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Abstract

Let X = (X1, ...) be a stationary ergodic finite-alphabet source, X™ denote its first n symbols, and Y™ be the
codeword assigned to X™ by a lossy source code. The empirical kth-order joint distribution Q*[X™, Y™](z*,y*) is
defined as the frequency of appearances of pairs of k-strings (a:k, yk) along the pair (X™,Y™). Our main interest
is in the sample behavior of this (random) distribution. Letting I(Q¥) denote the mutual information I(X";Y")
when (X%, Y*) ~ Q" we show that for any (sequence of) lossy source code(s) of rate < R

lim sup %I (Qk[X”, Y"]) <R+ %H(Xf) ~H(X) as.,

n— oo

where H(X) denotes the entropy rate of X. This is shown to imply, for a large class of sources including all i.i.d.
sources and all sources satisfying the Shannon lower bound with equality, that for any sequence of codes which is
good in the sense of asymptotically attaining a point on the rate distortion curve

QX" Y 2 Py gi as.,

whenever Py yr is the unique distribution attaining the minimum in the definition of the kth-order rate distortion
function. Further consequences of these results are explored. These include a simple proof of Kieffer’s sample
converse to lossy source coding, as well as pointwise performance bounds for compression-based denoisers.

Key words and phrases: Empirical distribution, Good codes, Lossy source codes, Pointwise bounds, Strong converse,

Shannon lower bound.

1 Introduction

Loosely speaking, a rate distortion code sequence is considered good for a given source if it attains a point on its
rate distortion curve. The existence of good code sequences with empirical distributions close to those achieving the
minimum mutual information in the definition of the rate distortion function is a consequence of the random coding
argument at the heart of the achievability part of rate distortion theory. It turns out, however, in ways that we
quantify in this work, that any good code sequence must have this property.

This behavior of the empirical distribution of good rate distortion codes is somewhat analogous to that of good
channel codes which was characterized by Shamai and Verdd in [SV97]. Defining the kth-order empirical distribution
of a channel code as the proportion of k-strings anywhere in the codebook equal to every given k-string, this empirical

distribution was shown to converge to the capacity-achieving channel input distribution. The analogy is more than
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merely qualitative. For example, the growth rate of & with n where this convergence was shown in [SV97] to break
down will be seen to have an analogue in our setting. A slight difference between the problems is that in the setting of
[SV97] the whole codebook of a good code was shown to be well-behaved in the sense that the empirical distribution
is defined as an average over all codewords. In the source coding analogue, it is clear that no meaningful statement
can be made on the empirical distribution obtained when averaging and giving equal weights to all codewords in the
codebook. The reason is that any approximately good codebook will remain approximately good when appending
to it a sub-exponential number of additional codebooks of the same size, so essentially any empirical distribution
induced by the new codebook can be created while maintaining the “goodness” of the codebook. We therefore adopt
in this work what seems to be a more meaningful analogue to the empirical distribution notion of [SV97], namely
the empirical distribution of the codeword corresponding to the particular source realization, or the joint empirical
distribution of source realization and its associated codeword. We shall show several strong probabilistic senses
in which the latter entities converge to the distributions attaining the minimum in the associated rate distortion
function.

The basic phenomenon we quantify in this work is that a rate constraint on a sequence of codes imposes a severe
limitation on the mutual information associated with its empirical distribution. This is independent of the notion of
distortion, or goodness of a code. The described behavior of the empirical distribution of good codes is a consequence
of it.

Our work consists of two main parts. The first part, Section 3, considers the distribution of the pair of k-tuples
obtained by looking at the source-reconstruction pair (X, Y™) through a k-window at a uniformly sampled location.
More specifically, we look at the distribution of (X7 7%~ Y//T*=1) wwhere I is chosen uniformly from {1,...,n—k+1}
(independently of everything else). We refer to this distribution as the “kth-order marginalization of the distribution
of (X™,Y™)”. In subsection A we show that the normalized mutual information between X IHk ~!and YII el g
esentially! upper bounded by R + %H(Xk) — H(X), R denoting the rate of the code and H(X) the source entropy
rate. This is seen in subsection B to imply, for any asymptotically good code sequence, the convergence in distribution
of (X} Y+ =1 to the joint distribution attaining R(X*, D) (the kth-order rate distortion function) whenever
it is unique and satisfies the relation R(X*, D) = R(X,D) + $+H(X*) — H(X) (with R(X, D) denoting the rate
distortion function of the source). This includes all i.i.d. sources, as well as the large family of sources for which
the Shannon lower bound holds with equality (cf. [Gra70, Gra7l, BG98] and references therein). In subsection C we
show that convergence in any reasonable sense cannot hold for any code sequence when k increases with n such that
k/n > R(X,D)/H(Y), where H(Y) is the entropy rate of the reconstruction process attaining the minimum mutual
information defining the rate distortion function. In subsection D we apply the results to obtain performance bounds
for compression-based denoising. We extend results from [Don02] by showing that any additive noise distribution
induces a distortion measure such that if optimal lossy compression of the noisy signal is performed under it, at a
distortion level matched to the level of the noise, then the marginalized joint distribution of the noisy source and

the reconstruction converges to that of the noisy source and the underlying clean source. This is shown to lead to

1Up to an o(1) term, independent on the particular code.



bounds on the performance of such compression-based denoising schemes.
Section 4 presents the primary part of our work, which consists of pointwise analogues to the results of Section 3.
More specifically, we look at properties of the (random) empirical kth-order joint distribution Qk[X " Y™ induced

by the source-reconstruction pair of n-tuples (X™,Y"™). The main result of subsection A (Theorem 7) asserts that

I+k—1 I+k—1
XI YI

R+ 1+ H(X*)— H(X) is not only an upper bound on the normalized mutual information between and
(as established in Section 3), but is essentially?, with probability one, an upper bound on the normalized mutual
information under Qk[X " Y™]. This is seen in subsection B to imply the sample converse to lossy source coding of
[Kie91], avoiding the use of the ergodic theorem in [Kie89]. In subsection C this is used to establish the almost sure
convergence of Q¥ to the joint distribution attaining the kth-order rate distortion function of the source, under the
conditions stipulated for the convergence in the setting of Section 3. In subsection D we apply these almost sure
convergence results to derive a pointwise analogue of the performance bound for compression-based denoising derived
in subsection 3.D. In subsection E we show that a simple post-processing “derandomization” scheme performed on the
output of the previously analyzed compression-based denoisers results in essentially optimum denoising performance.

The empirical distribution of good lossy source codes was first considered by Kanlis, Khudanpur and Narayan
in [KSP96]. For memoryless sources they showed that any good sequence of codebooks must have an exponentially
non-negligible fraction of codewords which are typical with respect to the R(D)-achieving output distribution. It was
later further shown in [Kan97] that this subset of typical codewords carries most of the probabilistic mass in that
the probability of a source word having a non-typical codeword is negligible. That work also sketched a proof of the
fact that the source word and its reconstruction are, with high probability, jointly typical with respect to the joint
distribution attaining R(D). More recently, Donoho established distributional properties of good rate distortion
codes for certain families of processes and applied them to performance analysis of compression based denoisers
[Don02]. The main innovation in the parts of the present work related to good source codes is in considering the
pointwise behavior of any kth-order joint empirical distribution for general stationary ergodic processes.

