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Resumen

Esta tesis se centra en las propiedades frecuentistas de los procedimientos Bayesianos dentro
de un amplio espectro de modelos estadisticos de dimensién infinita a través de métodos no
paramétricos Bayesianos. Se presentan tres ensayos sobre los aspectos asintéicos de la distribucién
a posteriori en varios modelos estadisticos introducidos en tres capitulos.

En el Capitulo 2, dentro de un contexto de estimacién Bayesiana de densidades, se construye
una distribucién a priori del tipo Berstein-Dirichlet en el espacio de densidades multivariantes en
hipercubo unidad y se obtiene la tasa de convengencia de la distribucién a posteriori correspondiente.
Se desarrolla un nuevo algoritmo de muestreo para este modelo basado en métodos de “slice
sampling” y se ilustra mediante datos simulados y reales.

En el Capitulo 3, se considera un enfoque semiparamétrico Bayesiano para un modelo de
regresion lineal con restricciones de momentos condicionales. La variable de error sigue una
distribucién Gaussiana cuya varianza depende de los predictores. Se desarrolla un procedimiento
Bayesiano adaptativo en el que las distribuciones a priori sobre la funcién de desviacién estandar
condicional se construyen cuidadosamente.

El Capitulo 4 esta dedicado a la cuestion de la tasa de convergencia de la distribucién a
posteriori en una amplia gama de modelos a priori. Teniendo en cuenta los problemas de estimacién
en la frontera del soporte donde ningtin modelo a priori puede cumplir los criterios habituales
para el anédlisis de la distribucién a posteriori en muestras grandes, se desarrolla un nuevo criterio
que permite la seleccion de modelos a priori flexibles para contrarrestar estos problemas con

condiciones del modelo més fuertes, manteniendo ademads la propiedad de tasa 6ptima.
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Abstract

This dissertation focuses on the frequentist properties of Bayesian procedures in a broad spectrum
of infinite-dimensional statistical models via Bayesian nonparametric approaches. Three essays
concern the asymptotic aspects of posterior distribution in various statistical models presented in
the subsequent three chapters.

In the context of multivariate density estimation discussed in Chapter 2, a Bernstein-Dirichlet
prior is constructed in the space of multivariate densities on hypercube and the corresponding
posterior contraction rate is obtained. We implement this model through a novel sampling algorithm
based on a slice sampling scheme for the simulated and real data.

In Chapter 3, we consider a Bayesian semiparametric approach for a linear regression model
with conditional moment restrictions. The error variable follows a Gaussian distribution whose
variance depends on the predictors. An adaptive Bayesian procedure is performed when the
priors on the conditional standard deviation function are carefully constructed.

Chapter 4 is devoted to the issue of posterior convergence rate for a broad range of priors.
Motivated by the boundary support estimation problems where any constructed prior could not
meet the usual criteria for large sample analysis of the posterior distribution, we develop a new
yardstick that allows flexible prior selections to counteract these problems by the stronger model

conditions and meanwhile the rate optimality property is maintained.
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Chapter 1

Introduction

A primary purpose of statistics is to make some inference on the unknown quantities related to a
collection of measured data. This invites the assumption that the data is assumed to be generated
from some unknown underlying probability distribution. Usually we employ statistical models
or stochastic models to describe the random phenomenon and then analyze the data for the
estimation of quantities of interest. The observed data is a measurement denoted by X, taking

values in a sample space (X, Z"), where 2 is a Borel o-algebra on a polish space &X'

More specifically, a statistical model & is a class of probability measures over the sample space
(X, Z). In most real problems, the collection of probability distributions is indexed by some
quantity, which is universally called a parameter. Denote the parameter by # and the parameter
space, the class of all possible values of the parameter, by ©. Given 6, the distribution of the
observation X follows some distribution denoted by Py, or say X |6 ~ Py in an abbreviated form.

