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Gaussian Approximation of Quantization Error for
Estimation From Compressed Data

Alon Kipnis

Abstract— We consider the distributional connection between
the lossy compressed representation of a high-dimensional signal
X using a random spherical code and the observation of X
under an additive white Gaussian noise (AWGN). We show that
the Wasserstein distance between a bitrate- R compressed version
of X and its observation under an AWGN-channel of signal-
to-noise ratio 22F — 1 is bounded in the problem dimension.
We utilize this fact to connect the risk of an estimator based
on the compressed version of X to the risk attained by the
same estimator when fed the AWGN-corrupted version of X.
We demonstrate the usefulness of this connection by deriving
various novel results for inference problems under compression
constraints, including minimax estimation, sparse regression,
compressed sensing, and universality of linear estimation in
remote source coding.

Index Terms— Lossy source coding, spherical coding, Gaussian
noise, parameter estimation, indirect source coding, sparse
regression, approximate message passing.

I. INTRODUCTION

UE to the disproportionate size of modern datasets

compared to available computing and communication
resources, many inference techniques are applied to a com-
pressed representation of the data rather than the data itself
(Figure 1). In the attempt to develop and analyze inference
techniques based on a degraded version of the data, it is
conceptually appealing to model inaccuracies resulting from
lossy compression as additive noise. Indeed, there exists a
rich literature devoted to the characterization of this “noise”,
i.e., the difference between the original data and its com-
pressed representation [2]. Nevertheless, because of the dif-
ficulty of analyzing non-linear compression operations, this
characterization is generally limited to the high-bit compres-
sion regime and other restrictions on the distribution of the
data [3]-[7].
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Fig. 1. Inference about the latent signal € is based on degraded observations
Y of the data X.
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Fig. 2. The effect of a bitrate constraint is compared to the effect of additive
Gaussian noise by studying the Wasserstein distance between Py and Pgz.
Under random spherical encoding, we show that this distance is bounded in the
problem dimension n, hence estimating 6 from Y is equivalent to estimating
it from Z.

In this paper, we establish a strong and relatively simple
characterization of the distribution of quantization error cor-
responding to a random spherical code. Specifically, we show
that, in the sense of the Wasserstein distance, this error can
be approximated by additive white Gaussian noise (AWGN)
whose variance o2 is inversely proportional to 22/ — 1 where
R is the bitrate of the code (Figure 2). This approximation
implies that the expected error of an estimator applied to
the compressed representation of the data is asymptotically
equivalent to the expected error of the same estimator applied
to a Gaussian noise-corrupted version of the data. The benefit
from such approximation is twofold: (1) inference techniques
from observations corrupted by Gaussian noise can now
be applied directly to the compressed representation; and
(2) it provides a mechanism to characterize the performance
of inference using such techniques.

A. Overview of Main Contributions

The equivalence illustrated in Figure 2 allows us to derive
various novel results for two closely related inference settings,
both of which are performed on a lossy compressed represen-
tation of the observed data X = (X1,...,X,,).
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e Parameter Estimation: (Section III) The data are drawn
according to a distribution indexed by an unknown
d-dimensional parameter vector ¢ and the goal is to
estimate the parameter vector under the squared error
loss. In the high-dimensional setting, the number of
parameters d is possibly much larger than the number of
observations n. This problem is also related to learning
distributions under communication constraints [8]-[17].

o Indirect Source Coding: (Section IV) The data are
distributed jointly with an unknown random (source)
vector U = (Uy,...,U,) and the goal is to recon-
struct this vector from the compressed representation
of X [18]-[21].

At a high level, the main difference between these inference
tasks is that the source coding problem assumes a joint
distribution over the data and the quantities of interest. Beyond
these settings, one may also consider minimax and universal
source coding formulation [22], [23] as well as hypotheses
testing [8], [10].

In the parameter estimation setting, we consider the mini-
max mean-squared error (MSE)

) 1
= inf sup TE (116 — L (e(X))*]

M,
where the infimum is over all encoding functions ¢: R" —
{1,...,M} and decoding functions v: {1,...,M} — R?
with M = [2"F]. Zhu and Lafferty [24] provided an
asymptotic expression for M in the special case of the
Gaussian location model X ~ N(6,€* I,,) where the para-
meter space O, is an n-dimensional ball. Under a similar
setting, our main results yield a non-asymptotic upper bound
to M. Furthermore, under the additional assumption that
0 is k-sparse, our main results implies that M is upper
bounded by a univariate function describing the minimax risk
of soft-thresholding in sparse estimation [25], [26]. Finally,
we consider the case where the data X and the parameter
6 are described by the model X ~ N(Af,¢e? I), where
A € R¥" is a random matrix with i.i.d. Gaussian entries. This
setting with @ sparse and d,, much larger than n was studied
in the context of the compressed sensing signal acquisition
frameworks [27]. By applying our main results to estimation
with the approximate message passing (AMP) algorithm [28],
we provide an exact asymptotic characterization of the MSE
in recovering 6 from a lossy compressed version of X
obtained using bitrate-R random spherical coding. Versions
of this compression and estimation problem for other type
of lossy compression codes and estimators were considered
in [29]-[32].

The indirect source coding setting (other names are
remote or noisy source coding and rate-constrained denoising)
corresponds to the case where {(U;, X;)}$2, is an ergodic
process with a finite second moment. A bitrate-R spherical
code is applied to X = {X,}? , while the goal is to estimate
{U,} from the output Y of this code [18], [20] [19, Ch 3.5]
[21]. For data normalized as E [[| X||?] = n, our main results
imply that the MSE attained by any sequence of Lipschtiz
estimators converges to the MSE attained by these estimators
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when applied to {Z;}!" ,, where
1
227 — 1’

Specialized to the case X; | U; ~ N (U;,€?), our result
implies an interesting universality property of spherical coding
followed by linear estimation: the resulting MSE equals the
minimal MSE, over all encoding and estimation schemes,
when a Gaussian source of the same second moment is
estimated from a bitrate- R encoded version of its observations
under AWGN. This fact can be seen as a direct extension of
the saddle point property of the Gaussian distribution in the
standard (direct) source coding setting discussed in [33]-[36].

Z; = X; + oW, O'2

(1

B. Background and Related Works

Spherical codes have multiple theoretical and practical uses
in numerous fields [37]. In the context of information theory,
Sakrison [33] and Wyner [34] provided a geometric under-
standing of random spherical coding in a Gaussian setting;
our main result extends their insights. Specifically, consider the
representation of an n-dimensional standard Gaussian vector
X using M = [2"f] codewords uniformly distributed over
the sphere of radius r n(1 —272E). The left side of
Fig. 3, adapted from [33], shows a conceptual relation between
X and its nearest codeword X: As n increases, the angle a*
between the two concentrates so that sin(a*) converges to 27 %
in probability, hence the quantized representation of X and
the error X — X become orthogonal. Consequently, the MSE
between X and its quantized representation, averaged over all
random codebooks, converges to the Gaussian distortion-rate
function 22 In fact, as noted in [35], this Gaussian coding
scheme' achieves the Gaussian DRF when X is generated
by any ergodic information source of unit variance, implying
that the second moments of X — X are independent of the
distribution of X as the problem dimension n goes to infinity.

In this paper, we show that a much stronger statement
holds for a properly scaled version of the quantized rep-
resentation (Y in Fig. 3): in the limit of high dimension,
the distribution of ¥ — X 1is independent of the distribu-
tion of X and is approximately Gaussian. This property of
Y — X suggests that the underlying quantities of interest (e.g.,
the parameter vector # or the sequence {U,}2° ;) can now
be estimated as if X is observed under additive Gaussian
noise. This paper formalizes this intuition by showing that
estimators from the Gaussian-noise corrupted version of X (Z
in Fig. 3) attain similar performances if applied to the scaled
representation Y.

In general, the radius of the codebook under which the
distribution of Y and Z are close depends on the magnitude
of X. This magnitude is only needed at the decoder, while the
encoder can represent its input X using codewords living, say,
on the unit sphere. In particular, such an encoder is agnostic to
the relationship between X and 6. This situation is in contrast
to optimal quantization schemes in indirect source coding [18],
[19] and in problems involving estimation from compressed

IWe denote this scheme as Gaussian since r is chosen according to the
distribution attaining the Gaussian DRF [38, Ch. 10.5].
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Fig. 3. Conceptual 3D illustration of random spherical coding in high-
dimension. The norm of the input vector X concentrates around the input
sphere. Left Sphere: Geometric interpretation of standard source coding
from [33], [34]. The representation sphere is chosen such that the error
vector X — X is orthogonal to the reconstruction vector X. Right Sphere:
Geometric description of the quantization error considered in this paper. The
representation sphere is chosen such that Y — X is orthogonal to X.

data [9], [10], [13], [14], [39], [40], where the specification of
the model # — X is crucial for designing the compression and
estimation schemes. As a result, the random spherical coding
scheme we rely on is sub-optimal in general, although it can
be applied in situations where the model § — X is unknown at
the compressor. Coding schemes with similar properties were
studied in the context of indirect source coding under the name
compress-and-estimate in [41], [42].

