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Abstract

This paper develops a theoretical framework for lossy source coding that treats it as
a statistical problem, in analogy to the approach to universal lossless coding suggested
by Rissanen’s Minimum Description Length (MDL) principle. Two methods for selecting
efficient compression algorithms are proposed, based on lossy variants of the Maximum
Likelihood and MDL principles. Their theoretical performance is analyzed, and it is
shown under appropriate assumptions that the MDL approach to universal lossy coding
identifies the optimal model class of lossy codes.
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1 Introduction

1.1 The Lossy Compression Problem and Its Formulation

Information theory, classically, has had two primary goals: source coding (efficient data com-
pression) and channel coding (communicating reliably over a noisy channel). In the approxi-
mately half century since Shannon’s fundamental work on both these subjects, a tremendous
amount of progress has been made in both areas, in terms of theory (“Shannon theory”) as
well as practice (“coding theory”). In particular, the fundamental theory for source coding
with a fidelity criterion (alternatively, “lossy” data compression) is well-developed and pleas-
ing, and there exist sophisticated algorithms to perform lossy compression of various kinds
of data (audio formats such as MP3, image formats such as JPEG, and so on). However, the
bond between the theoretical and practical work has not been as strong as one might expect.
In particular, the algorithms available today are based more on engineering intuition and
experimentation than on fundamental theoretical principles; they are extremely ingenious
and useful, but are still typically far from the optimal performance expected theoretically.

The objective of lossy source coding is to encode the data in such a way as to be maxi-
mally compressed (occupy the least amount of “space”) and yet enable recovery of the data
to within an allowable distortion level D. We will follow the traditionaﬂpractice of modelling
a source by a stochastic process { X, },,>1 (whose realization is the “data”). The optimal per-
formance that can be achieved was described by Shannon in 1959 through the rate-distortion
function R(D), which characterizes the optimal coding rate at a given distortion level. The
Blahut-Arimoto algorithm and its generalizations[2I] allow fairly efficient computation of
rate-distortion functions for specific problems, but there is little indication today of any
principles that can be used to construct real codes that achieve it.

Shannon’s approach as well as subsequent work on the problem until the 1980’s, however,
was based on a key premise: that the probability distribution of the stochastic source was
known. In most real-life situations, such a premise would not hold. This suggests the prac-
tically important problem of universal data compression- where the objective is to select a
coding scheme in order to obtain good compression performance when the source distribution
18 not completely known. The answer to this question is still very unclear. In this work,
we propose and develop a new theoretical framework for the problem of universal lossy data
compression.

More precisely, consider a sourc£ {X,} with values in the alphabet A, which is to be
compressed with distortion no more than D > 0 with respect to an arbitrary sequence of
distortion functionﬁpn DA x An [0,00), where A is the reproduction alphabet. Let
B(z%, D) denote the distortion-ball of radius D around the source string z} € A™:

B(a}, D) = {yi € A" : pu(af,y}) < D}.

Recall from the theory of lossless coding that a prefix-free encoder is a lossless code whose
output can be uniquely decoded because no codeword is a prefix of any other codeword.

Definition 1. A D-semifaithful code or lossy code operating at distortion level D (or simply,
a lossy code) is a sequence of maps C,, : A™ — {0,1}* satisfying the following conditions:

1Other modelling frameworks have been suggested, e.g., the Kolmogorov complexity approach, the “indi-
vidual sequence” approach pioneered by Ziv, and the grammar-based approach of Yang and Kieffer.

2 A source is just any discrete-time A-valued stochastic process; alternatively, a probability measure on the
sequence space of the alphabet A.

3In the information theory literature, a distortion function is often called a “distortion measure” or a
“fidelity criterion”.



Figure 1: A D-semifaithful code quantizes the data to a point in the distortion ball around
the data, and then represents this point by a binary string.

(i) C,, is the composition ¥y 0¢, of a “quantizer” ¢, that maps A™ to a (finite or countably
infinite) codebook B, C A™, followed by a prefix-free encoder iy, : B, — {0,1}*.

(11) pn(x}, on(2})) < D for all x} € A™.

We make some comments on the choice of the distortion functions p,. Firstly, our results
share with most previous work in this area the feature that the distortion functions are
assumed to be given, somehow fixed a priori by the nature of the specific application. Since
we do not assume a particular form of the distortion functions, this makes the framework
flexible and generalHSecondly, we assume for ease of analysis that we are dealing with single-
letter distortion functions. This means that the p, simply measure the average bitwise
distortion according to p; = p:

Pn xlayl prlayl

Thirdly, when A = A (which is a common situation), any “nice” distortion function has the
property that p(x,y) = 0 iff z = y. Thus, we should expect to recover results from the theory
of universal lossless compression when we consider the case D = 0.

Definition 2. The codelength function is the length of the code word used to encode a data
string:
leny, (x7) = length of Cy, (1), in bits.

Given the source distribution P on the sequence space of A, the rate of the code is
1
R’ = esssuplim sup —len, (X7]).
w n—oo N

The operational rate-distortion function of the stationary, ergodic source P is the smallest
rate that can be achieved by a D-semifaithful code in compressing the source:

3 lossy code {Cy} operating at level D, }

— ] /.
R(P, D) = inf {R " which compresses source P at rate R’

“One may hope that the structure in the data itself could somehow suggest what the natural choice of
distortion function should be, but that is an open problem still.



When P is i.i.d. with marginal distribution P, we write R(P, D) = R(IP, D).

Remark 1. Lossy codes can be defined in two ways that are dual to each other in some
ways: as distortion-constrained codes or rate-constrained codes. Our framework is based on
distortion-constrained codes. Rate-constrained codes require the sequence of maps {C,} to
have a rate < R, and the goal is to minimize the distortion (typically, the expected distortion);
they are not treated in this work.

The definition of a lossy code here differs from the definition used by Shannon|27] and in
texts such as [7]. The difference lies in the fidelity requirement: whereas the classical approach
is to ask for Ep, (X7, Y{") < D, we demand the more stringent requirement that the distortion
between any string and its quantized version is not more than D. It is now well-known,
based on the work of Kieffer[T4], that this does not change the first-order asymptotics of
the problem; in particular, Shannon’s rate-distortion function characterizes the fundamental
achievable limit for either of these fidelity constraints as long as the source is stationary and
ergodic. For simplicity, we only state the Rate-Distortion Theorem for i.i.d. sources.

Fact 1. [RATE-DISTORTION THEOREM| The operational rate distortion function for an i.i.d.
source with marginal P is given by the solution of the nonlinear optimization problem:
R(P,D)= inf I(X;Y), (1)
WEWP,D
where Wpp = {W € P(Ax A) : first marginal Wy = P, and Ep(X,Y) < D}. This function
18 known as the rate-distortion function.

Let us make precise the notion of a universal lossy code. Since we want this to be optimal
irrespective of the source, we have the definition below.

Definition 3. Let C be a class of stationary, ergodic sources. A lossy code Cy, is said to be
universal over the class C if

1
lim sup Elenn(X{L) < R(P,D) w.p.1 VP e,

n—~0o0

when the true distribution of {X,} is P € C.

1.2 A Solution Paradigm: Codes and Measures

The fact that D = 0 corresponds to lossless compression suggests that one may try to take
inspiration from the well-developed theory of universal lossless data compression. The key
idea underlying this theory is the correspondence between codes and measures that was
already implicit in [26], and put on a firm foundation by Kraft[I§] for prefix-free codes and
McMillan22] for uniquely decodable codes. This is the fact that any uniquely decodable
lossless code (when, say, coding with blocks of length n) has codelength function bounded
below by —log @, (z}) for some probability distribution @,, on A™; conversely, given any
Qn, one can find a prefix-free lossless code whose codelength function is bounded above by
—log Qn(2}) + 1. See, e.g., [ for details. Since the integer constraint is irrelevant when
coding with large blocks, the Kraft-McMillan inequality can be paraphrased as: “There is a
correspondence between lossless codes of block length n and probability distributions on A",
given by len, (z}) = —log Q. (z}).”

Kontoyiannis and Zhang [I]] showed that this idea can be generalized to lossy compression
by identifying lossy compression algorithms with probability distributions on the reproduction
space.



Fact 2. [CODES—MEASURES CORRESPONDENCE] Suppose for given D > 0, the Weak Quan-
tization Condition of [I7] holds (i.e., there exists a sequence of measurable, D-semifaithful
quantizers with countable range). For any code C,, operating at distortion level D, there is a
probability measure @, on A" such that

len, (V) > —log Qn(B(z7, D)) bits, for all x} € A". (2)

Further, if {Qn} is an admissible sequence of probability measures in the sense that

1
lim sup—ﬁlog Qn(B(X{,D)) < R < oo w.p.1, (3)

n—oo

then there is a sequence of codes {Cy} operating at distortion level D whose length functions
satisfy

leny,(XT") < —log Qn(B(XT, D)) 4+ logn + O(loglogn) bits, eventually w.p.1. (4)
A similar result holds in expectation.

Remark 2. FactBlis very general, and holds for any sequence of distortion functions. However,
our study crucially depends on the single-letter assumption.

Remark 3. Note that when A is finite and A = A, the Weak Quantization Condition of [I7]
is trivially satisfied for any D > 0 since the identity quantizer is measurable and has zero
distortion.

Fact Bl outlines precisely the nature of the correspondence between lossy compression al-
gorithms using a block length of n and probability distributions Q,, on A™. The first part
is proved using Kraft’s inequality. The second direct coding part was proved by [I7] using a
random coding argument— one estimates the waiting time for a match of X7 within distortion
D, looking through a codebook {Y7"(7)}ieny whose code words are generated independently
from the probability distribution @),,. Note that this random coding procedure is not practi-
cally constructive— since the waiting times in order to identify the code word corresponding
to the data is exponential in the data size.

In the lossless case, the codes—measures correspondence suggested a correspondence of
codelengths with — log @, (x). In the lossy case, codelengths correspond to quantities of the
form

Ln(Qn,27) = —log Qn(B(z7, D)) bits. ()

Unlike in the lossless case, the correspondence between lossy codes of block length n and
probability measures on the n-th order product of the reproduction space is only valid when
coding with large blocks.

Given a lossy code, how does one evaluate how good it is? The figure of merit is naturally
the codelength per symbol, and thanks to the codes—measures correspondence, this is asymp-
totically equivalent to the rate of exponential growth of the probabilities @, (B(X], D)). For
ease of analysis, we will only consider lossy codes corresponding to product distributions on
A™: thus Q,, = Q™. The asymptotic performance of such codes is described by the General-
ized or Lossy AEP (so called because it is a generalization of the Asymptotic Equipartition
Property, or AEP, known to information theorists and statistical physicists).



Fact 3. [GENERALIZED OR Lossy AEP] Let {X,,} be an i.i.d. source. For any D > 0,

1

lim inf ——log Q" (B(X{", D)) = R(P,Q, D) w.p.1, (6)
n— o0 n

where R(P,Q, D) is a function, lower semicontinuous in Q and non-increasing in D, that

is defined in the next section. Furthermore, the limit exists for all D # Duyin(P,Q), where

Din(P, Q) is defined in the next section.

Remark 4. The Lossy AEP holds in great generality. In fact, necessary and sufficient con-
ditions for the limit to exist are derived in [I2], for single-letter distortion functions on ab-
stract (Borel space) alphabets, provided the source is stationary and ergodic, and the coding
distributions {@,} form a stationary process that is sufficiently strongly mixing. Only for
D = Dpin > 0 is there sometimes a problem. These considerations will not bother us because
all the cases we deal with have Dy, = 0.

Note that the lossy AEP proves the admissibility of all reasonable probability distributions
on sequence space (including all i.i.d. distributions, and all stationary, ergodic distributions
satisfying certain mixing conditions), so that the codes—measures correspondence is true in
wide generality.

For convenience of discussion, we henceforth restrict our consideration to i.i.d. source
and reproduction distributions. The principles proposed in Section Pl can be stated in the
much more general setting of stationary and ergodic distributions, but the task of verifying
that the principles work in general is formidable and not attempted here.

The lossy AEP identifies R(P, @, D) as the figure of merit when doing lossy coding with
large blocks, suggesting that the best codes may correspond to minimizers of this rate func-
tion. We write

Q* = Q*RD = argminR(P,Q,D),
Q

when a minimizer exists and is unique, and call it the optimal reproduction or coding distri-
bution. As expected from the rate-distortion theorem,

R(P,D) = R(P,Q", D) = min R(P,Q, D)

is the best achievable lossy compression rate.

