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Abstract of “Probability Models for Complex Systems,” by Zhiyi Chi, Ph.D., Brown Uni-
versity, May 1998

This thesis is a collection of essays on probability models for complex systems.

Chapter 1 is an introduction to the thesis. The main point made here is the importance of
probabilistic modeling to complex problems of machine perception.

Chapter 2 studies minimum complexity regression. The results include: (1) weak consis-
tency of the regression, (2) divergence of estimates in L?-norm with an arbitrary complexity
assignment, and (3) condition on complexity measure to ensure strong consistency.

Chapter 3 proposes compositionality as a general principle for probabilistic modeling. The
main issues covered here are: (1) existence of general compositional probability measures,
(2) subsystems of compositional systems, and (3) Gibbs representation of compositional
probabilities.

Chapter 4 and 5 establish some useful properties of probabilistic context-free grammars
(PCFGs). The following problems are discussed: (1) consistency of estimated PCFGs,
(2) finiteness of entropy, momentum, etc, of estimated PCFGs, (3) branching rates and
re-normalization of inconsistent PCFGs, and (4) identifiability of parameters of PCFGs.

Chapter 6 proposes a probabilistic feature based model for languages. Issues dealt with in
the chapter include: (1) formulation of such grammars using maximum entropy principle,
(2) modified maximum-likelihood type scheme for parameter estimation, (3) a novel pseudo-
likelihood type estimation which is more efficient for sentence analysis.

Chapter 7 develops a novel model on the origin of scale invariance of natural images. After
presenting the evidence of scale invariance, the chapter goes on to: (1) argue for a 1/r® law
of size of object, (2) establish a 2D Poisson model on the origin of scale invariance, and (3)
show numerical simulation results for this model.

Chapter 8 is a theoretical extension of Chapter 7. A general approach to construct scale
and translation invariant distributions using wavelet expansion is formulated and applied to
construct scale and translation invariant distributions on the spaces of generalized functions
and functions defined on the whole integer lattice.



Preface

Probabilistic modeling, often called statistical modeling, is becoming increasingly important
to the study of many areas of science. The reason for this is twofold. On the one hand,
many problems in modern science and technology are so complicated that they cannot
be solved accurately by using simple and deterministic rules. However, by introducing
stochastic mechanism into the solution, it is possible to find good approximate answers to
these problems. For instance, stochastic annealing processes have been used to attack a
wide range of hard optimization problems. The performance of the stochastic approach
depends largely on how well it incorporates the stochastic mechanism with the elements of
the problems. On the other hand, many natural and social phenomena are characterized
by a variety of randomness. As an example, in medicine, people observe that the number
of the cases of a disease often varies from region to region and from time to time. Usually
statistical methods are the main tools to study such phenomena and the effectiveness of
these methods relies on how well they model the phenomena and their randomness. It is
fair to say that probabilistic modeling is of fundamental importance to the implementation
of statistical methods.

This thesis is a collection of essays which have a common theme: the study of complex
systems by probabilistic modeling. Under this theme, the essays cover a range of problems
which can be roughly divided into five categories: (1) statistical estimation, (2) methodology
of probabilistic modeling, (3) probabilistic language model, (4) probabilistic vision model,
and finally, (5) probability theory.

Chapter 1 is an introduction to the thesis. From the principle of Grenander’s pattern theory,
we give further arguments for the importance of probabilistic modeling to vision, speech
recognition, or all of machine perception. We also point out the contribution of the results
in this thesis to probabilistic modeling.

Chapter 2 is concerned with non-parametric estimation, which is a classical problem in
statistics. We study regression based on the minimum complexity principle and establish
several consistency results on this estimation method. The results demonstrate that in
order to get strong consistency, complexity measures of functions should be tied with the
actual behaviors of functions.

Chapter 3 proposes a general theory and methodology, the compositionality principle, for
probabilistic modeling of patterns. We introduce the notion of compositionality and for-
mulate composition systems mathematically. The main theoretical result in this chapter is
the existence of general probabilistic composition systems. We also introduce the notion of
subsystems and represent the compositional probability distributions in the form of Gibbs
distribution.

Chapters 4, 5, and 6 study probability models for languages. The first two chapters are
devoted to probabilistic context-free grammars, which are among the simplest grammars
for languages. In Chapter 4, we demonstrate that estimated production probabilities of a
probabilistic context-free grammar always impose a proper distribution on the set of finite
parse trees. In Chapter 5, we generalize the results in last chapter and develop an array of
other useful statistical results on probabilistic context-free grammars.



As is well known in linguistics, context-free grammars are too weak to well approximate
natural languages. In Chapter 6, we introduce a much more general probabilistic language
model called probabilistic feature based grammar, which incorporates the theory of unifi-
cation grammars and the theory of Gibbs distributions. We introduce a pseudo-likelihood
type scheme for parameter estimation, which is efficient for language analysis. We also study
the more classical maximum-likelihood type estimation scheme and prove the consistency
of both schemes.

Chapter 7 applies probabilistic modeling to another complex system — the space of natural
images. As is widely believed, statistics of natural images are of fundamental importance to
vision as well as image processing. One of the most distinguishing and intriguing statistical
properties of natural images is scale invariance of many marginal distributions of images.
We establish a model on the origin of scale invariance of natural images. Briefly speaking,
the model is a combination of the Poisson point process and projective geometry. We
also conduct numerical simulations for the model, and the results show satisfactory scale
invariance.

Chapter 8 is an extensive theoretical study of scale invariance. Motivated by the model
established in Chapter 7, we develop a general mathematical approach to construct scale
and translation invariant distributions on the space of functions defined on the whole integer
lattice as well as on the space of generalized functions.
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Chapter 1

Introduction

The center issue for many areas of machine learning and machine perception, including
computer vision, speech recognition, language analysis, and medical expert systems, is
how to extract useful information efficiently from signals produced by the world. The
problem has been studied by two quite different approaches. In the first approach, for each
class of signals, logic-like languages are devised to incorporate various knowledge about the
world and the features of the signals. Inference about a signal is made by combining the
features of the signal in a deterministic way offered by the languages to reach a high-level
description of the signal. To combat the combinatorial explosion of the number of the
possible combinations, various heuristics are developed for efficiently searching and pruning
the trees of combinations.

The second approach is based on the general principle of the pattern theory pioneered by
Grenander (Grenander [2] [3]). From the perspective of this theory, learning is equivalent
to the accumulation from extensive experience the knowledge of the statistics of the signals
and the entities represented in them. Perception is modeled as statistical estimation of
random variables not directly observed from the data. Essential to this estimation problem
is the Bayesian approach, which combines learned priors on the random variables and a
model on the signals (Mumford [4]). The work described in this thesis mainly concerns
the problem of building models for different classes of signals, which form different complex
systems. Some part of the work also studies the learning of priors.

Now that models are needed for the pattern theory approach, to which extent is modeling
important? Is it possible that without any specification for the models, a good model for any
given class of signals can be learned from examples? This is in essence a non-parametric
estimation problem. In theory, at least for simple problems, this can be done. One of
the ideas for doing this is to associate with each model a complexity measure. Given a
set of examples, or data, the “learned”, or estimated model is the one which among all
the possible models achieves the minimum sum of the complexity and the error made by
fitting the data. It will be shown (Chapter 2) that the “minimum complexity” estimation is
consistent. Naturally, in order to get stronger consistency of the estimation, the complexity
measures should be more related to the actual behaviors of the models.

Conceptually appealing as it is, in reality, the minimum complexity estimation method, and
indeed all current non-parametric estimation methods, are inadequate for difficult problems



in machine perception. The inadequacy is illustrated by the bias-variance dilemma (Geman,
et al [6]). On the one hand, because virtually infinite number of parameters are involved,
non-parametric estimation methods produce estimates with high variance, hence for diffi-
cult perception problems, requiring prohibitively large training sets to reduce the variance
contribution to the estimation error. On the other hand, the effort to control the variance
in complex inference problems by using model-based estimation usually brings high bias,
because proper models are hard to find for such problems, and estimation based on incorrect
models can be highly biased.

The dilemma is due to the requirement for generality of the learning. This requirement,
however, seems far from being met by the human brain. The human brain is a highly
wired machine each part of which performs a specific function. Given the complexity of
the input to the brain, the substantial human perception abilities, and the fact that a
human being can obtain such abilities so quickly after being born, it is overwhelmingly more
reasonable to regard the human brain as a model-based machine than a non-parametric,
or “universal” one. This suggests a way to circumvent the bias-variance dilemma. That
is, to give up generality and purposefully introduce bias. Putting into details, for each
class of complex inference problems, specific machines must be devised with important
properties of the class of problems being built into the machines’ architecture. To introduce
beneficial bias toward the problem at hand, the following three aspects are crucial: (1)
the selection of the properties to build in, (2) the representation of the properties in the
machines’ architecture, and (3) the mechanism to tune the properties and the representation.
Furthermore, the random nature of signals determines that the properties wired into the
machines’ architecture must include the description of the randomness of the signals. In
short, probabilistic modeling is fundamental to machine learning and perception.

Although there are so many different classes of signals, each of which having properties
remarkably different from the others, are there in any case general principles for probabilistic
modeling for them? In spite of their differences, many classes of signals coming from the
real world — natural images, languages, speech signals, in particular — share a common
characteristic. That is, each signal is not a random collection of basic units — pixels,
phonemes, and so on — but composition of these units in some specific manner. Human
beings seem to exploit the compositional nature of signals in an efficient way by possessing
the evident ability to represent in their minds entities as hierarchies of parts, with these
parts themselves being meaningful entities, and being reusable in a near-infinite assortment
of meaningful combination. As a way to mimic human perception, we therefore propose
compositionality as a principle for probabilistic modeling (Chapter 3).

There are various ways to address compositionality which lead to different models. These
models conveniently take the forms of grammars. Among the simplest grammars are
context-free grammars (CFGs). Their probabilistic versions, called probabilistic context-
free grammars (PCFGs), are equivalent to stochastic branching processes. Chapters 4 and
5 will cover PCFGs in detail. Standard grammars are feature based grammars, and their
probabilistic versions are equipped with Gibbs distributions, with the potential function of
each Gibbs distribution being a weighted sum of “features” that are supposed to capture
the most important properties of images or languages (Chapter 6).

The probability model that so far most expressively incorporates compositionality and prob-
ability distribution is, in our opinion, the probabilistic composition system model proposed



in Chapter 3. It explains compositionality from the point of view of the minimum de-
scription length (MDL) principle. This principle states that a “good” understanding of the
signals is achieved when a compact description of the signals is gotten. By “compact” we
mean the average length of the descriptions of the signals is small. The more compact the
description is, the better the understanding. The underlying philosophy for the principle
is that by capturing the mechanism to produce the signals, or the “core” of the signals,
the description can greatly reduce its redundancy, hence achieving compactness. According
to the information theory, the optimal description length of a signal is equivalent to the
probability of the signal. By representing the probability of an object as the product of
the conditional adjoint probability of its components, given its own features, and the prior
of the features, the model assigns more probability to a single composite object than to
the collection of the object’s components, taken as independent from each other. In this
way, the model expresses the idea that composition produces more compact, hence better
description, for entities.

So far we have discussed how to model properties of signals in a hierarchical way. The
modeling is mainly for high-level understanding of signals. There is another aspect of
probabilistic modeling, which is the modeling of the basic statistical properties of the “raw
data”, i.e., the signals before they are combined to form higher-level entities. Studying the
statistical properties of the raw data not only benefits modeling for higher-level machine
perception, but also, as is equally important, helps to better understand why the structures
of human sensors are as they are. As the probabilistic modeling for raw data does not need
to address higher-level understanding, it is considered relatively more approachable.

We will study a distinguished property of visual signals, which is scale invariance of many
statistics of natural images. In Chapter 7, we will build a model on the origin of scale in-
variance. This model is of physics flavor and can be generalized to a mathematical approach
to construct scale and translation invariant distributions (Chapter 8).
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Chapter 2

On the Consistency of Minimum
Complexity Nonparametric
Estimation

Nonparametric estimation is usually inconsistent without some form of regularization. One
way to impose regularity is through a prior measure. Barron and Cover [1][2], have
shown that complexity-based prior measures can insure consistency, at least when re-
stricted to countable dense subsets of the infinite-dimensional parameter (i.e. function)
space. Strangely, however, these results are independent of the actual complexity assign-
ment: the same results hold under an arbitrary permutation of the match up of complexities
to functions. We will show that this phenomenon is related to the weakness of the con-
vergence measures used. Stronger convergence can only be achieved through complexity
measures that relate to the actual behavior of the functions.

2.1 Introduction

Maximum likelihood, least squares, and other estimation techniques are generally incon-
sistent for nonparametric (infinite-dimensional) problems. Some variety of regularization
is needed. An appealing and principled approach is to base regularization on complexity:
Define an encoding of the (infinite-dimensional) parameter, and adopt code length as a
penalty. Barron and Cover ([1], [2]) have shown how to make this work. They get con-
sistent estimation for densities and regressions, as well as some convergence-rate bounds,
by constructing complexity-based penalty terms for maximume-likelihood and least-squares
estimators.

Can we cite the results of Barron and Cover as an argument for complexity-based reg-
ularization (or, equivalently, for complexity-based priors)? Apparently not: The results
are independent of the particular assignment of complexities. Specifically, the results are
unchanged by an arbitrary permutation of the matching of complexities to parameters.

!Supported by the Army Research Office (DAAL03-92-G-0115), the National Science Foundation (DMS-
9217655), and the Office of Naval Research (N00014-96-1-0647).



Of course there are many ways to define convergence of functions. We will show here that
the surprising indifference of convergence results to complexity assignments is in fact related
to the convergence measures used. Stronger convergence requires a stronger tie between the
parameters (functions) and their complexity measures.

§2.2 is a review of some Barron and Cover results. Then some new results about consistency
for nonparametric regression are presented in §2.3. (Proofs are in the Appendix.) Taken
together, the results of §2.3 establish the principle that stronger types of convergence are
sensitive to the particulars of the complexity assignment. We work here with regression,
but the situation is analogous in density estimation.

Our results are about consistency only. The important practical issue of relating complexity
measures to rates of convergence remains open.

2.2 Complexity-based Priors

Barron and Cover [1] have shown that the problem of estimating a density nonparametrically
can be solved using a complexity-based prior by limiting the prior to a countably-dense
subset of the space of densities. More specifically, given a sequence of countable sets of
densities, I'y,, and numbers L, (q) for densities ¢ in T, let T' = U,I',. Set L,(q) = oo for
q not in I',. For independent random variables X7, X9, --, X, drawn from an unknown
probability density function p, a minimum complexity density estimator p, is defined as a
density achieving the following minimization

n
min | L,(q) — Zlog q(X5) | -
€l i=1
If we think of L,,(¢q) as the description length of the density ¢, then the minimization is over
total description length—accounting for both the density and the data. Barron and Cover
showed that if L,, satisfies the summability condition

sup Z 279 < o0

n

q€ln
and the growth restriction
L
lim sup M =0, foreveryqel, (2.1)
n n

then for each measurable set S,

lim P,(S) = P(S) with probability one,

n—oo
provided that p is in the information closure I' of I. Here, B, and P are the probability
measures associated with the densities p,, and p, respectively, and “p is in the information
closure I' of I'” means that inf,cr D(p|lq) = 0, where D(p||q) is the relative entropy of p to

q.

Barron and Cover also showed that if L, satisfies a “light tail condition,” i.e. if for some
0 <a<1and b,
S 27eln@ < b for all m, (2.2)
g€l



and if L, also satisfies the growth restriction (2.1), then for p € ', with probability one,
lim /|p_]3n’ =0.
n—oo

A second paper by Barron [2] offers a minimum-complexity solution to the regression prob-
lem. Let (X;,Y;)!, be independent observations drawn from the unknown joint distribution
of random variables X,Y’, where the support of X is in R%. Here X is the vector of ex-
planatory variables and Y is the response variable. Functions f(X) are used to predict
the response. The error incurred by a prediction is measured by a distortion function
d(Y, f(X)), the most common form being (Y — f(X))2. Let h be a function which mini-
mizes E(d(Y, f(X))), which is to say that h = E(Y|X = z) in the squared error case. When
a function f is used in place of the optimum function h the “regret” is measured by the
difference between the expected distortions

r(f,h) = E@(Y, f(X))) — E(d(Y, h(X))).

Barron defines statistical risk for a given estimator h, to be E(r(hy, h)). Given a sequence
of countable collections of functions, I',,, and numbers L, (f), f € Ty, satisfying the summa-
bility condition

sup Z o~ L) < 00,
" fer,

the index of resolvability is defined as

Ra(h) = guin (r(£.) + A L)

and a minimum complexity estimator is a function h,, € I';, which achieves

n

min (13" d(Y;, £(X0)) + A La(f).

fern ™ n =1

Again there is a coding interpretation: if d(Y, f(X)) is log probability of Y given X, then b,
minimizes total description length for the model, f, plus the data Y7,...Y, given X, ...X,,.
Barron showed that if the support of Y and the range of each function f(X) is in a known
interval of length b, then with A\ > 5b%/31oge, the mean squared error converges to zero at
rate bounded by R, (h), i.e.,

E(r(hn,h)) < O(Ry(h)). (2.3)

Taken together, these results offer a general prescription for nonparametric estimation of
densities and regressions. Furthermore, the connection to complexity is appealing: It is not
hard to invent suitable functions L, (-) by counting the bits involved in a natural encoding
of '), (cf. [1]). There is, however, a disturbing indifference of the results to the details of
the complexity measure. For any set of permutations o, on 'y, define L] (§) = L,(c(£))
and observe that L] satisfies whatever conditions L,, does, and hence the same results are
obtained (with the same bound on rate in (2.3)) using L/, in place of L,! In general L, will
have no meaningful interpretation as a complexity measure.



2.3 What Ties Consistency to Complexity?

Suppose that X is a random variable from a probability space (2, F, P) to ([0,1],B8). X
introduces a measure Py on [0, 1] through the relation Px(B) = P(X~1(B)), for B € B.
Choose a countable dense subset I in L2([0,1], Px), and define a “complexity function”
L :T'— N. For any random variable Y from (2, F, P) to (R,B) with h(z) = E(Y|X =
x) € L2([0,1], Px), define the estimator h, to be a function in I' which achieves

wmin {L(f’ + iy f(Xm?} .
=1

fer n

We will always assume that L satisfies a much stronger tail condition than (2.2):

Z el < 0o for any € > 0. (2.4)
fer

The first proposition demonstrates that for a weak form of convergence consistency is es-
sentially independent of the complexity measure:

Proposition 1. If EY* < 0o, then

. Px, h, a.s.
Obviously, the proposition remains true for any permutation ¢ of I" and resulting complexity
function L'(f) = L(o(f)). But, suppose we were to ask for consistency in L? (a.s.) in place
of consistency in probability (a.s.)? Then, despite the strength of the tail condition (2.4),
we would evidently need to pay closer attention to the complexity measure:

Proposition 2. There exists a random variable X, a countable dense subset I' in L?([0, 1],
Pyx), and a function L : I' — N satisfying (2.4) such that for any Y with h(z) ¢ I, the L?
norm of h,, (in L?([0, 1], Px)) goes to +o0o with probability one.

(We are focusing on the regression problem, but analogous arguments apply to probability
density estimation. For example, by a construction similar to the one used for Proposition
2, the minimum complexity density estimator discussed in Barron and Cover [1] may not
converge to the actual density p in the sense of Kullback-Liebler:

/ plog—- /0,
Pn
even though the coding L satisfies the strong condition (2.4).)

One way to rescue consistency is to tie the complexity measure L(f) more closely to f:

Proposition 3. Suppose that for every f € T', Ef*(X) < co. Assume EY* is finite (and
hence so is Eh*(X)). Construct a complexity function as follows: First, define Cy(f) =
(Ef4(X) + €)e2E*X) and C(f) = C1(f)log C1(f). Then, given any Ly : I — N which
satisfies (2.4), let L(f) = C(f)L1(f). Then

~ L2
h, — h a.s.

Proofs for the propositions are in the Appendix.
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Appendix

Recall that X is a random variable defined on a probability space (€, F, P), taking values
in ([0,1],B). Px is defined on [0,1] by Px(B) = P(X '(B)), for B € B. T is then a
countable dense subset or L2([0,1], Px). (Take, for example, I' to be a countable dense set
in L2([0, 1], dz); this will work for any Px which is absolutely continuous with respect to
Lebesgue measure and has bounded derivative dPx /dz.) The complexity function L : I' —
N is always assumed to satisfy the “strong tail condition” (2.4).! Finally, we assume that
the response variable Y (a random variable on (£, F, P)) has an L?-valued regression

h(z) = E(Y]|X = 2) € L*([0, 1], Px).
The regression h(z) is estimated by a function h,, € I’ that achieves the minimum in

min {L(f) i f(Xm?} -
=1

fer n

We begin with Proposition Proposition 2.

Proposition Proposition 2 There exists a random variable X, a countable dense subset
I in L?([0,1], Px), and a function L : I' — N satisfying (2.4) such that for any Y with
h(z) € T, the L? norm of h,, (in L%([0,1], Px)) goes to +oo with probability one.

Proof. Choose X so that Px is Lebesgue measure. Fix I' = {f1,..., fn,...} dense in
L?([0,1], Px). Let Bi,...,B,, ... be a sequence of measurable subsets in [0, 1], each of
which has positive probability, such that

PE1<i<n, X; € By, io. forn)=0.

'For example: choose a(-) strictly positive such that Zf a(f) < oo. If F(x) is any strictly positive
function satisfying F(z)/x — oo as x — oo, then L(f) = F(—loga(f)) satisfies (2.4).



This condition can be achieved, for instance, if the B’s satisfy

iu — (1 = Px(Bp)"] < .
k=1

Now for i = 1,2,..., define g;(x) as

T B

We first select A; such that F(g; — fn)2 > 0 for all n € N. This can be done since there
are only countably many f’s while there are uncountably many choices of A;. We then
inductively select A; such that E(g; — f,)? > 0, for all n € N, and E(g; — gx)? > 0, for
k=1,...,i— 1. We also require of A; that Fg? — +occ0. Then g1, go, ... are distinct and
none of them are in I'. Modify I' to include g1, g2, .... Define L : I' — N such that

L(fn) > L(gn)
and
Z e <« oo, for any e > 0.

fer

Now given Y, with h(z) = E(Y|X = ) € L*([0,1], Px) and h(x) ¢ T, the set of w which
satisfies

LS ¥ = F0)? = B(A(X) = F(X)+ B(Y = h(X))2, Vf €T

and
Xi(w) € B, V1<i<mn,Vlargen
is of probability one. For any w in this set, let

In(w)—argmkin{ Vi) LS~ - ux >>}.
=1

Tl

Then since h ¢ T, I;,(w) — oo as n — oo. For large n, X;(w) & By, () for all 1 <i < I, (w),
and hence

91, () (Xi(W)) = [r,(0)(Xi(w)) V1 <i < Ly(w).

Therefore, for large n,

Hon) Ly, - gy, 2 < PB4 Lsmw g

n =1 n i=1

Consequently, with probability one, for large n

R 1 n
hy, = i — € oo b
n = arginiy { + g } {91,92,---}
Since F(g?) — oo, this completes the proof. O
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Remark 1. As mentioned in §3, the same argument can be used to show that the minimum
complexity estimator p, in [1] may not converge to the true density p, in the sense that

/plogA 4 0.

The proof of Proposition Proposition 1 is based on the following three lemmas.

Lemma 1. Fixe > 0. Let Z1, Zs, ..., Z, be a sequence of i.i.d. random variables satisfying
a. 21 >0
b. EZ? < o

then

Proof. For any ¢ € (0, 1],

< Z (Zi — EZy) ) < (Eet(_ZH‘EZl—e))n

Let ¢(t) = Eel(=Z1+E21=¢) then

and for any ¢ € (0, 1],
¢'(t) = E((Z1 — EZy + €)2TA+E0-9) < (7, — EZ) + €)%/ < K.
Hence
¢'(t) < —e+ Kt forte(0,1],
and
Lo
qﬁ(t)gl—et—i—iKt for t € (0,1].
Take t = ¢/K < 1, which is the minimizer of 1 — et + Kt2/2. Then

( ZZ <EZl—e> < (1—;{>n.

=1

11



Lemma 2. Suppose EY* < cc. Let h(z) = E(Y|X = z) € L*([0,1], Px). Assume I is a
countable dense subset of

{f € L([0,1), Px) : |f(x)| < M}

and L : I' — N satisfies condition (2.4). Then given 0 < € < 1, with probability one, for
sufficiently large n and all f € T' with E(f — has)? > 3e,

Z 2y )L Z (A2.1)
where for any function f,

_ ] @) if | f(x)] < M
fu(@) = { sign(f(xz))- M  otherwise. (A2.2)

Proof. We shall first give the idea of the proof. Assume |h| < M. With probability one,
when n is sufficiently large, > ; (h(X;) — Y;)?/n + € is bounded by E(h(X)—Y)?+ 2¢. We

then get a stronger inequality
L 1 &
E(h(X)—-Y)*+2¢ < Ef) + = > (X

The left hand side equals
E(f(X) = Y)? = B(f(X) = h(X))* +2¢ < B(f(X) —Y)* —e.
Hence we can prove the lemma by showing

LS () =~ B ) v > —e - M)

is true with probability one, for sufficiently large n and all f € I". By Lemma 1, for each
fixed n and f € I', the probability that this inequality does not hold is bounded by

(1_<6+LI<(ﬂ/m>”§<l_;j>"(1_W)",

where K is a large number independent of n. Because 1 — x < e™® for all x > 0, the above
probability is then bounded by
2 n
1- S ) eel/K.
K

Sum over all f € I', we see that the probability that (A2.1) is not true is exponentially
small. A Borel-Cantelli argument then finishes the proof.

We turn now to the details of the proof. Define

B(hy) ={f €T : E(f —ha)? > 3¢} (A2.3)
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For f € T', define

Trn(ha) = {i Zn:(f(Xi) ~-Y;)? + Lfl) < izn:(hM(Xi) e e} ., (A2.4)
Valhar) = U szl,n- h (A2.5)
fen
Write
R( { zn: )2 — E(hy(X)-Y)? < e} : (A2.6)
R(ha) = hmmfl} (har)- (A2.7)

Henceforth, we will simplify the notation by writing B instead of B(har), T, instead of
Tfrn(har), and so on. By the strong law of large numbers, P(R) = 1. Next show that
>on P(Viu N Ry) < oco. If this is true, then by the Borel-Cantelli lemma,

P(limsup V,,) = P(limsup V,, N R) < P(limsup(V,, N R,)) = 0,

n—oo n—oo n—oo

which is what needs to be proved.

For w € R, and f € B,
i >4 e~ B(F(X) — ¥ < 2+ E(has(X) V) — B(/(X)— V)"

Clearly,
E(Y — f(X))* = BE(Y — h(X))* + E(h(X) — f(X))*.
Since |f| < M, |h — f| = |h — hy| + |has — f1,

E(Y - f(X))> > B(Y —h(X))?+ E(h(X) — hy(X))* + E(ha(X) — f(X))?
= X))?+ E(hy(X) — f(X))?
X))? + 3e.

v
jsa
>~<
!
>
g

Hence
lzn: )4 e— B(F(X) = V)2 < —c.

Suppose f € B and R, N Ty, # 0. For any w € R, N T}y, by the above inequality,

LS )~ - B - v —e - HD -y,
i=1
Furthermore,
L;) = ;Zn:(hM(Xz) —Y)?+e



and hence

1 n
Spn < 26+;§ (har(X;) — Y;)?
=1

3+ E(hy(X)-Y)?=H. (A2.8)

IN

Fix K such that
K > (E(M +|Y|)* + H?)ePM+YD*,
Now for any f € B with R, N T}, # 0, it is easy to check
(Var((f(X) - Y)?) + 5?7n)eE(f(X)_Y)2 <K and 45, <K.

Then by Lemma 1, for any f € B with R, N T}, # 0,

P(R,NTy,) < P (:L 3 (f(Xi) = Y)* = E(f(X)-Y)* < —5f,n>
i=1
< (1_ (L(f)/n+e>2>
2K
2 \" eL(f)/n\"
< (1 B 2K> (1 K )

Since

eL(f)/n _ €dpn
K S K °

L,

and 1 —xz <e™™, forall 0 <z <1, we get P(R, NT¥,) is bounded by
2 \" eL(f)

Therefore

PR (V) < 32 P(RaNTy) < <1 . M) 5 o (<L),

feB feA

and by the strong tail condition (2.4), " exp(—eL(f)/K) < oco. Since K is independent of
n, P(R, NV,) is exponentially small and y_ P(R, NV,,) converges. O

Lemma 3. Let p be a finite measure, and let f and f,, n = 1,2,..., be measurable
functions. If f < oo, p-a.s, and if

minf limsup E(foar — far)> =0,

li
M—o0 n—oo

then f,, & f.
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Proof. Suppose M,, — oo is a sequence such that

lim limsup E(fn n, — ka)2 = 0.

k—0co n—oo

Fix € > 0 and M > 0. Then

p({lfa = 11> 1) < a1 = M=) + p({1f] < Mic— e, Lfuas, — Fag > )
< S = M= )+ 5B, — fun )

A

Let n — oo and then k — oo to complete the proof. O

Proposition Proposition 1 If EY* < oo, then

s~ P
hn =5 h, as.

Proof. The idea is to choose M) — oo and then truncate the functions in I' as in (A2.2).
Then by Lemma 2, we will get E(hp ar, — har,)? — 0, where hy, a7, is the truncated hy,, and

h, is the truncated h. We then use Lemma 3 to get B X .

Filling in the details, given € > 0, there is M = M(e) > 0 such that E(h — hp;)? < € and

/ (Y] + M) < 4 V|2 < e.
Y |>M [Y|>M

With probability one, when n is sufficiently large,

Consider

L(hn) + — i(}/z - hn,M(Xz))2
n i=1
< L(Zn) T (Y — (X)) 4 L En:(IYiI + M)* - iy,

With probability one, for sufficiently large n,

n

1
—Z(\m+M>2-Im|>Mg/ (Y] + M)? + € < 2,
na= lY|>M

and therefore for large n,

L) 1 SOV — bt (X0))? <

n )

Zn:(n — har (X)) 4+ 3e.
=1

3
S

=1
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Let Ty = {fa : f € T} U {hp}, which is dense in L2([0,1], Px) N {||f|lcc < M}. Define
L' :Ty — N as

L'(r) =min{L(f): fu=mf€Tl}

Then with probability one, for large n,

n

zn:()/z — }Am,M(Xz))Z S %Z(}/’L — hM(XZ))2 -+ 36.
i=1 i=1

L (har)

+
n

L’ satisfies the strong tail condition (2.4). According to Lemma 2, with probability one, for
sufficiently large n

E(hpnr — har)? < 9e.
Let S(e) be the subset of points in  such that the above relation holds, i.e.