To put it briefly, the statistical model could be defined as,
P ={Fy: 0c 0O}

The model &7 contains all the possible candidate distributions for the observation X, in which

statisticians provides reasonable explanations for the uncertainty. As such, the data, that have
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been generated coinciding with some unknown distribution must be analyzed for statisticians to
attempt to learn about this unknown probability distribution and make some type of inference
about certain aspects of the distribution.

In many statistical problems, the distribution that generates the data is known except for
the values of finite-dimensional parameters or infinite-dimensional components. Consequently,
the statistical problem falls into two categories: namely parametric models and nonparametric
models. When it comes to the inferential procedures, two main statistical schools have emerged
along the way to treat the statistical problems in a different perspective during the history of
statistics. These two schools of thought are known as frequentist (classical) and Bayesian respectively.

One of the underlying postulates in the frequetist paradigm is that the experimental data is
generated in accordance with some probability distribution indexed by some unknown, fixed
parameter 6. Frequentist statisticians does not permit any probability statement made about this
true parameter . Classical inferential approaches have been well established to learn about this
unknown true parameter, such as maximum likelihood estimation, hypotheses testing, confidence
intervals and many other things. In this thesis, we employ the Bayesian nonparametric approach

to the statistical estimation problems.

1.1 Bayesian nonparametrics inference

1.1.1 Priors, posterior and Bayes’ rule

In the Bayesian paradigm, all unknown quantities are treated as random variables and a joint
distribution for all of them must be specified for the subsequent statistical inference. To this
aim, we need to formulate a so-called prior distribution II for the parameter 6 as well as the
conditional distribution of the data X given the parameter # that we denote by F%. Hence the
joint distribution on the product space X x © is determined by the prior distribution and the
conditional distribution F. This is a uniform framework for parametric and nonparametric

Bayesian statistics in which the unique difference lies completely in the dimensionality of the
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parameter. However, more attention should be paid to the nonparametric case since it is not easy
to build a proper prior for infinite-dimensional parameters. In the following, we provide a broad
overview of conditioning device and Bayes’ rule.

Let the parameter space O be a polish space equipped with a Borel o-algebra % and a triple
(0, %,11) be a probability space. A regular conditional distribution Py on the sample space

X, Z") is a Markov kernel, mapping from (0, %) into (X, Z") satisfying,
( pping ying
(i) for each 6 € ©, the mapping A — Py(A) is a probability measure,

(ii) for each A € 2, the mapping § — P»(A) is measurable.

Then one could obtain a well-defined joint distribution for the pair (X, ) on the product

measurable space (X x ©, 2" x £) as follows,
Pr(X €A 0¢eB)= / Py(A)dII(0), Ae Z,Be A (1.1)
B

This gives rise to two types of distributions: namely the marginal distribution of the data and the
so-called posterior distribution of the parameter.

Let B be equal to the full parameter set ©, then the marginal distribution of the observation X
is given by,

Pr(X € A) = / Py(A)dIl(9), Aec Z. (1.2)
S)

Assume that our model & is dominated by some o-finite measure y, then it is possible to
express the posterior distribution in terms of densities pg = %. Bayes’ rule then yields a version

of the posterior distribution as follows,

/B po(X) dI1(0)
/ po(X) dI1(0)
©

I(leB|X)= , Be#. (1.3)

Suppose that X = (X, X5...,X,,) and X1, X3 ..., X, is conditionally independent and identical
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distributed (hereafter abbreviated i.i.d) given 6, then the posterior distribution of the parameter 6

given the data X is,

/ Hpe ;) dIL(60

(6 €B|Xy,....,X,) Be A (1.4)

/ Hpg ;) dII(6

The posterior distribution of 6 is typically viewed as a data-unpdated version of the prior II. In
other words, the degrees of the belief for the unknown parameter can be altered by the observation
X via the conditioning mechanism. The amount of the information about 6 stems from two
sources, namely the data and the prior. After observing the data, we could incorporate the
observation into the knownledge of learning about the parameter. Here the changes in knowledge
about the unknown quantity take place due to Bayes” theorem.

