@ over all possible support sets. This gives the

connection to the concept of RIP.

In the following proof, how the restricted isometry property can be applied to find this effective

smallest singular value is shown.

Proof of Theorem[1]} Recall that D™" = Up-»Sp-~Vj_.. Then, as S is a diagonal matrix,

Jmin(D_Tq)T) = Umin(SD—TVD*fr(I)T)
> O'min(PKSD—TVD*ﬂ“(I)T)
= Umin((PKSD—TPZ*)(PEVD*—rq)T)ZXs)

> 800 min(PeVE—r 1) exs,

Next, need to bound omin (P, V},_, ®7) uniformly over all support set 7T'.

If ﬁPgV*,ﬁI) has the restricted isometry constant 0, < 0 then opmin(PrV} -, ®1)ixs is uniformly

bounded from below by

VIV1=36. (3.1)
Theorem Proposition |5/ in Appendix A, and (3.1)) yields the result that

1 A m

(D) Ml < 5o = )T (32)

3.2 Gaussian and subgaussian matrices

Given ® a standard Gaussian random matrix. Since (P, V7 _,.®) is also a standard Gaussian random

matrix due to rotation invariance, with £ = Q(slog N), %PKV*,T(I) has the restricted isometry constant
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ds < & with high probability [26]. Since s < ¢ < m,

< (=), a€e(0,1).

m m
/ s

Provided that ¢ = Q(slog N),

Applying Theorem [I4] directly obtained

. M _o(r—
lz — 22 S A(;) (

with high probability. This therefore recovers the result in [28].

By similar steps, this can also be generalized to subgaussian measurement matrices, which recovering

the result in [2]. As this argument involves some additional technical steps, the details are omitted.
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Chapter 4

Error bound of recovery from XA
quantized partial random circulant

measurements

As the first author, the results in this chapter is a joint work with Felix Krahmer and Rayan Saab. This
chapter is aimed to estimate the reconstruction error from quantized measurements of a compressed
sensing problem.

More specifically, we obtain a quantized measurement vector from an original signal via linear trans-
formation by a randomly subsampled circulant matrix formed of i.i.d. subgaussian vector.

The quantization we use here is the greedy X A-quantization. And note that throughout this chapter

we subsample the compressed sensing matrix uniformly at random WITHOUT REPLACEMENT.

4.1 Contributions

In this chapter, we demonstrate our results in [32] of analysis to the reconstruction error on partial
random circulant matrices. We show that if the compressed sensing matrix is a randomly (without
replacement) subsampled partial random circulant matrix, and the measurements are quantized by the
greedy X A-quantization introduced in Chapter then with the decoder in we conclude that:
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e The reconstruction error decays polynomially with the number of measurements.

e The recovery is robust (whether or not the noise exists) and stable (whether the signal is exactly

or only approximately sparse).

e With number of measurements m meaningfully scales linearly to the sparsity s.

How we can evaluate our results?” How do we know that we got a good and suitable one? First
notice that as in the case with Y A-quantization in the finite-frames context (e.g., |36]) and in the
sub-Gaussian compressed sensing measurements context [37,149], the optimal reconstruction error decays
root-exponentially when the original signal is exact sparse and without noise. With this, we may say that
polynomial decay with our set-up, i.e., with noise and the original signal is only approximately sparse,
is already satisfactory. Second, if with m meaningfully scales linearly up to sparsity s satisfactory? Now
comparing to the case of Gaussian or Bernoulli random compressed sensing matrix, it is required to have
m linearly scaling to sparsity s. Therefore it is actually quite exciting to reach also a linear scale here.
Our analysis relies on proving a restricted isometry property for the product of our compressed sensing
compressed sensing matrix and the matrix formed by the left singular vectors of an rth order difference
operator in , denoted in Theorem E as %PZV*Q). To prove the restricted isometry property of this
product of matrices, we combine a variation of McDiarmid’s inequality [40], Dudley’s inequality [22], and
recent results on suprema of chaos processes [39].This is worthwhile to point out that comparing to all
the previous works on compressed sensing even with quantization context, we are here subsampling the
random compressed sensing matrix without replacement. The first attention is to prove the restricted
isometry property of the matrix %P@V*‘l), and then Theorem |7| yields the reconstruction error. Then
in the proof of its restricted isometry property, the tube constraint is divided into three parts. One
part of it can be reached by direct computation, another part is a direct application of the results on
suprema of chaos process [39], the final part is treated by first solving a concentration problem, and then
reaching the suprema by chaining argument and its bound by Dudley’s inequality. Binding these three
parts together shows that the product of the matrices satisfies the restricted isometry property with high
property.
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4.2 Notation and basic definitions

Denote by [N] the set {1,...,N}. A vector x € RY is s-sparse if only s of its entries are non-vanishing,

N

that is, its support T = suppx = {j € [N] : z; # 0} satisfies |T| =s. F = (eQ“ijk/N)j .

_, denotes the
nonnormalized N x N discrete Fourier transform matrix, ' the conjugate of F. That is, FF = FF =

NId.

Given a vector z € R, we denote by X € RVN*N the diagonal matrix with & := Fxz on the diagonal.

For a matrix A, Ay denotes its kth column.

We write f < g for two functions f and g if they are defined on the same domain D and there exists

an absolute constant C' such that f(y) < Cg(y) for all y € D, f 2 g is defined analogously.

Given a full-rank matrix A € R™*< with m > d, its pseudo-inverse is given by AT = (A*A)~1A*.

4.2.1 Subgaussian random variable
Definition 7 (see, e.g., [54]). A random variable X is called L-subgaussian if
P(|X| > t) < exp(l —t*/L?). (4.1)

Up to absolute multiplicative constants, the subgaussian parameter L is equivalent to the subgaussian

norm || X ||w, defined as ||X|\w, = sup,>, p~/2(E|X|P)Y/P. Specifically, [1)) implies that [5)

11l < /5L (42)

4.2.2 Partial random circulant matrices

Given a vector ¢ = (&1,&a,...,&n) € RY, the corresponding circulant matrix C¢ = C(¢) € RV*N is
defined by
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& & & o &N
v &1 & 0 &N

& & & - &

When ¢ is a random vector and its entries are L-subgaussian random variables with variance 1 and mean
0, we call the corresponding matrix C¢ a random circulant matrix. An m x N partial random circulant
matrix with m < N is obtained from an N x N random circulant matrix by sampling the rows of C¢.
In this thesis, the rows of our compressed sensing matrix are m rows of a random circulant matrix Ce¢

selected randomly (with equal probability), and without replacement.

More precisely, let Q = (Qq, ..., Q) be arandom vector obtained by sampling from [N] := {1,..., N}

without replacement, that is, ) is drawn uniformly at random from the set

== {Q e [N]™:Q; #Q; fori# j}. (4.4)

The corresponding subsampling operator is then given by

m
mxN _ *
R > Rq = E €j€q,;

j=1

where ey, is the k-th standard basis vector, and we study measurement matrices of the form

® = RoC.

Partial random circulant matrices are important to the practical application of compressed sensing.
This is due to the simple observation that a circular convolution of a signal x € RY with §~ € RY can be
represented by the action of a circulant matrix C¢, i.e., by Cex. And every linear time invariant (LTT)
system is represented by convolution to a kernel function, and a convolution is then represented by a

circulant matrix. For the generality of a LTI system, it is of importance to analyse the circulant matrix
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in quantization compressed sensing. Defining ¢ € R via Ej =&n_j41 for j € {1,..., N} the matrix C¢
is then as in . Consequently, partial random circulant matrices model subsampled random convo-
lutions. Since linear time invariant system is so ubiquious in reality, convolutions in signal processing
applications, or more precisely partial random circulant matrices (randomly selected convolutions) have
played an important role in the development of compressed sensing applications such as radar imaging,

Fourier optical imaging, and wireless channel estimation (see, e.g., [30L|45]).

Consequently, as the convolution is commutative, Cex = ng. In the context in this paper, it is

mathematically equivalent to analyse C,& instead of ng through the map E — & and T — x, where

Z1 Ty X3 - ITN-1 TN
Zo Tr3 Ty - N T

Cx = (Ci,j) = . (45)
IN X1 X2 - IN—-2 TN-1

Throughout this chapter, we will repeatedly use C,¢ rather than Cez.

4.3 Probabilistic tools

We will use a number of different probabilistic tools for different parts of our argument. We state them

here for convenience. The first one is a variation of McDiarmid’s inequality.

Theorem 15 ( [40], Theorem 3.14). Let (Q, F,P) be a probability space and (0,Q) = Fo C F, C ... C F
a filtration in F. Consider a bounded random variable X, and set Xy, := E(X|Fy). Define the sum of

squared conditional ranges
m
R? = Z ran?
k=1

where
rany := sup(Xg|Fr—1) + sup(—Xg|Fr—1),
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and denote its (essential) supremum by

72 := sup R*.

Then,

P(X —E(X) >t) < e 2°/7

A second tool that we will be using is Dudley’s inequality introduced in Chapter[2.1} Here is a version

with subgaussian random variables Z,, and distance || - ||¢,-

Theorem 16 (Dudley’s inequality [22]). Let Z,, be a random variable depending on x € T, for some set

T and define d(x,y) = | Zs — Zyl|w,, if
P(Z: ~ 7| > 1) Sep (— /12 - Z,13,),

then for any xg € T

Subsen, y 1 Zelles
Psup|Z, — Zs| > 1) S exp ( - t2/(/0 VBN (Do (r.5), )de)?).

A third result we will need concerns the subgaussian chaos processes. Whose original version involves
the Talagrand o functional related to the generic chaining [52], which can be bounded in terms of
covering numbers via Dudley’s inequality (Theorem . A combined version in terms of only these

upper bounds is stated for easier reading.

Theorem 17 ( [39]). Let C be a set of matrices and consider the complexity parameters

d24>2(c)
4r(€) = swp [Cllr.  daosa@) =50 [Cllaa, DO = [ VBN ozt

Let & be a random vector whose entries &; are independent, mean-zero, variance 1, L-subgaussian random

variables. Then, for t > 0, the random variable

Ce(€) = sup || €13 ~ Bl Cel3,
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satisfies
2t

P(Cel§) = 1B +1) < 2exp(—comin{i. 7).

where

E = D(C)(D(C) +dr(C)) + dp(C)dz—2(C),  V =da2(C)(D(C) +dr(C)), U =djy,

and the constants ¢y, co depend only on L.

4.4 Main results

In this chapter, we prove the following theorem, which is the main result of this chapter.

Theorem 18. Denote by Q55 a stable rth order XA quantizer. Let ® be an m x N partial random
circulant matriz associated to a vector with independent L-subgaussian entries with mean 0 and variance
1. Suppose that N > m > (Cn)ﬁslogﬁ Nlog™2= s, for some n>1and a € [0,1/2). With
probability exceeding 1 — e~ ", the following holds:

For all x € RN with ||®z||o < p <1 and all e € R™ with |e||o < € <1 — u the estimate & obtained by

solving (1.27)) satisfies

—r+1/2
|12 — a2 < Cy (%) 5+02”’\“/(g) +03,/%e.

Here C,C4,Cy,C5 are constants that only depend on r and L.

Proof. Theorem [I8| can be immediately obtained from Theorem [7} which requires a bound on the re-
stricted isometry constants of P;V*RqCe where £ = m(;;)®, and Proposition [4] below, which provides

the required bound. O

Proposition 4. Consider the same set-up and assumptions as Theorem [18; in particular assume that

m > (Cn)ﬁslogﬁ Nlogﬁ s, for some n > 1 and o € [0,1/2). Setting £ = m(>)*, we have

1 1
IP’( PV RGCLEZ =1 > =) < e,
b PV RaCatf ~ 11> ) < e
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where the supremum is over all s-sparse vectors. In other words, with probability exceeding 1 — e~ ", the

matric ﬁPgV*RQC% satisfies the restricted isometry property of order s, with constant 1/9.

Proof. Note that by the triangle inequality,

1
sup | PV BaCat3 1

1 1
< sw (|l PV RaCut ~ Ell - PV RaCat 310 |+

17

PV* RaCo€IB19) — Ell—- PV* RaCat 3] +

£l Bl

Bl 2 PV RaCutl ~ 1). (4.6)

Thus, the proof of Proposition is divided into controlling these three summands in . First, Lemma
(below) shows that by direct computation the third summand is bounded by 7%, while Lemma [4] and
Lemmabound the probability that the remaining summands exceed Tls and % respectively. Our bound
on m (potentially with an increased value of C') ensures that 73 < § = (%)170& < 3—16 and the result

follows using a union bound. O

Lemma 3. Given the same set-up as in Theorem[1§ and Proposition[}), one has

(s—1)(m—19) o sm

[El ((N—-1) ~ N’

\[PEV RaCyél5—1| <

Proof. Denoting by ¢; ; the (4, j)-th entry of C, and noting that we are sampling without replacement,

we observe that for p # ¢ € [m]

E(cap),kCaq),k) = Z Cu,kCo,k = ( Z Cu,kCuk — Z c. k)

u;év 1 u,v=1

1 S 1 al 2
= NN -1) <u§;1 Cu,kCo,k — ;&J = NN -1) (( Z zy) — 1). (4.7
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The last two equalities both use the fact that each row of C, is a shifted copy of x. Furthermore

€
Vi

1

Ve

¢ N m

= %E DD 1D vincaw.l® - 1’

j=lk=1 p=1

Ef

PgV*RQC$£||§—1‘ E| PzV*RQCIIIQF—ll

m

£ N m
1
=[5 (O vh B+ Y vinviaEean) kcamr) — 1

j=1k=1 p=1 %Zl
4 N 2 m
1 iy i) —1
=17 2 (1+ # p;l UjpUiq) — 1"

p#q

where in the last equality we used (4.7]) and the fact that the rows of both C, and V are normalized.

Using that x is s-sparse, it follows that

L m m
Bl PV RaCutl = 1] < | 75— (000 v = o 305

j=1 p=1 j=1p=1
= =gV T~
< A IVIBzm ]

(N -1

(s=1)(m—10)

(N —1)

Lemma 4. Consider again the set-up of Theorem and Proposition |4| and denote by Dy s the set of

all s-sparse vectors in RN . Then

1 1 1 1
|5 PeV* RaCut3 - Eg[HEPgV*RQfog)QH > D < e,

P su
<meDEN Vi N/ 18 2

Proof. We will apply Theorem [17| conditionally given Q with C = {%P@V*RQCE :x € Dg n}. This set
is almost the same as the one considered in the proof of Theorem 4.1 in [39], the only differences being

the additional projection Py and our normalization factor of ﬁ (instead of ﬁ in [39]). Indeed, since
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[|Pell2—2 < 1 we can estimate the necessary parameters for applying Theorem [17]| exactly as in the proof

of Theorem 4.1 in [39]. This yields

do—2(C) < \/§, dr(C) < ,/%, D) < \/ilogNlog s.

Consequently for ¢;, co, and E as in Theorem we have

EgﬁlogNlogs<\/;logNlogs+[> \/7\/7

S 11—« 9 9 S 12«
< (7) log? N log? s + 2 (7) log Nlogs < ——.
m m 3601

Here, the second inequality follows from our choice of £ and the last inequality follows from our assumption
on m in Theorem [1§| (potentially adjusting the constant C'). Again adjusting the constant, we similarly

obtain

Hence the probability is bounded by 2e~#7. Finally, as > 1, e=%7 < e and the result follows by

taking the expectation over (2.

O

Lemma 5. With the same notation as before, we have

P( sup [E[l - PV RaCLl3I0] — Bl < PV RaCutl3 > o)

veDb ﬂf aresl f@ ? 36
1

< C"exp(—c/( 1ogNlogm) ) < 56777,
where ¢, C' are constants that depends only on L.
Proof. The proof is a direct application of Theorem [16| for the random variable

B| |7 PV RaCo€lB ~ Bl 2PV RaCL€IB 2| = |72 PV RaCully - B2 PV RaC

56



to find the supremum of the deviation. Since Theorem [L6| requires the covering number with respect to
the metric d(z,y) := ||Z; — Zy|lw, we need a bound for d(z,y), which we provide in Lemma [7] below.
Specifically, the first inequality in Lemma 5] follows from Theorem [I6]together with Lemma[3 and Lemma
[ above. Indeed, applying Lemma [7] with y = 0 yields

Vsm.

o <
ol :

]|z <

sup HZx”‘I/z <
x,Yy

e < Y P @) oe < 2l < VI

oo < Y]y <
V4 V4

To bound the integral in Theorem [I6] we note that

N(Da, Y ) = A

1 /
Ds s~ — 1l " llcoy T €)s
g w0

and hence applying the argument in [39, Section 4] scaled by 7, (a detailed calculation stated in Lemma

sup,, [|Zz [l w, IN; 1 ¢
log N'(Ds vy —=| - llsor —
A og ( 8,IN» \/m” HOO’ mﬁ)d€

< Vv sm

~

log N log s.

For the second inequality note that by the definition of £ and the assumed lower bound on m

/ 1-2a
( Zm log Nlog s)* = %) log? N log? s (4.9)
<Cc iyt (4.10)
The result follows from the assumption that n > 1 as in the proof of Lemma O

All that remains now is to prove Lemma [7] Before that, we derive a technical bound required for its

proof.

Lemma 6. Let Q, ' € E={Q € [N]™:Q,; #Q; fori# j} be such that Q differs from Q' in at most

two components. Then the function

1 * 1 *
f(Q) = HWPW RaCylf — IIWPeV RaCy|%
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satisfies

7(©@) ~ F@)] < 2yl

where ||z]|s = || F] co-

Proof. Note that, as a circulant matrix is diagonalized by the Fourier transform

f(Q )—Il\[PzV*RszC 2|F — II\/PeV RaCy[%

= ||\[P5V RoF~ 1XF||F—||\[PEV RoF™YYF|%

_ = * Y2 _ - * v 12
= IRV RFX 3 — | PV RFY
1 N

= 0 3 (1P — | ) | PV Ra Tl (411)
k=1

where F' denotes the non-normalized Fourier transform, F,;‘F its k-th row, and £ = Fx

We first consider the case that Q and Q' differ only in one component, say the first (without loss of
generality). To bound |f(Q) — f(€)| for this case, we note that for VjT denoting the j-th row of V, and
n = exp(—2&) an N-th root of unity,

P,V RoF|5 — | PV Ro Fill3

m

m
= > PV R RV = Y (M PV T RV
p,q=1 r,s=1
=Y () ML) (P, PV,)
p,q=1

= (00 — MNPV, PVE) 3 () =y RN PV, PV
q=2

+ 3 () RN P PV 4 Y () — MRy Py PV
p=2 p,q=2

I
NE

=)
||
N

(™ = PR PV, PV + 3 (7R — e (Y, PV
p=2
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Combining this with (4.11]), we obtain

N m
FQ) — F) = 5 3 (el — 136) (300 — % (P, PV,
k=1 q=2
+ Z(nfkﬂl _ nfkﬂi)nkQP<Pevp’P£V1>>' (412)

[
v

p

Observe that the right hand side is a sum of four different rescaled Fourier coefficients of the vector

u € RN given by uy := |2x|? — |gx|?, as for example

m

m N
1 1 —
EN E PZVl,PZV E |1'k|2 |yk| k(Qp*QI) = EN § <PEV1,PE‘/;)>(FU)QP791 = Vl*PZ*PeV*’Ua
k=1

p=2 p=2

where v € R™ is given by v1 = 0 and v, = (Fu)g _q, for 2 <p < m. Note that as 2 € = and hence the
Q, are all different, v is a projection of Fu on a subset of its entries, and so |[v|l2 < v'N|jul|2. Note that
in this step, it is crucial to sample without replacement, as otherwise, the bound would no longer hold.

Consequently, using the Cauchy-Schwartz inequality, and the fact that

— |9el| (&% + |96) < |2k — Ge| (2] + |9x)

lug| =

< V2|le — ylls (2 + 1912,

therefore

lull2 < V2llz =yl /I12]3 + 1913 < 2VN||z — s,

and

m N
ﬁ‘Z(PZVl;PZ‘/;»Z (‘fijk|2_|gk|2)nk(ﬂp_ﬂl)
p=2 k=1

IA

o 1V ll2—2l| P PeVall2] vl

IA

< 2z -yl (4.13)
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Similar to the other three summands in (4.12)), which yields the result for Q and Q' differing in only one

component with a scale 8 to the result (4.13)), i.e.,
, 8
1£(€) = F()] < Sllz = ylls

If Q and Q' differ in two components (without loss of generality say in first and second component),
one can add and minus two middle terms, (say Q7ALLO and QHFLLOY each of which differs from Q and

Q in only one component,

Q= (21,0,..)
Q' = (9,9, ...)
QIALLO — (), Oy, ...)