S(e) = liminf {w : E(lALmM —hy)? < 96} .

n—oo

Choose a sequence €, — 0, and let M, = M (e,) and S, = S(€5,). Then on S = NS, which
has probability one,

lim sup lim E(hn, g, — hag)* = 0.

k—oo m
By lemma 3, for any w € S, B x, h, which completes the proof. O

Proposition Proposition 3 Suppose that for every f € T', Ef4(X) < co. Assume EY? is
finite (and hence so is Eh*(X)). Construct a complexity function as follows: First, define
Ci(f) = (Ef4X) + )e2EF*X) and C(f) = C1(f)log C1(f). Then, given any L, : I — N
which satisfies (2.4), let L(f) = C(f)L1(f). Then

~ L2
h, — h a.s.

Proof. We will follow closely the proof and the notation of Lemma 2. As in Lemma 2,
we need to show that P(limsupV,) = 0. Fixing a number D = D(Y, h,¢), which will be
determined later, we first decompose V,, as

Vo= Tpn = U Ty.u U Tr.=viuvy
feB FEB,L1(f)>D FEB.L1(f)<D

Since there are only finitely many f with L;(f) < D, by the strong law of large numbers,
P(limsup V})) = 0.

Thus in order to get P(limsup V,,) = 0, we need only show that P(limsupV,)) = 0. Similar
to Lemma 2, it is enough to check

> P(ViNRy) < .
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Derive again the constant H, as in (A2.8). Then for each f € I', define
K(f) = (Var((f(X) = Y)?) + H2)PUO? 5

Then for any f € B with R, N Ty, # 0, as in the proof of Lemma 2,

e\ C(H)Li(f)
P(R,NTtp) < (1 - 2K(f)> exp (_K(f)> .

Hence
iPR NV < iP(RnﬂTf,n)
m=1 Li(f)zD m=1
2K (f) eC(f)L1(f)
< exp | —
Li(f)=D ’ ( K(f )
— 6% exp(L1(f)J(f,€))
Li(f)=D
where
J(f.) = _eC(f) n logK(f).

K(f)  La(f)

It is easy to see that there is a constant ¢ = ¢(Y, h) > 0, such that C(f) > ¢K(f)log K(f) >

0. Now choose D = D(Y, h, €) such that ecD > 2. Then for L;(f) > D,

log K(f) _ €C(f)
Li(f) ~ 2K(f)

So

Similar to Lemma 3, we can now conclude that for any 0 < € < 1, the set
S(e) = {w : E(lAln — h)? < 3¢, for sufficiently large n}

~

has probability one. Finally, then, for w € N2, S(k™1), E(h, — h)* — 0 as n — oo.
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Chapter 3

Composition Systems

3.1 Introduction

Compositionality is a mechanism to represent entities in a hierarchical way. Each entity is
composed of several parts, which themselves are meaningful entities. Each entity is also re-
usable in a near-infinite assortment of meaningful combinations to form other entities. Such
hierarchical representation of meaningful entities is widely believed to be fundamental to
language (Chomsky [2]) as well as to vision, or any other kind of cognition (Bienenstock [1]).
On one hand, entities that convey information, such as sentences and scenes, decompose
naturally into a hierarchy of meaningful and generic parts, with all the possible meanings of
each part being examined. On the other hand, compositions of parts remove ambiguities,
because interpretations of parts that do not fit the contextual constraints offered by the
composition are removed from further consideration, making parts correctly interpreted at
the top level of the hierarchy.

The fundamental importance of compositionality entails addressing the mechanism in a
more principled way, and composition systems are devised for this purpose. A composition
system includes four components: (1) a set of categories, or “labels”, for the meaningful
entities; (2) for each category, a set of parameters, or “attributes”, that are used to describe
entities falling into this category; (3) a set of constraints on compositions, or “composition
rules”; and (4) a set of primitive entities, or “terminals”, which can not be further decom-
posed, and which have definite interpretations and serve as the building blocks for other
entities. Any entity that is built per the composition rules from the terminals is called an
object generated by the composition system.

Even after a composition system is established, one still faces the following question: Why is
it the case that the interpretation of a collection of objects as a single composite object, when
possible, is generally favored over the interpretation of these same objects as independent
entities? The answer is that the description length of a composite object is on average
smaller than the total description length of its components. This answer clearly depends
on how the objects are encoded, or, from the probability point of view, depends on the
probability measure on objects. Any reasonable probability measure on objects generated by
a composition system should of course address compositionality, which is the reason why it

18



is called a “compositional probability measure”. However, how the measure accommodates
compositionality can be explained in many different ways which lead to different formalisms.
The formalism that this chapter is devoted to is the one given by Geman, et. al [6].

The chapter proceeds as follows. In §3.2, we review the formalism of composition systems
given in [6]. §§3.3-3.5 study probability distributions for discrete composition systems. For
more general treatment, we refer the readers to [6].

3.2 Definitions and Notations

In this section, we collect the conventions and definitions for composition systems.

Convention. (*-Notation) For a set S, we will use S* to represent the set of finite
non-empty strings of elements of S, i.e.,

[e.e]
S*: U{SlSZ""STL: SiES,i:lvu‘vn}'

n=1

This is nonstandard — usually S* includes the empty string. For any o* € 5%, its length is
defined as the total number of elements in the string and is denoted as |a*|,

If P is a measure on S, then P* is a measure on S*, such that for any (measurable) subset

C c S*,

o
P*(C) =Y P*(CNS").
n=1
If f is a numerical function on S, then f* is a numerical function on S* such that for any
af =ay-a, € 5% ff(af) = flar) - flay). If g is a function on S which takes values
in a general set V, then ¢* is a function on S* which takes values in the set V*, such that

g*(a*) is the string g(aq) - - - g(ay,) € V*. Without specification, a set is always assumed to
be a general set, even if all its elements are numbers.

Definition 1. Given a label set N, which is always assumed to be countable, a terminal
set T', the set of labeled trees, ©, is the set of finite trees with nonterminal nodes labeled by
elements of N and terminal (leaf) nodes labeled by elements of 7T'.

Remark 2.
1. T Co;

2. By the label of the tree w € © we will mean the label of its root node. We use L(w)
(L:© —= T UN) to represent the label of w;

3. w=I(a), & =aj- - a,, means L(w) = [ and the left-to-right daughter subtrees of
w are aq, . .. Qp;

4. The ordering of daughter nodes is distinguished. So, for example, I(«, 3) # (5, @)
unless a = (3;
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5. For any w € O, define |w| as the total number of nodes (including terminals) in w and
h(w) as the height (including terminals) of w;

6. The yield of any tree w € O, denoted Y (w), is the left-to-right string of terminals of
w.
Definition 2. A composition rule for the label | € N is a pair (B, S;) where B;, the
binding function, maps ©* = Uy ;O™ into an arbitrary range space, R;:

Bl . @* —>Rl,

and S;, the binding support, is a distinguished non-empty subset of R;, § # S; € R;. The
triple

C = (T,N,{B,Si}ien)

is called a composition system.

Remark 3.

1. The attribute value of any w = l(a*) € O* is the value of Bj(a*) and is denoted as
Aw);

2. The type of any w € ©, denoted T(w), is defined as as follows. If w € T, then T(w) is
w itself. If w € ©;, then T(w) is the pair (I, A(w)).

3. For any type t, define O as the set {w € © : T(w) =t}. If t = (I,b), also write O, as
O1p.

Definition 3. Given a composition system C = (T, N, {B;,S;}ien}), the set of objects
is the closure of T under {(Bj,S;)}ien in ©. That is, w € © is an object (w € Q) if and
only if either w € T or w = I(a*), where o™ € Q* and Bj(a*) € S;. The set of yields of all
objects in €2, i.e.,

(V(w):we Ql,

is called the language generated by C.

Remark 4.

1. & is required to be minimal. In other words, for any b € &;, there is an w € €2 such
that L(w) =1 and A(w) = b;

2. We use 7 to represent the set of all types of objects, i.e.
T =TU{(l,b) : 3w with L(w) =1 and A(w) = b}.
Because §;, [ € N, are minimal,

T=TU{(l,b):le N, be S}
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3. For any type t, define ; = QN Oy.

Definition 4. The observable measures are
1. @Q, a probability measure on T"U N with its support being the whole T'U N;
2. @i, a probability measure on R; with support &;, for any [ € N.

Remark 5. (@ and @; induce a probability measure on 7 which is identical to @) on T,
and equals Q(1)Q; on §; for each [ € N. The induced measure is still written as Q.

3.3 Compositional Probability Distribution and Its Existence

We only consider the case where T' is countable. Because N is always countable, therefore
() is also countable. Since by definition, &; is minimal, then &; must be countable. Because
for any [ € N, the support of Q; is S;, for each b € S, Q;(b) > 0.

Definition 5. A compositional probability measure P on £ with observable probability
measures () and (Q; is a probability measure such that
Qw), forany w e T

Pw) =< Q)Q;(b) P{a’) , for any w = Il(a*) € Q. (3.1)
P e B =)

For explanations of this formulation, see [6].

We now address the issue of existence of compositional probability distributions. Obviously,
existence depends not only on the composition rules, but also on the observable measures
@ and ;. However, we are more interested in results on existence which only depend on
composition rules. Firstly, as the term “observable” suggests, () and ); are determined
by data and cannot be alternated artificially to accommodate the existence of solution for
(3.1). Secondly, results only depending on composition rules are more informative about the
structures of composition systems, hence offering more insight into the criteria for “good”
composition systems.

Our basic result on existence is the following proposition.
Proposition 4. If for any [ € N and any b € S,
max{h(w): we Qp} < oo (3.2)
and
max{|a™|: I(a”) € Qp} < o0, (3.3)

then for any observable probabilities () and @, there exists a compositional probability
measure satisfying (3.1).
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The proof of Proposition Proposition 4 is quite complicated. We put it in Appendix at the
end of the chapter.

Suppose (3.1) has a solution P. For [ € N and b € §;, write
QU)Q(b)
P <{B* €0 B(F) = b}>

Zip =

Then for t = (I,b) € 7 and w = I(a*) € 4, (3.1) can be written as

P(w) = P*(a*) Zy,

Let f(t;w) be the number of subtrees of w with type t. By induction, it is easy to see that

Pw) = H Q(t)! ) H th(t;W)_

teT teT\T
Because [[;cr Q)1 = Q*(Y (w)),

Pw)=Q (Yw) [ 2" =@ (v(w)z'@, (3.5)
teT\T

where Z = {Zi }ier\1, f(w) = {f(t;w) }rer\r and 7@ is the product of all th(t;w). Because
P is a compositional probability distribution, for any ¢ € 7\T,

> QY W)NZIE =3 Pw) = Q).

wey wey
Recall that for ¢t = (1,b), Q(t) = Q(1)Q;(1).

Therefore, we have proved that if (3.1) has a solution, then the equation system induced by
the composition system with Z as the unknowns,

S Q' (Y(W)Z!@ =Q(t), forallteT\T, (3.6)
weNy

has a solution given by (3.4). Conversely, if (3.6) has a solution Z, then P given by (3.5)
satisfies (3.1). Therefore, the existence of solution for (3.1) is equivalent to the existence of
solution for (3.6).

Based on Proposition Proposition 4, we can prove another result on existence without
assuming (3.2).

Proposition 5. Assume the set 7\7T is finite. Also assume for each (I,b) € 7, (3.3) is
satisfied. If for every t € T\T, the domain of convergence of the series

S QY (w)z/ (3.7)

weN;

is open inside the region Z > 0, then there is a solution for (3.6).
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Proof. Because of (3.3),
h(l,0) = [la™| : I(a”) € Quyp }| < oo
For n € N, let Q,, = {w € Q, h(w) <n}. Because T\T = {(I,b) : Q # 0} is finite, when

n is large enough, €, intersects with each €, t € 7. For such ,,, both (3.2) and (3.3) are
satisfied, i.e.,

max{h(w): we QpNQ,} <oo
and
max{|a™|: (o) € QN Qy} < o0.

Then by Proposition Proposition 4, there is a compositional probability distribution P,, on
Q,,, such that for any w = I(a*) € O, N Qyp,

Pi(a*) |
Py (15 e B =1}

P (w) = Q(1)Qu(b)

Note that if w = I(a*) € ,, then a* € QF, and therefore Pf(a*) in the above formula
makes sense.

Define Z,, = {Z;p} as in (3.4), i.e.,
Q@) |
P (1 ewrs Bis) =)

Zipn =

Then as in (3.6),

QU@L _ Zip = QUQu®L) QG

h(l, b TN P S DY)
By(57)=b Bi(5")=b
1(6%)E0 1(6")ERm

Zy, are bounded. The definition of D is given by (A3.3) in Appendix.

Because 7\T is finite, there is a subsequence Z,, of Z, which is uniformly convergent to,
say, & = {&p}. Given any € = {¢}, with 0 < ¢ < &, for large enough i, Z,, > £ — €,
that is, for each (I,b), Zipn, > &b — €15 Therefore

S QI Y (W) (E - )@ < Q)Qu().

wEQlyb
h(w)<n;
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Letting ¢ — oo and then € — 0, we get

S Q (Y (w)E < )Qub).

UJEQZ b

By the assumption that the domain of convergence of the series of (3.7) is open for each
t € T\T, for any 3 = {3} with 3, > 0 being small enough,

S QY W)€+ B < o

weY b

When i is large enough, Z,,, < ¢ + . Therefore,
Yo QY W)+ >QU)Q).

wte b

Letting 8 — 0, we get
>, QW)Y > W)Qu).

UJEQZ b

Therefore, £ is a solution of (3.6). O
Example 1. We consider the following composition system (also see §4.3, [6], ). Let
T ={t}, and N = {S}. If

Bs(a") = { 1 when a* = (B, 52), [Y(B1)| = [Y(B2)]

0 otherwise

and Sg = {1}, then Q is the set of balanced binary trees. The associated language is the
set of strings of ¢ of length 2", n > 0. Let Q(S) = p and Q(t) = ¢ =1 — p, with p € (0,1).
Then the corresponding equation system is

o)
ZqQ Z2 -1 =p
n=1

The convergence interval of the series on the left hand side of the equation is (—1/¢,1/q),
which is open. Therefore, there is a solution of the equation on {Z > 0}.

If in the above system, we change the binding function Bg to

B (Oé*) _ { 1 when o = (ﬂlaﬁ?)’ |Y(ﬁl)| = |Y(ﬂ2)| or ‘Y(ﬁ2)| +1
S ] 0 otherwise

while keeping everything else unchanged, then the generated language is the set of strings
t", t > 1. The corresponding equation is

00
Z ann—l =p
n=2

Again, the convergence interval of the series on the left hand side is (—1/¢,1/q), which
implies there is a solution for the equation on {Z > 0}. O
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The following example shows the optimality of Proposition Proposition 5.

Example 2. Take T'= {t}, N = {S}, and
1 ifa*=t
Bs(a®)=<¢ 2 ifa*=(e,() and L(a) = L(B) = S
0 otherwise.

Then Sg = {1,2} corresponds to the context-free grammar

S — 58S, 8—t.
Take Q(t) = u and Q(S) = v = 1 — u. The probabilities

) ifb=2
QS(b)_{ g=1-p ifb=1

correspond to the production probabilities P(S — SS) = p and P(S — t) = q. The string
that the only tree in {057 generates is ¢, and the set of strings that trees in {15 generate
is {t"}n>2. For each n > 2, there are I'(2n — 1)/T'(n)['(n + 1) trees with the same yield
t". For each such tree w, f(S5,1;w) = n, and f(S,2;w) = n — 1. Hence the corresponding
equation system is

uZsy =vq = Zsg =
u
(o]
(277’_ 2)' nrmon n—1 __
Z mu ZS,IZ = vp.
n=2

Substitute Zg 1 = vqu~" into the second equation. The convergence domain of the resulting
power series

F2)= Y 2 a2
2 =1

is the closed interval [—1/4vg, 1/4vq]. We know that if p > 1/2, then there is no com-
positional probability distribution for the grammar (see §4.3, [6]). When Z = 1/4vgq, the
value of F(Z) is vq. In order that there is a solution, it is necessary and sufficient that
F(1/4vq) > vp, i.e.,, g > p,or p < 1/2. O

Example 3. The composition systems in Example 1 share the following properties.

1. Theset T =T U{(l,b):l € N,b € &} is finite;
2. The arity of each B is 2;
3. For each t € T\T,
limsup [{Y (w): we Q, [Y(w)]=n}""=1.

n—oo

and

li eQ: [Y(w)|=Y}H""=1.
imsup max [{w € Q¢ : [Y(w)| =Y}

Y|=n
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4. For each t € T\T, there are constants 0 < Bs; < 1, and K,; > 0 for all s € 7, and
wp, € Q4 with |w,| — oo, such that

ﬁs;t|wn| - Ks;t < f(s;wn) < Bs;t‘wn| + Ks;t-

We show that if a composition system satisfies the above conditions, then for each t € 7T,
the domain of convergence of the induced series

Z Q* (Y (w))z/«
we
is open inside the region Z > 0 for each t € 7\T, and hence compositional probability

measures always exist.

Suppose F; converges at some Z > 0. We want to show Z is an inner point in the domain
of convergence of F;. The series in x

F,(Zx) Z Q* (Y (w)) ZF @) gl )l
wey
is a univariate power series, where |f(w)| =Y f(t;w). By condition 2,

f) =t

Define power series

Z Q* (Y le

we

Let p be the radius of convergence of f;. We will show p > 1. Once this is proved, it is easy
to see every Z' < pZ is in the domain of convergence of Fy, implying Z is an inner point of
the domain of convergence of Fj.

By conditions 2 and 3,
limsup [{w € Q : |w| =n}" =1.
n—oo

Therefore, by condition 4,
1 )|/ 1!
,—hmsup‘Q )) ‘ ||Q Bsz ” Z/Bst

P |w|—00
seT T\T
oeQ, s€T\

There are infinitely many w € €, such that

Q*(Y (w) 27
— HQ(S)f(S;w) H z{(sw)
seT s€T\T
> HQ(S)ﬁs;HwHKs;t H Zsﬁs;t|w\—Ks;t H Zsﬁs;t\wH-Ks;t
seT seT\T seT\T
Zs>1 Zs<1
> LS Tz ] 25
seT s€T\T se€T\T
Zs>1 Zs<1
Because Fjj(Z) converges, 1/p < 1. Thus p > 1. O
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3.4 Subsystems

Suppose we have a composition system C' = (7', N',{B;, S; }ie n» with €' as the set of trees.
We can build a new composition system in the following way. First, take Q' as part of a
new terminal set T"”. Suppose T = Q' U A, where AN Q) = (0. Then we define a label
set N” disjoint from N’, and for each label [ € N”  a composition rule (B, S;). The new
composition system C” = (T", N" { By, S }1en) is not a super-system of C’, because C’ and
C"” have disjoint label sets and composition rules and their terminal sets are different. On
the other hand, the composition system C with terminal set 77U A = T" U (T"\§'), label
set N U N’, and composition rules {B;, S;}ienvun’ is a super-sytem of C’.

The above construction can be formulated into the following definition.

Definition 6. Suppose C = (N,{B;,S;}i1en,T) is a composition system with € being the
set of objects. Suppose T” and N’ are non-empty subsets of 7' and N, respectively. For each
[ € N', assume §] is a non-empty subset of S;. Let C' be the composition system formed
by T',N’, and {B;,S]}ien'. Let ' be the set of objects generated by C’. Since T" # 0, &
is not empty.

C' is said to be a subsystem of C, denoted as C' C C, if ' contains all w € Q with
L(w) =1 € N" and A(w) € /. The composition system with terminal set T"U ', label
set N1 U Na, where Ny = N\N’, and Ny = {l € N : §\S] # 0}, and composition rules
{B1,Si}tien,; U{Bi, S)\S] }ien,, is called the quotient system of C over C’ and is denoted as
C/C’. The set of objects generated by C/C’ is denoted as /€Y. O

Intuitively speaking, C/C’ is an abstraction of C. It takes objects in C’ as terminals, which,
by definition, are not decomposable, thus losing the details about them. On the other
hand, C can be thought of as being more detailed than C/C’. The information about C is
determined by that about both C/C" and C'.

Subsystems can be used to construct of compositional probability distributions. For exam-
ple, if both C" and C/C’ satisfy the conditions of Proposition Proposition 4, then for any @
on TUN and @Q; on §;, [ € N, both

Q(w), ifweT,

Piw) = ¢ QU)Qi(Bi(a®)) Fila’) L ifw=1(0") e e,
P (157 e 25 Bi(s) = B} )

and
QW). if w e T\T",
Pi(w), if we Y,
Y= o) ) - ifw=1) €0/,

B (15 €0 Bio) = By

have solutions. Note that neither P; nor P; is a probability distribution, because each of the
sums of P; and P, is less than 1. The existence of the solutions is guaranteed by Proposition
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Proposition 6 in Appendix. On the other hand, the measure

. Pl(w), if we QY
Plw) = { Py(w), ifweQ/

is a compositional probability distribution on €.

There is another application of subsystems. Assume we have a compositional probability
distribution P; on a system C’' = (T',N’,{BJ,S]}ien’), and the observable measures are
Q'(1) and Qj(b). Suppose C' is expanded into a larger system C. Assume the expansion does
not change S for any [ € N’. Tt just adds more terminals to 7", and more labels to N’, and
sets up rules for the new labels.

Q' (I) now becomes the conditional probability measure on N’. Thus in C, the probability
of each | € N’ is changed to AQ'(l), for some constant \. However, for any [ € N’ and
any b € S/, Q)(b) is not changed. If all the binding functions B;, | € N’, have the same
arity, then the probability of w € €' is simply changed to AP;(w) when w is considered as
an element in €2. This makes enlarging a system and adjusting the probability distribution
easy.

3.5 The Gibbs Form of Compositional Probability Distribu-
tions

We now discuss the Gibbs form of compositional probability distributions. Suppose P
is a compositional probability distribution on 2. Then P can be formulated as in (3.5).
Extend Z = {Zi};er\r to {Zi}ier, where for t € T, Z; = Q(t). Also extend f(w) =
{f(t;w) e to {f(t;w) hier. Finally, let A = {log Z; };e7. Then P(w) takes the form of
Gibbs distribution,

P(w) = Py(w) = exp (A - f(w)> . (3.9)

A special property of the Gibbs distribution (3.9) is that its normalization constant is 1.

For an arbitrary A, Pj is a positive measure on €2, but not necessarily a probability measure.
Among all the \’s which make Py a probability measure on Q, A = {log Z; };c7 has the
following minimization property,

: Q(t)
A =arg min » Q(¢)log . (3.10)
N PAg is g;— PN(Qt)
a prob.

Indeed, the sum on the right hand side of (3.10) is always non-negative. If an compositional
distribution exists, then the sum achieves 0 at A = {log Z; };c7. Therefore A is a minimizer.
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Appendix

In this Appendix we will prove Proposition Proposition 4. First, we need to introduce some
notations.

Definition 7.

1. The mapping [ : a* — [(«*) can be thought of as a function from ©* to ©;, which is
one-to-one and onto. We write its inverse as [~!;

2. The graph of any tree w € O is a tree with the same topology as w but with all nodes
being unlabeled (Figure 3.1);

3. That a tree w is compatible with a tree graph g, denoted as w ~ g means the following.
If g is a tree with a single node, then w ~ g. If g is a tree with daughter subtrees
J1s---y0n, then w = l(ay, ..., a) is compatible with g if and only if m = n and each
a;, 1 < i < m, is compatible with g;. If w ~ g, then for each node v € g, let w(v)
represent the subtree of w with v as the root;

4. The arrangement of any w € Q, denoted F(w), is a tree with the same topology as w
but with each node being annotated by its type (Figure 3.1);

5. For any w € O, the depth of a subtree w’ is the depth of the root of &’ in the tree w
and is denoted as d(w’,w). By this definition, d(w,w) = 1. O

Proposition Proposition 4 can be expressed in a little more general form, where @ is a finite
positive measure instead of a probability measure on 7.
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| (w)
| () | (B)

() /<

T(w)
T(a) T(B)
T(w)

. T, A />\

Tn

Figure 3.1: A tree w = l(«, 3) (upper left), its graph (upper right), its arrangement (lower
left) and a compatible graph. Circles are nonterminals and squares are terminals
Proposition 6. Suppose for any [ € N and any b € S},
max{h(w): we Qp} < oo (A3.1)
and
max{ |l (w)]: w € Qp} < o0. (A3.2)

Assume @ is a positive measure on 7, with Q(t) > 0 for each t € 7. If Q(7) < oo, then
there exists a compositional probability measure satisfying (3.1).

Our proof of Proposition Proposition 6 is based on the following fixed point theorem, which
is due to Schauder.

Theorem Suppose X is a Banach space, C' C X is closed and convex. If F': C — C'is
continuous and F(C') is sequentially compact, then F' has a fixed point in C. O

Proof of Proposition Proposition 6: For any type t = (I, b), let

h(t) = maxh(w),

wey
mt) = I (w): we X},
n(t) = max|i”'(w).

Then h(t), m(t), and n(t) are finite. Also write h(l,b), m(l,b) and n(l,b) for h(t), m(t),
and n(t), respectively. For consistency, define, for 7 € T, h(7) =1, m(7) = 1 and n(7) = 0.
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Let X be the I' space on €, i.e.

X={$:Q—>R:$(T) Qr), VTeT, > |zw ]<oo}

weN

Let M = max{Q(7),1}. Define a positive measure D on {2 inductively as follows. For
T€T,D(t)=Q(1) > 0. For any t = (I,b) € T\T and w = l(a*) € Q,

Q)

D(w) = W

D*(a*). (A3.3)

For consistency, we define D*(()) = 1. Then D(7) can also be written in the form of (A3.3).

For ease of typing, we introduce a new notation. If g* € Q* satisfies B;(8*) = b € &y,
then we say (* is compatible with type ¢t = (I,b) and use §* ~ t to represent this. For
consistency, we define () to be the only string that is compatible with a type t if t € T.

Lemma 4. D has the following properties,
D(Q) <M (A3.4)

0< > DX m(t) M. (A3.5)
Bt

Proof. We will get (A3.4) by showing for all n > 1,

> D(w) <M, (A3.6)
h(w)<n

When n = 1, the sum equals Y, Q(7) < M. Assume (A3.6) is true for n < k. Then

S pe)=Y S05 T D)

h(w)gk+1 teT M a*not
h(a*)<k

where h(a*) = max,ecq+ h(a). By induction hypothesis,

ST D) =Y Y D) <D leean, -t w)=py M"Y = m() M"Y (A3.7)

a*~t j=1 a*~t j=1
h(a*)<k h(a*)<k
lo*|=5

which, together with last equation, implies (A3.6). Letting n — oo in (A3.6), we then prove
(A3.4). Letting k — oo in (A3.7), we get (A3.5). O

Lemma 5. Let g be a tree graph. To each node v € g, assign a type t(v), such that
t(v) € T\T unless v is a leaf of g. Then

Y. D)< E(g,1), (A3.8)
wn~g,Yveg
T(w(v))=t(v)
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where

B =T % I eew) (A3.9)
B at(v)

where the production []" runs over all non-terminal nodes of g and []” over all terminal
nodes of g.

Proof. When h(g) = 1, the right hand side of (A3.8) is Q(t), where t is the type assigned
to the only node in g. The left hand side of (A3.8) is the sum of

ZDZQ

—=D*(a”).
wey a*~t m M ®
By (A3.5), the sum is less than Q(t).

Suppose (A3.8) is true for all finite graphs g with h(g) < k. Given a tree graph g with
height k£ + 1 and daughter subtrees g1, ..., gn, by (A3.3) and (A3.5), for any w ~ g with
T(w) = t(vg), where vy is the root of g,

which leads to

> opw s 2 v
w~gYveEg D (ﬂ) a*~t(vg)
T(w(v))=t(v) B*~t(vo) vi()égl:l(,r(z,(;z;zf@)

Q(t(
< - H > D(a).
Z D i=1 a;~g;,YvEg;
B*~t(vo) T(evi(v))=t(v)

Every h(g;) < k. Then by induction, we prove (A3.8). O

Now define C' as the set of all x € X which satisfy the following conditions,

Cl. Forany 7 € T, z(7) = Q(7);
C2. For any w € Q, z(w) > D(w);

C3. For any tree graph g, any assignment ¢t : {v € g} — 7 with t(v) ¢ T unless v is a
terminal of g,

> z(w) < E(g.t). (A3.10)
wr~g,YvEg

T(w(v))=t(v)
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C' is not empty, because D € C. We want to use Schauder’s fixed point theorem to prove
there is a solution for (3.1) in C. To this end, define a mapping F : C — R, such that

(Fx)(1) = =(1), (a") VreT
Fo)(w) = Q)Qu(b) ——m "L
(Fz)(w) = Q()Qu(b) S o)
greqr
B (B)=b

, Yw=1(a*) €Q,Ba*)=b (A3.11)

The definition (A3.11) makes sense because
0< > %) < m(t)yM"®. (A3.12)
Bt
The second half of (A3.12) can be proved in the same way as (A3.5).

It is clear that C is convex and closed. In order to show that F'(C') is sequentially compact,
it is enough to show that F'(C) C C and C is tight. First we shall show that C' is tight.

Lemma 6. For any € > 0, n > 2, and finite I C 7, there is a finite J C 7 with J D I, such
that

> E(g,t) <e (A3.13)
(g,6)eG

where G = G, (1, J) is the set of pairs (g, t) satisfying the following conditions,

G1 For each (g,t) € G, h(g) =n, and ¢t : {v € g} — 7T is a mapping such that ¢(v) ¢ T
unless v is a terminal of g;

G2 For any v € g with d(v,g) <n —1, t(v) € [;
G3 There is a v € g with d(v, g) = n such that t(v) ¢ J;
G4 The set {w € Q:w ~ g, and for every v € g, T(w(v)) = t(v)} is not empty;

G5 Every (g,t) € G is maximum. That is, there are no (g,t) and (¢’, '), such that g C ¢’
and for any v € g, t(v) = t'(v).

Proof. Let N = max;c;n(t). Here ¢ represents an element in 7 instead of a mapping to
7. Then N is the maximum number of daughter subtrees a tree w whose type is in I can
have. By (A3.2), N is finite. Fix J D I and let G = G,(I,J). If g is a tree graph with
(g9,t) € G for some mapping t : {v € g} — 7, then by condition G4, h(g) has to be n. For
any v € g with d(v,g) < n — 1, since t(v) € I, the number of daughter subtrees of v must
be less or equal to N, otherwise there would not be an w € Q with w ~ g and T(w(v)) € I,
contradicting to G4. Therefore, the set of all g with (g,t) € G for some ¢t is finite. In
addition, this set is independent of the selection of J D I.

Given (g,t) € G,

Egn< [ <2 1 ey [T Q).

* (0%
v non— D (6 ) v terminal v terminal
terminal B*~t(v) d(v,g)<n d(v,g)=n
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Let

and R = max{Ro, M} (recall M = max{Q(7),1}). Since a non-terminal of g necessarily
has depth less than n, then

E(g,t)<RY T Q).

v terminal
d(v,g)=n

Because there are only finite number of g with (g,¢) € G for some t, |g| is bounded by a
constant, say, A. So we get

Y Egt<r* Y I Q).