Other than sections 3 and 4 which were detailed above, we introduce notation and conventions in Section 2, and

summarize the paper with a few of its open directions in Section 5.

2 Notation and Conventions

X and Y will denote, respectively, the source and reconstruction alphabets which we assume throughout to be finite.
We shall also use the notation z” for (z1,...,z,) and &} = (z,...z;).

We denote the set of probability measures on a finite set A by M(A). For P,P’ € M(A) we let |P — P'|| =
maxgea |P(a) — P'(a)|. B(P,d) will denote the I, ball around P, i.e.,

B(P,6) = {P":|P'— P| <5} (1)
For {P,}, P,,P € M(A), P, % P, P, = P, and P, — P will all stand for

lim ||P, — P|| = 0. 2)

2In the limit of large n.



For Q € M(X x ), I(Q) will denote the mutual information I(X;Y) when (X,Y) ~ Q. Similarly, for Q* €
M(XF x YF), I(QF) will stand for I(X*;Y*) when (X* Y*) ~ Q*. For P € M(A) and a stochastic matrix W
from A into B, P @ W € M(A x B) is the distribution on (A, B) under which Pr(A = a,B = b) = P(a)W (bla).
Hpow (X]Y) and H(W|P) will both denote H(X|Y) when (X,Y) ~ P® W. I(P;W) will stand for I(X;Y) when
(X,Y) ~ P®W. When dealing with expectations of functions or with functionals of random variables, we shall
sometimes subscript the distributions of the associated random variables. Thus, for example, for any f : A — R and
P € M(A) we shall write Ep f(A) for the expectation of f(A) when A is distributed according to P.

M, (A) will denote the subset of M(A) consisting of n-th-order empirical types, i.e., P € M, (A) if and only if
P(a) is an integer multiple of 1/n for all @ € A. For any P € M(X), C,(P) will denote the set of stochastic matrices
(conditional distributions) from X into Y for which P @ W € M,,(X x ).

For P € M(A) we let Tg, or simply Tp, denote the associated type class, i.e., the set of sequences u™ € A™ with

%ngign:ui:aﬂzp(a) Va € A. (3)

M., (A) will denote the set of P € M(A) for which T% # (. For § > 0, T(py, or simply Tipj,, will denote the set of
sequences u" € A" with

%\{1§i§n:ui:a}|fP(a)§6 Va € A. (4)

For a random element, P subscripted by the element will denote its distribution. Thus, for example, for the
process X = (X1, Xs,...), Px,, Px» and Px will denote, respectively, the distribution of its first component, the
distribution of its first n components, and the distribution of the process itself. If, say, (Xo, Zij ) are jointly distributed

then P

Xol2? € M(X) will denote the conditional distribution of X, given Zg = zf . This will also hold for the cases

with ¢ = —oo and\or j = oo by assuming PXO‘ZJ to be a regular version of the conditional distribution of X, given
7!, evaluated at zJ. For a sequence of random variables {X,,}, X, 4 X will stand for Px, 4 py.
For 2 € X™ and y" € Y" we let Q¥[z"] € M(X*), QF[y"] € M(Y*), and Q¥[z"™,y"] € M(X* x Y¥) denote the

k-th order empirical distributions defined by

A n 1 . %
Q¥[x ](u’“):mHnggnfk:xiff:ukH, (5)
A n 1 . i
Q"ly ](Uk)zmHOSZSn—ki%ﬁzka’ (6)
and
1

Q’“[m",y”](uk,vk)z |{O§i§n—k:x§ff:uk7yfif:U’“}|. (7)

n—k+1
Q%[y™|2™] will denote the conditional distribution Py xr when (X*,YF) ~ QF[z",y"]. In accordance with notation

defined above, for example, E@k[znﬁyn]f(Xk, Y*) will denote expectation of f(X*, Y*) when (X% Y*) ~ Qk[x”, y"].

Definition 1 A fized-rate n-block code is a pair (Cy, ¢rn) where C,, C Y™ is the code-book and ¢, : X™ — C,,. The
rate of the block-code is given by %log |Cr|. The rate of a sequence of block codes is defined by

1
lim sup — log |Cy,|.
n

n—oo



Y™ = Y™(X") = ¢,(X™) will denote the reconstruction sequence when the n-block code is applied to the source

sequence X™.

Definition 2 A wvariable-rate code for n-blocks is a triple (Cp,¢n,l,) with C,, and ¢, as in Definition 1. The
code operates by mapping a source n-tuple X™ into Cy, via ¢,, and then encoding the corresponding member of the
code-book (denoted Y™ in Definition 1) using a uniquely decodable binary code. Letting l,,(X™) denote the associated
length function, the rate of the code is defined by E%ln(X") and the rate of a sequence of codes for the source
X = (X1, X2, ...) is defined by limsup,,_,, E1,(X").

Note that the notion of a code in the above definitions does not involve a distortion measure according to which
goodness of reconstruction is judged.

We assume throughout a given single-letter loss function p : X x Y — [0, 00) satisfying
VeeX Jyel st plx,y)=0. (8)

For z" € X™ and y" € V" we let p,(z™,y™) = Lp(x;,;). We shall also let dy|x denote a conditional distribution of
Y given X with the property that for all x € X

Z Sy |x (ylz)p(z,y) =0 (9)

yeY
(note that (8) implies existence of at least one such conditional distribution). The rate distortion function associated
with the random variable X € X is defined by

R(X,D) = i I(X;Y 10
(X, D)= loin_ I(X:Y), (10)

where the minimum is over all joint distributions of the pair (X,Y) € X x ) consistent with the given distribution

of X. Letting p,, denote the (normalized) distortion measure between n-tuples induced by p,

n

pulag") = 53 ol ), (1)

i=1

the rate distortion function of X™ € X" is defined by

1
R(X™, D)= min —I(X™Y™). (12)
Epn(X",Y")<D N

The rate distortion function of the stationary ergodic process X = (X7, Xs,...) is defined by

R(X,D) = lim R(X",D). (13)

n—oo

Note that our assumptions on the distortion measure, together with the assumption of finite source alphabets,

combined with its well-known convexity, imply that R(X, D) (as a function of D € [0, 00)) is
1. Non-negative valued and bounded.

2. Continuous.



3. Strictly decreasing in the range 0 < D < DX = where DX . = min{D : R(X,D) = 0} (and identically 0 for
D > DX

maw)7

properties that will be tacitly relied on in proofs of some of the results. The set {(R(X,D),D):0< D < DX .}
will be referred to as the “rate distortion curve”. The distortion rate function is the inverse of R(X,-), which we

formally define (to account for the trivial regions) as

unique value of D such that R(X,D) =R for R € (0, R(X,0)]

D(X,R) = DX . for R=10 (14)
0 for R > R(X,0).

3 Distributional Properties of Rate-Constrained Codes
Throughout this section “codes” can be taken to mean either fixed- or variable-rate codes.
A Bound on the Mutual Information Induced by a Rate-Constrained Code

The following result and its proof are implicit in the proof of the converse of [DW03, Theorem 1].