QHELLO — () Q) ...),

then
8
() = F(@)] < Fllz =yl
< |f(Q) _ f(QHALLO) + f(QHALLO) _ f(QHELLO) _|_f(QHELLO) _ f(Q/)|
<|f(Q) = FQIAFEO)| 4 | f(QIAFEC) — f(QIEEEO) 4| f(QTFELC) — ()]
< 24
< e~ yla
i.e., use triangle inequality we have a scale of 24 (3 times 8). O

We are now ready to bound the distance d(x,y) = ||z — yl|v,-

Lemma 7. For all x,y € RYN it holds that

24\/m
aw.y) < 20—y
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Proof. By (4.2), it suffices to show that for all ¢ > 0,

24/m
Po(|Z: — Zy| > t) < exp (1 — tQ/(Tfo —y

®)2), (4.14)

where again with

1 1
Zy = E|||—=PV* RoCué||} — El|—=PV*RaCut|3

P,V*RqC, 2.
7 7 WV RaCy |7

1 1
| =l PV RaClp ~ Bl

It is proved by applying Theorem [15| with Fy, the o-algebra generated by Qq, ..., Q to the function f()

as defined above

1

Ve

1

PV RoColl — | 7

f(Q) = PiV*RaC,y |7

Assuming (€}, ..., ) an independent copy of (Qy, ..., ), we denote Q' = (1,...Q,_1,Q, ..., Q),

and Q = (Qpy ooy, Q—1, Qi -, 21). And then we need to bound the sum of squared ranges
R? = sup Z ran;
j=1

By definition,



and

rang = sup (Xk‘ﬂk_l,...,Ql) + sup (—Xk’Qk_l,...,Ql)
Qk¢{91 ..... Qkfl} Qk¢{$21 ..... SZ}C,l}

= sup (E(f(sz)mk,...,Ql)‘Qk_l,...,Ql)Jr (4.15)
Q{1 Qr -1}

sup (E(—f(Q’)mk,...,Ql)‘ﬂk,l,...,Ql)
Qre{Q,....Q,_1}

= sup (E(f(Q”Qkanfl“le)+E(_f(Ql)|Q;€’Qk717‘”7Q1)’Qk717‘”791) (416)
Q1,2 ¢{Q1,...,.Qu_1}

= ool o (B OI0 Qutn )|t 1) (B i) |

(4.17)

Now it is essential if we can bound E(f(Q)|Q%, Qk—1..., %) + E(—f(Q) |, Qk—1, ..., 1), conditional
on Q_1,...,1 from above. It is expected that we can bound the term by bounding the combination of

the two summands by
E[f(Q) - f(Q/)|Qk7 Q;w Qk—lv sy Ql]

However this cannot be done in one glance (at least for me), since we are sampling without replacement,
while calculating the expectation over Qs for m > j > k, the space {Qy41,...,Qy} is different from
{1, -, 2, }, for there can be some i > k, such that Q; = Q}, and vice versa for some i > k, Q; = Q..
Therefore E(f(2)|Q%, Qx—1...,€1) cannot immerses with E(f(')|Q}, Qk—1...,Q1) in one step. This is
then analysed by dividing the space generated by (9;);>x into partition events (Ej);-”:_lk and (SJ’);”:_lk

defined in the next paragraph.

Define the events & = {Q; # Qp Vj > k}, & = {Q) # Q. Vj > k}, and, for j € [m — k],

& ={Qt; =W}, & = {Q; = U} and note that

PIUTSEE 1, oo, i, Q) = PUTS EN Qo i, ] = 1 (4.18)

Which says that events (Sj);":_lk and (Sj’.);":_lk are two partitions of the probability space conditional
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on {Qy,...,Q,Q}, and the measure (probability) of each pair of events
m—k
((5j|Ql, ey Qe ), (5§|Ql, veey Qs Q%))jzl
is the same, i.e.,

PE;[Q, -vry Uy U] = PIEIQ, e, 4, ], for j =1, .im — k.

Now, we can write

=
=

E[f()|Q, ..., Qpe—1, Q%]

<.
I
=3

and similarly

—k

3

E[f ()€, .., Qe—1, ] = Y E[f(Q)1g [, ..., Qp1, U, U]

Il
o

J

Put (4.20)), (4.21) together, we have

It remains to bound the term

f(Q)]]_gj - f(Q/)]]'SJ'|Ql7 "'7Qk—17Q;§7Qk"

E[f(ﬂ)]]_g] |Qla ceey Qkfla Qk? Q;c]a

(4.19)

(4.20)

(4.21)

(4.22)

Note that due to the partition of the events, for j = 0, i.e., in events &y, &), ? and Q' differ at most in

one component, i.e., the kth component,or equivalently O and Q) can be different. Thus by Lemma@

24
F)1e, — f(Q)Les Q1o Qimr, Qg Qe < 7\\50 — Yl
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For j > 0, in events &;, EJ’-, Q and ' differ at most in two components, i.e., the kth and the k + jth.

Thus by Lemma [0

24
FQ) e, — f(Q)Ley Qo) Qiem1, gy U < 7\\55 — Yl (4.24)
Hence for all j =1,...,m — k,
/ / 24 !
E[f()1g, — f(2 )]lg;|(21, vy o1, O, Q] < THx — yllPIE; 1, .., i, Q] (4.25)

The above inequality (4.25) and the fact from space partition (4.18]), (4.19)), we have

rany, = sup [(E(f(g)mk,Qk,l...,Ql)‘Qk,l, Ql) + (E(—f(Q’)|Q§€,Qk,1,...,Ql))}
Qk,Q;€${Ql,...,Qk,1}
m—k
< sup |: ]E[f(Q)]ng - f(Q/)]lgﬂgla"'an—lanaQ;g]}
U, 21} - g
m—k
24 24
< s [ Tl — gl PIE R, e 2, ]| € Tl — il
Qe Q0 E{Q1,..,Qk -1} =0

Now applying Theorem (15| with 72 :=sup R* < ;" | rani < (24‘L,/ﬁ||x — y|l%)?, one obtains

B(1% 2| > 1) < 2exp(~2/ Y o~y ),
which implies . We conclude
dw9) =122 ~ Zylw, < 2o~y
as desired. O

Now the details for calculating the Dudley’s integral is demonstrated below.
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Lemma 8.

weclads [ ] /
log V(D ns ——| - s, —
/0 og N (Ds N, —]|| Hoo,me)de

< vsm

S log N log s.

Proof. The integral is calculated by three parts. First the Maurey’s method for larger integral factor e,

secondly the volumetric argument for smaller €, and insert both the above into the Dudley’s integration.

In Maurey’s method, set U = {£+v/2e1,+v2es, -, £v2en}, and || - |x = || - [|oo = [VNFz|loo =

maxke[N]<\/NFk,x>. Then BN (0,1) C conv(Ud), and

M
Bl exZilx
k=1

M
= P
E max | kz_:l ex(VNF?, Zy)|.

Since by Holder’s inequality [(vVNFP, Z)| < |[VNFP||s||Zkli < 1-v2. Note that the norm | - ||&

is defined by nonnormalized discrete Fourier matrix because || NFP?| ., and it should be a constant

independent of N.

IVNE?, Zi))iLs [l < V2M,

for k € [N] By Hoffding’s inequality, conditional on Z,

M
P(| D e (VNFP, Zy)| > V2Mt) < 2¢°/%, ¢ > 0.

k=1
By union bound
M 2
Pe(max | Y ex(VNFP, Z)| > V2Mt) < 2Ne'' /2, ¢ > 0.

pE[N] 1 —]

By Proposition [3] we have

M
E. max 1> en(VNF?, Z,)| < 3/2V2VIn8NVM,
peE
k=1
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then by Fubini’s theorem,

M
E max 1> en(VNFP, Z,)| < 3/2V2VIn8NVM.
peE
k=1

Hence by letting A = 3/2v/2v/In8N < vIn N, Maurey’s method yields

1
log N (conv(U), || - | x,€) S (2)21112 N.

Therefore

o N Dy, |- 2,6) S 108N (D, Y 1)
/
< g AT(VSB (0.0), Y| ) = g N B 0,10, s e
< log N (conv(U),] - || \/Ef/ﬁe)
< (*/f)?ln“' N.

Volumetric argument reveals that

log N'(Ds, v, d(, x9), €) <log N (vVsDg s || - ||, €)
N
< log <S>N(Bf(0, 1,1 oo €)

eN R
< log(?)sN(Bvo(O, D[ flsos€)
eN 2
< log(?)s(l + g)s
eN  2eN
=loa(=m+ =)

Ne+2eN
- slog(g)

S€

N
< slog(=).
S€

B C 1B, holds because | - | < max,en [[VNEP ool - [l1 = 1] - [|1.

(4.26)

(4.27)

With the two results and from above, we are ready to bound the Dudley’s integration.
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First by definition we have

A/ 1
€p = Ssup ||Z;c||F2 < 7
xeDs N

= VIV Faloe < Y2 el < Y oy < V3.

]l

Then insert the above to the integration

/ \/log N(Ds,n,d(z,x0), €)de
0

sm

— [ g Ny d(z.a0). e
0

Neo

ro N V
:/ slog—deJr/ ‘ SmlogNde
—\f/ Ulog—de+

N

now changing variable with setting % = <. one reaches

€o
/ \/logN(D&N,d(x,xo),e)de
0

N [~F 1 NED Vsm
= \/Ez/ log gdt 4 yom log N log( sm)
0

Y4 74

N [WF 1 \/sm Vsm
< — 1 dt log N log(——
_\/E/o 0g 7o &+~ log Nlog(=7=)

N sk sm sm
< —(==)1/loge(l log N log(——
< Z= G lozelt + ) + Y log Nlog(L)

letﬁ:—m,

/
= \/E—'m log N log v/s + \f log
¢ \/m

< mlogNlogs

= (i)%_"‘ log N log s,
m

where the latest equality stands by writing £ = m(3)®. Note that, to make the inequality reasonable,

ie., (%)%*0‘ > 1, « is naturally restricted as o € [0,1/2).
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Chapter 5

Restricted Isometry Property of

discrete Fourier matrix

Due to popularity of the discrete Fourier matrix, it is important to prove the RIP of it. There are already
papers on this topic. We here do not aim to improve the bound rather than that, we apply again our
method from Chapter 4] with more details to prove the RIP of the discrete Fourier matrix, and then
summarize it to be a quick test for proving RIP in Chapter

The discrete Fourier matrix used here is nonnormalized, and the normalization after randomly choos-
ing m rows is then by scale \/% By using McDiarmid’s inequality, the restricted isometry property of
partial random discrete Fourier matrix can be shown. Again for clarity the restricted isometry property

is stated here below.

ds = sup RqoFx
e {lo f -1

RQFLL”Q RQF£L|| }

= sup {|—=

z€Ds N \/7 ]E”\/i

The main theorem is thus stated below.

Theorem 19. Form > 6~ 2Ine 2s2log® slog> N, F has the restricted isometry property of order s with
constant § with probability larger than 1 — €.
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The proof of Theorem [19|is derived directly from Lemma

Lemma 9. Let Q and Q' differ at one component. Then the function

RQF$||2 RQF?JHQ

()fl\\ﬁ ”\f

satisfies
2v/2s
|f() — ()] < [z — yll-
m
Proof. Let complex vector v := (e =~ . 1, e TN 2,0, e N N) the first row of the discrete Fourier

matrix. Denote Q@ = (Q1,Q2,...,9Q,,) and Q' = (Q],Qs,...,Q,,) the m realizations of the random

matrix Rq, by assumption and without loss of generality they differ in the first component. Then

2 2 2 2

(e, 0) (g, 0) (e, 0%) (.0

(2, v%2) (4, 0%) (&, v%) (4, 0%)
m|F©) — 1) = 0 - oY |
<$7 ’Uﬂm> 9 <y’ Uﬂm> ) <Q?, Uﬂm> 9 <y’ Uﬂm> )

_ ‘(x,Um)Q— (y,v™)? — (2, 0%)? + (y, Q/>2‘
= (™) + ™) (™) — (.07 -

D), 0™) = (y,0™))|

’

((z,v}) + (y, o
< [2(fe o) + (0 0™)) (2, 0™) — (g, 0™))]
< [2lle — el + 9.0%)

< 2V2s||z — Yl -

Let Z, = \/%RQFCCH% —E-LRoFz|3, and d(z,y) := ||Zs — Z,||¢,- The distance d(z,y) := || Z, —

vm

Zy||, is thus bounded in the following lemma.
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Lemma 10.

o) < 2200 . (51)

Proof. Tt is suffice to show that for all ¢t > 0

(2~ 20> ) S o (- 2/ e - ylle)?).

By Lemma 9]

ran; = sup (]E(f(Q)\Qj, Ql)’Qj_l, Ql) + sup (E(—f(Q’)mj, Ql)’Qj_l, Ql>

J J

— sup (]E(f(Q)\Qj, Qs 1) + E(— ()], Q1o Ql)‘ﬂj,l, Ql)

J

_ sup (E(f(Q)|Qj,Qj_1...,Ql) —]E(f(Q’)|Q;,Qj_1,...,Ql)‘Qj_l,...,Ql).
Qj’ng{Ql’“ij*l}

Since

E[£(Q)|Q, ... 1, U] — BLF(Q)|Q, ooy Qo1 ]

= Z [f(Q)|Qla Qk 1an¢] ( —J+1Q) Z [f(Ql)|le Qk lygk] ( '—J+1Q)
i=j+1 i=j+1

= 3 (O s Vo1, U] = ([0, 00, Do, QP )
i=j+1
2v/2 i 2/2

< \;:S =yl Z P(ILZ ;41 18) = fllx—yllom

i=j+1
and R? < 2v2s ||;1: — Y|ls, McDiarmid’s inequality yields the result.

Below volumetric argument together with Maurey’s method will be applied to bound the covering

number N'(Ds v, \/%H s €)-

Dudley’s inequality then reveals the property of the restricted isometry property as below.

Lemma 11.

slog Nlogs .,
sup RqoFzx|5—1| >t <exp(—t2 ——) .
(we SN‘”\F I3 —1] > t) /( T )
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Proof. As setting before Z, = || \/%RQFI'”% E|| \/—RQF.TH%, this lemma is proved by bound the supre-

mum of Z, over x € D, x by Dudley’s inequality Theorem

2

—u
P( sup |Zy — Zy,| > u) S exp( , (5.2)
©€Ds N ’ (52 \/log N(DS,N,d(x,:zzg),e)de)2
where d(x,x0) := ||Zs — Zu, || w, 18 the (up to a absolute constant) smallest value such that
2
P(|Z, — Z —_—). .
(12, = 2, > ud(e.1)) 5 expl z5"—) (5.3

This bound is derived in Lemma [I0

Secondly, we need to bound the integral in denominator, i.e. foeo \/log N(Ds,n,d(z,x0), €)de by

Maurey’s method and Volumetric argument. First use Lemma [I0] set y = 0,

2V2s 22 e < 222l < Y22 ), < V22
\/7 0o X \/7 1> \/7 2 >~ \/ﬁ .

o= sup [ Zellw, < (5.4)

r€Ds N N \/7 || ”00 B

Secondly, applying Maurey’s method Lemma by setting U = {i\@el,iﬂeg, ‘e ,i\/ﬁeN}, and

- llx =1 lloc = [F2]loc = max,en)(F?,x). Then BN(0,1) C conv(U), and
M
Bl enZillx (5.5)
k=1
M
= P
Eprzng%Nl;eMF  Zi)|- (5.6)

Note that the norm || -| & is defined by nonnormalized discrete Fourier matrix because ||F?|| o should

be a constant independent of N. By Holder’s inequality (F?, Z;,) < ||FP?||so|| Zk|l1 < 1v/2, we have
I(CE?, Zi)ilall2 < V2M, (5.7)
for k € [N] By Hoflding’s inequality, conditional on Zj,

M
Pe(| D e (FP, Zi)| > V2Mt) < 2/, t > 0. (5.8)
k=1
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By union bound
M

P, ( max\zek (FP, Z4)| > V2Mt) < 2Ne'™ /%, t > 0. (5.9)
PE[N]

Applying Proposition [3| yields

E.  max |Zek (FP, Zy)| < 3/2v2VIn 8NV M (5.10)
peE[N
and by Fubini’s theorem,
M
Emfix Z (F?, 73] < 3/2V2VIn8NVM (5.11)
pE[N
=1

Hence by letting A = 3/2v/2v/In8N < vIn N, Maurey’s method yields

log N (conv(d), || - || x, )§( )?In N.

Therefore

log N(Ds n, || - lw,, €) S log N (Ds n, \/\/%H s €)

<log N'(v/sBy (0,1), \/\/7%” lsos €) = log V(BT (0,1), || - ||ob7\/\§77\;§€)

<log N(conv(Ud), | - ||, \/gge)

< (\Fe) In% N. (5.12)

By a volumetric argument, we have

logA (De v d(z, 20) €) < log N (B3, Y| - [ ><1og( ) VaB: L o)

vim Vi
< Tor(“TYWB -l ¥70) < los (1 + 2y < slo(ST) 1+ 5)
= slog(ﬂ + \2/6%) < slog(g). (5.13)
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B} C 1BZ, holds because || - [|so < maxpe(ny [[FP||ool| - [[1 = 1| - [[1. Then combining (5.12))(5.13)),

€Q Lm
/ \/k)gN(Ds,Nad(‘raxO)’e)de:/\/7 \/logN(D&Nvd(xva))e)de
log N 1
/ \/slog—de—i—/ 1ogNde \f/ \/log—d6+80g o

by changing variable + = &

se’

/oeo\/logN(D yd(x,30), €)de = V/s— /NK\/EdtJrlogNlog( \F)

N [FF
< 1 dt log N |
*\/5/0 ogIH +\F0g og( \/ﬁ)
N S S
< I 1+ — ——log N log(——=—
< sk [loge( +st—i)+\/ﬁ og og(m/m),
nowletmz%

co slogN Ny/m slog N NG slog N log s
log N(D de = Ine(l 1 < .
/ \/og 5N, (@, 7o), €) ne( +slogN)+ vm OglogNN LD

This ends the proof. O

5.1 Quick test of RIP

In this section I summarise the above method of the combination of Dudley’s inequality with McDiarmid’s
inequality to a quick test for proving the RIP of partial random matrices \/%RQA (the randomness occurs
at drawing the m rows out of N rows), for A any arbitrary matrix ]E|| — RoAz|3 = 1.

(In case with ¥A-quantization, multiply a term (%PZV*) in front of \/%RQA.)

ds = su RqAx
meDE)N{H\f oAz|3 — 1}

= Su ]E
wEDE)N{” \/7 ” \/7
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Lemma 12. Let Q and Q' differ at one component. If the function

F(Q) = | —=RaAz|3 - | —=Ro Ayl

\F \F

satisfies

19 = 1)) £ 775 e =l

for some function K of variables s, ¢, m, then

B(3, > ) S exp(—t/ (5= M Jog Nlogm)?).

(s,€,m)

5.2 RIP of random matrices \/iZPgV*RQF

If we can prove the RIP of ﬁPgV*RQF then we can apply Theorem m again as in Chapter [4| to get a
reconstruction error bound for the partial random discrete Fourier matrices. The essential step while

applying Dudley’s inequality together with McDiarmid’s inequality to found the restricted isometry

property of %P@V*RQF is to bound the difference similarly in Lemma ie. f(Q)— f(Q).

IF(Q) — £()] =

1 *
M| PV RpFy|2)

ng RQFI”Q ﬁ

PV*RoFyl3) — (Il —=PV*Ro |3 — |

Vi 172 7
1

= f’{( < P@V*RQFL,.’E>2 + -+ < PgV*RQFg.,w>2)

— (< PV*RoFy.,y)* + -+ < PV*RqF,.,y)?)

— (< PV*RoFp,z)*+ -+ < PV*Ro Fy.,x)?)

+ (< PV*RoFi,y)* + -+ < PeV*Rn/Fe-,y>2)H

1
= f’ (P(V*RQFL [SU + y]PgV*RQFg. + -4 PzV*RQFl.[fE + y]PzV*RQFg.> [l‘ — y]

(0]



— <P4V*RQ/F1.[$ + y]PgV*RQ/Fz. + -t PgV*RQ/Fl.[{E + y}PgV*RQ/Fg) [:C - y]‘

However there is so far no proper upper bound for this difference, and comparing to the result from
Theorem [9] I might refer an implication that if the difference is larger than a certain amount there is no

RIP. O
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Chapter 6

Appendix A

Lemma 13. [26] For u > 0,

/ e/2qp < mut/? min{\ﬁ, 1}.
“ 2 u

Proof.