The connection of Q* with optimal codes for a finite but large block length n was made
precise in [I6] and [I7]. Recall that for D = 0, the problem of optimal lossless compression
using block length n is, theoretically at least, equivalent to finding a probability distribution
@n that minimizes the average codelength E[—log Q,(X7)] = H(P,) + D(P,||@,). Thus
the optimal choice is simply to take @, to be the n-th order marginal P, of the true source
distribution P. When the source is i.i.d., this choice of codelength— —log P(z) for each
symbol- has a special name, the idealized Shannon codelength. In [B], Barron proved the
celebrated lemma on its competitive optimality properties. Thus, the problem of finding the
optimal lossless codelength function (and hence the optimal COdGﬁ) is identical to the problem
of finding the distribution of a data source, which is where statistics comes in. How does this
development carry over to the lossy case, when D > 07

[T6] shows that the sequence of probability distributions Q,, which achieve the infima
in the definitions of K, (D) = infg, E[—log Q,(B(XT{, D))] corresponds to an optimal lossy

When A is finite, there is a simple constructive procedure to build a lossless code whose codelength is
within 1 bit of the idealized Shannon codelength. See, e.g., [1][pg.123].



Lossless coding

Lossy coding

Any code has codelength close to

—log Qn(2}) for some @,

Any code has codelength close to
—log Qn(B(z}, D)) for some @y,

AEP:
—+log Q"(X{") — H(P) + D(P||Q)

Lossy AEP:
~Llog Q"(B(X}, D)) — R(P,Q, D)

Want code based on the Q* that mini-
mizes H(P)+ D(P|Q)

Want code based on “the” Q* that min-
imizes R(P,Q, D)

Optimal Q* is true source distribution
P

For D > 0, optimal Q*(# P) achieves
Shannon’s r.d.f. R(P, D)

Selecting a good code is like estimating
a source distribution from data

Selecting a good code is an indirect es-
timation problem

Table 1: How to select good codes?

code. In particular, the codelength — log Q,,(B( 1", D)) has competitive optimality properties
as for lossless compression. Furthermore, when the source is i.i.d., it suffices to consider the
lossy code corresponding to powers of the optimal reproduction distribution Q* on fl, i.e., the
optimal output distribution that achieves the infimum in the definition of the rate-distortion
function. More precisely, the difference in performance between @, and (Q*)" is O(logn)
and the per-symbol difference asymptotically vanishes. Thus, when the source is memoryless
with marginal P, our goal is to do statistical inference with the hope that we can somehow
estimate the distribution Q* = Q% p, and not the true source distribution P, from the data.
In analogy with the lossless terminology, we call — log(Q*)"(B(X{, D)) the idealized lossy
Shannon codelengthﬁ

In statistical estimation, the key conceptual simplification of considering parametric mod-
els (families of probability distributions, typically parametrized by a subset of Euclidean
space) made early advances in the field possible. The consideration of parametric models
is justified in two ways: firstly, it is often reasonable to assume that our distributions have
some structure (e.g., the observed data is generated by a deterministic process perturbed by
Gaussian noise of unknown mean and variance), and secondly, the non-parametric infinite-
dimensional problem can be nearly intractable to solve and parametric families may give
practically useful if not completely ideal results. For the same reasons, we also choose to
focus on parametric models of coding distributions. In order to make this more realistic, we
also allow for a nested sequence of parametric models of increasing “complexity”.

Motivated by the codes—measures correspondence and the above remarks, we pose the
problem of selecting a good code among a given family as the statistical estimation problem
of selecting one of the available probability distributions {Qp;6 € O} on the reproduction
spaceﬁ. Specifically, we want to choose the one whose limiting coding rate R(P, Qg, D) is as
small as possible.

If @* = Q- happens to be in the above class, then of course R(P,Q*,D) is simply

5 As a matter of fact, Shannon’s proof of the rate-distortion theorem used a particular random codebook - the
best possible random codebook generated by (Q*)™. The implications of using sub-optimal random codebooks
Q" for some Q # Q" remained unexplored till various authors (see, e.g., [20][30] [I5]) began exploring the issue
in the 1990’s. The primary motivation for these works was the analysis of the universal lossy coding algorithms
(e.g., 28]|15]) inspired by the success of the Lempel-Ziv algorithms in lossless compression.

7O itself may contain a hierarchy of subsets, that we identify as models of decreasing complexity.



the rate-distortion function of the source. But in general we do not always require that
to be the case, and we think of our target distribution Qg+ as that corresponding to 6* =
argming R(P, Qg, D). Intuitively, we think of Qg~ as the simplest measure in the class of
measures parametrized by © that can describe all the reqularity in the data with accuracy no
worse than D.

1.3 Outline

The search for a good universal lossy code can, based on the above discussion, be viewed as
the search for a good estimator for the optimal reproduction distribution, since the latter
will yield the former at least for large data sizes. Recall that a similar connection held in the
lossless case, and in that case, two of the prime methods used are the mixture method and
the MDL (Minimum Description Length) method. Mixture coding for lossy compression was
investigated in [I']]. We investigate an MDL approach in this work.

The principles underlying our approach are described in Section Bl In Section B, second-
order properties of the lossy likelihood are studied for the setting of universal coding. Sections
@A and B explore the dichotomy in the behavior of lossy maximum likelihood and MDL esti-
mators for i.i.d. sources and coding distributions. While Section ll motivates the study using
examples of Gaussian and Bernoulli codes, Section B proves a general result in the case of
finite alphabets. Section [ offers some suggestions for future work.

2 Principles and Main Results

2.1 Conventions and Notation

The data {X,}nen are drawn from an i.i.d. source with marginal distribution P on an
alphabet A. Although the distribution P is not known in general, we will typically assume
that it lies in some well-behaved subset of P(A), so that the existence and uniqueness of the
optimal reproduction distribution Q% j, is assured for some range of D. Most of our main
results and analysis will assume that As finite; however since we consider two examples with
A = R in Section Bl we allow for this more general situation in our discussion of notation
below. We always assume that the reproduction alphabet A is the same as the source alphabet
A, retaining the two different symbols for conceptual clarity.

The single-letter distortion function p : A x A— [0, 00) is arbitrary. By Pinkston’s lemma
(see, e.g., [[[Chapter 13]), we can assume without loss of generality that min, _ 4 pla,y) =0
for each a € A.

We only consider lossy codes corresponding to probability measures on A™ that are i.i.d.
Indeed, the class of marginal distributions on A (“random coding distributions” or “repro-
duction distributions”) that we allow is a parametric model with parameter space ©, where
O is a compact subset of Euclidean space. A generic probability distribution from this model
is denoted QQg. The optimal coding distribution is denoted Q* or Qg+, since Q* lies in our
paremetric model. Call the parametrization sensible, if one of the following conditionshold:

1. 6,, — 0 implies that Qy,, — @y in the T-topologyﬁ, or

2. A and A are Polish spaces with the Borel o-algebra, p(-,-) is continuous, and 6, — 6
implies weak convergence.

The first condition is satisfied when A is finite and the canonical parametrization or any
homeomorphic reparametrization of it is used, whereas many reasonable distortion functions



for continuous alphabets (such as squared error for the real line) would satisfy the second
condition.

We always denote a A-valued random variable by X, and a A-valued random variable
by Y, indicating which distributions they came from by subscripts on expectations when
necessary. The value of D above which R(P, D) is 0 is given by

Dmax(P) - Iylgg Ep [p(X7 y)] (7)

The argument P may be dropped when obvious from context. Clearly, if D > Dyyax(P), the
data can simply be represented by a string consisting only of the minimizing y € A while
staying within mean distortion D.

It is well-known (see, e.g., [9],[I1]) that the rate function in (@) is the convex dual of the

averaged cumulant generating function of the distortion:

R(P,Q,D) = A*(P,Q, D) = sup[AD — A(P,Q, \)] (8)
A<0
where
A(P,Q,\) = Ep|[log Eg[e*XY)]]. (9)

Further, as shown by these authors, the rate function can alternatively be characterized as

R(P,Q,D) = Wei)I/l\g [L(X;Y) + D@y Q)] (10)

where the infimum is taken over the same class Wp p = {W € P(AxA) : first marginal W; =
P, and Ep(X,Y) < D} of joint distributions that appears in the rate-distortion theorem, and
@y denotes the second marginal of W.

The quantity Dy, which represents the infimum of distortion levels D at which the rate
function is finite, is given by

Dnin(P,Q) = Ep [esswinf p(, Y (w))]. (11)

When P is understood to be fixed, we abuse notation and write Dyin(0) = Dyin (P, Q) and
D™ (0) = Dmin(PX{L, Qg), where JE’X{L is the empirical distribution of the data.

min

Let A*(P,@Q, D) denote the unique achieving X in the definition () of the rate function
R(P,Q, D). Then, if A’ and A” denote the first and second derivatives of A with respect to
A, the following hold:

R(P,Q,D) = \*D — A(P,Q,\")
N(P,Q,\*) =D (12)
A (P,Q,\*) >0

Note that this is meaningful only when Dy, (P, Q) < D. When P is fixed, we define

)‘9 = )‘*(P7 Q@)D) (13)

8The 7-topology is the topology corresponding to convergence of expectations of all bounded, measurable
functions; thus it is stronger than the topology of weak convergence.
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and

go(a) = A(P,Qo, Ng) — Na(Qo, Aa), (14)

where A, (Q, ) = log Egle*(@Y)].
The following sequence of constants (when finite) provide constraints on the source and
coding distributions that are used in the literature:

di(P,Q) = E[p*(X,Y)], (15)

where we take X ~ P and Y ~ @ to be independent. Note that di (P, Q) has variously
appeared in the literature as Dpax (P, Q) (eg: [16],[I7]) and as D, (P, Q) (eg: [A]).

For most of this chapter, A = A is finite. In this case, we make use of the canonical
parametrization, which parametrizes a probability distribution on A = {1,...,m} by the
masses of the first m — 1 symbols. Clearly, this is a sensible parametrization in the sense elu-
cidated above. Let ¥ C R™~! denote the parameter space for the canonical parametrization
of the simplex P(A). A generic probability distribution from the simplex is denoted P,, and
the true source distribution by P = P,+. The empirical distribution JE’X{z = PX? of the data
X7 also belongs to the simplex, and is parametrized by o,. For each D > 0, the collection
of source distributions

S(D) = {P : D < Dpax(P), Q*is unique, supp(P) = A, and supp(Q*) = A} (16)

is important, and we will call it the admissible class of sources. We denote by ¥g C X thg
set parametrizing the S(D) C P(A). Since the distortion function is bounded when A = A
is finite, dy < oo for all k € N and Dy, (P, Q) = 0 as long as @ has full support.

2.2 Likelihood-based lossy coding principles

In [I7], Kontoyiannis and Zhang proved the universality of i.i.d. mixtures (i.e., of Bayesian
codebooks).

Fact 4. [Lossy MIXTURE CODES ARE UNIVERSAL] Let {X7'} be an i.i.d. source with
distribution P on A. For D € (0, Dyax), let Q* denote the optimal reproduction distribution of
P at distortion D. If a prior m has a density with respect to Lebesque measure on the simplex
that is strictly positive in a neighborhood of Q*, and if we define the mixture distribution

M, () = /m) Q" (1)dn(Q), (17)

then:
—log M,,(B(X{,D)) < —log(Q")"(B(X{,D)) +o(n) w.p.1, asn — oo (18)

In this chapter, it is shown that not only are “lossy MDL codes” universal, but they have
a remarkable model selection property that is not shared by the codes corresponding to either
mixtures or to lossy maximum likelihood estimates. We expand on this statement below.

A natural way to estimate the optimal 6* empirically is to try and minimize the idealized
codelengths (@), or equivalently to maximize the probabilities Q (B(XT, D)).

Definition 4. The lossy likelihood function (or simply, the lossy likelihood) is Qy (B(XT, D)),
viewed as a function of 0. The lossy log likelihood is L,(Qy,X{") = —log Qy(B(XT,D)),
viewed as a function of 0.

11



‘ Lossy Compression ‘ Statistical Interpretation ‘

Code (Ly,) Probability distribution (@)

Class of codes Statistical model {Qp : 0 € O}

Code selection Estimation : find optimal 6* €
© (i.e., one which minimizes
R(P,Qu, D))

Minimizing the codelength per | Lossy analog of Maximum Likeli-

symbol hood Estimation

Minimizing codelength of a 2-part | Lossy analog of MDL

code

Table 2: Developing the statistical approach to lossy compression.

We define the Lossy Maximum Likelihood Estimate as the parameter corresponding to
the reproduction distribution which maximizes the lossy likelihood.

Definition 5. The Lossy Mazimum Likelihood (LML) Estimate is defined as

GLME areg Igin[— log Qg (B(XT", D))],
€

when the minimizer exists and is unique.

In [T0I, it is shown that under very general conditions this estimate is consistent as n — oo,
in that it converges to 0* with probability one.

Fact 5. [CONSISTENCY OF LML ESTIMATOR] Suppose the parametrization of the class of
coding distributions is sensible (in the sense defined earlier). If 0, is a sequence of possibly
non-unique maximizers of the lossy likelihood which is relatively compact in © w.p.1, then
6,, — O, the set of minimizers of R(P,Qy, D).