Theorem 1 Let X = (X1, X3...) be stationary and Y™ = Y™ (X™) be the reconstruction of an n-block code of rate
< R. Let J be uniformly distributed on {1,...,n}, and independent of X. Then

1
I(XJ;YJ)SR"’H(Xl)_EH(Xn). (15)
In particular I(X ;;Y;) < R when X is memoryless.
Proof:

HY™) > I(X™Y")
= H(X") - H(X"Y")

= H(X")—nH(X))+ Y [H(X;) - HX| XY™

> H(X")—nH(X,)+ i:[H(Xi) — H(X;|Y3)]
= H(X")—nH(X;)+ En:l(Xi; Y;)
=1

where the last inequality follows from the facts that (by stationarity) for all ¢ X ; 4 X, that Py, | x, = % S Py, |x;,
and the convexity of the mutual information in the conditional distribution (cf. [CT91, Theorem 2.7.4]). The fact
that Y™ is the reconstruction of an n-block code of rate < R implies H(Y™) < nR, completing the proof when
combined with (16). O

Remark: Tt is readily verified that (15) remains true even when the requirement of a stationary X is relaxed to the

requirement of equal first order marginals. To see that this cannot be relaxed much further note that when the



source is an individual sequence the right side of (15) equals R. On the other hand, if this individual sequence is
non-constant one can take a code of rate 0 consisting of one codeword whose joint empirical distribution with the

source sequence has positive mutual information, violating the bound.

Theorem 2 Let X = (X1, Xs...) be stationary and Y™ = Y™(X™) be the reconstruction of an n-block code of rate
< R. Let 1 <k <n and J be uniformly distributed on {1,...,n — k+ 1}, and independent of X. Then

1 n 1 1 2k
—I (XL y D < R4 CH(XF) - ZH(X™) + = log|X). 17
LX) < R H(XR) < S H(X) + 2 log ] (1)
Proof: Let, for 1 < j <k, S; ={1 <i <n:i=jmodk}. Notethat ¥ —1 < |5;] < 2. Let P}(g,z v be the
distribution defined by
. 1 o it
P)((g’z Yk(xk7yk) _ = Z Pr{Xil-‘rk 1_ xk)}/i-‘rk 1_ yk}_ (18)
, ‘ ‘7| iGS]’
Note, in particular, that
k
S .
PX'}7+k71,YJJ+k71 = Z |—7;‘P)((le}yk~ (19)
j=1
Now
nR > H(Y™)
> (Yj+k|sj\—1)
= J
+k Sj —1 i
> (X]HII) s (3 4 15511 (PYLy) (20)

where the first inequality is due to the rate constraint of the code and the last one follows from the bound established

. . . n vn +k|S;|—1 1 j+k|S;|—1 j+ik—1 jik—1
in (16) with the assignment n — |S;[, (X™,Y") — (X]J 1531 Y/ 1551 ), (X3, Vi) — (ngi(i—l)k’XJ]:(i—l)k)

Rearranging terms

©) < N Ry _ L G+k|S;|-1
I(wak) < ‘Sj|R+H(X) |Sj‘H(XJ )
n 1 1 2%k
< k —H(X* - ZH(X") + = log|Xx 21
< k| R OO - L) + 2 g2 (21)

where in the second inequality we have used the fact that
H(X") < H (Xj*k'sf‘*l) +H(XTTL X s ) S H (Xj*’“'sﬂ"*l) + 2k log | X|.

Inequality (17) now follows from (21), (19), the fact that Pyri-1 = P)((J,z (both equaling the distribution of a source
k-tuple) for all 1 < j <k, and the convexity of the mutual information in the conditional distribution. O

An immediate consequence of Theorem 2 is

Corollary 1 Let X = (X1, X5 ...) be stationary and {Y™(-)} be a sequence of block codes of rate < R. For1 <k <mn
let JF) be uniformly distributed on {1,...,n — k + 1}, and independent of X. Consider the pair (X", Y™) =
(X™,Y"™(X™)) and denote

( X(n,k)7§~/(n,k)> _ ( X‘-]]((:::;Jrkfl?le(:’":))+k71) . (22)



Then
1 /. .
lim sup lim sup - (XW“); Y(”*k)) <R. (23)

k—o00 n—oo
Proof: Theorem 2 implies

1 /i) = 1 _
limsup -1 (X("”‘); Y(””“)) < R+ H(x") ~H(X), (24)

n—oo

completing the proof by letting k — oco. O

B The Empirical Distribution of Good Codes
The converse in rate distortion theory (cf. [Ber71], [Gal68]) asserts that if X is stationary ergodic and (R, D) is a
point on its rate distortion curve then any code sequence of rate < R must satisfy

liminf Ep, (X", Y™(X™)) > D. (25)

n—oo

The direct part, on the other hand, guarantees the existence of codes that are good in the following sense.

Definition 3 Let X be stationary ergodic, 0 < D < DX_ = and (R,D) be a point on its rate distortion curve.
The sequence of codes (with associated mappings {Y™(-)}) will be said to be good for the source X at rate R (or at
distortion level D) if it has rate < R and
limsup Ep, (X", Y™(X")) < D. (26)
n—oo

Note that the converse to rate distortion coding implies that the limit supremum in the above definition is actually

a limit and the rate of the corresponding good code sequence is = R.

Theorem 3 Let {Y"(:)} correspond to a good code sequence for the stationary ergodic source X and (f(("’k), f/(”’k))
be defined as in Corollary 1. Then:

1. For every k
lim Epy (XW“),?("»’“)) =D, (27)

n—oo

R(X*, D) < liminf %1 (X970 < timsup %I (X0 ¥700) < R(X, D) + Laoxemy —mx) (28)

n—o00 n—o0o k

so, in particular,

1 /iy = 1
lim liminf -1 (X(”’k);Y("’k)) = lim limsup -1 (X(””“);Y(”’k)) = R(X, D). (29)

k—oco n—oo k—o0 nooco
2. If it also holds that R(X*, D) = R(X, D) + + H(X{) — H(X) then

lim L7 (X*"»’f); W%k)) = R(X*, D). (30)

8. If, additionally, R(X*, D) is uniquely achieved (in distribution) by the pair (X*,Y*) then

(ka)y(n,k)) L (XF VR as n— oo (31)



The condition in the second item clearly holds for any memoryless source. It holds, however, much beyond memoryless
sources. Any source for which the Shannon lower bound holds with equality is readily seen to satisfy R(X* D) =
R(X,D)+ +H(X})— H(X) for all k. This is a rich family of sources that includes Markov processes, hidden Markov
processes, auto-regressive sources, and Gaussian processes (in the continuous alphabet setting), cf. [Gra70, Gra71,
BG98, EM02, WMO03].

The first part of Theorem 3 will be seen to follow from Theorem 2. Its last part will be a consequence of the

following lemma, whose proof is given in Appendix A.