The posterior distribution provides all we need for the statistical inference. Estimation, credit
regions and hypothesis testing, which consists of the Bayesian inferential problems, may then be
carried out via the posterior distribution. For example, we could obtain a Bayesian point estimator
of the parameter by using mean, median or mode of the posterior distribution. In particular, the
posterior mean is justified as a minimizer over the model relative to the common squared error
loss function. Other loss functions justify the use of the median or mode.

To apply the theory of Bayesian estimation, it is necessary to specify a prior for the parameter.
For parametric models, there are many available choices to select a prior distribution, such as
Beta, Gaussian and Gamma distributions, to name a few. Certain prior distributions in these
finite-dimensional models enjoy the nice conjugate property. For instance, beta distribution is a
conjugate prior distribution for samples drawn from a Bernoulli distribution. In this case, for
all observational values, the posterior at each state of sampling belongs to the family of beta
distribution.

However, the construction of a prior in infinite-dimensional models is more complicated.

Generally speaking, there are two driving factors behind it. On the one hand, formulating a prior
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in infinite-dimensional cases always involves the topological aspects but infinite-dimensional
space could support a great deal of diverse norm topologies so that it is difficult to accommodate
a sufficiently large support for the prior. In contrast to this, there exists one unique norm topology
in the finite-dimensional vector space where all norms are equivalent in a sense that they define
the same topology. On the other hand, Lebesgue measure gives us a typical candidate measure
that dominates a finite-dimensional model and then all the distributions in this setting could be
expressed in terms of probability densities for convenient treatment. In an infinite-dimensional

case, we could not find a default uniform measure to dominate the model.

1.1.2 Dirichlet process prior

In a seminar contribution Ferguson (1973) proposed a first nonparametric prior known as the
Dirichlet process prior that has become a popular tool in the area of Bayesian nonparametrics.
The Dirichlet process is thought of as the “normal” distribution of Bayesian nonparametrics as
well as a basic building block for priors in other infinite-dimensional objects. Also, the Dirichlet
process prior has become the default prior in the space of probability distributions. Prior to the

demonstration of the Dirichlet process, we begin with the introduction of the Dirichlet distribution.

DEFINITION 1.1 (Dirichlet distribution) Let Q@ = (Q1,Qo, ..., Q%) be a random vector such that
Zle Q; = land Q; > 0fori = 1,2,...,k. The k-dimensional random vector (Q is said to
possess the Dirichlet distribution with parameter oy, ag,...,a; > 0 which we denote by Q) ~

Dir(o, o, . .., o), if it has the following density,

F(al +ag+...+ ak) ar1—1_as—1 ap—1—1 ap—1
(o) T(ag) 1 2 k-1 koo
where z1,...,2; > 0and ) lexi =1.

The Dirichlet distribution is actually the multivariate generalization of the beta distribution.

DEFINITION 1.2 (Dirichlet Process, Ferguson (1973)) A random probability measure P on the

sample space (X, Z") is said to follow a Dirichlet process DP (M, G() with a base distribution Gy
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on (X, Z") and concentration parameter A, if for each finite measurable partition A;, Ao, ..., Ay
of X,
(P(A1), P(As), .., P(AL)) ~ Dir(MGo(A), MGo(Ay), ..., MGo(Ay)).

The Dirichlet process can be widely described as an infinite-dimensional generalization of the
Dirichlet distribution. It is a distribution over the space of all probability measures such that
any marginal distribution on the finite partition possesses a Dirichlet distribution. These two
parameters M, Gy in the definition of Dirichlet Process play intuitive roles. Roughly speaking,
the base distribution can be understood as the expectation of the Dirichlet process. That is to say,
E(P(A)) = Go(A) for each measurable set A C X. In addition, we could treat the concentration
parameter M as a measure of precision of the Dirichlet process. Actually, Var(P(A)) = Go(A)(1—
Go(A))/(M + 1). More mass of the prior will be centered around the mean as the concentration
parameter M is larger.

