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Abstract In this paper we investigate encoding the bit-stream resulting from coarse
Sigma-Delta quantization of finite frame expansions (i.e., overdetermined represen-
tations) of vectors. We show that for a wide range of finite-frames, including random
frames and piecewise smooth frames, there exists a simple encoding algorithm—
acting only on the Sigma-Delta bit stream—and an associated decoding algorithm
that together yield an approximation error which decays exponentially in the number
of bits used. The encoding strategy consists of applying a discrete random operator
to the Sigma-Delta bit stream and assigning a binary codeword to the result. The re-
construction procedure is essentially linear and equivalent to solving a least squares

minimization problem.
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1 Introduction

In the modern era, the first step in signal processing consists of obtaining a digital rep-
resentation of the signal of interest, i.e., quantizing it. This enables one to store, trans-
mit, process, and analyze the signal via digital devices. Sigma-Delta (X' A) quantiza-
tion was proposed in the 1960’s as a quantization scheme for digitizing band-limited
signals (see, e.g., [18]). Since then, and especially with the advent of very large scale
integration (VLSI) technology, X' A schemes have seen extensive use in the engi-
neering community for analog-to-digital conversion of, for example, audio signals
(cf. [25]). In the mathematical community, ¥’ A quantization has seen increasing in-
terest since the work of Daubechies and DeVore [8]. In this paper, we are interested
in efficiently encoding the bit-stream resulting from X' A quantization of finite-frame
expansions. Here one models the signal as an element in a finite dimensional space,
and its samples as inner products with a spanning set of vectors. The goal is, using
only the samples, to obtain a digital representation of the original signal that allows
its high fidelity reconstruction.

1.1 Overview and Prior Work

For concreteness, let the vectors {fi}lN= 1 C R? form a finite frame for R?. In other
words, suppose there exist constants 0 < A < B < oo such that the frame matrix
F € RV*4 (with the vectors f; as its rows) satisfies

2 2 2
Allxll3 < IFx[l; = Blx]l3

for all x € R?. Thus any full rank matrix is a frame matrix. In the context of data
acquisition, finite frames are useful at modeling the sampling (i.e., measurement)
process. In various applications, the measurement vector can be expressed as

y:=FxeR", (H

For example, in imaging applications, “multiplex” systems (see, e.g., [6]) collect lin-
ear combinations of the pixels of interest, thus, their measurement vectors can be
represented using (1). Such systems have been devised using coded apertures (see,
e.g., [20]), as well as digital micro-mirror arrays (e.g., [10]). Indeed, by simply col-
lecting more measurements than the ambient dimension of the image, as is often the
case, and ensuring that F is full rank, we find ourselves in the finite frame setting.
Similarly, systems that acquire finite dimensional signals using filter banks allow their
measurement process to be modeled via (1). For a more in-depth treatment of finite
frames and filter banks, see [11].

In order to allow digital storage and computer processing, including the recovery
of x, one must quantize the finite frame expansion (1). Quantizing the finite frame
expansion of x consists of replacing the entries of the measurement vectory := Fx €
RY with elements from a finite set. Giving these elements binary labels then enables
digital storage and transmission of the quantized measurements. To be precise, let
A C R be a finite set (the quantization alphabet), and let X’ be a compact set in R?.
A quantization scheme is a map

Q:FX— AV
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and a reconstruction scheme is an “inverse” map
A AN > RY

Note that, depending on the practical application, one may require that the quanti-
zation schemes satisfy certain properties. For example, it is often preferred that the
quantization scheme acts progressively on the measurements, i.e., as they arrive, to
avoid storing too many analog quantities. Nevertheless, one seeks quantization and
reconstruction schemes with approximation errors || x — A(Q(FX)) |2 that are as small
as possible for all x € X.

X' A quantization schemes form an important class of such progressive quantiz-
ers, and there has been much work focusing on their application to the finite frame
setting. In particular, the research on ¥'A quantization of finite frame expansions
has focused on the decay of the approximation error as a function of the number
of measurements and has typically considered X = B¢, the Euclidean ball in RY.
The work of Benedetto, Powell, and Yilmaz [4] first showed that the reconstruction
error associated with 1st order ¥’ A quantization decays linearly in the number of
measurements. Several results followed, improving on this linear error decay by us-
ing various combinations of specialized frames, higher order quantization schemes,
and different reconstruction techniques. Blum et al. [5] showed that frames with cer-
tain smoothness properties allow for polynomial decay in the X' A reconstruction
error, provided appropriate alternative dual frames are used for reconstruction. Mo-
tivated by applications in compressed sensing, a similar result [16] was shown for
random frames whose elements are Gaussian random variables. This was followed
by the results of [21] and [22] showing that there exist (deterministic and random)
frames for which higher order X' A schemes yield approximation errors that behave

like e~ ¢ %, where c is a constant. Specifically, in [21, 22] this root-exponential ac-
curacy is achieved by carefully choosing the order of the scheme as a function of the
oversampling rate N /d. For a more comprehensive review of X A schemes applied
to finite frames, see [26].