Lemma 1 Let R(D) be uniquely achieved by the joint distribution Pxy. Let further {P)((ng/} be a sequence of
distributions on (X,Y) satisfying

P L py (32)
lim I (P)(gf;) — R(D), (33)
and
lim EP('n,) p(X, Y) =D. (34)
n—o00 X,Y
Then
Py 24 Pxy. (35)

Proof of Theorem 3: For any code sequence {Y™(-)}, an immediate consequence of the definition of (X' (n.k) Y(”vk))
is that
lim [Epk (X<””€>,17(””“>) - Epn(X”,Y”)} =0. (36)

Combined with the fact that {Y™(-)} is a good code this implies

lim Epy (X("»@,?("v’f)) = lim Ep,(X",Y™) = D, (37)

n— oo n—oo

proving (27). To prove (28) note that since {Y™(-)} is a sequence of codes for X at rate R(X, D), Theorem 2 implies

~ ~ 1 _
lim sup %I (X(”Jf); Y(””“)> < R(X,D) + - H(X*) - H(X). (38)

n—oo

On the other hand, since X (%) 4 XF it follows from the definition of R(XF¥,-) that

1 /. . . -
-1 (R0R ) > R (X5, Bpy (X000, 700, (39)
implying
1 /- .
lim inf -1 (X("’k), Y(””“)) > R(X*, D) (40)

by (37) and the continuity of R(X*,-). This complete the proof of (28). Displays (29) and (30) are immediate
consequences. The convergence in (31) is a direct consequence of (30) and Lemma 1 (applied with the assignment
X - Xk Y Y and p— pp). O

Remark: Note that to conclude the convergence in (31) in the above proof a weaker version of Lemma 1 would have
sufficed, that assumes P)((n) = Px for all n instead of P)((n) 4 Px in (32). This is because clearly, by construction of
X (k) - X (k) 2 X* for all n and k < n. The stronger form of Lemma 1 given will be instrumental in the derivation

of a pointwise analogue to (31) in Section 4 (third item of Theorem 9).



C A Lower Bound on the Convergence Rate

Assume a stationary ergodic source X that satisfies, for each k, R(X*, D) = R(X, D) + +H(X}¥) — H(X) and for
which R(X*, D) is uniquely achieved by the pair (X' k. 17’“) Theorem 3 implies that any good code sequence for X
at rate R(X, D) must satisfy

(X(k) k) L (Xk FRY as n— oo (41)

(recall Corollary 1 for the definition of the pair (X (n.k) ?("’k))). This implies, in particular,
Lo k) Lok
EH(Y ’ )—>EH(Y ) asn — oo. (42)

It follows from (42) that for k,, increasing slowly enough with n

1 - -
k—[H(Y(””“") Y—H(Y*)] —0 asn— . (43)
Display (43) is equivalent to
1 - .
k—H(YWn)) — H(Y) asn— oo, (44)
n

where we denote limg .o 3 H (Y*) by H(Y) (a limit which exists® under our hypothesis that R(X*, D) is uniquely
achieved by (X k. }7]“) for every k). The rate at which k,, may be allowed to increase while maintaining the convergence
in (44) may depend on the particular code sequence (through which (X (k) ¥ (k) are defined). We now show,
however, that if k,, increases more rapidly than a certain fraction of n, then the convergence in (44) fails for any

code sequence. To see this note that for any &

FHECD) = L (45)
< TH(YJ ) (46)
< %H(Y", Jk)) (47)
< %H(Y”) + %H(J(”’k)) (48)
< %H(Y") + loin. (49)
Now, since Y™ is associated with a good code,
%H(Y”) — R(X, D). (50)
Letting k,, = an, (49) and (50) imply
1171111501:);) iH(}N/(””“”)) < éR(X, D), (51)
excluding the possibility that (44) holds whenever
EX.D) (52)
H(Y)

3In particular, for a memoryless source ﬁ(?) = H(f/l) For sources for which the Shannon lower bound is tight it is the entropy rate
of the source which results in X when corrupted by the max-entropy white noise tailored to the corresponding distortion measure and
level.

10



This is analogous to the situation in the empirical distribution of good channel codes where it was shown in [SV97,
Section III] for the memoryless case that convergence is excluded whenever k,, = an for o > %, where H stands for
the entropy of the capacity-achieving channel input distribution.

To sum up, we see that convergence takes place whenever kK = O(1) (Theorem 3), and does not take place
whenever k = an for « satisfying (52). For k growing with n at the intermediate rates convergence depends on the
particular code sequence, and examples can be constructed both for convergence and for lack thereof (analogous to

[SV97, Examples 4,5]).

D Applications to Compression-Based Denoising

The point of view that compression may facilitate denoising was put forth by Natarajan in [Nat95]. It is based on the
intuition that the noise constitutes that part of a noisy signal which is least compressible. Thus, lossy compression
of the noisy signal, under the right distortion measure and at the right distortion level, should lead to effective
denoising. Compression-based denoising schemes have since been suggested and studied under various settings and
assumptions (cf. [Nat93, Nat95, NKH98, CYV97, JY01, Don02, TRA02, Ris00, TPB99] and references therein). In
this subsection we consider compression-based denoising when the clean source is corrupted by additive white noise.
We will give a new performance bound for denoisers that optimally lossily compress the noisy signal (under distortion
measure and level induced by the noise).

For simplicity, we restrict attention throughout this section to the case where the alphabets of the clean-, noisy-,
and reconstructed-source are all equal to the M-ary alphabet A = {0,1,...,M — 1}. Addition and subtraction
between elements of this alphabet should be understood modulo-M throughout. The results we develop below have
analogues for cases where the alphabet is the real line.

We consider the case of a stationary ergodic source X corrupted by additive “white” noise N. That is, we assume

N; are i.i.d.~ N, independent of X, and that the noisy observation sequence Z is given by
Z; = X; + N;. (53)

By “channel matrix” we refer to the Toeplitz matrix whose, say, first row is (Pr(N =0),...,Pr(N =M —1)). We

assume that Pr(N = a) > 0 for all a € A and associate with it a difference distortion measure p™¥) defined by

P @) = o . (54)

We shall omit the superscript and let p stand for pt¥) throughout this section.
Fact 1

max{H(X) : X is A-valued and Ep(X) < H(N)}
is uniquely achieved (in distribution) by N.
Proof: N is clearly in the feasible set by the definition of p. Now, for any A-valued X in the feasible set with X ;é N
H(N) > Ep(X)

11



= 2@: Px(a)log m

> H(X),
where the strict inequality follows from D(Px||Py) > 0. O

Theorem 4 Let R(Z*,.) denote the k-th order rate distortion function of Z under the distortion measure in (54).
Then

R(Z* H(N)) = %H(Zk) — H(N). (55)

Furthermore, it is uniquely achieved (in distribution) by the pair (Z*, X*) whenever the channel matrix is invertible.

Proof: Let (Z*,Y*) achieve R(Z*, H(N)). Then

kR(ZF,H(N)) = I(Z%Y")
= H(Z") - H(Z"]Y")
> H(ZM)—H(Z"-Y*|Y")
> H(ZM—-H(ZF-Yh)
> H(ZF) - kH(N), (56)

where the last inequality follows by the fact that Ep,(Z*, Y*) < H(N) (otherwise (Z*,Y*) would not be an achiever
of R(Z¥ H(N))) and Fact 1. The first part of the theorem follows since the pair (Z*, X*) satisfies Ep, (2%, X*) =
H(N) and is readily seen to satisfy all the inequalities in (56) with equality. For the uniqueness part note that
it follows from the chain of inequalities in (56) that if (Z*,Y*) achieve R(Z*, H(N)) then Z* is the output of
the memoryless additive channel with noise components ~ N whose input is Y*. The invertibility of the channel
matrix guarantees uniqueness of the distribution of the Y'* satisfying this for any given output distribution (cf., e.g.,
[WOST03]). O

Let now A : A x A — [0,00) be the loss function according to which denoising performance is measured. For
u™, o™ € A" let Ap(u™,v") = L3 Aui, v;). Define T : M(A) x M(A) — [0,00) by

A
[(P,Q) = EAU,V). 57
(PQ) = ymax  EAOY) (57)

and ¥ : M(A) — [0,00) by

2

U(P)ET(P,P)=  max EAU,V). (58)