It has been shown that the posterior of the Dirichlet process prior maintains the conjugate
property just as the finite-dimensional Dirichlet distribution. In other words, if X7, Xs, ..., X,|P ~
P and P ~ DP(M, Gy), then the posterior distribution of P is given as follows,

M Z?:l 6Xi
Wt ) a9

P|X1,X2,...,Xn ~ DP <M—|—n,
where 0, is the Dirac function at X; fori =1,2,...,n.

1.1.3 Construction of a Dirichlet process

Dirichlet process could be constructed through several methods. In this Section, we describe the
generalized Pélya urn scheme and stick-breaking representation that will be discussed in more
details in Chapter 2.

One construction of a Dirichlet process is related to the Pélya urn scheme. Consider an i.i.d
sequence X1, X, ... generated from some distribution P that possesses a Dirichlet process prior.

Its associated sequence of predictive distribution, such as, X1, X2| X, X3|X;, X5, can be used
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as a convenient tool to demonstrate the structure of the Dirichlet process. Using the conjugate

property of the Dirichlet process, it can be easily shown that,

0x, with probability ﬁ,
0, with probability 17+,

0xy with probability ﬁ,

M
M+N*

Go with probability

\

This construction can be regarded as the continuous analog of the well-known Pélya urn scheme.
More explanations and demonstration about it could be found in more details in Ghosh and

Ramamoorthi (2003b).

Sethuraman (1994) described the Dirichlet process in another constructive way and proposed
a so-called stick-breaking construction to generate a sample from Dirichlet process. Suppose an
infinite sequence of weights {7, }?°, is generated in accordance with the procedures given as

follows,

B ~ beta(1, M),

k-1
m =B [[(1-51)
=1

Then it can be shown that the following random probability distribution G has a Dirichlet process
DP(M, Gy),
G=> mdg:, 6~ Go (1.7)
k=1

his construction makes clear the fact that all the random distributions drawn from the Dirichlet
process are discrete. The mechanism can be understood as the successive breaking of a stick of
length 1. We first break a random portion 3 of the stick and assign the weight 71 to this part

and recursively break the remaining stick in random to obtain 79,73 and so on. This simple
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and neat description of Dirichlet process priors facilitates a wide range of extensions and novel
implementation procedures for the Dirichlet process.

When we want to estimate a density function in a Bayesian paradigm, Dirichlet process could
not be directly chosen as a desired prior in this case since it produces discrete probability distributions
exclusively. This can be remedied by a modification of Dirichlet process. A prior on densities
could be induced by assigning a Dirichlet process prior on the mixture distribution F'. Antoniak
(1974) introduced Dirichlet process mixtures as the powerful Bayesian model for density estimation.
Given a class of kernels {#(-, ) : € ©} indexed by the parameters, a mixture density is defined
by,

pr(o) = [0l dF (), (1.8)

where F is a probability distribution on .
The underlying idea springs from the facts that smooth densities could be obtained by convoluting
a probability distribution with kernels in a frequentist perspective. The kernel 1) may depend on
an additional parameter ¢. This could induce a rich family of kernel mixture priors, for example,
the location-scale mixture prior and the Dirichlet Bernstein prior to name a few. The latter has

been used as a prior on the multivariate density discussed in Chapter 2 of this thesis.

1.2 Bayesian asymptotics

Any inference or any statement of beliefs about the parameter is conditionally dependent on
the choice of the prior. Especially in the context of Bayesian nonparametrics, the assessment of
the quality of the corresponding posterior should require special care since it is a challenging
task to define and technically regulate the priors in large dimensional spaces. Also, assigning a
prior on an infinite-dimensional parameter which could be some seemingly “correct” make the
posteriors easily tend to be unreasonable. Thus it could be better if the posterior could not be
greatly influenced by the specification of different priors. We then say that inference is robust if

the posterior is not seriously affected by the prior choices on which it is based. A tractable task
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is to discuss the asymptotic form of robustness. This approach helps us address the issue more
manageable. The investigation of the large sample properties of the posterior naturally arises to
assess the impact of a priori knowledge about the parameter on the posterior inference.