Remark 5. This also holds under the general conditions mentioned in Remark Bl

But as with the classical (lossless) MLE, this é,I;ML also has several undesirable properties.
First, the infimum in the definition of é,I;ML is not really a codelength; if we choose one of the
0’s based on the data, we should also describe the chosen 6 itself. Indeed, there are examples
[10] where the HA%ML is not consistent, but it becomes consistent when appropriately modified
to correspond to an actual two-part code.

Second, the MLE estimate tends to “overfit” the data: For example, if in the classical
(lossless) setting we try to estimate the distribution of a binary Markov chain, then, even if
the data turns out to be i.i.d, the MLE will be a Markov (non-i.i.d.) distribution for most n.

To rectify these problems, we consider “penalized” versions of the MLE, similar to those
considered in the lossless case. This is an instance of the Minimum Description Length
(MDL) principle proposed and developed initially by Rissanen (see, e.g., [24][25]). For a
comprehensive recent review of the applications of the MDL principle (in particular, for
lossless coding), see M.

Definition 6. Let £,(0) be a given “penalty function” such that £,(0) = o(1). The Lossy
Minimum Description Length (LMDL) Estimate is defined as

) 1
OLMDL — aremin |——log Q¥ (B(XT, D)) + £,(8)] ,
9co n
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when the minimizer exists and is unique.

By [[0][13], the LMDL estimator is also consistent. Moreover, in Section H we present
some simple examples illustrating how the LMDL estimator avoids the common problems of
the LML estimator mentioned above.

However, both the LML estimator and the LMDL estimator share a severe disadvantage—
they are very hard to determine in any specific situation. This is because both involve the
minimization of a functional- the probability of a ball- a complicated integral that becomes
exponentially harder to compute as the dimension grows. This motivates the usage of ap-
proximations of this integral that are easier to compute: we call these pseudo-estimators.
The pseudo-estimators are only valid when the class of coding distributions being considered
is i.i.d,; furthermore they too are not easy to calculate in general, but can be computed when
the form of the rate function is known.

The approximation that suggests pseudo-estimators for the i.i.d. case is one originally
suggested by Yang and Kieffer in [30], and subsequently refined and generalized in [31], [§],
etc. In fact, Theorem B proved in this chapter is a further refinement of this result. However,
for the purposes of motivating our pseudo-estimators, we only need the following fact: that
for abstract alphabets and arbitrary distortion functions,

log Q"(B(X},D)) = O(1) — 3logn — nR(I:’X{L, Q, D) eventually w.p.1. (19)

This suggests that for large n, we can replace the idealized lossy Shannon codelengths
L,(Q", X7) = —logQ"(B(XT, D)) by

L,(Q,XT) = nR(Pxy,Q, D). (20)

In the case of memoryless sources and coding distributions, this length function is completely
functionally equivalent to the idealized lossy Shannon codelength. This fact is the content of
Theorem [[l which is a simple observation based on [BI] and [I6].

Theorem 1. For any code C,, operating at distortion level D, there is a probability measure
Q on A such that

lenn, (XT') > nR(PX{L, Q,D) — glogn + O(loglogn) bits, eventually w.p.1 (21)

Conversely, suppose the Weak Quantization Condition of [I7] holds at a distortion level D,
and the probability measure @ on A satisfies R(P,Q, D) < oco. Then there is a code {C)}
operating at distortion level D whose length functions satisfy

- 3
len, (X7') < nR(Pxp,Q, D) + 3 logn + O(loglogn) bits, eventually w.p.1 (22)

Proof. By [I6][Corollary 1], for any code C,, operating at distortion level D, len,(z}) >
—log(Q*)"(B(X7{, D)) — 2logn eventually w.p.1, where Q* is an optimal reproduction dis-
tribution. Combining with ([[d) gives the first part.

For the second part, note that the sequence of product measures {Q"} is admissible
because lim sup,,_,., —= logQ"(B(X7", D)) = R(P,Q,D) < oco. Thus Fact B implies the
existence of a lossy code {C), } operating at distortion level D with length functions satisfying

len, (X7) < —log Q"(B(X{", D)) + logn + O(loglogn)
R 23
<nR(Pxp,Q,D)+ glogn + O(loglogn) bits, eventually w.p.1 (23)

The second inequality follows from ([J). O
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In other words, for i.i.d. sources, just as we have the asymptotic equivalence len, (X]") ~
L,(Q", XT) where Q" is the distribution on A" corresponding to Cj, so also we have
len,, (X7") ~ L,(Q, X7"). This asymptotic equivalence suggests the following definition.

Definition 7. The pseudo—lo§sy log likelihood function (or simply, the pseudo-lossy log like-
lihood) is Ly (Qe, XT') = nR(Pxy,Qg, D), viewed as a function of 6.

We can now define “pseudo-estimators” that maximize the pseudo-lossy likelihood in
order to estimate 6*.

Definition 8. The pseudo-Lossy Maximum Likelihood (pseudo-LML) Estimate is defined as

GEM = argmin L,(Qp, X7) = arg min R(Px;. Qp. D). 29
9cO 0cO

when the minimizer exists and is unique.

Note that the lower semicontinuity of R(P,Q, D) in @ implies that the existence of a
minimizer is assured whenever © is be compact.

Definition 9. Let £,,(0) be a given “penalty function” such that £,(0) = o(1). The pseudo-
Lossy Minimum Description Length (pseudo-LMDL) Estimate is defined as

éT[;MDL = arg mln[R(pX{L, Q97 D) + En(e)]’ (25)
0cO

when the minimizer exists and is unique.

We note that in the literature on lossless data compression, two kinds of penalties have
been considered— general penalties satisfying Kraft’s inequality for a lossless code on a count-
able parameter space © (so that the MDL estimate then corresponds to a “real” two-part
code), and dimension-based penalties. The latter is often motivated via the former using ap-
propriate discretizations and limiting procedures. Barron [3] obtained path-breaking results
of the former style, followed by further seminal results motivated by density estimation in
B]. Unfortunately we could not find an easy generalization of these elegant results to the
case of lossy compression. One way to interpret the difficulty in generalizing the universality
of two-part codes involving a code on the parameter space lies in the fact that the dichotomy
theorem for likelihood ratios involving stationary ergodic distributions does not carry over
to a dichotomy theorem for “lossy likelihood ratios” because the distortion balls do not just
contain “typical strings” for a particular ergodic probability measure.

In this work, for simplicity, we will only consider penalties of the form

£a(60) = K(B)c(n) (26)
where k : © — Z4. Thus the pseudo-LMDL estimator is

BEMPL — arg min | R(Pyy, Qp, D) + k:(@)c(n)] , (27)
6cO

with the LMDL estimator given analogously. Both the complexity coefficient k(#) and the
penalty decay rate ¢(n) can be chosen in a variety of ways; the canonical choice for k(#) is

the “dimension” of 6, in a sense that will be clarified later, and the canonical choice of ¢(n)
. logn
is .

n
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2.3 Main Results

The key to analysis of the lossy estimators is the lossy likelihood function. The first-order
behavior of the lossy likelihood is captured by the “lossy AEP” (Fact Bl), so-called since it
is the lossy analogue of the traditional asymptotic equipartition property. It says that the
probability of a distortion ball around the data is, w.p.1, approximately equal to e~ nHR(PQ.D)
This result is refined in [] by computing the nature of the second order term, which is of
course a polynomial factor. However, that analysis is for the situation when the source P is
known. In order to adapt the power of the second-order lossy AEP for universal coding, a
generalization is necessary. Our first two theorems proceed in this direction.

The following assumption is key.

(x) Let the data {X,,} come from an i.i.d. source with marginal P on a finite
alphabet A, and let P € S(D) (the admissible class of sources defined earlier).

We call S(D) the admissible class of sources because P € S(D) ensures that there is a
unique Q* in the interior of the simplex P(A). The restriction to the admissible class of
sources is also used in [I7], which also contains comments about how strong a restriction this

is.

Theorem 2. [L0OsSY LIKELIHOOD AND EMPIRICAL RATE| Suppose Assumption (x) holds.
Let ©¢ be a compact subset of the interior of ©, where © provides the canonical parametriza-
tion of the set of reproduction distributions on A= A. Set di(P,0¢) = infgeo, di(P, Q).
Then, for 0 < D < di(P,©yg),

sup |—log Qy(B(XT, D)) — nR(PX{L, Qo,D) — 3logn| = O(1)  eventually w.p.1. (28)

[USISH

The next result connects this WiAth the rate function evaluated at the source distribution
by an appropriate expansion of R(Pxn,Qg, D).

Theorem 3. [TRUE AND EMPIRICAL RATES| Suppose Assumption (x) holds. Consider the
class of i.i.d. reproduction distributions on the reproduction alphabet A = A, with © providing
the canonical parametrization. Then for each D > 0, there exists &' > 0 such that

. 1 &
sup |R(Pxp,Qp, D) — R(P,Qp, D) — = > g9(X,)
0eB(0*,0") n-=

log1
= O(%) eventually w.p.1.(29)

These uniform approximations of the lossy likelihood and pseudo-lossy likelihood are
proved in Section Bl Some consequences are also discussed there.

The next three theorems analyze the behavior of the various lossy and pseudo-lossy estima-
tors in the i.i.d., finite-alphabet context. The assumptions below are labelled for convenience.

(%%) Let Ly C La C ... C Ly C © be any nested sequence of sets in the parameter
space O for the simplex P(A) according to the canonical parametrization. Define
the complexity coefficient k(-) by

k(@) =min{l <i<s:0¢€ L;}. (30)
(*x*) Suppose the (true) dimension of Lg~, where s* = k(6*), is strictly less than

Al —1.
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Assumption (xx) is our way of formulating the problem of model selection in the context of
the lossy compression problem. The nested sequence Ly C Lo C ... C Ls C © is to be thought
of as a sequence of increasingly complex parametric models for the optimal reproduction
distribution @Q* that we are trying to estimate. The preference for simpler models (arising
from the fact that codes based on distributions from simpler models are more easily described)
is expressed by making the penalty coefficient k(f) strictly increasing in the order of the
nesting. Thus what k essentially does is to partition the parameter space ©— each set of the
partition being the pre-image of a value in the discrete range of k. The specific values of k
are unimportant but the ordering is crucial. However, for convenience and without loss of
generality, we define k() as in ([B0), where the values in the range of k are successive integers.
If a form for the decay rate c¢(n) is also given, that specification completes the definition of
the penalty function k(f)c(n), as well as of the LMDL and pseudo-LMDL estimators (as per
&D).

Our first result on lossy estimators is a negative result for the pseudo-LML estimator.

Theorem 4. [BEHAVIOR OF PSEUDO-LML ESTIMATOR| Suppose Assumptions (x), (xx)
and (x*x) hold, and in addition, n : Xo — O that yields the optimal reproduction distribution
is such that the derivative matriz Dn(c*) is non-singular. Then 0XME ¢ Lo i.0. w.p.1.

Recall that consistency of the LML and LMDL estimators is already guaranteed under
these assumptions due to [I0)]. Theorem Hlis therefore saying something about the behavior
of OLML as it approaches 6%, namely that it never stops overestimating the complexity of *.

Theorem 5. [BEHAVIOR OF PSEUDO-LMDL ESTIMATOR]| Suppose Assumptions (x) and
(xx) hold, and assume that the decay rate c(n) in the penalty function €,(0) = k(0)c(n) is
such that loglogn = o(nc(n)) and c(n) = o(1). Then 0LMPL ¢ [ eventually w.p.1.

Thus, the pseudo-LMDL estimator approaches QQ* eventually through codes in Lg+. In
other words, if there is a “nice” subset of ©® and we express our desire to know if #* is in
the “nice” subset by choosing it as a model in the model sequence that is used to define
the penalty function, then the pseudo-LMDL estimator finds the “nice” subset in finite time
whenever 0% does indeed belong to it. The pseudo-LML estimator, on the other hand, cannot
display this behavior— it must make excursions outside of L¢« infinitely often.

The most natural choice of the nested sequence of sets would be a sequence of hyper-
surfaces L; (for instance, truncated affine subspaces) of varying dimension, where L; has
dimension 4. This is the picture we had in mind when formulating the model selection prob-
lem for lossy compression, and it is in this sense that the complexity coefficient k(6) can
represent the “dimension” of #. This picture and the associated behaviors mandated by our
results are illustrated in Figure B

To reiterate, there may be a difference between the true Euclidean dimension of a model
and its complexity coefficient assigned by k. However, the canonical example we have in
mind for a class of models is a class of hypersurfaces as depicted in Figure [ and in this
case the two measures of model complexity are the same. Even in that case, 0 in itself is
just a vector in an (|A — 1|)-dimensional space and the complexity coefficient really invokes
an implicit hierarchy of sets in which we would like #* to be as far up as possible (because
we can perform the lossy coding in an increasingly efficient manner along the hierarchy for
whatever reason). The theorems stated only depend on this idea, and therefore hold for any
nested sequence of models.

16



Figure 2: In this schematic figure, * € Lo, the blue line represents the pseudo-LML estimator,
the orange line represents the pseudo-LMDL estimator, and all points where either trajectory
intersects with Lo are marked green.