While the above results progressively improved on the coding efficiency of XA

quantization, it remains true that even the root-exponential performance e_C‘/g of
[21, 22] is generally sub-optimal from an information theoretic perspective, including
in the case where X = B¢. To be more precise, any quantization scheme tasked with
encoding all possible points in B¢ to within e-accuracy must produce outputs which,
in the case of an optimal encoder, each correspond to a unique subset of the unit ball
having radius at most €. Covering each of these subsets with a ball of radius at most
€ then produces an e-cover of B%. A simple volume argument now shows that cov-
ering B9 with balls of radius € requires one to use at least (é)d such e-balls.! Thus,
quantizing B¢ via an optimal map requires at least d In £ bits, or, viewed slightly
differently: optimally quantizing B¢ with b-bits yields an approximation error of the
form e_Cg, where ¢ € R is a universal constant. Observing that the number of bits

1Moreover, there exists a covering with no more than (%)d elements (see, e.g., [24]).
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that result from a X' A scheme is proportional to N and that the best known error rates
are root-exponential in N, we conclude that X A schemes are sub-optimal.

This fact has been recognized in the mathematical literature on X'A quantization.
In particular, in the case where d = 1 and the frame F is the N x 1 repetition frame
with F;; =1 for all i € [N], there has been research seeking upper bounds on the
maximum number of possible X' A bit-streams (cf. [2, 15, 17]). For example, [17]
showed that asymptotically in N, the number of bit-streams is bounded by O(N?)
for first order single-bit X' A schemes with certain initial conditions. This indicates
that by losslessly encoding the possible X' A bitstreams into codewords of length
O(log(N)), one can achieve the desired exponential error rates. However, to do that
one needs to identify the O (N?) achievable sequences from among the 2V potential
ones, which to our knowledge is an unsolved problem. Moreover, to our knowledge,
not much is known about the number of codewords generated by X' A quantization in
more general settings.

To help remedy this situation, this paper introduces a potentially lossy encoding
stage, consisting of the map

& AV ¢,

where C is such that |C| < | A" |. Consequently, log, |C| bits are sufficient for digitally
representing the output of this encoder. To accommodate this additional encoding,
the reconstruction is modified to approximate x directly from C. Thus, we propose a
decoder

A:Cr RY,

where both the proposed decoder, A, and the proposed encoding map, &, are linear,
hence computationally efficient.

1.2 Contributions

For stable X’ A quantization schemes, we show that there exists an encoding scheme
& acting on the output Q(Fx) of the quantization, and a decoding scheme A, such
that

ESA ::max”x—A(S(Q(Fx)))”szN_“ bsa
xeB? = €xA < exp(—c—).
bsa:=In|C| <C'dInN, d

where «, C, C’, and ¢ are positive constants that depend on the X' A scheme and d.
More specifically:

1. We show that there exist frames (the Sobolev self-dual frames), for which en-
coding by random subsampling of the integrated X' A bit-stream (and labeling
the output) yields an essentially optimal rate-distortion tradeoff up to logarithmic
factors of d.

2. We show that random Bernoulli matrices in R’"Xd, with m =~ d, are universal
encoders. Provided one has a good frame for XA quantization, such Bernoulli
matrices yield an optimal rate-distortion tradeoff, up to constants.
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3. We show that in both cases above, the decoding can be done linearly and we
provide an explicit expression for the decoder.

These contributions are made explicit in Theorems 3 and 4. Additionally, we note
that XA schemes (see Sect. 2) act progressively on the samples y = Fx, and do not
require explicit knowledge of the frame that produced y. Similarly, the Bernoulli en-
coding of the X' A bit-stream does not require knowledge of the underlying frame.
Nevertheless, and somewhat surprisingly, this encoding method allows the compres-
sion of the X' A-bitstream in a near optimal manner. It also allows the decoding to
be done linearly via an operator R” - R?, hence in time proportional to md, as op-
posed to time proportional to Nd needed (in general) for reconstructing a signal from
its unencoded X' A bitstream. One of the favorable properties of coarse X' A quantiza-
tion schemes is their robustness to certain errors that can arise in practice due to (for
example) circuit imperfections (cf. [8]). Such imperfections can affect the elements
that implement scalar quantization (i.e., assigning discrete values to continuous ones
by toggling at a threshold), or multiplication. We remark that our methods for com-
pressing the X' A bit-stream inherit whatever robustness properties the original X'A
quantizer possesses. In other words, by compressing the bit-stream, we do not lose
any of the desirable properties of X' A quantization.