(g:t)eG (g,t)€G v terminal
(1}79 =n

Notice that A is independent of the selection of J.

G is the union of disjoint sets G, which have the following two properties,

1. For any (g,t), and (¢',t') € G4, g = ¢, and for any v € g with d(v, g) < n, t(v) = t'(v);
2. If o # (3, then for (g,t) € G, and (¢',t') € G, either g # ¢’ or there is a v € g with
d(v,g) < n, such that t(v) # t'(v).

It is easy to check that the number of G’s is finite. In addition, the number is independent
of the selection of J. Let the number be K. For any G, consider

> I Q).

(g,)EGe v terminal
d ’U,g):n

Since at least one of the t(v) is not in .J, then the sum is bounded M® — Q(.J)* < M9l —
QN < MA — Q(J)4, where a is the number of v € g with d(v, g) = n. We then get

3" E(g,t) < KoRYM* — Q(J)™*).
(g,t)eG

Again, the bound is independent of the selection of J O I. Therefore, we can choose J D [
large enough to make the right hand side less than €. This proves the lemma. O

Lemma 7. C is tight.

Proof. Fix € > 0. Then there is a finite set I; C 7 such that

> Q) <

tely

N
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Define

H = maxh(t).
tely

By Lemma Lemma 6, there is a nested sequence of finite sets Iy C I3... C Ig with Is D Iy,
such that

Z E(g,t)<%, for 2 < k < H,
(9:1)€Gk(Ik—1,1k)

where Gy (Ix—1, I);) are defined as in Lemma Lemma 6.

Define S = {w: T(w) ¢ I;}. For 2 < k < H, define Sy, as the set of w which satisfy the

following conditions

1. For any i, 1 <i <k, for any ' C w with d(u',w) =i, T(w) € I;;

2. There is an w’ C w with d(w’,w) = k such that T(w') & Ij.

Then S; are disjoint and

H
U S;={w: thereisani,1<i<k, and o Cw with d(w',w) =i, T(w') & I;}
i=1

Because [j, are increasing, for k, 2 < k < H, Sk C S), where Sy, is the set of w satisfying

1. For any w’ C w with d(v',w) < k, T(w) € Ij_1;

2. There is an w’ C w with d(w’,w) = k such that T(w') & Ij.

It is easy to see that for k, 2 < k < H,

S = U {w: w~yg, T(w))=t(v), for any v € g}.
(9:t)€GK (I —1,1k)

Therefore, by (A3.10), for k, 2 <k < H,

Z z(w) < Z z(w) < Z E(g,t) < SH

weSy wES (g:t)€Gx

We also have

Thus we get



Because every w with T(w) € I has height less or equal to H, therefore if w € A, where
H C

A= (U §1> ={w: forany i,1 <i< H, and v’ C w, with d(v',w) =1, T(W') € I},
i=1

then h(w) < H, and for each v’ C w, T(w') € I; C Iy. Therefore, each label of E(w) is in
Iyr. Since the correspondence between objects and their arrangements is one-to-one, then
A is a finite set. Thus we get x(A°) < e. This completes the proof that C' is tight. 0

Now we prove F(C) C C. For any = € C, condition C1 is clearly satisfied. By (A3.3),
(A3.11), and (A3.12), for any type t = (I,b) € T\T, for any w = I(a*) € Q,

(Pe)e) = QU= S = Qo0 S = Dl
B~

As for C3, if a tree graph g is of height 1, then for any ¢ assigned to the single node in g,
Y. (Fr)(w) = Q(t) = E(g,t).

wr~g,YvEg
T(w(v))=t(v)
The case where h(g) > 2 can then be proved following the proof of (A3.8).

The only thing that remains to show is the continuity of F. For this purpose, we shall use
the following version of dominance convergence theorem without giving its proof.

Lemma 8. Let v be a positive measure on a measurable space X. Suppose {f,}, {gn} are
sequences of measurable functions on X such that |f,| < g,, Vn > 1, f, — f, v-a.s. and
gn — g, v-a.s. If

r}l_}nolo/gndy:/gdy<oo,

then
nlingo fn dv = / f dv.

O
Continuing the proof, suppose z,, — x in C, i.e., > cq ||Zn(w)—z(w)|| — 0. Let y, = F(zp)
and y = F(x). We want to show |y, — y|| = X eqllyn(w) — y(w)|| — 0. The sum is
dominated by > cq gn(w), where g, =y, + .

Our plan is to show that for each w, y,(w) — y(w). Then g,(w) — 2y(w). Since
Yweadn(w) = 2> cqy(w) = 2M, then by the above dominance convergence result,

2wen lyn(w) = y(w)l| — 0.
Now we show y,(w) — y(w). Given t = (I,b) € T\T, for any w = l(a*) € (U,

h(t)

dooape)— > at@)| <Y DY apa) - D a(a)
By(a*)=b By (a*)=b k=1 Bll(?l*)zb Blz(g‘*);b
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For each k, 1 <k < h(t),

By(a*)=b
| =k

k
< Y Y (ar e fea(aw) — ()| @ (i -
By(a*)=b i=1
la*|=k
< kM"Y, —z| — o0,
leading to
Z zp (o) — *(a®) >0
Bi(a*)=b Bj(a*)=b
Therefore,
() z* (o)
Q1) = — — Q) "
Br, () (8*)=b By, () (8*)=b

i.e., yp(w) — y(w), completing the proof.
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Chapter 4

Estimation of Probabilistic
Context-Free Grammars

The assignment of probabilities to the productions of a context-free grammar may generate
an improper distribution: the probability of all finite parse trees is less than one. The
condition for proper assignment is rather subtle. Production probabilities can be estimated
from parsed or unparsed sentences, and the question arises as to whether or not an estimated
system is automatically proper. We show here that estimated production probabilities
always yield proper distributions.

4.1 Introduction

Context-free grammars (CFG’s) are useful because of their relatively broad coverage and
because of the availability of efficient parsing algorithms. Furthermore, CFG’s are readily fit
with a probability distribution (to make probabilistic CFG’s—or PCFG’s), rendering them
suitable for ambiguous languages through the maximum a posteriori rule of choosing the
most probable parse.

For each non-terminal symbol, a (normalized) probability is placed on the set of all pro-
ductions from that symbol. Unfortunately, this simple procedure runs into an unexpected
complication: The language generated by the grammar may have probability less than one.
The reason is that the derivation tree may have probability greater than zero of never
terminating—some mass can be lost to infinity. This phenomenon is well known and well
understood, and there are tests for “tightness” (by which we mean total probability mass
equal to one) involving a matrix derived from the expected growth in numbers of symbols
generated by the probabilistic rules (see for example Booth & Thompson [3], Grenander [5],
and Harris [6]).

What if the production probabilities are estimated from data? Suppose, for example, that
we have a parsed corpus that we treat as a collection of (independent) samples from a gram-

!Supported by the Army Research Office (DAAL03-92-G-0115), the National Science Foundation (DMS-
9217655), and the Office of Naval Research (N00014-96-1-0647).

38



mar. It is reasonable to hope that if the trees in the sample are finite, then an estimate of
production probabilities based upon the sample will produce a system that assigns proba-
bility zero to the set of infinite trees. For example, there is a simple maximum-likelihood
prescription for estimating the production probabilities from a corpus of trees (see §2), re-
sulting in a PCFG— is it tight? If the corpus is unparsed then there is an iterative approach
to maximum likelihood estimation (the “EM” or “Baum-Welsh” algorithm—again, see §2)
and the same question arises: do we get actual probabilities or do the estimated PCFG’s
assign some mass to infinite trees?

We will show that in both cases the estimated probability is tight. !

Wetherell [9] has asked a similar question: a scheme (different from maximum likelihood)
is introduced for estimating production probabilities from an unparsed corpus, and it is
conjectured that the resulting system is tight. (Wetherell and others use the designation
“consistent” instead of “tight,” but in statistics consistency refers to the asymptotic cor-
rectness of an estimator.)

A trivial example is the CFG with one nonterminal and one terminal symbol, in Chomsky
normal form:

A — AA

A —a

where ‘a’ is the only terminal symbol. Assign probability p to the first production (A —
AA) and ¢ = 1 — p to the second (A — a). Let Sp be the total probability of all trees
with depth less than or equal to h. For example, Sy = ¢ corresponding to A — a, and
S5 = q + pg? corresponding to {4 — a} U{A — AA, A — a, A — a}. In general, S 11 =
q+ pS,QL. (Condition on the first production: with probability ¢ the tree terminates and
with probability p it produces two nonterminal symbols, each of which must now terminate
with depth less than or equal to h.) It is not hard to show that S}, is nondecreasing and
converges to min(1, %), meaning that a proper probability is obtained if and only if p < %

What if p is estimated from data? Given a set of finite parse trees wy, ws, ...w,, the maximum
likelihood estimator for p (see §2) is, sensibly enough, the “relative frequency” estimator

n

Zf(A — AA;w;)

=1

=
D If(A— Adsw) + f(A = a;w;)]
i=1
where f(+;w) is the number of occurrences of the production “-” in the tree w. The sentence
a™, although ambiguous (there are multiple parses when m > 2), always involves m — 1
of the A — AA productions and m of the A — a productions. Hence f(A — AA;w;) <

f(A — a;w;) for each w;. Consequently
FA = Adiw) < SIF(A = Adi) + (A = a5)

for each w;, and p < % The maximum likelihood probability is tight.

When estimating from an unparsed corpus, we shall assume a model without null or unit productions—
see §2.
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If only the yields (left-to-right sequence of terminals) Y (w1),Y (w2),...Y (w,) are available,
the EM algorithm can be used to iteratively “climb” the likelihood surface (see §2). In the
simple example here, the estimator converges in one step and is the same p as if we had
observed the entire parse tree for each w;. Thus, p is again less than % and the distribution
is again tight.

4.2 Maximum Likelihood Estimation

More generally, let G = (V, T, R, S) denote a context-free grammar with finite variable set
V, start symbol S € V, finite terminal set 7', and finite production (or rule) set R. (We
use “R” in place of the more typical “P” to avoid confusion with probabilities.) Each
production in R has the form A — «, where A € V and a € (V UT)*. In the usual way,
probabilities are introduced through the productions: P : R — [0, 1] such that VA € V

> pA—a)=1 (4.1)

ae(VUT)*
s.t. (A—a)eER

Given a set of finite parse trees wi,wo, ...wy, drawn independently according to the distri-
bution imposed by p, we wish to estimate p.

In terms of the frequency function f, introduced in §1, the likelihood of the data is

L = L(p;wi,wa,...w)
fi I o

Recall the derivation of the maximum likelihood estimator of p: The log of the likelihood is

n

Z Z Zf(A — a;w;) logp(A — «). (4.2)
A€V ast. =1
(A—a)ER

The function p : R — [0, 1] subject to (4.1) that maximizes (4.2) satisfies
S L X Dapld— )+ 3 S — e logp(4 — )} =0

AeV st i=1
(A—a)ER

V(B — () € R where {\s}acv are Lagrange multipliers. Denote the maximum likelihood
estimator by p:

> (B = Biwi)

Ap + = =0 Y(B— R

NG oo

= (Since Z p(B— p)=1)
(BﬂHS'Bt)ER
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Z f(B — Bwi)
p(B — B) = —=— : (4.3)

Y. D f(B—asw)

a s.t. =1
(B—a)ER

The maximum likelihood estimator is the natural, “relative frequency,” estimator.

Suppose B € V is unobserved among the parse trees wi,ws,...w,. Then we can assign
p(B — () arbitrarily, requiring only that (4.1) be respected. Evidently the likelihood
is unaffected by the particular assignment of p(B — (). Furthermore, it is not hard to
see that any such B has probability zero of arising in any derivation that is based upon
the maximum-likelihood probabilities>—hence the issue of tightness is independent of this
assignment.

We will show that if Q is the set of all (finite) parse trees generated by G, and if p(w)
is the probability of w €  under the maximum-likelihood production probabilities, then

pQ) = 1.

The E-M Algorithm. Usually the derivation trees are unobserved—the sample, or
corpus, contains only the yields Y (w1),Y (w2),...Y (wn) (Y(w;) € T* for each 1 < i < n).
The likelihood is substantially more complex, since p(Y (w)) is now a marginal probability;
we need to sum over the set of w € Q that yield Y (w):

pYW)= > p(W)).

In the case where only yields are observed, the treatment is complicated considerably by
the possibility of null productions (A — ) and unit productions (A — B € V). If, however,
the language of the grammar does not include the null string, then there is an equivalent
grammar (one with the same language) that has no null productions and no unit productions
(cf. Hopcroft & Ullman [7], Theorem 4.4). It is, then, perhaps best to simplify the treatment
by assuming that there are no null or unit productions. Therefore, when the corpus consists
of yields only, we shall assume a priori a model free of null and unit productions, and study
tightness for probabilities estimated under such a model. Based upon the results of Stolcke
[8] it is likely that this restriction can be relaxed, but we have not pursued this.

Letting Qy denote {w € Q: Y (w) = Y}, the likelihood of the corpus becomes

ﬁ Z H p(A — o)f (A—aw),

i=1 WEQY(wi) (A—a)eER
And the maximum-likelihood equation becomes

1 i ZWEQY(wi) f(B - 67 (,U) H(A—)a)eRf)(A — O[)f(A*)aWJ)
ﬁ(B — ﬁ) i=1 ZWEQY(ui) H(Aﬁa)eRﬁ(A — a)f(A—>a;w)

2Consider any sequence of productions that leads from S to B. If the parent (antecedent) of B arose
in the sample, then the last production has p probability zero and hence the sequence has probability zero.
Otherwise, move “up” through the ancestors of B until finding the first variable in the S-to-B sequence
represented in the sample (certainly S is represented). Apply the same reasoning to the production from
that variable, and conclude that the given sequence has p probability zero.

A+ =0
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im1 Bplf (B — Biw) |w € Qy,)]
> ast 1 Eplf(B — a;w) | w € Qy(y,))
(B—a)ER

pB—p) = (4.4)

b

where Ej; is expectation under p and where “| w € Qy(,,)” means “conditioned on w €

Qy ()

7

There is no hope for a closed form solution, but (4.4) does suggest an iteration scheme
which, as it turns out, “climbs” the likelihood surface (though there are no guarantees
about approaching a global maximum): Let py be an arbitrary assignment respecting (4.1).
Define a sequence of probabilities, p,,, by the iteration

n

ZEﬁn [f(B - /B;W) | w e QY(wl)]
Pn1(B = B) = —=— (4.5)
> Y BB = 0iw) |w e Oy

The right hand side is manageable, as long as we can manageably compute all possible
parses of a sentence (yield) Y (w). (More efficient approaches exist—see [1].) This iteration
procedure is an instance of the “EM Algorithm.” Baum ([2]) first introduced it for hidden
Markov models (regular grammars) and Baker ([1]) extended it to the problem addressed
here (estimation for context-free grammars). Dempster, Laird, and Rubin ([4]) put the idea
into a much more general setting and coined the term EM for “Expectation-Maximization.”
(The right hand side of (4.5) is computed using the ezpected frequencies under py; pny1 is
then the maximum-likelihood estimator, treating the expected frequencies as though they
were observed frequencies. )

The issue of tightness comes up again. We will show that p,(£2) = 1 for each n > 0.

4.3 Tightness of the Maximum-Likelihood Estimator

Given a context-free grammar G = (V,T, R, S), let Q be the set of finite parse trees, let
p: R — [0,1] be a system of production probabilities satisfying (4.1), and let wy,ws, ...w, be
a set (sample) of finite parse trees wy € €. For now, null and unit productions are permitted.
Finally, let p be the maximum-likelihood estimator of p, as defined by (4.3). (See also the
remarks following (4.3) concerning variables unobserved in wy, ws, ...wy.) More generally, p
will refer to the probability distribution on (possibly infinite) parse trees induced by the
maximum-likelihood estimator.

Theorem 1. p(Q2) = 1.

Proof. Let g4 = p(derivation tree rooted with A fails to terminate). We will show that
gs = 0 (i.e. derivation trees rooted with S always terminate).

For each A € V, let F(A;w) be the number of instances of A in w and let F(A;w) be the
number of non-root instances of A in w. Given a € (V UT)*, let ng(«) be the number of
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instances of A in the string «, and, finally, let ; be the i'th component of the string .. For
any AeV

qa=p ( U {a; fails to terminate})

BeV «a s.t. Bea i s.t.
(A—>Oé ER az—B

< Z P < U U {a; fails to terminate})

BeV a s.t. BEa i s.t.

(A—a)ER a;=B
— Z p(A — a)p ( U {a; fails to termmate})
BeV c(v .t

>
e
Z A(A — a)np(a)gp

i s.t.
a;=B

IN
m
<

s.t. BEa nB( )2?21 f(A - a;wz‘)
A—>o¢ €ER

Y ast. Z?:lf(A_)OGWi)

(A—a)e

120( s.t. Bea nB( )f(AHa;wi)

(A—a)ER

— a s.t. A s Wi
zfl Z(A—mct)eR f( -« w)

Z?:l Ea s.t. BEa nB(a)f(A — Q; Wz')
(A—a)ER

?:1 F(A§ wi)

I
(]

S~}
m
<

I
(]

S~}
m
<

:>QA§:F(A;%)SZQB§: > npla)f(A— a;w)

i=1 BeV i=1 a s.t. BEa
(A—a)ER

Sum over A € V:

Saad FlAiw) <> agd. >, > np(@)f(A— ow)

AeV =1 BeV i=1 A€V « s.t. BEa
(A—a)ER
n ~
=Y as Y F(B;w)
BeV =1

Z g4 i(F(A;wi) —F(A;w;)) >0
AeV =1

Clearly, for every i = 1,2, ..n F(A;w;) = F(A;w;) whenever A # S and F(S;w;) < F(S;w;).
Hence gg = 0, completing the proof of the theorem.

Now let p,, be the system of probabilities produced by the n'th iteration of the EM Algorithm
(4.5):
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Corollary 1. If R contains no null productions and no unit productions, then p,(Q2) =
1Vn>1.

Proof. Almost identical, except that we use (4.5) in place of (4.3) and end up with

Z qA Z Eﬁn—1 [F(A, wi) — F(A; wi) ’ w € QY(wi)] Z 0. (4.6)
AeV =1

In the absence of unit productions and null productions, F(4;w) < 2|w| (twice the length of
the string w). Hence the expectations in (4.6) are finite. Furthermore, F'(A;w) and F(4;w)
satisfy the same conditions as before: F(A;w) = F(A;w) except when A = S, in which case
F(A;w) < F(A;w). Again, we conclude that gg = 0.
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Chapter 5

Statistical Properties of
Probabilistic Context-Free
Grammars

In this chapter we collect and prove an array of useful results about probabilistic context-
free grammars (PCFGs) and their Gibbs representations. We present a method to generate
production probabilities for context-free grammars (CFGs) which always impose consistent
probability distributions on the finite parse trees. In addition, we demonstrate that these
probability distributions have finite entropy, and under the distributions, the expected value
of size of parse tree to any order is finite. We establish connections between PCFGs and
Gibbs distributions on CFGs and prove the equivalence of the maximum-likelihood (ML)
estimation methods for these two categories of probability distributions. We show how to
“renormalize” an inconsistent PCFG so that it becomes a consistent PCFG. Finally, some
minor issues, including the identifiability of parameters for PCFGs as well as for Gibbs
distributions on CFGs are discussed.

5.1 Introduction

Finite parse trees, or parses, generated by a context-free grammar (CFG), can be equipped
with a variety of probability distributions. The simplest way to do this is by production
probabilities. Firstly, for each non-terminal symbol in the CFG, a probability distribution
is placed on the set of all productions from that symbol. Then each finite parse tree is
allocated a probability equal to the product of the probabilities of all productions in the
tree. Denote a finite parse tree by w. For any production rule A — « of the CFG, let
f(A — a;w) be the number of times that this production rule is applied in w. Let D be
the set of all production rules. Then

(A—a)eD

!Supported by the Army Research Office (DAAL03-92-G-0115), the National Science Foundation (DMS-
9217655), and the Office of Naval Research (N00014-96-1-0647).
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A CFG with a probability distribution on all its parses assigned by this procedure is called
a probabilistic context-free grammar (PCFG) (Booth & Thompson [6], Grenander [10]). It
is well known that a PCFG may be inconsistent, i.e., the total probability of all finite parse
trees is less than one!. It has been shown, however, that production probabilities estimated
by the maximum-likelihood (ML) estimation procedure (or the relative frequency estimation
procedure, as called in computational linguistics) always impose consistent probability dis-
tributions on finite parse trees (Chi & Geman [7]). In this chapter we generalize this result
to a simple procedure, called “relative weighted frequency” method, which always generates
production probabilities that impose consistent probability distributions on parses.

In addition to consistency, there are several important aspects of PCFGs. One of them is the
entropy of probability distributions on parses (Mark et al [13], Mark [15], Miller et al [16]).
We will demonstrate that if a probability distribution on parses is imposed by production
probabilities estimated by the ML estimation procedure, or more generally, generated via
the relative weighted frequency method, then it has finite entropy. Our proof for this result
also derives the closed from of the entropy. Furthermore, we will show that, under such
distributions, size of parse tree has finite momentum of any order.

PCFGs are indeed random branching processes, therefore their asymptotic behavior can
be characterized by their branching rates. Using the notion of branching rate, Sanchez
& Benedi [17] proved the consistency of distributions imposed by estimated production
probabilities around the same time Chi & Geman got the same result. In this chapter, we
will explore further the properties of branching rate.

Besides distributions imposed by production probabilities, parses of can be equipped with
many types of probability distributions. Among the widely studied are Gibbs distributions
(Abney [1], Mark et al. [13], [14], Mark [15]) . Gibbs distributions are deemed more useful
than PCFG distributions in the sense that they provide better approximation to the ac-
tual distributions of languages, because they incorporate more features of parse trees than
PCFGs, whose features only include frequencies of production rules. One the other hand,
a Gibbs distribution degenerates into a PCFG if it only takes into account the same things
as PCFGs, i.e., the frequencies of production rules in parses. More precisely, we will show
that any CFG with a Gibbs distribution of the form

P\(w)=— [ Mol (5.1)
Z) (A—a)eD

is indeed a PCFG, where Z) is the partition number of the Gibbs distribution.

On the other hand, although PCFG distributions are Gibbs distributions, as can be eas-
ily seen, one still can not put PCFGs into the category of CFGs equipped with Gibbs
distributions if the ML estimation procedures for these two types of distributions are dif-
ferent. Indeed, as will be seen, numerically these two estimation procedures are different.
However, we will show that they are equivalent in the sense that the estimates by the two
procedures impose the same distributions. For this reason, we can assure ourselves that
Gibbs distributions can be considered as a generalization of PCFGs.

The fact that Gibbs distributions of the form (5.1) are imposed by production probabilities

In probability theory, such probability distributions on finite parse trees are called being not tight, or
improper
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has a useful consequence. We often come up with inconsistent PCFGs, i.e.,
> pw) < 1.
w

Writing the sum of the left hand side as Z, we “renormalize” the inconsistent distribution
p by assigning to each parse tree a new probability equal to p(w)/Z. What (5.1) implies is,
this renormalization procedure gives rise to a consistent distribution p on parses which is
imposed by a set of production probabilities {H(A — @)}a—a)ep, i-€.,

pwy = ] #A—a)fdzew), (5.2)
(A—a)eD

In addition, the production probabilities can be written out explicitly. Moreover, we will
show that, under a certain condition, p has has finite entropy.

Finally, we will discuss the identifiability of production probabilities of PCFGs and their
counterparts in Gibbs distributions. Briefly speaking, in PCFGs, two different systems of
production probabilities always impose different distributions on parses. However, in Gibbs
distributions, there can be infinitely many different sets of parameters which impose the
same distribution. Besides the results on identifiability, we will establish a relation between
the production probabilities and the expected values of frequencies of productions.

This chapter proceeds as follows. In §5.2, we gather the notations for PCFGs that will be
used later on in the chapter. In §5.3, the ML estimation schemes for PCFGs are briefly
reviewed. After that, the “relative weighted frequency” method is established. In §5.4,
we study the entropy and the statistical properties of size of parse tree of PCFGs. In
§5.5, we make connections between CFGs equipped with Gibbs distributions and PCFGs.
Renormalization of inconsistent PCFGs is also discussed here. In §5.6, PCFGs are studied
from the random branching process point of view. Finally, in §5.7, some minor issues,
including consistency of the ML estimators, and identifiability of production probabilities
are addressed.

5.2 Notations and Definitions

A context-free grammar G is a quadruple (V, T, D, S), where S is the start symbol, V' the
set of variables, T the set of terminals, and D the set of production rules. S and elements
of V are also called non-terminal symbols. V|, T and D are always assumed to be finite. Let
VT =V U{S}. Let Q denote the set of finite parse trees of G. w will always denote a finite
parse tree. For each w € 2 and each production rule (A — «) € D, define f(A — a;w) as
the number of occurrences of the rule in w. Define h(w) as the “height” of w, i.e. the total
number of non-terminal nodes on the longest route from w’s root to its terminals. Define
|w| as the “size” of w, i.e., the total number of non-terminal nodes in w. For any A € V' and
any string v € (V UT)*, define n(B; ) as the number of instances of B in «y and define ||
as the length of the string.

For any two symbols A, B € VT, not necessarily different, B is said to be reachable from
A in G, if there are symbols Ay = A, Ay, ..., A, = B in VT and strings ay, ..., a1 in
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(V. UT)* such that (A; — ;) € D and A;41 € « for each i. G is called connected if any
symbol can be reached from any non-terminal symbol.

A system of production probabilities of G is a function p : D — [0, 1] such that for any
AcVT,
> p(A—a)=1. (5.3)

ae(VUT)*
s.t. (A—a)eD

We will use the same notation p to represent the probability distribution on parse trees
imposed by p. Similarly, for any estimated system of production probabilities p, we will use
the same notation p to represent the probability distribution on parse trees imposed by p.
We will write p(£2) as the total probability of all finite parse trees in €.

Besides probability distributions imposed by production probabilities, 2 can have other
kinds of probability distributions. Let p be an arbitrary distribution on . If g(w) is a
function of w, then E,g(w) is defined as the expectation of g(w) under the distribution p,
ie.

Epg(w) = Y p(w)g(w).

weN

We just defined reachability of one symbol from another one in a CFG. We now define
reachability in a CFG whose language is equipped with a distribution p. For any two
symbols A, B € V*, not necessarily different, B is said to be reachable from A in G under
p, if there is an w € 2, such that w contains a subtree with A as its root and this subtree
contains an instance of B. G is called connected under p if any symbol can be reached from
any non-terminal symbol under p.

So far we have talked about parse trees in the language and their probabilities. All these
parse trees have S as their root. It is often useful to examine the subtrees of parse trees.
Therefore it is necessary to consider trees with roots other than S. We call a tree with root
A €V a parse tree with root A if it is generated by the production rules in D. Let 24 be
the set of all finite parse trees with root A. Define p4 as the probability distribution on 4
imposed by the system of production probabilities p. Also extend the definition of “height”
and “size” to trees in 4.

When we write p4(w), we always assume that w is a parse tree with A as its root. When
p =Dpa, Epg(w) means

Epg(w) = ) pa(w)g(w).

wEN A
We will use p(24) instead of p4(£24) to represent the total probability of finite parse trees
in Q4.
When €2 and p appear without subscripts, they always mean (g and pg.
For convenience, we also extend the definition of trees to terminals. For each terminal

7 € T, define €, as the set of a single “tree” {7}. Define p.(7) =1, |7| = 0 and h(7) = 0.
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For this paper we make the following assumptions:

1. For any A € V, there is an w €  such that A appears in w. This is reasonable. Because
if no finite parse tree contains A, then A is useless in the grammar and can be removed
from V.

This assumption implies two things. Firstly, any A € V is reachable by S. Secondly, for
each A € V7T, the total probability of finite parse trees with root A is positive.

2. When a system of production probabilities p appears in the context but not assigned,
we always assume p(A — «) > 0 for each production rule (A — «) € D. This is also
reasonable. Because if p(A — «) = 0, then the rule A — « can never appear in the PCFG
and hence can be removed from D.

5.3 Maximum-likelihood Estimations for PCFGs

We consider two cases of the ML estimation. In the first case, we assume the data are fully
observed. This means that all the parse trees are observed. Let wi,wo,...,w, be a set of
observed finite parse trees. Then the ML estimator of p, p can be shown to have the form

> f(B— Bwi)
P(B— B) = —1— : (5.4)
ZfB—>awz)

a s.t. =1
(B—a)eD

Because of (5.4), the ML estimator in the full observation case is also called the relative
frequency estimator in computational linguistics. This simple estimator, as shown in [7],
produces consistent probability distributions on the language.

In the second case, the parse trees are unobserved. Instead, the yields Y (wi),Y (w2),...
Y (wp), which are the left-to-right sequences of terminals of wy,...,w,, form the data. It
can be proved that the ML estimator p should satisfy

n

Y EBplf(B — Biw)lw € Qy ()]

p(B— B) = —=—; : (5.5)
Z ZEP f(B = Biw)|lw € Qy(u,)]
(Bajep

where Qy ={weQ: Y(w)=Y}.

Equation (5.5) can not be solved in closed form. Usually, the solution is computed by EM
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algorithm with the following iteration (Baum [3], Baker [2], Dempster et al. [8])

n

> Eplf(B = Biw)|w € Q)]
ﬁn+1(B — ﬁ) — i=1 _ . (5.6)
S D B [f(B = Biw)|w € Qy ()]
5.t.

a s =1
(B—a)eD

Like p in (5.4), p,, for n > 0 imposes a consistent probability distribution on Q ([7]).

We can write both (5.4) and (5.6) in the same form. Indeed, p in (5.4) and p,41 in (5.6)
can be written as

S By, [F(B — Biuo)lw € 5(w1)
Pnt1(B — B) = =l . (5.7)
> D Eplf(B = Biw)lw € S(w)]

a s.t. =1
(B—a)eD

In the above expression, S(w) is a finite subset of © which depends on w. In the case
of full observations, p; = p2 = ... = p and S(w) = {w}. In the case of EM algorithm,
S(W) = QY(w)'

An important observation is that all the S(w) form a partition of €, i.e., a family {S;} of
finite subsets of €2, such that (i) U;S; = Q (ii) either S; = S; or S; N S; = 0, for any i and
Jj. S(w) can then be thought as the unique S; such that w € S;.

In image processing, the estimation (5.7) has been used for a long time and called pseudo-
likelihood estimation (Besag [4][5], Geman & Graffigne [9]). Even this estimation is not
the most general form for our purpose to generate production probabilities that impose
consistent distributions on languages. Note that, in (5.7), the number of involved w’s is
finite. The numerator and the denominator are weighted sums of the frequencies of the
production rules in w’s. Let us forget about the iterations involved in the formula as well
as the fact that all the w’s come from observed data. We just pick an arbitrary finite subset
A of 2, as long as every production rule appears in one of the trees in A, and an arbitrary
weight distribution {W(w)}wea on A such that W (w) > 0 for each w € A and, for simplicity,
> wer W(w) = 1. Then we define a system of production probabilities by

Y f(B—= Biw)W(w)

5B — 3) = weh : 5.8
PE =)= S S i @) o8
(Bofdt)'eD weh

By the similarity between (5.4) and (5.8), we call the method to assign production proba-
bilities by (5.8) the “relative weighted frequency” method.