/Oo e /2t = /OO e~ 2qp = ¢t/ /Oo e~ (e 2,
U 0

0

On one hand: for t,u > 0, e7* < 1, and then

o—u’/2 /Oo o) o~ t/2 gy < o/ /Oo /20 \/?6u2/2.
0 0 2

On the other hand: for u,t > 0, e~t’/2 <1, and then

e—u2/2 /OO e—(tu)e—t2/2dt < e—u2/2 /OO e—(tu)dt — le—uz/Q.
0 0 u

7

(6.1)

(6.2)



Lemma 14. [26] In CV, for 0 < p < q, then
lzllq < llzll, < NV/P7VD ]|, (6.4)

Proof. See reference for more details. O

Lemma 15. [26] For o > 0 it holds

/Oa \/In(1 + %)dt < ay/In(e(1 + é))

Proof. [26] Apply Cauchy-Schwarz’ inequality to obtain

/Oamg \//Oa 1dt/0a In(1 4 ¢t=1). (6.5)

Let u = t~!, integration by parts yields

« o0
/ In(1 4t Y)dt = / w2 In(1 + u)du
0 a~?t

(e e) oo 1

1
=—u"In(1 +u)[2% —|—/ u™t n du < aln(l+a™t) —|—/ —du

2
-1 1+u a-1U

=aln(l+a N+ a

Substituting this into (6.5)) ends the proof.

Proposition 5. [28] Let r be any positive integer and D be as in . There are positive constants

s, (r) and cs, (1), independent of m, such that

m T -Tr T
631(7’)(7) < o;(D )SCSQ(T)(j) s i=1...,m (6.6)
Proof. See reference for more details. O

Lemma 16. [/j] Assume that & = (fj)jj\il is a sequence of independent random vector in C" equipped
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with a (semi-)norm || - ||, having expectations x; = E&;. Then for 1 < p < oo

1/p

1/p M
(Eu Z & - x; ||P) < 2(E|| Zejw) ,
j=1

where € = (ej)j»v:l is a Rademacher sequence independent of €.

Proof. Let §’ = (£1,5, . ..,&),) denote an independent copy of the sequence of random vectors (£1,&2, ..., &m)-

Since Eg} = x; an application of Jensen’s inequality yields

E:= IEIIZ (& =x)II" = EIIZ (& — E&5) H”<EHZ &N

j=1

Since (¢; —f;) jj\il is a vector of independent symmetric random variables; thus it has the same distribution

as (¢;(& — 53));{1 The triangle inequality gives

M M M M
EYP < (B> (& = EPINMP < EID 6&IP)P + (BN e;&1P)P = 2Bl Y e;&517)P

j=1 j=1 j=1 Jj=1

The last equality is due to the fact that £ is an independent copy of . O

Lemma 17. Let X be any real-values random variable with expected value E = 0 and such thata < X < b

almost surely. Then for all lambda € R,

Proof. Since e’ is convex

Az a b <
e b a T Va <z
So
E[e)\:v} < b_E(X)eAa+E(X)_a6Ab Va <
b—a b—a



Let h=A(b—a), p= 72 and L(h) = —hp + In(1 — p + pe"). Then

b_E(X)e)\a + E(X) _ae)\b — (L(n)
b—a b—a

since E(X) = 0. Taking derivative of L(h),

L(0) = L'(0) = 0 and L"(h) < -~ for all h.

| =

By Taylor’s expansion,

L(h) < =h? = é)?(b— a)?.

Hence

E[eAX} < e%)\Q(bfaf.
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Chapter 7

Appendix B

This chapter shows the proof of Theorem [7] [48].

Theorem 20 ( [25] ). Given q < 1, suppose that the matrices ® € R™*N satisfy the £y robust null space
property of order s with constants 0 < p < 1 and 7 > 0 relative to a norm || - || on R™. Then, for any

1 <p <gq, the bounds

C
I1F = glle = =7 (gl = 1fllx + 20:(f)1) +Ds!/P VA 0(f — g)| (7.1)

hold for all f € RN and e € R™ with |le|]| <. The constants C, D > 0 depend only on p and 7.

s1/1
q

Proof. First note that since for ¢ > 1, by Young’s inequality [zs|[1 < 577 [|7s]l4, the £4-robust null space

property implies ¢1-robust null space property for all index set S, with cardinality |S| < s,
losly < plloglh + 78~/ Do]]. (7.2)
Now write

£l = lIfslly + [ fslle < NI(f = g)sll + llgsll + [ 5l

0=1fsll + Ifsll < WCF = 9)sll + llgsll + 1 f5ll = 171 (7.3)

(7.4)
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I(f = 9)sll < llgsll + I £l (7.5)

Summing these two up,

1(f = 9)sll < I(f = g)sll + llglls = [1f 1l + 2[ F5ll1- (7.6)

Inserting (|7.2) to substitute ||(f — g)s]|1,

167 = )5 < (S = g)slh + 7' /1@(7 ~ ) + 20 S5l + gl — 1511 (77)
= (¢ = a)slh < 7= (lalh = 11+ 20 sl + 5=/ (7 = )] 8)
O

Proof of Theorem[7] Let (z,v) be a feasible pair to (1.27), and let ¥ := v(r)/A. Define u := D~"(®z +

v—gq),and p:= (%u, %V) and then

lullz < ¥AVm, and [|pll2 < Av2m. (7.9)

By definition, u, p, g, z and v have the relation
Oz—q=D"u—v=[}D", i]]p. (7.10)

Denote [7D", <I] by H, and let the singular value decomposition of H = VXU*, and then the pseudo-

inverse of H, denoted by HT.
H' = (HH*)™'H = (VSU*)*(VSUX(VSU*)*) "' =US~ V™, (7.11)

Multiplying both side of (7.10)),
HY(®z —q) = H Hp = UU"p. (7.12)
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Since ||p|l2 < Av/2m, and U is a unitary matrix,

| H (@2 — g)]ls < AVZm. (7.13)
By triangle inequality,
|H 0z — &)]ls < | H (@2 — g)lls + [ H (@ — g)]l> < 2Av2m. (7.14)

Turn to another side and see the singular value decomposition of H in terms of singular value

decomposition of D" = VpSpUj:

HH* = VSU*(VIU*)* = VX?V*

€

“pr € e
N, )

=D, A
= [?D7(D7)") + ({)*11°]

€

= [¥*VpSpUpL(VoSpUR)*) + (< )*1]

€

= (Vo S3V5) + ()]

= [(Vb(3Sp)*V3) + Vo (5)*D)V3)

€

A)%)vgg, (7.15)

=Vp((35p)* + (
and since
HY' = H*(HH*)"! = (VU (VIU*(VIU*)" )"t = US V™, (7.16)
applying Weyl’s inequality, the ¢th singular value of HT is bounded as

dmrt —)3)~2, (7.17)

or(HY) = (For, (D7) + ()7 2 (52 + (R
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Therefore by denoting P, € R**™ a projection to the first £ dimension.

|H ®(z — 2)|2 = |[UST'V*®(z — 2)||2 (7.18)
= ||Z7Vr(z — )||]2 > |PETTVR(x — 7)o (7.19)
= | PSP PV — )| = o (HN) [PV (a — &), (7.20)

together with (7.14]) then
1 ~
2AV2m > ap(HY)|PV*®(x — &)|| = Ug(HT)\/ZHWPgV*@(x —2)||l2 = o (HNYV| 9P (x — 2)||5 (7.21)

by setting ® := %PKV*(I).

Now by assumption ® has restricted isometry property of order 2k and constant § < 1 /9, Theorem
|§| shows that the ¢,-robust null space property is also satisfied, hence Theorem [20] holds here by setting

f=2and g =1=x.

or(x)

NG
m 1

o ()1
< 2V20,A ) —
< 2v20, MZ(Hdag)+cs NE

|z — &2 < Cal|®@(x — 2)2 + Cs

m,_ 3arl € o ()

<2304 GG+ () + G

14 A
< 2\/504,'?3T7T7‘TT(£)1”—1/2A+2\/§C4 @64_05079(1')1.
m V ¢ NG

Setting Cg = 2\/504’?3%7’1”, Cr; = 2\/504, Cs = C5 finishes the proof. O
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Quantized Compressed Sensing
for Partial Random Circulant Matrices

Joe-Mei Feng, Felix Krahmer, Rayan Saab
February 15, 2017

Abstract

We provide the first analysis of a non-trivial quantization scheme for compressed sensing measure-
ments arising from structured measurements. Specifically, our analysis studies compressed sensing matri-
ces consisting of rows selected at random, without replacement, from a circulant matrix generated by a
random subgaussian vector. We quantize the measurements using stable, possibly one-bit, Sigma-Delta
schemes, and use a reconstruction method based on convex optimization. We show that the part of
the reconstruction error due to quantization decays polynomially in the number of measurements. This
is in-line with analogous results on Sigma-Delta quantization associated with random Gaussian or sub-
gaussian matrices, and significantly better than results associated with the widely assumed memoryless
scalar quantization. Moreover, we prove that our approach is stable and robust; i.e., the reconstruction
error degrades gracefully in the presence of non-quantization noise and when the underlying signal is
not strictly sparse. The analysis relies on results concerning subgaussian chaos processes as well as a
variation of McDiarmid’s inequality.

1 Introduction

Compressed sensing [8l |9, |14] deals with accurately reconstructing sparse (or approximately sparse)
vectors € RY from relatively few generalized linear measurements of the form ({(ai, z))i%1, where
m < N and where the vectors a; € RY are chosen appropriately. Accurate reconstruction is theoretically
possible because well chosen compressed sensing measurement maps are injective on the “low-complexity”
set of sparse vectors. On the other hand, tractable reconstruction algorithms in the compressed sensing
context rely heavily on sophisticated, non-linear techniques including convex optimization and greedy
numerical methods (e.g., [3, /10, [31]). Consider the m x n matrix A whose rows are given by the vectors
ai, and denote the possibly noisy compressed sensing measurements by

y= Az +e, (1)

where e € R™ represents noise. If |le||2 < €, and A is chosen appropriately, then standard compressed
sensing results guarantee (e.g., [8} |9} |14], see also [17]) that the solution & to the optimization problem

min ||z]]s  subject to ||Az —yll2 <€ (2)
z

satisfies
|z — 252

e, 3)
Above, z; denotes the best s-sparse approximation to z (i.e., the vector with at most s non-zero entries
that best approximates x).

The need for sophisticated non-linear decoders such as 7 which can only be reliably implemented
on digital computers, implies that compressed sensing is inextricably linked to a digitization (quantiza-
tion) step. Through quantization, the measurements are converted from continuous valued quantities to
elements from a finite set (e.g., {£1}), so that they can be stored and manipulated (and ultimately used
for reconstruction) via digital computers.

=&l < C(lle]l2 +



Despite the importance of quantization, and a flurry of recent activity focusing on this subject in the
compressed sensing context, its treatment remains rather underdeveloped in at least two ways. First,
most of the current literature (e.g., [6, 23} 28| 33| |38] |42]) has focused on the most intuitive approach
to quantization, namely memoryless scalar quantization (MSQ). However, MSQ is known to have strong
theoretical limitations to its reconstruction error guarantees, which we discuss in Section[2:3] Second, all
works on the topic to date have only considered compressed sensing matrices A with subgaussian random
entries, both for MSQ and for more sophisticated quantization schemes such as XA quantization, which
have been shown to outperform MSQ (see Section below for more details).

1.1 Contributions

In this paper, we address the lack of a non-trivial quantization theory for a practically important class of
measurement matrices: partial random circulant matrices. Our main result, Theorem [5|shows that if the
compressed sensing measurement matrix is a randomly subsampled partial random circulant matrix, and
the measurements are quantized by a stable (even 1-bit) Sigma-Delta quantizer, then with an appropriate
tractable decoder (which we specify):

e The reconstruction error due to quantization decays polynomially with the number of measurements.
e The recovery is robust to noise and stable with respect to deviations from the sparsity assumption.

Our analysis relies on proving a restricted isometry property for the product of our compressed sensing
measurement matrix and the matrix formed by the left singular vectors of an rth order difference operator,
which we provide in Proposition[I} For this, we use a combination of a version of McDiarmid’s inequality
[29], Dudley’s inequality [15], and recent results on suprema of chaos processes [24]. As a notable
technical difference to previous works (without quantization) studying measurement systems involving
random subsampling, our proof explicitly exploits that we are subsampling without replacement. Let us
now introduce the necessary background information, starting with partial random circulant matrices,
followed by a brief introduction to quantization and to the concentration of measure techniques we
employ.

2 Background and notation

2.1 Notation and basic definitions

We denote by [N] the set {1,..., N} and by ex the k-th standard basis vector. A vector x € RY is
s-sparse if only s of its entries are non-vanishing, that is, its support T" = supp(z) = {j € [N] : z; # 0}
( 627rijk /N) N

satisfies |T'| = s. Throughout, the matrix F' = ik is the unnormalized N'x N discrete Fourier

transform matrix, and F' denotes the complex conjugate of F. That is, FF = FF = NId. We say that a
matrix A satisfies the restricted isometry property of order s and constant ¢, if for all s-sparse vectors x

(1= 9)llz]l3 < [lAz]l3 < (1+8)l|]|5.

Given a vector ¢ € RY, we denote by X € RV*V the diagonal matrix with & := Fx on the diagonal.
For a matrix A, Ax denotes its k-th column.

We write f < g for two functions f and g if they are defined on the same domain D and there exists
an absolute constant C' such that f(y) < Cg(y) for all y € D, f 2 g is defined analogously. Given a
full-rank matrix A € R™*¢ with m > d, its pseudo-inverse is given by AT = (A4*A)~1A*.

2.2 Partial random circulant matrices

Given a vector £ = (£1,&2,...,&n) € RY, the corresponding circulant matrix ® = ®(¢) € RV*Y is
defined by

& & & - én
v & & - én—aa

Ce=| . : (4)
& & & - &1



In this paper we consider random circulant matrices C¢ arising from random vectors £ whose entries are
independent L-subgaussian random variables with variance 1 and mean 0, in the sense of the following
definition.

Definition 1 (see, e.g., |[40]). A random variable X is called L-subgaussian if
P(IX| > t) < exp(1 —t*/L?). (5)
Up to absolute multiplicative constants, the subgaussian parameter L is equivalent to the subgaussian

norm || X||w, defined as || X||w, = supp21p71/2(IE|X|P)1/p. Specifically, implies that [40]

1X v < 4/5L. (6)

A partial random circulant matrix is obtained from a random circulant matrix by sampling the rows
of the latter. In this paper, we consider only sampling without replacement, thus obtaining the following
definition.

Definition 2. Let & = C¢ € RY*N be o random circulant matriz as in and, for m < N, let

Q= (Q,...,2%) be a random vector obtained by sampling from [N| without replacement. That is, Q is
drawn uniformly at random from the set
E:i={w e [N]":w; #w; fori#j}. (7)

Then the associated partial random circulant matrix s given by
A = Rq®.

where Rq is the subsampling operator

m
XN
R™ " 3 Rq = Zejegfzj.

Jj=1

Partial random circulant matrices are important to the practical application of compressed sensing.
This is due to the simple observation that a circular convolution of a signal z € RY with a “filter”
€ € RY, as given by the vector y = z ® £ € RY with entries

N
Yy 1= g Ti€j—i mod n»

=1

can be represented by the action of a circulant matrix. Indeed one has * ® §~ = Ce¢x, where

€ € RY is defined via En—j11 = EJ for j € {1,...,N} and Cg¢ is as in ({@). Consequently, as the
convolution is commutative, one has Cex = C,€; we will repeatedly make use of this observation.

Due to the ubiquity of convolutions in signal processing applications, partial random circulant ma-
trices, modeling subsampled random convolutions, have played an important role in the development of
compressed sensing applications such as radar imaging, Fourier optical imaging, and wireless channel
estimation (see, e.g., [21] 35]). Recovery guarantees for partial circulant matrices have been an active
area of research in the last decade, the best known results have recently been proved by Mendelson,
Rauhut, and Ward [30].

2.3 Quantization

In the compressed sensing context, quantization is the map that replaces the vector y = Az + e € R™
by a representation that uses a finite number of bits. Most often, practical quantization maps are of the
form

Q:R™ - A™

where A C R is a finite set, called the quantization alphabet. Both memoryless scalar quantization and
YA quantization, which we will discuss in the next paragraphs, execute quantization maps of this form.



The most natural and common choices of alphabets have equispaced elements. As representatives for
such alphabets we will focus on the so-called mid-rise alphabet with 2L levels and step-size d, denoted
by A? and given by AS := {£(20+1)§/2, £ € {0, ..., L — 1} }. The minimal instance of such an alphabet
is the 1-bit quantization alphabet, which we denote by A = {—1,+1}.

The fact that Q outputs a vector of alphabet elements allows the quantization to be implemented
progressively. That is, one can relate each entry of the quantized vector to some measurement and each
subsequent measurement can then be quantized in a way that depends on previous measurements. This
idea is exploited in XA schemes.

Memoryless scalar quantization

Memoryless scalar quantization is an intuitive approach to digitizing compressed sensing measurement.
It simply uses a scalar quantizer

Q_A:]R—>A

z+—>arg£réldr41|zfv| (8)

to quantize every entry of y independently. Using a standard compressed sensing recovery algorithm such
as , one can use the robustness of standard compressed sensing reconstruction algorithms to bound
the reconstruction error. Such results guarantee that the reconstruction error decays as the size of the
alphabet increases. However, they do not guarantee error decay as one takes more measurements. One
could argue that a better reconstruction algorithm or a sharper analysis would alleviate this issue, but
that is hardly the case. Indeed, consider working with a fixed quantization alphabet, as one would do in
practice due to fixing the quantization hardware. Then, as shown by Goyal, Vetterli, and Thao [18], the
error in reconstructing a k-sparse signal from its m MSQ-quantized measurements cannot decay faster
than k/m, even when using an optimal decoder. This means that by linearly increasing the number of
measurements, and hence increase the number of bits used, denoted by R (for rate), one can, at best, only
linearly decrease the reconstruction error, denoted Daso (for distortion). That is, the rate-distortion
relationship associated with MSQ satisfies

Dusq(R) > CR™. 9)

This lower bound stands in sharp contrast to the rate-distortion relationship that an optimal assignment
of bits (for encoding k-sparse vectors in the unit-ball of R™) yields, namely (see, e.g., [5])

D*(R) < c%e*”‘/’“.

In this sense MSQ is far from optimal. One factor preventing MSQ from being optimal in general,
is that it does not exploit any correlations among the measurements, as it treats each measurement
independently of the others.

Sigma-Delta quantization

Sigma-Delta (X¥A) quantization is an alternative quantization method that, in its simplest form, works by
scalar quantizing the sum of the current measurement and a state variable, and then updating the state
variable. It is through the state variable that the dependencies between the measurements are accounted
for in the quantization. A schemes were proposed in the 1960’s |22] for quantizing bandlimited functions
and have seen widespread use in practice, particularly in audio applications [32]. For almost 40 years,
there was no precise understanding of YA from a mathematical perspective, before recently, following the
seminal work of Daubechies and Devore in |11], a number of works analyzed ¥ A schemes for bandlimited
functions from a mathematical perspective |12} |13} |19} |27].

In addition, ¥A schemes have recently been shown to be well suited for quantizing finite-frame
expansions |1} 2} |4 [25] as well as compressed sensing measurements [20, 26| 36} [37]. We review these
results in the following subsection, and we now focus on the relevant details of XA quantization schemes.

In the simplest XA scheme, a first order YA quantizer, the state variable u; accounts for the accu-
mulated quantization error. That is, the quantizer applies to the measurements y; the iteration

¢ = Qa(yi + ui-1) (10)



Ui = Ui—1 + Yi — Gi- (11)

Here Q4 is the scalar quantizer . In an r*-order LA scheme, the first order finite difference A (given
by (Au); := u; — ui—1, and appearing in ) is replaced by an rt-order finite difference A”. Moreover,
before applying the scalar quantizer, some quantization rule p : R™"* — R is applied.

That is, the quantized measurement vector ¢ with entries ¢; € A is computed via the recursion

qi = QA (P(Yi> Uiz1,Ui-2, ..., Ui—r)), (12)

T r )
wi=yi—q— || (=1) uiy. (13)

j=1 J
Using the first-order difference matrix D with entries given by
1 ifi=yj

Diyj = -1 if i = ] + 1 5 (14)

0 otherwise

the relationship between z, u, and g can be concisely written in matrix-vector notation as

D'u = y—gq. (15)
The inverse D™" will play a crucial role in our analysis, which is why we fix the notation

D" =USV",

for its singular value decomposition throughout this paper.

Recalling that (D~'2); = 37_, z;, in the case of first order schemes (where = 1) the state variable
u can be interpreted as an accumulated error, as can be seen by appying D~ to the equation above. It
intuitively follows that it is crucial for the sequence of state variable u to be bounded in this case. This
intuition can be made precise and generalizes to higher order schemes. For this reason we seek stable
r*"-order schemes, i.e., schemes for which and result in

[tlloe < Cpo(r)

for all N € N, and y € RY with ||y|lcc < 1. Importantly, we require that C, g : N — RT be entirely
independent of both N and y. One can show that stable r*"-order YA schemes exist with C, o(r) =
O((Cr)") for some constant C' |13} 19|, even when A is a 1-bit alphabet, but that there are fundamental
lower bounds on C' and no better dependence on r can be achieved |7} |27].