(U, V):U~P,V~P
It will be convenient to state the following (implied by an elementary continuity argument) for future reference

Fact 2 Let {R,}, {Qn} be sequences in M(A) with R, — P and Q, — P. Then

lim I'(R,,Qn) = ¥(P).

n—oo
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Example 1 In the binary case, M = 2, when A denotes Hamming distortion, it is readily checked that, for0 <p <1
U(Bernoulli(p)) = 2min{p, 1 — p} = 2¢(p), (59)

where
¢(p) = min{p,1 — p} (60)

is the well-known Bayesian envelope for this setting [Han57, Sam63, MF98]. The achieving distribution in this case
(assuming, say, p < 1/2) is

Pr(U=0,V=0)=1-2p, Pr(lU=0,V=1)=p, Pr(U=1,V=0)=p, Pr(U=0,V=0)=0. (61)

Theorem 5 Let {Y™(-)} correspond to a good code sequence for the noisy source Z at distortion level H(N) (under
the difference distortion measure in (54)) and assume that the channel matriz is invertible. Then

limsup EA,(X™, Y™ (Z™)) < EV (PXO‘ZEOOO) . (62)
Note, in particular, that for the case of a binary source corrupted by a BSC, the optimum distribution dependent
denoising performance is E'¢ (PXolzi"oo) (cf. [WOST03, Section 5]), so the right side of (62) is, by (59), precisely
twice the expected fraction of errors made by the optimal denoiser (in the limit of many observations). Note that
this performance can be attained universally (i.e., with no a priori knowledge of the distribution of the noise-free
source X) by employing a universal rate distortion code on the noisy source, e.g., the fixed distortion version of the
Yang-Kieffer codes? [YK96, Section III].
Proof of Theorem 5: Similarly as in Corollary 1, for 1 < k < an let J(™*) be uniformly distributed on {k+1,...,n—
k + 1}, and independent of (X, Z). Consider the triple (X", Z™,Y™) = (X", Z™,Y"™(Z")) and denote

n.kk n.k1k n.k1k (n,k) (n,k) (n,k)
(xtb 2Ryt ) = (X 2 Y. (63)
Note first that
1 n—k+1
EA (XIHo, ylnH) = EA(X,,Y; 1
0 Y1) = 3T BACGY) (64)
i=k-+1
SO
n oyn(onyy 2k paa [n,k] [n,k] n n yn(on
EAL (X", Y"(Z")) < BA (X4, yiH) < Ty (X v (2m) (65)
n n—
and, in particular,
lim [EAn(X", Y"(Z") — EA (X[”’k]o, Y[””%)} —0. (66)
Also, by the definition of T,
EA (X[n,k]o’y[n,k]()) — Z E [A (X[n,k]o’y[n,k]o) ’ Z[n,k]’ik _ Z’ik} Pr (Z[n,k]’ik _ z]ik>
z’ikEAk
n k
S Z F (Px[n’klo‘z[n’k])ik:?flik7PY[”’MO|Z[n'k]li)g:Z’ik> PI‘ (Z[ ’k]—k = Zﬁk) . (67)
z}jkeAk

4This may conceptually motivate employing a universal lossy source code for denoising. Implementation of such a code, however, is
too complex to be of practical value. It seems even less motivated in light of the universally optimal and practical scheme in [WOS103].
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Now, clearly (X["’k]]ik, Z["Jﬂ]]ﬁk) 4 (X*,,Z*,) so, in particular, Vz*, € A*

Px[n,klo\z[n,k]'gk:zgk = Pxyzr =2+, (68)

On the other hand, from the combination of Theorem 3 and Theorem 4 it follows, since {Y™(-)} corresponds to a
good code sequence, that

(y[mk]ﬁk’ Z["’k]]ik> 4 (X*,,Z%,) asn— 0. (69)

and therefore, in particular, V2*, € A*

PY[n'k]Olz[n’k]’ik:zﬁk PXOIZ}ik:Z]ik as n — oo. (70)

The combination of (68), (70), and Fact 2 implies that Vz*, € A*

r (PX[“V~k]0|Z[n«k]’ik:zEk’PY[”vk]0|Z[nwk]ik:z’ik> — ¥ (PX0|Zﬁk:zkk> as n — o0. (71)

Thus we obtain

limsup EA, (X", Y™(2") hmsupEA(X[n,k]my[n,k]o)

n—0oo n—oo

< Z \II(PXolZEk:zkk)Pr (ka:sz)

zk e AF B
= BV (Peyz, ), (72)

where (a) follows from (66) and (b) from combining (67) with (71) (and the fact that Z[”’k]]ik < Z*,). The fact
that limg o Px, |7+ L= Pxyz>=_ as. (martingale convergence), the continuity of ¥, and the bounded convergence

theorem imply
khm E\I/ (PXO‘ZEIC) == E\II (PX0|Z§OO> ) (73)

which completes the proof when combined with (72). O

4 Sample Properties of the Empirical Distribution
Throughout this section “codes” should be understood in the fixed-rate sense of Definition 1.
A Pointwise Bounds on the Mutual Information Induced by a Rate-Constrained Code

The first result of this section is the following.

Theorem 6 Let {Y"(-)} be a sequence of block codes with rate < R. For any stationary ergodic X

lim sup I (Ql[X", Y"(X”)]) <R+ H(X)) - H(X) as. (74)

n— oo

In particular, when X is memoryless,

lim sup (Ql[X",Y”(X")}) <R as. (75)

n—oo
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The following lemma is at the heart of the proof of Theorem 6.

Lemma 2 Let Y™ (-) be an n-block code of rate < R. Then, for every P € M,(X) andn >0,

Hx" €Tp: 1 (Ql[x”7Y"(x”)]) >R+ n}‘ < enlH(P)+en=m] (76)

where &, = X1 log(n + 1).

n

Lemma 2 quantifies a remarkable limitation that the rate of the code induces: for any n > 0, only an exponentially
negligible fraction of the source sequences in any type can have an empirical joint distribution with their reconstruction
with mutual information exceeding the rate by more than 7.

Proof of Lemma 2: For every W € C,,(P) let
S(P,W) ={2": (2", Y"(2")) € Tpew} (77)

and note that
|S(P,W)| < enfientHrow (XIY)] (78)

since there are no more than ™ different values of Y (2") and, by [CK81, Lemma 2.13], no more than e"!rew (X[Y)]

different sequences in S(P, W) that can be mapped to the same value of Y™. Tt follows that
I(P;W)< R+4n YW € Cp(P): |S(P,W)| > H(P)=nl, (79)
Now, by definition,

{x" €ETp: 1 (Ql[z”, Y”(x")}) >R+ n} - U S(P,W) (80)
WeC, (P):I(P;W)>R+n

SO

Hx" €Tp: 1 (Ql[x",Y"(x”)]) >R+ n}’ < 3 1S(P,W)|

WeC,(P):I(P;W)>R+n

< Z e H(P)—n] (81)

WeC, (P):I(P;W)>R+n

< ‘Cn(p)|6"[H(P)*n]
< (n4 )XYl H (P)=n]
< en[H(P)-*-En—n], (82)

where (81) follows from (79) and (82) from the definition of €,,. O
We shall also make use of the following “converse to the AEP” (proof of which is deferred to Appendix B).