Proposition 7. Production probabilities given by (5.8) always impose a consistent distri-
bution on €.
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The direct proof of Proposition Proposition 7 is almost identical to that in [7] and hence is
omitted. In §5.6, Proposition Proposition 7 will be a consequence of Proposition Proposition
11.

5.4 Entropy and Expected Size of Parse Tree

In this section, we will show that p given by (5.8) impose a probability distribution on
such that €2 has finite entropy and the expected value of the size of parse tree in €2 to an
arbitrary fixed power is finite.

To make the following proofs more readable, we define, for any given A = {w1,...,wn},

F(A—»a):Zf(AHoz;w)W(w), forany A —-a€D
weA

F(A) = Z F(A—aqa), forany Ac V™,
ace(VUT)*
s.t. (A—a)eD

ie., F(A — «) is the total weighted number of instances of the production rule (A — «) in
w’s and F'(A) is the total weighted number of instances of the symbol A in w’s.

The relative weighted frequency method given by (5.8) then can be written as

F(B — )

Then we have the following simple lemma

Lemma 9. For any A€ V™,

Y F(A) =) wW() (5.10)

Aev+ weA
and
F(S)—1 ifA=58
Y. Y. F(B—n(4q)= { : (5.11)
BeV+ v st F(4) ifA#S
Aey
(B—)eD

Remark 6. If > .\ W(w) # 1, F(S) — 1 should be changed to F(S) — > ,cp W(w).

Proof. For the first equation,

SEA) =YY YA ae)Ww)

Aev+ AeV+ ae(VUT)* weA
t. (A—a)eD

= Z Z Z f(A— a;w)W(w)

weA Aev+ aG(VUT
t. (A—a)eD

=D Iw\W(w)

wEA
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For the second one,

Y. F(B—)n(4;9)

BeV+ v s.t.
Aey
(B—~v)eD

= > > Y B yw)W(wn(4; )

BevVt v st w€EA
Aey

(B—v)eD
= Y W) >, > f(B=rywnl4;y) (5.12)
weA Bev+t v st
Aey
(B—~)eD

For each A,
Yo ) f(B—=ywn(4;9)

BeV+ v s.t.
Aey
(B—~v)eD

is the number of non-root instances of A in w. When A # S, the number of non-root
instances of A in w is the total number of instances of A in w, the latter one being equal to

Y. fA-aw).

ac(VUT)*
s.t. (A—a)eD

Substitute this into (5.12) to prove (5.11) for the case A # S. The case A = S is similarly

proved. |
Proposition 8. Given A = {w;,ws,...,w,}, the estimated p satisfies
Epf(A— aw) =) f(A— aw)W(w) (5.13)
weA

for any (A — «) € D. Therefore, the expected number of instances of the rule A — « in all
parse trees of € equals the sum of weighted numbers of instances of A — « in wq,...,wy.

Proof. Fix (A — «) € D. For each C € V' and k € N, define
Eno= Y pow)f(A— aw).

weQ e
h(w)<k

Define

(omy= {8 HCmTra=a

otherwise.

For each w € Q¢, let v € (V UT)* be the string such that C' — ~ is the first production
rule that w applies. Then for each variable in v, a subtree of w with this variable as its root
is independently generated. Thus, by simple computation,

Ery10 = > PC—NXC =)+ > n(B;v)Ekp).
~E(VUT)* Bevt
s.t. (C—)’y)ED s.t. Bey
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1
Brie = 7ia > F(C—=nNXC—=v+ >, n(B;")Es),
() yE(VUT)* BeV+
s.t. (C—>’y)€D s.t. Bey
hence
F(C)Eg+1,c = > F(C—y)(x(C—m+ > n(B;)Ep)
~e(VUT)* Bevt
s.t. (C—v)eD s.t. Bey

Summing over all C € VT,

Z F(C)Eki1.0
Ccevt

= ) > F(C—y)x(C =)
Cev+  ~e(VUT)*
s.t. (C—v)eD

+ ) >, F(C—7») >, n(B;y)Ews

Cevt  ye(VUuT)* Bev+
s.t. (C—v)eD s.t. Bey
= FA—=a)+ > Ewp >, Y. F(C—)n(B;).
Bev+ CevV+t st
Bey
(C—y)eD
By (5.11)
Y F(C)Bgiic=F(A—a)+ Y EppF(B) - Eggs.
Cev+ BeV+
Hence
> F(C)(Ep1,0 — Ere) = F(A— a) — Es. (5.14)
CeV+

Obviously, Ej, ¢ is a sequence increasing in k. Then the left hand side of (5.14) is larger or
equal to 0, which implies

Eps < F(A— a).
This implies that
E;f(A = oqqw) = kl;n;o Eis
exists. Now take limits on both sides of (5.14) to get
Epf(A— a;w) = F(A — a),

which is just (5.13). O

Corollary 2. H(p) < oo, where H(p) is the entropy of a distribution p.
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Proof. By changing the order of summations, we first get

=-> bw) Y flA—a)logh(Ad— a)

weN (A—a)eD
— E;f(A - a;w)log ———
o A=)

Then by Proposition Proposition 8 and (5.9), the summation equals

> F(A)logF(A)— Y  F(A—a)logF(A— a).
Aev+ (A—a)eD

a

We will next show that the expected value of |w|* is finite for any k& > 0 if w is distributed
via p. Before demonstrating this result, we first note that, because of the assumptions we
made in §5.2 about G, every variable A # S can be reached from S under the distribution

.
Proposition 9. For each m € N U {0},

Ejlw|™ < oo. (5.15)

Proof. In fact, we shall show that for any A € VT, if p = pa, then E,lw|™ < co. When
m = 0, this is clearly true. Now suppose the claim is true for 0,...,m—1. Foreach A € V'
and k € N, define

Mpa= > pa(w)|w|™
wEN A
h(w)<k
Clearly, M}, 4 is increasing in k. It is easy to check

Mpii1,4 = Z Z 1+ Z |wi)"P(A — a)pay (w1) - - - Pay (W), (5.16)

ac(VUT)* Wis--WL
(A—>a)€D wleQD‘z
h(w;)<k

where for clarity, we write L for |«|. For fixed «, write

L
1+lez| P(jwil, - Jwel) + ) lwil™
i=1

P is a polynomial in |wi,...,|wr|, each of whose terms is of the form
lwi[*we | .. Jwr|®F, 0 < s; <m, s1+S2+...5 < m. (5.17)
By induction hypothesis, there is a C' > 1, such that for any 0 < s <mand A€ VT UT,

Y. paw)wl® = B, lwl* < C.

weN
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Then for each term with the form (5.17),

Z lw1]®t .. wL* P Pay (wi) - - - Pay (wr) < cr.
W1, WL
wiGQai

For each «, there are less than (L +1)™ = (|a| 4 1)™ terms in P(|wil, ..., |w|q|). Hence

Mgi1,4 < > (Jo + 1) Cl¥p(A — )

ae(VUT)*
s.t. (A—a)eD

|a|

+ Y. D |wil™BA = a)pay (1) - Payy (Wia))

a€(VUT)*  @irlal i=1
(A—)a) eD WzGQal
h(w;)<k

|a|

= > (a+pmclpA—a)+ 3 S Mo p(A— a).
ae(VUT)* ac(VUT)* =1
s.t. (A—a)eD s.t. (A—a)eD

Because the set of production rules is finite,
sup{|a|: for some A€ V™ (A— a)e D} < .

Therefore we can bound (o] +1)"Clel = (Ja| +1)C!*l by an even larger number, say K.
Then we get

|a|

M4 < K+ > > My, p(A— a). (5.18)
ac(VUT)*  i=1
s.t. (A—a)eD

The method in the proof of Proposition Proposition 8 can now be used. Multiply both sides
of (5.18) by F(A) and add up over all A € V* with F(A) > 0,

|a|

Y F(A)Mppa <KDY |wWw) + > YooY MyaF(A— a)

Aev+ weA AeVt  ae(VUT)* i=1
t. (A—a)eD

Then, as in the proof of Proposition Proposition 8, we get

Mys <K |w]W(w) < co.
weA

Letting k — oo, we see My, g T Epg|w|™. So we have proved Esq|w|™ < infty. To complete
the induction, we still need to show for every A € V' UT other than S, E;,|w|™ < co. For
the case V' € T this is obvious. For the case A € V, if there is an a € (V UT)* such that
A€ aand (S — «a) € D, then by (5.16),

(S — )My a < Myy1,s

Hence Ej, |w|™ = lim, My, 4 < co. In general, for any A € V, there are Ay = S, A1,... Ap =
AeVt and ag,...,an_1 € (VUT)* such that (4; — ;) € D and A;11 € o;. We then
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get

P(An—1 — )My 4, < Mit1.4,
P(An—2 = &)Mjyi1.4, , < Miyoa, ,

P(Ao — a)Mpipa, < Mpiki1,4

Then by induction, Fp, |w|™ < 00, i =0,...,n — 1, where p; = pa,. Hence E;,|w|™ < oo.
Thus Proposition Proposition 9 is proved. O

5.5 CFGs with Gibbs Distributions and PCFGs

A Gibbs distribution on €2 has the form

P e)vU(w)
)\(w) - Z>\ 9
Zy =Y M), (5.19)
we

A ={Aitier, U(w) = {U(w)i}ier-

In the above expression, [ is a finite index set, \; are constants, and U;(w) are functions on
Q. Z) is called the partition number because it makes Py a consistent distribution.

The functions U;(w) are usually considered as features of parse trees and the constants \;
are parameters that weight these features. The index set I and the functions U;(w) can take
various forms. The simplest choice for I is D, the set of production rules. Correspondingly,
let

Uw) = f(w) = {f(A = a;w)}a=a)en: (5.20)
If the constants Aa_., satisfy
7y = Z @) < oo,
we
then we have a Gibbs distribution on {2 given by
AUW) A f(w)

Pw) =" = "5 (5.21)

A consistent PCFG distribution is a Gibbs distribution of the form (5.21). To see this, let
A—a = logp(A — a) for each (A — a) € D. Then

AUW) — H p(A—>a)f(A_’a9“’)
(A—a)eD

and

Zy=> P\(w)=1

weN
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Then the PCFG probability distribution p(w) imposed by p(A — «) can be written as

p(w) = H p(A — a)f(AHa; w) _ ZLGXU(W)’
(A—a)eD A

which is a Gibbs distribution.

We are interested in the inverse problem, i.e., is it true that the Gibbs distribution (5.21) is
imposed by some production probabilities? As seen from the next proposition, the answer
is positive. In other words, if the language generated by a CFG is equipped with a Gibbs
distribution that only has frequencies of productions as its features, then this CFG is merely
a PCFG.

Proposition 10. If every symbol in V' of a CFG G can be reached from S under distribu-
tion (5.21), then G with distribution (5.21) is a probabilistic context-free grammar. That
is, there are p(A — «), such that for any A € VT,

Y. pA—a)=1
(A—a)eD
and for every w € ),

Pw= I A a0,
(A—a)eD

Proof. Note that in (5.20), (5.21) and the above equation, w’s are parse trees in {2 = Qg.
By obvious generalization, we can define f(w) for w € Q4 and then define

Z\(A) = Y MW

SISO
and P4(w). For simplicity, also define Z)(7) = 1 and P;(7) =1 for each 7 € T..

We first need to show that if Z)(S) = Zy < oo, then Z)(A) < oo for all A. Suppose
(S — @) € D. The sum of e/ @) over all w € Q with the first production applied being
S — ais eMs—aZy (o) ... Zx(an), where n = |a|. Hence

ZA(S) > 6>\SH°“Z/\(041) R Z/\(Ozn).

Each Z)(«a;) is positive, hence finite. Then each variable in « has finite Z) value. For any
variable A, there are variables Ay = S, A1,..., A, = Ae VTanda®, ... a1 e (VuT)*,
such that (4; — oz(i)) € D and A;;1 € o9, With the same argument as above, we get

|a(i)| ‘
Za(Ay) 2 €220 T Za(al),
k=1

where a,(j) is the kth element in oY), Then by induction, Zy(A) < co.

Now for A — a, a € (VUT)*, |a| = n, define

p(A— ) = Z/\tA)e)‘A*“ZA(al) . Z (o), (5.22)
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Since Z)(A) and all Zy(«;) are finite, p(A — «) is well defined.
Then

|a|

Z eAAHa H Z,\(Oék) = Z/\(A)

(A—a)eD k=1

Pw)= ]I »Aa—pfiee,

(A—a)eD

by induction on h(w), the height of w. When h(w) = 0, w is just a terminal, therefore this
is obvious. Suppose the equation is true for all w € Q4, A € VT, with h(w) < h. For any
w € Q4 with h(w) = h, let A — [ be the first production rule w applies. Then

L ) V. - A f(wp)
= e\ = eA—s eI\
Z\(A) Z\(A) kl;[l

Pa(w)

where wy, is the kth subtree of w. Each wy has height < h. Hence, by induction assumption,

L fwn) f(B—aswy)
e = p(B — « Wl
Z(Br) (B_l;I)E,D ( )

Then

18]

Paw) ==t [[ 208 [ p(B— a)fBrewn)
) k=1 (B—>Oé)€D

&l
=p(A = p) H H p(B — a)f Baer)
k=1 (B—a)eD
o NN
(B—a)eD

Letting A = S, we then complete the proof. O

One of the most important issue about the Gibbs distribution (5.19) is the estimation of A.
Because of the easiness to apply various mathematical techniques to it, the ML estimation
procedure is among the most widely used estimation procedures (Younes [20]). In the full
observation case, the estimator \is

~ L eA'U(wi)
A = arg max ; (5.23)
L Z
=1
where w1, ..., w, are the observed parse trees. In the partial observation case, the estimator
A s
~ n e/\'U(W)
A = arg max H Z 7 (5.24)
A i=lweQy, A
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where Y7, ...,Y,, are the observed yields.

We have seen from Proposition Proposition 10 that when U(w)’s are the numbers of oc-
currences of production rules, the Gibbs distribution (5.21) is just PCFG distribution.
However, if we want to put PCFGs under the framework of Gibbs distributions, we need
further to show that the ML estimators for PCFGs are the same as the ML estimators for
Gibbs distributions.

The ML estimators for a PCFG in the full observation case and the partial observation
case are defined by (5.4) and (5.5), respectively. It is not obvious that the parameters
estimated via (5.23) and the production probabilities estimated via (5.4) are the same.
Nor it is obvious that the parameters estimated via (5.24) and the production probabilities
estimated via (5.5) are the same. Indeed, numerically they are different. For example, the
estimators (5.4) and (5.5) always give a single estimated system of production probabilities,
while the estimators (5.23) and (5.24) may give us infinitely many solutions. We will discuss
this in detail in §5.7.

Despite the numerical differences between the ML estimators for PCFGs and the ML esti-
mators for Gibbs distributions, the following corollary to Proposition Proposition 10 shows
the ML estimators of PCFG (5.4) and (5.5) are equivalent to (5.23) and (5.24), respectively,
in the sense that they yield the same distributions on languages of CFGs. Because of this
result, the theory of PCFGs can be entirely put into the framework of Gibbs distributions.

Corollary 3. The ML estimator (5.4) for a PCFG G is the exponential of a« ML estimator
for the Gibbs distribution (5.21) on Q generated by G. Hence any estimated parameters by
the ML estimation procedure for the Gibbs distribution (5.21) yield the same distributions
as the estimated production probabilities by the ML estimation procedure (5.4) for the
PCFG. The same relation holds for (5.5) and (5.24).

Proof. Suppose \ is a ML estimator for (5.21). Then by Proposition Proposition 10, the
Gibbs distribution Pj is imposed by some system of production probabilities p. Clearly, p
is the ML estimator for the PCFG G. Tt is also clear that A, A(4A — a) = logp(4 — «)
is another ML estimator for (5.21). Note that, even if X and ) are different, the Gibbs
distributions they correspond to are the same. O

We have mentioned in several places that a system of production probabilities of a PCFG
does not always impose a consistent distribution on the language. Suppose that a system of
production probabilities p(A — «), (A — «) € D, does impose an inconsistent distribution
on 2 = Qg. We then define a new distribution ¢ on €, by

P
p(w)—p(Q), e .

We call p the renormalized distribution of p on 2. More generally, we define renormalized
distribution of p4 on Q4, for each A € VT, by

- _ pa(w) "
pa(w) = 20’ € Q4. (5.25)

By Proposition Proposition 10, we have the following
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Corollary 4. The renormalized distributions p4 are induced by a single system of pro-
duction probabilities

B(A = a) = —=—p(A —a) T] p(Qs)"F ). (5.26)

p(24) Bev

Therefore, ¢ on € is still a PCFG distribution.

Indeed, in (5.22), let Ay = log p(A — «) for each production rule A — «, then p(24) =
Zx(A) and (5.26) is exactly (5.22).

5.6 Branching Rates of PCFGs

In this section we consider the underlying branching processes of PCFGs and introduce the
notion of branching rate. Adopting the set-ups in Miller & O’Sullivan [16] , we define the
V' x V mean matrix M of p, with (A, B)th entry M(A, B) being the expected number of
variables B resulting from rewriting A:

M(A, B) = > p(A — a)n(B;a). (5.27)
ae(VUT)*
s.t. (A—a)eD
M is a non-negative matrix.

We say B € V7T can be reached from A € V7, if for some n > 0, M(")(A, B) > 0, where
M) (A, B) is the (A, B)-th element of M". M is irreducible if for any pair A,B € V*t, B
can be reached from A. The corresponding branching process is called connected if M is
irreducible (Walters [19]).

Put in the context of PCFGs, that B can be reached from A means there are productions
Ay — a9, A1 — aq,..., Ap_1 — a1, such that Ag = A, A;11 € o, A, = B, and
p(A; — «;) > 0. The branching process is connected if any variable can be reached from
any non-terminal variable in this way.

We need to use the following result

Theorem 2. (Perron-Frobenius Theorem) Let M = [m;;] be a non-negative k x k matrix.

(1) There is a non-negative eigenvalue p such that no eigenvalue of A has absolute value
greater than p.

(2) We have mini(2§:1 mij) < pmaxi(2§:1 mij).

(3) Corresponding to the eigenvalue p there is a non-negative left (row) eigenvector v =
(

vi,...,v) and a non-negative right (column) eigenvector
M1
p=1 :
Hk

(4) If M is irreducible then p is a simple eigenvalue and the corresponding eigenvectors are
strictly positive (i.e. u; > 0, v; > 0 all 7).
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The eigenvalue p is called the branching rate of the branching process. A branching process
is called sub-critical, critical, and super-critical, if p < 1, p =1, and p > 1, respectively.

Using the notions for PCFGs, when a PCFGs underlying branching process is sub-critical,
then the PCFG is consistent. When the underlying branching process is super-critical, then
the PCFG is inconsistent.

The following proposition shows that the production probabilities p makes the underlying
branching process of the PCFG sub-critical. This immediately leads to the consistency of
the distribution on the language.

Proposition 11. For p given by (5.8) and M given by (5.27),

p<1. (5.28)

Proof. We have My = pu. Then for each variable A,

" M(4, B)u(B) = pu(A).

BeV
Therefore
> > p(A— a)n(B;a)u(B) = pu(A).
BeV  ae(VUT)*
s.t. (A—a)eD
By (5.9),

IS

BeV  ae(VUT)*
s.t. (A—a)eD

Multiply both sides by F(A) and take sum over A € V. By (5.11),

S° F(A)u(A) — u(S) = p 3 F(A)u(A). (5.29)

AeV+ AeV+

We need to show that p(S) > 0. Assume p(S) = 0. Then for any n > 0, since M"u = p"p,
we have

> M™(S, A)u(A) = p"u(S) = 0.
AeV

Therefore, for each A € V, M (S, A)u(A) = 0. Because each A € V is reachable from S,
there is some n > 0 such that M (S, A) > 0 and therefore p(A) = 0. Hence = 0. This
is contradicting to that u is the eigenvalue of M. Hence p(S) > 0. Then by (5.29),

Y. F(AuA) >p > F(ApA) >0
AeV+ AevV+

This proves p < 1. O
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We will give another proof of Proposition Proposition 9 using the fact that p is less than 1.
But first we need to introduce the following well-known spectrum theorem for matrices:

Theorem 3. Suppose M is an n x n real matrix. Let (M) be the largest absolute value
of M’s eigenvalues. Then

o(M) = lim |[M"|*/",
n—oo
where ||M]| is the norm of M defined by
M| = sup |Mul].
(i

Now we can prove the following result.

Proposition 12. If M given by (5.27) has branching rate p < 1, then for each m € NU{0},

E,|lw|™ < 0. (5.30)
Proof. We repeat the proof of Proposition Proposition 9 in §5.4 up to (5.18). Instead of
taking sum over A, we observe that (5.18) can be written as

M1, 4 <K+ Y M(A,B)M;, p.
Bev

Write { My, a}acv as Mj,, which is a vector indexed by A € V. We then have
Myy1 < K1+ MMy,

where 1 = {1,...,1} and /i < ¥ means each component of 4 is less or equal to the component
of v with the same index. All the components in K1, M and M}, are positive. Hence we
can get

Myyo < K1+ MM < K14+ KMIM?M,;4q

By induction, we get

k—2
My, < K> M1+ MM,
j=0
therefore,
| M| < K [IMV|[1] + [[MF ][ M) (5.31)
j=0

By Theorem Theorem 2, for M given by (5.27), (M) = p. Then by Theorem Theorem 3,
for any p < o/ < 1, |[M"|| = o(p"™). Then (5.31) implies that |Mj]| is bounded. Since M,
are positive and increasing, it follows that ]\Zk converge. This completes the proof. Note
that the finiteness of entropy is just a special case here. O
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In §5.5, we demonstrated that if p is an inconsistent PCFG distribution, then its renormal-
ized version p is a consistent PCFG distribution. We can then talk about entropy of the
language under the distribution p. Is the entropy finite? We first look at a simple example.
Consider a CFG in Chomsky normal form:

S — S8

S — a

where a is the only terminal symbol. Assign probability p to the first production (S —
SS). Then the total probability of finite parse trees is min(1,1/p — 1). If p > 1/2, then
min(1,1/p — 1) = 1/p — 1 < 1. Therefore for p > 1/2, the PCFG is inconsistent. The
probability of (S — SS) after normalization is 1 —p < 1/2. It is easy to see that the
entropy of the renormalized distribution is finite.

More generally, we have the following result, which, put in words, means that a renormal-
ized imconsistent distribution of a connected PCFG is a consistent distribution with finite
entropy.

Proposition 13. If p imposes an imconsistent distribution on 2 = Qg and the underlying
branching process is connected, then the renormalized distribution (5.25) on Qg has p < 1,
therefore finite entropy.

Proof. Because the branching process is connected and p(Q2g) < 1, all p(©24) < 1. To see
this, consider all the parse trees (not necessarily finite) with A as their root that contain
S. Since S is reachable from A, these trees have positive probabilities. Because p(2g) < 1,
therefore, with a positive probability, some parse trees with S as their root do not terminate.
Then it is seen that some of the parse trees with A as the root that contain S do not
terminate, either. Therefore p(Q24) < 1.

For each A, define the generating function (Harris [11], §2.2):

ga(s) = Z p(A — «) H sg(B;a), (5.32)

ac(VUT)* BeV
s.t. (A—a)eD
where s = {s4}acy+. Write g = {ga}acy+ and g™ = {9,(4?)}7 where g&n) is recursively

defined as O
s) =gal(s
ga (s) = galg" (s))
It is easy to see that g4(0) is the total probability of trees with root A and height 1, and

ggl)(O) is the total probability of trees with root A and height < n. Therefore, ggl)(O) 7
p(Q4) < 1. Write

q=1{p(Qa)}acv+

Then g(q) = g(lim ¢ (0)) = lim g(¢(™(0)) = lim ¢tV (0) = ¢. ¢ is the “smallest” non-
negative solution of g(s) = s. That is, if there is some non-negative ¢’ # ¢ with g(¢’) = ¢/,
then ¢ < ¢’. This is because 0 < ¢’ implies (™ (0) < ¢ (¢') = ¢ for all n > 0. Let n — oo,
we then see ¢ < ¢'. Clearly g(1) = 1.
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We now renormalize p and get p by (5.26). Let f = {fa} be the corresponding generating
functions of § defined as in (5.32). Define f™ recursively as in (5.33). Then

fa) = X pA—a) [T s57

ac(VUT)* BeV
s.t. (A—a)eD

1 n e n o3
= Y —pA—a) [T &7 IT 557, (5.34)

ace(VUT)* A BeV BeV
ae(VUT)*
s.t. (A—a)eD

hence f4(s) = ga(qs)/qa, where gs is defined as {gas4}. Note that each g4 = p(Q4) is
positive, hence f4(s) is well defined. If ¢’ is a solution of f(s) = s, then ¢¢’ is a solution
of g(s) = s. Because ¢ is the smallest non-negative solution of g(z) = =z, 1 is the only
solution of f(s) = s in the unit cube. Since g(s) = s has a solution 1, f(s) = s has a
solution {1/g4}, which is strictly larger than 1. We want to know how f4 change on the
line segment connecting 1 and {1/g4}. So we let u = {u4}, where ug =1/g4 — 1. Then u
is strictly positive. Each element on the line segment between 1 and {1/g4} can be written
as 1+ tu, t € [0,1]. Define h(t) = {ha(t)} such that

ha(t) = fa(l+tu) —1—tuy

= > A=) [] Q+tup)" B —1—tu,. (5.35)
ae(VUT)* BeV
s.t. (A—a)eD

It is seen that h'(0) = Mu — u, where M is the mean matrix corresponding to p. Every
ha(t) is a convex function. Since ha(0) = ha(1) =0, h/4(0) < 0, hence

Mu < .

We show that for at least one A, (Mu)sa < ua. Note that h/y(0) = 0 only if ha(t) is
linear. Assume all (Mu)a4 = ua, then all ha(t) are linear. h/4(0) = 0 and h4(0) = 0 then
imply that every ha(t) equals 0. Choose t < 0 such that 1 4 tuy > 0 for all A. Then
f(l4+tu) — 1 —tu = 0. So we get a non-negative solution of f(s) = s which is strictly
less than 1. This is contradicting to the fact that 1 is the smallest non-negative solution of
f(s) = s. So now we have

Mu < wu, (Mu)g <uyg for at least one A

By Theorem Theorem 2, there is a strictly positive left eigenvector v such that vM = pv.
Because u is also strictly positive, we then have vMu < vu, or pru < vu. Hence p < 1.
This completes the proof. O

5.7 Identifiability of Parameters and a Relation between Pro-
duction Probabilities and Frequencies of Productions

Identifiability of parameters has a close relation with the consistency of estimators. The
issue of the consistency of the ML estimator (5.4) of PCFGs is quite easy. If p imposes a
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consistent distribution on the set of parse trees, then as the size of i.i.d. samples goes to
infinity, with probability one, the ML estimator p converges to p. To see this, think of the
n parse tree samples as taken from the following experiment. Starting from S, we begin a
branching process governed by the production probabilities. Once the process terminates,
we start from S a new branching process. We repeat n times and collect the n resulting
samples. It is seen that during the experiment, all the instances of variables choose their
productions independently from each other. Then by the law of large numbers, the ratio
between the number of instances of A — « and the number of instances of A, which is
exactly p(A — «), converges to p(A — «), with probability one.

Because the ML estimator (5.4) for PCFGs is consistent, production probabilities are iden-
tifiable parameters of PCFGs. In other words, different systems of production probabilities
impose different distributions on languages. This fact can be presented as

Proposition 14. If p;, po impose distributions P, P», respectively, on 2 and p; # po,
then P # Ps.

Proof. Assume P; = P,. Then draw n i.i.d. samples from P;. Because the ML estimator
P is consistent, as n — oo, with probability one,

p(A—a) = pi(A—a)
With the same reason

p(A — a) — pa(A — «).

Hence p; = ps, a contradiction. O

We mentioned in §5.5 that the ML estimators (5.23) and (5.24) may give us infinitely many
solutions when the language generated by a CFG is equipped with distributions given by
(5.21). This phenomenon of multi-solutions comes from the non-identifiability of parameters
of Gibbs distributions, i.e., different parameters may yield the same Gibbs distribution.

To see why parameters of Gibbs distribution (5.21) are non-identifiable, we note that the
f’s have the following relations:

Yo fA-mw) = Y n(A4B)f(B— Biw), ifA#S,

(A—a)eD (B—B)eD
Y. fS—amw) = Y n(Sh)f(B - fw)+ 1.
(S—a)eD (B—pB)eD

From these relations, it can be shown that f’s are linearly dependent. In other words, there
exists a A\g # 0, such that for any w, Ao - f(w) = 0. If A is a solution for (5.23), the for any
number t,

eOFHtA0)-f(w) — Af(w)

)

and

7

Mtho — 2N
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Hence Py, (w) = P;(w). Therefore for any , A+ t)g is also a solution for (5.23). This
tells us that the parameters of Gibbs distribution (5.21) are non-identifiable.

Finally, we consider a relation between production probabilities and the expected values of
frequencies of productions in parse trees. If under the distribution imposed by p(A — «),
the entropy of the language is finite, then for i.i.d. wq,...,w,, by consistency of the ML
estimator given by (5.4),

n

Zf(AHa;wi)/n
PA—a)= —p(A—a). wp. 1

Because the entropy is finite, for every production rule (A — ) € D,
1 n
—2 f(A= Biw) = By(f(A— Bw)), wp. 1,
i=1

where E, is expectation under p. Therefore,
Ep(f(A— a;w))
> E(f(A— fw)

(A—p)eD

p(A—a)=

If the entropy is infinite, the above argument does not work. However, we have the following

Proposition 15. Suppose p’s impose a consistent distribution P on 2. Then for any
increasing sequence of finite subsets €2, of Q2 with Q,, T Q, i.e., Q1 C Q... C Q, Q, finite
and U, = Q,

p(A—a) = lim —tpf(A= aw)w € )

e Z Ep(f(A — Biw)lw € Qn)’
(A—B)eD

where E,(f(A — a;w)|w € Q) is the conditional expectation of f(A — «a;w on € given by
Y (A= asw)p(w)
Ey(f(A = a;w)|w € Q) = =
> pw)

UJGQH

Proof. Considered as a vector, p = {p(A — «)} belongs to the following set of vectors
indexed by D,

{v ={v(A = a)}(ama)ep; V(A —a)>0: forall (A—a)c D} :

Note we do not require that for each A, the components v(A — «) add up to 1. On this
set, define a function

P(w[2)
Lp(v) = P(w|$2) log "o
wgf:zn H U(A N a)f(A a;w)

(A—a)eD

(5.36)
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Let p,, be the (unique) minimizer of (5.36) subject to
(A—a)eD
It is easy to see that

> f(A— a;w)P(w)

WGQH

> f(Ajw)P(w)

weNy

Here f(A;w) is defined as the sum of f(A — «a;w) over all &« € (VUT)* with (A — «a) € D.
In order to show that p,, — p, consider the auxiliary function

(A —a)=

Fo(v) = Lo(v) + > Y Pw|Qn)f(4A;w) > v(A — ). (5.37)
AeV+ weQy, ae(VUT)*
s.t. (A—a)eD
Then
oF Y Pl)f(A — a;w)

n _ weQy w W .