Next, the above analysis of the simpler pseudo-lossy estimators is used to study the lossy
estimators themselves. It is proved in Section Bl It says that the LMDL estimator approaches
Q" eventually through codes in Lg+.

Theorem 6. [BEHAVIOR OF LMDL ESTIMATOR]| Suppose Assumptions (x) and (%%) hold,
and assume that the decay rate c(n) in the penalty function €,(0) = k(f)c(n) is such that
loglogn = o(nc(n)) and c(n) = o(1). Then OLMPL ¢ L. eventually w.p.1.

Remark 6. The freedom in the choice of the decay rate ¢(n) in the penalty function is
remarkable. It tells us, for example, that the exact values of the complexity coefficient k(6)
are quite irrelevant, as long as they are strictly increasing in the order of the nesting of the
{L;}. To be precise, we only need that there exists € > 0 such that for each 2 <1i < s—1,

sup k(f)+e< sup Kk(6). (31)
GELZ‘\LZ‘,:[ 66Li+1\Li

logn

Furthermore, while penalties of order

(loglogn)? 1 . . . . . . .
o or oo This may be useful for potential practical applications, since it allows

for tuning the estimator in a particular situation depending on the relative importance of

work fine, so do— for instance— penalties of order
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overfitting and underfitting. See, e.g., [2], for a discussion of such aspects in the context of
statistical inference.

Remark 7. We have not addressed the problem of how to choose an appropriate sequence of
models here. That is a question that would naturally follow a study of how the theoretical
framework developed by [I7] and this work can be applied to build constructive (non-random)
codes.

3 Second-order properties of the lossy likelihood

3.1 Uniform Approximations of the Lossy Likelihood

The second-order lossy AEP emerges as a consequence of [31][Theorem 3] and [9][Theorem 16].
In order to prove the uniform version, we adopt a brute-force approach and prove stronger,
uniform versions of these two results in Theorems B and Bl There is another possible proof
approach using the method of types, and a sketch of this approach is outlined in Appendix B.

Proof of Theorem[d. We wish to apply the expansion of the distortion ball perbabilities
proved by Yang and Zhang, [3T][Theorem 3], to the random string X7'. Since d3(Pxp,Qp) <

oo and Dmm(PX{z, Qg) = 0 for all 8 € O (owing to the finite alphabet assumption and the
fact that Qg is in the interior of the simplex respectively), the conditions of that theorem are
satisfied and we have for any 6 € ©y and any ¢ > 0,
Qp(B(XT, D))
exp(—nR(Pxp,Qg, D) — 3logn)

Ln(ca 0) S

< Un(0), (32)

for D € (O,dl(PXim,Qg)). Here,

1/2
CSn/e _CQSnye
— 2 e

Ln(c,H):e)‘g)n)c[m o _1652{§d§”)],

1/2
1 3/2 4(n) n,0
Lo osyid + ot (3)
M = d3(Pxp, Qo)
2

B .
and Snﬂ = WR(PX?, Qg, D)

Un(0) =

are all random variables depending on n and 6.

The first step is to note that a uniform strong law of large numbers guarantees that as
n — oo, dl(pX{l,Qg) — d1(P,Qp) and dg(PX{L,Qg) — ds3(P,Qp) uniformly over ©y. This
tells us that for n large enough and any 6 € Oy,

dl(PX{% Q@) > inf dl(P7 Q@) — € (34)
0€©g

for arbitrarily small € > 0, so that ([B2) holds for all § € Oy and all D € d;(P,0¢) (which
is the range of D specified in the statement of our theorem). Of the various criteria that
can be used to obtain a uniform law of large numbers (such as the method of Vapnik and
Chervonenkis[29], or the econometric approaches of [I] and [23]), the criterion of Pétscher
and Prucha [23] seems most convenient to verify in this case. In particular, the compactness
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of ©¢ and the joint continuity of Eqg,[p(z,Y")] in z and € imply that the criterion is satisfied.
Note that the continuity of Eg,[p(x,Y")] in 0 is a consequence of the assumption that the
parametrization by © is sensible: when 60,, — 0, Qg converges weakly to (Jy, and since p is
automatically bounded and continuous on a finite alphabet, the expectations converge and
continuity is verified.

It remains to show that, eventually w.p.1, supycg, Un(f)) < 0o and infpee, Ln(c,0) > 0
for some ¢ > 0. This would imply that

"(B(XT, D
log Qq( (X, D)) = O(1) eventually w.p.1, (35)

exp(—nR(Pxy, Qg D) — logn)
which is the conclusion of the theorem. First note that U, () and L, (c, ) are continuous in
0; this follows from the smoothness of \yg and R(P, Qy, D) implied by [I7] and from repeating
the continuity argument in the previous paragraph for ds. Now U, () is a continuous function
over the compact set ©¢ and hence achieves a maximum that is finite. For the lower bound,
note that by similar arguments as before, [23] can be used to show that L, (c,8) converges
uniformly to L(c, 8) over ©g, where

L(c,0) = eMe Sf — 16552 ds |, (36)
where
82
SO = WR(P7 Q@vD) (37)

and ds = d3(P,Qg). Since L(c,0) can be made arbitrarily large by choosing ¢ large enough,
and since it is a continuous function over a compact set, the minimum of L, (¢, ) over ©y is
bounded away from 0 for large enough n and we are done.

O

Is the lossy likelihood expressible not merely in terms of the rate function at the empirical
source distribution but also in terms of the rate function at the true source distribution? The
answer to this question is provided by Theorem Bl The proof is lengthy and involved, and
requires the use of ideas from the Vapnik-Chervonenkis theory for uniform limit laws. It is
given in Appendix A.

3.2 Implications

Corollary 1. [UNIFORM 2ND-ORDER LOSSY AEP] Suppose {X,,} is an i.i.d. process with
marginal distribution P on a finite alphabet A, and {Qq : 0 € O} is a family of i.i.d. proba-
bility measures on the finite reproduction alphabet A. For an arbitrary measurable distortion
function p, let R(P,Qg, D) and go(-) be defined as in [I0) and [[A). Suppose the optimal 0*
lies in the interior of the simplex of probability measures on A. Then there ezists a neighbor-
hood of 6 in © such that for any D > 0:

—log Q4 (B(X{, D)) = nR(P,Qg, D) + de + 3logn + an(P,0, D) (38)

holds for a.s.-w in the probability space underlying X°, and |y, (P,6,D)| < Cp ploglogn for
every n > N(w), where N(w) is finite and independent of 6.

Proof. Combine Theorems ] and Bl O
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A “central limit theorem” for the lossy likelihood L, follows from the pointwise second-
order generalized AEP that was proved in [d]. These pointwise results are extended to the
locally uniform (in €) case in Corollary 2

Corollary 2. Under the assumptions of Corollary [, we have:
1. Locally Uniform “CLT”: For e > 0 sufficiently small,
sp log Qy (B(XT, D)) —nR(P,Qy, D)
e B(6* ) Var{ge (X)]v/n

for some 0" in the closure of the ball B(6*,€). In fact, 0' is the mazimizer of Y ;- go(X;)
viewed as a function of 8 over the closed ball.

= N(0,1) (39)

2. Locally Uniform “LIL”: For € > 0 sufficiently small,

lim sup sup —logQg(B(XIL7D)) _nR(Pa QG,D)
n—co eB(6* c) V2 Varge (X)]nloglog n

=1 wp.1 (40)

for some 0" in the closure of the ball B(6*,€). In fact, 0' is the mazimizer of y ;- go(X;)
viewed as a function of 8 over the closed ball.

Proof. We only need to note that since ;" | go(X;) is a continuous function of § over the
closed ball, at least one maximizer 6’ exists, at which the supremum of the function over the
open ball is achieved. ]

4 Three Examples: Lossy MDL vs. Lossy Maximum Likeli-
hood

The examples in this section are contrived and somewhat artificial, since they all involve
choosing between only 2 models, with the simpler model being a singleton. However, not
only do they provide a sanity check and some concrete simulation-based illustrations, but
they also contain the basic proof ingredients that are utilized in the full-fledged result for
finite alphabets in the next section.

4.1 Gaussian codes

Let us denote the normal distribution with mean p and variance o by N(u,c?). Suppose
the source distribution P is N(u,c?), whereas the coding distribution is N(v,72). If X is
drawn from P and Y from @, and for the squared-error distortion function p(z,y) = (z —y)?,

. s [ T
Eq [e/\p( ’Y)] = _—A%,T? * ¢0,—(2,\)71(33) = _—/\¢V,T2—(2,\)71(33)7

where ¢ is the density function of the normal with the subscripted mean and variance. Thus,

e 0k

2 _ 1
2T X

A(P,Q,\) = —31og(1 — 2\7?)

Setting A'(P,Q,\) = D yields a quadratic equation for A, solving which gives

(v—D)
2D72 "’

A=

where v = 3[r? + /74 +4D{0? + (n —v)2} ]. (41)
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Recalling that R(P,Q, D) = A*(P,Q,D) = \*D — A(P,Q, \*), we have

v =D)e-)
D 2720

R(P,Q,D) = 1 log( where V =02+ (u—v)% (42)
Such an explicit calculation of the rate function, though very difficult to obtain for more
general source and coding distributions, will turn out to be extremely useful in specific cases
as we shall see. In particular, since the parameter space (for fixed P) is just two-dimensional
here (for the mean and variance of @)), we can use simple calculus to minimize the rate
function with respect to Q.
This yields the optimal rate

v
R(P,D) = }log <—> (43)
D
with the optimal distribution Q* of the encoded data being parametrized by

vi(u,0,D)=p and 7%(p,0,D)=+V —D (44)

Example 1. Dichotomy for class of coding distributions with varying means.
Suppose that the source {X,,} is a real-valued, stationary and ergodic, with zero mean and
finite variance. Consider a parametric family of i.i.d. coding distributions {Qg : € © = R}
where Qp is N(0,1), and let the single-letter distortion function p, be mean-squared error
(that is, pn(27,y}) = 2577 | (z; — 1:)?). According to @), §* = 0. We show below that
é,I;ML is simply the empirical average of the data points X7

The LML estimator is the maximizer of Qj(B(X{, D)), which depends only on the Eu-
clidean distance between the point X{' € R" and the mean of the distribution @y, due to
the spherical symmetry of the multivariate normal and the fact that the distortion function
is simply Euclidean distance. The mean of Qj is the point (0,6, ...,6) on the main diagonal
in R™, and its distance to (X1, Xa,...,X,,) is minimized (hence the probability of the ball
around X{" maximized) by simple calculus:

%[Zn:(Xi—H)2:|:0 = Zn:(ZH—ZXZ-):() — Zn:XZZTLH

i=1 1=1 i=1

so that the LML estimator as a function of the data is the same as the (classical, lossless)
maximum likelihood estimator! That is,

. 1 &
gLME — - > X (45)
=1

Thus the consistency and asymptotic normality of this estimator trivially follow from the
corresponding results for the lossless maximum likelihood estimator. (Note that 8* = 0
for all D > 0 by E)).) Furthermore, as in the lossless case, this estimator will forever
fluctuate around 6*, by an application of the Law of the Iterated Logarithm. In other words,
é};ML # 0* = 0 infinitely often, w.p.1.

Now consider a penalty function such that the k() is equal to 1 for all § # 0 and zero
otherwise, and ¢(n) = lo8n " This means that we are expressing a preference for the simpler

0-dimensional set {0} within the real line, and we would like it to be selected when 6* is
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Figure 3: The dashed line denotes the pseudo-LML estimator and the solid line is the pseudo-
LMDL estimator. Here 8* = 0.

in deed 0. With the fixing of a penalty function, the pseudo-LMDL and LMDL estimators
are well-defined. The fact that O-MPL = 0 eventually w.p.1 is implied by the classical model
selection theory in statistics, since this is just the classical MDL estimator.

Figure B shows an explicit numerical example illustrating the behavior of the two pseudo-
estimators, which suggests that the pseudo-LMDL estimator not only converges to the correct
value, but also “finds” * in finite time and then stays there.

Ezample 2. Dichotomy for class of coding distributions with varying variances, through anal-
ysis of pseudo-estimators.

Similar conclusions hold for the case when we take the coding distributions @)y to be i.i.d.
N(0,0) with 6 € [0,00).

To see this analytically, we use a very different approach from that used for Example 1.
This is because when the variance is the parameter, it is very difficult to analytically (or even
through simulation) determine the LML and LMDL estimators. The root of the problem is
the difficulty of computing many instances of Q-integrals (distortion ball probabilities), and
then following this difficult computation, to maximize the result over the parameter space.
In Example 1, the geometric symmetry of the problem caused the result to be independent
of the distortion level D, and enabled the direct computation of the LML estimator. This is
obviously an exceptional circumstance.