2.4 Probabilistic Tools

We will use a number of different probabilistic tools for different parts of our argument. We state them
here for convenience. The first one is a variation of McDiarmid’s inequality. Note that it closely relates
to the Azuma-Hoeffding inequality and the method of bounded differences.
Theorem 1 ( [29], Theorem 3.14). Let (2, F,P) be a probability space and (§,Q) = Fo C F1 C ... C Fpy
a filtration in F. Consider a bounded random variable X, and set Xi := E(X|Fk). Define the sum of
squared conditional ranges

m

R? = Z rani
k=1

where
rany := sup(Xg|Fr—1) + sup(—Xi|Fr—1),

and denote its (essential) supremum by
7= sup R
Then,
2 /22
P(X —E(X)>t)<e 2/,
A second tool that we will be using is Dudley’s inequality. In order to formulate the result, we recall
the definitions of the covering number and of subgaussian random variables.



Definition 3. Let (S,d) be a metric space and € > 0. A subset N, of S is called an e-net if every point
in S can be approzimated to within € by some point in Ne, i.e., for all x € S there exists y € N, such
that d(x,y) < €. The covering number N (S, d, €) is the minimal cardinality of an e-net of S.

Theorem 2 (Dudley’s inequality [15]). Let Z, be a random variable depending on x € T, for some set
T and define d(z,y) = || Zz — ZyH‘I’zr if

P(1Z — 2yl > 1) S exp (= /120 = 2,13, )

then for any xo € T

supaeny . 122l
P(sup |Zy — Zzo| > t) S exp ( — t2/(/0 i : \/logN(DN,s,d(x,y),e)de)Q).

A third result that we will be using concerns subgaussian chaos processes. Its original version involves
the Talagrand v functional, an intricate complexity parameter related to the generic chaining [39], which
can be bounded in terms of covering numbers via Dudley’s inequality (Theorem . To avoid discussing
the generic chaining methodology in detail, we state a combined version in terms of only these upper
bounds.

Theorem 3 ( |24]). Let C be a set of matrices and consider the complexity parameters

d22(C)
Q)= (e, dioa© = sup [z, DO = [ Vg Tamerw) d

Let & be a random vector whose entries &; are independent, mean-zero, variance 1, L-subgaussian random
variables. Then, for t > 0, the random variable

Ce(&) = sup lICE|13 — Ee||CEl5

satisfies
2

P(Cc(€) > c1E+t) < 2exp(—ca min{%, %})’

where
E=D(C)(D(C)+dr(C)) + dr(C)da—2(C), V =da—2(C)(D(C) + dr(C)), U = dgﬁg((,’),

and the constants c1, ca depend only on L.

3 Related Work

3.1 XA quantization of finite-frame expansions

The first paper analyzing YA quantization of finitely many measurements of finite-dimensional vectors
was [1], initiating a series of papers on the subject. For example, the papers |1, |2} |4 [25] all studied
YA quantization when one collects m > N linear measurements y; = (a;,z) of z € ]RN, where the
collection (a;)™; spans RY (and is called a finite-frame). In this finite-frame setting, [1] showed that
the reconstruction error associated with first order YA quantization can be made to decay linearly
with the number of measurements, hence the bit-rate. With this first order YA approach, the upper
bound on the error already matched the lower bound @ associated with MSQ. Using higher order XA
schemes, subsequent papers (e.g., |2, |4]) showed that the error can be made polynomial in the number of
measurements, significantly outperforming the MSQ lower bound. Importantly, the linear reconstruction
scheme proposed in [4] to approximate x from its quantized finite-frame measurements also proved fruitful
in the compressed sensing context. Denoting by A the m x N matrix (m > N) having a; as its rows, the
r™_order Sobolev dual of A is the N x m matrix

B:=(D"A)'D",

which is easily seen to be a left-inverse of A. The approach of [4] was to estimate z from ¢ via £ = Bg,
yielding error rates that decayed like m™" (i.e., polynomially in the number of measurements and bits)
provided the rows of A obeyed some smoothness conditions.



3.2 YA quantization of compressed sensing measurements

The paper [20], soon followed by [16, [26], was first to study ¥A quantization of compressed sensing
measurements. They focused on the setup where the compressed sensing matrix is subgaussian, the
underlying signal is strictly sparse, and no noise contaminates the measurements. They analyzed a two-
stage approach to signal recovery whereby one uses a standard decoder like to estimate the support
of the k-sparse signal, then applies the Sobolev dual of the associated m X k sub-matrix of A to q.
With this approach, the reconstruction error was again shown to decay polynomially in the number
of measurements. The proofs in |20, [26] relied on bounding the smallest singular value of a certain
anisotropic random matrix, while [16] significantly simplified the analysis by using an approach based
on the restricted isometry property. These results showed that frame-theoretic quantization techniques
could be extended to the compressed sensing setup. On the other hand, the reliance of |20} |26] on
a two-step approach involving support recovery meant that obtaining a result for compressed sensing
measurements of arbitrary signals in the presence of noise would be difficult.

More recently, in [?] a decoder based on convex optimization was proposed (to replace the two-
step approach) and analyzed, with the main result being that it could handle both arbitrary signals
and measurement noise (bounded by €). Specifically, if ¢ results from quantizing compressed sensing
measurements y (as in (I)) using an r*™-order ¥A scheme, one approximates = with & via

(%,é) := arg {nuﬁ lz]l1 subject to [|[D™"(Az + v — q)|l2 < y(r)vm
and [l> < ev/m, (16)

where v(r) depends on the quantization scheme used. The resulting approximation error due to quan-
tization in [?] decays as m7T+1/2, i.e., polynomially in m, and the approach is shown to be stable and
robust. As in |16], a main ingredient in the proofs of [?] is an analysis based on the restricted isometry
properties of certain matrices arising from the interaction of the difference matrix with the compressed
sensing matrix. Indeed, the following result, which we will also use, is proved in [?].

Theorem 4. [?] Let A be an m X N matriz, and let k,l € {1,...,m}. Suppose that %PgV*A satisfies

the restricted isometry property of order 2k and constant § < 1/9. Denote by Qsa a stable rth order
YA quantizer. Then, for all x € RN with ||Az|lee < 1t < 1 and all e € R™ with ||e]loo < € < 1 — p the
estimate & obtained by solving with ¢ = Qxa (Ax + €) satisfies

—r+1/2
&~z < ¢ (%) 5+ cz”;(g) + 05/ e, (17)

where the constants C1,C2,Cs depend on the quantizer, but not the dimensions of the problem.

The combination of stability, robustness, quantization error decay, and practicability make the XA
quantization approach, followed by recovery via amenable to practical applications where one has
the freedom to select subgaussian compressed sensing matrices. Nevertheless, the only matrices ¢ for
which [?] proved that the assumptions of Theorem [4] hold are subgaussian. As such, the results of [?]
do not apply to important practical setups such as system identification, radar, and coded-aperture
imaging, where structured random matrices such as partial random circulant ones arise naturally in the
compressed sensing context (see, e.g., [21}34]). The only result we are aware of (aside from those of this
manuscript) that addresses quantization in the context of structured random measurement matrices is
that of |[41]. [41] shows that first order ¥ A quantization coupled with an appropriate decoder yields an
error decaying as (%) - 2, when the measurement matrix is a randomly selected m x N submatrix
of the N x N discrete Fourier transform matrix. Consequently the results are only meaningful when m
scales like k*, which is considerably worse than the linear scaling of m with k (up to log factors) arising
in Theroem@and commonly in compressed sensing without quantization. One of our main contributions
(Theorem [5)) is to show that such a linear scaling (up to log factors) also holds for certain structured
random measurements, specifically for random circulant matrices.

4 Main results

In this section, we prove the following theorem, which is the main result of this paper.



Theorem 5. Denote by Qxa a stable rth order XA quantizer. Let A be an m X N partial random
circulant matrixz associated to a vector with independent L-subgaussian entries with mean 0 and variance
1. Suppose that N > m > (C’n)ﬁslogﬁ Nlogﬁ s, for some n > 1 and a € [0,1/2). With
probability exceeding 1 — e~ ", the following holds:

For all x € RY with ||Az]|ee < < 1 and all e € R™ with ||e||oc < € < 1 — u the estimate & obtained by

solving (16]) satisfies
. my —r+1/2 or(x) m
|E3 m||2_01<£) 0+ Co Jr 3\ 7€

Here C,C1,C>,C3 are constants that only depend on r and L.

Proof. Theoremcan be immediately obtained from TheoremEL which requires a bound on the restricted
isometry constants of P,V RoC¢ where £ = m()®, and Propositionbelow, which provides the required
bound. O

Proposition 1. Consider the same setup and assumptions as Theorem @ in particular assume that
1 2 2
m > (Cn)T=2a slogT-2a NlogT=2= s, for somen > 1 and a € [0,1/2). Setting £ = m(=), we have

m

. ) 1 .
P@?Wme/mwxm u>9)<e,

where the supremum is over all s-sparse vectors. In other words, with probability exceeding 1 — e~ ", the
matrix %PgV*RQCE satisfies the restricted isometry property of order s, with constant 1/9.

Proof. Note that by the triangle inequality,
1 x
Sup‘HWPZV RaCLg]3 -1

1 .
< sup (\H—Pev RaCuéll3 — Elll <= PV RaCutl3 m]ﬂ

l—
\[
Elll— Ell—
‘ \f \f
E] fPev RaCugll3 —11). (18)
Thus, the proof of Proposition I 1| boils down to controlling each of the summands in . To that end,

Lemma [1| (below) shows that the third summand is bounded by 2 ZN, while Lemma [2| and Lemma
bound the probability that the remaining summands exceed 18 and g5 respectively Our bound on m

P/ V*RaCL£|39Q] —

(potentially with an increased value of C) ensures that 7% < 7 = (%)l_a < 55 and the result follows

using a union bound. O

Lemma 1. Given the same setup as in Theorem[5 and Proposition [l one has

PV*RoCuélls — 1] < (s—1)m—f)  sm

Bl 77 =TUN-1) SN

\[

Proof. Denoting by c; ; the (4, j)-th entry of C, and noting that we are sampling without replacement,
we observe that for p # q € [m]

E(caep) kCa(q).k) = — 1 Z Cu,kCu,k = 7( Z Cu,kCu,k — Zcu k)

u;év 1 u,o=1
= (uglcukcvk zxi):m((;xuf_q (19)

The last two equalities both use the fact that each row of C; is a shifted copy of x. Furthermore

1 . 1 *
|| AV RaCutll — 1‘ = (EHWP@V RaCellr - 1‘



1 £ N m
=GB D1 vncapal® - 1‘

j=1k=1 p=1 p(;ZI
p#q
£ N 2 m
1 iy i) — 1
= .7 E (1+ L E VipUjq) 1‘
{4 N-—-1
Jj=1 p,q=1
P#q

where in the last equality we used and the fact that the rows of both C, and V are normalized.
Using that z is s-sparse, it follows that

o st =1 < <i SRR
= vV >Tu%—4
se(—\nvumm {
_(s=1)(m-10
- UN-1)

O

Lemma 2. Consider again the setup of Theorem@ and Proposition and denote by Dy s the set of all
s-sparse vectors in RN . Then

1 * 2
P( sup ||—=P,V*RoCut|}—E [
(L I 6l — Eel
Proof. We will apply Theorem 3| conditionally given Q2 with C = {%PZV*RQCQC :x € Dn,s}. This set
is almost the same as the one considered in the proof of Theorem 4.1 in [24], the only differences being
the additional projection P, and our normalization factor of % (instead of \/% in [24]). Indeed, since

PV RaCat)2 ‘QH 118‘) < le*".

|Pe]l2—2 < 1 we can estimate the necessary parameters for applying Theorem [3| exactly as in the proof
of Theorem 4.1 in [24]. This yields

dosa(C) < \/é ar(€) <47, D)< \/élogNlogs.

Consequently for ci, c2, and E as in Theorem [3] we have

Eg\/glogNlogs(\/;logNlogs—}—,/ ) A \/7

11—« 1-2a
< (i) 10g2N10g23+2 (i) log Nlogs <
m m

|3

3661'

Here, the second inequality follows from our choice of £ and the last inequality follows from our assumption
on m in Theorem [5| (potentially adjusting the constant C'). Again adjusting the constant, we similarly
obtain

Co C2
V<, /= d U< -=.
<\ an <o
Hence the probability is bounded by 2e~%". Finally, as n > 1, e %" < %e_" and the result follows by
taking the expectation over 2.

O



Lemma 3. With the same notation as before, we have

1
P( sup |E[ P V*RaC, §|| |> )

z€DN 5 ” \[
< ¢ exp(—c/ (Y2 log Nlogm)?) <

PV*RaCL€|3]9) — IEII\[

-n

l\’)\)—‘

where ¢, C' are constants that depends only on L.

Proof. The proof is a direct application of Theorem [2| for the random variable

Zs = E|||—=PV*RaCifl|3 — P/ V*RaCy|3 — PV*RoC,||7

ES tlo| =11 B
7i 7i 7i 7
to find the supremum of the deviation. Since Theorem [2| requires the covering number with respect to
the metric d(z,y) := ||Z: — Zy||w, we need a bound for d(z,y), which we provide in Lemma [5| below.

Specifically, the first inequality in Lemma [3]follows from Theorem [2] together with Lemma[I]and Lemma
above. Indeed, applying Lemma with y = 0 yields

vm vm vm Vsm Vsm
supl|Zelws < Y alls < VIR @)oo < Y alh < Y5 alle < Y5 (20)
zy
To bound the integral in Theorem [2] we note that
vm 1 l
D sy T |l " llcos = D sy T —I| " llooy T €)s
NDxs, Y o) = N (Do, 7l )
and hence applying the argument in [24, Section 4] scaled by 77,
sup,, || Zzllw, 1 /
1 Dn,s,—| - ||, —€)d
/ \/ogm v =l s e
< Zm log N log s.
For the second inequality note that by the definition of ¢ and the assumed lower bound on m
/ 12«
( zm log N log s)* = (%) log® N log” s (21)
<cinh (22)
The result follows from the assumption that n > 1 as in the proof of Lemmal[2] O

All that remains now is to prove Lemma Before that, we derive a technical bound required for its
proof.

Lemma 4. Let w, w' € E = {w € [N]™ : w; # wj fori # j} be such that w differs from W' in at most
two components. Then the function

flw) = !

PV RuCollf — Hﬁ

== \[ PV RuCylle

satisfies "
(@) = f@) < Fllz = ylls,

where ||z]|x = || Fz|oo-

Proof. Note that, as a circulant matrix is diagonalized by the Fourier transform,

S
f Ve
- H7ng R.FT'XF|3 — || —

fw) =[-=PV*RuCo|% — || PeV*RwCyH%

PV*R,F'YF||%
f

10



1 . — 1 L
= —||PZV R.FX||F — —||PV*R,FY |7
(N
w Z (Ixl” = 13e°) I1PeV* R F 3, (23)

where F denotes the non-normalized Fourier transform, F{ its k-th row, and & = Fz.
We first consider the case that w and '’ differ only in one component, say the first (without loss of
generality). To bound |f(w) — f(w')| for this case, we note that for V;* denoting the j-th row of V, and

27

n = exp(—<%*) an N-th root of unity,

PV RuF 3 — | PeV Ru Ff3

m

=Y (TP MR, -

P,

(M PV, M VL)
1

NE

1 7,8

=]
Il

(g er=wn) _ e =wi)y Py PV

1

I
NE

p.q

m

_ (nk(wl—wl) _ ﬁk(wi—wi)xpevh PzV1> + Z (nk(wl—wq) _ nk(u{—wq))<PeV17 szq>

2 () g )R, P > () — g ) (B, P

P,q=2

r"m

(’I’]kwl o nkwi)nfkwq <PZ‘/17 PZV + Z —kwy 7kw/1)77kwp <P€‘/;D7 PZV1>.
p=2

[|
N

q

Combining this with 7 we obtain

N m
Fw) = @) = 7o S (1l = [l (Z ket _phed Y mRen BV, PV
k=1 q=2
+ Y = (P, P (24)

[
)

p

Observe that the right hand side is a sum of four different rescaled Fourier coeflicients of the vector
u € RY given by ug := |21]* — |9x|?, as for example

N

Z PiVi, PeVp) Y (@] = [guf*)n"r =) = Z PVi, PiVy) (Fu)uw, -y = Vi"PL POV 0,
p=2 k=1 p=2

where v € R™ is given by v1 = 0 and v, = (F)w,-w, for 2 < p < m. Note that as w € = and hence the
wq are all different, v is a projection of Fu on a subset of its entries, and so ||v]|2 < V/N|ul|2. Note that
in this step, it is crucial to sample without replacement, as otherwise, the bound would no longer hold.
Consequently, using the Cauchy-Schwartz inequality,

IA

m N
| SRV PV (18] = ()0 | < IV 2l P2 PVilla ol
k=1

p=2

< s lFullz < 7l[Fullee = ¢llz — ylls.

Identical bounds for the other three summands in are attained in an analogous way, which yields
the result for w and w’ differing in only one component (with a constant of 4 rather than 12). If they
differ in two components, replacing one of these components in both w and w’ by an entry that appears
in neither of them, yields w”,w” € Z, which differ only in the other one of these components. Thus
applying the above bound three times yields the result. O

11



We are now ready to bound the distance d(z,y) = ||z — yl|w,-
Lemma 5. For all z,y € RY it holds that

12/m
ate,) < 2V eyl

Proof. By @, it suffices to show that for all t > 0

Pa(Z — Z,| > ) < exp (1 ¢ /(12\F\| <)) (25)

To prove this, we will apply Theorem [1| for F%, the o-algebra generated by 1, ..., Q. For that, we
need to bound the sum of squared ranges

m
2 2
R —supg ran;
i=1

where, for (€2

IR

., Q) an independent copy of (©j,...,Qm) and Q' = (Q1,...Q;-1,Q5, ..., ),

rany = sup (B, )|t )+ sup (E(ff(Q’)mj,...,Ql) Q1,00 1)
Q;2{21,...95_1} Q;2{21,...95_1}
_ sup (IE(f(Q)|Qj,Qj_1...,Ql)+IE(ff(Q')|Q;-,Qj_l,...,Ql) Qj_l,...,Ql). (26)
05,9, E{21,-, 251}

For that, define the events & = {€; # Q Vj > k}, & = {Q # Q« Vj > k}, and, for j € [m — k],
& ={Qy; = U}, & = {Qy; = U} and note that

P[UT:OSHQL ey Qs QH = P[UT:()(‘:HQL ey Qs Q;c] =1. (27)
Now, we can write
m—k
E[f ()|, ey Qi1 Q] = ELF ()|, ooy Qumr, 2] = Y E[f(Q)Le; — () Ly Qoo Ui, U (28)
j=0
Given Q1,...,Q and ), consider random variables Q}/, ;, ..., drawn subsequently without replace-

ment from [N]\ {Q1,..., %, Q% } and set
Q" =, U, Uit -, ), Q" = (D1, ety Uy Vot -, ).

Observe that given the event &£, Q and Q" are conditionally identically distributed, and the same
holds for Q' and Q" given the event £). So, using that & and Q" as well as &, and Q"' are conditionally
independent given Q1,. .., Qk, Q, the summand in corresponding to j = 0 becomes

]E[f( )150 ( )]]'5 |Qla" Qkan}
E[f(Q")Ley — F(Q") gy |Qu, -y Oy Q]

[ ( /)|le riﬂk]ﬂb[é‘()'Ql?an?Q;C} _]E[.f(Q”/”Ql’7QkaQ;€]P[gé‘Ql77Qk79;€] (29)
( [ Q") — F(Q")|, .,.,Qk,Qk])]P’[&)ml, e Qte, ],

where the third equality uses that (€,...,€,) is an independent copy of (Qx, ..., Qm) and so the two
probabilities in are equal. The last inequality holds almost surely and follows from Lemma

To bound the summand in for j > 0, we proceed in a similar way. Given Q1,...,Q and Qf,
consider random variables Q) 1,..., Qi 1,y 41, drawn subsequently without replacement
from [N]\ {Q1,...,Q%,Q%} and set

" 1 " / 1 "
Q :(Qh e '7Qk7Qk+1a c '7Qk+j—179k79k+j—1a c '7Qm)7
" / 1 " 1 "
Q (Ql, .. 'an7Qk+17 .. '7Qk‘+j—lvﬂk7gk+j—la .. 7Qm)

12



As before, observe that given the event £;, 2 and Q" are conditionally identically distributed, and the
same holds for Q" and Q" given the event £;. The remainder of the estimate proceeds exactly as for
j = 0, with the slight difference that Q" and Q" now differ in two entries, but nevertheless Lemma
still applies. Thus we obtain

12
E[f(Q)1e; = F(Q)Ley R, 0, s U] < T [l = yllcPLES R, o Qb U]

Consequently, one has almost surely

m—k
12
E[f(Q)|Q1, -, Qu—1, %] — E[f()|Q1 -, 21, 2] < 7 1z = ll<PIE; 20, oo, Qs O]
=0
12
e

where the last equality follows from , and hence, by , ran; < 2|z —y

: <
yllso)™
With this bound, Theorem [I] can be applied. One obtains

|« and R* < (%fo

12/m
B(1Z. — 2, > 1) < 20(~# /(2" 2 — yi|)?),
which implies . We conclude
12y/m
A(w,9) = 120~ Zyllo < 2% oy,
as desired. O
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Abstract

In this paper, we provide a new approach to estimating the error of re-
construction from XA quantized compressed sensing measurements. Our
method is based on the restricted isometry property (RIP) of a certain
projection of the measurement matrix. Our result yields simple proofs
and a slight generalization of the best-known reconstruction error bounds
for Gaussian and subgaussian measurement matrices.