1.3 Organization

In Sect. 2, we introduce notation and provide a mathematical overview of X' A quan-
tization. We also state certain results on random matrices, in particular Johnson-
Lindenstrauss embeddings, which will be useful in the remainder of the paper. In
Sect. 3 we show that random subsampling of the discretely integrated X' A bit-stream
allows a linear decoder to achieve exponentially decaying reconstruction error, uni-
formly for all x € B%. This result pertains to a particular choice of frames, the Sobolev
self-dual frames [21], and is contingent on using Ist order X'A schemes. In Sect. 4
we instead use a Bernoulli matrix for reducing the dimensionality of the integrated
X' A-bit stream. Here, our result is more general and applies to stable X' A schemes
of arbitrary order, as well as to a large family of smooth and random frames. Finally,
in Sect. 5 we illustrate our results with numerical experiments.

2 Preliminaries

Below we will denote the set {1,2,...,n — 1,n} C N by [r]. For any matrix
M e R™N we will denote the jth column of M by M ; € R™. Furthermore, for a
given subset S = {s1,...,s,} C[N] with s| <sp < --- < 55, we will let Mg € R"*"
denote the submatrix of M given by

Mg = (Msl o ‘Mx,,)‘

The transpose of a matrix, M € R"*¥  will be denoted by MT € R¥*™ and the sin-
gular values of any matrix M € R™*V will always be ordered as o1 (M) > o2 (M) >
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“++ > Omingm,N) (M) > 0. We will denote the standard indicator function by
PO 1 ifi=j
S [V TS 2
for i, j € N. Finally, given a frame matrix F, we define its Moore-Penrose pseudo-
inverse tobe FT := (FTF)=1FT.

2.1 Sigma-Delta Quantization

Let B9 be the Euclidean unit ball in R¢. Given x € B¢, and a frame matrix F €
RY%d  the simplest ¥’ A quantization scheme considered herein, in Sect. 3, is the
single bit first order greedy scheme. Given y = FX, this scheme computes a vector
q € {—1, 1}¥ via the following recursion with initial condition o = 0:

qi = sign(y; +ui—1), 2
up=yi+uj—1—qi 3)
for all i € [N]. To analyze this scheme as well as higher order schemes, it will be
convenient to introduce the difference matrix, D € RN*N | given by
1 ifi=j
D;j:=1-1 ifi=j+1 @)

0 otherwise.

We may restate the relationships between x, u, and q resulting from the above scheme
as

Du=Fx—q. 5

Furthermore, a short induction argument shows that |u;| <1 for all i € [N] provided
that |y;| <1 foralli € [N].

More generally, for a given alphabet A and r € Z we may employ an rth-order
X A quantization scheme with quantization rule p : R"*! > R and scalar quantizer

Q0 :R— A. Such a scheme, with initial conditions ugo=u_j; =---=u;_, =0, com-
putes q € A" via the recursion
qi = 0(p(yi, ui—1,ui—2, ..., ui—y)), (6)
4 r
wi=yi—qi— <j)(—1>fui_j )
j=1

for all i € [N]. Here, the scalar quantizer Q is defined via its action

0 (v) = argmin|g — v,
geA

In this paper, we focus on midrise alphabets of the form

Ay ={£@n - 1s/2:n e [K1}, ®)
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where § denotes the quantization step size. For example, when K = 1, we have the
1-bit alphabet A‘i =1 j:%}. As before, we may restate the relationships between x, u,
and q as

D'u=Fx—q. 9)

As in the case of the first order scheme, we will ultimately need a bound on |[ul| :=
max;e[n] |ui| below. Hence, we restrict our attention to stable rth-order schemes.
That is, rth-order schemes for which (6) and (7) are guaranteed to always produce
vectors u € RY having [[uflec < Cp.o(r) forall N € N, and y € RV with [|y[lec < 1.
Moreover, for our definition of stability we require that C, o : N+ R™ be entirely
independent of both N and y. Finally, it is important to note that stable rth-order X' A
schemes with C,, ¢ (r) = O(r") do indeed exist (see, e.g., [9, 14]), even when A is a
1-bit alphabet. In particular, we cite the following proposition [9] (cf. [21]).

Proposition 1 There exists a universal constant ¢ > 0 such that for any midrise quan-
tization alphabet A = A‘z, for any orderr € N, and for all n < §(L — %), there exists
an rth order X A scheme which is stable for all input signals y with ||y|lcc < n. It
has

)
lulloo <cC” ’5, (10)

2 e 2n
([(cosh1 V)z—‘”) me 8

In what follows we will need the singular value decomposition of D essentially
computed by von Neumann in [27] (see also [21]). Itis D=UX VT, where

U,~,~=/ 2 COS(Z(i—1/2)(N—j+1/2)n>7 an
- N+1)2 2N +1

jm
Xij=23ijoj(D) =125 COS<2N+ 1), (12)

[ 2 2ij
Vij= (=1t i : 13
ij =1 N+1/251n(2N+17T) (13)

Note that the difference matrix, D, is full rank (e.g., see (12)). Thus, we may rear-
range (5) to obtain

where

and

u=D"'Fx—- D7 q. (14)

More generally, rearranging (9) tells us that
u=D"Fx—-D"q (15)

for any rth-order scheme.