The equivalence between quantization noise and AWGN
we provide in this paper is given in terms of the Wasser-
stein distance between the distributions of these vectors.
We refer to [43]-[45] for properties, applications, and the
long list of alternative names of the Wasserstein distance. In
the context of information theory, the Wasserstein distance
has been used to establish consistency of some quantization
procedures [46], [47] and to define a class of channels over
which communication is possible without assuming synchro-
nization [48], [49]. One of the core results of this paper
is a novel coupling of the distributions of Y and Z given
X, leading to a bound on the Wasserstein distance between
them. This bound, in combination with the fact that the L,
risk of a Lipschitz estimator is continuous with respect to
the Wasserstein distance, implies that the risk of such an
estimator, when used at the output of a random spherical code,
converges to the risk when used at the output of a Gaussian
channel.

Our work is similar in spirit to the work of Zamir and Feder
[50, Section III], who provide a Gaussian approximation for
the quantization error of a random dithered lattice quantizer.
In the setting of their paper, the quantization error is indepen-
dent of the input and distributed uniformly over the basic cell
of the lattice. They show that as the dimension n increases,
there exists a sequence of lattice quantizers such that the
relative entropy between the distribution of the quantization
noise and the isotropic Gaussian distribution with matched
power is bounded from above by c - log(n) where ¢ is a
positive constant. Normalizing by n, they conclude that the
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relative entropy per dimension converges to zero in the large-
n limit. To interpret their results in the setting of this paper,
we can use the Gaussian transportation inequality [51], which
leads to an upper bound on the 2-Wasserstein distance that is
order o+/log n where ¢ is the variance of the additive noise.
By contrast, for quantization using a random spherical code,
our results provide an upper bound on p-Wasserstein distance
that is order op. Namely, both bounds are proportional to o but
the bound following from [50] is unbounded in the problem
dimension.

Another related setting is the problem of channel simulation,
the goal of which is to design a random code that induces a
particular target distribution between the data and the com-
pressed representation [52]-[54].

The rest of this paper is organized as follows. In Section II
we provide our main results on the distributional connection
between spherical coding and AWGN. In Sections III and IV
we apply these results to parameter estimation and source
coding, respectively. Section V provides the proofs of the main
results. Concluding remark are provided in Section VI.

II. MAIN RESULTS

The main result of this paper is a comparison between
the quantization error under random spherical coding and
independent Gaussian noise.

Definition 1 (Random Spherical Code): An (n,M) ran-
dom spherical code is a collection of M codewords C =
{C(1),...,C(M)} drawn independently from the uniform
distribution on the unit sphere in R". The encoder maps an
input vector x € R™ \ {0} to the index i* € {1,...,M} of a
codeword that maximizes the cosine similarity

i e arglg%zi)&(C(i),x). 2)

Given the index ¢* and knowledge of the codebook C,
the decoder outputs the compressed representation

Y = pC(i"), 3)

where p > 0 is a scaling parameter.

Our results focus on the distribution of the compressed
representation Y induced by the randomness in the codebook.
Note that this distribution is parameterized by the input x and
has a density with respect to the surface measure on the sphere
of radius p. We also define the maximal cosine similarity
according to

eI o €0, 7. 4)

cos(a”) 1=

It is well known (see e.g., [55]) that the distribution of o*
does not depend on x and is given by

P(cos(a™) < 8)] = (1= Qu(s)™, 8)
where
(=) /1 g n=3
W(s) = —2 2 [ o2y g 6
Q)= i [ ©
and where T'(z) = [“2" 'exp(—z)dz is the Gamma
function.
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Fig. 4.  Conceptual 2D description of the coupling in Theorem 1 when
the representation sphere is matched to ||z||. The quantization error Y — z
(Left) is compared to the standard m-dimensional Gaussian noise vector
W' (Right). The random variable Y is the nearest codeword to x in the
random codebook ensemble. The standard Gaussian random variable A is the
normalized component of W in the direction of x. The random variable B
describes the magnitude of the projection of W onto the (n — 1)-dimensional
space orthogonal to x.

A. Approximation Using AWGN

The fundamental question we address is the extent to which
the quantization error ¥ — x can be approximated by an
isotropic zero-mean Gaussian noise. To answer this question
we introduce the AWGN-corrupted observation model

Z=x+cW, W~N(,I,). 7

Our main results are based on a coupling argument. Specif-
ically, we show that there exists a joint distribution on the
pair (Y, Z) under which the distribution of ||Y — Z|| can be
described exactly in terms of the tuple (p,o,n, M) and the
magnitude of the input. The proof of the following result is
in Section V.

Theorem 1: For any = € R™\{0}, positive integer M, and
real numbers p,o > 0, there exists a joint distribution on
(Y, Z) such that Y has the distribution of the compressed rep-
resentation of magnitude p obtained from an (n, M) random
spherical code with input z, Z ~ N (z,0?), and

IY = Z|PP = (peos(a®) ~||e| o A)? + (psin(a”) — 0 B)?,
(8)

where:

o A, B,a* are independent,

° A ~ N (0, 1),

e B has a chi distribution with n — 1 degrees of freedom.

Figure 4 provides a conceptual illustration of o, A,
and B in the comparison between Y and Z provided in
Theorem 1. The proof of this theorem in Section V pro-
vides the exact description of these random variables and
vectors.

The coupling described in Theorem 1 holds for any choice
of the parameters (p, o). The next step is to show that the term
[|[Y"— Z|| in (8) is negligible compared to the magnitude of
the quantization error under a proper specification of these
parameters. To provide a sense of scale, observe that the
error due to AWGN satisfies ||Z — x| = o||W|| where |[WW]]
concentrates about /n in the large-n limit. For comparison,
we consider the upper bound given by

1Y = Z|| < llzll =~ + oA ©)
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where v is an estimate of ||z|| and the normalized error term

A=~ \/(peos(a) — 7~ 5 A4)? + (psin(a*) — oB)’
(10)

does not depend on z. In the following we show that (p, o) can
be chosen as a function of (n, M, ~y) such that the distribution
of A is bounded independently of the dimension n.

First we consider the setting where the number of codewords
is given by M = [2"] for a fixed bitrate R > 0. For a given
v > 0 we use the specification

B gl _ gl
N T VY 22R 1

Theorem 2: Suppose that M = [2"7] for a fixed bitrate
R > 0. Under the specification given in (11), the normalized
error term A defined in (10) has a sub-Gaussian distribution
with parameters that depend only on the bitrate R. In partic-
ular, there exists a positive number C'r such that

E [AP]Y? < Cry/p,

Y

p=1 (12)

The significance of Theorem 2 is that the distribution of
A is bounded uniformly with respect to n and thus the term
oA in (9) is order one. By comparison, the magnitude of the
additive noise o||I¥|| scales at rate n'/2. This means that if
the estimate of ||| is accurate in the sense that ||z||/y — 1
as n — oo, then the relative difference between the mismatch
|lY"— Z|| and the quantization error ||Y"—z|| converges to zero.

Next, we provide a result that holds in the high-rate setting
where % log M diverges. This regime requires a more precise
estimate of the max-cosine similarity and we use the specifi-
cation

N y - v ~ 1
p=—F——, 0=—"——==—, R=—-Ilogy M.
1 — 9-2R Vv 22k —1 n—1

13)

Note that R is normalized by (n — 1) instead of n. Further,
we will require that the number of codewords is bounded from
below by

M (n) := V(ese )",

for some fixed constant § € (0, 7/2).

Theorem 3: Suppose that M > Mpg(n) for some con-
stant § € (0,7/2). Under the specification given in (13),
the normalized error term A defined in (10) has a sub-
exponential distribution with parameters that depend only on
(. In particular, there exists a positive number C'z such that

(14)

E[AP]Y? < Cpp,  p>1. (15)

Theorem 3 is stronger than Theorem 2 in the sense that the
bound holds uniformly for all (n, M) satisfying the constraint
M > Mga(n). This is important for the high-bitrate setting
where o converges to zero. The price that is paid is that
the sub-Gaussian tail condition is replaced with the weaker
sub-exponential condition. An explicit value for the constant
Cp and its dependence on [ can be found in the proof of
Theorem 3, which is given in Appendix A.
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B. Bounds on Wasserstein Distance

Our results can also be stated in terms of the Wasserstein
distance on distributions. The p-Wasserstein distance between
distributions P and @ on R is defined by

W, (P, Q) == inf (E[|U — V|[P)"/?,

where the infimum is over all joint distributions on (U, V)
satisfying the marginal constraints U ~ P and V ~ Q. For
p > 1, the p-Wasserstein distance is a metric on the space of
distributions with finite p-th moments.

Theorems 2 and 3 imply upper bounds on the Wasserstein
distance between the distribution of the compressed repre-
sentation obtained using a random spherical code and the
distribution of the AWGN-corrupted version of the input.

Theorem 4: Let X be a random vector in R™ with
E[||X]|?] < oo for some p > 1. Let Py be the distribution of
the compressed representation of magnitude p obtained from
an (n, M) random spherical code with input X and let P, be
the distribution of Z = X 4+ ¢W where W is an independent
standard Gaussian vector.

(1) If (p, o) are defined as in (11), then
Wy(Py, Pz) < E[[I|IX]| = 7F)"" + oCry/p, (16)

where C'y is a positive number that depends only on R.
(i) If M > M,(5) for some 3 € (0,7/2) and (p,0) are
defined as in (13), then

W,y (Py,Pz) < E[IX] = ~"DY" +oCsp,  (17)

where C3 is a positive number that depends only on f3.