(A —a) oA = a) b2 Pl (68
Pw|Q,) f(A;w

o .

(A — a)ov(A — a) v2(A — «) ’ ’

0%F, .

=0, if (A—a)#(B—0). (5.40)

Ov(A — a)0v(B — ()

Hence 0F,,/0p, = 0 and F,, is strictly convex. This implies that p,, is the unique minimizer
of F,,. Since for all n, p,(A — «) < 1, the Hessian of F,, is uniformly lower bounded from
0. Then there is an a > 0, such that for all n, F,(p) — F,(p,) > allp — p||>.

Now for each A, both p(A — «) and p,(A — «a) add up to 1. Then from (5.37) and the
fact that p, is the minimizer of L,,

By Jensen’s inequality,

(A — a)f A=)
(A—a)eD

—Ly(pn) = Pw|Q,)lo
(hn) wgn (w]Qn) log Pl

< log Z H Pn(A — q)f A=)
wep (A—a)eD

<logl =0,
therefore Ly, (py) > 0. Then it follows that

Ln(p) > Fn(p) - Fn(ﬁn) > 0.

Since Ly (p) = —log p(Qy,) — 0 as n — oo, then F,(p) — Fy(pn) — 0. Hence p, — p. 0
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Chapter 6

Probabilistic Feature Based
Grammars

6.1 Introduction

Statistical language models are becoming increasingly important in linguistics. The devel-
opment of such models aims to solve problems that traditional categorical grammars face.
Sometimes called non-probabilistic grammars, categorical grammars provide extremely de-
tailed syntactic and semantic analyses of a range of sentences. They also have the merit of
being sensitive to a wide variety of linguistic interactions. However, categorical grammars
have several drawbacks which hinder their utility. First of all, because the grammars fail to
address the ranking of grammatical analyses, they suffer serious inefficiency problem when
dealing with sentences which have tremendous amount of different analyses. For the same
reason, they also lack robustness when coming across unexpected or ill-formed input. Fur-
thermore, with no practical automatic learning mechanism to categorical grammars, such
grammars have to be hand-crafted and usually become so complex that they are difficult
or impossible to understand and maintain.

Statistical language models are probabilistic versions of categorical grammars, with all anal-
yses allowed by the grammars being equipped with probabilities. The assignment of prob-
ability measures automatically enables statistical language models to systematically treat
grammatical analyses differently. When good statistical models are established for lan-
guages, analyses empirically more likely to be chosen are allocated higher probabilities,
hence more likely to be selected by parsing algorithms. Good statistical models also make
it possible that analyses of ill-formed input have very low probabilities, making them easily
detected by the parsing algorithms. Because of the discriminating power of probabilities,
the rules by statistical models need not be as detailed and complex as categorical grammars
when modeling the same languages. In addition, statistical models can be adjusted by tun-
ing their parameters and can be learned from the training corpus because the parameters
can be estimated.

The simplest statistical language models are probabilistic regular grammars (PRGs) and
probabilistic context-free grammars (PCFGs). They are actually the same things as Markov
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chains and stochastic branching processes, respectively. Both models have had remarkable
applications to simple tasks in speech recognition and computer vision (Chou [4]). However,
these grammars’ non-probabilistic prototypes, i.e., regular grammars (RGs) and context-
free grammars (CFGs), are widely deemed linguistically inadequate, because they lack the
context sensitivity that is ubiquitous in natural languages. In order to apply statistical
methods more effectively to linguistics, it is necessary to develop probabilistic versions of
more expressive grammars.

Standard grammars in computational linguistics are attribute-value grammars of some va-
riety. In this article, we will call attribute-value grammars feature based grammars. RGs
and CFGs are two types of feature based grammars, but among the least expressive ones.
The more expressive feature based grammars cope with context sensitivity by addressing
features that contain non-local information of languages. Efforts have been made to develop
general probabilistic feature based grammars (Mark et al. [7], Abney [1]). Invariably, all the
probabilities proposed for feature based grammars take the form of Gibbs distribution. The
argument for the Gibbs form is based on the “maximum entropy” principle (Jaynes [6]). In
Mark et al. [7], a Gibbs distribution was derived for a simple case, where the probabilistic
models are combinations of a PCFG and n-gram language models, by invoking maximum
entropy estimation. Similar argument can be applied to more general cases to get the Gibbs
distributions as discussed in Abney [1]. However, this was not pursued in either of the two
articles. In §6.2, we will derive the Gibbs form of distributions on features based grammars
and some of its variants.

The emphasis of this article is on the technical issues of parameter estimation. In §6.3 and
§6.4, we will propose two schemes for estimation. Both schemes are easy to prove to be
consistent. We will argue that the second scheme, which is a pseudo-likelihood type scheme
for estimation, is efficient, if the goal of parameter estimation is to analyze sentences rather
than sample sentences.

6.2 Gibbs Distributions for Feature Based Grammars

Given a grammar G, let €2 be the set of all parse trees allowed by G. Elements in ) are
denoted as w. Because a natural language has only countably many sentences, and each sen-
tence has only finitely many parse trees allowed by G, Q is countable. Let fi(w), ..., fn(w)
be N real functions, or “features”, on ). Suppose under certain unknown distribution on
Q, the expectation of fi(w),..., fn(w) are fi,..., fn, respectively. With only fi,..., fx
being known, we want to make a reasonable guess about the unknown distribution.

For this end, the maximum entropy principle suggests using the solution of the following
constrained maximization problem,

p= arg max {— > pw) logﬁ(w)} :
p prop on 2 wen

subject to

Ep(fl(w)) = Zfz(w)p(w) :fh i = 177N (61)

weN
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and

> plw)=1. (6.2)

weN

The philosophy for the above approximation is that while p(w) satisfies the given constraints
on f;, it should be made as random (or un-informative) as possible in other unconstrained
dimensions, i.e., p(w) should represent information no more than what is available and in
this sense, the maximum entropy principle is often called the minimum prejudice principle
(Zhu et al. [5]).

By introducing the Lagrange multipliers \;, ¢ = 1,..., N, and 3, the constrained maximiza-
tion problem is changed to

{Zp ) log p(w +ZA > filw) +5ZP(W)}=

we = weN weN

Solving this equation gives

p(w) = Z(l)\)e)"f(“’), (6.3)

where A = (A1,...,Ay) and f(w) = (f1,..., fn), and Z(A) = Zek'f(w)

The maximum entropy principle can be generalized to the “minimum discriminant principle”
(Mark et al. [7]). Suppose we have a distribution 7(w) on 2, then the minimum discriminant
principle requires the guess of the unknown distribution minimize the following quantity,

> plw)log Z(Z)

weld ( )’
subject to (6.1) and (6.2). Then we get the solution with the form
1 M@ — L ) logr(w)
_ _ 6.4

which is still a Gibbs form.

If 7 is finite, an explanation for the constrained minimization is as follows. Write

Zp log () = —logm(§2 +Zp log ()

weN ) weN )

where k(w) = 7(w)/7(2) is a probability distribution on €. The minimization then finds
the distribution which satisfies the constraints and is closest to the distribution x in terms
of Kullback-Leiber distance. However, this explanation does not apply to the case where
m(Q) = oc0.

Because the set of all parses is infinite, both (6.3) and (6.4) have the possible problem that
the partition number Z(\) might be infinity, which makes the distribution not well-defined.
An alternative to the Gibbs forms (6.3) and (6.4) is the following distribution,

M)

S A

Y(w")=Y(w)

p(w) =n(Y(w)) (6.5)
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where Y (w) is the “yield” of w, which is the terminal string associated with the parse tree
w, and 7 is a probability distribution on the language.

From the information point of view, we can think of 7 as a description of the mechanism
to generate sentences. It can be different from the Gibbs distribution with the potential
function A - f(w). On the other hand, the rules to analyze individual sentences, which are
given by A and f, with A being the parameter, are uniform across all sentences.

The potential function A - f(w) can be looked on as the first order expansion of a function
¢(f(w)). Even when f gives all the information about €2, i.e., the o-algebra F(f) contains
all the singleton sets {w}, the Gibbs distribution (6.3) can still be very far from the true
distribution. As an example, suppose 2 = N and f(w) for w € Q is the numerical value of
the element. If p is a distribution on 2 with p(2) > p(Q\{2}), then the Gibbs distribution
(6.3) can never get close to p.

A solution to this problem is to learn the function ¢, on the set of all possible values of
f(w). To do this, one can approximate ¢(f(w)) by a higher order expansion and estimate
A’s in the expansion,

DNl fw))

i<k

where i = (i1...4,) is a multiple index composed of non-negative integers. i < k means
i1+ +ip <k, and f" means fi* --- fi¥. For the example given just now, a second order
expansion can do well enough in the sense that

> M-x/m(w)‘

is small, where p)(w) is a Gibbs distribution with the potential function A; f(w)+Aa(f(w))?.
It turns out that A1 and Ay should satisfy Ay =~ —4Ay and A; > 0.

One can also learn ¢(f(w)) by dividing the range of f into several bins By, ..., Bk, and
approximating ¢(f) by a function which is constant in each bin (Zhu et al. [5]). The
potential function is then changed to

k
i=1
where 1; is the indicator function of the bin B;.

Next we will consider how to estimate parameter A of the Gibbs forms. From now on, we
will always use N as the notation for the dimension of f.

6.3 Maximum-Likelihood (ML) Type Estimation of Param-
eters

Suppose we are given n i.i.d. samples. Let us consider two cases about the data.
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Case One:

In this case, the n samples are fully observed parse trees wi,...,w,. Under the assumption
that the distribution of w is given by (6.3) with parameter Ao, if | f| has finite mean and if
n is large, then by the law of large numbers,

1 n

= flwi) = Bx(f),

iz

where E),(f) is the expectation of f(w) under the distribution e*o' /() /Z()).

Therefore, we take any solution to the following equation in A as an estimate of Ay,

BA(f) = 13" e, (66)
=1

The estimation formulated by (6.6) is a maximum-likelihood type estimation. Indeed, if
there is a solution to the following maximization problem,

then the solution, 5\, is a solution to (6.6). However, because the set of all parse trees is
infinite, we can not compute Z(\), therefore E)(f) in (6.6) is unknown.

In order to get around this problem, we modify the estimation as follows. Let Y, =
{Y(w1),...Y(wn)}. Then we replace (6.6) by

Z f(w)e’\‘f(“)

n

:L;f(wi) - Y‘“”Gg S = B @) e Yal,
Y(w)eYy,
or
[~ BAlf(@)Y (@) € Ya] =0, (6.7

where f is the average of f(w1),... f(wy). It can be shown the left hand side of (6.7) is the
gradient of the function

Lp(Awis.oo wp) = A f—log ( Z e/\.f(“))) )
Y(w)€Yn

which is convex in A\. Note that since there can be multiple parse trees with the same yield,
the set {w : Y(w) € Y,,} might be strictly larger than {w1,...,w,}. Since L, (A w1, ..., wy)
is convex in A, any solution to the following maximization problem is a solution to (6.7),
and vice versa,

An = arg max {L,(\, w1, ..., wn)}. (6.8)
A
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In the remaining part of this section, we will use L(\) as short for L, (\,wi,...,wy). That
the maximization problem (6.8) has a solution is not guaranteed. For example, suppose we
have 3 w’s, w1, w2 and ws, and f(wi) = (0,0), f(w2) = (0,1), and f(ws) = (1,0). Suppose
only wy and ws are observed, with each being observed once, and Y (w;), i = 1,2, 3 are the
same. Then f is the average of f(ws) and f(ws), i.e., (1/2,1/2), and

_ F & Aflwi) | — AL+ A _ A1 A2
L) =A-f—log (Y e == log (14 €™ +¢*) .
i=1

The above function can not achieve its maximum. Indeed,

VL()\) _ (1 eM 1 eA2 )

2 14+eh el 2 1T4eM ek
Since VL can never be 0, there are no extreme points for L.

In order to get the condition for the existence of solution to (6.8), let 2, = {w: Y(w) € Y, }
and C be the convex closure of the set {f(w): w € Q,}. The boundary of C' is the union
of all the facets of C' and denoted as dC. The inner part of C' is defined as C\OC. Because
f is the average of some of the f(w)’s with w € Q,,, f € C.

Proposition 16. Suppose f(w) are not all the same for w € §2,,. Then the maximization
problem (6.8) has a solution if and only if f € C\JC.

Remark. If f(w) are the same for all w € Q,,, then L()) is a constant.

Proof. What we need to show is that the function

LA) =X\ f—log ( Z e)"f(“’))

weﬂn

can achieve its maximum if and only if f € C\9C.

Let k£ be the dimension of convex set C. Recall that N is the dimension of A. Clearly,
k < N. If K < N, then there is an N-dimensional vector 3 # 0 and a constant ¢, such that
G- f(w) = cfor all w € Q,. Without loss of generality, suppose the last component of 3,
By # 0. Then for all w € Q,,,

) = 5 - gjvflw . ﬁg;fm(w).
Then
L\ =X -g—log ( > eX'g(W) 2 W),
weENy
where

AN BN-1AN
X:()\—ﬁl ,...,)\—),
" B Nt BN
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is an N — 1 dimensional vector, and

g(w) = (fi(w), ., fN-1(w)).

Let C' be the convex closure of {g(w) : w € Q,}. Then C’ is still a k& dimensional convex
polygon but embedded in an N — 1 dimensional space and g € C’\9C’ if and only if
f € C\oC. Obviously, L(\) can get to its maximum if and only if L'(\) can. From the
above procedure we see that we can reduce the dimension of A until it equals k, without
affecting the final conclusion.

In the remaining part of the proof we only consider the case where k = N. Let S be the
N —1 dimensional unit sphere, which consists of all N dimensional vectors with |v| = 1. If
f € C\OC, then for any v € S,

M(’U) > v fT)
where

M(v) = max {v- f(w)}.

The function M (v) —v- f is continuous, therefore, by compactness of .S, there is a constant
A > 0 such that M(v) —v-f > AforallveS.

For each v € S, taking L(tv) as a function in ¢, we have

Z v- flw)e @
L'(tv):v~f—weﬂn —v-f— M) <—A, t— oo,

Z etvf(w)

weNy
and L”(tv) < 0. For each t > 0, let B, = {v € S : L'(tv) < 0}. From the above result we
see S C UysoBy. Because of the continuity of L'(tv) in v, By is open. Because S is compact,
S C UB;y, for some t; < ta < ... < t,. For each v € S, because L(tv), when taken as a
function in ¢, is concave, therefore, if L'(tgv) < 0, then for any t > tg, L'(tv) < 0, which
means By, C By,,. This implies that for all v € S and ¢t > t,,, L'(tv) < 0. Thus if || > t,,,
then L(\) < L(t,,,v), where v = A/|A|. Therefore L(\) must get its maximum in the region
N A <t}

Conversely, assume L(\) achieves its maximum at some Ao, then VL(Ag) = 0, and therefore

Z f(w)e/\o'f(w)

*__weQn
f= Z erof(w)
wey
If the vertices of C' are vy, ..., vy, then every f(w) can be written as ajvi + ... apvy, where
a; > 0 and a1 +...a, = 1. Because each e f(@ > 0, from the above equality, f =
biv + ... byv, with each b; being positive. Hence f € C\0C. O

As mentioned earlier, (6.8) may not have a solution. One way to handle this problem is to
modify the maximum-likelihood estimation (6.8) to the following form,

An = arg max {Ln,(\,wi,...,wn)}. (6.9)
IA<n
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Case Two:

In this case, only the yields of the parse trees are observed. Let y1, ..., y, be the n sentences
and let Y,, = {y1,...,yn}. Under the assumption that the distribution of w is given by (6.3)
with parameter Ao, if | f| has finite mean and if n is large, then by the law of large numbers,

LS B @IY (@) =il X Exlf@IY @) = 1P = X Balf
i=1 yey wel

where Py, (y) is the sum of all Py,(w) with Y (w) =y, and ¥ = {Y(w) : w € Q}. On the
other hand, as n is large enough,

Z Ex[f (W)Y (w) =yl P (y[Yn) ZEAO (W) = y|Px (9),
yeY, yey

hence

CY @IV @) = ul = 3 Bl @)Y (@) = ol Py V).
i=1

yeYy

With a similar argument as in the first case, we take any solution to the following equation
as an estimate of Ag,

LS B @) =3 - X B @Y (@) = slPIY) = 0. (6.10)
=1

yey

To transform (6.10) into an optimization problem, define the log-likelihood function in A,

Lo\ y1, - yn) = ZIOgP)\ YilYn).
=1
Then
1 n
VaLn(Ay1s - syn) =~ Y E\[f(@)[Y (w - Bilf (w) = y]PA(y[Yn).-

n i=1 yey
Therefore, any maximizer of L, (A, y1,...,¥yn) is a solution to (6.10).
A condition that L, (A, y1,...,yn) can reach its maximum is as follows. As in the first case,

suppose the dimension of A is V.

Proposition 17. Given a convex set C' in RN, a plane P is called a support of C
if ) # PNnC C 0C. For each sentence y, let C(y) be the convex closure of the set

{f(w): y(w) =y}

If there is no such a plane P that it is a common support of C'(y1),...,C(y,) and all C(y)’s
are on the same side of P, then L, achieves its maximum.

78



Proof. As in the proof of Proposition Proposition 16, let S be the unit sphere in RY. By
the assumption, for any v € S,

: > mi : .
;g@fyr({lugy{v fw)} ;gg;}zyr(ggy{v fw)}

The functions on both sides of the above inequality are continuous in v. Because S is
compact, there is a constant ¢ > 0, such that for any v € S,

: — mi : >0
ggfyr(ggy{v f(w)} — min yr(gf)gy{v f(w)}

Based on this, using the same argument as Proposition Proposition 16, we can show that
L,, achieves its maximum. O

If L,(A\y1,...,yn) can achieve its maximum, then the maximizers of the function are so-
lutions to (6.10). However, unlike L, (\ w1,...,w,) in case one, L,(\,y1,...,yn) is not
necessarily convex. Unless v, ...y, satisfy the condition of Proposition Proposition 17,
L,(M\y1,...,yn) might not be able to achieve its maximum. As an alternative, we take

A = arg max L, (A, y1,...,Yn), (6.11)
[Al<n

as the estimate of \g.

For the estimation given by (6.11), we have the following consistency result.

Proposition 18. Assume the distribution on €2 is given by

Py () erof(w)

Ao \W) =

0 Z)\Q

Suppose wy,...,w, are iid. samples from Py,. Let y; = Y(w;), i = 1,...,n, and Y,, =

{y1....,yn}. Define Q, = {w e Q: Y(w) € Y,}. Let A, be the estimates given by (6.9) or
(6.11). Define the distribution P, on € such that

An-f
G—A(w)l if weQ,
> I
Pn(w) - req)
w n
0 otherwise

(1) If A, are given by (6.9) and if H = — Z Py, (w)log Py, (w) < 0o, then with probability
weN
1, as n — oo, P, weakly converges to Py, on {2, i.e.,
Py(w) — Py, (w), forany w € Q.
(2) If A, are given by (6.11) and if H = — Z Py, (y) log Py, (y) < oo, then with probability
yey

1, as n — oo, P, weakly converge to Py, onY, i.e.,

Pu(y) = Pr(y), forany y €Y.
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Proof. We only prove (2). The proof of (1) is very similar to the proof of (2).
Write L, (A) for L,

But

Ln(Xo) =

()\7917- .-

=1

,Yn). For any integer n > |Ao|, by (6.11), L, (An) > Ln(Xo)-

wENy,

With probability 1, L,(A\g) — H, hence

hmmffZIOgP (yi) > H.
i=1

Let I,,(y) denote the empirical probability of y, i.e.,

Then

Ln(An) = fZIOgP yz
= Z I (y)log Pp(y)
yeYn
< Z I, (y)log I,(y).
YyEYn

Fix € > 0, there is a finite Y’ C Y, such that

ZPAO

yey’

)log Py (y) < > Pao(y)log P, (y) +
yey

With probability 1, when n is large enough, Y;, D Y’, then

> Ly

NS

Jog In(y) < Y In(y)log In(y).
yeyY’

Letting n — oo, with probability 1,

By (6.12)-(6.15),

Therefore,

> Ly

yey’

)og In(y) — > Px,(y)log Py ().
yeyY’

1 n
lim sup — Z log P, (y;) < H.
n 4
i=1

lim — ZlogP (yi) = H.
=1
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(6.13)
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The above arguments also show that

lim — Zlog[ (y;) = H.
=1

Then for large n,

> L(y)log Pu(y) > > In(y)log In(y) —

YyEYn YyEYy

Since { Py} is a sequence of probability measures on the countable set Y, it contains con-
vergent subsequences. Let P be the limit of a convergent subsequence {P .}. Then Pisa
measure on Y with 3 P(y) < 1. From

> In,(y)1og P (y) > > In,(y)log In,(y) — €,

yEYn2 yEYnZ

we get,

Z Py, () log P(y Z Py, (y) log Py, (y),
yey yey

which can happen only if P = P,,. Therefore any convergent subsequence of { P, } converges
to Py,. Therefore P, — P,,. O

Corollary 5. If ) is identifiable, i.e., for any A # Ao, Py # Py, then the estimation (6.9)
is consistent, which means with probability 1, A, — A\g as n — oc. a

6.4 Pseudo-Likelihood (PL) Type Estimation of Parameters

The estimation procedures given in §6.3 are basically of maximum-likelihood type. They
estimate the “global” distribution, i.e., the distribution on the set of all parse trees or
the distribution on the set of all sentences. In the context of parsing, however, global
distributions are irrelevant. What is really relevant for efficient parsing is that, given a
sentence, all the possible parses of the sentence are properly assigned conditional probabilities
so that the correct parses to the sentence are preferred in the sense that they have higher
conditional probabilities. This observation suggests using the pseudo-likelihood (PL) type
procedure for parameter estimation (Besag [2], [3]).

The idea for the PL estimation is as follows. Let (€2, P) be a space. Suppose (2 is partitioned
into disjoint subsets . Then for each w € 2, there is a unique ,, denoted as Q(w) such
that w € Q(w). If we are given a parametric family of probability distributions {Pp}gco
and P = Py, then for i.i.d. samples wy,...,wn from P, the PL estimate for 0y is

0 = arg maxH {Py(wi|(wi)) } -
AS{C—
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Now let € be the set of all parses. In the context of parsing, we are interested in the
comparison of all the parses for each single sentence, but not the comparison of parses for
different sentences. Therefore, the partition we choose is such that, for w € €2,

Qw)={" €Q:Y()=Y(w)}
If Y(w) = y, then clearly, for any distribution P on {2,

P(w)

>, PW)

Y(w')=y

Pw[Q(w)) = P(w|Y(w) = y) =

The global distribution of sentences is irrelevant for parsing, and we assume it to be 7(y),
which might be unknown. The conditional probability distribution of parses, given a sen-
tence y, is assumed to be a Gibbs distribution. In certain sense, the Gibbs distribution of
parses, given y, should depend on y, i.e.,

e)‘yfy("-’)

Z e)‘y‘fy (W)’

Y(w)=y

Po]Y () = y) =

where )\, are parameters depending on y and f, are features depending on y. However,
it is reasonable to assume that across all the sentences, the parsing rules are the same.
Therefore, we suppose the conditional distributions have the same A and the same f, for
all y.

The distribution of all the parses then takes the form given by (6.5). Given i.i.d. samples
Wi, ... ,wn, let y; = Y(w;). The PL estimate is

n n A f(w)
R e
Ap, = arg max ||P w; | w; = arg max ||— ,
g/\ {il )\( ’ ( ))} g/\ L Z e)\.f(w)

Y(w):yi

or, using the notion of log-likelihood,

. 1
Ap =arg max{ \- f — — lo M (@) . 6.16
81 X{ f=—> log (Y(Z (6.16)

i=1 w)=y;

Let PL(\,wi,...,wy) be the function being maximized on the right hand side of (6.16). If

the maximization has a solution ;\n, then VPL(A\g,w1,...,wy) =0, ie.,
1
f==2 Ex[f@Y(w) =y (6.17)
i=1

The formula (6.17) has an explanation which has nothing to do with the Gibbs form. If
|f(w)| has finite mean, then by the law of large numbers, as n — oo, with probability one,
f — E(f). On the other hand, for any sentence y,

{i: vi=ull

- m(y),
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and therefore,

S Bl =] = ¥ I g0 viw) = u) - B0,

i=1 yey

In the above formula we omit the subscript of E) to make it clear that the distribution
considered here is not necessarily given by (6.5).

If the true distribution belongs to a parametric family {FPy} and its parameter is 6y, then
as n is large,

Z (W) =wil,

and it is reasonable to let (any) solution of

Z (w) = il

3\'*

3\*—‘

be an estimate of 6.

The estimation given by (6.16) is consistent in the following sense.

Proposition 19. Let {P\} be a parametric family of probability distributions on €2, such
that for each A,

PA) = 7(¥ (@) e
Ww) =71V (w) —————-
Z M)
w'eQ(w)
Assume wy, . ..,w, are ii.d. samples from P,,. Let A be the estimates given by (6.16). For

each n, let P, = Pin‘ If

=2 7(y) Y PrylY(w) =y)log Py (w]Y (w) = y) < o0,
yey Y(w)=y

then with probability 1, for each sentence y, and for each w with Y (w) =y,
Pn(w\Y(w) - y) - P)\o(w‘y<w) - y):

Proof. With the similar arguments as in Proposition Proposition 18, it can be shown that
with probability 1

*ZlogP (WilQw) = D_m(y) D Pr(wlQ(w))log Py (w]Q(w))

i=1 yey Y(w)=y

and

*Zlogl (WilQw) = D m(y) D Pr(wlQ(w))log Py (w]Q(w)).

i=1 yey Y(w)=y

83



But

LY log Palwrl i) = Y Taly) Y In(w]2w)) o Palwl92(w)),
=1 yey Y (w)=y
and

LS g Ly @il0w)) = X Laf) Y Ll 2w)) log Ly (w]2(w).

=1 yEY Y(w):y

For each y, since I,,(y) — 7(y) and

Y LwlQw)log Pa(wlQ(w)) < Y Tn(w|Qw)) log L (w|Q(w)),
Y(@)=y Y(w)=y

we conclude that

Z I, (w|Q(w)) log Py, (w|Q(w)) — Z I, (w|Q(w)) log I, (w|Q(w)) — 0.

Y(w)=y Y(w)=y
Now since the set {w: y(w) =y} is finite, we get
Po(w|(w)) = Py (w[Q(w))-

The proof is complete. O

Corollary 6. If for each A # A¢, there is a y and an w with Y(w) = vy, such that
Py\(w]Y (w) = y) # Py, (w]Y (w) = y), then with probability one, A, — Ao. O
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Chapter 7

Scale Invariance of Natural Images

7.1 Introduction

Scale invariance refers to the phenomenon that the marginal distributions of many statistics
of natural images are unchanged after the images get scaled. From the information point of
view, scale invariance implies that even though individual natural images do change after
being scaled, the information from the population of all the scaled natural images is no
different than from the population of the original ones. As we shall see, scale invariance
is a very robust property of natural images, and despite its simple form, we will argue
that it is a non-trivial characteristic of natural images, and therefore an interesting natural
phenomenon in its own right.

Scale invariance of natural images is of great interest in vision. It is widely believed that
the statistical properties of natural images determine the basic aspects of the visual system.
Scale invariance is among the most prominent statistical characteristics of natural images
people have ever found. In Knill et al. [1], it was demonstrated that human visual system,
when discriminating fractal images, is most sensitive to those which are approximately scale
invariant. Because of the fractal nature of many texture images, this result suggests the role
of scale invariance in texture discrimination by the visual system. Scale invariance is also
an important ingredient in various theories on sensory coding. In Field [3], it was proposed
that the visual system adopts a sparse coding scheme. One of the reasons that sparse
representation is effective, the author argued, is that natural scenes are scale invariant.

Scale invariance has a lot of applications in computer science, especially in computer vision
and image compression, and the reasons for this are very much the same as in vision.

This article is concerned with scale invariance of natural images itself rather than its im-
portance to other areas of science. We will consider the following fundamental problem
about scale invariance: Why are natural images scale invariant? To pursue an answer to
this problem not only helps better understanding scale invariance, but also gives insight
into statistical characterization of natural images. In the next sections, efforts are devoted
to establishing a model on the origin of scale invariance of natural images.

A remark follows. Natural images are always presumed to be translation invariant, or
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stationary. Stationarity means that over the ensemble of natural images, the statistics at
one location are the same as any other location. This is a reasonable assumption because,
intuitively speaking, we can not observe “special” locations in images where the statistics
tend to be peculiar. It implies that over the ensemble of natural images, all features have
the same probability of occuring in one location versus another. From now on, when we
say scale invariance of natural images, we always mean scale and translation invariance of
these images.

There have been only a few models on the origin of scale invariance of natural images. One
recent example is given in Rudderman [3]. According to this model, images are generated
randomly by superimposing “objects” at random locations on a plane. Objects are planar
patches with independent random shapes and sizes. Each object is also independently
painted by a single random color. It was argued that if sizes of objects are distributed by
a power-law, then images of the plane, when the plane is fully covered by the objects, have
some scale invariant statistics.

Another model is presented in Mumford [4]. As the model in [3], images are made up of
independent objects. Unlike that model, however, objects are patches of patterns, shadows,
textons, etc., which means that within each object, the color is not a constant, but a function
of location inside the object. The formation of images is by superimposing independent
randomly scaled objects on a plane at random locations. The biggest difference between
these two models lies in their explanations of the cause of scale invariance. In [3], it is the
occlusion that is the main reason for scale invariance. On the other hand, in [4], only when
occlusion is ignored, can images obtained in the above way be considered as scale invariant.
The first model can get scale invariance only for some statistics, while the second one, when
ignoring occlusion, guarantees scale invariance of all statistics.

Different as they are, both models consider objects as patches distributed on a plane. Such
objects can only be considered as intermediate because they do not have clear physical
meaning. After all, natural images are perspective projections of the real world, which
is three dimensional, onto a planar surface. With high order approximation, it can be
assumed that the projection is through an ideal camera in which the effects of diffraction,
aberrations, and discrete sampling are absent. Because the world can be broken up into
physical objects, it is therefore reasonable to presume that images consist of perspective
projections, or 2D views, of the objects. A Poisson law is proposed as the law of distribution
of objects in the three dimensional world. It is argued that the Poisson law of distribution
of objects and the perspective projection of objects onto the camera image plane lead to
approximate scale invariance of natural scenes. As in [4], only when the effects of occlusion
are neglectable, can this argument be correct.