Lemma 3 Let X be stationary ergodic and A,, C X™ an arbitrary sequence satisfying
. 1 -5
limsup — log |4, | < H(X). (83)
n—oo N

Then, with probability one, X™ € A, for only finitely many n.
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Proof of Theorem 6: Fix an arbitrary n > 0 and £ > 0 small enough so that

H(P) < H(X,) +n/2 84
. (P) < H(X1)+n/ (84)

(the continuity of the entropy functional guarantees the existence of such a £ > 0). Lemma 2 (with the assignment

n— H(X;) — H(X) 4+ 1) guarantees that for every n and P € M, (X),
Hx” eTp 1(Q'",Y"(@")]) > Ru + H(X,) - H(X) + n}‘ < nH(P)+en—HX)+HX)=n] (85)

where R,, denotes the rate of Y™ (-). Thus

Hx" € Tipg e+ 1 (Ql[ac”, Y"(a:")]) > R, + H(X,) — H(X) + n}‘ (86)
< exp {n Leg(l%il o H(P) +2¢, — H(X;) + HX) — n] (87)
< exp{n[2e, + H(X) —n/2]}, (88)

where (87) follows from (85) and from the (obvious) fact that Tjp, ), is a union of less than e"*» strict types, and

1]5
(88) follows from (84). Denoting now the set in (86) by A,, i.e.,

Ay = {a" € Tip )+ 1 (Q'" Y™ (@™)]) > Ry + H(X1) ~ H(X) 41}, (89)

we have

{x" T (Ql[x”,Y"(x”)]> > Ry + H(X,) — H(X) + n} C Tfp 1. U A (90)

But, by ergodicity, X™ € T; ﬁpx e for only finitely many n with probability one. On the other hand, the fact that
1

|A,| < exp{n[2e, + H(X) — n/2]} (recall (88)) implies, by Lemma 3, that X € A,, for only finitely many n with

probability one. Thus we get

I (Ql[xn, Y”(X")}) < Ry + H(X)) — H(X) + 7 eventually a.s. (91)
But, by hypothesis, {Y™(-)} has rate < R (namely limsup,,_,., R, < R) so (91) implies
lim sup (Ql[xn, Y”(X")]) <R+ HX) - HX) +1 as. (92)

which completes the proof by the arbitrariness of > 0. O

Theorem 6 extends to higher-order empirical distributions as follows:

Theorem 7 Let {Y™(-)} be a sequence of block codes with rate < R. For any stationary ergodic X and k > 1

lim sup %I (Qk[X", Y"(X")]) <R+ %H(Xf) ~H(X) a.s. (93)

In particular, when X is memoryless,

lim sup %I (Qk[X",Y"(X”)D <R as. (94)

n—oo
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Note that defining, for each 0 < j < k — 1, Qr- by®

. n i+1)k+j i+1)k+j
QM y ko) = S {0 i< T -1l = uh GV = ot (95)
it follows from Theorem 6 (applied to a kth-order super symbol) that when the source is ergodic in k-blocks®
. 1 Nk, jrymn n n 1 k I7
limsup .1 (Q J[X" Y™M(X )]) <R+ LH(X) -HX) as. (96)

Then, since for fixed k and large n Q% ~ % Zf;é Q"7 and, by the k-block ergodictiy, Q¥4 [X"] ~ Q¥1[X"] ~ Pxu,
it would follow from the continuity of I(-) and its convexity in the conditional distribution that, for large n, I (Qk) z
= Z (Qk 7, implying (93) when combined with (96). The proof that follows makes these continuity arguments
precise and accommodates the possibility that the source is not ergodic in k-blocks.

Proof of Theorem 7: For each 0 < j < k — 1 denote the kth-order super source by X*+7) = {Xz(li:;—flﬂ }i. Lemma
9.8.2 of [Gal68] implies the existence of k events Ao, ..., Ax_1 with the following properties:

Uk ifi=j
L P(AlmAj)_{ 0 otherwise.

2. For each i,j € {0,...,k — 1}, X(*9) conditioned on A; is stationary and ergodic.

3. X(J9) conditioned on A; is equal in distribution to X*7+1 conditioned on A; 1 (where the indices i, j are to

be taken modulo k).

Note that

Q" y"] ZQ’” y || <6, (97)

where {(L(Lk)}n is a deterministic sequence with 57(116) — 0 as n — o0o. Theorem 6 applied to X*7) conditioned on A;
gives

limsup](@k’j[X”,Y"(X”)D < Rk + H(X*H|A) - HX®)|4;) as. on A, (98)

Jj+1
n—oo

where H X]k:f |A;) and H(X*7)|A;) denote, respectively, the entropy of the distribution of X 311] when conditioned
on A; and the entropy rate of X(*7) when condition on A;. Now, due to the fact that X*+) conditioned on A; is
stationary ergodic we have, for each j,

lim QFJ[X"] = Pxrja, a.s.on A;, (99)

n—oo

with Pxk|4, denoting the distribution of X k conditioned on A;. Equation (99) implies, in turn, by a standard
continuity argument (letting Q*7[y"|z"] be defined analogously as Q¥[y™|2™]),

lim HQ’M‘ (X7, Y™ (X™)] = Pxepa, @ QHI[Y"(X™)X™]|| =0 a.s. on 4. (100)

n—oo

5Note that Q*+J [z™, y™] may not be a bona fide distribution but is very close to one for fixed k and large n.
6When Q*-[z™,y™] is not a bona fide distribution I (Qk’j [$",y”]) should be understood as the mutual information under the

normalized version of Q¥ [z™, y™].
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Combined with (97), (100) implies also

1
~ 1 aq
lm (|QF[X™, Y"™(X™)] — Pyk|a, ® EE QMIY™(X™)|X"] ||| =0 a.s. on 4; (101)

n—oo

implying, in turn, by the continuity of the mutual information as a function of the joint distribution

k 1
HQFX™, Y™ (X™)]) — I | Pxrja, ® ZQ’” Y (X™M)|X"]| | =30 a.s. on A;. (102)

On the other hand, by the convexity of the mutual information in the conditional distribution [CT91, Theorem 2.7.4],

we have for all k,n (and all sample paths)

k—
S oriynxmix| | <

=0 j

e

-1

| Pyia, ® I (PXk‘Ai ® QF [Y"(X")|X"}) . (103)

| =

1
k

I
=)

Using (99) and the continuity of the mutual information yet again gives for all j
I (PXHAi ® QNI [Y"(X”)|X”]> — I (Q’W‘ X", Y”(X")]) "2 0 a.s. on A (104)

Consequently, a.s. on A;,

limsup I(Q*[X™, Y™(X™)]) < limsup%i: (Q’w X" Y"(X")]) (105)
n—oo n—oo j:
153 k+j X (k.4)
< Rk+E§[H(XJ+1|A) H(X"7)|4;)] (106)
1k—1 .
= R+ S IHOEA, nod )~ FEEDA g )l (107)
=0
= Rk+ 2> [H(X7|A)) - HX"D|4;)), (108)
j=0

where (105) follows by combining (102) - (104), (106) follows from (98), and (107) follows from the third property

of the events A; recalled above. Since (108) does not depend on ¢ we obtain

n—oo k

lim sup I(Q*[X™, Y™ (X™)]) 12_: H(XFA) —HX®EYA))] as. (109)
7=0

Defining the {0,...,k — 1}-valued random variable J by
J =1ion A, (110)

it follows from the first property of the sets A; recalled above that

LS ixt ) = HOEW) < 10K (111)
7=0
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and that

|

(x®V4) = HX®V])

| =
.