Another motivation for studying the asymptotic aspects of the posterior emerges from the
analogous treatment in the frequentist nonparametric inference where statistical procedures are
required to gain certain properties such as consistency, rate of convergence and minimaxity.
One would ideally like to expect the Bayesian procedures to maintain these desirable frequentist
properties.

To this end, we make the following assumption: the data is a random sample from some
unknown but fixed distribution governed by a true value of unknown parameter. We treat
Bayesian inference for the estimation problems from a classical perspective or develop the frequentist
asymptotic aspects of the posterior distribution.

In this Section, two main asymptotic properties of the posterior distribution, known as posterior

consistency and posterior contraction rate, will be established to quantify the effect of the priors.

1.2.1 Posterior consistency

Loosely speaking, posterior consistency entails that the posterior concentrates in every small
neighbourhood of the true parameter as the sample size of the data increases indefinitely. This
property could be viewed as the minimum requirement for Bayesian nonparametric inference
since it ensures that the truth could be extracted accurately from the posterior as long as a sufficiently
large amount of observations are collected. Bayesian nonparametric procedures become extremely
undesirable for lack of posterior consistency when an unlimited amount of information is available.
We begin with a formal definition for the notion of posterior consistency. Let the observation
X = (X1,X2,...,X,) be a sample of size n drawn from an unknown true distribution denoted
by Py, and consider a prior II on the parameter space (6, %) equipped with a metric d. Let Py
and Py denote the n-fold and infinite-fold true probability distribution F, respectively. The total

variance distance of two probability measures Py, and P, on the sample space (X, 2) is defined
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as,

dTV(PGUP@z) = Sup |P91(A) _POQ(A)|' (19)
AeZ

If Py, and Py, admit the corresponding probability density functions py, (x) and py, (z) relative to
the Lebesgue measure respectively, then the Hellinger distance of probability measures Py, and

Py, is given as,
1/2

di (Pay, Po,) = {/ (\/p91 (z) — \/p91 ($)>2 diﬂ} - (1.10)

Sometimes d (py, , po,) is also used to denote the Hellinger distance.

DEFINITION 1.3 (Posterior consistency) A sequence of posterior distributions II(:| X1, X, ..., X};,)

is said to be consistent at fy € © with respective to some metric d if for every € > 0,

(0 : d(6,60) > | X1, Xa,...,Xn) =0, (1.11)

either in Py -probability or Pjr-almost surely .

Note that the notion of posterior consistency relies not only on the unknown true parameter
and the choice of the priors, but also on the version of the posterior distribution. We could neglect
the influence of the version of posterior choices in dominated case where a single version matters.
The metric d is often referred to the Hellinger distance or total variance metric. We then say the
posterior is Hellinger consistent at the true parameter 6 if d is the Hellinger distance.

As early as the 1940’s, Doob’s pioneering work stated that consistency held except a null set
measured by the prior. Unfortunately, it did not identify the domain of the parameters where
posterior consistency takes place. Freedman (1963) showed that there was a huge null-set of
the prior where inconsistency occurs. Schwartz (1965) pioneered a new route to gain posterior
consistency by an appropriate control on the size of the model and mild conditions about a large
weak support of the prior in terms of Kullback-Leibler divergence.

The first requirement about controlling the size of the model can be generally understood

to recover the true parameter Fp, from the statistical model. There are several ways to satisfy
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this condition. One approach to make it accessible hinges upon the existence of a uniformly

exponentially powerful hypothesis test. This can be exhibited in the testing problems of the form,

Hy:0=06y against Hp:0¢€{0:d(9,00) > c}. (1.12)

The null hypothesis should be testable against parameters in {6 : d(6,0y) > ¢}. A uniformly

exponentially powerful hypothesis test could be formulated as follows,

DEFINITION 1.4 (Uniformly exponentially powerful hypothesis test) We say a sequence of test
sequences {¢,(X) : n = 1,2,...} taking values in [0, 1] is uniformly exponentially consistent for

the testing (1.12) if there exists ¢ > 0 such that foralle > 0andn =1,2,...,

Py (dn(X)) <e ™ and sup  FPy(l — ¢ (X)) <e . (1.13)
0:d(0,00)>¢

This test shows that both the type I and type Il error probabilities tend to zero at an exponential
rate hence we could distinguish between 6y and parameters in {0 : d(0,6y) > €}. The latter

condition about the large weak support requires that for any ¢ > 0,

II(0 : K(Py,Py,) <e) >0, (1.14)

where the Kullback-Leibler divergence between Fy and P, is given as,

dP,
P,

K(P@, Pgo) = —/log dPgO. (115)