Proof: The p-th power of the Wasserstein distance is
convex in the pair (P, Q) [45, Theorem 4.8], and thus

WP (Py, Pz) < /Wf(Py\x:z,PZ\x:z)dPX(J?% (18)

where Py x—, and Pz x—, denote the conditional distrib-
utions of Y and Z, respectively. In view of (9) and (12),
it follows that

Wy (Py|x=2, Pzix=2) < ||z|| = 7| + 0CRrV/P.

Combining these displays with Minkowski’s inequality
leads to (16). Inequality (17) is obtained in a similar manner
from (14). [l

A useful property of the Wasserstein distance is that it
controls the expectations of Lipschitz continuous functions.
Recall that a mapping f : R™ — R is Lipschitz continuous
if there exists a constant L such that

[f(w) = f(o)]| < Llju—vl],

The infimum over all L is call the Lipschitz constant and
is denoted by | f||Lip- The 1-Wasserstein distance, which is
also known as the Kantorovich-Rubinstein distance, can be
expressed equivalently as

Wi(P,Q) = sup{E[f(U)] =E[f(V)] [ [IfllLip <1},
21

19)

for all u,v € R".

(20)

where U ~ P and V' ~ . More generally, the p-Wasserstein
can be used to bound the difference between p-th moments.
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Proposition 5: Let U ~ P and V ~ @ be random vectors
on R™. For any Lipschitz function f : R® — R™,

E[LFO)IPDY? = E LD < 1 F lin Wo (P, Q)
(22)

provided that the expectations exist.
Proof: For any coupling of (U, V'), Minkowski’s inequal-
ity and the Lipschitz assumption on [ yield

E[ILF@)IPDP<E[ILF (VIPDPHE[LF @)—f (V)P
<E [ILFW)IPDYPH Il [TV )2

Taking the infimum over all possible couplings leads to one
side of the inequality. Interchanging the role of U and V' and
repeating the same steps gives the other side. 0

C. Concentration of the Norm

The bounds in Theorems 2 and 3 simplify further when the
parameter «y in (10) is matched to the magnitude of the input.
As a specific example, suppose that the data is known to lie
on the sphere of radius y/n and that M = [2"F]. By setting
v = /n, we see that there exists a coupling of ¥ and Z
under which the quantization error ||Y — Z|| is bounded by a
sub-Gaussian random variables that is independent of n.

For many applications, however, the assumption that the
data lay on a sphere of known radius is too restrictive.
Therefore, in this paper, we assume that the data at the input to
the compressor is a random vector X in R™ whose magnitude
I X || concentrates about a known value +y. This assumption is
reasonable for high-dimensional settings where the entries of
X are weakly correlated. More generally, there are a number
of other approaches that can be used to deal with the fact that
|| X]| is unknown. One approach is to use additional bits to
encode the magnitude of X, as is done in [24]. For example,
if || X|| < ky/n almost surely where « is a known constant,
then log, +/n bits are sufficient to encode || X|| with absolute
error less than x, such that

E[IX] = ~PDP < &.

When n is large, the logarithmic number of bits used to
encode the magnitude of X is negligible compared to the nR?
bits used to encode its direction. An alternative approach is to
compare the compressed representation with a noisy version
of X after it has been projected onto the unit sphere in R".
This can be achieved, by setting v = 1 and redefining the
input to be X = X/|| X such that the magnitude is equal to
one almost surely. In both of the approaches described above,
the noise variance o2 is scaled in such a way that the signal-to-
noise ratio in the AWGN observation model (7) depends only
on (n, R) and is given by (p/c)?. One may also consider a
variable-length coding strategy that adapts the number of bits
to the magnitude of X such that the effective noise power is
constant and the signal-to-noise ratio is proportional to || X||2.
We leave this as a direction for future work.
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III. APPLICATION TO PARAMETER ESTIMATION

In this section, we apply our main results to the problem of
estimating an unknown parameter vector  from a compressed
representation of the data X. For each integer n, let P, =
{Pho : 0 € ©,} be a family of distributions on R" with
index set ©,, C R% . For the purposes of exposition we will
focus on the squared error loss. Our approach is quite general,
however, and can be extended to other loss functions.

An important performance benchmark in estimating 6 from
a bitrate-R compressed representation of X is the minimax
MSE:

1
M = inf sup —
" »Yoco,, dy,

Ep,, 10 —v(@X)I?], @3
where the minimum is over all encoding functions ¢ : R® —
{1,...,M} and decoding functions ¢ : {1,...,M} — R?
with M = [2"F].

Zhu and Lafferty [24] studied the asymptotic minimax MSE
for the Gaussian location model X ~ AN (6,2 I,,) with ©,
the n-dimensional Euclidean ball of radius x+/n, and showed
that

K2e?

K2 + €2

H4

22k,
€2 4+ K2

lim sup M} = (24)

n—oo

Their achievability result is based on random spherical
coding while devoting a number of bits sublinear in n to
encode the magnitude of the X, as discussed in Section II-
C above.

The comparison between quantization error and Gaussian
noise in Theorem 4 provides a straightforward method for
obtaining non-asymptotic upper bounds on the minimax MSE
that can be applied to a large class of models. The basic
idea is to study the MSE of Lipschitz estimators applied to
the AWGN-corrupted data. We use the following assumption,
which says that P, o concentrates on a spherical shell whose
radius does not depend on 6.

Assumption 1 (Concentration of Magnitude): There exists
a sequence of positive numbers { (v, 7,) }nen such that

sup Ep, , (1] = l*] <72 (25)
0€0,

Assumption 1 provides a way to formulate many cases of
interest in terms of the radius of the shell ~,, and its width 7,,.

The next result uses this assumption to bound the dif-
ference in root MSE between an estimator applied to the
compressed representation Y and the same estimator applied
to the AWGN-corrupted version Z.

Theorem 6: Let {P, ¢}nen be a sequence of models that
satisfies Assumption 1. Given X ~ P, g, let Y be the output
of an (n, [2"%]) random spherical code with input X and
output scaling p and let Z = X +0W where W ~ N (0, I,,) is
independent of X and p is according to (11). For any Lipschitz
estimator  : R — R4 the root MSE satisfies

WE [160r) ~ 012) ~ = [102) - o12]

< C6l|Lip B

(26)
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where C' is a constant that depends only on the bitrate R and
Bn = Tn V (9 /+/n). Furthermore, for all ¢ > 0, the minimax
MSE satisfies

R S ) 1
M;, < 2 EI0V) ~ 0] < 1+ )7 E

(e

Proof: For each § € O,, let ), and in denote
the corresponding distributions of ¥ and Z. Proposition 5
evaluated with f(u) = ||0(u) — 6] gives,

(& [160r) - 0P]) " - (& [1602) - 017]) "
< 0lLipWa(Qn.0, Q).

(10(2) - )]
27

(215
dp,

where we have used the fact that f is the composition of 6 with
the 1-Lipschitz function || - —6]|, and thus || f||Lip = [|6]|Lip-
By Theorem 4 and Assumption 1, the Wasserstein distance is
upper bounded by 7, + 0/2Cg, where ¢ is given in (11).
It follows that

1 ) 2 1 ) 2 '+ Y na ?
L [180)-617]<( 7B 162617+ C =10l )
where C’ only depends on R. The upper bound on the
minimax MSE follows from the inequality (a + b)? < a?(1 +
t) + b%(1 + 1/t) for all t > 0. O

One takeaway from Theorem 6 is that the MSE obtained
from the compressed representation is asymptotically equiva-
lent to that of the AWGN-corrupted observation, provided that
the Lipschitz constant of the estimator is small enough. To gain
insight into the interplay between the Lipschitz constant of
the estimator, the magnitude of the data, and the typical size
of the squared error, it is useful to consider some concrete
examples.

A. Gaussian Location Model

For our first example, we consider the Gaussian location
model X ~ N(0,€% I,,). Assume that the parameter set O,
is a subset of the spherical shell:

D hyvn —wp < ||0)] < VR +wn )

As an intuition for this notation, one may think about \/nx
as an estimate for the magnitude of 6 and w,, as the uncertainty
in this estimate. For example, if the entries of 6 are sampled
independently from a sub-Gaussian distribution with a second
moment x2, then ||| — /nx is sub-Gaussian [56, Thm 3.1.1].
In this case, there exists a constant C' independent of n such
that 6 € S, for w, C'v/2logn with probability at least
1-1/n.

The next statement says that under a Gaussian location
model, X concentrates whenever 6 is restricted.

Proposition 7: Consider the model X ~ N(6,¢2 I,,) with
©,, C S,. Assumption 1 is satisfied with v, = y/n(k? + €2)
and 7, = wy,, + 2e.

S, = {0 eR" (28)
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Proof: Let i =E [||X|?] = ||6]|* + ne?. By the triangle
inequality,

VE DI =] < /B 100 = VAE] + 17 = vl
(29)

The assumption 6,, C S,, implies

W=l = [VI0]2 + ne® — /n(x? + €2))|
101l + V/nk
+ ne2 + \/n(ﬁ2+62)

BRI
< |10l = sv/n| < wn.