Birkhauser



1262 J Fourier Anal Appl (2013) 19:1255-1273

2.2 Johnson-Lindenstrauss Embeddings and Bounded Orthonormal Systems

We will utilize linear Johnson-Lindenstrauss embeddings [1, 3, 7, 13, 19, 23] of a
given finite set S C R into R™.

Definition 1 Lete, p € (0,1),and S C RY be finite. An m x N matrix M is a linear
Johnson-Lindenstrauss embedding of S into R™ if the following holds with proba-
bility at least 1 — p

(1—o)lu—v[3 < |Mua—Mv|3<1+e)u—v|3

for all u, v € S. In this case we will say that M is a JL(N, m, €, p)-embedding of &
into R™.

We will say that a matrix B € {—1, 1}V is a Bernoulli random matrix iff each
of its entries is independently and identically distributed so that

1
P[B;j=11=P[B;; =—1]= 3
forall i € [m] and j € [N]. The following theorem is proven in [1].

Theorem 1 Letm, N € N, S CRY finite, and €, p € (0, 1). Let B € {—1, 1}V be
a Bernoulli random matrix, and set B = j_B Then, B will be a JL(N,m, €, p)-

H2logs (1/0) o

embedding of S into R"™ provided that m > 2233

Let D C R" be endowed with a probability measure p. Further, let ¥ =
{¥r1, ..., ¥n} be an orthonormal set of real-valued functions on D so that

RCIICUACEL

We will refer to any such ¥ as an orthonormal system. More specifically, we utilize
a particular type of orthonormal system:

Definition 2 We call ¥ = {1, ..., ¥n} a bounded orthonormal system with con-
stant K € RT if

I¥klloo :=sup| ()| < K forall k € [N].
teD

For any orthonormal system, ¥, on D C R” with probability measure p, we may
create an associated random sampling matrix, R’ € R™*N a5 follows: First, select
m points ti, ..., t, € D independently at random according to x.> Then, form the
matrix R’ by setting le’j = (t;) for each i € [m] and j € [N]. The following

280 that P[t; € S]= u(S) for all measurable S € D and j € [m].

Birkhauser



J Fourier Anal Appl (2013) 19:1255-1273 1263

theorem concerning random sampling matrices created from bounded orthonormal
systems is proven in [12].3

Theorem 2 Let R’ € R™*N be a random sampling matrix created from a bounded
orthonormal system with constant K. Let S C [N] have cardinality |S| =d, and set
R = ﬁR’. Then, for € € (0, 1), we will have

~

V1—e< ad(ﬁ/s) < al(R’S) <J1+e€
with probability at least 1 — p provided that m > (8)3)K2e~2d In(2d / p).

Note that Theorem 2 also applies to the special case where our orthonormal sys-
tem, ¥, consists of the N columns of a rescaled unitary matrix U € RNXN (e, ¥ =
VNU; forall j € [N]). Here, D=[N] C R, ¢;(i) = +/NU; j forall i, j € [N], and
1 is the discrete uniform measure on [N]. In this case we will consider the random
sampling matrix, R’, for ¥ to be the product \/NRU, where R € {0, l}mXN is a
random matrix with exactly one nonzero entry per row (which is selected uniformly
at random). We will refer to any such random matrix, R € {0, l}mXN , as a random
selector matrix.

3 Exponential Accuracy for First Order Sigma-Delta via Random Sampling

In this section we will deal only with first order Sigma-Delta. Hence, given x € B¢,
the vectors q,u € RV will always be those resulting from (2) and (3) above. Our
objective in this section is to demonstrate that a small set of sums of the bit stream
produced by the first order scheme considered herein suffices to accurately encode the
vector being quantized. Furthermore, and somewhat surprisingly, the number of sums
we must keep in order to successfully approximate the quantized vector is entirely
independent of N (though the reconstruction error depends on N). Proving this will
require the following lemma.

Lemma 1 For every x € B4 we will have D™'q € {~N, ..., N}N c ZVN.

Proof Note that g; € {—1, 1} for all i € [N] (see (2)). Furthermore, it is not difficult
to check that

1 ifj<i
—1 _ J =t
(D )i,j - {O otherwise.

Thus, we have that (D_lq),- e{—i,...,i}foralli € [N]. Il

We are new equipped to prove the main theorem of this section.