1 Introduction

1.1 Compressed sensing

Compressed sensing has drawn significant attention since the seminal works by
Candes, Romberg, Tao [8], and Donoho [14]. The theory of compressed sensing is
based on the observation that various cases of natural signals are approximately
sparse with respect to certain bases or frames. The basic idea is to recover such
signals from a small number of linear measurements. Hence the problem turns
into an underdetermined linear system. Various criteria have been proposed to
determine whether such a system has a unique sparse solution. In this paper we
will work with the restricted isometry property (RIP) as introduced by Candeés
et al. [9] in the context of recovery guarantees for ¢; minimization.

Definition 1. A matrix A € R™*¥ has the restricted isometry property (RIP)
of order s if there exists 0 < § < 1 such that for all s-sparse vectors z € R,
i.e., vectors that have at most s non-zero components, one has

(1= 8)l=ll3 < lAz]3 < (1 + 8)]|]3-

The smallest such ¢ is called the restricted isometry constant of order s and is
denoted by ds.

There have been a number of works on recovery guarantees for compressed
sensing with RIP measurement matrices. Recovery can be guaranteed for var-
ious algorithms. For the original context of ¢; minimization, the most recent



results require the measurement matrix to have a restricted isometry constant
of dg4 < % [7], which is known to be optimal [11].

Finding the restricted isometry constant of a measurement matrix is, in
general, an NP hard problem [31]. On the other hand, deterministic matrix
constructions with guaranteed RIP are only known for relatively large embed-
ding dimensions (see for example [13]). That is why many papers on the subject
work with random matrices.

Examples of random matrices known to have the RIP for large enough em-
bedding dimension with high probability include subgaussian, partial random
circulant [23], and partial random Fourier matrices [29]. A subgaussian matrix
has independent random entries whose tails are dominated by a Gaussian ran-
dom variable (cf. Definition 2). Such matrices have been shown to have the RIP
provided m = Q(slog(eN/s)), see for example [2]. This order of the embedding
dimension m is known to be optimal [15]. Examples of subgaussian matrices
include Gaussian and Bernoulli matrices.

1.2 Quantization

To allow for digital transmission and storage of compressed sensing measure-
ments, one needs to quantize these measurements. That is, the measurements
need to be represented by finitely many symbols from a finite alphabet. In this
paper, we only consider alphabets consisting of equispaced real numbers. The
extreme case of considering the set of only the two elements {—1, 1} is also called
1-bit quantization.

The most intuitive method to quantize the measurements is to map each of
them to the closest element from the alphabet. Since this method processes the
quantization independently for each measurement, it is also called memoryless
scalar quantization (MSQ).

Most of the literature on MSQ compressed sensing up to date considers
1-bit quantization [6, 22, 28, 1], which amounts to considering only the mea-
surement signs. Jacques et al. [22] showed that for Gaussian measurements or
measurements drawn uniformly from the unit sphere, a reconstruction error of
O(= log @) is feasible. However, they did not provide an efficient algorithm
that guarantees this accuracy. Later, for Gaussian measurements, Gupta et al.
[18] demonstrated that one may tractably recover the support of a signal from
O(slog N) measurements. Plan et al. [28] showed that one can, again for Gaus-
sian measurements, reconstruct the direction of an s-sparse signal via convex
optimization, with accuracy O((%)%) up to logarithmic factors with high prob-
ability. Ai et al. [1] derived similar results for subgaussian measurements under
additional assumptions on the size of the signal entries.

On the other hand, in [22] it was shown that the {5 reconstruction error can
never be better than Q(->). To break this bottleneck of MSQ, ¥ A quantization
for compressed sensing has drawn attention recently. A quantizes a vector
as a whole rather than the components individually, i.e., the quantized values
depend on previous quantization steps.



YA quantization was originally introduced as an efficient quantizer for re-
dundant representation of oversampled band-limited functions [21]. Later on, a
rigorous mathematical error analysis was provided by [10] and many follow-up
papers. The best known error decay rates are exponential in the oversampling
rate, as derived in [16, 12]. This is known to be optimal: in [26], corresponding
lower bounds are derived, which also show that the achievable accuracy must
depend on the signal amplitude.

In [3], £A has been extended to frame expansions; this will be also the
viewpoint taken in this paper. The first works on XA schemes for frame quan-
tization, such as [3, 5], required frame constructions with particular smoothness
properties to yield reconstruction guarantees. In [27], the authors observed that
what is needed is in fact a requirement on the dual frame used for reconstruction
rather than the frame itself. Reconstruction guarantees can hence be improved
by choosing the dual frame used for reconstruction appropriately. Optimizing
the dual frame in this respect led to the definition of Sobolev dual frames [4],
cf. Section 2.2.2 below. Combined with the exponential error bounds derived
for the corresponding XA schemes for bandlimited functions [16, 12], Sobolev
dual reconstructions yield root-exponential error decay in the oversampling rate.
This constitutes the best known accuracy guarantees for coarse frame quanti-
zation, both for harmonic frames and Sobolev self-dual frames [24] and for
subgaussian random frames [25].

Sobolev dual reconstructions have also been crucial for being able to ap-
ply ©A quantization to compressed sensing measurements. Giintiirk et al. [17]
proved the first recovery guarantees for this setup, showing that for rth order
3A quantization applied to Gaussian compressed sensing measurements, the
£y reconstruction error is of order O((%)a(r’%)) with high probability. Here
a € (0,1) is a parameter and the required measurements grows with «, tending
to infinity as a — 1. Indeed for r large enough this breaks the MSQ bottle-
neck. More recently, in [25], this result has been generalized to subgaussian
measurements.

1.3 Contributions

The main contribution of this paper is that the restricted isometry property
(RIP) is applied to estimate the error bound for ¥A quantized compressed
sensing. That is, once we know the restricted isometry constant of a modification
of the measurement matrix, we can estimate the reconstruction error.

In the following results, we assume that the YA quantized measurements
with quantization alphabet Z = AZ, A > 0, are given. We refer the readers
to Section 2.2 for details on the quantization scheme employed. A special role
is played by the rth power of the inverse of the finite difference matrix D as
introduced in (2) below; denoting the singular value decomposition of D~" by
D™" = Up-+»Sp-~V}_., we obtain our main theorem given as follows.

Theorem 1. Suppose one is given a measurement matric ® € R™*N such that
1

both ® and \/%PZV*_TCI), £ < m have the restricted isometry constant do5 < 73



where Py, maps a vector to its first £ components.

Then for an s-sparse signal x € RN satisfying min; |z;| > K2r—3A, for
some positive constant K , denote by q the rth order YA quantized measurements
of ®x with step size A. Furthermore, denote by T the support set recovered from
®x via {1 minimization and choose Lgop» to be the Sobolev dual matriz of ®r
(see Section 2.2.2 for details). Then reconstructing the signal via Z1 = Lsop rq
yields a reconstruction error bounded by

o — &2 < CA(Z) 7,

where C' > 0 is a constant depending only on .

Note from Theorem 1 that smaller values of ¢ yield better error bounds.

However, ¢ has to be large enough such that %(PgV*,ﬁI)) has the restricted

isometry constant dos < %

This result can be applied to obtain recovery guarantees for Gaussian and
subgaussian measurements (in the sense of Definition 2 below). The resulting
bounds for the first two cases agrees with those derived in [17] and [25], as

summarized in the following Theorem.

Theorem 2 ([17, 25]). Let ® be an mx N matriz whose entries are independent,
mean zero, unit variance p-subgaussian random variables and suppose that X :=
m/k > (Clog(eN/k))ﬁ where o € (0,1). With high probability the rth order
YA reconstruction I satisfies

||II? _ 1%”2 < C/)\—a(r—l/2)57

for all x € B for which minjesupp(a) |;] > K'A. Again, A is the step size
of the XA quantization alphabet and C,C’, K’ are appropriate constants that
depend only on r and p.

1.4 Organization

The paper is organized as follows. We first introduce in Section 2 some back-
ground and previous results on XA quantization, suprema of chaos processes,
and the partial random circulant matrices. In Section 3 we present our main
result showing how the RIP is used to estimate the reconstruction error for
quantized compressed sensing. In Section 4, we explain how our result recovers
the best-known bounds for Gausssian and subgaussian measurement matrices
using a simple argument, in Section 5 we slightly generalize these bounds. We
conclude in Section 6.

2 Background and previous results

2.1 Notation

Throughout this paper, we use the following notation. The set D, v = {x €
Rl||zl2 < 1, ||=]|o < s} is the set of unit norm s-sparse vectors. The £y-norm |-||o



counts the number of non-zero components of a vector. Given a signal x, the
support set of x, in short, supp =z, is the index set of the non-zero components.
The £5-operator norm is denoted by [|A22 = supj,,=1 [|[Az||2. For a matrix
A, 0;(A) and opmin(A) denote the ith largest and the smallest singular value,
respectively. Furthermore we write 2 and < to denote > or < up to a positive
multiplicative constant. The Moore-Penrose pseudoinverse of a matrix A is
denoted by AT = (A*A)~1A*.

We will mainly study subgaussian random matrices, that is, matrices with
independent subgaussian entries in the sense of the following definition.

Definition 2. A random variable X is called p-subgaussian if P(|X| > ¢) <
2exp(—t2/2p?).

2.2 YA Quantization

In this paper, we exclusively focus on quantization alphabets Z such that Z =
AZ, for some A > 0. Note that while this is an infinite set, one can show that
in fact only a finite range of values are assumed [17, 24]. Hence this setup is
in line with requiring a finite alphabet. The idea of rth order ¥ A quantization
is to quantize each component of a vector taking the previous r quantization
steps into account. More explicitly, a greedy rth order XA quantization scheme
maps a sequence of inputs (y,) to elements ¢; € Z via an internal state variable
u; chosen to satisfy the recurrence relation

(A"u); = ET: (t)(—l)juz‘j =Y — (1)

=0 M

where g; is chosen such that |u;| is minimized (Note that only in this equation,
A denotes the finite difference operator, whereas all other occurences in this
paper refer to the quantization step size).

With the initial condition (u;);,_5 = 0, Equation (1) can be expressed as

D'u=y—q,
where the finite difference matrix D € R™*™ is given by
1 , if i =7,
0 , otherwise.

2.2.1 Support set recovery

Given an s-sparse signal z, and an m x N measurement matrix ®, where m < N,
we acquire measurements y = ®x. Applying an rth order XA quantization
scheme to y, we obtain ¢q. Treating ¢ as perturbed measurements, i.e., ¢ =
y + e = ®x + e, one can determine the support set. This is a consequence of
the following observation, which is a modified version of Proposition 4.1 in [17]
combined with the reconstruction guarantees in [7].



Proposition 1. Given e > 0 as well as x € RY an s-sparse signal with supp x =

T and minjer |z;| > K—=. Here K is an absolute constant. Let & € RNXm pe

a measurement matriz such that #m@ has the RIP with 6o < % Denote by
e € R™ a noise vector with |le||2 < €, and let &' be the signal reconstructed from
the noisy measurements ¢ = ®x + e via {1 minimization, i.e.,

z' = argmin ||z]|; subject to ||®z — g2 <.

Then the index set of largest s components of x' is T, that is, the support set of
x 15 correctly recovered.

Note that in this result, the measurement matrix ® is not normalized, while
in the compressed sensing literature, it is common to normalize the measure-
ment matrix such that it has unit-norm columns. This is because for normalized
matrix columns, each measurement will be of order im, so quantizing it with
a fixed step size A will lead to worse and worse resolution. To allow for a fair
comparison when m grows, the measurements should rather be chosen inde-
pendently of m. Therefore, in this paper as well as in [17] the measurement
matrices are not normalized, each entry of the measurement matrices is chosen
to have variance one.

To apply Proposition 1 to greedy XA quantization, one sets e = ¢ —y, where
q is the quantized measurement vector. Elementary estimates (cf. [17]) yield
that ||¢ — y|l2 < 2""'Ay/m. Thus one obtains that £; minimization recovers
the correct support set provided that \/%CD has restricted isometry constant

0o < % and min; |z;| > K2" "3 A.

2.2.2 Estimating the error and the Sobolev dual

When the support set T" has been identified, we solve for x using some left
inverse of @7, say L. Then the reconstruction ¢s-error is given by

|l — |2 = [ Ly — Lqgll2 = [|L(y — q)||2
= [L(D"u)|l2 < [ILD"||22]|ull2-

The Sobolev dual matrix Lgep -, first introduced in [4], is a left inverse of &
defined to minimize ||LD"||2—,2, i.e.,

Lsopr = argming |[LD"||a—,2  subject to L& = I.

The geometric intuition is that this dual frame is smoothly varying.
As in [17], the explicit formula Ly, D" = (D~"®7)' yields the error bound

lz = &ll2 < |(D7"@7) |25z lull2

1 Ay
= fulla < 5
g

Umin(D_Tq)T) min(D_TcI)T) ’ (3)

where the last inequality is derived in [17].



A key ingredient to bounding opmin (D" ®7) is the following result from the
study of Toeplitz matrices, which depends heavily on Weyl’s inequality [20] (see
for example [17]).

Proposition 2. Let r be any positive integer and D be as in (2). There are
positive constants cg, (r) and cs,(r), independent of m, such that
m

e (N(5)" < 03(D7) < cSQ(r)(%)r, j=1,...,m.

3 RIP-based error analysis

In this section we will give the quantized compressed sensing problem a math-
ematical model, and explain how we approach the reconstruction error via the
RIP. In the next two sections we show its applications. From Section 2.2.2, the
main issue to estimate the reconstruction error is to estimate oy, (D" ®7).
Finding the supremum of this expression over all potential support sets T can
be interpreted as finding the supremum of the smallest image under D~"® over
all unit norm s-sparse vectors. This motivates the connection to the RIP.

In the following proof we show how the RIP can be applied to find this
effective smallest singular value.

Proof of Theorem 1. As the assumptions of the theorem are stronger than those
of Proposition 1, we conclude that the support is correctly recovered. Based on

this observagtion, we now show the error bound. Recall that D" = Up-»Sp-~V/_,..

Then, as S is a diagonal matrix,

O'min(Dfr(I)T) = O'min(SD—rVD*_Tq)T)
Z O-min(PKS[)frVD*fr(I)T)
= Umin((PZSD*T'P;)(PZVB,T(I)T))
> Séamin(PEVi;fr(bT)

m *
Z (?)ramin(Pévpfrq)T)v (4)
where the final inequality follows from Proposition 2.

Thus we need to bound amin(PgVB_,&I)T) uniformly over all possible sup-
port sets T. Indeed by the RIP assumption for %PZVB_TCI), we obtain that

Owmin(PeV}—,.®7) is uniformly bounded from below by

Vi 1- 5. (5)

The theorem follows by combining (3), (4), and (5).



4 Gaussian and subgaussian matrices

To illustrate the simplicity of our method, we first present a proof of Theorem
2 for standard Gaussian matrices, i.e. matrices with independent entries ®; ; ~

N(0,1).

Proof of Theorem 2 for Gaussian matrices. Set £ := m(>)*. As the second
factor is less than 1, one always has 1 < /£ < m. Since ® is a standard Gaussian
random matrix, due to rotation invariance ® := (P, V};_, ®) is also a standard
Gaussian random matrix. The assumption on A implies that its embedding
dimension satisfies £ > C'slog(4Y ), so standard results (see, e.g., [2]) yield that

for C' and C' large enough, both %5 and ﬁ@ have the RIP with constant

Jgs < % Applying Theorem 1 (choose K’ = K27~ %), we obtain

o =l S A(T) D

)

again with high probability, as desired. O

Sketch of proof of Theorem 2 for subgaussian matrices:
The proof proceeds long the same lines as for Gaussian matrices, except that one
cannot use the rotation invariance. To bound the RIP constant of %ng*_rfﬁ,

we note that for any = € Ds v, [|[PV},_.®x||3 is a quadratic form in the “vec-
torization” of ®. Hence its tail decay can be estimated via the Hanson-Wright
inequality [19, 30]. The RIP then follows via a union bound over an e-net of
D, n. This approach is related to certain steps in the original proof in [25].

Remark 1. Note that a complete proof for A recovery guarantees needs both
support set recovery and fine recovery (cf. [17, 25]) and in this paper we omitted
the details of the former. We argue, however, that this coarse recovery step is
straightforwardly based on standard compressed sensing results. Hence the core
of our error estimate is really just captured in a few lines.

5 Generalization

In contrast to the techniques presented in [25], our method generalizes to cer-
tain random matrices with independent subgaussian columns, but no entrywise
independence. As an additional criterion, one needs a type of small ball condi-
tion for P,V _, applied to one of the random columns of ®, (which denoted by
®; in the following). That is, one needs to exclude that ||P;Vp--®;||2 is small
with too large probability. If such a condition holds, the necessary RIP bound
follows from a modified version of the RIP bound for matrices with independent
subgaussian columns [32]. While we do not consider this to be an important
generalization (which is why we refrain from presenting the details), we still
believe it shows that our method is stronger than previous approaches, so we
see the potential to apply it to more relevant, structured measurement scenarios
such as partial random Fourier matrices, partial random circulant matrices, etc.
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Conclusion

In this work we provided a new technique for bounding the reconstruction error
arising in A quantization for compressed sensing. In addition to greatly sim-
plifying the proofs for the best known recovery guarantees, the new viewpoint
hopefully opens the possibility to study broader classes of measurement matries.
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Abstract—Extension from the single-measurement vector
(SMV) problem to the multiple-measurement vectors (MMYV)
problem is critical for compressed sensing (CS) applications in
many fields. A few signal recovery algorithms, such as simultane-
ous orthogonal matching pursuit (SOMP), have been proposed to
recover a jointly-sparse signal from the corresponding multiple-
measurement vectors. However, those previously proposed al-
gorithms generally do not have restricted isometry property
(RIP) guarantee. In this paper, we propose the simultaneous
compressive sampling matching pursuit (SCoSaMP) algorithm,
a generalization of the compressive sampling matching pursuit
(CoSaMP) algorithm for the MMV problem. We show the
RIP guarantee that leads to the convergence of the proposed
SCoSaMP algorithm and the uniqueness of the recovered signal.
Simulation results confirm that SCoSaMP outperforms SOMP
under random sampling matrix setup and with noisy measure-
ments.

I. INTRODUCTION

In a compressed sensing (CS) problem, greedy algorithms
such as orthogonal matching pursuit (OMP) [1], [2], regu-
larized OMP (ROMP) [3], subspace pursuit (SP) [4], and
compressive sampling matching pursuit (CoSaMp) [5], were
proposed to recover sparse signal z € RY from measurement
vector y = ®x, where y € R and ® € R™V is a
sampling matrix. Extension of this single-measurement vector
(SMV) problem to a multiple-measurement vectors (MMYV)
problem [6] in order to recover a signal X € RV*M from
multiple-measurement vectors Y = ®X, where Y € RxM
is mandatory for applications in many fields, such as magne-
toencephalography (MEG), array processing, equalization of
sparse communication channels, cognitive radio, and multi-
band communications [6]. Since algorithms like subspace
pursuit can exactly recover signal x from measurement vector
y = $x with the restricted isometry property (RIP)-guarantee,
a straightforward approach for solving the MMV problem is
to apply the SP algorithm on each measurement vector of Y to
recover a k-jointly-sparse signal X from Y = ®X if O satisfies
the exact recovery guarantee of CoSaMP. Since the number of
the columns of Y is M, however, the complexity will scales
linearly with M if this approach is taken. A more efficient
algorithm is thus required. Several approaches have been
proposed for solving the MMV problem, such as optimization-
based algorithms [6], [7], greedy pursuit algorithms [6], [7],
and the reduction to the SMV problem [6]. These algorithms
are basically adapted from the algorithms proposed for the
SMV signal recovery problem mentioned above. However,

the exact recovery capabilities of these algorithms are either
not guaranteed or only assured by such as the coherence-
related guarantee and the rank-related guarantee [6], instead of
the RIP guarantee. For example, the simultaneous orthogonal
matching pursuit (SOMP) algorithm [1], [6], [7], [8], a popular
greedy pursuit algorithm developed for the MMV problem,
does not provide RIP guarantee.