Consequently, the second term on the right-hand side of (29)
is upper bounded by w,,. For the first term, we write

E [IHXH - \/ﬁﬂ <E lHXI — Vil (1 + ”%—L”ﬂ

2 2 2 2
_ Var(IX|?) _ 26+ net) _
" 102 + ne?

)

where we have used the fact that ||.X||?/€? has a non-central
chi-squared distribution with n degrees of freedom and non-
centrality parameter [|0||?/¢? O

In this setting, the AWGN-corrupted data 7, corresponding
to a bitrate R and magnitude -y, is drawn according to the
Gaussian location model whose noise variance depends on the
original noise level €2 and the bitrate R:

/<;2+62

ZNN(97(62+0'2)I71), 02:m.

(30)
The MSE in the Gaussian location model has been studied
extensively. If we restrict our attention to linear estimators of

the form é(z) = Az then a standard calculation (see e.g., [26,
Ch. 4.8]) gives

K2 (€2 + o?)

1
inf “E[|0- 22| = ———%
inf s ~B[J0-2Z)* = AT

(3D
2200 o) <ryn ™

where the minimum over \ is attained at \* = k2 /(k? + €2 +
o2). By expressing the right-hand side as a function of R and
combining with Theorem 6, we obtain a non-asymptotic upper
bound on the minimax MSE.

Proposition 8: Consider the model X ~ N(0,¢% I,)
with ©,, € §,. Let Y be the output of a bitrate-R ran-
dom spherical code applied to X and scaled to the radius
Vn(k2 +€2)/(1 — 2-2R), Then

K2e K 9-2R | ¢ 1Vuw,
K2 4+€2 €24 k2 N
(32)

%]E [Ho - A*YHQ} <

where C' is a constant that depends on (k, €, R) but not n.
Proof: We have v, /v/n = VK% + €2, and ||0||Li, < 1

for the linear estimator 0(z) = A\*z. Following Proposition 7,

Assumption 1 is satisfied with 7,, = w,, + 2¢. We use Theo-

rem 6 with t = (1Vw,)/v/n and §,, = (wn, + 2€) V VK2 + €2.
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It follows that there exists a constant ¢ such that
2 2 4

1 2 1Vw, K7€ K
—E[ I-\Y }< 1
L [l is (102 (G o

=

+(1 I NG ) 2 (k2 +€2) v (wn—i—Ze)Q.
1Vw, n
Grouping 1/+/n factors leads to (32). U

Since )
M; < ~E [0 - XY ?],

Proposition 8 recovers parts of the results in [24] by showing
that there exists a bitrate- R coding scheme with minimax risk
approaching (24). Furthermore, Proposition 8 shows that the
minimax risk under such scheme converges at rate 1/y/n,
which is faster than the convergence rate established in [24]
by a factor of 1/+/logn.

More generally, we can also provide bounds for non-linear
estimators. The case of a k-sparse parameter vector can be
modeled as

O, =8, N{0 R : ||0]o < k}

where ||0||p denotes the number of nonzero entries in 6.
A great deal of work has studied the MSE of the soft-
thresholding estimator

zZ— A z>
Or(z) = 40, 2] < A, (33)
z4+ A 2z <A
in the model (30) [25], [26]. Specifically, we have
inf  sup lIE {H@ - éA(Z)HQ} < (€ +d%)B <E>
3200 ollo<k ™ - n)’
(34)

where, for v > 0,
Bo(u):g% {1=v)[2(14+ X))@ (N) =220 (N)]+v(14+2%)}
(35)

where ®(z) and ¢(z) are the cumulative and density functions
of the standard Gaussian distribution, respectively. Let A* be
the minimizer in (34).

Proposition 9: Let X ~ (0,€% I,) where § € S, N {0 €
R™ [[0ll0 < k}. Let Y be the output of a bitrate-R
random spherical code applied to X and scaled to the radius
V/n(k2 + €2)/(1 — 272R), Then

1 A 2 KZ2+€? k 1Vw,
22 [|o-tr ] < (4 gy ) o () retze,
(36)

where C' is a constant that depends on (k, €, R) but neither
k or n.

Proof: For any A > 0 we have ||0)|rip, = 1. Equation (36)
follows from Theorem 6 by using ¢ = (1 V w,)//n and
grouping 1/+/n factors. O
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Corollary 10: Assume that X ~
constrained minimax risk over 6 € S,,N{# € R" :
with wy,/y/n — 0, satisfies

(0,€* I,,). The bitrate-R
160 < Kk},

H+€

) % (5)

B. Linear Model With IID Matrix

For the next example, we consider the linear model

X ~ N(A6,€1,),

i (4

(37

where A is a known n X d matrix, # is an unknown d-
dimensional vector, and €2 a known noise variance. In this
setting, the AWGN-corrupted version of X given by Z =
X +eW with W ~ N(0, 0?2 I,,) corresponds to a linear model
with larger noise variance, that is

Z ~N(460,6°L,), &= +a. (38)

We study the approximate message passing (AMP) algo-
rithm [28] to estimate 6 from Z. AMP is an iterative algo-
rithm that can be defined by a sequence of scalar denoising
functions {n;};>1 with n, R — R that are assumed
to be Lipschitz continuous, and hence differentiable almost
everywhere. Starting with an initial points 09 = 0451 and
70 = 0,,x1, a sequence of estimates 0t is generated according
to

g+l — - (ATrt i ét) ’ (39)

%r“ div (nt(ATrH + éH)) (40)
where () is applied comopontwise and div(n:(z))
0 Ez 1M (2i) with ny(z) = %Ut(z)-

The main result of [28], [57] says that the MSE of
each iteration of AMP can be characterized precisely in
the high-dimensional limit when A is a realization of a
random matrix with i.i.d. zero-mean Gaussian entries. To
formally state and use this result, we need to the following
assumptions:

Assumption 2: {0(n)}nen is a sequence of d,,-dimensional
vectors such that n/d, — ¢ € (0,00) as n goes to infinity. The
empirical distributions of 6(1),6(2),..., i.e., the probability
distribution that puts a point mass 1/d, at each of the d,
entries of 6(n), converges weakly to a distribution 7w on R with
finite second moment 2. Furthermore, ||f(n)||?/n converges
to k2 as n — oo.

Assumption 3: {Py(y)ntnen is a sequence of models
defined by X ~ (Af0(n),e* I,,), where the entries of A are
iid. N(0,1/n).

For a fixed n, we further consider a sequence of estimators
for 6(n) defined as follows:

Assumption 4: {m;}1en is a sequence of scalar, Lipschitz
continuous, and differentiable denoisers 77, : R — R. For
every n,d, € N, the approximate message-passing (AMP)
estimator 04,,p(2) is defined as the results of ¢ iterations
of (39) and (40).

The characterization of the MSE of the estimator 64,5
in the high-dimensional limit is given by the state evolution

=27 — A0 +
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recursion. This recursion is defined in terms of a distribution
7 on R, sampling ratio 6 € (0, 00), and initial noise level 79,
as

1
To =&+ SE [(m (6o + W) — 90)2} L t=1,2,...,

where 6y ~ 7 and W ~ N(0, 1). Finally, define
Mhup(€2) = E | (s (0 + W) = 00)°] .

where 7, is given by t iterations of (41). Under assumptions
2-4 above, [57, Thm. 1] implies that

lim — ||t9

n—oo

— Ghup (2)]|”

Combining this result with Theorem 6, we conclude the
following:

Theorem 11: Consider a sequence of problems satisfying
Assumptions 2 and 3. Let Y be the output of an (n, [2"%])
random spherical code applied to X with radius p for some
R > 0. Let 04),p be an estimator satisfying Assumption 4.
Then

= Miwp(€?).  (42)

lim —E

n— oo d

[Hﬂ(n) - QZMP(Y)HQ |

almost surely, where

A = Mywe(h). (43)

€2 +k2/6
92 — 1

Proof: Set 2 = n(e?+£2/6) and 02 = v, /(n(221-1)).
We first show that X and 7, satisfy Assumption 1. Since A has
i.i.d. entries N'(0,1/n), then X ~ N (0, (2 [10(n)||> + €*)1,,).
Using similar arguments as in Proposition 7, we get

(E [I1X1) =7 f?]) -
< (s i1 - viwwEe( )

O(n) € Sq, with w, =

h=€+

Assumption 2 implies that § =
o(v/dy). We conclude that

& |11 - VAT | |
(X2~ 11 46(m)|2 + ne?)®
sE [ [|AG]]2 + ne? ]

2n(L[|0(n)|] + )
ne2

_ Var(|X[?) _
- ne2

(Wn+Vdnk)? 22
|2l e 2
< 2

=0(1),

and thus Assumption 1 is satisfied for some 7,, = o(y/n). Let
Ly ¢ = [|04uplLip- In Appendix E we show that sup,, L, ; <
oo almost surely.