3The specific form of the lower bound used for m below is taken from Theorem 12.12 of [12].
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Theorem 3 Let €, p € (0, 1), and R € {0, 1}V be a random selector matrix. Then,
there exists a frame F € RN*? such that

_ _ V2r (d?
|x—(RD™'F)'RD 1q||25m<ﬁ>

for all x € B ¢ R¢ with probability at least 1 — p, provided that m > (16/3)e ~2d x
In(2d/ p). Here, q is the output of the first order X A quantization scheme (2) and (3),
applied to FX. Furthermore, R D™'q can always be encoded using b < m(logy N+1)
bits.

Proof Let U, X,V € RV*N be defined as in (11), (12), and (13), respectively. Define
F € RN*d (g be the (renormalized) last d columns of U,

| N
= ﬂ(UN—d—H"'UN)- (16)

We refer to the frame corresponding to F as the 1st order Sobolev self-dual frame.
Denoting the ith row of F by f; € R?, we note that (11) implies that

N 2d
=||F < f; <,)— |—F <1 17
¥lloo =1l XIIoo_l,rg[a]\;clllIIIzIIXIIz_,/zd,/NJr1/2 X2 < (17)

for all x € BY. Now, apply the random selector matrix, R, to (14) to obtain
Ru=RD 'Fx—RD !q.
Since our goal is to obtain an upper bound on

|(RDF)' Rul, =[x~ (kD' F)' RD™q] 19

and since || Ru||; is easily controlled (see the discussion after (5)), it behooves us to
study RD™'F € R™*4_QObserve that

D_lF—,/EVE_lUT(U U )—\/E((V) VN E, (19)
=V N—d+1 N =45y N—d+1 N)2Z,

where ¥ € R4 has
- S:
= ——.
ON-d+j(D)
LetS={N—-d+1,...,N} C[N]. Then,

RD™'F = \/7RV3 (“/_Rv)

Applying Theorem 2 now tells us that
V1= 1
/”Zl V1T G (RDT'F) < oy(RDTF) < [ YIS )

oN—d+1(D) ~ 2d on(D)

l

T
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with probability at least 1 — p, provided that m > (16/3)e ~>d In(2d / p).
Whenever (20) holds we may approximate x € B¢ by

%:=(RD'F)'RDq,
and then use (18) to estimate the approximation error as

. BN 2d on-a+1(D)
Ix =%l = |[(RD™'F)"Ru|, < P

Using (12) and recalling that |u;| < 1 for all i € [N] since |y;| <1 foralli € [N] (see
(17)), we obtain

[ Rul2.

. 2+/2d (N—-d+)rm
Ix—xl2 < - COS
1—¢ 2N +1
- 24/2d 7 (N—-d+Dm
T J1—-€e \2 2N +1
27 (d7>
J1—€e\ N
Finally, Lemma 1 tells us that RD~!'q can always be encoded using b <
m(log, N 4 1) bits. Il

Remark 1 Theorem 3 provides the desired exponentially decaying rate-distortion
bounds. In particular, by choosing the smallest integer m > (16/3)e 2d In(2d/ p),
the rate is

R =m(og, N + 1),

and the distortion is

o VId
CNJI—¢
Expressing the distortion in terms of the rate, we obtain
22w d? R
D(R) = L 2RIM — ¢ (e) - d3/? exp<——>. (1)
V1—e€ Ca(e)d In(2d/ p)

_ /2 16 1 16
Above, Ci(€) =2 - = and oo + T2 > Ch(e) > o

Theorem 3 demonstrates that only O (log N)-bits must be saved and/or transmit-
ted in order to achieve O(1/N)-accuracy (neglecting other dependencies). Moreover,
from a practical point of view the use of random sampling matrices is appealing as
they allow for the O (log N) bits to be computed “on the fly”” and with minimal cost.
However, the first order scheme we consider herein has deficiencies that merit addi-
tional consideration. Primarily, the first order scheme (2) and (3) must still be exe-
cuted before its output bitstream can be compressed. Hence, utilizing the compressed
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sigma delta encoding described in this section has an O (N) “cost” associated with it
(as the N-dimensional vector F’x must be acquired and quantized). This cost may be
prohibitive for some applications. Compared to the first order scheme we considered
here, higher order schemes can allow the same reconstruction accuracy with a smaller
number of measurements. Hence, we will consider results for higher order schemes
(and more general frames) in the next section.

4 Exponential Accuracy for General Frames and Orders via Bernoulli
Random Matrices

In this section we will deal with a more general class of stable rth-order Sigma-Delta
schemes. Hence, given x € B9, the vectors q,ue RN will always be those resulting
from (6) and (7) above. The main result of this section will require the following
lemma, which is essentially proven in [3].