0

THEOREM 1.5 (Schwartz (1965)) Assume that the true parameter 6y is included in the parameter space

© equipped with a prior II such that,
(i) the prior 11 satisfies (1.14),

(ii) there exists a uniformly exponentially consistent test for (1.12).
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Then for every ¢ > 0,

(6 : d(0,00) > €| X1, Xa, ..., Xy) — 0, in Py, -almost surely. (1.16)

This first requirement states that the prior should put positive mass to each small neighbourhood
of the unknown true parameter ¢,. We say the priors possess the Kullback-Leibler property or the
parameter lies in the Kullback-Leibler support of the priors if Schwartz’s prior positivity condition
(1.14) holds. It plays a key role in the investigation of posterior consistency for a wide spectrum
of statistical models. A general discussion about the existence of the exponentially powerful tests

exhibited in the second condition can be found in Ghosh and Ramamoorthi (2003a).

Since a Kullback-Leibler neighbourhood always includes a Euclidean neighbourhood ball,
then the Kullback-Leibler support condition is always fulfilled in the parametric models for which
the priors have large support in the Euclidean topology. Also the weak neighbourhoods are
still large in the infinite- dimensional models. Such procedures will be problematic in stronger
topologies induced by the Hellinger distance or L;-distance widely as the loss function in the
context of density estimation. However, there are several possible remedies to this problem.
One popular method to treat this issue has been established with the aid of a sequence of sieves
that truncated the parameter space. Let the e-covering number denoted by N(.%, ¢, d) that is the
smallest number of d-balls with radius € needed to cover the space .#. Consider a class of density
function denoted by .7 equipped with the Hellinger distance dy; and a prior II. The observations

X1, Xo,..., X, are assumed to be drawn from a true density py € .#.

THEOREM 1.6 (Ghosal et al. (1999)) Assume that for all 6 > 0,

(p: K(po,p) <6) >0, (1.17)

Furthermore, suppose that there exists a sequence of sets %#1,.%a, ... such that for positive constants
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c1, ¢z, ¢z and each sufficiently large n,

log N(%y,e,d) < c3n, (1.18)
II(F\F,) < cre” ™. (1.19)

Then, for any € > 0,
H(p: du(p,po) > €| X1, Xa, ..., Xpn) — 0, in Pyg’-almost surely. (1.20)

A similar idea of constructing appropriate sieves to give rise to consistency was carried out
by Barron et al. (1999) under slightly stronger conditions. Several comments on this result are
in order. The entropy condition (1.18) is an important ingredient to show Hellinger consistency.
The primary merit of using the sieve device is that it may be selected a compact set on which
a powerful exponentially test is built. Condition (1.19) states that the prior assigns a negligible
probability mass on the complement of the sieve. Notwithstanding, the prior should maintain
the Kullback-Leibler property exhibited in (1.17). Ghosal et al. (1999) deployed Dirichlet-normal
mixture priors on the class of density functions to illustrate this result. Alternative approaches to
deal with posterior consistency have been developed in the literature. We refer to the readers for
more details in Walker and Hjort (2001), Walker (2004) and Kleijn (2015) for the recent progress

on this topic.