Applied to our setting, (42) says that

1 N\ 172
(77 1600 = @) = /M€ = ol
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Using the triangle inequality once with the last display,
Theorem 6 implies that there exists C', that depends only on
R and x2/6 + €2, such that

1/2
‘ (dinE [||9(n) - gtAMP(Y)”Q]) Y MtAMP(é?%)

- CllbhuplluipB

- Vo
with 3, = O(\/E) U

IV. APPLICATION TO INDIRECT SOURCE CODING

For the second application, we consider an indirect source
coding setting where the observed data is a degraded version
of the realization of an information source. The goal is to
compress this version at bitrate R and recover the source
realization. Traditionally, both the encoder and decoder are
designed with full knowledge of the joint distribution of the
source and the data [19]. In this section, we study an encoding-
decoding scheme where the encoder uses a random spherical
code and the decoder is described by a Lipschitz estimator,
which may be designed with partial or full knowledge of the
distribution of the source and the data. Leveraging the results
in Section II, we show that the asymptotic performance can
be described in terms of an AWGN model.

Throughout this section, the source and the data are modeled
as a stochastic process {(U,, Xp)}nen. The first n terms
in this sequence are denoted by U™ = (Uy,...,U,) and
X" = (Xy,...,X,). We focus on the squared error loss (or
distortion function)

n

n ~n 1 -~
d(u”, @) = = (ui — @),
=1

(44)

and assume the following regularity condition:

Assumption 5: The process {(U,, X,,)}nen is stationary
and second-order ergodic with finite second moments. In par-
ticular, this means that the empirical second moments converge

in mean:
U\ (U \"
X, X,

1 n Uz Uz T
2 (0) (%) -

A. The Indirect Distortion-Rate Function

(45)

We begin by reviewing some basic properties of the indi-
rect distortion-rate function, which describes the fundamental
tradeoff between the bitrate R and the expected distortion
in our source coding setting. For each problem of size n,
the indirect distortion-rate function is given by

Dy (R) = minE [d (U™, $(6(X™))] (46)
where the minimum is over all encoding functions ¢ : R" —
{1,..., M} and decoding functions ¢ : {1,...,M} — R"”
with M = [2"]. The standard source coding setting corre-
sponds to the special case where the source equals the data.
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When the source and data are stationary, as we assume in this
paper, nD,,(R) is sub-additive in n, and the limit

D(R) := lim D,(R)

n—oo

(47)

is well-defined [58, Lem. 10.6.2].

For some classes of processes, D(R) can be expressed
equivalently in terms of an optimization problem over a family
of probability distributions subject to a mutual information
constraint [18], [19]. Specifically, we have

D(R) = Eld(vnom)]. @)

lim min

n—00 [(Xn;Un)<nR
where the minimum is over all joint distributions on
(U™, X™ U"™) such that (U™, X™) satisfy their marginal con-
straints, U" — X" — U™ forms a Markov chain, and
I (X”;ﬁ”) < nR. For example, a representation of the
form (48) exists for memoryless processes [19], [59] and in
cases where the direct (standard) distortion-rate function of

the sequence of random vectors U" = E[X™ | U"] has a
representation of the form (48) by setting X" = U™ = U"
[60, Ch. 3.2].

There are a few cases where the distortion-rate function has
simple closed-form expressions. For example if {(U,, X,)}
are i.i.d. from bivariate Gaussian distribution with zero mean,
then the distortion-rate function is given by D(R) = D¢g(R)
where

E[U; X4]?

Da(R) :=E[|U2]*] - X

(1-272%). 9

This characterization was obtained in [18] and also [20].
Note that the limiting case R — oo corresponds to the
minimum MSE in estimating U,, from X,,. Moreover, for the
direct source coding problem where U, is equal to X, this
expression reduces to the standard distortion-rate function for

an i.i.d. Gaussian source, E [|X;[?] 2725,

B. Achievability Using Spherical Coding

We now consider the distortion that can be achieved when
X" is compressed using a random spherical code. For each
problem of size n, let Y be the output of a bitrate-R
random spherical code with input X" and squared magnitude
nE [X?] /(1 —272%). The distortion-rate function associated
with random spherical coding and estimator f : R™ — R” is
defined as

DP(R, f) :=E[dU", f(Y"))], (50)
where the expectation is with respect to the joint distribution
of (U™, Y™). Under the squared error distortion, the minimum
with respect to f is achieved by the conditional expectation
fly) = E[U™| Y™ =y]. We note that this formulation of
the distortion-rate function does not necessarily describe the
optimal performance that is possible using a random spherical
code, because the estimation stage is based only on the
compressed representation Y and does not use any other
information about the realization of the codebook.
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Following the central theme of this paper, our results are
described in terms of an AWGN counterpart to the distortion-
rate function. Given noise variance o2, define the sequence

{Zn}nEN by

Zp = Xp + oWy, (51

where W, is an independent standard Gaussian noise. The
MSE associated with an estimator f : R™ — R"™ is defined by

Mu(o®, [) = E[d(U", f(Z")], (52)

The minimum over f is attained by the conditional expec-
tation f(z) = E[U™ | Z"™ = 2] and is denoted by M,,(0?) :=
miny M,, (02, f). Stationarity of the sequence {(U,,Z,)}
implies that nM,(c?) is sub-additive in n, and thus the
following limit is well-defined

M(c?) = lim M, (c?).

n—oo

(53)

We refer to M(o?) as the minimum MSE function asso-
ciated with the AWGN model. The next result establishes
the formal equivalence between the distortion-rate function
associated with random spherical coding and M (c?). The
proof is based on the Gaussian approximation of quantization
error in Theorem 4 as well as some further properties of the
AWGN model.

Theorem 12: Suppose that {(U,,, X,,)} is a random process
satisfying Assumption 5. Let {f,}nen be a sequence of
estimators f, : R™ — R" satisfying ||fnllLip < L and
I /(0)|] < +/nC for all n where L,C' are positive constants.
Then, for each R > 0,

lim |DP(R, fn) — Mn(0%, f2)| =0,

n—oo

(54)

where 0%, = E [|X1[?] /(22F — 1). Furthermore, there exists
a sequence of estimators { f,, }nen such that

lim LD®(R, f,) =

n—oo N

Proof: Set v = v/n\/E[|X1|2], M = [2"%], and (p, o)
as in (11). Note that 02 = o%. Following the same steps as
in the proof of Proposition 5, we have

L-Wy(Pyn,Pgn
‘\/D;p(van)_ \/M”(U?%afn) < 2(\/% Z )

lim_ %M(U%, fn) = M(c%). (55)

(56)

By Theorem 4, the normalized Wasserstein distance can be
upper bound as

Welbre o) (|- mmeml])
v ) o <E WX |- VETZK] D
ViCx ETXT

+

V22E_1 o

where C'g is a constant that depends only on R. The sec-
ond term in this bound converges to zero at a rate 1//n.
Combining the inequality |\/a — v/b| < +/|a — b| with the
assumption that {X,} is second order ergodic, one finds
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that the first term also converges to zero. Putting everything
together, we conclude that

‘\/D;p(Ra fn) = \/Mn(UIQ%a fn)

To prove that this comparison holds without the square
roots, it is sufficient to show that D*P(R, f,,) and M, (R, f,)
are bounded uniformly with respect to n. To this end, we can
use the triangle inequality and the assumptions on f, to
write:

1U" = fu(Y) < NU™ = (O] + 1 (O] + 1Y)
< [U"][+vnC + L|Y"|.

lim =0.
n—oo

(57)

Combining this bound with the assumptions on U™ and
Y™ establishes that D$P(R, f,,) is bounded uniformly, and the
same approach also works for M,,(c%, fn).

To prove the second part, we will show that for each
€ > 0, there exists a sequence of estimators f, satisfying
sup,, || fallLip < o0 and limsup,, , ., M(0?, f,) < M(c?) +
e. The existence of the limit in the definition of M (0?) means
that for each ¢ > 0, there exists an integer N such that
M, (0?) — M(c?)| < € for all n > N. By Lemma 21 in
the Appendix, there exists a Lipschitz continuous function
g : RN — RY such that [M,,(0?) — M,,(02,g)| < e. For
n > N, let f,, : R — R™ be defined by applying ¢ to the
first [n/N | successive length-N blocks of Z™ and setting any
remaining entries to zero. Then, we have || f.|Lip = [ g/lLip
and

Mn(JQa fn)
= L|n/N|Ma(o% ) + - (n — [n/N)E[|U1].

Putting everything together, we have | M, (02, f,) —
M(c?)| < 3e for all n large enough. As € can be chosen
arbitrarily small, the proof is complete. 0

The significance Theorem 12 is that it provides a
link between the problem of estimation from compressed
data, which is often difficult to study directly, and the
better-understood problem of estimation in Gaussian noise.
We emphasize that the assumptions on the source and data
are quite general, particularly in comparison to many of the
existing results in the literature.

Compared to optimal encoding schemes that attain the indi-
rect distortion-rate function D(R), a useful property of random
spherical coding is that it can be implemented without any
knowledge of the underlying source distribution. Therefore,
the coding scheme described in this paper can be employed
in typical data acquisition situations where the distribution of
the data and the source of interest is learned after the data are
collected and quantized.

C. Universality of Linear Estimation

We now consider the performance of linear estimators.
Given a bitrate R > 0, define the scalar

E|U, X
ap = (1-272R) E[[—|)1(1|21]] (58)
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A standard calculation reveals that under the AWGN model,
the MSE of the linear estimator f(y) = apy is independent
of the problem dimension and is given by

1
Ma(of, f) = ~E[IIU" = arZ"|’] = Da(R),  (59)

where we recall that Dg(R) of (49) is the distortion-rate
function associated with a zero-mean Gaussian source. In view
of Theorem 12, this correspondence between the Gaussian
distortion-rate function and the MSE of linear estimators in
the AWGN model implies an achievable result for random
spherical codinig.