A by-product of our model is the representation of natural scenes as sums of wavelets. This
representation was also proposed in [4]. As said earlier, the model proposed in this article
gives wavelets a natural explanation. Another representation of natural scenes by sums of
wavelets was given in [3]. However, it lacks the randomness which characterizes the wavelet
representation derived from the Poisson model.

The article proceeds as follows. Section 7.2 discusses some evidence of scale invariance of
natural images. We will argue that scale invariance is a very special property which separates
natural images from other visual signals. Then we will formulate scale (and translation)
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invariance mathematically. In order to establish a model on the origin of scale invariance,
we will first study some simple properties of scale invariant images. Section 7.3 gives one of
such properties, which is the law of size of object in scale and translation invariant images.
We will motivate the law by two arguments. Section 7.4 gives details of our model and
section 7.5 concludes by showing the numerical results.

7.2 Evidence of Scale Invariance of Natural Images

This section presents evidence of scale invariance of natural images. But we will start by
making clear what scaling for images is.

7.2.1 Scaling of Images

A (digitized) image I on an M x N lattice is simply a matrix with M rows and N columns.
We adopt the convention of C language, so that the elements of I are represented by (i, 7),
where ¢ is the row number running from 0 to M — 1, and j is the column number running
from 0 to N — 1.

Scaling is achieved in the following way. To scale down an M x N image I by factor k, we
take the disjoint k£ x k blocks B;; = [ik, (i+ 1)k —1] x [jk, (j +1)k —1] in I and compute the
average intensity value of each block. The average intensity of the block B;; is taken as the
intensity value at (i,j) in the down-scaled image. In mathematical terms, if I(*) denotes
the down-scaled image, then it is a | M/k] x | N/k] matrix such that for 0 < ¢ < |[M/k] —1
and 0 < j < |N/k| -1,
1 k=1 kol
I®) G, 5) = e SN I(ik+n, jk+m). (7.1)

n=0m=0

Why is scaling defined in this way? Naturally, we can imagine that every finite image is
part of an infinite image, still denoted I, which is defined on the whole integer grid. Assume
for each infinite image I, there is an underlying function ¢(z,y) defined on R?, such that
the value of I(3, j) is the average of ¢(x,y) over the square S;; = [id, (i+1)d] x [jd, (j+1)d],
where d > 0 is a constant, i.e.

16.9) = 55 [ éla.y)dody (7.2)

In other words, I is a digitized version of ¢ at “sampling rate” 1/d. In order that the
average of ¢ over S§;; makes sense, we assume ¢ is “regular”, e.g., measurable. This is
an ideal model, because in real images, pixel intensity values are responses of complicated
filters to the visual signal. The filters may not be distributed on a square lattice, and their
supports can overlap with each other.

Under the ideal model given by (7.2), for each k > 1, define an infinite image I*) by (7.1),
with 4, j running through all integers. Then

k—1 k—1
I® G, 5) = % >3 I(ik +n, jk+m)

n=0m=0
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- el X . 0(w,y)dady

Sik+n,jk+m
1

k2d? /[ikd,(iJrl)kd}X[jkd,(jJrl)kd]

1
= ﬁ/g”sﬁ(k)(w,y)dfdy,
ij

o(z,y)dzdy

where

oM (x,y) = ok, ky),

which demonstrates that I(*) (i,7) is the average of »*) on S;j. By the definition of scaling
for functions defined on continuum, ¢*) is the down-scaled by factor k version of f. It is
therefore natural to define I*) as the down-scaled by factor k version of the image I.

Scaling simulates two situations. Firstly, suppose a natural scene produces a (continuous)
image ¢(x,y) on a camera’s image plane. Usually the distance between a natural scene
and the camera is much larger than the focal distance of the camera, and therefore the
camera image plane is almost located right at the focus. As the focal distance of the
camera changes while the camera itself stands still, in order to get focused images of the
same scene, the camera image plane needs to move closer or farther away from the camera
lens, depending on whether the focal distance decreases or increases. In this case, in first
order approximation, images produced on the image plane are scaled versions of each other.
If the focal distance is k£ times smaller or £ times larger, then the images are down-scaled
or up-scaled by factor k, respectively. The error of the approximation lies in the fact that a
natural scene is composed of objects with different distances from the camera. Only objects
at a specific distance can produce truly focused images on the camera image plane. All
other objects only produce blurred images. However, since both the diameter of the camera
lens and the focal distance are much smaller than the distances of the objects from the
camera, the blurring can be ignored. The second situation is called aperture imaging and
is less familiar. The apparatus for aperture imaging is almost identical to a camera except
that there is a tiny hole instead of a convex lens in the front of the apparatus to let light
in. As the apparatus stands still while its image plane moves forward and backward, the
images generated on the image plane, instead of being approximately scaled, as in the first
situation, are truly scaled versions of each other.

One may think that if a natural scene is viewed from different distances, the images that
it produces on the observer’s retina or the camera’s image plane will be scaled versions of
each other. This is however incorrect. Because of perspective effects, as the observer or the
camera gets closer to the scene, the nearer objects get larger faster than the farther objects.
On the other hand, when the observer or the camera moves away from the scene, the nearer
objects get smaller faster than the farther objects. Mathematically, if an object is originally
at distance d, then as the observer or the camera moves farther away by distance x, the
image of the object is down-scaled by factor d/(d + x) which is a variable in d instead of a
constant. This implies that images of objects are not scaled by a common factor, and hence
the whole images are not scaled versions of each other.
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7.2.2 Experiments

The images that we use are collected from the Internet. All the images are 256 x 256
matrices with integer intensity values between 1 and 256. Figure 6 shows six pictures in
the collection.

It was reported in Zhu et al. [5] that the marginal distributions of z and y-derivatives of
natural images are scale invariant. We conduct an experiment on our images and confirm
the result. For digitized images, derivatives at a pixel are approximated by differences
between the intensity values of the pixel and its neighboring pixels. For instance, at a pixel
with location (i, j) in an image I, V, and V, are computed by

Vel(i,j) = 1(i,j +1) — I(i, )
Vyl(zvj) = I(Z+ 17]) _I(Zaj)a

Notice that i corresponds to the y coordinate while j corresponds to the x coordinate.

In order to get the empirical marginal distribution of derivatives, we first compute the
histogram of derivatives for each image. Each histogram has 101 bins evenly dividing the
interval [—255,255] and is normalized so that the sum of the histogram is 1. The average
normalized histogram over all the images is then the empirical marginal distribution.

The results are presented in Figure 7.2. To demonstrate that the marginal distributions are
really close to each other after images are scaled, we plot the logarithms of the marginal
distributions. Figures 7.2a and b plot those of V1% for k=2 to 5, against V,I. Figures
7.2c and d plot those of VyI(k), for k = 2 to 5, against V1.

From Figure 7.2, we can clearly see that the marginal distributions are almost unchanged
to scaling. Notice the symmetry of the marginal distribution of V,I. The symmetry can
be explained as the nature lacks obvious preference of the left over the right or vice versa.
There is, however, no such apparent reason for the symmetry of the marginal distribution
of V1.

It is also noticeable that even many individual images have scale invariant marginal dis-
tribution. Figure 7.3 shows logarithms of normalized histograms of VI for the images in
Figure 7.1. As can be seen, some of the histograms have strong scale invariance.

To see if the scale invariance we have observed is approximately independent of calibration,
we generate, for each image I, a new image J by the following formula

Then we compute the marginal distributions of V,.J. The results are given in Figure 7.4.
Still, we observe strong scale invariance.

Not only differentiations, but also many other linear filterings produce responses that have
scale invariant marginal distributions. We have tested two other kinds of linear filters. The
first one is the isotropic center-surround filters, i.e., the Laplacian of Gaussian filters,

2 2
LG(QZ,y,S) :C (x2+y2—52)exp <_$ ;;y )a
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Figure 7.1: 6 out of the 30 collected images
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Figure 7.2: Logarithms of marginal distributions of derivatives, solid curves are for un-
scaled images a. V,I®) k =2 (dashed), k = 3 (dash-dotted); b. V,I®*) k =4 (dashed),
k = 5 (dash-dotted); c. V,I®)| k = 2 (dashed), k = 3 (dash-dotted); d. V,I*) &k = 4
(dashed), k = 5 (dash-dotted).
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Figure 7.3: Logarithms of normalized histograms of V,I*) for images in Figure 7.1, k = 1
(solid), k = 2 (dashed), and k = 4 (dash-dotted)
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Figure 7.4: Logarithms of marginal distributions of V,J®), J =logI. a. V,I® k =2
(dashed), k = 3 (dash-dotted); b. V,I*), k = 4 (dashed), k = 5 (dash-dotted);

where C' is a constant and s stands for the scale of the filter. We denote these filters by
LG(s). The second one is Gabor filters, which is defined as

422 + w? 2
G(x,y,s,0)=C -exp (—Z—ZM> exp (—zm) ,
2s s

z \ [ cost) —sind x
w |\ sinf cosf y |-

The real and image parts of the filters are denoted by Gceos(s, #) and Gsin(s, 8), respectively.

where

In Figure 7.5, we plot logarithms of marginal distributions of responses to these two kinds
of filters with different parameters, and again we observe scale invariance of the marginal
distributions.

7.2.3 Discussion

That natural images have rich structures and scale invariant distributions makes them
distinguished from noise signals. Firstly, Cauchy noise images do scale. Indeed, for a
Cauchy noise image I, I(i,j) are i.i.d. random variables with density function,

1 1
71422’

f(z) = —00 < x < 00,
and characteristic function 9 (u) = e~*l. For each k > 1, I®)(i, ) is the average of k2
independent random variables from f. It is then seen that the characteristic function of

1K) (i,7) is still el implying I®) and I have the same distribution, and therefore Cauchy
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noise images are scale invariant. However, it is very easy to distinguish natural images from
Cauchy noise images because the former ones always contain much richer structures.

Secondly, the marginal distribution of derivatives in white noise images is not scale invariant.
Indeed, if I(i,j) are i.i.d. ~ N(0,1), then for each k > 1, the marginal density function of
V. I®) is N(0, J,%) with o = v/2/k. Having decreasing variance, the normalized histogram
of I'®) becomes “narrower” as k increases. To see this, first note that the values of V,I are
not independent, because for each (7, j), V4I(3,7) = I(i,7+1) —I(3,7) and V,I(i,j+1) =
I(i,74+2)—1(i,j+1) have dependency. However, V,1(i,1), V3I(3,3),...VoI(i,14+2s),...
are independent to each other. By the law of large numbers, the normalized histogram of
{VzI(i,1 + 2s)} converges to the marginal distribution of V,I(i,5) as the size of I goes
to infinity. Similarly, the normalized histogram of {V,I(i,2s)} converges to the marginal
distribution of V,I(i, j) as the size of I goes to infinity. The normalized histogram of VI
is the average of the two histograms and therefore tends to the marginal distribution of
V.(i,j). Since the marginal distribution is (0, 07) with o), = v/2/k, then the normalized
histogram is increasingly concentrated around 0 as k increases.

One may point out that the numerical results we have shown do not directly involve intensity
values of images and there might be some distribution p, such that if I(¢, j) are i.i.d. ~ p,
then I’s are perceptually similar to natural images, and, even though I’s themselves are
not scale invariant, we still can get the same numerical results. However, we argue that
this is unlikely to be true. We observed that the normalized histogram of VI is scale
invariant, which, by an argument similar to last paragraph, implies the marginal distribution
of V.I(i,7) is scale invariant. Since

VoI (i, 5) 2 V1% (i, ),

rewriting both sides in terms of differences between pixel values, there is

1 Atk
k—zz (tk+n, (7 + 1k +m) — I(ik +n, jk +m)].

—

I(G,j+1)—1(i,5) 2

Because I(ik+n, (j+1)k+m)—1I(ik+n,jk+m), 0 < n,m < k—1 are independent to each
other and have the same distribution as V,I(i,7) = I(i,5 + 1) — I(4, ), the distribution of
V1(i,7) is not only infinitely divisible but also a Cauchy distribution. We then get that
the sub-image {V,I(i,1+ 27)} is a Cauchy noise image. However, this is not the case for
natural images. Because even in the subsample {V,I(i,1+2j)} of a natural image, we can
observe a lot of structures.

All the experiments we have conducted are on images defined on finite lattice. However, we
have seen it is convenient and natural to consider images as defined on R?. From now on,
we use ¢(x,%) to represent an image defined on R? and I(i, j) a digitized image defined on
a finite or infinite integer lattice.

For digitized images I(i,j), only down-scaling by an integer factor is appropriate. Up-
scaling and scaling by a non-integer factor are not well defined. However, because across the
ensemble of digitized natural images, we observe scale invariance of many filter responses,
no matter how high the image sampling rate is, it makes sense to think that the underlying
continuous images have marginal distributions invariant to scaling.
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We formulate scale invariance of natural images as follows. Recall we always implicitly
require stationarity of images.

Definition. Let £ be a space of functions defined on R? (think of £ as the ensemble of
natural images), such that for any ¢ € £, any A > 0 and any (a,b) € R?, p(Av+a, \y+b) € .
A probability distribution on £ is scale and translation invariant if for any A > 0 and

(a,b) € R,

S(Ax + a, Ay +b) 2 ¢(, y).

We need to fill a gap between the observation and our claim. We have observed that many
filterings produce responses that have scale invariant marginal distributions. It is natural
then to speculate that all filterings produce responses which have scale invariant marginal
distributions !. But why does this imply that the distribution of natural images itself is
scale invariant? Indeed, if ¢ is an image and F' is a linear filter, than the filter response of
¢ to F is the convolution F * ¢ on R?,

Fx ¢(z,y) = /¢(u, v)F(z —u,y —v)du dv.

Assuming ergodicity of the distribution of natural images, with probability one, the his-
togram of F' x ¢ is the distribution of F x ¢(0,0), in the sense that, for any a < b, as
M — oo,

am({(@y) € [FM,MP £ Fs g(,4) € [a,0)}) — Prob((6, F) € [a,b))
where m(-) is the Lebesgue measure. But F * ¢(0,0) = (¢, F'), where F_(x, y) = F(—z,—y).

Since the histogram of F' x ¢ is scale invariant, the distribution of (¢, F') is scale invariant.
Together with the always implicitly assumed stationarity, this leads to

i = B(eH00atady+b)F(zp))).

E(o@y)F@y)

If this is true for all filters, then the characteristic functional of the probability distribution
on images is scale and translation invariant. Since a probability distribution on images is
uniquely determined by its characteristic functional, the distribution is scale and translation
invariant.

In section 7.2.2 we mentioned that scale invariance of marginal distribution of derivatives
be approximately independent of calibration. Indeed, if the sampling rate of a digitized
image [ is high, for each (7,j), the underlying continuous image ¢ is about constant over
the square S;; = [id, (i + 1)d] x [jd, (j + 1)d], where d is the inverse of the sampling rate.
Thus, for any smooth calibration &,

k(I(i,7)) =k <d12 /Sij o(z,y)dx dy> R~ % /Sij Ko ¢(z,y)dr dy.

If ¢(z,y) 2 d(Ax, \y), then ko ¢(z,y) 2yo d(Az, Ay). Letting J = k(I), from the above
approximation, we get

{790,5)} ~ {dlz [ we ot ks dy} 2 {dlg o otepas dy} ~ {769}

!Strictly speaking, the “raw intensity” of images is not expected to be scale invariant.
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Therefore, the distribution of J is approximately scale invariant, verifying our suggestion
that the scale invariance of marginal distributions is approximately independent of calibra-
tion.

Finally, we establish a connection between the version of scale invariance given in the above
definition and a result on scale invariance in the literature. It is well known that natural
images have power spectrum of the form [3]

where k is the spatial frequency, A is a constant, and 7 is close to 0. S(k) is defined as

2m .
S(k) = 217r/0 o /R2<¢(X)¢(X+Y)>€_Zkv(6)'yd2y,

where for fixed y, (¢(x)p(x +y)) is the average of ¢(x)p(x + y) over all x and all ¢, and
v(0) = (cos@,sinf). The ideal case is that » = 0. To see the reason for this, note that
under the assumption of ergodicity of the distribution of images,

(p(x)p(x +y)) = E(6(0)o(y))

where E is over all ¢. Therefore, by scale invariance,

27 ]
Stk) = 2177/0 a0 | E@O)e(y)e OV (2= ky)
2 ]
= ]:2217_‘_‘/0 do - E((Zﬁ(o)¢(kﬁlz))e—zv(9)'zd2z ((ﬁ(kilz)quﬁ(z))
2 )
= e @0 [ E@Oo)e O
S(1)
k2

1

7.3 The 3
-

Law of Size of Object

Our goal is to build a model on the origin of scale (and translation) invariance of natural
images. As a first step to this goal, we consider the distribution of sizes of objects in images.
Let  be the one dimension size of object, such as diameter and periphery. As a first order
approximation, the density function of r is Cr~3, where C is a constant. There are several
arguments to get this the result. We will demonstrate two of them. A third argument, which
is based on compositional rules, can be found in Geman [6]. We start from Mumford’s line
segment argument.

7.3.1 Poisson Line Segment Argument

We consider images composed only of straight line segments with finite lengths. A random
image is generated in the following way. First, we produce a sample {(z;,vy;)} from a
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homogeneous Poisson point process on R?. With probability 1, the sample is countable.
For each (z;,y;), we independently sample an r from a distribution with density function
f(r) and an angle 6 uniformly from [0,7]. We then put a line segment with length r and
orientation (cos#,sinf) at (z;,y;), with (z;,y;) being its middle point. All the random line
segments then compose an image I.

Now suppose I produced by the above random procedure are distributed by a scale and
translation invariant law. We want to know the form of f(r), which is the law of size of
object in this case.

In order to get f(r), define a function N(a,b; R) such that for any 0 < a < b, N(a,b; R)
is the expected number of line segments of I with midpoints falling into the square Sp =
[0,R] x [0, R] and lengths between a and b. Define Ny(a,b; R) similarly for 1(?). Since
I~ I3 we get

N(a,b; R) = Na(a,b; R).
Because I? is a down-scaled by factor 2 version of I, any line segment of I contained in

Sr is a down-scaled by factor 2 version of a line segment of I in the square S3gr, and the
latter line segment has length twice larger than the first one. We get

Ni(a,b; R) = N(2a,2b;2R).

The square Sop consists of four disjoint squares, each being identical to Sk. Because the
random processes involved to generate the images are homogeneous, we get

N(2a,2b;2R) = 4N(2a,2b; R) = N(a,b; R) = 4N (2a, 2b; R).
On the other hand, we have

b
N(a,b; R) oc/ f(r)ydr, a<b.

Therefore,
[ sy =a [ pyar

More generally, we can replace 2 by any positive number s to get

/abf(r)dr =52 /S:b f(r)dr

Differentiating with respect to b, we finally get

Fr) = ¥ (sr) = f(r) = .

r

It is obvious that 1/r3 can not be a density function because it is singular at 0. The
problem comes from the assumption that the images can be up-scaled by any factor. This
assumption implies that the density of the Poisson point process must be infinity which is
impossible. On way to fix the problem is to require that the line segments have lengths
larger than a threshold, say, € and only down-scaling of images be allowed. When an image
is down-scaled, all line segments with lengths less than € are thrown away. Then with the
same argument, we still can get the 1/73 law, except that r should be larger then e.
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7.3.2 Coding Theory Argument

Still, we consider images composed of line segments and assume that the images are scale
and translation invariant. Our first step is to discretize the images so that end points
of digitized line segments are on the lattice {(ndy,mdn)}n mez, where dy = 1/N is the
resolution.

We want to compare the probability of a digitized line segment [ and the probability of its
down-scaled by factor k version /(). To this end we code digitized line segments by a k-ary
code. A k-ary code is of the form a,_1 ...a1a9, where a; € {0,...,k—1} and a,,—1 > 0. For
each line segment [, let ¢(; k) be its k-ary code. If the coding is optimal, then by Shannon’s
theorem,

1
Prob(l) = PRI

where |c(l; k)| is the length of the code ¢(l; k).

Suppose the end points of (%) are (m1dy,nidy) and (mady,nady). Then each of the k*
line segments with end points ((kmi+i1)dy, (kni+71)dy) and ((kma+iz)dy, (kna+j2)dn),
11,12,J1,92 = 0,...,k — 1, has (%) as its down-scaled by factor k version. As N is large
enough, dy = 1/N is small and all the k* line segments are spatially close to each other. By
continuity, the information about these k* line segments is evenly distributed. Therefore,
given the k-ary code of {®), in order to get the whole information about I, we need log;, k* = 4
extra bits. This implies

1

le(l; k)| =~ 44 |c(I™); k)| = Prob(l) ~ o

Prop(1%).

For any line segment ¢ on R2, let Iy be its digitized version at resolution dy. Then £ is

digitized as lg\]f) at resolution 1/dy. We then have

i Froby) _ p(6)  pf) _ 1

Mo Prob() — p(E®) ~ p(f®) ~ kT

where p({) is the density of ¢. The above relation holds for any line segment and any
positive integer scaling factor. By continuity, it holds for an arbitrary positive scaling
factor. Because orientations of line segments are uniformly distributed and the distribution
of images is translation invariant, for any line segments [, and I with lengths r and sr,
respectively,

p(ly) = s*p(lsr) = p(ly) = %-

In order to get the marginal distribution of r, we integrate the density function over all line
segments with length r and with one end point at the origin. The other end points of these
line segments are on a circle with radius r. Therefore the marginal distribution of r is

c

f(r):27rr-r—4— 3
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7.4 The Poisson Model

In this section we build a Poisson model on the origin of scale and translation invariance of
natural images. The model has two components (1) distribution of objects in the 3D world,
and (2) surface processes that describe intensity distributions inside 2D views of objects.
We start by modeling objects of 3D world and after establishing the Poisson model, we will
discuss implications and limitations of the model.

7.4.1 Modeling Objects

As discussed in section 7.1, natural images are perspective projections of the 3 dimensional
world on an image plane. World breaks up into physical objects with different shapes,
surface colors and sizes and so natural images also break up into the viewed surfaces of
objects. Thus the first problem that comes up is how to model physical objects.

As a coarse approximation, objects in our model are independent rigid planar templates
parallel to the image plane. Each template has a reference point. The position of an object
is the spatial location of its reference point.

Several correlated important aspects of real objects are ignored in our model.

(1) Occlusion and orientation of object. The surface of a 3D object always has several
different aspects. Because of occlusion by the other aspects of the same surface, an aspect
which is visible when the object is at one place can become invisible when the object moves
to another place. Even when objects are modeled as planar templates, if an object is not
parallel to the camera image plane, then because of perspective effect, when the object moves
on a plane parallel to the camera image plane, the farther away it moves from the camera
laterally, the larger its 2D view becomes. This effect is not accounted for by our argument.
In real situation, since the angle of view of a camera is usually small, the effects incurred
by occlusion and orientation are small. In our model, however, we allow an arbitrary large,
but fixed angle of view. In order to avoid complications, we require templates be parallel
to the image plane.

(2) Dependence between objects. It often happens that in a large region of the world, objects
have long range dependence. For example, each window on a building can be considered
as an object. The position of a window is obviously not independent to the positions of
the other windows on the same building. A solution to this is to define two objects as two
parts of a larger object whenever they have dependence. But this can also cause problem.
For instance, houses built by a street stand approximately along a straight line. If all the
houses are put together as a single object, then the perspective effect on the 2D view of the
object, as mentioned in (1), can not be ignored. Another example is a long river flowing on
a plain. It is even hard to model it as a template parallel to the image plane.

(3) Volume of object. Because a real object has a certain volume, when it occurs at a
location in the space, other objects can not occupy space arbitrarily close to it. On the
other hand, since a template is a planar shape with zero volume, other templates can get
arbitrarily close to it.
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Let us describe the 3D world by a Euclidean coordinate system. Every point in the world
is represented by (z,y,z). Assume that the camera lens is at the origin of the coordinate
system. The direction of view of the camera is along the positive z-axis. Suppose the
distance between the camera image plane and the lens is 1. Then the image plane is the
plane {(—1,y,2) : y,z € R}. We also need a coordinate system for the image plane. Let
every point on the image plane be represented by (u,v), and let the origin of the image
plane coordinate system be the intersection point of the z-axis and the image plane, which
is the space point (—1,0,0). Because the perspective projection of an object is upside down
and left and right reversed, we define the direction of the u-axis as the opposite direction
of the y-axis, and the direction of the v-axis as the opposite direction of the z-axis. Then
the projection of a spatial point (z,y, z), z > 0 is (y/z, z/x) on the image plane.

7.4.2 Distribution of Objects

Under the set-ups of section 7.4.1, we make the following assumption on the distribution of
objects in the world.

Assumption 1. Objects are distributed by a homogeneous Poisson law.

We must decide the support of the Poisson law, i.e., the region in which an object can be
any where with positive probability. Let us show that the support can not be the whole
3D space. For simplicity of discussion, for now we assume all the objects are identical, i.e.,
they share the same template. Refer to Figure 7.6. By our set-ups, D in the figure is 1. If
the distance between an object with size R and the camera lens is d, then the size of the
projection of the object is RD/d x 1/d. Letting r be the size of the projection, we have

Now we derive the probability density function f(r). As in section 7.3.1, fix a finite square
on the image plane. Images in the square are projections of an infinite cone in the space,
illustrated as the shaded area in Figure 7.6. All objects in the cone with distance d from
the camera are on a planar region with area proportional to d?>. Assume the distribution
of objects is homogeneous 3D Poisson, then the density g(d) of objects in the cone with
distance d is also proportional to d?. From r o 1/d and g(d) o d?, we get the law of size
of object f(r) oc 1/r*. This is inconsistent with the result in section 7.3, where f(r) oc r—3.
The heuristic argument suggests that the support of the Poisson law be assumed other than
the whole 3D space. In other words, objects should be modeled as being distributed in a

sub-region in the 3D space by a homogeneous Poisson law.

We have to look at the nature more closely. Natural images are taken on the earth. The
surface of the earth, within our visible distance, is flat. Although objects can be any where
above the ground, they are overwhelmingly distributed below a certain altitude. Therefore,
we modify our previous assumption to the following.

Assumption 2. There is a constant H > 0, such that objects are distributed by a homo-
geneous Poisson law in the region between the earth and the height H.

Let the plane z = 0 represent the earth. Let {(z;,y;, 2;)} be the positions of objects. Then
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Figure 7.6: Perspective view of an object

the assumption means that {(z;,v;, 2;)} is a sample from a homogeneous Poisson process
in the region R? x [0, H] = {(z,9,2) : 7,y € R,0< z < H}.

To see this assumption is consistent with the r—2 law of size of object, refer to Figure 7.6
again. When d is large enough, any object in the shaded area with distance d is on a
rectangular planar region with width proportional to d and with fixed altitude H. Thus
g(d) o< d and this together with 7 oc 1/d leads to f(r) oc 1/r3.

7.4.3 Surface Processes of Objects

At different distances, the 2D view of an object not only has different sizes, but also shows
different surface colors, textures, etc. The distribution of intensity values inside the 2D
view of an object, which we want to call “surface process”, can be very complicated. It
can be not only a smooth function, but also an “irregular” function, e.g., a sample from a
random process like white noise. Such irregular functions are called generalized functions
in mathematical terms. In any case, the surface process inside the projection of an object
is a function of u = (u,v) on the image plane, with support inside the projection. We use
¥(u;x,T) to represent the surface process inside the projection of a template T which is
located at x.

Given a template T', suppose P is a point on T with location relative to the reference point
of T being v = (a,b). If T is located at x = (x,y, 2), then the spatial location of P is
y = (z,y + a,z + b) and its projection on the image plane is

(y-i—a z—l—b)
u= , )
T x
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Under ideal conditions, where the effects of decay, scattering, interference, diffraction, etc.,
as light travels in the space, are absent, and where the camera is ideal, if there are no other
objects between P and u, the intensity at u equals the intensity of the light setting off from
P to u. The intensity of the light depends not only on P’s own physical condition, which
we assume to be unchanged no matter where T is, but also on the lighting condition around
the spatial location of P as well as the direction the light goes. We assume that the lighting
condition is uniform all over the space. We also assume that the intensity of light from P is
constant on all directions. Then the light that goes from P to u has intensity depending only
on P but not on its location in the space. This implies that the light intensity is a function
only on the relative location of P on T, and therefore the intensity at u is determined by
v. By our notations, this can be written as

Y(wx,T) =I(v;T).
Write p = (y, z). Then x = (x,p) and u = 2~ 1(p + v). Therefore,

Y(u; (z,p),T) = I(zu—p;T).

From the equation it is seen that the surface process of a template object T" located at (z, p)
in space is a scaled and translated version of I. We call this change of surface process by
location “color rendering”.

We now consider the whole picture. Because the distribution of objects is homogeneous
Poisson in R? x [0, H], with probability one, there are countably many objects in the
region RT X R x [0, H]|. Let the positions of these objects be {(z;, i)}, Pi = (¥i,2i). At
each location (z;, p;), a template 7; is independently selected from a certain distribution.
Writing I;(u) = I(u; T;), then I; are i.i.d. If we ignore occlusion, then the whole image I is
the arithmetic sum of the projections of all the objects and can be written as

I(u) = Z Li(zu—p;), I;iid. (7.3)

7.4.4 Discussion

The first consequence of the above results is as follows. Fix a large enough rectangular
image I. For 0 < a < b, define

AZ = Expected total area of regions in I which are covered by projections

of objects with distance from the camera between a and b.
If we ignore occlusion, then for any A > 0, Aig = Ab,

Call an object a T-object if the object is a template T'. If a T-object is x away from the lens,
then its projection has area proportional to z=2. By the Poisson distribution, the density
of T-objects showing up in I with distance from the camera being z is proportional to x.
Without occlusion, the total area of the projections of T-objects with distance between a
and b is proportional to

b1 b
/jxdmzlogf.
o T a

Integrating over all possible templates, we get, without occlusion,

b
Ab o log — = for all A > 0, 430 = AP,
a
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The same argument also applies to explain the scale invariance of marginal distribution of
derivatives. Without loss of generality, consider V,. Given a template T', let

Db(z;T) = Total area of regions in the projection of T' where values of V,, are

between a and b when the distance between T" and the camera is .
Since the surface process inside the projection of a T-object with location x = (x,p) is
Y(w;x,T) = I(zu — p; T), the derivative at u is £V, I(zu — p; T'), therefore
Vi (u; (z,p), T) € [a,8] & Vol (zu—p;T) € [z~ bz 1),

By the fact that the area of the projection of the T-object is proportional to 1/,

1 b/x
DY),

Dy(a;T) =
Let D? be the expected total area of regions in I where V,I is between a and b. Neglecting

occlusion and integrating the above equation over all 2 € (0, c0) and all T, D? is proportional
to

[ an@) [ Db Tigr(yie = [au(r) [T Dl 15 T)epads
1

b
- / K (“, ) dz,
0o T x T
where dy is the distribution of 7" and gr(x) is the density of T-objects with distance x. By
section 7.4.2, gr(x) = epx, where ¢p is a constant depending only on T'. For any A > 0,

oo | a b | a b b/A b
KL 2 Y= k(42 DY — pb.
/0 x (z\:n’)\x)dx /0 x <x’w)dw$ a/X @

If I is scaled by factor A, then in the scaled image IV, the derivative at u equals A times
the derivative at A~ u in I. Thus the area of regions in IV where derivatives are between
a and b, denoted Dg, is proportional to DS%\\ = Dg. Therefore, for any a < b,
by __Dg
Area(I™) — Area(I)

Under the assumption of ergodicity of images,

Da
Ws([) = marginal propability that V,I € [a,b],
and
i = marginal propability that VI W) ¢ [a, b].
Area(IWN)

Then it is seen the marginal distribution of derivatives of I is the same as I.