1.2.2 Posterior contraction rate

Many procedures turn out to meet the criteria of posterior consistency, so more effort is taken
to differentiate between consistent procedures. A more finer asymptotic aspect than consistency
is known as the notion of posterior contraction rate. We may regard the notion of the rate of
posterior convergence as the natural extension or refinement of posterior consistency. Consistency

requires that the posterior shrinks to within any small ball centered on the true parameter. Here
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the speed of the convergence of the posterior quantifies arbitrarily small. But posterior contraction
rate is typically the speed that a shrinking ball centered around the true parameter while still
capturing the probability mass that goes to one. We present the precise definition for posterior

contraction rate as follows,

DEFINITION 1.7 (Posterior contraction rate) Consider a positive sequence (&,,) such thate, | 0, a
sequence of posterior distributions II(-|X1, X»,...,X,,) is said to contract at §y € O at a rate ¢,

with respective to some metric d if for each M,, — co as n — oo,

(0 : d(0,00) > Mpen| X1, Xa,...,X,) — 0in Py -probability. (1.21)

The main aspect of the definition above distinguishes from that of consistency is that the
radius of the shrinking ball depends on the sample size n. Any sequence that shrinked to zero
with a rate slower than ¢, is also a contraction rate. It would be appropriate to term this “ a rate
of posterior convergence”.

“For each M,, going to infinity” could be understood as M,, tends to infinity no matter how
slowly. Typically in large dimensional cases, choosing the constant sequence M,, also works well
for a large positive constant M. “M,, — oco” matters specifically in the parametric models where
the posterior is needed to be scaled to a probability distribution supported on the full space.

A seminar work on the posterior convergence rate was carried out by Ghosal et al. (2000) that
developed a general theory under some weak conditions along the same spirit as Schwartz (1965).
Alterative approaches to address this issue involving somewhat stronger conditions can be found
in Shen and Wasserman (2001) and Walker et al. (2007).

We use D(e, &, d) to stand for the e-packing number of &. This is the maximal cardinality
of some subset in & where every pair is of distance at least €. In view of (2.1) in Ghosal et al.
(2000), we could estimate the e-packing number D(e, &, d) by e-covering number N (¢, &, d). The
following theorem about the posterior contraction rates marked a significant milestone in the

development of asymptotic theory in the context of Bayesian nonparametrics.
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THEOREM 1.8 (Ghosal et al. (2000)) Suppose that for a sequence e, with e, — 0 and ne? — oo, a

constant C > 0 and sets ,, C 2, we have,

log D(en, P, d) < nel, (1.22)
(2 )\ P,) < e (Cthnen, (1.23)
dp 2 dP\? 2 —Cne?
= — — > n, :
H(Pe P+ ~Polog o <), Pg(log dP0> < sn> > e (1.24)

Then for sufficiently large M > 0, we have that,

I(PeP:d(P,Ry) > Me, | X1,...,X,) — 0in Py-probability. (1.25)

These three sufficient conditions can be regarded as the quantitative refinement of those alluding
consistency. We provide a brief discussion of the conditions stated in this theorem. A more
detailed description has been given in Ghosal et al. (2000). The prior condition (1.24) plays a
crucial role in determining the rate. This condition put on the priors apart from the Kullback-Leibler
property in consistency requires a sufficiently large enough probability mass on the sharpened
Kullback-Leibler neighbourhood involving the second moment of the log-likelihood ratio. Intuitively,
the smaller variance Py (log j—gj) ’ would regulate the random variable p to fluctuate mildly, then

the prior mass on this shrinking ball could be controlled with an exponential low bound.

The entropy condition (1.22) reflects to some significant extent the model complexity and
ensures the existence of the exponentially powerful tests in a similar manner as that in consistency.
The condition (1.23) that assigns a negligibly tiny prior mass on the complement of the sieve is

not necessary especially in the cases that the sieve was chosen as the full model set itself.

The theory of posterior contraction rates has been extended for the non-i.i.d statistical settings
discussed in Ghosal and van der Vaart (2007a). A greater range of priors could satisfy these
sufficient conditions in most statistical models. However, the prior condition on the shrinking

Kullback-Leibler neighbourhood here is somewhat restrictive. Bound support statistical problem,
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for example, could not meet this prior requirement. This provides a strong motivation behind

Chapter 4. We refer the reader to this Chapter for more details.