Thus, the approach we use here is to focus on the pseudo-estimators. Since the pseudo-
LML estimator is just the minimizer of R(PX?, Qg, D), ) implies

OME — 2% (i, 0, D) = \/V,, — D (46)

where p,, = % S, Xiand 02 = % S | X? are the mean and the variance of the empirical

distribution, and V;, = 02 + 2. Further, using (@) and {@2),
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A L v,
R(Pxp, D) = R(Pxp, 0", D) = jlog -

o v (v=D)v—V,)
Ry 0'.D) = fog 3 - =20

(47)

Now suppose we choose a penalty function that simply adds a penalty of logn for every
0 # 0*, so that the lower-dimensional subset L containing 0* that we are considering here is
just the singleton. Then,

3 ) 1
PIPL — arg min [R(PX;, Qo, D) + 1%%} — argmin{R;, Ro} (48)
(S
) - logn - logn
h R = R(Pxn» D = R(Pxn,D 49
where Ry argeegl_l?g*}[ (Pxp,Qo, D) + n] (Pxp, D) +— (49)
and Ry = R(Pxp,0",D) (50)

Noting that the argument for R; is exactly é%ML and the minimizing argument in #S) is
exactly é%MDL, we see that the behavioral differences between the pseudo-LML and pseudo-
LMDL estimators must be completely captured by the relationship between R; and Ry (or
equivalently, by the relationship between the two rates in (@) above). This is the key insight
which allows us to unravel the dichotomy in this example.

From () and (), observe that

v=Va+ Db
4D 5
where a =1 1+{1—|—7Vn—V}
: veop' ") (51)
4D 5
d b=i81+——V,, -V -1
" o wipete ) ]
Expanding a and b as series in terms of V,, — V', we have
D D?
b=a—-1=—" (Vo =V) = —x(V,, = V)2 4+ 0(V,, = V)3 52
which yields
v=V,=V -V, +b(V+D)
1% 2 (53)

:(v—vn)[ 3] +O(V = Vy)?

—(V=V,)? | —
VT D} V=Va) [(v )
the first line following from (BIl) and the fact that a = 1+ b, while the second following from

E2).

Using the fact that log(1 + z) = z + O(2?) for small z,
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v (54)
_ 2
=V -V, [Vn(V—FD)} +0O(V —=V,)
so that
5 * _p(D JLML _ 1 v (v—D)(v—Vn)
R(Pxp,0%,D) = R(Pxp, 6, D) = Jlog - o
= (V-=Vo)x + OV —V,)? (55)
V _
where X = S DYWLV — D) (Va + Db)
and y =[(V —D)(Va+ Db) —V,(Va+ Db— D)]
However,
x = (V-V,)[Va+ Dbl + D(V,, — Db — Va)
_ _ _ _r BRTAY:
= (V-1 [Va+Db D <V+D>} +O(V = V) (56)

= OV —-Vy)

where the second line of the display followed from (BIl) and (B3]), and plugging this back into
BH) yields

Ry — R(Pxp,D) = O(V, — V)? (57)

In other words, the first order term in the expansion of the difference (B3l vanishes! Since
V, — V is a sum of zero-mean random variables, the Law of the Iterated Logarithm tells us

that the difference of rates above is of order O(logl%) (not O(\/logl%) )!' In particular,

logn
n

the difference is o( ). Consequently Ry is eventually strictly less than Rj, implying that

é,I;MDL = 0* eventually w.p.1. Further, by using the complementary part of the Law of the
Iterated Logarithm for (V,,—V'), which says that the sum makes excursions outside an interval
of O(long(@") infinitely often with probability 1, we have that §-ML fluctuates forever around
0* even as it approaches it.

Figure Bl contains a simulation comparing the behavior of the lossy pseudo-estimators.

4.2 Bernoulli case

Consider an i.i.d. Bernoulli source with parameter p = Pr(X = 1). The class of reproduction
distributions we consider is the class of i.i.d. Bernoulli distributions (with parameter 6 €
[0,1]).

Just as we did in the case of Gaussian codes, we can explicitly compute the rate function
in this case using its characterization as the Legendre-Fenchel transform of the mean of the
log moment generating function. This yields

—{(1-2D)02—2(p— D)0+ (p— D)} + VA
20(1— D)(1—90)
where A =[(p—D)(1—0)2+ (1 —p— D)6*> +4D(1 — D)6*(1 — 0)? (59)

Mo = €Xp Ag =
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Figure 4: The dashed line denotes the pseudo-LML estimator and the solid line is the pseudo-
LMDL estimator. In this example, source variance=1, D = 0.1 and 6* = 0.949.

and
R(p,0,D) = Dlog g — plog[f + (1 — 0)pp] — (1 — p)log[fug + 1 — 0] (60)
It is messy but straightforward to verify that 6* = % for D < minp,1 — p, and that

R(p, D) = Hp(p) — Hp(D), as we expect from the direct computation of the rate-distortion
function (see, e.g., [{]). This rate distortion function is plotted in Figure Bl (separately for
fixed p and fixed D), while Figure @ plots 6* versus p. Note that for fixed D > 0, there
is a symmetric middle region where R(D) is positive (and lies below the Bernoulli entropy
function which represents the lossless rate), and this region shrinks as D increases.

Figure Bl reveals an interesting insight: as intuition would suggest, lossy compression typ-
ically involves producing encoded strings whose distribution is less random (has less entropy
or smaller lossless compression rate). In the Bernoulli context, this means that the optimal
reproduction parameter is closer to the nearer periphery (0 or 1) than the source parameter.
However, the gap between the source parameter and the optimal reproduction parameter
decreases as we approach p = 0.5 from either side, in such a way that 6* = 0.5 for p = 0.5.
Yet this does not mean that data from a Bernoulli(%) source cannot be compressed; indeed,
Figure [ indicates that for a distortion level of 0.1, such a source has optimal compression
rate of 0.36 bits/symbol, which is significantly less than the optimal lossless compression rate
of 1 bit/symbol. This fact (of the gap vanishing) is what is responsible for the fact that 6*
remains unique even for p = 0.5, since a gap would have implied two minimizers by symmetry.

Let us now investigate the behavior of the various lossy estimators for #*. As in the
second part of Example 1, we penalize outside the singleton set containing 6*. Thus [{ES),
@) and @), which determine #-MPL using just two real numbers, hold.

Using the formula (G0) for rate obtained above, we have
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Figure 5: On the left is plotted the Bernoulli rate-distortion function for fixed source dis-
tribution p = 0.4 as the distortion level D varies. On the right is plotted the Bernoulli
rate-distortion function for fixed distortion level D = 0.1 as the source distribution p varies.

. D 1-
R(Pxy,0%,D) = Dlog <—> — pnlog <L> — (1 - pn) log <—p>

1-D 1-D 1-D (61)
- HB(ﬁn) - HB(D) + D(ﬁn”p)
which implies
N . log 1
R(PX?, 6*, D) — R(PX{”D) = D(pn|lp) = O<%> eventually w.p.1 (62)

As in the second part of Example 1, the law of the iterated logarithm then yields the
dichotomy for the pseudo-estimators.

Figure [ illustrates the behavior of the pseudo-LML and pseudo-LMDL estimators, when
the “preferred” set L is simply the singleton {#*} containing the R(D)-achieving output
distribution 0* = (p — D)/(1 — 2D). It is clear from repeated simulations that the pseudo-
LMDL estimator “hits and stays at” 6* quite fast (unlike the pseudo-LML estimator which
bounces around forever).

5 The LML/LMDL Dichotomy for i.i.d. finite-alphabet code-
books

5.1 The admissible class of sources

Suppose that the source data {X,,} taking values in a finite alphabet A of size m is generated
i.i.d. from a probability distribution on A. Let ¥ = © parametrize the simplex of all
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Figure 6: The solid line denotes the optimal §* for fixed distortion D = 0.1, while the dashed
line denotes the optimal #* for fixed distortion D = 0 (which is just the parameter for the
source distribution).

iid. probability measures on A = A via the canonical parametrization that uses the first
m — 1 coordinates. Suppose the p,, are single-letter distortion functions, so that p, (27, y7) =
%Z?:l p(xi,y;). For clarity, we use X to denote the class of source distributions, and ©
to denote the class of reproduction distributions, though they are the same class. Without
loss of generality, denote the m symbols in A by 1,2,...,m. A nested sequence of models
Ly C Ly C ... C Ls C © and the associated complexity coefficient k(-) and penalty k(0)c(n)
are set up as described in Section

By the discussion in Example 4.3.1 in [I0], we know that the LML estimator is consistent
in this setup, because the simplex of i.i.d. distributions is a Polish space. Further, the
discussions of Examples 4.3.5 and 4.3.6 in [I0] show that the pseudo-LML estimator, the
pseudo-LMDL estimator and the LMDL estimator are all consistent estimators. We wish
to investigate the behaviour of these four estimators more closely and compare the LML
estimator (pseudo-LML estimator) against the LMDL estimator (pseudo-LMDL estimator).

The key to comparing the various estimators is to investigate the function that takes a
source distribution to its optimal reproduction distribution (assuming the latter is unique).
Let np be a function on the class of source distributions that takes each source distribution
to the optimal reproduction distribution. For convenience, first set R(P,,Qg, D) = f(0,6),
so that n(o) = argminy f(o,0) parametrizes np(P,). Note that we are using np to refer to
a map between spaces of probability distributions, while n refers to the corresponding map
between the parameter spaces. Since we are dealing with finite alphabets, © is compact, and
the continuity of f implies that a minimizer of f exists. Thus 7 is non-empty, though it can be
many-valued for some values of 0. The restriction of sources to the class S(D) in this section
is precisely to eliminate undesirable possibilities like a many-valued 7. To set down what
restrictions on the source distribution are needed, we introduce the following Proposition.

Proposition 1. Let ¥y C X be the set that parametrizes the class S(D) of sources. The func-
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Figure 7: The dashed line represents the pseudo-LML estimator, and the solid line is the
pseudo-LMDL estimator. Here p = .4, D = .1 and 6* = .375.

tion n : X9 — © given by n(o) = argming f(o,0) is well-defined and is C* in a neighborhood
of o*.

In order to prove Theorem [[, we need the following lemmas, which are an extension of
7] [Lemma 4].

Lemma 1. Let D > 0 and o* € Xy. Then, the function £(o,0) = \*(P,,Qg, D) is smooth
(or C®) in both of its arguments, in a neighborhood of (c*,6%).

Proof. First, note that for finite alphabets and any A < 0, A(P,,Qp, \) can be written out in
terms of the components of 6 and o using finite sums, and is clearly differentiable in A and
0 an arbitrary number of times. Being linear in o, it is also smooth in o, though second and
higher derivatives are 0.

Define the function ¥y : ¥y X int(©) x (—o0,0) — R by

\1’1(0',9,)\) = A/(POWQG))\) -D (63)
By the definition of ¢(o, 0) and setting ¢* = £(c*,0*), we have
Vy(0,0,0(0,0)) =V(c",0%,0") =0 (64)

The smoothness of A noted above implies that ¥y is smooth in each of its arguments.

Also, Lemma 1 in [T6] implies that A”(P,Q, \) > 0 provided Dp,n(P, Q) < d1(P, Q). We
need to check whether this is true in our case. Since o* € ¥y and Y is open, there exists a
neighborhood of ¢* in ¥y on which P, has full support. Qg has full support since it lies in
the interior of the simplex. This means that for o in a neighborhood of 0*, Dyin(Ps, Qg) = 0,
while dy (P,,Qg) > 0 since p = 0 is ruled out. Thus

Vi (0,0,\) =A"(P,,Q,)\) >0 (65)

so that the Implicit Function Theorem can be invoked not only to show that ¢(o, ) is well-
defined but that it is smooth in a neighborhood of (¢*,6*) (by the smoothness of ¥;). O
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Lemma 2. Let D > 0 and o* € Xy. Then, the function f(o,0) = R(P,,Qg, D) is smooth
(or C°) in both of its arguments, in a neighborhood of (c*,6%).

Proof. Define the function Wy : ¥y x int(©) x (0,00) — R by
Uy(0,0,R) = R—{(0,0)D + A(P,,Qg, £(0,0)) (66)
By the definition of the rate function R(P,Q, D), we have
Uy(0,0, f(0,0)) = ¥a(c*, 0%, R(P,D)) =0 (67)

Note that the local smoothness of £(c, #) implies that A, (Qg, ¢(c,0)) and consequently A(Py, Qg, £(0,8))
are locally smooth in o and 0. Thus Vs is smooth in a neighborhood of (¢*, 6%, R(P, D)) and
furthermore,

0Vs (0,0, R)

o = 1#0 (68)

Hence by the Implicit Function Theorem, f(c,8) is not just well-defined but also smooth in
a neighborhood of (¢*,0*) (by the smoothness of Ws). O

Proof of Proposition . The Proposition follows from repeated applications of the Implicit
Function Theorem starting with the basic fact of smoothness of A, and based on the obser-
vation that 6 = n(o) solves Vyf(o,0) = 0.