Proposition 13: Let {(Uy,, Xy)} be a process satisfying
Assumption 5. For each integer n, let Y™ be the output of
a bitrate- R random spherical code with input X" and squared
magnitude nE [|X1[?] /(228 — 1). Then,

1
lim —E[|U" — arY"|?] = Da(R),  (60)

n—oo n
where ar is given by (58).

Applied to the special case of direct source coding X" =
U™, Proposition 13 recovers the results in [33] and [35],
which showed that squared error distortion of a (properly
scaled) random spherical code depends only on the second-
order statistics of the source and is equal to the Gaussian
distortion-rate function. The contribution of Proposition 13 is
to show that this result carries over naturally to the indirect
source coding setting. Moreover, if {(U,,, X,,)} are i.i.d. zero-
mean Gaussian, then we have the equivalence:

D(R) = M(0}) = De(R).

We note that, in general, codebooks approaching the optimal
trade-off between bitrate and MSE described by D(R) depend
on the joint distribution of {(U,, X,)}. This is because
such codebooks essentially encode the sequence obtained by
estimating U™ from X" [21], [41], i.e., estimation precedes
encoding in this case. When U™ and X" are i.i.d. and jointly
Gaussian, this estimation is obtained by multiplying X" by
ag, and there is essentially no difference if this multiplication
is performed pre- or post-encoding. To summarize, for i.i.d.
Gaussian and zero mean {(U,, X, )}, the equality D(R) =
M(0%) is due to two factors: (1) The optimal estimator is a
scalar multiple of the data, and (2) random spherical coding
is optimal for encoding Gaussian sources.

(61)

D. Non-Linear Estimation

Next, we consider the performance of non-linear estimators
when the source and the data are non-Gaussian. Suppose that
the source and the data are memoryless, that is the pairs
(Uy, X,,) are i.i.d. from a distribution Py x with finite second
moments. Under this assumption, the indirect distortion-rate
function D(R) can be expressed as [18], [19]

D(R) = E|W-0y], (62)

min
I(X;0)<R
where the minimum is over all distributions on (X, U ) such
that X ~ Px, and I(X;U) < R. Noting that
E {(U— U)Q} = min
I(X;X)<R

min

i E {d(x, X)} :
I(X;U)<R
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where d(z,7) = E [(U U2 | X=2,0= x} D(R) can
be approximated numerically using [61].

In the setting of the AWGN model, the memoryless assump-
tion means that the problem of estimating U™ from Z"
decouples into n independent estimation problems, and the
minimum MSE function is given by

M@ =E[(U-E[U|Z)?*], Z=X+oW, (63)

where (U,X) ~ Py x and W ~ N(0,1) are independent.
This expression can be approximated numerically using stan-
dard techniques.

An interesting special case of the indirect source coding
problem occurs when the data is an AWGN corrupted version
of the source, that is

X =U+eW, (64)

with U ~ Py independent of W’ ~ N(0,1). In this case,
the Gaussian noise in the data can be combined with the
independent Gaussian noise in the AWGN model such that

Z=U++e2+2W", (65)

where U ~ Py independent of W” ~ A(0,1). In Fig-
ure 5, we provide a comparison of the indirect distortion-
rate function D(R) and the upper bound on the distortion
obtained using random spherical coding M (c%) in the setting
where U is uniform on {—1,1} and X is drawn according
to (64). For comparison, we also plot the upper bound D¢ (R)
corresponding to linear estimation, as well as the asymptotes
of all MSE functions as the noise variance e vanishes.

V. PROOF OF MAIN RESULT

The proof of Theorem 1 requires several lemmas.

Lemma 14: Suppose that V is distributed uniformly on
the unit sphere in R”™ with n > 2. For any = € R"\{0},
the distribution on V' can be decomposed as

1-G?H
]

(66)
where G = (x,V)/||«| is a random variable supported on
[—1,1] with complementary cumulative distribution function
P[G > g] = Qn(g) of (6), and H is an independent random
vector distributed uniformly on the set {h € R"™ : ||h] =
1 and (z,h) = 0}.

Proof: By the orthogonal invariance of the distribution
on V, we may assume without loss of generality that z is
a unit vector of the form x = (1,0,...0). Then, G = V;
and H = (0,Va,..., Vo) /\/> iy V2. The joint distribution
of (G, H) follows from the joint distribution on the entries of
a random spherical vector [55, Eq. (3)]. 0

Lemma 15: For n > 2, let Y be the output of an (n, M)-
random spherical code with input z € R™\{0} and magnitude
p. The distribution of Y can be decomposed as

Y=p (i cos(a®) + 1 — SQH)

(67)
]

where cos(a*) has the cumulative distribution function (5),
and H is an independent random vector distributed uniformly
on the set {h € R” : ||h]| =1, and (z,h) = 0}.
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1/€2 [dB]

Fig. 5.
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0 1 2
R (bitrate)

Mean square error (MSE) in estimating an i.i.d. signal equiprobable on {—1,1} from a bitrate-R encoding of its AWGN-corrupted version. Left

Panel: MSE versus noise variance €2 with a fixed encoding bitrate R = 1. Right Panel: MSE versus bitrate R with noise variance ¢2 = 1/3. M(a%) is
achievable using a random spherical code followed by a scalar Bayes estimator. D (R) is achievable using random spherical coding followed by a scalar
linear estimator. D(R) is the indirect distortion-rate function corresponding to the optimal encoding scheme. The dashed lines indicate the asymptotic MSE
as € — 0. Also shown is M (U1|X71), which is the minimal MSE in estimating the signal from its corrupted version corresponding to the limit R — co.

Proof: For each code word C(i) we apply the decompo-
sition in Lemma 14 to obtain

C(i) = G(i) + /1 - GO)2H(5),

where G(i) = (z,C(i))/||z||||C(3)| is the cosine similarity
of the i-th codeword. Recall that the index ¢* corresponds to
the code word that maximizes the cosine similarity cos(a™*)
G(#*) := max {G(1),...G(M)}. Therefore, the distribution
of S follows from the fact that G(1),...G(M) are i.i.d.
with complementary cumulative distribution function given
by (6). Furthermore, because i* depends only on the terms

G(1),...G(M), it follows from Lemma 14 that H := H (:*)
is independent of a* and uniform on the subset of the unit
sphere that is orthogonal to z. Noting that Y = pC(i*)
completes the proof. U

Lemma 16: Suppose that W is a standard Gaussian vector
on R™ with n > 2. For any x € R™\{0} the random vector
7 = x4+ oW can be decomposed as

Zza:—f—aAﬁ—l—aBH
T

(68)
where (A, B, H) are independent, A ~ N(0, 1) has a standard
Gaussian distribution, B ~ x,—1 has a chi distribution with
n — 1 degrees of freedom, and H is distributed uniformly on
the set {h € R™ : ||h|| =1, and (x, h) = 0}.

Proof: By the orthogonal invariance of the Gaussian
distribution on W, we may assume without loss of generality
that 2 is a unit vector of the form z = (1,0,...,0). Letting
A=Wy, B=/>" , W2 and H = (0,Ws,...,W,)/B
yields W = Ax/||z||+ BH. By construction, A is a standard
Gaussian variable that is independent of W5, ..., W,,. The dis-
tribution of (B, H) follows from the fact that B(Ha, ..., H,)
is the polar decomposition of the (n— 1)-dimensional standard
Gaussian vector (Wa, ... W,,). O

Using the characterizations of Y and Z given in
Lemma 15 and Lemma 16, respectively, we see that for every

x € R™\{0}, there exists a coupling on (Y, Z) such that

* Z . *
Y =+ (peos(a®) — al) 55 + psin(a) A
T

where (A, B, H, a*) are independent. By the orthogonality of
z and H, the magnitude of the difference between Y and Z
depends only on the tuple (A, B, «*) and is given by (8).

VI. CONCLUSION

We considered the problem of estimating an underlying sig-
nal or parameter from the lossy compressed version of another
high dimensional signal. For compression codes defined by
a random spherical code of bitrate R, we showed that the
distribution of the output codeword is close in Wasserstein
distance to the conditional distribution of the output of an
AWGN channel with SNR 22% — 1. This equivalence between
the noise associated with lossy compression and an AWGN
channel allows us to adapt existing techniques for inference
from AWGN-corrupted measurements to estimate the under-
lying signal from the compressed measurements, as well as to
characterize their asymptotic performance.

We demonstrated the usefulness of this equivalence by
deriving novel expressions for the achievable risk in vari-
ous source coding and parameter estimation settings. These
include bitrate-constrained sparse parameter estimation using
soft thresholding, bitrate-constrained parameter estimation in
high-dimensional linear models, and indirect source coding
with linear and non-linear decoders. In each of these settings,
our results yielded achievable MSE and provided the equiv-
alent noise level required to tune the estimator to attain this
MSE.