Lemma?2 Lete, p §(O, D, {vi,...,vq} CRY, and B € {—1, 1}™*N be a Bernoulli
random matrix. Set B = = B. Then,

Jm

(1= Olxll2 < [ Bxll2 < (1 + ) lIxll2
for all x € span{vy, ..., vg} with probability at least 1 — p, provided that

- 4d1n(12/€) +21n(1/p)
- €2/8 —€3/24

Proof Combine Theorem 1 with the proof of Lemma 5.1 and the subsequent discus-
sion in [3]. O

In addition to considering more general rth-order quantization schemes, we will
also consider a more general class of frames, F € RV*¢, More specifically, we will
allow any frame matrix which adheres to the following definition.

Definition 3 We will call a frame matrix F € RV>4 an (r, C, @)-frame if

1. ||FX|lo <1 forall x € B4, and
2. 04(D7"F)>C-N“.

Roughly speaking, the first condition of Definition 3 ensures that the frame F
is uniformly bounded, while the second condition can be interpreted as a type of
smoothness requirement. We are now properly equipped to prove the main theorem
of this section.

Theorem 4 Let e, p € (0,1), B e {—1, l}mXN be a Bernoulli random matrix, and
F e RV pe an (r, C,)-frame with r e N, a € (1, 00), and C € RT. Consider q,
the quantization of FX via a stable rth-order scheme with alphabet Aiﬂ and stability
constant Cp, o(r) € R (see (6), (7), (8) and the subsequent discussion). Then, the
following are true.
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(i) The reconstruction error (i.e., the distortion) satisfies

Cp.o(r)-N'=

_ —r \T —r
”X (BD F) BD q||2S C-(1—¢)

for all x € BY ¢ RY with probability at least 1 — p, provided that m >
4dIn(12/€)+21n(1/p)
€2/8—€3/24 )
(i) BD™"q can always be encoded using b <m[(r + 1)log, N +log, A + 1] bits.

Proof Apply a Bernoulli random matrix, B € {—1, 1}"*N to (15) and then renor-
malize by m~1/? to obtain
Bu=BD "Fx—BD'q, (22)

where B = \/I—WB . Considering BD™"F € R"*4_we note that Lemma 2 guarantees

that B is an near-isometry on span{D~"Fy, ..., D™"F;}. Thus,
(1-€)-C-N“<04(BD™"F) (23)

4dIn(12/€)+21In(1/p)

€2/8—€3/24
Given that (23) holds, we may approximate x € B¢ using BD~"q € uZ" by

with probability at least 1 — p, provided that m >

1

t:=—(BD"F)'BD"q=(BD"F)'BD~"
=l ) BD™"q = ( ) BD™"q,
and then use (22) to estimate the approximation error as
Ix—=&l2= | (BDF) Bul, = | (BD " F) ' Bul, < —>— | Bull.
2 27 C-(1—e)

Noting that ||ullec < Cp o(r) since ||FX|/o < 1 (by definition of (r, C, a)-frames),
we obtain
N~ Cpo(r) - N'—@

[ Bull2 <

IIX—ﬁllziic_(l_e) c a9

Finally, a short argument along the lines of Lemma 1 tells us that BD™"q € uZ™
will always have |BD™"qllco <21 A - N’*1. Thus, BD~"q can be encoded using
b <m[(r +1)logy, N +1log, A + 1] bits. Note that ; does not influence the number
of required bits. g

Remark 2 Theorem 4 also provides the desired exponentially decaying rate-distortion

bounds. In particular, by choosing the smallest integer m > W, the

rate is

R:m[(r + 1)log, N +log, A + 1],
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and the distortion is
Do Cp.o(r)-N'—
C-(1—¢)

Expressing the distortion in terms of the rate, we obtain

D(R) — Cp,Q(}’) i (2A)(a_l)/(r+l) i 2—(72(0{—1)/171("-}—1))
C-(I—e
<Cp.0(A ) ( R ) (24)
<C,, 6, a,r)-expl —————— ).
P d-Cs(e, p)
A _ Cpon)-aye-b/e+h 4(r+1) In(12/€p) 1
Above, Cp (A, €,a,r) = =511 and e e dm T a =

Cs(e, p) > 0.

Remark 3 The choice of Bernoulli matrices in Theorem 4 is motivated by two prop-
erties. First, one can encode their action on the integrated X' A bit-stream in a lossless
manner. Second, Bernoulli matrices (of appropriate size) act as near isometries on
span{D~"Fy, ..., D7"Fy}. In fact, any encoding matrix drawn from a distribution
satisfying the above two properties would work for compressing the X' A bit-stream.
For example, [1] also studied other discrete random matrices (whose entries are =1
with probability 1/6 each, and O with probability 2/3) and showed that they serve as
Johnson-Lindenstrauss embeddings.