The expression (7.3) strongly suggests using randomly scaled and translated “template
functions” to represent images. These template functions, as called in [4], are random
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Figure 7.7: Side View of the “World” and the Camera

wavelets. There random wavelets are explained as random patches superimposed on a planar
region. Here we find a natural explanation for random wavelets: they are the projections of
objects randomly distributed in the 3D world. It is interesting that by modeling images in
different ways, the same form of random wavelet representation is obtained. Further study
of using random wavelet expansion to construct scale and translation invariant distributions
on images is given in next chapter.

7.5 Numerical Experiment

For real images, occlusion can not be ignored. Unfortunately, there are few methods to
analyze the effects of occlusion on our model. We resort to numerical experiments to check
how well the Poisson model approximates scale invariance.

We simulate putting objects in the spatial region R x R x [0, H] and projecting them on
a finite rectangle camera film. To prevent images from being covered by the projections of
only a few objects which are very close to the camera, the simulation only allows objects
with distance from the camera larger than a lower bound. An upper bound is also selected
for the distance, so that if an object has distance larger than the maximum value, its 2D
view is smaller than a pixel. Only objects with distance between the lower and upper
bounds are generated.

“world” in the simulation.

Figure 7.7 illustrates the side view of the camera as well as the
The lens is located on the earth, i.e., with z-coordinate equal to 0. Note that to project
objects, which are distributed above the earch, onto the film, the film has to be put “under”

the earth, as show in the picture.

The actual implementation does not involve sampling objects in space. When plotting 2D
views of objects, we need first know their positions on the image as well as their scaling
factors. The positions and scaling factors can be sampled based on the following observation.
Let the film be the rectangle [—1, 1] x [0,1]. Given the distance = of an object, the scaling
factor of its 2D view is « and the positions {(u;,v;)} of all the 2D views with scaling factor
x that occur on the image film compose a sample from a Poisson point process with density
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Az on the region [—1,1] x [0, H/x].

A pseudo-code for sampling positions and scaling factors of 2D views is as follows. Note
that the scaling factors are discretized.

POSITION-SCALING
fix the film as the plane region [—1,1] x [0, 1]
fix Dmin, Dmax and H
fix density A and step size €

P~
D «— Dmin
while D < D, do
6—D>\
sample N from the Poisson distribution Prob(N =n) = o (D)™

sample N (u,v)’s independently from [—1,1] x [0, H/D]
P—PU {(D7 ui7vi)}ij\il
D«—d+e

return P

Given their positions and scaling factors, the second step is to plot the 2D views of the
objects. To simulate occlusion, we start from those with the largest scaling factor, which
corresponds to the largest distance from the camera. When two 2D views overlap, the
one with larger scaling factor is overwritten by the other one. The input of the following
subroutine is P = {(D;, yi;, zi) }i~y with Dy > Dy > ... D,, > 0.

Draw(P)
for i — 1 ton do
SUPPER-IMPOSE(D;, y;, 2;)
To display the image, we digitize the film [—1,1] x [0, 1] by dividing it into 2N X N squares
indexed by (i,j),i=—-N,-N+1,...,N—1,57=0,...,N — 1. The value at pixel (i, j) is
the average intensity value of the image over the square S;; = [id, (i + 1)d| x [jd, (j + 1)d],
where d = 1/N.

The templates we use are rectangles and circles with random sizes. The surface processes
are smooth functions plus white noise. Suppose we want to plot the 2D view of a T-
object located in the space at (z,p) with surface process I(zu — p;T). Then I(w;7T) =
Is(w;T)+W(u;T), where I is a smooth function and W is a white noise with variance o~.
Therefore

1
— W (u)d?
d? /[o,d}x[o,d] (w)d"

is Gaussian random variable with distribution N(0,02/d?). Then for a pixel (i, j) with the
square S;; being inside the 2D view of the T-object, its intensity value is

1 2 1 2
dQ/SijIS(xu—p;T)d u+d2/SijW(:cu—p;T)d u
1 g2 1 L
= d2/S” Is(xu_p>T)d u+;§(laj)7
where £(4, ) are i.i.d. ~ N(0,02%/d?).
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Histograms of x-derivatives of images by, 2D model. Number'of images:40
0 T T T T T
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solid line: original images

dashed line: scaled down by 2

LMYy dashdot line: scaled down by 4 N

-14 ! ! ! I I
-15 -10 -5 0 5 10 15

R=0.05, lambda=0.6, SIGMA=20, hin=[-14, 14], bin number=101

Figure 7.8: Logarithms of the marginal distributions of V,I, i =1 (solid), ¢ = 2 (dashed),
and ¢ = 3 (dash-dotted)

A pseudo-code for the above procedure is as follows. For simplicity, we only show how to
plot a scaled disc with a random surface process. In addition, the constant d is assumed to
be 1 in the code and therefore 02 /d? = o2.

SUPPER-IMPOSE(z, y, 2)
pick s randomly from {“disc”, “rectangle”, ...}
if s =“disc” then
sample a random radius 7, a smooth function I; and a variance ¢ from certain
distributions
fori— —NtoN—1
for j —0to N -1
if |(id, jd) — (y, 2)| < g then
sample a ¢ from N (0, 0?)
166.3) = g [, (m = piut e
else if s =“rectangle” then

Figure 7.8 plots logarithms of marginal distributions of VI for images generated by the
simulation. It shows good scale invariance. In Figure 7.9, we present a sampled scene.
From the picture we see that the “color rendering” makes 2D views of closer objects look
like having more details and 2D views of farther objects look smoother.

108



300

250

200

150

100

50

Figure 7.9: A sample scene.
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Chapter 8

Construction of Scale and
Translation Invariant Distributions
on Generalized Functions and
Functions Defined on Integer
Lattice

8.1 Introduction

Scale and translation invariant distribution, also called self-similar stationary distribution,
is of great interest in various areas such as random processes (Samorodnitsky & Taqqu [1]),
physics (Shlesinger et al. [2]) and psychology (Knill et al. [3]). Recently it also gains interest
in vision (Ruderman [4], Zhu & Mumford [5], Chi & Geman [6], Mumford et al. [7]). In
order to establish probabilistic models that can help analyzing and understanding different
classes of images, it is necessary to study various kinds of scale and translation invariant
distributions. Therefore a general approach to construct scale and translation invariant
distributions will be very useful.

The scale and translation invariant distributions that we want in vision are different from
the commonly defined self-similar stationary distributions. Usually one considers a self-
similar stationary distribution as a distribution on a set of functions of time or space.
In vision, distributions are defined on the space of images. Mumford [7] noted that a
fundamental difference between visual signals and other types of sensory signals is that
visual signals do not have characteristic scale, while others have. In other words, images
are scale invariant. Based on this distinguished property of images, Mumford for the first
time argued that images are better modeled as generalized functions, more often called
distributions in mathematics, instead of functions. Generalized functions are continuous
linear functionals on a certain function space. Functions in this function space are called

!Supported by the Army Research Office (DAAL03-92-G-0115), the National Science Foundation (DMS-
9217655), and the Office of Naval Research (N00014-96-1-0647).
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test functions. Mumford went on to formulate in [8] the problem of constructing scale
and translation invariant distributions on images in terms of generalized functions on R2.
He showed that, in order to construct scale and translation invariant distributions with
finite variance, there should be some constraints on test functions. He then introduced the
method of random wavelet expansion and constructed generalized functions which has the
following form,

I(z,y) =Y Ji(Niw + ai, Ay + by), (8.1)

7

where {(\;, a;, b;)} is a sample from a Poisson distribution on R xR? with density A\~'dAdadb
and J; are independent random generalized functions from some distribution vg. It is easy
to see that generalized functions given by (8.1) are formally distributed by a scale and
translation invariant law.

A similar construction is also established by Chi and Geman in [6], but from a different point
of view. They built a model to explain scale and translation invariance in natural images. In
this model, a vision signal consists of images of different objects distributed in the nature
via a Poisson law. The distribution of color intensities inside the image of an object is
called a surface process. Chi and Geman noted that, when viewed from different distances,
same object has different surface processes. They then argued that the Poisson law of the
distribution of objects and the change of surface process by distance lead to approximate
scale invariance in natural scenes. Here we emphasize the word “scene” because a scene is
a function on the plane instead of a generalized function. If occlusion is ignored, then this
model gives the same form of expression as (8.1).

This paper generalizes the above results on scale and translation invariant distributions. We
will consider the problem of constructing scale and translation invariant distributions on
generalized functions defined on an arbitrary Euclidean space. We will establish a general
framework under which other kinds of scale and translation invariant distributions as well as
the distribution given by (8.1) can be built. In certain sense, this framework generalizes the
random wavelet expansion method. However, instead of staying in R? and using random
wavelets directly as the building blocks of the construction, as seen in (8.1), this method
first expands images by wavelets. It then goes to the space of wavelet expansions of images,
and constructs a distribution on that space. We will see that, if the distribution on the
wavelet expansions of images has certain invariance, then it induces a scale and translation
invariant distribution on images. We will give examples to show that this approach enables
us to construct scale and translation invariant distributions in a much easier way and build
several important scale and translation invariant distributions.

The approach can also be used to construct scale and translation invariant distributions
on functions defined on Z?. The construction is pretty much the same as on generalized
functions with some technical modifications involved.

The outline of this paper is as follows. In §8.2, we survey the mathematical formulation
of scale and translation invariant distributions of images given by [8] and generalize it to
generalized functions on an arbitrary Euclidean space. In §8.3, after showing the motivation
from continuous wavelet transforms, we establish a method to construct scale and transla-
tion invariant distributions. Then in the next several sections, we construct various scale
and translation invariant distributions. In §8.8, we apply the method established in §8.3
to construct scale and translation invariant distributions on functions defined on integer
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lattice. Finally, in §8.9, we make a discussion on generalizations of the construction.

8.2 Mathematical Set-ups

In this section we give the mathematical notations and definitions that we will use in this
paper.

A multiple index « is an n-tuple of integers, i.e., a = (aq,...,an), a; € Z. For two multiple
indices a and 3, a > 3 means that «; > ; for each i and o > 0 means that a; > 0 for each
i. The absolute value of a, denoted |a/|, is defined as >°; o]

For any x € R", |z| is the length of z, i.e.,

1
|x| = (m%+x%+...+xi)2.
x® is defined as z{* - - - 2. For any function ¢, d,¢ is defined by

8061+---+0¢n

Ozt ... 0xp

dad(2) ().

The set of all infinitely differentiable functions on R™ is denoted C°°(R"). Define the set
C(R"™) ={¢ € C°(R") : supp(¢) is compact }.
Define the set

C>*O(R") = {¢ € C™®(R"): o ¢(z)dr = o} :

The convergence in C*°(R") is defined as follows. ¢; — ¢, ¢;,¢ € C°(R") if for any
multiple index «,

mxax |8a¢j(x) - 8a¢(x)| — 0.

A rapidly decreasing function ¢ is a function in C°°(R"), such that for any & > 0 and
a >0,

lim (Je]* + 1)|dad ()| = 0.

|z]—o0

The set of all real rapidly decreasing functions on R™ is usually denoted as D(R™) or D.
Define convergence in D(R") as follows. ¢; — ¢, ¢;,¢ € D(R"), if and only if for any k£ > 0
and o > 0,

sup([z]* +1)[0a(é; — 9)(z)| — 0.

An important subspace of D is Dy, which consists of all functions in D whose integrals are
0. As an extension, we define Dy, as the set of all functions in D whose first £ moments are
vanishing, i.e.,

Dy={¢eD: /xo‘gzﬁ(x)d:v —0,|a| < k),
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It is easy to see that Dy is closed under the convergence in D.

Given a test function space &£, a linear functional F' on £ is said to be continuous if for any
On — O, O, & € E, (F,¢n) — (F, ). The set of all continuous functionals defined on &,
which is a linear space, is denoted as £’. Thus, the set of all continuous linear functionals
on D and Dy, are denoted as D’ and Dy, respectively.

Mathematically, an image is a continuous linear functional whose test functions are defined
on R?. Because of this, we also say an image is defined on R?. For the sake of generality,
from now on we will consider linear functionals defined on an arbitrary Euclidean space R™.

Given a test function space &£, the scaling operator S, t > 0, on &, is defined as

¢t

St : ¢(IE> = m )

¢ et

The translation operator 13, v € R™, on &, is defined as

Ty: ¢(x) — dlz—7), PEE.

In order that the construction of scale and translation invariant distributions on &£ makes
sense, £ has to be closed under scaling and translation, that is, for any ¢ € £, ¢t > 0 and
veR" Sip € & and Tzp € £. Clearly, Dy, are closed under S; and Tj.

The scaling operator S; and translation operator T on &’ are defined as the adjoint oper-
ators of S; and Ty, respectively. That is, for any F' € £, and any ¢ € &,

(S{F,¢) = (F,59),
(TFF, ¢) = (F, T59).

Explicitly, if F' € £ is a function, then S} (F)(z) = F(tzx) and T3 (F)(z) = F(x + ©).
We now define scale and translation invariance of a probability distribution on linear func-

tionals.

Definition 8. Suppose H € R. A probability distribution pu on &£’ is called scale and
translation invariant with index H if for any ¢ > 0 and v € R", for any measurable subset
AcCé&,

u(A) = u({t" S;F, F ¢ A}),
u(A) = u({T3F, F e A)).

In the discussion below, we will not use the notation u explicitly. Instead, we use the
notations

F~tiSHF
F ~TXF

to represent the fact that the probability distribution on £’ is scale and translation invariant
with index H.
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8.3 A General Method to Construct Scale and Translation
Invariant Distributions Using Wavelet Expansions

Let us first give the mathematical motivation of our approach. In the theory of continuous
wavelet transforms (Heil & Walnut [9]), a representation V of the group R x R™ on L?(R")
is defined by:

V(u,0)f(z) = e ™2 f(e e —v) = DauTyf (), f e L*R").

In the above expression, D,, u > 0 is called the dilation operator and is defined by

-1
Duf(ay =102

D, is an isometry on L2(R"). If f,g € L?>(R"), then

L 0V Dg)Pduds = | 1F(©)equds, 52)
where
L_£
€
and

= [T,
0

and (f,g) is the inner product of the two functions:

9= [ f@)@)d

For a proof of (8.2), see Appendix.

The function g is called admissible if the integral in (8.2) is convergent for f = g. Obviously,
if g is admissible, then for almost all w, ¢4, < co. Therefore, §(0) = 0, which implies that

/ g=0.

For an admissible g, the ®-transform of g is the operator ®, given by

(I)gf(u777> = (f7 V(u76)g)

In the theory of continuous wavelet transforms, interest is about the case in which for any
w € R" with |w| =1, ¢g, = 1. In this case, ®, is an isometry from L?(R") to L*(R x R")
and, in certain sense, for every f € L?(R"),

f@) = [ [ ®f(u.0)DeTog(a)duds

= //nf, u, 9)g)V (u, 0)g(z)dudv
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In our study, g may not satisfy ¢y, = 1 for all w with |w| = 1. Instead, we assume that g
satisfies 0 < infy, ¢g < sup,, ¢gw < 0o0. From (8.2), we see that if we define a continuous
linear operator A from L?(R") to L?(R") such that

_f©

Cy,w

(Af)"(©)

)

7

then
1A fli = [ ALV (0, g) Pdudd = [ |F(©dE = |l
RxR"™ R

Therefore ®,A is an isometry from L?(R™) to L?(RxR™). Note that since (Af, g) = (f, Ag),
A is a self-adjoint operator.

In certain sense, for every f € L?(R"),
fz) = / / B, Af (u, ) AD o Tyg(x)dudis (8.3)
R /R"

For an explanation of (8.3), see Appendix.

Equation (8.3) tells us that a function f € L?(R") can always be expanded in both scale u
and space coordinates ¢. It is natural to generalize and guess that for “most” of the linear
functionals F' in &', the representation (8.3) is also valid, i.e.,

Flz) = / B, AF (u, ) AD Tyg () dudi
R J/R™
Then for any ¢ € £, the action of F' on ¢ can be written, formally, as
(F.6) = [ [ @AF(u,8)(AD.Tsg,0)duds
R /R
_ / B, AF (u, 7)(Dex Tyg, Ad)dudd.
R JR"®

By variable substitutions u — —u, ¥ — —¥, and grouping terms, we can rewrite (F,¢) in
the following form

(F, ) :/ K (u, 0)(e"S*. kg, Ap)dud.
R JRn

We explain this equation as follows. Corresponding to g, there is a mapping ¥, from £ to
a space of functions, say F, on R x R" such that, for any ¢ € £, ¥ ¢ € F, and for any
u € R and ¥ € R",

Ve(u, 7) = ("S5 T5g, ). (8.4)

Note that, then

U,p(u,v) = (eH“g(e“x +7),6(x)) = e(H_"/z)“(V(—u, —v)g, @).

Taking K (u,¥) as a linear functional on range(¥,), we get

(F,¢) = (K, V,A)
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Under certain conditions, there is a continuous operator y, such that

V,A¢p = xVy0.

Then, letting W = x* K, we get the form

(F,¢) = (W, ¥,0)

F=WW, (8.5)

where W7 is the adjoint operator of W,.

Let us compute how (F,¢) changes when ¢ undergoes a scaling and translation transfor-
mation. For any ug and 9,

\IIQT”UOSe“O QZ)(’LL, 17) eHus;kung’ Tﬁose"O gb)
S Ty SiuTig. 6)

e HUOW é(u + ug, T + i)

(
(

Define an operator U, 5 on functions on R x R" via
Uvo.50 f (1, 0) = f(u+ up, T+ €"0p). (8.6)
Then
W, T, Sevo p(u, 0) = e AU, 5 ¥, 0(u, D).
Therefore

(St Ty F, ) = (F, T, Sevo d) = e (W, Uyyy 5, Wgop) = e HU(UZ - W, Ty0), (8.7

uo,v0

where Uy . is the adjoint of U, 7,. Explicitly, if W is a function, then U] . transforms
W to
:OﬂoW(u, ¥) = W(u — up, ¥ — "~ "00). (8.8)

Now suppose that F' in (8.5) is scale and translation invariant with index H, then for any
ug € R and 9y € R",

0 (St T F, ¢) ~ (F, ¢).
Comparing with (8.7), we get
<U* 5o W, q/g(l)) ~ <W7 \Ilg¢>

uo,v0

This implies that in order that F in (8.5) is distributed by a scale and translation invariant
law, we only need to make sure that W are distributed by a law which is invariant under
*_, for any (u,?) € R x R™.

u, v’

We put the above result in a slightly different form.
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Proposition 20. Suppose g € D satisfies

/ g=0.

Define the operator ¥, by (8.4). Suppose £ is a space of functions on R"™ which is closed
under scaling and translation, and F is a space of functions on R x R". If ¥, maps £ into
F and p is a probability distribution on F’, then U7 induces a distribution v on &' by

v(A) = u((\I/;)*lA), for any A C £ measurable.

If p is invariant under U} -, for any (u,7) € R x R", then the distribution v is scale and
translation invariant with index H.

Remark 7. It is easy to see that the U} . in (8.6) is a diffeomorphism with Jacobi 1.
This observation is the key to our constructions. For example, since homogeneous Poisson
distribution is invariant under U;:,ﬁ, we can construct Poisson type scale and translation
invariant distributions. Since inner product of L?(R x R™) is invariant under U, i we can
construct Gaussian type scale and translation invariant distributions. We will make the

arguments clearer in following sections.

In the next several sections, we will use Proposition Proposition 20 to construct several
types of scale and translation invariant distributions.

8.4 Poisson Type Scale and Translation Invariant Distribu-
tions

Without giving the exact definition, we mention that Poisson type distributions are defined
on F', where F = C®°(R x R") N L}*(R x R™). In order that the construction given by
Proposition Proposition 20 makes sense, £ should satisfy the condition that ¥, (&) C F.
The following result shows that there are £ which satisfy this condition.

Proposition 21. Suppose g € C5°(R").

(1) If g has vanishing first £ — 1 moments and 0 < H < k in the definition of ¥,, then ¥,
is a continuous mapping from D(R") into C°°(R x R") and into LP(R x R"), for any
L <p< oo

(2) If g has vanishing integral and —k < H < 0 in the definition of ¥,, then V¥, is a
continuous mapping from Dj_1(R") into C*°(R x R") and into LP(R x R"), for any
1<p< oo

For a proof of Proposition Proposition 21, see the Appendix.

For the sake of simplicity, from now on we only consider the case k = 1. We also assume
that any Poisson point process involved in the discussion in the remaining part of the paper
has density 1.

The following Proposition Proposition 22 and Proposition Proposition 23 construct scale
and translation invariant distributions directly without using characteristic functionals.
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Proposition 22. (Poisson Type 1) Let W(u, ¥) be a function such that

/ V) g5 < oo
RxR™

en

and
/ IW(u, 0)|dudt < co.
RxR"

For each (z,7) € R x R", define a function
Wy g(u, ) = W(u —z,7 — ")),

Let {(u;, ¥;)} be a homogeneous Poisson process in R x R™. For each sample {(u;,%;)},
define W on C*°(R x R™) N L'(R x R"), such that for f € C*°(R x R") N L}(R x R"),

(W.f) =D (wu, f). (8.9)

(2

Then for almost all samples {(u;, v;)} of the Poisson process, the linear functional F' given
by (8.5) is well defined and continuous on (1) D(R™), if 0 < H < 1 and (2) Dy(R"), if
—1 < H < 0. Moreover, F is distributed by a scale and translation invariant law and has
finite covariance.

Proof. By (8.8), for each (u;, %),
U’lto,ﬁo wui,’l_fi (U, U)
= Wy, 5 (u—ug, U — €7 "00))

W(u — ug — ui, U — €400y — e 10T Yig)

—

= Wuyguy,d;+etity (u, V)

Hence
* = —
UuOﬂ_fOW - Z Wy +ug,T;+e%i vy (u7 U)'
7

Since {(u;,7;)} is a homogeneous Poisson process on R x R", and the determinant of the
transform

T: u—u+ug
U — U+ ety

is one, then {(u; + o, v; + e“ vy + ¥;)} ~ {(u;,7;)}. Since W is determined by {(u;, ¥;)},
this proves that the distribution of W is invariant under U .. Therefore by Proposition
Proposition 20, F' = W W is distributed by a scale and translation invariant law.

The proof for the other claims in Proposition Proposition 22 is lengthy, so we put it in the
Appendix. O
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Proposition 23. (Poisson Type 2) Let {(u;, ¥;)} be a homogeneous Poisson process in
R x R". Define W on C*°(R x R") N L'(R x R") as

ie., for f € C°(R x R") N LY(R x R"),

W, f) ZZf(Ui,ﬁz‘), (8.10)

Then for almost all samples {(u;, @;)} of the Poisson process, the linear functional /' = W W
is well defined and continuous on (1) D(R"™), if 0 < H < 1 and (2) Dy(R"), if —1 < H < 0.
Moreover, F' is distributed by a scale and translation invariant law and has finite covariance.

Proof. The proof that I is distributed by a scale and translation invariant law is similar
to the proof of Proposition Proposition 22. The proof for the other parts is given in the
Appendix. O

We can generalize the construction of (8.10) as follows. Fix a probability distribution v on
R. As in Proposition Proposition 23, let {(u;, ¥;)} be a homogeneous Poisson distribution
on R x R™ with density 1. Define W on C*(R x R") N LP(R x R"), such that for
feC®RxR")NLP(R x R"),

(W, ) Zzaz‘f(ui,@), (8.11)

where a; are i.i.d.~ v.
Lemma 10. (Poisson Type 3) If the characteristic function of v is

| [e%

K(s) = Aeisxu(dx) = eI,

where 1 < o < 2, i.e., v is the Lévy distribution with index «, then with probability one,
the sum in (8.11) converges. Moreover, W is continuous in probability, i.e., as f, — f in
C®R xR")NL¥R x R"), (W, fn,) — (W, f) in probability.

Proof. We given an intuitive argument for this result. Rewrite (8.11) as

W fy= > alu,v)f(u,v)l{w,a)u,v),

(u,7)eERXR™

where a(u,v) are i.i.d. ~ v. Each term in the summation is independent from the others.
Therefore, in order to show that the sum converges with probability one, it is enough to
show that the product of the characteristic functions of all these terms converges. In a
small box with size dudv around (u, ), the probability that an (u;,¥;) appears is dudd.
Conditioning on the appearance of an (u;, ¥;) in the small box, the characteristic function
of a(u;, 0;) f(u;, U;) is k(sf(u;,v;)). The probability that no (u;,¥;) appears in the box is
1 — dudv. Hence the characteristic function of the total sum is

E <eiS<W’f>> 11 (1 T+ (k(sf (u, B)) — 1)dudz7>

(u,0)
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~ exp ( S log(1 + (k(sf (. 9)) 1))dud17>
()

= exp (/RXR?L(K,(Sf(U,’U)) - 1)dud17>

= exp (/ (e~lsflwd)® _ 1)dud17> (8.12)
RxR"
Since
0<1—e @I <|sf(u, ),

| f(u,?)|* is integrable. Therefore, the above product converges. Hence the first part of
Proposition Lemma 10 is proved.

When f, — f in C*°(R x R*)NL'(R x R"), then the characteristic function of (W, f,, — f)

1S:

s(fn(u,ﬁ)f(wﬁ)) [« u.c
exp </ (e - waﬁ) -
RxR"

where u.c. means uniformly convergence on any finite closed interval. Hence (W, f,—f) — 0
in probability. |

By Proposition Proposition 21, ¥, is a continuous mapping into C*°(RxR™)NL*(R xR").
Therefore, W being continuous in probability implies that F' = WyW is also continuous in
probability. Unfortunately, it is in general not true that with probability one, F' defined in
this way is well defined for all functions in D(R™) or Dy(R").

To get around this problem, we observe that D(R"™) and Dy (R"™) are nuclear spaces. There-
fore we can use the following Minlos’ theorem:

Theorem Let C be a function on a nuclear space £ and have the following properties:

1. C is continuous on &;

2. C is positive definite; i.e., for any ¢1,...,¢, € £ and any &1,...,&, € C,

Y &EC(di — ¢5) > 0;
i

Then there exists a unique probability distribution uc on &', so that for all ¢ € &,

[, expli(F, 0D duc (F) = C(0).

We check condition 1 of the theorem. The characteristic functional given by (8.12) is defined
for all f € L*(R x R"™). Therefore, by Proposition Proposition 21 the functional

C(¢)=E (ei<Wv%¢>) = exp ( / <e%¢(“ﬁ>|" - 1) dudﬁ) (8.13)
RxR"®

121



is defined for all ¢ € D(R"™) when 0 < H < 1 and for all ¢ € Dy(R"™) when —1 < H < 0.
When 0 < H < 1, ¥, is a continuous mapping from D(R") to L*(R x R"). Since

0<1-— e~ Vg (w,0)|* < |, ¢(u, T)|%,
then by dominant convergence theorem, C(¢) is continuous on D(R").

Clearly, C(0) = 1. Therefore condition 3 is satisfied by C(¢). It remains to check condition
2. By (8.13),

ijf_kc(¢j — ¢p) = Zgjng (€i<Wa‘I/g(¢j_¢k)>> )
Jik g,k
Because (W, W,¢) is real, the right hand side of the equation equals F (\ > §¢ei<w"1’9¢i> \2>
which is non-negative. Therefore C(¢) also satisfies condition 2.

To see why the distribution is scale and translation invariant, note that the Jacobi of the
transform

T: u—u-+ug
U — U+ e“vy

is one. Then

CUu,50®) = exp ( <e—|%¢<u+“0ﬁ+e“%>“ — 1) dudU)
RxR"

exp (/ (e_l%(’b(“’ﬁ)a — 1) dudﬁ)
RxR"™

= C(9).

The case ¢ € Do(R™), —1 < H < 0 can be similarly treated.

8.5 Lévy Type Scale and Translation Invariant Distributions

The construction given by (8.10) is an example of using Poisson point process to generate
stationary stable processes, which is a well-known method in the study of Lévy processes.
This suggests constructions using Lévy processes. See [2] for a reference to this topic.

Fora=H+1>1,1< a < 2, there are the well-known Cauchy noises on D(R"™) which
are given by the following characteristic functionals

c@) =exn(— [ 1o°).

From the above formula, it is seen that Cauchy noises are scale and translation invariant.
When a =1 and H = 0, the corresponding Cauchy noise is a “true” scale and translation
invariant distribution in that F' ~ S}, F, Vu, without having to put a factor in front of
Sr.F. This distribution has infinite covariance. Indeed, we have the following well-known
result.
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Proposition 24. If a probability distribution g on D’ is scale and translation invariant
with index H = 0 and has finite covariance, then with probability one, any F' from g is a
random constant.

To make the paper more self-contained, we put a proof of Proposition Proposition 24 in
Appendix.

We will construct scale and translation invariant distributions with @ # H + 1 in the
remaining part of this section. Let F = C*(R xR")NLY(R x R™). As the construction at
the end of §8.4, we will first make an intuitive argument to construct a Lévy type distribution
on F’ and then resort to Minlos’ theorem to verify the construction.

Let v on R\ {0} be a Lévy measure

dy
V(dy) = ’y‘1+a 1R\{0}7

/R (eis”" — 1> v(dr) = —|s|°.

Fix a function f € F. In the space R x R"™ x (R \ {0}), define a Poisson process with
density dudvdv. If (u,¥,y) occurs in the process, then we say a jump with size y happens
at (u,?). Given (u,v) € R x R", the weighted total jump at (u,?) is the sum of all the
jumps happened at (u, ') multiplied by f(u,?). Since the probability that a jump with size
y happens at (u,?) is dudvdv(y) and each jump at (u,?) is independent from each other, it
is seen that the characteristic function of the weighted total jump at (u,¥) is then

where 1 < o < 2. Then

H (1 — dudvdv(y) + eisf(“’ﬁ)ydudﬁdv(y))
y

= exp <Z log(1 + (e — l)dudﬁdv(y)))
y
= exp (dudﬁ’/ (e'sf w0y _ 1)d1/(y)>
R\{0}
= exp (— \sf(u,ﬁ)adudﬁ) :

Let the value of the functional W at f be the sum of the weighted jumps at all (u, 7). Then
(W, f) has the characteristic function

T e (—steands) = (— [

which is convergent. So the sum of weighted jumps converges with probability one.

xR

s f(u,6)|°‘dud17> , (8.14)

Having got the expression (8.14), it is not hard to check that

c@) =ew (= [ [00(u.0)"duds

is a characteristic functional. Therefore, by Minlos’ theorem, there is a unique (scale and
translation) invariant distribution with characteristic function C.
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8.6 Gaussian Type Scale and Translation Invariant Distribu-
tions

The distribution defined via the characteristic functional
1
C(‘b) =€exp| — i(q/g¢7 \I/g(ﬁ)

is a Gaussian distribution on Dy(R™), where the inner product (-,-) on L*(R x R") is
defined as

(foh)y = [ Oh(u T)duds. (8.15)

The transform Uy ., for any up € R and vy € R™, is unitary under the above defined

inner product. Therefore, the Gaussian distribution defined by C' is scale and translation
invariant.