Let W C X x O be a neighborhood of (¢*,0*) on which f(o,6) is smooth. Consider the
function F': W — RIAI=1 defined by

F(0,0) = Vof(o,0) (69)

Clearly F'is smooth on W, and by definition of n and the fact that o* € ¥ ensures that W
is an open subset of ¥ x © (hence does not contain any boundary points), we have

F(o,n(0)) = F(c*,0") =0 (70)
Furthermore, since n(o) minimizes f(o,-),
VoF(0*,0%) = Hessp f(c*,0%) > 0 (71)

so that the Implicit Function Theorem not only assures us that n(o) is well-defined but also
that is smooth in a neighborhood of ¢* (by the smoothness of F'). O

In the rest of this section, we use this theorem to describe the behavior of various lossy
estimators.

5.2 Behavior of the pseudo-LML estimator
5.2.1 Parameters

Let P and PX? be parametrized by ¢* and o,, respectively. Denoting by pi the probability
of the symbol k£ under P, we have p, = o} for k=1,...,m —1, and p,, =1 — Zf:llpl
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Lemma 3. For any probability distribution P on A, define the matrix

pi(l—=p1)  —pip2 —pip3 ... —P1Pm—1
o o(me1) —pip2 p2(l —p2) —paps .. —P2Pm—1 )
—P1Pm—1  —D2Pm—1 . Pm—1(1 = Pm—1)

If P is in the interior of the simplex P(A), then = is non-singular.

Proof. Suppose p; # 0 for each j =1,...,m — 1, and also that 1 — Zj pj # 0. Let us assume
= is singular, i.e., Zv = 0 for some v # 0, and then obtain a contradiction. For every ¢,

ZE,-jvj =0 < Z —pipjvj + (pi — pF)vi =0
j i

= pvi=pi Y Pivj (73)

J
< UV = ij’l)j
J

where we used the fact that p; # 0 to obtain the last statement. Since the right-hand side
is a constant independent of the index, the eigenvector v must be a multiple of the constant
vector (1,...,1). Using again the last display, this implies > ;pj =1, which contradicts our

assumption. ]

Remark 8. We conjecture that for the (m — 1)-dimensional matrix =,

m—1 m—1 m
det(2) = (1= pj) [ ri=[]rs (74)
j=1 j=1 J=1

This is hard to prove by induction, and we have not been able to prove it by softer arguments.

For n large enough so that ¢, is in a sufficiently small neighborhood of *,

M = 1(0n) =1(0") + (0 — ") - T+ O(||oF — o™ [|?) (75)
where we have denoted the matrix Dn(c*) by I" for convenience.
Now
N R
O — 0" =~ > x) (76)
i=1
where the components of the function ¢ : A — [~1,1]™~! are defined by
It is easy to check the following: E[(x(X)] = 0 and E[(1(X)]? = pr(1 — pg) for each k =
L,...,m —1, and E[(;(X)(;(X)] = —prp; for k # j. Thus, for each i = 1,...,n, the

covariance matrix of (X;) is the (m — 1) x (m — 1) matrix = specified by ([Z).

To analyze the detailed almost-sure behavior of the first-order term o, — ¢*, we use
Berning’s multivariate version of the Law of the Iterated Logarithm. This is restated below,
with slight notational changes for convenience.
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Fact 6. [A/If{Z,} are independent random vectors in RP with EZ,, = 0 and Cov|Z,| = E,, if
for some positive constants {s2}, s2 T oo, s2,,/s2 — 1, esssup|Z,| < €,5,(loglog s2)~% for
some sequence €, — 0, and SL%E;-‘:IE]- — =, then the a.s. limit set D of {(2s2 log log s%)_%Eg‘leJ}
1s K=, where Kz is the unit ball of the space Hz = {2Z : x € R"} with respect to the norm
|- ||l= defined by |22z = (xZxt)3.

Recall that the source distribution is in the interior of the simplex, and so Z is non-
singular. Applying Fact B with s2 = n, noting that the boundedness and other conditions are

trivially satisfied, we arrive at the conclusion that the a.s. limit set of {(2n log log n)_% VA },

where Z; = ((Xj), is the unit ball K=z. Consequently, the a.s. limit set of

n ~ *
{\/ 210glogn(an_a )T}

is the ellipsoid £ = {u € R™ 1 :u=v-T,v € K=}.

The ellipsoid £ has dimension less that m — 1 if and only if I" is singular. In either case,
however, the boundary of £ intersects the j-th coordinate axis in R~ in exactly two points
+F; (where E; may equal 0 for the deficient dimensions). Equation ([l) now implies

2log 1 log 1
I[n(dn) —n(a™)];] <4/ WE]- + O<%> eventually w.p.1 (78)

for each coordinate j.

If " is non-singular, we see below that the ellipsoid £ must have full dimension. By the
definition of Kz, |[v]2 = vE~1v! < 1 since [jv]lz = |[vE7' - E|z = (v27! - 2. (27 )W)z =
(vE~'wt) using the fact that Z is non-singular and symmetric. Rewriting in terms of u
with v = u - I'7! yields ul "'Z=1(I' 1)y < 1 as the defining condition of the required limit
set. Since P = P,« is in the interior of the simplex, the limit set of the sequence of vectors
{\/57oatogm (0n — 0*) - T'} is, w.p.1, the solid (m — 1)-dimensional ellipsoid £ in R™~! given

by {u : u®ut < 1}, where ® = I'"!=Z-1(I1)t. Since £ is of full (that is, m — 1) dimension,
its boundary intersects the j-th coordinate axis in R™~! in exactly two points +FE; (where
E; #0). Equation Q) now implies

(o) — o)yl > | 2L (5 ) o, wopd (79)

for each coordinate j.

5.2.2 Fluctuations

Let {L;} be a nested sequence of subsets of ©. Suppose for some fixed ¢, the dimension of L,
is strictly less than (m — 1) and L, contains #*. This means that any ball around 6* in the
simplex will contain directions not in L (more precisely, if Vg is the tangent space of © at 6*
and V7, is the tangent space of L at 6%, then V' N Vg # ¢). Then, if we change coordinates
in © so that one of the missing directions is along the first coordinate axis, we can use ([{9)
to get (with an obvious abuse of notation)

= “ 2loglogn .
|(OEME _ g%y, | > \/ %(El —¢€) io0. wp.l (80)

Thus the pseudo-LML estimator must forever make excursions outside of L,. Of course,
this is true for L in particular, which proves Theorem Hl
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5.2.3 Rates

It is instructive to compare not just the parameter values of Q* and the LML estimator but
also the associated rates.

Proposition 2. If [;(0) = R(pXIl,QQ,D), then

1(6%) — 15 (BEML) < C*bglﬂ
n

eventually w.p. 1 (81)

Remark 9. In fact, [ (6*) — 11 (A-ML) = Q(logl%), as can be seen from the first proof below.

First Proof. We will prove that there exist positive constants C; and Cy such that
C1]|0M — 6*||* < R(Pxp, Q*, D) — R(Pxyp, D) < G0 — 6%, (82)

Then, the upper bound in ([8) implies Proposition &
From Theorem [ we know that f is C? in0if P, € S(D). Hence expanding f in a Taylor
series in its second argument about (o) = XMV yields

(6 67) = (6, ) 4 Vo (00, B0 (07 — O -
+ 50" = 01T Ta(0) (07 — M) + O([10* — 6ME|1)°

where the subscript denotes the variable with respect to which the derivatives are taken, and
J2(0n) = Hessg(f (n, O5ME)).

OLML lies in the interior of © for high enough n because consistency of the pseudo-
LML estimator implies that it is close to 0%, and we know (* is in the interior of the
simplex from the definition of S(D). Since #-ML also minimizes f(d,,-), Vof(dn, 0-MY) = 0.
Further, since P, € S(D), we know that Jy(c),) is a positive-definite matrix and hence
invertible. Consequently, the quadratic form (6* — M) Jy(5,,) (8* — GXML) which represents
the Ja(o))-induced Euclidean norm is equivalent to the canonical Euclidean norm (induced
by the identity matrix), and

AC ||OEME — o |2
< (07 = G I (@) (0" = O = 117 = 0 ) (84)
< Col | — 672

for some positive constants C (the factor 4 is chosen for convenience) and Cs.
Using ([B3)) and ([&4), we now have

~ N 1 N ~
Cr|| oM — 07> < L M1 0
< f(Gnn0") = f(G, 05V (85)
R(Pxp,Q*,D) — R(Pxp, D)

and
R(le", Q*,D) — R(ISX;,D) <" — é%MLH%z(a”n) (86)
< ol M — 67|17

provided n is large enough so that the second-order term in (B3)) dominates over the higher-
order terms. O
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Second Proof. This alternative proof of Proposition Bl uses an important inequality relating
R(P,Q, D) and the rate-distortion function. Recall that the rate function can be written in
the form

R(P,Q, D) = mf[I(X;Y) + D(Qv[|Q)]

By choosing W to be the optimal joint distribution, we have I(X;Y) = R(P, D) and Qy =
Q*. Thus, for any Q,
R(P,Q,D) < R(P, D) + D(Q"[|Q) (87)

This implies the following for the sequence of empirical source distributions (with @ in the
above set to Q* = np(P)):

R(Pxp,Q*,D) < R(Pxp, D)+ D(np(Pxyp)|np(P)) (88)

where the second term on the right is a measure of how different the optimal reproduction
distributions corresponding to the real and empirical source distributions are.

Recall that the relative entropy between two nearby distributions belonging to a paramet-
ric family of probability measures on an alphabet can be expanded in a Taylor series in which
the leading term is quadratic with a coefficient that depends on the Fisher information:

D(P,||P) = 5(0 = o) J(0")(0 = o) + O([|lo — o*|°) (89)
This implies, for n large enough,
D(np(Pxp)Inp(P)) < (1) — n(0™)) T I (n(0*)) (n(c) — n(0"))
< Cs|ln(dn) — n(o™)|”

by the equivalence of Euclidean norms generated by quadratic forms involving non-singular
matrices, and using the fact that J(0*) is invertible since P € S(D). By ([3) and the fact
that |Ax| < [|A|||x|, there exists a constant Cy such that

(90)

[n(n) —n(o™)|| < Cullon — o7 (91)
for n large enough. Plugging this into [BR) and (@) gives
R(Pxp,Q*, D) — R(Pxp, D) < C5Cyll6, — 0| (92)

which provides an alternative demonstration of (&Il) and hence of the pseudo-LMDL part of
Theorem 2, since the squared norm is the sum of squares of the components and hence obeys
a scalar LIL. O

Remark 10. The second proof emphasizes the role of the multivariate LIL in proving The-
orem Bl Neither a scalar LIL nor a multivariate LIL which merely gave information about
specific limit points rather than specified the entire limit set would have sufficed to analyze
the pseudo-LML estimator satisfactorily, though as we saw above Proposition B (and hence
the pseudo-LMDL estimator) can be studied in a simple way not involving Berning’s LIL.
Indeed, suppose I' = Dn(c*) is non-singular, then [T~1y| < |T7!||ly| = |Tz| > ﬁm, S0
that () implies

Csllon — o™ || < [In(dn) — n(o™)]l (93)
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for n large enough. This can be combined with the lower bound of (BH) to get

R(Pxp,Q",D) — R(Pxp,D) > C]|oM" — 67|

94
> C1Cs|, — o 59
which, using a scalar LIL, would yield
. . log1
R(Pxy,Q*, D) — R(Pxp, D) > @% >0 io wp.l (95)

for some C, > 0. In other words, this only proves the fluctuation property of the pseudo-LML
estimator when the simplest set Lg« containing 6* is exactly {#*}. It does indicate that é,I;ML
fluctuates around 6* for ever, but does not show that this never-ending fluctuation happens
in every possible direction, which is necessary to prove Theorem [l

5.3 Behavior of the pseudo-LMDL estimator

Set
11(0) = R(Pxp,Qp, D),
12(0) = k(0)c(n), (96)
1(0) = 1(0) + 12(0),
(

where the complexity coefficient k(6) is defined as k() = min{l < i < s:6 € L;} in terms
of the nested sequence of models. Recall that the pseudo-LMDL estimator is defined as
OLMPL — argming g 1(). By Proposition B we have for any ¢ > 0,

L(6%) < 11(0XMY) 4 6¢(n)  eventually w.p.1. (97)

Since we will use a sample-path argument, let us fix § € (0,1) and then fix our attention
on any realization for which (@) holds. For this realization, define the sequence of integers

{an} by
o = k(OEMY) — E(67). (98)

The sequence {a, } is the union of the subsequences defined by the index sets I = {n : a, <
0} and Iy = {n:a, >0} Whenn € I_, k(0-M) < k(0*), and hence

k(OMPY) < k(67), (99)

because the only way the LMDL estimator can improve on the LML estimator is through the
penalty function.