In this paper, we propose the simultaneous compressive
sampling matching pursuit (SCoSaMP) algorithm, an RIP
and fusion restricted isometry property (FRIP, which will
be explained in Section III)-guaranteed greedy algorithm, for
solving the MMV problem. The SCoSaMP algorithm is not
only an MMV extension but also a generalization of the
subspace pursuit algorithm (a new parameter z is introduced,
which will be explained in Section II). We will in this paper
show the uniqueness guarantee of the recovery of a k-jointly-
sparse signal for the MMV problem and prove the RIP/FRIP
guarantee of the SCoSaMP algorithm. Simulation results con-
firm that (a) SCoSaMP is more efficient compared to applying
CoSaMP directly to the MMV problem— unlike CoSaMP
which scales linearly with M, SCoSaMP scales sublinearly
with M, and (b) SCoSaMP outperforms SOMP under the
random sampling matrix setup and the noisy measurement
conditions.

The organization of this paper is the following. In Section
IT we introduce the SCoSaMP algorithm. In Section III we
present the uniqueness guarantee of the recovery of a k-jointly-
sparse signal for the MMV problem and the exact recovery
guarantee of SCoSaMP. Then we evaluate the performance of
SCoSaMP in Section IV and conclude the paper in Section V.

II. THE SCOSAMP ALGORITHM

The SCoSaMP algorithm is a generalization of the CoSaMP
algorithm in two aspects: (a) The ¢s-norm of each row is
computed as the representing magnitude and the Frobenious
norm (denoted as {r) replaces the ¢-norm used in CoSaMP,
and (b) a parameter z; and z; is introduced to control the
number of columns to be selected (explained later). Before
going into the details of the SCoSaMP algorithm, let us define
some notations.

Definition 1. Given a matrix ® € R™*" and the index set
T C{1,...,N}, ®.p is a matrix consisting of the T-indexed
columns of ®. For convenience, denote ®. 7 by ®7 and denote
span(®7) as the column space spanned by column vectors of



X;,. ,if1eT
7. Also X|r = { o ifng,
row of X.

Definition 2. Let Y € R™*M and &7 € R™¥I7| where |T|
is the size of T'. Suppose that ®7.Pr is invertible, where
®7 is the transposition of ®7. The projection of Y onto
span(®;) is defined as Y, = proj(Y, ®7) = 7®1Y, where
<I>TT = (®5.P7)"1®% is the pseudo-inverse of the matrix
®;. Also, define the residue vector of the projection Y, as
Y, =resid(Y,®r) =Y -Y,.

Now let us go through the steps of SCoSaMP, which are
summarized in Table I. In SCoSaMP, the inputs are the MMV
Y and the sampling matrix ®. SCoSaMP in step It2 computes
the inner products of each column of & with all columns of
Yf_l and forms the signal proxy. In step It3/It3° SCoSaMP
identifies large components from signal proxy. In step It4
SCoSaMP merges supports. Step It5 is called signal estimation
by least-squares, in which SCoSaMP projects Y onto the space
spanned by k + ceil(k/z1) or k+ ceil(k/z2) columns with
indices selected in step It4. In step It6 SCoSaMP chooses &
columns out according to the spanning scalars of the projection
of Y on the spanning space of these k + ceil(k/z1) or
k + ceil(k/z2) columns, and thus in step It6 the index
set is pruned. After step It6 we obtain a k-sparse signal
approximation Xy ¢ = fIDTT,ZY. In step It7, Y is projected on
the column space spanned by the pruned indexed columns
in It6, and the difference between Y and its projection is
the residue, which is fed into the next iteration. The process
repeats until the stopping criterion is satisfied, where ¢ is the
iteration number and || - || ¢ is the Frobenious norm.

Note that for convenience, throughout this paper we demand
ceil(k/z9) < k+ceil(k/z1) < 2k. This is because we want
to improve the performance at large sparsity, even when the
uniqueness is not preserved, and reducing the identification
number at step It3 reduces the probability of selecting un-
wanted columns. In Subsection III-B it will be seen that with
the restriction to the identification number, 25 plays the leading
role when deciding the coefficients to ensure the convergence
of SCoSaMP.

where X . is the ith

III. RIP GUARANTEE

In the SMV problem, a sampling matrix ® satisfies RIP of
order k with constant &, if for any k-sparse z, (1—6;)||z(|3 <
[®z]|3 < (1 + dk)||x||3, where || - ||2 is the ¢ norm and
k is the number of non-zero entries in z. The uniqueness
of the solution of the MMV problem can be guaranteed by
the multiple-dimension version of RIP, the fusion restricted
isometry property. A matrix ¢ satisfies FRIP of order &
with constant §;, if there exists a constant d; such that for
all k-jointly-sparse signals X, (1 — &) X||% < [|[®X]|% <
(1 + 6,)|IX||%, where || - || is the Frobenious ({x) norm.
A signal X is k-jointly-sparse if, regardless of the abuse of
notation, ||X|lo = [{j : X;,. # 0}| < k, where | - | counts the
number of a set and X . denotes the jth row of X [9]. Note
that RIP implies FRIP [9], i.e., if for each column of X and

TABLE I
THE SCOSAMP ALGORITHM.

Input: k£, ¢, Y.
Initialization:
D T° = 0.
)Y =Y.
3) {=0.
Iteration: At the /th iteration, go through the following steps.
Ith) =20+ 1.
It2) Compute ®*Y47,
It3) Q = {ceil(k/z2) largest
£y-norm of the row vectors of ®*Y: 1},
1t3’) When ¢ = 1: Q = {k + ceil(k/z) largest
£y-norm of the row vectors of ®*Y:¢ 71},
It4) T = QT
It5) Compute ‘I’Ter-
1t6) T* = {k largest £5-norm of the row vectors of @;ZY}.
It7) Y! = resid(Y, g ).
It8) If ||Y%||F is small enough quit the iteration.
Output:
1) Index set T,
2) Estimated signal X;.c = ATTZY.

the corresponding column of Y, RIP of order k& with constant
0r holds, then FRIP of order k£ with constant d; also holds.
Thus by carefully choosing the coefficients, RIP guarantees
the exact recovery of SSP. Several methods have been known
to construct a matrix satisfying RIP [10], thus FRIP, of specific
order and constant.

In Subsection III-A, a necessary and sufficient condition
for the unique recovery of a k-jointly-sparse signal will be
stated, and the FRIP-related uniqueness guarantee for a k-
jointly-sparse signal will be given. It is easy to see that the
unique recovery of a k-jointly-sparse signal can be assured
if any 2k columns of ® are linearly independent. Then in
Subsection III-B, the exact recovery guarantee of the proposed
SCoSaMP algorithm will be demonstrated.

A. Uniqueness of the Recovery of k-jointly-sparse Signals

The non-FRIP-related necessary and sufficient condition of
the unique recovery of a k-joint-sparse signal is stated below.

Theorem 1. [8] A necessary and sufficient condition for the
measurement vectors Y = ®X to uniquely determine the k-
jointly-sparse matrix X is that
- spark(®) — 1 + rank(X)’ 0
2
where spark(®) is the smallest number of linearly dependent
columns of ®, and rank(X) is the rank of X.
Proof: See [7], [8]. |

Now we give an FRIP guarantee of the uniqueness of the
recovery of a k-jointly-sparse signal. Denote the support set
of X by supp(X) as the index set such that for element j €
supp(X), X;. # 0. Then Theorem 2 below guarantees the
uniqueness of the recovery of a k-jointly-sparse signal.

k



Theorem 2. Suppose that £ > 1 and & satisfies FRIP of order
2k with constant da;, < 1, and let X be a k-jointly-sparse
signal and Y = ®X. Then X can be reconstructed uniquely
from the matrix Y.

Proof: f X =0,then Y =X =0.GivenY=0,X =0
is the only solution. If X # 0, we prove by contradiction.
Suppose there exist two nonzero k-jointly-sparse signals X;
and Xy such that Xo # X; and Yo = ®X, = Y. Let D =
X; — Xy, then D is a nonzero 2k-jointly-sparse signal. By
applying FRIP, we get

(1= 621)[ID[|% < | ®D[|% < (1 + 62¢) D%
= (1—b)[D|f% < [9Xy — ®Xo||% < (1 + 624)[DI[%
= (1 —06)|D[|2 <0< (1+ d0)|D||3-

While (1 — da,)||D||% > 0, this shows a contradiction. |
Theorem 2 guarantees the exact recovery X of a k-jointly-
spare signal X via the following ¢y-norm problem

X = arg min ||X
IXllo<k

0, subject to Y = &X. )

Thus Theorem 2 implies Theorem 1 and therefore the unique
recovery of a k-jointly-sparse signal.

B. RIP Guarantee of SCoSaMP

In order to prove the convergence and the exact recovery
guarantee of the SCoSaMP algorithm, we need the following
four lemmas.

Lemma 1. (Identification). Under condition of Theorem 3.
There exists a constant s; such that if for each column of
X and the corresponding column of Y, the sampling matrix
® satisfies RIP of order 4k with constant d4; < sy, then for
each ¢ >0

IX — Xt e || < 0.2223(|X — Xope || 7,

QC
where Q€ is the set complement of €).

Proof: Similar to Lemma 4.2 [5] by three changes, and
since we are given noiseless MMV, we delete terms including
noise e. in [5]. First, || - ||2 is changed to || - || 7. Second, since
we demand number of Q, ceil(k/z2) < k + ceil(k/z1) <
2k, 12°Y; | ppx—g,)lF < 12*Y;allF is changed to
[ @*YE) )l < 22| ®*Y]|o| . Third, in line 6 of
proof Lemma 4.2 [5], we change set Q \ supp(X — Xy¢) to
set (2. Then finally it yields that

Ok + 222045

supp(X—X ¢

X — Xpe|oe||p < X — X[ - 3
| releellr < =l s 3)
Since o, < 04 and analytical property of equation 3, we can
choose d4j, < s1 such that %ﬁ?‘s‘“" < 0.2223 [

Table II shows the relationship between 22 and s;.

Lemma 2. (Support merger). Under condition of Theorem 3.
[1X] ee

Proof: Similar to Lemma 4.3 [5] by changing || - ||2 to
Il [l u

F <X — Xpe|oe | 7.

Lemma 3. (Estimation). Under condition of Theorem 3. If for
each column of X and the corresponding column of Y, the
sampling matrix ® satisfies RIP of order 4k with constant
041, < 0.1, then for each £ > 0

IX = ®F, Y]l < 1L112(|X] |1+

Proof: Similar to Lemma 4.4 [5] by changing || - ||2 to
|| - || and delete terms including noise e. [ |

Lemma 4. (Pruning).
IX — @5 Y| r < 2|X - &L, Y||r

Proof: Similar to Lemma 4.5 [5] by changing || - ||2 to

|- lle- n

Now we are ready to see the main Theorem which shows
the convergence of SCoSaMP.

Theorem 3. Demand ceil(k/z2) < k+ceil(k/z1) < 2k. Let
X = (Xj)j\’:1 be a k-jointly-sparse signal and Y = ®X the
corresponding noiseless MMV. There exists a constant s <
1 such that if for each column of X and the corresponding
column of Y, the sampling matrix & satisfies RIP of order 4k
with constant d4;, < s, then for each £ > 0, || X — XT5+1 lr <
0.5/ X=Xt || . Thus SCoSaMP with constant (21, z) recover
X exactly.

Proof: Similar to Theorem 4.1 in [?] by changing || - |2
to || - |- Choosing s = min{0.1,s;}, where s; is from
Lemma 1 and following proof of Theorem 4.1 in [5], then
we have || X — Xpe1 ||p < 0.5]X — Xqe || . Since 0.5 < 1,
SCoSaMP converges. From Theorem 2, once SCoSaMP con-
verges, SCoSaMP finds the unique k-jointly-sparse signal, and
thus recover exactly. [ ]

From the proof we see that by demanding ceil(k/z2) <
k + ceil(k/z1) < 2k, only z9 influences the RIP constant.

IV. PERFORMANCE EVALUATION

In this section we will evaluate the performance of the
proposed SCoSaMP algorithm. First, the complexity in terms
of execution time of SCoSaMP will be compared to that of
CoSaMP applying directly to the MMV problem. Then we
investigate the performance of SCoSaMP under different con-
stants (z1, z2). Finally, we compare the performance between
SCoSaMP and SOMP.

In the following simulations, random sampling matrices,
instead of RIP-guaranteed sampling matrices, are used. This
is because it is generally hard to construct an RIP-guaranteed
sampling matrix and furthermore, a random matrix is proved
to satisfy RIP criteria with high probability [11], [12]. Thus
practical application scenarios favor the use of random matri-
ces and it is critical for a signal recovery algorithm to perform
well under this situation.

A. CoSaMP and SCoSaMP

Due to number of identification of CoSaMP, it can only
recover one third sparsity out of signal dimension. Thus
in SCoSaMP, we reduce the number of identification. Fig.



TABLE II
COEFFICIENTS FOR RIP GUARANTEE OF SCOSAMP.

Z2 = 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
s1 = 0.0999 0.0689 0.0526 0.0425 0.0357 0.0307 0.0270 0.0240 0.0217 0.0198
1 T 0.4
—e—SCoSaMP ((z1,22) = (5,5)) wo SCoSaMP ((z1,22) = (1,0.5))
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Fig. 1. Comparison of execution time of SCoSaMP and CoSaMP. k£ = 5, Fig. 2. Comparison of execution time of SCoSaMP and CoSaMP. k = 5,

n = 128, N = 256, and the number of realizations is 300.

1 shows the performance of CoSaMP and SCoSaMP with
constant (5,5). The number of realizations is set to 500,
n =128, N = 256, and M = 10, meaning that X € R?36x10,
O ¢ RI28x256 and Y € R'?8%10_ Entry values of X are
standard normally distributed and ® is a random matrix with
standard normal distribution.

Fig. 2 compares the execution time of CoSaMP and
SCoSaMP with constant (21, 22) = (1,0.5) when solving the
MMV problem (remember that SCoSaMP is a generalization
of CoSaMP and when M = 1 and (z1,22) = (1,0.5)
SCoSaMP becomes CoSaMP). In this simulation, & = b5,
n = 128, N = 256, the number of realizations is 300,
and M ranges from 1 to 1001, meaning that & € R128%x256
X € R?°6XM "and Y € R128XM_ Also, the entry values of X
are standard normally distributed and ® is a random matrix
with standard normal distribution. The execution time was
measured by running the algorithms on MATLAB. It is shown
that the execution time of CoSaMP scales linearly with M, but
the execution time of SCoSaMP scales sublinearly with M.
This shows how much more efficient the SCoSaMP algorithm
is when dealing with the MMV problem.

B. SCoSaMP Performance with Different Constant (21, z2)

It is interesting to see how the SCoSaMP constant (z1, z2)
affects the rate of exact recovery, which is defined as the rate
that the estimated signal X is different from X '. In Fig.
??, we show the rate of exact recovery of SCoSaMP with
constant (z1,292) = (5,1), (21,22) = (5,2), (21,22) = (5,5)
and (z1,22) = (5,10). In Fig. ??, we show the rate of
exact recovery of SCoSaMP with constant (z1,22) = (1,5),

Due to MATLAB computational pre;ision, in each realization, if the /o
norm of the difference between X and X is less than 1010, then we claim
that they are equivalent; otherwise, they are different.

n = 128, N = 256, and the number of realizations is 300.

(21,22) = (2,5), (21,22) = (5,5) and (21, 22) = (10,5). The
number of realizations is set to 500, n = 128, N = 256,
and M = 10, meaning that X € R2%6x10 & ¢ R128x256
and Y € R'28x10 Entry values of X are standard normally
distributed and ® is a random matrix with standard normal
distribution. Since that given a 128 x 256 sampling matrix the
best scenario is to recover a signal with sparsity 128, we let
the sparsity &k range from 1 to 128 (although Theorem 1 does
not guarantee the uniqueness of a signal when the sparsity is
larger than k).

The results in Fig. 4 show that larger z generally yields
better performance. This is because when M is fixed and
the sparsity is large, it is highly probable for SCoSaMP to
select a column vector which is not linearly independent to
other chosen column vectors. Thus increasing the constant z
decreases the possibility of selecting column vectors that are
dependent to each other. However, when z; and 25 are too
large, it also decreases the possibility of selecting the correct
spanning column vectors. As a result, properly choosing the
value of z leads to the optimal performance of the algorithm.

From the simulations, we also observe that the rate of exact
recovery of SCoSaMP with (z1,22) = (5,5), (21,22) =
(5,10), and (z1,22) = (10,5) remain 1 when sparsity is
87, which is larger than 66 that inequality (1) of Theorem 1
guarantees. This demonstrates the robustness of the proposed
SCoSaMP algorithm.

C. SCoSaMP v.s. SOMP

Now we compare the performance of SCoSaMP and SOMP.
There are extensive discussions about the norm used in the
SOMP algorithm [8]. Since /5-norm is used in SCoSaMP, we
also use f3-norm in SOMP to be fair. We let the entry values
of X be standard normally distributed and we compare the
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Fig. 4. Rate of exact recovery using SCoSaMP with different constants
(z1,22). n = 128, N = 256, M = 10, and the number of realizations is
500.

performance under two types of random sampling matrices:
random matrix with standard normal distribution (denoted as
N(0,1) sampling matrix) and random matrix with uniform
distribution (denoted as U/(0,1) sampling matrix). Let n =
128, N = 256, M = 10, the number of realizations be 500,
and the SCoSaMP constant be (5, 5). Fig. 5 clearly shows that
SCoSaMP outperforms SOMP in both cases in terms of the
rate of exact recovery.

It is also of great interest to know how SCoSaMP and
SOMP perform when the measurements are noisy. Let us
assume that noise is standard normally distributed. Instead of
the rate of exact recovery, we evaluate the performances by
the rate of exact selection, which is defined as the rate that
supp(X) = T*. Recall that supp(X) = {i : X;. # 0} and
from SCoSaMP we found T to be the estimated support set
of X, which means span(®) is the estimated spanning space
of Y. Again let n = 128, N = 256, M = 10, the number
of realizations be 500, and the SCoSaMP constant be (5,5).
The results in Fig. 6 show that SCoSaMP outperforms SOMP
even under noisy measurements. We attribute the stability of
SCoSaMP to the pruning part (step 2 and 3 in the iteration)

—e— SCoSaMP (N(0, 1) sampling matrix)
—»¢—SCoSaMP (U(0, 1) sampling matrix)
-0+ SOMP (N(0, 1) sampling matrix)
1] % SOMP (14(0,1) sampling matrix)

0.8

0.6/%

Rate of exact reconstruction

100 150 200
Signal sparsity: k

250

Fig. 5. Rate of exact recovery with differently distributed sampling matrices.
n = 128, N = 256, M = 10, the number of realizations is 500, and the
SCoSaMP constant is (5, 5).

—e— SCoSaMP (N(0, 1) sampling matrix)
—»—SCoSaMP (U(0, 1) sampling matrix)
L {0 SOMP (N(0,1) sampling matrix)
$ | % SOMP (¢(0,1) sampling matrix)

Rate of exact selection
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0 50

250

Fig. 6. Rate of exact selection with standard normally distributed noise.
n = 128, N = 256, M = 10, the number of realizations is 500, and the
SCoSaMP constant is (5, 5).

of the algorithm, which allows the algorithm to have better
chance to select correct columns.

V. CONCLUSION

It is natural to extend from the single-measurement vector
problem to the multiple-measurement vectors problem in com-
pressed sensing. In this paper, we have proposed an efficient
algorithm, the simultaneous subspace pursuit algorithm, for
solving the MMV problem. This proposed SCoSaMP algo-
rithm is efficient in the sense that it deals with these multiple-
measurement vectors at the same time rather than using the
SP algorithm to cope with the single measurement vector
multiple times. We have shown the RIP/FRIP guarantees of
the proposed algorithm and surprisingly SCoSaMP works well
even when the sparsity is larger than what is guaranteed. By
properly choosing the constant parameter z, SCoSaMP easily
outperforms the popular SOMP algorithm when the sampling
matrix is random and under noisy measurements.
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Abstract  This paper extends and completes the discussion by Xing et al. (Canonical dual
solutions to the quadratic programming over a quadratic constraint, submitted) about the
quadratic programming over one quadratic constraint (QP1QC). In particular, we relax
the assumption to cover more general cases when the two matrices from the objective
and the constraint functions can be simultaneously diagonalizable via congruence. Under
such an assumption, the nonconvex (QP1QC) problem can be solved through a dual approach
with no duality gap. This is unusual for general nonconvex programming but we can explain
by showing that (QP1QC) is indeed equivalent to a linearly constrained convex problem,
which happens to be dual of the dual of itself. Another type of hidden convexity can be also
found in the boundarification technique developed in Xing et al. (Canonical dual solutions
to the quadratic programming over a quadratic constraint, submitted).