We believe that the characterization of lossy compression
error developed in this paper can be useful in numerous impor-
tant cases aside from the ones we explored. Examples of such
cases include hypothesis testing based on compressed data,
signal estimation in distributed lossy compression settings, and
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the study of convergence rates and accuracies of first-order
optimization procedures employing gradient compression.

APPENDIX A
PROOFS OF THEOREM 2 AND 3

The proof of Theorems 2 and 3 require a characterization
of the moments of the random variable

1
A= —\/(pcos(a*) —~ —0cA)’ + (psin(a*) — 0B)?
o
(69)
where (p,o,v) are deterministic parameters and (a*, A, B)
are independent random variables whose distributions are

described in Theorem 1.
Given « € (0,7/2) let

ytan «
g =
vn

Evaluating A with these values and then using the triangle
inequality as well as basic trigonometric identities leads to

p = yseca, (70)

A <A+ Ao, (71)

where
A1 :=2y/ncsc(a) |sin (a* 2_ a) ‘ , (72)
Ap = /A2 4 (B — /n)2. (73)

The term A, is sub-Gaussian with mean and variance
parameter independent of n. An estimate for its sub-Gaussian
constant is provided in Lemma 20. For the term, A, we use
the following result, which is proved in Appendix B.

Lemma 17: Suppose that M = M,(n) := /n(csca)" !
for o € (0,7/2). Then, for p > 1,

of —«
E |lsi
o)
< Ctan(a)[log(n A sec(a)) + p] 4o M/p
n
where C' is a numerical constant.
Proof of Theorem 2: In view of (71) and the fact that A,
is sub-Gaussian with a constant that does not depend on n all
that remains is to establish the desired upper bound on the

moments of Aj. Note that if p > n then this term is bounded
almost surely according to

Ay < 2csc(a)y/n < 2cese(a)y/p,

where 2 csc(a) depends only on R. The remainder of the proof
focuses on the case 1 < p < n.
Recall that the specification in (11) corresponds to the
choice a = arcsin(2~%). Define
n;rl R}

For n > Npg it can be verified that there exists a unique
value o, € [a,7/2) such that M = \/ncsc(a,)™ Y and

p11/p
] (74)

(75)

NR:min{nEN L 9RHL <\ < 2
(76)
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sin(a,) < 4/sin(a). Noting the sin function is Lipschitz and
non-decreasing on [0, 7/2] we can write

. of — o . o — ay . a, — Q
sin < |sin| —— || +sin .

(77)
The second term in (77) is deterministic and satisfies
gin (@ =@\ _ o[ n—@ sin(ay,) — sin(a) (78)
2 2 cos(ay,) + cos(a)
< tan(ay) (1 s'in(a) (79
2 sin(aw,)
< tan(ay,) log 81'n(an) (80)
2 sin(a)
tan(ay,) % logn —log M
) |28 PB4 o)
(81)
- tan(a, ) log n 82)

- 2n
To bound the moments of the first term in (77) we can use
Lemma 17. Finally, recalling that sin(a,,) < V/sin q, it follows
that
1

t n) = —F—— 83
an(an) sin(a,) "2 —1 (83)
1
< — 84
T y/sin(a)"t =1 &
In view of (74) and n > p, it follows that

log(n) +p _
A} < Cr (7[ ( J)ﬁ L vm2 M“)) (85)
< Cp (1 Pt \/EQ*M/P) . (86)

Finally, for the term \/EQ_M /p, recalling that M,, = [Q”R] ,
we see that for p < /n,

— _9nR _onR
V2 M/IP <\ fp2m2 P <\ p2m 2 < o,

for some positive constant C';. This completes the proof of
Theorem 2. 0

Proof of Theorem 3: The specification given (13) corre-
sponds to the choice

87)

« = arcsin (Ml/(”*l)) (88)

Under the assumption M > Mg(n), there exists & € («, (]
such that M = \/n(csc(@))” . Using the same approach as
in the proof Theorem 2 leads to

* x . 1
Sm(a > a)‘ : Sm(a > a)‘ﬂan(%) %1 (89)

2n
By Lemma 17 it follows that

E [All)]l/p < C/Sec(d)[l()g(n) +p] + Zﬁcsc(d)Z_M/p

N

(90)

where C’ is a numerical constant. Since the secant function is
non-decreasing on [0, /2] we have sec(a,) < sec(3), and so
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the first term is bounded from above by C[;p for some number
C’é. The second term satisfies

Vnese(@)2™M/P = \/ncse(@) exp {?(csc a@)" log 2}

< V/nesc(@) exp {—@ csc(@) log 2}
p
p
~ elog?2’
O
APPENDIX B

PROOF OF LEMMA 17

Let integers n, M and o € (0,7/2) be such that M =
Vv/n(esca)™ 1. Recall that the goal is to bound the absolute
moments of the random variable sin((a* — «)/2) where o* is
drawn according to (5). We consider two cases. First, on the
event o* > /2, we can use the trivial upper bound of one.
Note that Q,,(0) = 1/2 and so the probability of this event
is 2= M, Alternatively, on the event o < 7/2, we use basic
trigonometric identities to write

. af —« af —«
in =
S 5 cos 5

Noting that cos(a®) > 0 leads to the upper bound
[sin((a* — a)/2)| < tan(«) & where

(sin(a*) — sin(a))

(cos(a*) + cos(a))

o

€= 92)

sinfa’) ‘
sin(a)

Combining these two cases yields
E { sin (a — a>
2

The remaining step in the proof is to provide an upper bound
moments of £&. We need the following bounds on the function
Qn(s) defined in (6).

Lemma 18: For integer n > 2 and s € [0, 1],

py1l/p
} < tan(a)E [¢P)/P 4+ 2~ M/p,

93)

(1 _ 52)(n—1)/2 (1 _ 52)(n—1)/2

< Qn(s) < , (94
oL < Qnls) \/%,unmax(s,n—l) ©4)
where
2r(24t
Hn = % 95)
2

is the mean of the chi distribution with n degrees of freedom.
Proof: Making the change of variables u = (1 — t?) and
using the relation i1, = n — 1 leads to

1 /1_82 (n — 1un=3)/2
C \2rpn Jo 2v1—u

Noting that the denominator in the integral satisfies
s < /1 —u < 1 and then integrating gives the double
inequality:

_2\(n—1)/2
% < Qn(s) <

Uu.

(

1— 82)(7171)/2 96
V2T S ' (96)

5575

To prove an upper bound with s replaced by n~! in the
denominator, observe that for n > 3,

< %:) (1 _ 82)(n—3)/2(1 _ S)
B (n _ 1)(1 _ 82)(7171)/2

Meanwhile, for n = 2, direct calculation reveals
Q2(s) = \/2_#77!!2 (% - arcsin(s))

L 2=

T V2mu
Combining these upper bounds completes the proof. 0
Lemma 19: For integers n, M > 2 and u € [0, 1],
<u < u M

V27 iy, maX(\/l——uQ, n=1)
u" M

V27 iy > '

Proof: Let s = v/1 — u?. Expressing the event {sin(a*) <
u} in terms of cos(a*), we can write

P [sin(a™)

o7)

P [sin(a”) > u] < exp <— (98)

P [sin(a”) < u] = Plcos(a™) > s] + P[cos(a™) < —s]
=1 (1= Qu(s)™ + (1= Qn(=5)"
=1 (1= Qu(s)™ + Qu(s)"
< MQn(s).

Here, the third step follows because @y, (—s) =1 — Qx(s)
and the last step is due to the basic inequality 1 — (1 — ¢)? —
q? < pq for g € [0,1] and p > 2. Combining this inequality
with the upper bound on Q,(s) in (94) gives (97). For the
complementary event, we have

)zl = (1= Qu(s)M = (1= Qu(=s)"
< exp(=MQu(s)),

where we have used the basic inequality 1 — g < e~ 7 for all
q € [0,1]. Combining with the lower bound on @, (s) in (94)
gives (98). ]
To bound the distribution of £ we consider two cases. First,
conditional on the event sin(a*) < sin(«), we can write

P [sin(o

_ sin(a®) sin(«)

£=1 (99)

sin(a) — " sin(a*)’

where we used the basic inequality 1 — 1/x < log« for = >
0. In view of (97) and the assumption M = /n(csca)™ !,
it follows that for ¢ > 0,

P[¢ > t,sin(a”) < sin(a)] < P [sin(a”) < sin(a)e™"]
VAexp(—(n— 1)1

= V27, max(cos(a), n1t)
<min(esc(a),n) exp (—(n—1)t),

where the last step uses the lower bound p,, > \/n — 1/2.
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Next, conditional on the event sin(a*) > sin(«), we can
write

(_sinle) 1lcmm»"{4w (100)

sin(«) n—1 sin(a)

where we used the basic inequality z — 1 < (a? — 1)/p for
all x > 0 and p > 1. In view of (98) and the assumption
M = \/n(csca)™ 1, it then follows that for ¢ > 0,

Pl > t,sin(a”) > sin(9)
<P [sin(a) > (sin(8)) [1 + (n — 1)t 77

o)

where the last step uses the upper bound p,, < \/n.
With (100) and (101) in hand, we can upper bound the
moments of ¢ according to

E[¢?] :/OOOP [5 zt”ﬂ dt

< 1og(min(se1c a,n)) n 1+ \/fﬂr
n— _

(101)

(p+1),

where I'(z) = fooo 2° "L exp(—x) dz is the gamma function.
Combining this inequality with (93) and using the basic upper

bound T'(z + 1) < z* completes the proof of Lemma 17.