Il
o

1
k lim —H(X"|J)

n—oo N

— K lim L[H(X,0) - H()]

n—oo N

1
= k lim —H(X",J)

n—oo N

>k lim SH(X") = KE(X). (112)

n—oo N
Combining (109) with (111) and (112) gives (93). O

A direct consequence of (93) is the following:

Corollary 2 Let {Y™(:)} be a sequence of block codes with rate < R. For any stationary ergodic X

1 ~
lim sup lim sup -1 (Qk[X”, Y”(X")}) <R as. (113)

k—o00 n—oo

B Sample Converse in Lossy Source Coding

One of the main results of [Kie91] is the following.

Theorem 8 (Theorem 1 in [Kie91]) Let {Y"(:)} be a sequence of block codes with rate < R. For any stationary
ergodic X
liminf p, (X", Y™(X™)) > D(X,R) a.s. (114)

The proof in [Kie91] was valid for general source and reconstruction alphabets, and was based on the powerful ergodic
theorem in [Kie89]. We now show how Corollary 2 can be used to give a simple proof, valid in our finite-alphabet
setting.

Proof of Theorem 8: Note first that by a standard continuity argument and ergodicity, for each k,

lim HQk[Xn,Y”(Xn)] Ry Qk[yn(Xn)|Xn]

n— o0

=0 a.s. (115)
implying, in turn, by the continuity of the mutual information as a function of the joint distribution
I(OF[X™, Y™ (X"™)]) — I (PXk ® Qk[Y”(X”)|X”]> "0 g.s. (116)
Fix now € > 0. By Corollary 2, with probability one there exists a k large enough that
%I(Q’“[X”, Y™(X™)]) < R+ ¢ for all sufficiently large n, (117)
implying, by (116), with probability one existence of k large enough that

%I (ka ® Qk[Y”(X")\X”]) < R + 2¢ for all sufficiently large n. (118)
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By the definition of D (X, ) it follows that for all such k and n
EPch ®Qk[Y"(Xn)|Xn]Pk(ka Yk) > Di(X, R+ 2¢) 2 D(X, R + 2¢), (119)
implying, by the continuity property (115), with probability one the existence of k large enough that
EQk[Xnyyn(Xn)]pk(Xk,Yk) > D(X,R+2¢) —e for all sufficiently large n. (120)
By the definition of QF it is readily verified that for any k (and all sample paths)”

EQk[xn’Yn(Xn)]pk(Xka Yk) - p’n(Xn7Yn) S Erglk)7 (121)

)

where {sﬁf)}n is a deterministic sequence with 4 — 0 as n — co. Combined with (120) this implies

liminf p, (X", Y") > D(X,R+2¢) — ¢ a.s., (122)

n—oo

completing the proof by the arbitrariness of € and the continuity of D(X,-). O

C Sample Behavior of the Empirical Distribution of Good Codes

In the context of Theorem 8 we make the following sample analogue of Definition 3.

Definition 4 Let {Y™ ()} be a sequence of block codes with rate < R and let X be a stationary ergodic source.
{Y"™(-)} will be said to be a pointwise good sequence of codes for the stationary ergodic source X in the strong sense
at rate R if

limsup p, (X", Y"(X")) < D(X,R) a.s. (123)

n—oo
Note that Theorem 8 implies that the limit supremum in the above definition is actually a limit, the inequality in
(123) actually holds with equality, and the rate of the corresponding good code sequence is = R. The bounded
convergence theorem implies that a pointwise good sequence of codes is also good in the sense of Definition 3. The
converse, however, is not true [Wei]. The existence of pointwise good code sequences is a known consequence of
the existence of good code sequences [Kie91, Kie78]. In fact, there exist pointwise good code sequences that are
universally good for all stationary and ergodic sources [Ziv72, Ziv80, YK96]. Henceforth the phrase “good codes”
should be understood in the sense of Definition 4, even when omitting “pointwise”.

The following is the pointwise version of Theorem 3.

Theorem 9 Let {Y"(-)} correspond to a pointwise good code sequence for the stationary ergodic source X at rate

R(X, D). Then:

1. For every k
lim FE 4

n—oo @

k[Xn7yn(Xn)]pk:(Xk,Yk) =D a.s., (124)

"In fact, we would have pointwise equality EQAk[xﬂ,,yn]pk(Xk, Y*) = p, (2™, y™) had QF been slightly modified from its definition in

(2) to QF[z™, y"](uk, v¥) = %|{1 <i<m: xzi’f = uk, yii’f = v*}| with the indices understood modulo 7.
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R(X*, D) < liminf %I (Q’“[X’ZY"(X”)]) < limsup %I (Qk[X”,Y”(X")]) < R(X, D)4~ H(X")—H(X) a.s.,

n—oo n—00 k
(125)
so in particular
. P 1 Akiyn vn n : : 1 AkTyn yn n
lim liminf —71 (Q (X" Y™(X )]) = lim limsup -1 (Q (X" Y™(X )]) =R(X,D) a.s. (126)
k—oo n—oo k k—o© nooco k
2. If it also holds that R(X*, D) = R(X, D) + + H(X{) — H(X) then
. 1 Ak[yn yn n k
lim —I (Q (X", Y™ (X )]) = R(X*,D) as. (127)
n—oo k
8. If, additionally, Ry (X, D) is uniquely achieved by the pair (X*,Y*) then
QF[X", Y™ (X")] = Py yr  as. (128)
Proof of Theorem 9: {Y"(-)} being a good code sequence implies
lim p, (X", Y"(X"))=D a.s, (129)
implying (124) by (121). Reasoning similarly as in the proof of Theorem 8, it follows from (115) that
Jim By oqrynoonixmpe(X5 YY) = im Eguyn oo en(X5 Y =D as, (130)
implying
1,4 1 A
lim inf 1(Q[X", Y™ (X")]) > liminf I (PXk ® Qk[Y”(X”)|X”]> > Ry(X,D) as., (131)

where the left inequality follows from (116) and the second one by (130) and the continuity of Ry(X,-). The upper
bound in (125) follows from Theorem 7. Displays (126) and (127) are immediate consequences. The convergence in

(128) follows directly from combining (127), (124), the fact that, by ergodicity,
QF[X™ = Pz, a.s., (132)
and Lemma 1 (applied to the k-th order super-symbol). O

D Application to Compression-Based Denoising

Consider again the setting of subsection 3.D where the stationary ergodic source X is corrupted by additive noise N

of i.i.d. components. The following is the almost sure version of Theorem 5.

Theorem 10 Let {Y"(:)} correspond to a good code sequence for the noisy source Z at distortion level H(N) (under

the difference distortion measure in (54)) and assume that the channel matriz is invertible. Then

limsup A, (X", Y"(Z")) < EV (PXolZiix,> a.s. (133)

n—oo
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Proof: The combination of Theorem 4 with the third item of Theorem 9 gives
QF[Z™,Y™Z™)] = Pyr x»  a.s. (134)

On the other hand, joint stationarity and ergodicity of the pair (X, Z) implies
Q¥[X"™, Z" = Pxw zn  a.s. (135)

Arguing analogously as in the proof of Theorem 5 (this time for the sample empirical distribution® Qk[X nZm Y™

instead of the distribution of the triple in (63)) leads, taking say k = 2m + 1, to

limsup A (X", Y"(2")) < B¥ (Pxyjzm, ) as. (136)

n—oo

implying (62) upon letting m — oco. O

E Derandomizing for Optimum Denoising

The reconstruction associated with a good code sequence has what seems to be a desirable property in the denoising
setting of the previous subsection, namely, that the marginalized distribution, for any finite k, of the noisy source
and reconstruction is essentially distributed like the noisy source with the underlying clean signal, as n becomes
large. Indeed, this property was enough to derive an upper bound on the denoising loss (theorems 5 and 10) which,
for example, for the binary case was seen to be within a factor of 2 from the optimum.