However, from the previous section, k(6XML) = m — 1 i.0. for almost every realization.
For the fixed realization of interest, this indicates that the index set Iy is non-empty, and this

is the case for which something remains to be proved. When n € I, we obtain a relationship
between 1(6*) and [(§-MV) using ([@7):

16%) = L(07) + c(n)k(67)
< L (OEMYY 4 e(n)[k(6%) + 4]
B(EEMEY 4 o(n)k(EEME)] — on)on, — (100)

= (6" < l(é%ML) —c(n)[a, — 9]
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Since, by definition, l(é,I;MDL) < (#) for all # € O, we have, in fact, a relationship between
1(ALMDPLY and 1(9LML).

LOMPY) < 10%) < UMY = e(n)[on — ] (101)
Now,
L(0MPY) — 1 (0;,M) = C(n)[k(HLMDL) k(0]
< [N — L (M) — () — ) (102)
< C(n)[ — 4]

using the fact that 11 (ALM) < 1;(6) for all # € ©. Thus
k(OEMPLY < k(XML — [, — 4] (103)
Since 6 < 1 and k(-) must be an integer, we have shown that
E(OEMPLY < k(EML) — o, = K(6%). (104)

Combining () and (), we have that k(-MPL) < k(6*) eventually along the fixed real-
ization, and hence along almost every realization.
Finally by the definition of k(-) and the fact that the sequence of sets is nested, we have

é%MDL S Lk(grl;MDL) C Lk(g*). (105)

Hence, é%MDL lies in Lg+, which proves Theorem

5.4 The LMDL estimator
Observe that by Theorem B

1 * n n D * > 1
L@ X)L Qo X7 = [R(Prg, @°,D) = R(Psp, Qagan. D)+ O( 1)

< |R(pX{L7 Q*v D) - R(pXilv Qé%ML)D)H‘

) ) 1 (106)
‘R(PX{% Qé%ML,D) — R(PX?, Qé%MLyD)‘ + O<;>

log 1 1
< O(%) + D(QgLvw[|QgLvr) + O<ﬁ>

where we used (BTl to estimate the first term, and (§7)) to obtain the relative entropy bound.
To estimate the second term, we need the following lemma.

Lemma 4. Let g1(0) and g2(0) be two real-valued functions on © = R™. Suppose g1 has a
unique minimizer denoted by 01, and that supg|g1 — g2| < A. If A is small enough so that
g1(0") — g1(01) > 2A for any local minimizer 6’ # 01 of g1, and if g1 is C* with non-singular
Hessian, then

601 — 62? < (const.)A (107)
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Proof. Since g1 and go are at most A apart, we have that the minimum value of go satisfies

92(02) < g2(61) < g1(61) + A, (108)
where 65 is any minimizer of go. Note that
0y € {9 2 92(0) < q1(61) + A}
C{0:g1(0) — A< g1(61) + A}
= {9 . 91(9) < 91(91) + 2A}

= @allowod , say.

(109)

Since ¢1(0") > ¢1(01) + 2A for every local minimizer 8 # 61, ' ¢ O.owea and the
continuity of ¢g; implies that go must achieve its minimum in a neighborhood of 6; (because
if no local non-global minimum of g; is close enough to g2(f3), then neither is any point
between two adjacent local, non-global minima). It remains only to determine the size of
this neighborhood. We observe that for 05 € (61 — d,61 + d), g1 when Taylor expanded has a
quadratic leading term since its first derivative vanishes at the minimum:

g1(02) — g1(01) = 5(02 — 1) Hess(g1(61)) (02 — 1) + O(02 — 61)°. (110)

Since 03 € Oaiowed, We need to choose § small enough so that |g1(02) — g1(01)] < 2A, which
can be done because g; is continuous. Then,

2A > 1(05 — 01)  Hess(g1(61)) (02 — 61) > C||62 — 61| (111)

since in Euclidean space, a norm generated by a quadratic form involving a symmetric (in-
vertible) matrix is equivalent to the original norm with bounds given by the smallest and
largest eigenvalues. O

Let us apply Lemma H to the functions g1 (0) = %fm(Qg,X{‘) = R(PX{L, Qy, D) + %logn
and g9(0) = %Ln(Qg,X{‘). By Theorem Bl there exists C' < oo such that

sup |g1(0) — g2(0)] < % eventually w.p.1. (112)
0

Since P € S(D), we also have I:’X{l € S(D) for large enough n, and Lemma [ tells us that
Hess(g1(61)) is not only well-defined but is positive-definite because g; is minimized at 6.
Furthermore the unique minimizer of g; is é,I;ML Thus, the conditions of Lemma Hl are
verified, and for any minimizer é,%ML of go we have

LML _ GLML 2 _ 0(%) wop.l. (113)
Combining this with (B9) leads to
DO (Pxp)|Qagan) = (1) wd (114
Therefore, going back to ([IIHl), we have
%‘Ln(Q*7X{L) - Ln(Qé%ML,X{L)‘ = O<10g1%> eventually w.p.1. (115)

This is the equivalent of Proposition B for the LML estimator. Repeating the argument of
the previous section with the pseudo-lossy likelihood 1;(6) replaced by the lossy likelihood
11(0) = L,(Qp, X7') completes the proof of Theorem Bl
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6 Conclusion

We have used three kinds of length functions to characterize the performance of lossy codes.
These are:

1. the actual length of the codeword len,, (X7);

2. the idealized lossy codelength of the data given the coding distribution, or the lossy
likelihood of a coding distribution given the data, namely —log Q™ (B (X7, D));

3. the idealized pseudo-lossy codelength of the data given the coding distributjon, or the
pseudo-lossy likelihood of a coding distribution given the data, namely nR(PX{L, Q,D).

In essence, much of the work is devoted to understanding the links between these various
notions of codelength and how we can use these links along with the successively greater
tractability of the last two notions to shed light on the problem of universal lossy coding.
The main contribution is the result that even for lossy compression, appropriately defined
MDL codes work better than codes corresponding to maximum likelihood estimators in the
sense that they choose the optimal model eventually. More generally, this work extends the
emerging statistically-motivated theoretical framework for lossy coding suggested by [17].

There are many problems that this work leaves open. This ranges from problems of
generalization, such as to non-finite alphabets or beyond the i.i.d. case (all of which involve
dealing with daunting technicalities), to conceptual problems, such as the question of whether
there is an analog of the Cramer-Rao bound for “lossy” estimators. The most important
open area, though, is the question of whether and how the principles discussed can be used
to construct practical codes.

A Proof of Theorem

Unlike for Theorem B we cannot just use the non-uniform version of Theorem Bl to prove
the uniform version, since we do not have explicit tractable bounds on the error term. How-
ever, the structure of the proof is similar to the non-uniform case, though some additional
ingredients like a uniform law of the iterated logarithm are required. A significantly more
intricate use of tools from the Vapnik-Chervonenkis theory should yield the theorem for
compact source alphabets (this would involve performing a series of increasingly fine finite
discretizations of the alphabet, using the finite alphabet result proved here, and justifying
the approximation via discretization using smoothness arguments); however we do not detail
that proof. It is not clear how to extend this to general alphabets like the real numbers.
The structure of the proof is as follows:

1. First we will show that for n large enough,

=1

il n
] < =1
where

f0,k,a) = Ao(Qp, Mo + k) — (Mg + K)D (117)

2. We will then perform a Taylor expansion and a sequence of manipulations to reduce
Theorem Bl to a pair of propositions.

3. We will then prove these propositions, using a uniform law of the iterated logarithm.
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A.l Part1l

We need the following lemmas.

Lemma A.1: If g, lies in the interior of the simplex ]P’(fl) of i.i.d. probability measures on
finite alphabet A, then:

(1) Dmin(60) =0

(2) There exists d > 0 such that Df:%(@) — Dpyin (@) uniformly w.p.1 for 8 € B(6p, ).

> 0, then there exists 0 > 0 such that — Mg uniformly w.p.1 for 0 € 0,0).
3) If D > 0, then there exists & > 0 such that A"’ — g uniformly w.p.1 for 6 € B(fy, 6
Proof: Let

my(a) = essinf p(a,Y) = min a, 118

ola) Sgsinfp(a,V) = min pla,y) (118)

so that Din(0) = Ep[me(X)]. Since Qg, lies in the interior of P(A), supp(Qp,) = A which
implies mg,(a) = 0 for each a € A. Thus, irrespective of what P is, we have Dy, (6p) = 0.

If we choose ¢ so that the neighborhood B(6p,d) lies in the interior of the simplex, then

by the above, we have Dfﬁn(e) = Dpnin(0) = 0 for every n and every 6 in this neighborhood.

Thus the uniform convergence in (2) is trivial.
It is evident that we can pick § > 0 so that D > Dy, (6) = 0 for all 6 in the neighborhood

B(6y,0). Thus the definitions of )\gn) and Ay make sense. Now suppose

lim sup sup (/\én) —Xp) > € (119)
n—oo 96]3(90,5)
Then there exists a subsequence nj along which supeeB(9075)(/\é") — A\g) > § Focussing on

this subsequence, we choose 6 so that ()\én) —Xg) > . Now,

D = lim inf A/(pX{L, Qo Aén))
< lim sup A'(Pxp, Qo, Ao — i)
€

1 n
= lim =S Ay, (Qo, o —
ningon; % (@ 20 — )

€
= QoM —2)
< A'(Qg,Ng) =D
which shows that ([[IT9) leads to a contradiction. Similarly, the assumption

lim inf  inf (AU — )\ < 12
el N0 ) S e

also leads to a contradiction. Together, these prove the lemma.
Choose N = N(X%7°, ) such that ]Aé")—Agl < § for every n > N and for every 0 € B(0y, 9).

By Lemma A.1, we know that NV < oo w.p.1. Using the definitions of R and gy, we can rewrite
the LHS of ([IH) for n > N as
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[A*(P,Qg, D) — A*(Pxn, Qp, D)] + [A(P, Qg, Ag) — A(Pxr, Qp, Mo)]
=@ \gD — A(P, Qg No) — sup [(Ag+ k)D — A(Pxp, Qp, o + )]
KE(—6,0)
+ A(P,Qo, No) — A(Pxr,Qg, Ng)

. ~ (121)
= |i1‘1f —[()\9 +rK)D — A(PX{% Qo, \g + H)] + XD — A(PX{% Qo, Ng)

Z{f (0,5, X;) — £(0,0,X;)}

|n\<6 n

which proves ([[IGl). Note that in the equality (a), the restriction of the supremum in the
definition of R(PX{L, Qg, D) to the small interval is valid for n > N(w) for a.s-w. We are also
using the fact here that A(PX{L, Qo, ) = % S Ax,; (Qo, Ag), which is a consequence of the
definitions.

A.2 Part 2

Now, by Taylor’s theorem, for some 1,,(0, k) between —x and k,

/€2

1 n
- ;{f(e, R X)) = 10,0, X0)}| = R AW(6) + 5 Ba(0, (6, 5) (122)

where, if we use ’ to denote differentiation with respect to A,

n

An0) = = 37 ¢(6.X) (123
i=1
¢(0,a) = ((% f(0,k,a) = A (Qg, Ng) — D (124)
-0
1 "L 92 1 "
0,7) = E;@ szf(ejﬂja) = E;Aa(QeaAe-i-’Y) (125)

By combining ([[I6]) and ([[Z2), it is clear that to prove Proposition 2, it suffices to show
that

l€2

B 0.n(0.1)]

Note that since the expression in square brackets is 0 for £ = 0, the infimum must necessarily
be non-positive. In other words, we only need to prove a one-sided version of ([ZH)).

loglogn

sup = O( ) (126)

n

inf [mn(e) +

|| <o

The following simple estimate using completion-by-squares is useful:

/€2

kAR (0) + EBn(G,T,Z)n(H,/{))
2
_ ([ Bn(0:0a(0,5)) A, B A2
- <\/ 2 \/2B (0 m))> 2B, (0,0 (0, K)) (127)
A3

28,0, 4u(0.1))
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This estimate implies

2 2

|k|<d _Qinf|,€‘<5 Bn(e,ﬁ)

(128)

since we know that [¢,(0, k)| < 0.

Combining ([[26]) and ([[Z) and noting the comment after the former, we see that to prove
Proposition 2, it is enough to show that for n large enough and for some constant C' < oo
independent of 6,

A? Clogl
sup - z < 0808 (129)
0eB(6*,6") 2 1nf|,{‘<5 Bn(e, /ﬁ) n
or equivalently
( TLA?L )
loglogn
sup - <C (130)
0eB(6*,0) 2(1nf|,{‘<5 Bn(e, R))
To show this, it is sufficient to prove the following 2 statements:
Proposition A.1:
A2
lim sup sup i TR w.p.1 (131)
n—oo  9cB(0*,0) log logn
Proposition A.2:
lim inf inf inf B,(0,k) >0 w.p.l (132)

n—oo GeB(0*,0) |k|<d

A.3 Part 3

We need the following lemmas.

Lemma A.2: (Properties of ¢(-,-)) If A is finite and the distortion measure p is bounded,

1. The collection of functions F = {{(0,-) : 6 € B(6*,0")} is a class of measurable functions
from A to R. Also, ((6,X) is a real-valued random variable with mean 0 for any 6.