APPENDIX C
PROOF OF LEMMA 20

Lemma 20: Let A ~ N(0,1) and B ~ x,,—1. Forallp > 1
and n > 2,

(o ][y

where C' < v/2 4 el/.

Define As := /A% + (B — /n)%. Minkowski’s inequality

implies

(B[S < E[Aq] + (E[|Az — E[Ao] )"

P\ 1/p
)" <ca

(102)

Recall that p,, of (95) is the mean of the chi-distribution
with n degrees of freedom. By Jensen’s inequality, E [As] can
be upper bounded as

E [Ao]” < E[A]]
= Var(A) + Var(B) + (pn_1 — v/n)?
=1+ (n - 1) - M?L*l + (Mn—l - \/E)Q <2

where we used that vn—1 < p, < \/ﬁ To bound the
deviation about the mean, we use the fact that B can be
expressed as B = ||IW|| where W is an (n — 1)-dimensional
vector with i.i.d. standard Gaussian entries. This allows us
to write Ay = (A, W), where ¢ : R x R*"™! — R is
given by 1(a,w) = (a2 + (||Jw|| — v/n)*)'/2. The function
1 is 1-Lipschitz continuous because it is the composition of
1-Lipschitz functions. Therefore, we can apply the Tsirelson-
Ibragimov-Sudakov Gaussian concentration inequality (see

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 67, NO. 8, AUGUST 2021

e.g., [56, Theorem 5.2.2]) to conclude that Ay — E[A,]
is sub-Gaussian with variance parameter one. Consequently
(E(|A2 —E[Ag] [P)/F < e/ . 0

APPENDIX D
LipSCHITZ ESTIMATION IN AWGN MODEL

Lemma 21: Suppose that (U, X) are random vectors in
R™ x R™ with finite second moments. Let Z = X 4+ cW
where o > 0 is known and W ~ N(0,1,) is independent
Gaussian noise. Define f*(z) =E[U | Z = z|. Foreach e > 0
there exists a number L and estimator f : R™ — R™ with
I/ llLip < L such that

E[|U-fIF] <E[IU- (D] +e  (103)

Proof: Given T > 0, let B be a binary random variable
that is equal to zero if {||U||V || X|| < T} and one otherwise.
Define g(z,b) = E[U | Z = z, B = b] to be the conditional
expectation given (Z, B) and let f(z) = g(z,0). Two different
applications of the law of total variance yields

E [lU=f*(2)*]=E [|[U~9(Z, B)I*]HE [I9(Z, B)-f*(Z)|*]
E [lU=f(2)°]=E [|U~g(Z, B)|I*]HE [l9(Z, B)~f(Z)|I*].

Meanwhile, noting that f(Z) = g(Z, B) whenever B = 0,
we have

lg(Z,B) = f(Z)| < Bllg(Z,B) - f(Z)]
< Bllg(Z, B)|| + BT

where the second step follows from the triangle inequality
and that fact that f(y) lies in a Euclidean ball of radius 7.
Combining the above displays with the inequality (a + b)? <
2 a? + 2 b? leads to

E[|U - f(2)2] —E[JU - £*(2)|]
< 2E [Bllg(2, B)|?] + 2E [B] T
< 2E [1(|U]| > T)|U|]2] + 2B (V]| > T)T>.

By the assumption that ||U|| has finite second moment, this
upper bound converges to zero as T increases. Thus, for each
€ > 0, there exists 7' large enough such that (103) holds.

Next, we will verify that f has a finite Lipschitz constant.
Lemma 22 below implies that the Jacobian of f is given by

0f(z)  Cov(U,X|Z=2DB=0)

3 .

0z o

By the Cauchy-Schwarz inequality and the definition of B,

it follows that || Cov(U, X | Z = 2z, B = 0)|| < T2, uniformly

for all z, and thus || f||Lip < T?/0?. O

Lemma 22: Let X be a n-dimensional random vector with

E[p(X)] < oo, where p(x) is the standard Gaussian density

in n dimensions, and let Y ~ N'(X,0%1,,). Let h : R — R™
be a measurable function such that

P(y) =ERX)|Y =y,

is defined for any y € R™. The Jacobian of ¢ is given by

y € R",

Joly) = 75 Cov (X, h(X) | Y = ).
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Proof of Lemma 22: Set p,(x) := p(x/o)/o, Py(y) := occurs with probability one. Conditioning on G and given such
E[ps (X —y)], and z,, := E[X|Y = y]. From Bayes rule we mng, we consider the ¢-th iteration of AMP for reconstructing
have 0 from z = AG+ W as given by (39) and (40). For 7 applied

) E[h(X)ps (X —y)] Eh(X)ps (X —y) element-wise to vectors z,r € R™, we have
Py) = - = - :
Elor (X~ )] Py (y) () = (@) < Le flu— ],

It follows from [62, Thm. 2.7.1] that we may differentiate and
with respect to y; within the expectation. We get | (2))] < Ly.

To@)ij = 7 For z € R", denote by 6'(z) and r(z) the result of
applying ¢ iterations of (40) to z. We have

_ Elhi(X)po (X —y) (X; — yj)] () - g
o2 Py (y) 0 -0 (@)
T T
Ehi(X)ps (X~ y)|Elpe (X —y) (X; —y))] = Hm A (@) +0'(z)) = (A f( ) +0'(@)
o2 Pi(y) <Ly ||AT (r'(z) — r'(F)) + 6" (2 @)
_ Elpy (X —y) (hi(X) — ¢i(y)) (X — ;)] < L ||AT (rt(z) rt( )| + L. Het —0'(@)||
2 -
; o? Py (y) < LC | @) — (@) + L ||0' (@) — 6'@)]| . (104)
CE[p2 (X —y) (h(X) — ¢i(y)) X;]
= o2 Py (y) . Furthermore,
The last transition implies [ (@) = r' (@) < llz = 2] + [|[A (0" () — 6"(2)) ]
n
d9; o (X — -1 T,.t—1
oo = | 25 () - i) (3 - ). D3 (AT @)+ 0l
j =
f tant a € R. It follows that PR
or any constant a ollows tha ) _rLl(E) Z (AT @) + 00 @)
Jo(y) =E |(X — z,) (W(X) — 6(y))" u} o, ]
¢(y) [( y)( (X) — o)) o2 Py (y) <llz—zZ|+C || ( J))H
1 t— 1 R
= [ (@ =) (h(z) = o))" Pxpy(daly =) + Lia|r rH @) (105)
1R ' . We now prove by induction that for t = 1,.. ., there exists
= B (X — ) (h(0) — o(w))" | ¥ =] Ky and Ry such that
— L cov(x mx)Y = ). 16" (2) — 0"(@)]| < K [lo — 2 (106)
7 [r' =M a) =" @)|| < Re—alle— 2. (107)
F =1 h
APPENDIX E or =1, we have
LIPSCHTIZ CONTINUITY OF AMP [|6°(z) — 6°(2)|| =0,
Proposition 23: Let A € R"*9" be a random matrix with [w’(z) = u®(@)| = |z — &,
i.i.d. entries N (0,1/n). Assume that n/d,, — § € (0,00). |6 () — 6" (@)|| < Lo C ||z — &,
Denote by z — 604p(2) the result of ¢ iterations of AMP _ .
using a sequence of local non-linearity functions {r,,...,n,} ~and for the second inequality we take Ry = 0. Assume now
as in (41) and set LAMP = ||04mp ILip- If 7k is Li-Lipschitz that for all k =1,...,¢t — 1, there are K} and Ry, such that
for k = 1,...,t, then with probability one there exists K gk(x) . Qk(i) < Ky lz— 3|,
AMP
such that sup,, L;, 3" < K;. - -
Proof: Use the tail bound on the maximal eigenvalue of HT z) = v H < Rp— |z — 2.

a random matrix with sub-Gaussian entries from [56, Thm From (104), (106), and (107), we obtain

4.4.5] to deduce that there exists a constant ¢, independent of ‘ o' (3 =" e
n, such that |6 (= (@) < Lt 1C ||r - @) ||

P <\/_||A|| < (/AL + VB + )) - +Lt 1||9t Yz) — 601 H
r(vn c(vn a —2e -
2= = < Li_1CRy_, Hx—xH + L Koo ||z — 2|
For C' = ¢(2 + /3), define the event = (Lt—1CR—1 + L1 K1) |z — 2.
E, = {||A]]> < C}. From (105), (106), and (107), we obtain

Using a = +/n, the Borel-Cantelli Lemma applied to the [P (@) =t || < ||33 — Il + CHQt Ha) -6 H(X )H

sequence {E,} implies that the event + Loo ||rt2( @]
G:={3ng : |A|2<C, Yn>ng} <1+ CaKi1+ Ltsztfz) z—2|.
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It follows that both (106) and (107) hold with k = t.
We have shown that with probability one there exists ng
such that, for each ¢ € N, there exists K; for which

It follows that for each ¢, sup,, LHMF < K.

[6°() = 0"(7)|| < K¢ lle — ]|, Yn>mno.  (108)

O
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