The distribution given by (8.15) can be generalized. For example, instead of considering
L*(R x R™), we consider the Hilbert space

H = {f(u, ) : f(u,?) € L*(R x R"), 95f(u,?) € L*(R x R")}.

Define

(f.h) = /R o ( Flu, () + Mgf(u, ) - Feh(, U)) duds, (8.16)

where M > 0 is a constant. Then Uy - is again unitary. This can be checked by showing

Vo

a’l_f( ’::0,170¢) = U;o,ﬁo (817¢)'

However, this apparent generalization does not shed much new light on the construction.
Indeed, suppose Fj is defined by

<F07¢> = <W07\II9¢>7
and F;, 1 <i <n are defined by
(Fi,¢) = (Wi, VM Uy,0),

where

9i = aviv

and where Wy, Wy, ... W, are i.i.d. ~ the law defined by (8.15). Then Fy + F1 + ...+ F),
is distributed by the law induced by ¥, and the measure given by (8.16).
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8.7 A Scale and Translation Invariant Distribution that is

not Infinitely Divisible

The scale and translation invariant distributions we have constructed so far are infinitely
divisible. In this section we will show that the class of scale and translation invariant
distributions is very rich by constructing a scale and translation invariant distribution which
is not infinitely divisible.

The construction is an application of a scheme which we will present in the next paragraph.
We will present the scheme in a way which is far from being mathematically rigorous. We
adopt this less rigorous approach because we want the scheme to serve as a guideline to con-
struct various scale and translation distributions rather than to be a rigorous mathematical
result.

Let X, (¥), A € A be a family of stationary processes on R" which take real values. That
is, for each A € A, for each sample X (¥) from X, (¥), and for each ¥ € R", X, (¢) € R.
Let Y (u) be a stationary process on R which takes values in A, i.e., for each sample Y (u)
from Y (u) and for each u € R, Y (u) € A. Construct a process Z(u, ¥) as follows. First,
choose a sample Y (u) from Y (u). Then at each u, independently choose a sample X (7)
from the process X (), where A = Y (u). Let Z(u, ) = X)(v) = Xy () (7). We then have
a functional W on F (see Proposition Proposition 20), such that for any f € F,

W:fr— Z(u, V) f(u, 0)dudv. (8.17)
RxR™

We then define F' on &€ by (F,¢) = (W, Vy¢).

To see why the distribution of F' is scale and translation invariant, we only need to check
the distribution of W is invariant under U;o,ﬁo‘ The U;o,ﬁo can be decomposed into two
transforms (1) v — u — up and (2) ¥ +— ¢ — e*""0yy. Under transform (1), since Y (u) is
stationary, and for each u, the sample Xy, (V) is selected independently, the distribution
of Z is invariant. Under transform (2), since for each u, the sample Xy-(,)(¥) is selected
independently to other u’s, and each Xy () (¥), given u, is stationary, then Z is again
invariant. Therefore, W defined by (8.17) is invariant under U}

uo,0

We now apply the scheme to construct a scale and translation invariant distribution which
is not infinitely divisible. Let A = {0,1}. Let Xo(¢) = 0. Let X;(¥) be a white noise
process with the characteristic functional

E <ei<X1’¢>> — oxp (—/R ](b(ﬁ)ZdU).

Let Y (u) be a random process such that for each sample Y (u), there is a unique ug € [0, 1),
Y(up) = 1. For any u, if u = wg + k, for some integer k, then Y (u) = 1. Otherwise
Y (u) = 0. Furthermore, ug is uniformly distributed in [0,1). It is then easy to see that
Y (u) is stationary.

Given a sample Y (u), assume ug € [0, 1) satisfies Y (ug) = 1. Define F' on Dy(R"™) by

F: ¢ = Z <XY(u)>\Pg¢>

ueER
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According to our assumptions, the sum in the above formula equals

[e.e]

Z <B/€a \Pg¢(u0 + k, )>a

k=—o00

where Bj, are independent white noises. It is easy to get the characteristic functional of F'
equal to

E(gww>::4imp(— fiuéﬂmﬁﬂu+kﬂm%ﬁ)dw (8.18)
k=—o00

Proposition 25. The distribution given by the characteristic functional (8.18) is not
infinitely divisible.

The proof of Proposition Proposition 25 is quite long, although not difficult. So we put it
in the Appendix.

8.8 Scale and Translation Invariant Distributions On Z¢

For r ={ry,...,rq} and s = {s1,..., 84}, let r < s mean r; < s;, 1 <1i < d. For any scalar
¢, let it also denote {c,c, ..., c}. Denote the cube [r1,s1] X -+ [rg, sq] as [r, s].

The following definition is from Sinai [10]. Let X% be the space of realizations of a d-
dimensional random field z = {zs, s = (s1,---,84) € Z%}, where Z? is the integer lattice.
Each random variable z, takes on real values, and the space X% is a vector space. There is a
group {Ty, s € Z} of translations acting naturally on the space X¢. The symbol M (M?®")
denotes the space of all probability distribution on X% (all stationary distributions on X¢,
i.e., distributions invariant with respect to the group {T%, s € Z¢} of translations, where
{T*, s € Z is the group adjoint to {T}, s € Z?} which acts on M).

For each 0 < o < 2, introduce the multiplicative semi-group Ax(a) = A, k > 1 an integer,
of linear endmomorphisms of X% whose action is given by the formula

N 1
s = (Agx)s = Tda2 Z Typiorgs S =(51,...,54).-(8.19)
sk<r<(s+1)k

Let {A}, k € N} denote the adjoint semi-group acting on the space M, i.e.,
(A;P)(C) = P(A 1O, CcXi PeM.
Definition 9. A probability distribution P € M is called a scale and translation invariant
distribution, if
AiP=P VEk>1
T:P=P, VseZ

The basic idea to construct scale and translation invariant distribution on X4 is as follows.
Define linear mapping G : D'(RY) — X9, such that for any I € D'(R%), G(I) = = =
{xs, s=(51,...,84) € Z9}, where

Ts = <I, Ts¢>
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and ¢ = Xjg1j¢. Then by (8.19),

. 1
Ts :W Z Lry,..,rq
sk<r<(s+1)k
1
= Yoo AL T¢)
sk<r<(s+1)k
1

= fda/2 (I, X[sk,(s-i—l)k])
= K7L S To)

Therefore, if the distribution on I is scale and translation invariant with index H = d(1 —
a/2), then G induces a scale and translation invariant distribution defined by (8.19).

The problem is that ¢ = xg 1} & D.

Proposition 26. Suppose g1, ...,9q4 € C§°(R) such that

/gl-:(), izl,...,d.
R

Let g= g1 ®g2--- ®gq. Then Uy ¢ € C*(R%) and for any p > 1, ¥,0 € LP(RY).

Proof. Without loss of generality, assume supp(g;) C [0,e%], i = 1,...,d. Let I = [0,1]%,
U=10,ew]? H=d(l—a/2),and ¢ = V,é.

W (u,¥)
_ Hu u =
= e /Ig(e x + v)dx

= e(H_d)“/ g(z)dx
ev]4+v

= e(H_d)“/ g(x)dx
(evI+0)NU

_ G- d)ul—[/6 gi()de

uJ4v;)N[0, e%0]
If (e“I+0)NU =0 or (e"I +¥) DU, then ¢(u,v) = 0.
If u > wg, then only when v € A,, where

Ay = ([=€", €]\ [=(e" — e),0]),

can 1) (u, @) be non-zero, and in this case |i)(u, 7)| < etI—dv

sup |g|. Note that m(A,) is a

constant 29m (supp(g) = 2deduo,

Therefore, there is a constant C' only depending on p, such that for any p > 1,

/UZUO [Y(u, 0)[Pdu dv < / du/ sup|g|)pdv
ug

TeRY

IN

29C'm (supp(g)) (sup|g[)?
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If u < ug, then only when ¥ € B, where
B, = [—e*, ev0]?
can v (u, ) be non-zero, and in this case |¢(u, 7)| < e%sup|g|. Note that m (B, ) is bounded

2¢9m <supp(g)> = 2deduo,

Therefore, there is a constant D only depending on p, such that for any p > 1,

o
S WP as < [“au [ ersuplglra
176_R(c)l uQ VEBy,

IA

2'D m (supp(g) ) (supgl)” < oc.

This completes the proof. O
We will show how to construct Gaussian scale and translation invariant distributions on Z<.

Example 4. Choose a sequence of functions { f,, }», such that f, € C§°(R) and f,, T 1. Let

—_

d+1 fa's

Then we get
dn € D(R x RY).
Recall that ¢ = ¥y¢ and ¢ = xjg 174
Let the distribution on D(R x R?) be a Gaussian distribution, such that
E(ei<W’ h>) :exp(—/ |hy2), Vh € D(R x R%).
RxRd
Let

it(<W7 ¢nqngs¢>_<Wa ¢mq/gT5¢>)
Com(t) = E <e ) _

Then we get, for any s € Z%,

Com(t) E5 1, n,m — oo.

Therefore

(W, 60Uy Ts$) — (W, bWy Toh) — 0.

We then can use diagonal argument to get a subsequence ¢,,, € C§°(R) such that w.p. 1,

(W, ¢, W, Tsp) converges, V s € Z°. (8.20)

128



For each W € D(R x R) satisfying (8.20), let

{xS}seZd = n}gnooﬂ/va D, \IlgTs¢>-
To show {x,} is translation invariant, pick si,...,sy € Z% and t1,...,ty € R. Then

E lexp (iitl%zﬂ = lim E [exp (iiV:MW, ¢nmqlgTsl¢>>‘|
=1

=1

exp <—/|l§;tl‘I’gTsl¢’2)-

On the other hand, for any s € Z¢,
N N
E [exp (i2t1x8+sl)] = exp (— / | Ztl\I/gT5+sl¢\2>
=1 =1
N
= exp (— / | Ztl‘l’gTslﬁb‘Q) .
=1

Therefore, {z,} ~ {x,4s}.

To show {zs} is scale invariant, define Z, by (8.19) and calculate

N I N
1
E[exp(iZtlg}Slﬂ = lm E exp<z'zkda/2 > xr)]
=1 = k

L =1 stk<r<(s;+1)
- N .

= W%E)noo E |exp <Z Z a2 Z <W7 O, qngr¢> )
L =1 Slk§T<(Sl+1)k

r N
= lim E |exp (iZ(W, qsnmkd(l—a/?)wgSkTsl@)]

m—00
=1

N
= exp (—/\Ztlkd(l_a/z)\PgSkTsl¢|2>
=1

- exp<—/\l§;tl%nl¢|2>

Therefore, we get {x,} ~ {Z,}.

8.9 Discussion

In this paper we established a method to construct scale and translation invariant dis-
tributions on continuous linear functionals. We can introduce other invariances into the
distributions. For example, invariance under orthogonal transforms is quite easy to estab-
lish. This is because the group of orthogonal transforms SO(n) is compact. Therefore
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the product distribution of a scale and translation invariant distribution and the uniform
distribution on SO(n) will be scale and translation invariant as well as rotation invariant.

Another generalization is as follows. For simplicity, only consider the case H = 0 and
€ =Dy(R™). Suppose G is a Lie group of invertible linear transforms on R™. Suppose that
G has a finite number of generators Ay, ... Ar which commute. Then elements in G can be
represented by

ez tiA H etidi

Define the operator Sy on D(R™) by
Sy o(x) = J(etii)p(e i),

where J(-) is the Jacobi of a transform. Let S% be the adjoint of Sz We then define a
wavelet transform W, from D(R™) to space of functions on R¥ x R™ such that

Vyo(t,0) = (57139, ).
We then get, for any to € R¥ and 7, € R",
Wy T, S, 8t 0) = Wy + T, 0+ 211445
Introduce operator U;O 7o such that
Up, 5o (50) = f(E+ To, T+ T)

As before, we can first construct distribution invariant under Uz _ and then distribution
invariant under Sy and Tj. Again, the key observation is that the Jacobi of U is one.
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Appendix

Proof of (8.2). Define modulation operator Ej for each & € R"™ and function f € L?(R")

as

Exf() = &m0 (),

then

/R/ N (£, V (u, 0)g)|*dudi
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|(f, DenTgg) > dud@

3

(Do f, Tog) | dudi

3

|(Deu f, E_59)|*dudi (by Parseval’s formula)

3

- . 2
[ e e ng@e e dudi

A~

(Dewf - §)" (@) dudi

3

P 2
Douf - gw)’ dFdu (by Plancheral’s formula)

3

e f e P19 () Pdidu

©F [ laes)Pduds (¢ = 7).

|
km

For each £ # 0, let

oo £
138

and make substitution

t=e"[g],
then

R oo | g(tw)|?
[laterepau= [T 0 — .,

Hence (8.2) is proved. O

We now give an explanation of (8.3), which is
flz) = / B, Af (u, 7) ADeuTig () duds.
R JR"

We first define an approximate identity {px}?2,. For each k, px(z) = k™2p(kx), where
p € LY(R™) U L2(R™) such that [ p(z)dz = 1 and p(x) = p(—2z). Then we say (8.3) holds
in the sense that limg_,o || f — fx|| = 0, where

fule) = [ [ ®4A7(,D)(pr x ADeTrg) (w)duds

The proof of the limit is as follows.

(f * Pk)(x)

= | f@ne =)y

= (f,Tepr) (since py is even)
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= (P Af, QO A(Typr)) (since ®4A is an isometry)
_ / B, Af (u, ) (DewTag, ATopr)dudis
R JR"
= /R n ®,Af(u,V)(ADeuTsg, Ty pr)dudt (since A is self adjoint)
= / Oy Af(u,0)(pr ¥ ADeuT5g)(x)dudy.
R JR"
But {px} is an approximate identity, so limg_.o || f * px — fllz2 = 0. O
We now prove the three propositions given in §8.4. First, we need to prove several lemmas.
Lemma 11. If g € D(R"), then for any ¢ € D(R"), V,¢ € C°(R x R").
The proof of Lemma Lemma 11 is left to the reader.
Lemma 12. If g € D(R") has vanishing first £ — 1 moments
| aga)dz =0, a =0, Jal <k -1,
and compact support
supp(g) C B,(0) =U,

then for H > 0 and p > 0 with p(n + k — H) > n, there is a positive integer my, such that
for any m > my,

u(H—n—1)
0y (u, V)| < i Kb (@),  for u > 0,7 € R", (A8.1)
(yv/euy + 1)
p
/ [y, B)Pdudd < C(p,n, H,m) <Kbm(¢)> , (A8.2)
TER™
eu(m+H—n-1)
|Wgp(u, V)| < B Kby (¢), foru<0,|d] > 2r, (A8.3)
p
/ o Wyb(u, B)Pdudi < D(p,n, H,m) <Kbm(<;5)) , (A8.4)
|7]>2r

where C(p,n, H,m) and D(p,n, H,m) are constants only depending on p,n, H,m, K is a
constant only depending of g and

1
b(6) =27 mgx(]a:\—&—R) 1006(z)], (A8.5)
B>08<m

where R > 1 is a constant only depending on g.

Proof. For simplicity, only consider the case ¥ = 1. For k > 1, the result is similarly
proved.
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If u > 0, then by Taylor’s expansion

\Ilg(ls(%g)
— Hu(S* Ti(,(zﬁ)

— / g(e"s + T)p(x)da

_ eun/U¢(e (:c—v))g(x)dm

_ o(H-n)u /U [¢(—e—"z7)+e—ux.¢/<e—“(9x—a))]g(x)dx, 0= 0(z) € [0,1]
_ (e /Ug; ¢< (9x—17)>g(x)dw,

Hence
Wy, 0] < 0 [ ol lg(o)lde - max o (62 - ) ).
Letting
K= /|x] 2)|de,
we get

|V g0 (u, D) < eH=n=Du g max
zelU

& (e“(@az _ a)) ‘ . (A8.6)

Since ¢* > 1,0 <60 <1 and |z| <r on U, then

le™"0] < |e (0 — U)| + .

o (02 -9 )|

¢ <e_“(9:1: - 17)) ‘

¢ (e“(@x - 17)) ’

Choose R > r + 1. Then for any z € U,
(|e“17|+1>m
(\e 9:U—U|+r~|—1>m
(\e Gar—v]—i-R)
< (@)

The above inequalities then imply

IN

IN

Hu
W00, 9)| < e (O
eu(n+1) .
(]v/e“\ + 1)

This proves (A8.1). Note that, since p(n+1— H) > n, H < n+ 1. Hence from the above
inequality, ¥4¢(u, ) is bounded on u > 0, v € R"™. Let

mo > max(n +k— H,n/p,n+1). (A8.7)
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Then for m > my,

/ \\Ilgqﬁ u, U)|Pdudv

[0,00) x

(H—n—1)u »
/[0,00 xR ("U/eu|m+1> <Kbm(¢)> dudv, (T« e"¥)

(H n ]_)u p p
N [0, ><R" < |m_|_1> <Kbm(¢)> dudv

1 P
= p(H=n=Lutnug / d*-(Kbm > <
/[o,oof “ Jan G 1 1p " (@) <ee

since p(H —n — 1) +n < 0. This proves (A8.2).

IN

To prove (A8.3), consider again (A8.6). This time, we have, u < 0 and, for any x € U =
B,(0),

02+ > |7 — |2l = |7 —r = 2.

N \

Therefore
el (o4 0) ) | < 27 (604 7) 716 (70 + D) ) | < Bn(0),

which implies

mubm
max |¢/ ( (9x+77)) | < emm(@
This together with (A8.6) proves (A8.3). (A8.4) can be proved similarly as (A8.2). 0

Lemma 13. (The case H > 0) Suppose g € D(R") has vanishing first ¥ — 1 moments

| agl)de =0, B0, 15/ <k-1,
and compact support
supp(g) C B,(0) = U.

If H > 0 in the definition of ¥y, then for any 0 < p < oo with p(n + k — H) > n, for any
integer s > 0, ¥, is a continuous mapping from D into C>°(R x R") and into W»*(R xR"),
where

WP ={feC’RxR"): 9gf € LP(RxR"), forall >0 s.t. |3 <s}.

Proof. Consider the values of ¥,¢ on the region {u < 0,|0] < 2r}. If u < 0 and |0] < 2r,
then if m > n,

[Wy(u, V)

IN
Q)
T
S
7
)
Q)
<
8
|
S
©-
—
8
=
I
8

IN
o
T
e
=
o
3
&



where

dx
K =su / —_

and m > my defined by (A8.7) and b, is defined by (AS8.5).

Together with Lemma Lemma 12, this shows that ¥, is a continuous map to LP(R x R™)

and to C°(R x R™). The case p = oo is implied by the continuity of the mapping into
C*(R x R").

That ¥, is a continuous mapping from D into WP*(R xR"), s > 0, can be similarly proved.
For example, if D% = 9/0u, then

jqqub(uaﬁ)
= HY,¢(u H“/ Z”jl -g(e"x — U)¢(x)dx

Z

= HU,¢(u,v)+ eH"/ § g(e'z — ) Z 9 (
i=1

= H\IJQQS(U,’U) +Z‘llg¢l(u76)7
=1

where

4(z) = 5 (:0(2)).

Since ¢; € D(R"™), then ¥, ¢;(u,v) € LP(R x R") for any p > 0. Hence (A8.1) — (A8.4)
holds for D? = 9/0,. ]
Lemma 14. (The case H < 0) Suppose g € D(R") has vanishing integral and compact
support

supp(g) C B-(0) = U.

If H <0 in the definition of ¥,, then for any 0 < p < oo with p(n +1— H) > n, for any
integer s > 0, ¥, is a continuous mapping from Dy_1(R"), kK > —H, into C*°(R x R") and
into WP*(R x R"™).

Proof. Again, we only need to consider the values of W ¢ on the region {u < 0,|9] < 2r}.
This time, if ¢ € Di_1(R™), then by Taylor’s expansion,

U, p(u, )
= eH“/ng(e“x — U)¢p(x)dz

SAs

|1|' g (— —i—Zek“a 8g€ea:—v)>¢(x)da:, 0<0<1
| <k—1

la|=k

= Z e(k+H)“/ % - 0qg(fets — V)p(x)dr, 0<60<1
la|=k "

e(k+H)uKbm(¢)a U — —00,

IA
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where m > mg defined by (A8.7) and where K is a constant only depending on g. Together
with Lemma Lemma 12, this shows that ¥, is a continuous mapping from Dj_;(R") into
LP(R x R™) and to C*(R x R™), the case of p = oo is implied by the latter case.

That ¥, is a continuous mapping from Dj_; into WP*(R x R™), s > 0 is similarly treated
by the method described at the end of the proof of Lemma Lemma 13. The only one more
thing that needs to be noted is for any 3 > 0, D%(2%¢(x)) also has integral zero. 0

Proof of Proposition Proposition 21: Directly from Lemma Lemma 13 and Lemma
14, where s =0 and p > 1. O

Proof of Proposition Proposition 22: Fix m large enough, depending on H (this time
p = 1), define function

eWH=n=1)(le=ug)™ 4+ 1)~ 4 >0,7€ R"

hwd) = S w<0,]7] > 2r
ST el u<0,]v] <2, if 0<H<1
e(l+H)u u<0,|v]<2r, if —1<H<O.

First we show that for almost all samples {(u;,7;)} from the Poisson process,

Z(‘wui,ﬁi‘7 h) < Q.

7

Indeed, it is necessary and sufficient to show that

/R (gl B)dud? < oc. (A8.8)

This can be done as follows

[ s h)lduds
RxR"

/RXR"
/RXR"

/ |W(x,g)yd:cdg/ Ih(z + u, 7 + €°7)| dud
RxR"” RXxR"

dudv

/ W& — u, § — e “5)h(z, §)dzd]
RxR"

dudv

/ Wiz, iz +u, § + ¢ 5)drdi
RxR"

IN

Wi, i
/ Mdmdg- 7|1 < oo.
RxR"

ene

When 0 < H < 1, for any ¢ € D(R"), for any sample {(u;, ;)} which satisfies (A8.8),
[(@ar s Tg®)| < (W5, 1950]) < Kby (6) ([ ),

where K is a constant only depending on g and by, is defined as (A8.5). This shows that

Z(wui,ffm \I’g¢)

%
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converges unconditionally and the sum is continuous in ¢. Hence
— * N
F= E :\I’gwumvi
i

is a well-defined continuous linear functional on D(R"™).

To prove that the distribution has finite covariance, we compute

[ (el Pduds
RxR"

2
= / (/ W(x — u,y — e*“¥)|h(z, gj)dxdgj) dudv
RxR" RxR"”
2
- / </ W (z, ) |h(x + u, T+ eW)dxd;j) dud@
RxR"? RxR"”

Wl - [ WG gldadg [ b+ g ) duds
RxR"

IN

|W(£C, 37)’ — 2
= Wl [ = dadg - < oo,
proving that 3 (|w,, #|, h) has finite second moment. Then it is easy to show for ¢,v €
D(R"), > (wy, 5, Yg¢) and Y- (wy, 5, Y4¢) have finite covariance.

The case —1 < H < 0 is similarly treated. O

The proof of Proposition Proposition 23 is similar to Proposition Proposition 22. Hence we
omit the proof.

We now give a proof for Proposition Proposition 24.

Proposition Proposition 24. If the random continuous linear functional f is defined on
D and is distributed by a scale and translation invariant law with finite covariance, then f
is a random variable.

Proof. For simplicity, only consider f with one variable. Translation 7, : D — D, z € R
and and scaling S; : D — D, t € R are defined as

T, 6(u) = ou—a)
50 oty — A,
for ¢(u) € D, respectively. Then

(.16 ~ (£.6) = E(£.T:0) = E(f.)).

Let f be the mean of f. Then f is a distribution and

(. Tud) = (1,0) = S ([, Ted) =0,

It can be shown that
— T,0) = — (T, (ﬁ
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Since

then
(f,¢')=0 (A8.9)
Suppose ¥ € D. Consider

Without loss of generality, we assume B is real. Also note that B is symmetric, i.e.,

B(¢,9) = B(¥, ¢).

By translation invariance,
B(¢,¥) = B(T,¢,To)), for any z € R.

Differentiate the right hand side with respect to x at x = 0,

B(¢',¢) + B(¢,¢') = 0,. (A8.10)
By scale invariance,
B(¢,v) = B(Si, Syp), for any t € RT. (A8.11)
Since
d d -1
Gsow)| =4 (‘“tt “)> = bl — ) = ~(ub(w)

then, by differentiating the right hand side of (A8.11) at ¢t = 1,
B((ug), ) + B(, (u)) = 0.
Note that since ¢(u) € D, up(u) € D, hence the above equation makes sense. By (A8.10),
Bug, o) + B(¢',up)) = 0. (A8.12)

Take 1) = ¢, then by (A8.10) and (A8.12)

B(¢7 ¢I) =0
{ B(ue,¢') = 0. (A8.13)

Fix x € R and t € RT, take
$(u) = te” T = T Sig(u),

where g is the Gaussian function



which is in D. Then ¢'(u) = —t?(u + x)¢(u). Then by (A8.13),
B(¢',¢) = B(~t*(u + 2)¢,¢) = ~t*B(u¢,¢') — 2t*B(¢,¢) = 0.

This equation, together with (A8.9), implies for each x € R and t € R, with probability
one,

(f,¢') =0,

in other words,

(. (sztg)/> )

The probability that the above equation holds for all z € Q and ¢t € Q% is one. By
continuity, with probability one, the above equation holds for all real x and positive t.

Since
!
(T:L‘Stg) = g (T:(:Stg)
Ox

and the action of f and J/0x commute, we get

0
a_ T, =Y,
o <fa Stg> 0

which implies (f,T,S;g) does not depend on z. Since S;g with their translations form a

basis for D, this implies that with probability one, for any ¢ € D, (f,T,¢) does not depend
on x. More “precisely”, for any ¢ € D,

¢ = Z Cy,tTyStgu

y7t

then with probability one, for any x,

<f7 Tz¢> = Z Cy,t<fa T:vaStg> = Z Cy,t<fa TyStg> = <f: ¢>

Yt Yt
Hence f is a random variable with probability one. O
Finally, we prove Proposition Proposition 25.

Proposition Proposition 25. The distribution given by the characteristic functional
(8.18) is not infinitely divisible.

Proof. Assume F' is distributed by a scale and translation invariant law, then for any
¢ € Dy, the random variable (F, ¢) is distributed by a scale and translation invariant law
with characteristic function

1
Bt @) :/ e 1w gy,
0

where

flu) = Z /]\I/g(ﬁ(u—i—k,v)]de.

k=—o00
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By Lévy’s theorem,

! 2t? ; itr \ 1+ 2
1 th(U)d):'t_J <m_1_ ) d
og </0 e u i 5 + e 2 = v(dx),

where v(dzx) is a finite measure on R\ {0}.

Replace t by —t. Then

1 22 : itz \ 1+ a2
1 ey )——' -2 ( —itr ] ) da).
0g</0 e u i 5 + e +1+x2 2 v(dx)

Take the average of the above two equations to get

1 2t2 1 2
log (/ e_t2f(“)du> = —UT + (COS tr — 1) —;f v(dz). (A8.14)
0

It can be shown that it is mathematically correct to replace ¢ in the above equation by it.
Then

1 242 2
log (/ etgf(u)du> = % +/(c0shtz - 1) Lt v(dz). (A8.15)
0

22
Divide both sides of (A8.14) by ¢? and let ¢t — oo. The left hand side converges to — min f(u)
and the right hand side converges to —a?/2.

Divide both sides of (A8.15) by ¢? and let ¢ — co. The left hand side converges to max f(u)
and the right hand side converges to oo, if v # 0, or ¢2/2, if v = 0.

Therefore, the distribution is infinitely divisible if and only if f(u) is a constant. However,
we can find a ¢ € Dy such that the corresponding f is not a constant. Hence F can not
have a scale and translation invariant distribution. O

To see why in (A8.14), ¢ can be replaced by it, consider the function

1
K(t) =log (/ etf(“)du) .
0

Since f > 0, K(t) is an strictly increasing function, unless f(u) = 0. From the earlier
arguments, we see that 02 = min f(u). Therefore, w.l.o.g., we can assume o = 0 and
min f(u) = 0. Write G(dx) = (1 + 27 2)v(dx). Since 1 — costx is even in z, we can assume
G(dx) only has mass on (0, +00).

LK) - K(—?) = /;2 (1 - costx) G(da).
Letting t — 0, we get

3}2
K'(0)> [ % Gld).
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Since 0 < t72(1 — costz) < 22/2, then by dominant convergence, we get
22
K'(0) = /jG(dx) >0,

Suppose we have proved that for n =1,...k,

2= [ i o
Then
t2k1+2 ( (0) - K/(l?)tQ + Kué?)t4 — ot (1)kKk(!k)(0)t2k — K(_t2)>
= /t%l_ﬂ(1—t22:§;2+ti54—...+(_1();i:x2k—cost:r)G(dx). (A8.16)
Then
— /t2k1+2 1_ t22:!cQ + t‘if!:ll -+ (_1();;]:362]6 — costx| G(dx). (A8.17)
The last equation is because as k is even, for any x > 0,
Dk(x):1—§+i—--.+W—cosx20

and as k is odd, for any x > 0, Dy (z) < 0. From this we also get

332k+2

| Dy (z)| < @k +2)!

(A8.18)

By letting t — 0, from (A8.17) we get

‘ K(k+1) (O)

x2k+2
EnE / oh 2 ).

From (A8.16), (A8.18) and dominant convergence,

(k+1) 2k+2
K0 _ [ oGl > 0.

(k+1)! (2k +2)!
Let
1
H(z) :/ Wy, 2 € C.
0
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Since H(z) is analytic and H(0) = 1, K(z) = log H(z) is analytic in a neighborhood of 0.
Therefore, there is an R > 0, such that for t € (—R, R),

0=

K(n ) " (A8.19)

Since H(z) # 0, for z € R, K (z) is also analytic in a neighborhood of the real line. Because
K (t) is increasing, and K (0) > 0, for any n > 0, the series given in (A8.19) is convergent
on the whole real line. Assume this is not true. Let L be the sup of the set of ¢ > 0 such
that the series (A8.19) converges. For any t < L,

n

> KM (0)¢
:Zn(')<K(L+1)<oo

n=1

Let t T L+ 1, we get

which is a contradiction.

Because the series (A8.19) is convergent on the whole real line, therefore, for any ¢,

N K(n t2n 2nt2n
K(t*) = Z /Z G(dx) /(cosht:c —1)G(dx).
n=1
This completes the proof. O
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