We now point out, using the said property, that essentially optimum denoising can be attained by a simple
“post-processing” procedure. The procedure is to fix an m and evaluate, for each 2™, € A*™*1 and y € A

Q2N Y 2N () £ N QU Z Y (2] (2 Yy
Yy

In practice, the computation of Q2m+1 [Z™, Y™(Z™)](2™,,,y) can be done quite efficiently and sequentially by updating
counts for the various 2™, € A*™*1 as they appear along the noisy sequence (cf. [WOS'03, Section 3]). Define now

the n-block denoiser X[m]’”(Z”) by letting the reconstruction symbol at location m + 1 < i <n —m be given by

1—m?

Xi = argmin Y QP2 V" (27| (2H y)A(y, 7) (187)
Yy

(and can be arbitrarily defined for i-s outside that range). Note that X, is nothing but the Bayes response to
the conditional distribution of Y;, 41 given Z2™+1 = 2™ induced by the joint distribution Q™+ [Z™ Y™(Z™)] of
(Z%m+1 y2m+1) However, from the conclusion in (134) we know that this converges almost surely to the conditional
distribution of X,, 1 given Z?m+! = zzfzz Thus, XZ in (137) is a Bayes response to a conditional distribution that
converges almost surely (as n — 00) to the true conditional distribution of X; conditioned on Z:™™. Tt thus follows
from continuity of the performance of Bayes responses (cf., e.g., [Han57, Equation (14)], [WOS*03, Lemmal]) and
(135) that

lim A, (X", XMn(Zm)) = Be (PXO| ZTM) as., (138)

n—oo

8We extend the notation by letting Qk[x", z™,y"] stand for the k-th-order empirical distribution of the triple (Xk7 zk, Yk) induced
by ($n7zn7yn)'
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with ¢ denoting the Bayes envelope associated with the loss function A defined, for P € M(A), by

¢(P) =min » Az, 2)P(z). (139)
zcA e
Letting m — oo in (138) gives
lim lim A, (X", XMn(Z7) = Be (PXO‘ZSCOJ as., (140)

where the right side is the asymptotic optimum distribution-dependent denoising performance (cf. [WOS'03, Section
5]). Note that X™™ can be chosen independently of a source, e.g., taking the Yang-Kieffer codes of [YK96] (followed
by the postprocessing detailed in (137)). Thus, (140) implies that the post-processing step leads to essentially

asymptotically optimum denoising performance. Bounded convergence implies also
Timlim EA, (X", X0 (20) = B (PXO‘ZioOJ (141)
implying, in turn, the existence of a deterministic sequence {m,, } such that for X1 = X[mnln
Tim BA, (X", Xl (27)) = Bg (PXMZSOOO) . (142)

The sequence {m,,} for which (142) holds, however, may depend on the particular code sequence {Y™(-)}, as well as

on the distribution of the active source X.

5 Conclusion and Open Questions

In this work we have seen that a rate constraint on a source code places a similar limitation on the mutual information
associated with its k-th order marginalization, for any finite k, as n becomes large. This was shown to be the case
both in the distributional sense of Section 3 and the pointwise sense of Section 4. This was also shown to imply,
in various quantitative senses, that the empirical distribution of codes that are good (in the sense of asymptotically
attaining a point on the rate distortion curve) becomes close to that attaining the minimum mutual information
problem associated with the rate distortion function of the source. For a source corrupted by additive “white”
noise this was shown to imply that, under the right distortion measure, and at the right distortion level, the joint
empirical distribution of the noisy source and reconstruction associated with a good code tends to “imitate” the
joint distribution of the noisy and noise-free source. This property led to performance bounds (both in expectation
and pointwise) on the denoising performance of such codes. It was also seen to imply the existence of a simple
postprocessing procedure that, when applied to these compression-based denoisers, results in essentially optimum
denoising performance.

One of the salient questions left open in the context of the third item in Theorem 3 (respectively, Theorem 9) is
whether the convergence in distribution (in some appropriately defined sense) continues to hold in cases beyond those
required in the second item. Another interesting question, in the context of the postprocessing scheme of subsection

4.E, is whether there exists a universally good code sequence (for the noisy source sequence under the distortion

23



measure and level associated with the given noise distribution) and a corresponding growth rate for m under which

(142) holds simultaneously for all stationary ergodic underlying noise-free sources.

Appendix

A  Proof of Lemma 1

We shall use the following elementary fact from analysis.

Fact 3 Let f : D — R be continuous and D be compact. Assume further that min,cp f(2) is uniquely attained by

some z, € D. Let z,, € D satisfy

i /(e0) = (20 (= min /2) ).

n— o0 zeD
Then

lim z, = 2.
n—oo

Equipped with this, we prove Lemma 1 as follows. Let Pl(/rllg( denote the conditional distribution of Y given X induced

by P)(("g/ and define

Py =Py @ Py (A.1)
It follows from (32) that
IPYy = PYY I =0 (8.2)
and therefore also, by (34),
nlLH;O EP)({)‘LP(X’ Y)=D. (A.3)
Define further ]3)(?2/ by
P = 0P + (1 - )Py @ by, (A4)
where
D
o, = min EP)(R/ XY 1 (A.5)
By construction,
P = Px and Epey p(X.Y) <D Vn. (A.6)

Also, (A.3) implies that a;,, — 1 and hence ||]3§<7f§/ - P&%H — 0 implying, when combined with (A.2), that
IPEy — PEYI =0 (A7)

implying, in turn, by (33) and uniform continuity of I(-),

n—oo

lim 1 (P} ) = R(D). (A.8)

24



Now, the set {P&yy : Px = Px,Ep, _p(X,Y) < D} is compact, I(-) is continuous, and R(D) is uniquely achieved

by Pxy. So (A.6), (A.8), and Fact 3 imply

~ d
) 2 Pxy,

implying (35) by (A.7). O

B Proof of Lemma 3
Inequality (83) implies the existence of n > 0 and ng such that
|A,| < e HX)=2n] gy, > ng.

Defining
1 _
Gny = {x” : ’nlogPXn(x”) - H(X)‘ < 77},

we have for all n > ny

Pr(X" € Gp,NA,) = > Pxa(a")
" €Gn nNA,
< Z en—H(X)+n]
T E€Gp,nNA,
< |A,|entH )+

< e ",

(A.9)

(A.10)

(A.11)

(A.12)
(A.13)

(A.14)
(A.15)

Thus, by the Borel-Cantelli lemma, with probability one, X" € G, ,NA,, for only finitely many n. On the other hand,

by the Shannon-McMillan-Breiman Theorem (cf., e.g., [CT91, Theorem 15.7.1]), with probability one, X" € G7, ,

for only finitely many n. The result now follows since A,, C G, U (GnnNA,). O
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