2. For fixed x € A, ((0,z) is a continuous function of 6.
3. F forms a bounded separable subset of L?(4, P).

4. Define S(x) = supgepg+,5y [C(0, 7)| and L(z) = log(max(z,e)). If A is finite, then S(X)
is a bounded random variable, and

S*(X)
E [W(X)} < o0 (133)

Proof:
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1. Recall

Eg[p(a,Y)etor(@¥)]
E9 [eAGP(‘LY)]

0
C(6,a) = 511, (log By *)]) — D = -D (134)
where the interchange of derivative and expectation was permissible because the finite-
ness of the alphabet causes Fy to be just a weighted sum. Since p is bounded, all the
summands in the numerator are finite, while those in the denominator are positive.
Hence ( is a finite-valued function.

For {(#, X) to be a random variable, we need ((0,-) to be a measurable function.

To see that ((#, X) has mean zero, we merely note that as before we can interchange
derivative and expectation, so

EplC(0, X)) = 5 BplAx (@, 2)] D = AP, Qy h) ~ D=0

2. h(\,0) = %AI(QQ, A) is a continuous function of both 6 and A. Noting that {(0,x) =
h(Xg,0) — D, it only remains to observe:

[h(Aa, 0) — (Ao, 0)] < [h(Ng, 0) — h(Agr, 0)| + [R(Xgr, 0) — h(Ngr, )]
Q.E.D.

3. The bounded distortion function implies that di(P, Q) is bounded for any P and Q.
Consequently,

dy= sup Ep[¢(6, X)) < o0

9B (6*,0")
and thus F is bounded in L2(A, P). F is also a separable subset since continuity of
¢(0,z) in O implies that considering only rational # yields a dense subclass.

4. Note that
¢(0,a) = N (Qg, Ng) — D € [Dpin(a,0) — D, Dyy(a,8) — D]

if we define Dyyin(a,0) = Dpin(1a, Q) and Dgy(a,0) = Dgy(14,Qp), and so ((-,a)
is bounded. Further, by continuity of the bounds in 6, and the fact that S(-) is the
supremum of (6,-) over a ball of #’s that is contained in a compact set in Euclidean
space, it is clear that S(a) is a finite number for each a. Finiteness of A implies that
S(-) is a bounded function. This, together with the fact that LLS(x) > 1 by definition,
yields (43).

Lemma A.3: If A is finite, IF is a countably determined Vapnik-Chervonenkis graph class.

Proof. Consider the set of subgraphs of F. Each subgraph is a point-subset of a set of |A| = m
lines, namely A x R. We need to show that for some j, NO j-element subset of A x R is
shattered by the subgraph class of F.

First we note that by the continuity of ¢ (Lemma A.2), the extremal points of the sub-
graphs on each of the m lines are continuous in 6; thus they populate an interval on the
real line. Let j = m + 1, so that at least one line has two points of the set to be shattered.
Consider this line. If the 2 points lie on the same side of 0, then the one farther away cannot
be isolated by any subgraph. If they lie on opposite sides of 0, the pair set cannot be isolated
by any subgraph. O
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Proof of Proposition A.1: From Lemmas A.2 and A.3, we see that F satisfies the conditions
of Alexander and Talagrand, and thus a uniform law of the iterated logarithm holds for the
i.i.dwvariables ((6, X). O

Proof of Proposition A.2:

1 n
T ] 0,50 B St @00

=1 (135)

=F inf inf A% (Qg, A p.1
F [961318)*,5/) wl<s x.(Qo, 2o + K)] WP
where we used Birkhoff’s ergodic theorem. We want to show that this is positive if we make
¢ and ¢’ small enough. But this follows from continuity of A% (Qg, A9 + k) in 6 and k (see

i

Lemma A.2). O

B Connections to the Method of Types

B.1 Background

In a series of papers (35, [32], [33]), Yang, Zhang and Wei pursued the use of the method of
types to study lossy data compression with known and unknown statistics (the latter referring
to the analysis of universal lossy codes). This appendix uses their comprehensive framework
to make some comments on second-order properties of the lossy likelihood (cf., Section Bl).

First, we outline the notation needed for the rest of this section. If M = {ey, ..., e, }, then
t € P(M) is an n-type if t(e) € {0, %, %, ..., 1} for each e € M. The set of all n-types of M is
denoted T, (M).

The type of a string 21" € M"™ is t(2]") = (t(27, e1), t(27, €2), ..., t(2], em)), where t(27, €;) =
11{j : zj = ¢;}| is the fraction of entries in 2} at which e; occurs. The type class of a type
t € T,,(M) is the set of strings

Ty (t) = {21 € M" : t(27) =t} (136)
If t(e;) > 0 for every e; € M, the following facts hold:
m—1

log [T (t)] = nH(t) — logn + O(1)

’ (137)

2

~log p" (T3 (1)) = nD(t|lp) + " logn + O(1)
where the O(1) term in both expressions can be uniformly bounded over a set of types whose
components are uniformly bounded away from 0.

With these basic notions, the theory of lossy data compression for finite alphabets can
be cast in the language of types. Recall that the source alphabet is denoted A and the
reproduction alphabet by A, and that for any z} € A", we defined B(z7,D) = {y] € A
pn(2l,y7) < D}. The main point of difference between the papers cited above and the way in
which we use types is that we study distortion balls consisting of strings on the reproduction
alphabet, whereas [B0)], [32] and [33] study distortion balls consisting of strings on the source
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alphabet. In the rest of this appendix, we use t to denote a probability distribution on A,
r to denote a probability distribution on A, and s to denote a probability distribution on
A x A.

For r € Tj,(A), define
B(xy,r, D) = Bz, D) N Ty(r) (138)

Since we are using a single-letter distortion function, symmetry implies that the cardinality
of this set of strings depends only on t(z7); thus we define

Fo(t,r, D) = |B(2Y,r,D)|, where 27 € T%(t) (139)

As in [35], let the “upper joint entropy” and the “lower mutual information” be defined by

H,(t,r,D)= sup H(s) (140)
seS(t,r,D)
and
Ii(t,r,D) = inf I(t;r)=H(t)+ H(r) — Hu(t,r, D) (141)
seS(t,r,D)
where

S(t,r, D) ={s € P(Ax A) : E;p(X,Y) < D, and s has t and r as its marginals } (142)

Then, following the computations done in [35] and the refinements of the same in [B6], it is
easy to see the following result.

Theorem B.1: If K = |fl|, then for sufficiently large n, and for all (¢, 7, D) in a neighborhood
of (to, 70, Do) such that t and r are n-types,

log F,(t,r, D) = nH,(t,r,D) — nH(t) — g logn + O(1) (143)
Also,
—log ¢"(B(z},r, D)) = nD(r|q) + nle(t,r,D) + % logn 4+ O(1) (144)
where 2} € T%(t), and the O(1) error term depends on r and ¢ but not on g¢.

B.2 The second-order generalized AEP using types

Having stated Theorem B.1, we can now use rough heuristic arguments to obtain the second-
order generalized AEP. While these arguments can be made rigorous, we do not describe the
laborious computations that would entail since this section merely provides an alternative
proof for a result that has already been rigorously proven in Section Bl

According to Theorem B.1, ¢"(B(X7,r, D)) = eI where

f(r) = D(rllq) + Io(Pxp, 7, D) + K;(;g” + O<%> (145)
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Thus we have

¢"(B(a},D)) = %,cp e ™"

%nK_l/ A e~ gy (146)
reP(A)

~ K1 f ()

where we approximated the sum by an integral, and then used Laplace’s method of integration
to estimate the value of the integral. Here, 7 is the minimizer of f(r), which is O(%) close to
what is known as the “favorite type” (assuming f is differentiable and using Proposition 4).
Since the error is irrelevant for our approximate computation, we simply use 7 to denote the
favorite type itself henceforth. The favorite type- which represents the empirical probability
distribution of the first codeword in the random codebook that matches the data- is defined
and studied in [34]. It is a fascinating object, since iteratively finding favorite types results
in identifying the optimal QQ* because of Blahut-Arimoto-type convexity considerations. It
is thus satisfying to see the favorite type make an appearance in these computations. Note
that # depends on ¢, since it is the minimizer of a functional in which ¢ is a parameter.
Now,

—logq"(B(X{,D)) =~nf(r)— (K —1)logn

. A K (147)

=nD(7|lq) +nle(Pxyp, 7, D)+ (1 - B} logn + O(1)

But from [34],
D(#llq) + L(p,7, D) = R(p,q, D) (148)
so that (1) can be rewritten as
n n > K

—log ¢"(B(XY, D)) ~ R(Pxp,q,D) + <1 — 5) logn + O(1) (149)
which would be precisely the same as Proposition 1 if the coefficient of the logn term were
% instead of (1 — %)' Note that the error arose because of the rough approximation made

in ([ZQ). If that calculation were done very carefully, one ought to get an exponent of %
there and consequently recover Proposition 1 exactly here.

To obtain the full second-order generalized AEP using the method of types, one needs
to carry out a Taylor expansion of Ig(PX{L,f, D) in its first variable about p. (This can be
performed since Lemma 2 in [35] indicates that I, is at least second-order differentiable.)
Then a simple observation based on ([4F]) yields the second-order generalized AEP.

C Remarks on Asymptotic Normality

In the usual setting of parametric estimation, a large variety of estimators are asymptoti-
cally normally distributed about the true value of the parameter. Indeed, under regularity
conditions, the maximum likelihood estimator (MLE) is not only asymptotically normal but
efficient, in the sense that the limiting variance is given by the inverse Fisher information
and is optimal according to the Cramér-Rao bound. A natural, interesting question in our
framework for lossy compression is whether the LML estimator has any such properties, and
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what they mean. In this Appendix, the classical approach to proving asymptotic normality
of the MLE, (see, e.g., [19]) is examined in the context of lossy estimators; this indicates the
kind of problems that crop up in extending the analogy.

The classical method is based on Taylor’s theorem assuming smoothness of the likelihood
function. Suppose [(6) = (0| X]") denotes either the lossy likelihood function or the pseudo-
lossy likelihood function. Let 6, denote the maximizer of (A)— this is 0XME when [ is the
lossy likelihood and é,I;ML when [ is the pseudo-lossy likelihood.

Expanding Vyl(6,) in a Taylor series about the optimal parameter 6* yields

v OU0)
063
where 6,, lies between 6,, and #*. Assuming that the optimal #* is in the interior of ©, the

derivative of [(#) at the point where it achieves its maximum (namely, 6,,) must be 0. Thus
we can write:

Vol(0n) = Vol(67) + Hesspl(0%) - (6, — %) + 1(0, — 0%)

(0 —07),  (150)

30 -1
—%Hess@l(e*) - %(en _ T 85(92”)] - [%vel(e*)} . s

(0 — 6%) =

Guided by the proof for the lossless MLE, we would hope to prove that each of these
terms converges in an appropriate sense, by using the second-order properties of [(#), and
the consistency results for the lossy estimators. If Q* = Qg+ is in the interior of the simplex,
and if ([[l) can be validly differentiated term-by-term with respect to 6, with the error terms
remaining asymptotically insignificant,

{210 Q:}(B(X?,D))}
logn loglogn
va + oo +o ()

The first term on the right is a normalized sum of i.i.drandom vectors, which have mean
0 since the finiteness of A justifies the interchange of derivative and expectation. It there-
fore converges weakly to a multivariate normal with covariance matrix J;(6) given by the
covariance matrix of Vg« go(X):

%VGZ(Q*) =/nVy

(152)

0 0
0) = —g9(X), —g9(X) ]| . 1

1(6) = Covr | G (). 5g-00() (153)

The other terms are lower order and converge to 0 w.p.1, so that
1

—Vyl (6" N 0). 154
TEVol(") = N (0.1(0) (154)
(The above is valid when [(0) is the lossy likelihood, but the result is unchanged when it is
the pseudo-lossy likelihood, since only the less significant terms that converge to 0 w.p.1 are

different.)
Formally differentiating the second-order lossy AEP again,

1 . BN
EHesse)l(H ) = Hessy N R(P,Qy,D) + - ZQG(X
i=1 (155)
— Hessy R(P, Qg+, D)
=: Jo(0%)
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where the convergence is w.p.1. The boundedness in probability of the norm of the third
derivative tensor term in ([[BIl) would follow similarly.

Thus, under the assumption that the expansion () can be differentiated thrice term-by-
term in such a way that the error term remains o(lorgL ), the LML estimator is asymptotically
normal around the optimal 6%, and furthermore the covariance matrix of the limiting normal is
Jy L (I, T (with a similar result for the pseudo-LML estimator). However, this assumption
is a major problem, since we know very little about the error term. Although the left-hand
side of ([Z) in Appendix A is an explicit expression for the error term, it is opaque and
it is unclear how to differentiate it. All that is explicitly known about the error term is its
order, which does not say anything about the order of its derivatives. To see this, consider
the sequence of functions f,(x) = sin nxb@% which is O(b@%) (and hence converges to
0 quite rapidly) but whose derivatives are unbounded as n increases.
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