Keywords Non-convex quadratic programming - Simultaneously diagonalizable via
congruence - Slater’s condition - Duality - Hidden convexity
1 Introduction

Let A and B be two n x n real symmetric matrices, x be a real number and f, g be twon x 1
vectors. This paper concerns the (nonconvex) quadratic minimization problem (QP1QC)

Py=min P(x)=1xTAx — fTx
s.t. %xTBx —g'x < pu,
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which has a single non-homogeneous quadratic constraint. To make sense the problem, we
assume that the problem (QP1QC) has a non-empty feasible domain, and that

e (Al) there exists a o’ > O such that A +o’B > 0,

w9

where the notation “>" means “positive definiteness”. Although the assumption (A1) looks
restrictive, it can be shown that our results indeed cover more general cases when A and
B are simultaneously diagonalizable via congruence (SDC in short). However, we can also
prove that cases between (A1) and (SDC) are either unbounded below or transformed to an
equivalent unconstrained problem. It is thus clear that the only relevant cases remained for
study are those under (A1l).

The problem (QP1QC) arises from many optimization algorithms, in particular, the trust
region methods. See, e.g., [2,3,7,9,15,17,18,20,21]. Most cases dealed with B > 0 and
g = 0. Extensions to an indefinite B but still with ¢ = 0 are consideredin[1,6,14,16,19,22].
Recently, a general non-convex function f(x) rather than a non-convex quadratic function
P (x) over a single quadratic constraint was discussed by Jeyakumar et al. [13]. Stern and
Wolkowicz [19] first studied the two-sided nonconvex quadratically constrained problem

st.B<y'Cy<a,yeR"

and gave the necessary and sufficient optimality conditions with no duality gap under various
assumptions. Ben-Tal and Teboulle [1] further explained the surprising result by proving that,
under the assumption (A1), the problem (2) is indeed equivalent to a convex minimization
problem with linear constraints. Xing et al. [22] relaxed the assumption (A1) to

* (A2) the domain 7 = {0 > 0|A 4+ o B > 0} has a non-empty interior; and
* (A3) the vectors f, g € R(A + o B) for some o € int(7),

where R (A + o B) denotes the column space of A+ o B and int(J) means the interior of 7.
(Remark: g = 0 in [22]). By applying the canonical duality of Gao [8], they formulate and
solve the dual problem of (QP1QC) (with g = 0) analytically. With a proper selection of the
dual optimal solution when there are multiple ones, they used a technique called “boundari-
fication” to construct a primal global optimal solution with no duality gap. Xing et al. [22]
also showed that problem (2) can be solved by doing (QP1QC) (with g = 0) at most twice.
As a result, it is sufficient to consider only (QP1QC).

In spite that all theoretical results were related to the quadratic form, direct applications of
(QP1QC) having a nonhomogeneous quadratic constraint can be found in solving an inverse
problem via regularization [5,10] and in minimizing the double well potential function [4].
Our purpose in this paper is to provide a complete mathematical treatment for (QP1QC) from
the dual side. Following Xing’s derivation in [22], it is not difficult to formulate the canonical
dual problem (D-QP1QC) (with the appearance of g) as follows.

P§ = sup, PY(0) =—3(f +09)"(A+0B)"(f +0g) — po

st.co e F={oc >0|A+0oB > 0}. 3)

The Lagrange dual and the canonical dual of (QP1QC) are indeed equivalent in this case.
We do not intend to distinguish them in the presentation.

In the next section, we shall discuss and compare various assumptions necessarily for
solving (QP1QC), including (A1), (A2)+(A3), Slater conditions, and the (SDC) condition.
We will show that the (SDC) condition is the broadest in the sense that it contains all three
other assumptions. In fact, the (SDC) condition for more than two quadratic forms is the
twelfth open question among 14 such ones in nonlinear analysis and optimization raised by
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J.-B. Hiriart-Urruty [11]. In the third section, we extend the analysis in Xing et al. [22] to
provide a dual approach for solutions of (QP1QC), while focusing on new cases exclusively
for g # 0. In the fourth section, a deeper view for the boundarification technique will be
also presented. In the fifth section, we extend the idea in Ben-Tal and Teboulle [1] to derive
the dual of the dual for (QP1QC). It is shown that the double dual of (QP1QC) is a linearly
constrained convex minimization problem, which is equivalent to (QP1QC) itself under a
one-one nonlinear transformation. Finally, we illustrate with some numerical examples.

2 Relaxed assumptions

In a constrained optimization problem, Slater condition requires a strictly feasible solution.

The assumption (A1) can be viewed as the dual Slater condition. For the primal problem

(1), the primal Slater condition requires an xo such that %xOT Bxo — g'xp < . Ben-Tal

and Teboulle [1] and Xing et al. [22] needed the dual Slater condition (A1) whereas Ye and

Zhang’s exact semi-definite programming approach [23] did both. Although (A2)+(A3) is

weaker than (A1), they can be reduced to (A1) after space reduction. See [22] for details.
Notice that the Lagrange function

L(x,0) = %xT(A—l—aB)x— (f+09) x —po 4)

is unbounded below when A + o B is not positive semi-definite. If 7 = {o > 0|]A + 0B >
0} = ¢, the dual problem becomes identically negative infinite and thus useless. Assump-
tions like (A1) or (A2) are important since they guarantee that a sensible dual information
is indeed there. Although J = @ implies no dual information, we show that those cases
satisfying either

o (A4) F' = {(r,v) € R LA + vB > 0} # §, or more generally
* (AS5) (SDC) A and B are simultaneously diagonalizable via congruence

while 7 = ¢ can be reduced to some trivial quadratic problems.
Recall that the matrices A and B are said to be simultaneously diagonalizable via congru-
ence if there exists a nonsingular matrix C with

CTAC = :=diag(a1,--- ,a,), aj €R,je[l:n];

C"BC =B :=diag(B. -, B). Bj €R,je[l:nl

It is different from being simultaneously diagonalizable via similarity in the usual sense. It
is known that “(A4)=>(AS5)”, e.g. in [12]. Using the transformation x = Cy, n = CTf, and
¢ = CT g, the primal problem (1) can be written as a linear combination of separated squares
as follows:
n
P§=min P'(y) = Y Ja;y} — niyi
i ®)
st S'(y) = > By} — iy —u < 0.

i=1

Similarly, the dual problem (3) becomes

n
d’ d +o
P§ =sup,-q P (0) = z (i +tf¢l, — uo

s.t.op +0oB; >0,

6)
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and the condition (A4) becomes {(, v) € R?| AA 4+ vB = 0} # ¢.

We first call the two matrices 2 and B to be of type I if there is some i € [1 : n] for which
a; < 0and B; < 0;and are of type II otherwise. When the two matrices 2 and 9B are of type
I, we may assume that it occurs to i = 1. Moreover, if (A4) is satisfied, &1 and 81 can not be
0 simultaneously. Therefore, when «; = 0, 81 must be less than 0. When «; < 0, B can be
non-positive. We now study cases of type I, satisfying (A4) while violating (A1).

(a) Supposethata; =0, 81 < 0.Since 81 < 0, we observe thatany y € R" will eventually
become feasible if the first component y; is increased to infinity or decreased to negative
infinity while all others y;, y3, ..., y, being fixed. As aresult, if n; # 0 in the objective
function, we can pass y; (of any selected y) to +oo for n; > 0, or to —oo for n; < 0,
both of which imply that the Problem (5) is unbounded below. If 11 = 0, the objective
function lacks the y; term and the constraint becomes redundant. The problem (5) is
reduced to the unconstrained quadratic programming problem min > !_, %ai yl.2 —NiYi-

(b) Suppose thata; < 0, B1 < 0. For any feasible solution y, replace y; by y; =sign(g1)?
if 1 # 0, and by y; = t otherwise. As t — +00, the constraint remains satisfied while
the objective value approaches to —oo. The problem (5) is unbounded.

Next we assume that the two matrices 2 and *B are of type II. That is, for alli € [1 : n],
either ¢; > 0 or B; > 0. Then we can partition the index set [1 : n] = I} U I, U I3 where
L={i:8>0,L={i:00>0,6 <0},and I3 = {i : «; > 0, 8; = 0}. We claim
that, if (A1) is violated, I1 # @, I, # ¢ and there exist two indices i € I1, j € I, such that
a; <0,8; >0anda; >0, 8; <O.

Suppose 11 = §. Since «; > 0, Vi € [1 : n], the assumption (A1) is satisfied by setting
o’ = 0, which is a contradiction and we conclude that I; # (. Suppose I = . We can
choose o sufficiently large to make a contradiction that (A1) is satisfied. Therefore, I # .

Secondly, we must have max;¢/, ﬂ(f > min;ep, _ﬁ—‘j" If this is not true, we can choose
> 0,V > 0 such that

—Y

—o v L
max < — < min

iel, Bi n ieh B ’

That is, to; +vB; > O foralli € I) U I,. It follows that o; + %ﬁ,’ > Oforalli € [1:n]. It
is again a contradiction.

In general, we may assume 1 € 1,2 € I, maxey, 73—‘2“ = _ﬂ—ol”,minie[2 73—‘2" = _ﬁ—‘;‘z
and 73—”1“ > %2 > 0. It follows that oy < 0, 81 > 0,2 > 0, B < 0, and there are two
possibilities:

—a . a4 - —a Cwr a-
(c) Suppose max;ey, -, =minjep, gt ie., le = ﬂ—zz Since

o
(. v) | pay + 1By > 0, uaz+vﬁz>0}=[(u,v)|uﬁ—i+v>o,

Assumption (A4) is violated.

(d) Suppose max;ey, _T(T’ > min;ey, _ﬂ—‘f", ie, 51 > 2. Forany fixed 1 € (_ﬁ—f;', =,
we have a1 + axt < 0 and B; + Bat < 0. Consider y = (y1, ¥2,0,0, ..., 0)" where y;
satisfies y% = ty%. Then, y is feasible to (5) for all large enough |y;|, which decreases

the objective values indefinitely. In other words, the problem (5) is unbounded below.
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Bearing the above discussion in mind, for cases that violate (A4), there is only one case
in type I, thatis o; = B; = O for some i € [1 : n]; and only one case in type II, which is case
(c). We begin with type I by assuming that oy = g1 = 0.

(e) Suppose that oy = 0, 1 = 0, n1 # 0, nig;r > 0. For any feasible solution y, let
n1y1 — +o00. The problem (5) is unbounded below.

(f) Suppose that ¢y = 0, B = 0, nie;r < 0. Rewrite the constraint as ¢;y; >
S, %ﬂiyiz — @;yi) — . If @1 > 0, we substitute

1l (1, , m
> —RBv:E—w:v: | — —
yi = o E (2/31)’, (/’tyz) o

i=2
into the objective and obtain

—n 1 np
—N1y1 +Z( @y} — m'yi) - (E,Biyiz _‘Piyi) +—

i ¢1

+Z( @y} - 771')’i) ™

The problem (5) is equivalently reduced to the unconstrained quadratic programming
problem: min >/, (3 y? — niyi) — %(Z?zz(%ﬂiy,? — ¢iyi) — ). For g1 < 0, the
same inequality (7) can be also established and the problem (5) is equivalently reduced
to the above unconstrained quadratic programming problem.

(g) Suppose thatay =0, g1 =0, n1 =0, @1 # 0. Since limy, 100 —[@1y1| = —00 and
the objective function has no y; term, the problem (5) is equivalent to the unconstrained
quadratic programming problem: min Z?:z(%“i yi2 — Niyi)-

(h) Suppose that; =0, 1 =0, n; =0, ¢1 = 0. The variable y; can be directly removed
from the problem (5).

Next, we discuss the case left in type II, case (c). In this case, ¢; < 0,81 > 0,2 >

0,8, <O0and 7"“ = 12‘2 We can further assume ¢; = 0 and ¢, = 0, by introducing the

linear transforrnatlons Y=y — w—‘ and y, = yp — ‘p—z if necessary. As a result,

1
—5 i = ,32)’2 > —M+Z( Biyi — 901‘)’5)-
(i) Suppose n1 = 0 and 1, = 0. We have

1 ), 1 2 T 2
Ea]yl + 50!2)’2 = ,31 ,31)’1 ﬂz)@

- 1
al( M+Z(2/3iyi2_‘/’i)7i)) ®)

The problem 4) is reduced to an unconstramed quadratic programming problem:
min Zn 3( (oi — /31 ﬁ;)y, (ni ‘31 Loi)yi) + 5 /31

() Supposen; # Oornz # 0.Letusassumen; # 0. Sety1 = sign(ny)randifn, # 0,5, =
mgn(ng)‘/ ﬂ‘ 242 ;3 , otherwise 3, = ./ ﬁﬁl 242 ﬁ Notice that (31, 3>,0,...,0)
is feasible for any large enough 7. Furthermore, the corresponding objective function
value is %Oll?lz + Jn33 — mS — my = e —my —my = L2 — mlt —

|n2|1/ ﬁl 12 + — —oo ast — +o00. That is, the problem (5) is unbounded below.

| \/
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Therefore, we only have to discuss problem (QP1QC) under the assumption (A1), while
in principle we know how to deal with it under the (SDC) condition. Cases between (A1)
and (SDC) are either unbounded below or reduced to an unconstrained problem.

In addition, we comment that the condition (A2)+ (A3) in in Xing et al. [22] is also a
special case of (SDC). They have shown in [22] that, under (A2)+ (A3), there exists an
orthogonal matrix W such that

r. 00 Tow  [00 . To o
WAW_[OAl WIBW = o | WiAteBW = T

and A1+o By > 0.Since (A1) = (AS), there is a nonsingular matrix U such that UTAU =

diag(a]l, R oc,ln) and UTB|U = diag(ﬂll, R /3,;). Therefore, A and B can be simulta-
neously diagonalizable via congruence with a nonsingular matrix C = W [é g ] such that

both CT AC and C” BC are diagonal matrices, which is (A5).
Finally, we remark that the primal Slater condition is redundant under the assumption

(A1). The gap between these two assumptions is the case when B > 0, g € R(B), n =

- %gTB"' g, where BT is the Moore-Penrose generalized inverse of B. This special case can

be treated by (case 7) discussed in the next section.

Proposition 1 Let Fo := {(B, g, 1) : 3x, 1xTBx — ¢"x < p}and F) == {(B,g. 1) :
dx, %xTBx — gTx < w). Then it holds that

1
Fo\F| = {(B,g,u) B>=0, geR(B), p= —EgTB+g}~

Proof According to the definitions of Fyp and Fy, (B, g, ) € Fo\F if and only if u =
min, {$x7 Bx — g7x} > —o0, which is equivalent to B > 0 and the linear system Bx = g
has a solution. In this case, u = —1¢7 B¥g. o

3 Solutions to (QP1QC) via dual approach
In the general theoretical view of nonlinear programming, the problem (QP1QC) can be writ-
ten as min{ P (x)| S(x) < 0} where P(x) = %xTAx — fo and S(x) = %xTBx — ng — UL.

For the single inequality constrained problem, let o > 0 be the Lagrange multiplier. Then,
the dual problem is formulated as follows:

sup (P4(0) = inf {P(x) 4+ o S(x)})
oe® xeR”

where a natural dual feasible domain ® = {o > 0|P4(¢) > —00} C {0 > 0| A+ 0B >
0} = J.Forany o € ©, suppose x (o) is a global minimizer of the quadratic convex function
P(x) +0S(x), we have P4(c) = P(x(0)) + 0 S(x(0)). Equivalently,

P(x(0)) — PY(0) = —a S(x(0)). )
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Moreover, if P%(c) and x (o) are smooth with respect to o, the first derivative of P4 (c) can
be computed using the implicit differentiation and the chain rule to get

iP[I(U) = VP(X(G))iX(G) + S(x(0)) + GVS(X(G))iX(G)
do do do

d
=[VPx(o)) + oVS(x(U))]d—Ux(o) + S(x(0)) (10)
= S(x(0))

where VP (x(0)) + o VS(x(0)) = 0 since x(o) minimizes P(x) + o S(x). Likely, we can
compute the second derivative of P(0) as

d? d d ! 2 2 i d
—P%0)=— [*S(x(ff))] (VZP(x)+0oV=S(x)) [*S(X(G))] (11)
do do do

provided the Lagrangian Hessian V2 P (x) + o V2S(x) is invertible.

Equations (9, 10, 11) are general results for any single constrained smooth nonlinear pro-
gramming problem. They provide structural insight to many direct computation in Xing et al.
[22]. When P(x) and S(x) are quadratic and o € F = {0 > 0|A + o B > 0},

x(@)=(A+0oB) ' (f+o0g (12)
is the unique minimum solution to P (x) 4+ o S(x). We thus have

Lemma 1 Forany o € int(F),

d
)~ sy
o
1
= 5(f+ag)T(A+aB)—lB(A+aB)—1(f+ag) (13)
—¢"(A+oB) N (f+08) — 1.
and
2 pd
% =—uT(A+oB)lu<0 (14)
where u = Bx(0) — g = B(A —|—oB)_1(f + o0g) — g. Moreover,
dPi(o)

P(x(0)) — P4(o) = —0o (15)

do
Observe from Lemma 1 that P4(o) is a smooth concave function over int (F). Addition-
ally, it has been shown in [22] that F is an interval. Let op, o1 respectively be the left and
right boundary of . According to the various places where the supremum of P4 (o) could
possibly attain over F, we can classify into the following cases.

e (casel) Pod is attained at o * € int (F). In this case, it is necessary that % = S(x(c™))
= 0. By (15), P(x(c*)) = P%(c*) so that(x(c*), 0*) is the primal-dual optimal pair.

e (case?2) Péi is attained at the left boundary o¢ of F and lim _, ot dlzld;“) = 0. In this case,
the limit
x(00) = lim(r_mJ(A—i-oB)_l(f—}—ag) (16)
exists. By
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. de(a) )
hm+ = hm+ S(x(0)) = S(x(0p)) =0,

o—0, o o—0,

x(0p) is the primal boundary optimal solution.
d
e (case 3) Péi is attained at og, ogp = 0 and limaﬁagr % < 0. In this case, let x(op) be
defined as in (16). Since S(x(op)) < 0 and —00% = 01in (15), x(op) is an interior
optimal solution.

d
e (case 4) Pél is attained at oq, og > 0 and limaﬁggr dpdg(g) < 0. Then, A+ oo9B > 0 has at

least one zero eigenvalue so that P4 (50) = inf yepn {P(x)+00S(x)}has multiple minimum
solutions. That is, the optimal set arg inf{ P (x) + 005 (x)} is not a singleton. Since the point
x(0p) in (16) satisfies (A + o9 B)x(00) = f + 0pg, it belongs to the set arginf{P (x) +
00S(x)} but has a positive duality gap: P(x(op)) — P(cp) = —00% > 0. The
boundarification technique developed in [22] chooses from the set arg inf{ P (x) 4+ o¢S(x)}
another more appropriate point than x (og) to close the gap.

arlo) _ 0.

o—o, do

1—(A+UB)_1(f+Ug) isa

e (case 5) Pg is attained at the right boundary o1 of F, 01 < 0o and lim

This case is analogous to (case 2). The limit x(o7) = lim
boundary optimal solution.

o—>0

. . . d . . . .
e (case 6) Pg is attained at o1, 01 < o0 and hmffﬁf’f dpdég) > 0. This case is similar to

(case 4) and requires a boundarification step to move x (o) from the exterior S(x(o1)) > 0
to a boundary optimal solution.

(case 7) P4(0) approaches asymptotically to a finite value as o — +oo. This case can
happen only when B > 0 and a specific u is associated.

In the following, we write the above seven cases into a few theorems with proofs which
extend from the previous work of Xing et al. [22]. We shall try to reduce the duplicate to a
minimum, while keeping it self-contained.

Under (A1), there exists ac’ > O such that A+o’B > 0. The entire analysis relies heavily
on the simultaneous decomposition that converts A +o’B > 0 to an identical matrix I and B
to a diagonal matrix H. First decompose A + o’B = LDLT with a lower triangular matrix

L and a diagonal matrix D having only positive diagonal entries. Let G| = (LD%)_1 so that
Gi(A+¢'B)GT = I. Since GIBGlT is real and symmetric, there is an orthogonal matrix
G such that Gz(GlBGlT)G;1 = H =diag(hy, hy, ..., h,). Respectively, we have

Gi(A+0'B)GT =1, G2G1(B)GIG] = H.