It is informative to compare the rate-distortion bounds resulting from Theorems 3
and 4 in the case of the first order Sigma-Delta scheme (and frame) considered by
Theorem 3. If we define F € RV*4 a5 per (16) we can see, by considering (17)
and (19), that it will be a (1, d—3/2(v/27)~1, 3 /2)-frame. Furthermore, the first order
scheme considered by Theorem 3 has A =1 and C, (1) = 1. Hence, we see that
(24) becomes

D(R) = 2*73( 1284 1n(€12/€)+é4111(1/p))

23/45 4312 S RjAm 23/45 4312 233
—€ 1—¢

in this case. Comparing this expression to (21) we can see that the dependence on d
has been improved (i.e., by a log factor) in the denominator of the exponent. However,
we have sacrificed some computational simplicity for this improvement since BD~!q
will generally require more effort to compute then RD~!q in practice.

Importantly, though, Theorem 4 also enables one to obtain near-optimal rate-
distortion bounds. Moreover, fixing the desired distortion, fewer samples N may now
be used than in Theorem 3 (hence less computation for quantization and encoding)
via the use of higher order quantization schemes. As a result, we will be able to use
(r, C, )-frames having only O (N ﬁ) rows below while still achieving O(1/N) ac-
curacy (ignoring dependences on other parameters such as d, etc.). This represents a
clear improvement over the first order scheme we have considered so far for all ¢ > 2,
provided such (7, C, @) frames exists. In the next section we will briefly survey some
examples of currently known (7, C, )-frames, for general r € N, which are suitable
for use with the type of stable rth-order sigma delta schemes considered herein.
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4.1 Examples of (r, C, o)-frames

In this section we briefly survey some (r, C, a)-frames that can by utilized in concert
with Theorem 4 above.

Example 1 Sobolev self-dual frames [21]: Our first example of a family of (r, C, «)-
frames represents a generalization of the frame utilized by Theorem 3 to higher
orders. Let Upr = (U;---Uy) be the matrix of left singular vectors of D", cor-
responding to a decreasing arrangement of the singular values. Then, we refer
to F;) = (Uy—g+1---Up) as the (rth-order) Sobolev self-dual frame. F, is an
(r, C,a)-frame with C =7 7"(d + 2r)™" and o = r (see [21], Theorem ).

For these frames, with fixed r, using the XA schemes of Proposition 1 and a
Bernoulli encoding matrix, the exponent in the rate-distortion expression D(R) be-

haves like —% % Specifically, considering Example 1 with r = 1 we see that (16),

when unnormalized, is a (1, 7~} (d +2)~!, 1)-frame instead of a (1, d_3/2(\/§71)_1 ,
3/2)-frame. Hence, the bound provided for the unscaled matrix by Example 1 with
r =1 is weaker than the result for the rescaled matrix, whenever d is significantly
smaller than N. What prevents us from rescaling F' when r > 2 is that we have insuf-
ficient information regarding the left singular vectors of D".

Example 2 Harmonic frames: A harmonic frame, F € RV >4 s defined via the fol-
lowing related functions:

1
Fo(t) = —, 25
0(?) NG (25)
Frj_1(t) =cos2mjt), j=>1, and (26)
Fpj(t) =sin2mjt), j=1. 27

We then define Fj = \/g~ Fji(k/N),where j' = j —dmod2 forallk € [N]and j €
[d + d mod 2]. In addition to Sobolev self-dual frames, we note that harmonic frames
also yield general (r, C, @)-frames. For sufficiently large N, a harmonic frame is an
(r, C, a)-frame with C = C1e’/?r=0+¢) and o = r + 1/2 (see [21], Lemma 17).
Here, C| and C, are constants that possibly depend on d. For this example, with
fixed r, using the X' A schemes of Proposition 1 and a Bernoulli encoding matrix, the

exponent in the rate-distortion expression D(R) behaves like — rr_j{ 2 %.

Example 3 Frames generated from piecewise-C! uniformly sampled frame path:
Note that the example above is a special case of a smooth frame [5]. As one might
expect, more general classes of smooth frames also yield (r, C, a)-frames. One such
class of frames consists of those generated from piecewise-C! uniformly sampled
frame paths, as defined in [5]. For convenience, we reproduce the definition below.

Definition 4 A vector valued function E : [0, 1] — R? given by E(t) = [E1(¢),
Ex(@),...,E s(t)]isa piecewise—C1 uniformly sampled frame path if
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(1) foralln € [d], E, : [0, 1]~ R is piecewise-C!,

(2) the functions E, are linearly independent, and

(3) there exists an Ny such that for all N > Ny, the matrix F' with entries F;; =
E;(i/N) is a frame matrix.

In this case, we say that the frame F is generated from a piecewise-C! uniformly
sampled frame path.

For any piecewise-C! uniformly sampled frame path, there is an Ny € N such that
for all N > Ny, any frame generated from the frame path is an (r, C, «)-frame for
some C (possibly depending on r and d) and o =r + 1/2 (see [5], Theorem 5.4 and
its proof). Here, again, with fixed r, using the X' A schemes of Proposition 1 and a
Bernoulli encoding matrix, the exponent in the rate-distortion expression D(R) be-
haves like —rr_ﬂz %. Example 3 deals with smooth frames of a fairly general type,
albeit at the cost of less precision in specifying C. Perhaps more surprisingly, decid-
edly non-smooth frames also yield (r, C, o)-frames in general. In particular, we may
utilize Bernoulli random matrices as both our bit stream compression operator, and

our (r, C, o)-frame.

Example 4 Bernoulli and Sub-Gaussian frames: Let y € [0, 1]. Then, there exists
constant ¢y and ¢y, such that with probability exceeding 1 — 2=V ]_ydy, a frame

F whose entries are :l:ﬁ Bernoulli random variables is an (7, C, o)-frame, provided

N > (cy»)ﬁd. Here C =dv0~1/2=1/2 anda = 1/2+y (r —1/2). See [22, Propo-
sition 4.1] for a proof.

In fact, Bernoulli frames are a special case of a more general class of frames whose
entries are sub-Gaussian random variables. These more general types of random ma-
trices also serve as (r, C, o)-frames.

Definition 5 If two random variables 7 and & satisfy P(|n| >t) < K P(|&| > t) for
some constant K and all # > O then we say that 5 is K-dominated by &.

Definition 6 We say that a matrix is sub-Gaussian with parameter ¢, mean p, and
variance o2 if its entries are independent and e-dominated by a Gaussian random

variable with parameter ¢, mean u, variance o 2.

Let y € [0, 1]. Then, there exists a constant ¢; > 0 such that, with probability ex-

_ =y qv . . .
aNTVd , a random sub-Gaussian frame matrix F with mean zero,

ceeding 1 — 3e
variance 1/N, and parameter ¢ will be a (r, C, a)-frame whenever % > (czr)ﬁ
where ¢, depends only on c¢. Here C = d~7~1/? and a = y(r — 1/2). See
[22, Propositions 4.1 and 4.2] for a proof. Consequently, using the ¥'A schemes
of Proposition 1 together with a Bernoulli encoding matrix and a Sub-Gaussian
frame results in the exponent of the rate-distortion expression, D(R), behaving like

_yr=3D R
r+1 d-
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Fig. 1 (left) The maximum and (right) mean £;-norm error (in logy( scale) plotted against the number of
bits per dimension (b/d). Here we use a 1st order greedy X' A scheme to quantize and a random selector
matrix to encode
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Fig. 2 (left) The maximum and (right) mean £,-norm error (in log;( scale) plotted against the number
of bits per dimension (b/d). Here we use a third order X' A scheme to quantize and a Bernoulli matrix to
encode

5 Numerical Experiments

In this section we present numerical experiments to illustrate our results. To illus-
trate the results of Sect. 3, we first generate 5000 points uniformly from B¢, with
d =2,6,and 10. We then compute, for various N, the 1-bit 1st order greedy X A-
quantization of F'x, where F' is an N x d Sobolev self-dual frame. RD_lq, where
R is an m x N random selector matrix with m = 10d is then employed to recover an
estimate X = (RD~'F)"RD~!q of x. In Fig. 1 we plot (in log scale) the maximum
and mean of ||X — x|, over the 5000 realizations of x versus the induced bit-rate.

Our second experiment is similar (see Fig. 2), albeit we now use a third order 1-bit
X' A quantizer according to the schemes of [9] to quantize the harmonic frame expan-
sion of vectors in 3¢ , with d =2, 6, and 10. Here, we use a d x m Bernoulli matrix,
with m = 5d to encode BD~!q and subsequently obtain X = (BD~'F)'BD™!q. As
before, we plot the maximum and mean of ||X — x|| over the 5000 realizations of x
versus the induced bit-rate.

For our third experiment, we fix d = 20 and use the X A schemes of [9] with
r = 1,2, and 3 to quantize the Bernoulli frame coefficients, and we use Bernoulli
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-o-1st order XA
—¢-2nd order A
-=-3rd order TA
=3 o,
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Fig. 3 The maximum £;-norm error (in log scale) plotted against the number of bits per dimension
(b/d). Here d = 20 and X'A schemes with r = 1,2 and 3 are used to quantize the frame coefficients.
A Bernoulli matrix is used for encoding

matrices with m = 5d to encode. In Fig. 3 we show the maximum error versus the
bit-rate. Note the different slopes corresponding to » = 1, 2, and 3. This observation
is in agreement with the prediction (see the discussion around Example 4) that the
exponent in the rate-distortion expression D(R) is a function of r.
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