Lemma 2 (For cases 2-6) Suppose the dual optimal occurs at 6* = o or at o1 < 00. Then
the corresponding (right/left) limit

= lim (A+0B)"'(f +0g) (17)

exists. Moreover, X minimizes the Lagrange function P(x) + o*S(x).
Proof Let G = G>G. Then, for any o € F,
G(A+0BG! =G(A+0'B+0B —0o'B)GT
=G(A+0'B)G" + (0 —0)GBG"
=1+ (—-0)H
=diag(di(0),d2(0),...,d,(0)) (18)

@ Springer



J Glob Optim (2012) 54:275-293 283

where d;(0) =1+ (0 —o')h; > 0, i € [1 : n]. In addition, we also have

1 . _ _ _
Pl(o) = —5 U+ o) G diag(d; " (0),dy " (0),...,d; ' (0)G(f +0g) — po.
Note that, as a function of o € F,

d (o) = 0

_— >
1+ (6 —0o)h;

is monotone with a lower bound 0. As o — o, dlfl (o) might tend monotonically to a finite
positive number or to +-o0. In the latter case if limy o+ d; 1 (o) tends to +oo for some compo-
nenti, the corresponding (G (f+og)); mustbe 0 or otherwise P61 could have been unbounded
below, which is impossible under (A1). In other words, limy _, o+ di_1 (@)G(f +og)); will
be either 0 or a finite limit for all i € [1 : n], so the limit

% =limy— o+ GTdiag(d; ' (0),dy " (0), ..., dy ' (0)G(f +0g)
=limy—o+(A + 0 B)~!(f +0g).

exists. Moreover, since A 4+ o*B > 0, the Lagrange function P (x) + o*S(x) is convex. By
(A+0*B)i = (lim (A+0oB)(lim (A+0oB)~'(f+0g)=f+0c*g (19

o—o0* o—0*
it is seen that X minimizes P (x) + o*S(x). O

Theorem 1 (Boundarification Technique for cases (4) and (6)) For any X # 0 in the null
space of A 4+ o* B, there exists at least one real number aq satisfying

o?iTBi +2a(x"Bx —g"5%)+x"TBx —2¢Tx —2u =0

such that x* = X + aoX is a required boundary global optimal solution for (1) with the
global minimum value %(x*)TAx* — fTx*

Proof Leto™* = op. The case when o™ = o can be done similarly. Since A +o* B is positive

semi-definite but not positive definite, there exists some X # 0 such that (A + 0*B)x = 0.

However, i1 (A + o6 B)X > 0as (A 4+ o B) > 0 foro € F. Then,
TA+0B)i—iT(A+00B)i = (0 —c"ITBi >0 (20)

implies that 7 BX > 0.
Now we consider the following quadratic function of one variable o:

o2 3TBx + 20 (3TBx — ¢g"%) +x'Bx —2¢"x —2u = 0. (1)
Since ¥ BX > 0 and x” Bx —2¢7x —2u < 0, we find
A=Q2xTBy —2¢"%)? —4GTB)GTBx —2¢"x —21) > 0
so that a real number « satisfying (21) exists, and
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1
S(x*) — E(x*)TBx* _ng* —u

1 - - - - -
SE+ 20X) B(x + ao¥) — g7 (& + oo ¥) —
1
= 5[agngB)z +200G B —gT%) +xTBx —2¢7x —2u]
=0.
Since (A + 0*B)x* = (A + 0*B)(x + apX) = (f + o*g), the point x* also minimizes
P(x) 4+ 0*S(x). By (9), P(x™) — Pod = —0*S(x™) = 0 and proves the optimality of x*. O

Recall that B > 0 if and only if o1 = +4o00. For convenience, let the first » diagonal
elements of H = GBGT are 0 and the remaining n — r positive. When r = 0, B is positive
definite. We denote Gf = w = (w!,w’)T; Gg = s = G7,57)T where @ means the
first » components of w whereas w the last n — r. Similarly for s, and H > 0 represents
diag(hys1, hyi2, ..., hy).

2
Theorem 2 (Case 7) If Pod is achieved when o tends to +00, then u = — Zh,->0 2%{ and

s;i = 0 for h; = 0. Otherwise, Péi is unbounded above and problem (1) is infeasible. In case
B > 0, the limit

= lim (A+0B)"'(f+0g)=B'g
o—>—+00
exists and x is a boundary optimal solution for problem (1). In case B > 0,
t=cT@ . H D)
is the boundary optimal solution for problem (1).

Proof Expand P¢(o) into a rational polynomial of terms o2, o, 0%, 0 ~! as follows:

d, 1 T 1 B
P o) = 2(f+0g) (A+oB)” (f+og)

1
=—5G(U+ og)' I+ (0 —oYH) NG(f +0g8) — po

Z (wi +05:)?
=—= o
14+ (o0 —o')h; K

2
_ 1 oL _witosi)T
= 2hZ_‘B(w,+crs,) 2§)1+(U—0/)h5 o

1 1
DI LD W 3
hi=0 hi=0 hi=0
2

g2 I _ Wisi
Zl—i—(a—a’)hi Uzl—i—(a—a’)hi
/’l,‘>0 h,‘>0

1 wj
_Eh_z 1+ —ohn M

:_,gzzs o Y w5 > w?
hi=0

hi=0

@ Springer



J Glob Optim (2012) 54:275-293 285
Z os? st —o'h) st —o'hi)?
2= h? h3(1+ (o — oa")hy)
Z w;S; wis,-(l —U/hi) 1 Z wi2
_ _ _ % s
i hm(+@—ohhy) 241+@—-onl; “
h,‘>0 hl‘>0
Z—*UZZS -0 Zw,s,+ Zf-l-u
hi=0 hi>0
s7 2(1 —o'hy) w;s;
13 Z wi T3 Z ezt > Th
h >0 ! hi>0
B Z s2(1 —o'hy)? ~wisi(l—o'hy) N lwz 1
252 h; 27 J\1+ (o —o)h;
_/’L,‘>0 l

By the fact that Péi = limy— 10 Pl(o) < oo, it is necessary that s; = 0 if 4; = 0 and

2
Z 27> OF P0 is unbounded above, causing an infeasible primal problem.

IJ/ =
hi>0
When B > 0, h; > Qforalli € [1 : n]. Then,
: -1 o pg L Witosi s
LI i NG Fogdi = M o T
and
= lim (A+oB) " '(f+0g)
o—>—+00
= lim G+ (0 —a)H)'G(f +0g)
0 —>+00
=G lim (I + (0 —oYH)'G(f +0g)
o— 400

= GTH_IGg

= B_lg.
Consequently,

P(%) = lim (P(x(0)) — P%(0))

o——+00
= lim —oSx(0))
——+00
5 03

since, in case 7, % = S(x(0)) > 0onint(F). This forces P(x) =

that x is a boundary optimal solution of (1).

In the case that B > 0, we have GAGT = [
O/l’lr+2, ey
becomes

Pp = min P(z) =

s.t.

00
1.7 T
ft I::—Hi|t—(0r,s )t<,LL,

—o'H =diag(1,1, ...,
1 —o’hy,). Let x = GT¢, and by the fact that s; = 0 if h; = 0, problem (1)

T 0
1.7 _ T
2! [OI oH}t @, why

P¢ and S(x) = 0's0

L1—0'hppy, 1—

(22)
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which can be divided into two separated subproblems, an unconstrained (P) and a smaller
P withr = 77, 7)7:
~ ~ ~ - o e
(P) : Py = min P(?) = ETTI —w'7
and
(P) : Py =min P(t) = ' (T —o'H)i —w"7
-5

. _ (23)
s STTHT 577 < .

The unconstrained convex subproblem (ﬁ) attains the minimum at a7* for which %Iti @) =0.
~ ~ ~ O — . _ —1_
Hence t* = w and Py = —1%T%. As for (P), the minimum occurs at 7* = H 5 due to

H > 0.Combining both7* and 7" together, x = GT (w7, (ﬁ_]f)T)T is the boundary optimal
solution for problem (1). ]

4 Insights into boundarification

To look into the boundarification technique for more insights, we work on the (SDC) form
(P)in (5) and (Pd/) in (6) by thinking of A as diag(y, ...,a,); B asdiag(Bi, ..., PBn);
fasn=Mm,n,. .., nn)T; and g as ¢ = (¢1, @2, ..., (p,,)T. In (case 4), Pg occurs at the
left boundary oy > 0 so that the index set

Iy :={ila; + 0pB;i =0} # 0. 24)
We assume that Ip = [1 : r], r > 1. Hence, o; +00f; >0, i € [r + 1 : n].

Lemma 3 (Case 4) Foralli € Iy, i > 0 and a; < 0. Moreover,
E T nd thus D= T (25)
Bi ¥i Bi  a
Proof From (24), if i € Iy and B; = 0, ; = 0. However, from assumption (Al), 8; = 0
implies «; > 0. The contradiction shows that 8; # 0. On the other hand, suppose 8; < 0.
To make «; + o; > 0 for B; < 0, we need o < o0y, which contradicts to the fact that oy is
a left boundary of F. Therefore, 8; > 0, i € Iy in Case 4. By o9 > 0, we immediately have
o; < 0.
From Lemma 2, it is shown that

oy =

5= lim (A+0B)'(f +0g) = lim nit o

o—0; J—)o(;" o +opi

exists. Since «; + ogf; = 0 fori € Iy, it is necessary that n; + opp; =0, i € Iy and

o0 +U°‘pf, ifi ¢ Io,
Vi=1 @ took (26)
—, ifi € Iy,
Bi
which proves (25). ]
From the condition of case (4),
dP!(o) o~ B
li =5 = Tl 0
S &) ;[ 5 i %y,] n<
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and there is a duality gap P'(y) — Pg/ = —00S8(y) > 0. Since B; > 0 fori € Iy, we

observe that lim;_, 1~ %tz — @it = +o00. To improve S’(¥) to 0, it is sufficient to increase

(or decrease) any (or all) y; fori € Ip, while keeping all other y; fixedif i & Iy. This amounts
to moving y in the null space of A + 0B as for any y in the null space of A + o B, it must
have

yi=0, if i & Io.

This explains why in Eq. (21) there is a real root .

From Theorem 1, we also see that the moving direction in the null space of A + 0B is
indifferent to global optimality. It has to do with the specialty of case 4 as revealed in Lemma
3. For simplicity, let r = 2 and consider the problem:

n
. (¥ o o2 5 1 2
min (7y1 - myl) + (7y2 - nzyz) - Z FEY] = i

s.1. (ﬁ; - ¢1y1)+(% (ﬂzyz) z Biyi —¢iyi—n<0. (27)

By (25), we can assume
@1 N1 Y2 M
—=—=¢1 and —=-— =0
B @

so that (27) becomes

2 2 n
. y y 1
min P'(y) = «; (21 - Clyl) +az (22 - Czyz) + E Eai)’iz = NiYi

i=3

¥ 2 n
1
s.t.8'(y) = i ( - C1y1)+ B2 (22 - Czy2)+ > 5/31')’1'2 —¢iyi—n=0. (28
i=3

2 2 2 2
Since B1 (3 — c1y1) + (2 — cayn) = =0 — B2 e have
n 2
1 Bict  Prc
Db —ey < St (29)
i=3

let @ = {(y3, Y4, -+, Y| Dis %ﬂiy, wiyi < ﬁ” ﬂ2c2 + u}. Rewrite (28) as

2
2 - 1. 2
min o (7 — clyl) + ap (* — )2 ) Z Qi Y — Ni)i
(i,y2) i=3

min n
033403 EE - B (* - Clyl) + B2 (* -y Z 3BivE + @iy
) (30)
As — /le = ,32 = 0p by Lemma 3, the inner minimization in (30) becomes
2 2 n
(gllg) —00pi (yz1 - Clyl) —oop2 ()’22 - Czyz) + ; %Oéiyiz — iy

" V3 SEPIE

s.t. i (2 - Clyl) th(T —yn) Spu— ; FPivi + ivi. (€Y}
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which can be easily solved as

n

1
D 5@ +00B)y7 = (ni + 00gi)yi — oop (32)
i=3

so that (30) becomes

(V33245 e0s¥ )eQZ (i + Uoﬁ,)y, (ni + 009i)yi — ool. (33)
3, 4 ..... n

Since «o; + opB;i > 0 for i & Iy, problem (33) has a convex objective function of which

the only critical point is y; = %’ i € [3: n] as defined in (26). Since y is an interior
1 1
feasible solution in (case 4), (y3, V4, . . ., ¥») is also an interior point in 2 and thus the unique

minimizer of (33).

We have just seen that any global minimizer of problem (28) must have its i’ component
equal to y; for i € [3 : n]. The remaining is to determine the optimal y; and y, from (31)
by substituting y; with y; for i € [3; n]. Then problem (31) has an ellipsoid constraint in
variables (y1, y2). The optimal (y1, y2) happens if and only if it is on the boundary of the
ellipsoid. The solution

- _ . mtopy @1 - .o Mmtop @
v = hm —— =— =1 and y; = hm - ==

= C2
U_’Uo a) + 0B B U—)O’O ar +op 132

is the center of the ellipsoid. The boundarification technique moves it to the boundary and
solves case 4.

5 Dual of the dual problem

In this section, we show that the dual of the dual problem reveals the hidden convex nature of
2
the primal problem (1). Notice that if f; # 0, (7; + 0 ¢;)? = (m- — Gy O (7,8,-)) .
Define indices sets
Jo={ie[l:n]: B =0},

. o Qi
J1=‘le[1:n]:ﬁi7&0, ni — 5 =0],

. o Qi
h=LerL&#Qm—%f¢ﬂ
1
with which we can write the above dual problem (6) as
(i —F)?
Pd sup [_U:U« Z,ejz(m - M)* - % “witoB
o>0 ie)r

o2 (34)
- > Setop) - )y e

ieJiUJp iedy
st.oj+oB >0,i€JUJ.
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Proposition 2 A Lagrangian dual of Problem (34) is the following linearly constrained
convex minimization problem

pdd _ _ (i_ai%‘)ﬁ
2\ Bi ] Bi

iely
<p 2
. l 1
it S = S = 20+ % 3 b+
7 lienun iclh Bi /3 iey
s.t. Z Bizi —I—Z(p,w, < W, Zi +— >0,ie JUJ;, w; eR,i e Jy
ieJiUJy i€y ﬁ
(35)
Proof The dual problem (34) can be equivalently written as
%ipiN2
N0 1 (i 7,,)
sup  —op — D> (i = — ) =5 >
0=0 i€y ﬂi ﬂl ey fi
1 A R
2. 2 gt 2 Z a;
ieJjUJ, "1 i€y
st.oi+ofi=t, i€,
a+ofi=t, i€,
nit+ogi =1, i€lJy,
ti>0, ieJiUlh. (36)

Letz; e R,i € Jo;z; € R,i € Jiandw; € R, i € Jp be the dual multipliers associated with
the first, second and third linear equality constraints in (36), respectively. The dual problem
of Problem (34) becomes

_Z( alwl)%Jme > wizi+ Y mwi + () + v(w)

icel ! ie|UJ iely
@2
+ sup — 5l — Zili { +sup 0 Z Bizi + Z Yiw; — |1 37
>0 ien | 2B 020 ieUs iedo

where

¥; OB
v(z) == ) sup—tizi — —5ti — ———— ¢,
lezjit,>0 - 2;‘3,-2 l 2t;
O[,'wi2
v(w) = ZSup ——— —wtj = Z 7 (38)
icly ieJo

The computation of the first inner maximization in (37) with respectto #; > 0, i € Ji, leads

2
to the optimal value zero with the linear constraint z; + 2(/;3"2 > 0 and that of the second inner

i
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maximization in (37) with respect to & > 0 leads to the optimal value zero with the linear
constraint Zie]lwz Bizi + ZiEJO @iw; < . Finally, fori € J in (38)

2
o le . (ni — %)2 B —lni — a;gq),| 2z + ﬂza if z; + 2«;3’_2 >0,
sup § —1izi — >l — >, [T i
1i>0 i i 400, if 7; + 2";2 <0.
(39
Substituting the above computations into (37), we get (35). O

Theorem 3 Under the assumption (A1), the primal problem (5) is equivalent to the convex
programming problem (35).

Proof First we can rewrite the primal problem (5) as follows

1 i 2 2 1¥i
Pé:minlz [ai(z(yi—;i) —;2’1.2)—(17,-—0“P) ]4—2( Oézy, myi)

ieJ1UJp iedy
1 o\*
> B *(y'—f)— D e s
' 2 l ,3,' 2ﬂ2 i€y .

ieJiUJp

Under the assumption (A1), according to the 7 cases discussed in Sect. 3, the global mini-
mizer of the primal problem (5) exists, denoted by y*. Let iy € J» be arbitrary. Construct y
according to:

_ 2,3,_3’17 ifi =iy e Jo,
A S ifi £ .

Then § is feasible to (5). Since >/_; L (y)? — nivi < X1, %ﬁz —n;y; and ip € Jo
is arbitrary, we must have —(n; — % ‘f’ )(yl (pj) < O for all i € Jo. In addition, by the
definition of J, the objective function is homogeneous in terms of (y; — %) fori € Jy. That
is, we can also restrict (y; — %) to be nonnegative for i € Ji. Therefore, the problem (5) is
further equivalent to

’ . 1 Qi (piz Qi Qi
Py = min . Z ’ai(2( vi — /31) 2512) —(ni - ) ] +§( oay, ﬂiyi)

ieJiUJp

N2
Z :31( (I_E) _22) zfﬂlyz_l/«,
ieJiUJp ! ﬂ i€y
Pi . o Qi
yvi——>0, Viehandny, — — >0,
"B B
@i . o Qi
vi—— <0, VieJyandn, — <0,
"B B
Pi .
yi—— >0, Viel.
"B
Introducing z; = %(yi — %)2 2}3 5
zi and y;) and w; = —y; fori € Jy, we exactly obtain the dual of the dual problem (35).
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That is, problem (5) is equivalent to (35) via the following nonlinear transformation

PR 3
. l . .
%4‘7&% 2Zi+%, ifi € Jp,
L ;7 — i
i = b (40)
Qi @i i
— + 2Zi+7, ifi € Jp,
Bi B;
| —w;, ifi € Jyp.

Theorem 3 explains why the nonconvex problem (QP1QC) has a strong duality with no
duality gap under condition (A1).

6 Examples
A few examples are selected to demonstrate the validity of the dual method for solving

(QP1QC).

Example 1 (Illustration for case 4) Let A = [_2 _1],B = |: 4 _2],]‘ = |: ! ]

10 -2 2
g:[jl],anduzi

We can calculate that 7 = {0 > 0]A+ 0o B > 0} = (0.5, +00) with og = 0.5 > 0. Since

deég) = —7.375 < 0, this is (case 4). One can verify that x = lim,_,5+(A +

oB)~N(f +0g) = (1.25, )7 is an interior feasible point. Applying the boundarification

lim, ¢ 5+

technique, we select a vector X = (1, 2T from the null space of A +0.5B = [_42 _12:|

and then solve the quadratic equation
a?iTBi +2a(x"Bx —g"5)+x"TBx —2¢"x —2u =0

to obtain two roots: 1.92 and —1.92. If ap = 1.92, x] = X + apX = (3.17, 4847 is the
global minimizer for the problem with the optimal value —3.625. If ¢p = —1.92, x5 =
¥+ apk = (—0.67, —2.84)7 is the other global minimizer. Since the null space of A 4 0.5B
is one-dimensional, x{" and x; are the only two global minimizers.

1 3 2 4 1 =2
Example 2 (Illustration for case 7) Let A = 3 -2 0|,B = 1 5 =2/,
2 0 1 -2-22
3 —6
f=| 4 |,g=| 2 |,and u = —6.95. Note that B is positive definite and F = (1.2673
-2 3
+00). Since lim,_, | 673+ L7 = +o00 and lim,_, oo 279 = 0, this is (case 7). By

Theorem 2, X = limg— 400(A+0B) "' (f +0g) = B~'g = (—0.8, 1.4, 2.1)7 is the global
minimizer for the problem with the optimal value —5.15.
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532 31 =2
Example 3 (Another illustration forcase 7) Let A= | 360 |,B=| 1 3 =2 |,f=
204 -2-22
0 3
,8 = 1 [,and u =—-1.5.
1 -2
Since A > 0 and B > 0, we have F = [0, +00). Since lim, _, o+ dpj(g") =6.05 > 0 and
limg 100 42790 = 0, this is (case 7) with B = 0. Choose o = 5 € F, by (18), we have

—0.156 —0.156 —0.312
G =| —0.168 0.061 0.147 |,
0.117 —0.214 0.052

with G(A + o’B)GT = diag(1,1,1) and GBGT = H = diag(0,0.182,0.154). Then,
compute w = Gf = (—0.78,0.33, —0.59)7 and s = Gg = (0, —0.74, 0.03) to obtain that
i=GT@", (H ') = (0.83, —0.17, —0.34) is the global minimizer for the problem
with the optimal value 1.9.

7 Conclusion

Quadratic programming is very important not only because many real world applications
from physics, statistics, management sciences, etc. can be formulated in quadratic forms,
but also because it can be used as a second-order approximation model for more complex
systems. Quadratic problems with multiple quadratic constraints are known to be NP-hard.
Nevertheless, this paper provides a thorough and comprehensive study, from the assump-
tions, solution methods, duality, to the hidden convexity for us to understand better about
the single quadratic constrained problem. Hopefully, with the new insights it leads a way to
study the global optimization for more general nonconvex programming problems.
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