1.2.3 Optimality and adaptation

Some estimators that we shall use in this thesis achieve the optimal posterior convergence rate.
Informally speaking, this implies that no point estimator whether Bayesian or classical, can contract
at a faster rate. In fact, it could be shown that if the posterior contracts at the rate ¢, the point
estimator that summarizes the location information about the posterior converges to the true
parameter at the same rate ¢,,. It follows that the posterior contraction rate could not exceed the
minimax rate in terms of its speed. Thus that the posterior achieves the minimax rate could be
viewed as an ideal target.

In a frequentist paradigm the general theory of the so-called minimax rate has been well
established. A detailed introduction about the minimax rate has been given in Tsybakov (2009). It

is well known that the minimax rate is of the order n—2/(d+22)

in the context of a-regular function
estimation with d arguments. Frequentist adaptive procedures have been extensively developed
in the literature, see for example, Bickel (1982), Efroimovich (1986), a series of papers by Lepskii
(1991, 1992, 1993) or Tsybakov (2009) for a textbook treatment on this topic.

A Bayesian procedure is said to converge at the minimax rate if the posterior contraction rate
in some space agrees with the minimax rate. In most statistical models, this space is characterized
by a few hyperparameters, for instance, that describes the features of the model, such as the
regularity, the shape and the sparsity.

In general, the optimal Bayesian procedures rely heavily on the true value of these hyperparameters.
For example, in the context of a-smooth densities, we need to build a prior via the use of B-splines
where the choice of the number of the elements depends on the smoothness level a. A collection
of priors indexed by the regularity level a should be constructed. But the exact value of the

smoothness level of the unknown parameter is rarely known to us in a realistic situation. Therefore

a prior constructed for this target class will lead to a suboptimal rate at the true density if it is
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actually coarser or smoother than the hypothesized class. The failure of the regularity of the prior
matching that of the unknown true parameter prompts us to construct a prior that yields the
minimax rate but does not hinge on the information about the unknown regularity.

The posterior is called adaptive to all regularity levels if such a prior exists. From a Bayesian
view of point, adaptation received growing attention in the past decade. Early work on Bayesian
adaptation in an infinite-dimensional model has been done by Belitser and Ghosal (2003) where
the domain of unknown parameter is accountable. Later Bayesian adaptive procedures have been
established for various statistical models. The minimax concentration rate without an additional
logarithm item was obtained in Huang (2004) who treated nonparametric regression problem
using a wavelet basis. A wide range of Gaussian process priors could yield adaption for all
smoothness levels in the context of density estimation, nonparametric regression and classification
settings in van der Vaart and van Zanten (2009) and de Jonge and van Zanten (2010, 2012).
Other particular class of priors have been investigated by Scricciolo (2006), van der Vaart and
van Zanten (2009), Rousseau (2010), Kruijer et al. (2010), Shen and Ghosal (2012), Shen et al.
(2013), Norets and Pati (2014) and Belitser and Serra (2014), among others. Recent attention has
switched to alternative adaptive Bayesian techniques known as empirical Bayesian methods in
which these unknown hyperparameters are estimated from the data in a frequentist perspective.
These data-driven choices for the hyperparameters could give rise to better statistical inference.

More general discussions could be found in Szabo (2014) and Szabo et al. (2013).

1.3 Overview of thesis

In this thesis we focus on asymptotic aspects of the nonparametric Bayesian procedures. In
Chapter 2 we examine the posterior concentration rate in the context of multivariate density
estimation using Bernstein polynomial prior. Also an MCMC algorithm based on slice sampling
is developed to sample from the posterior. An extensive illustration for the proposed approach

is conducted using simulated data and real data. Chapter 3 centers on the adaptive Bayesian
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procedure in a linear regression model where the error variance depends on the covariates. The
rate of posterior contraction is obtained without any priori knowledge of the regularity level of the
true error standard deviation function. Chapter 4 is mainly based on a work jointly written with
Professor Bas Kleijn at University of Amsterdam. We propose a general theory of the posterior
convergence rate in the statistical settings where the condition that priors shall assign a large

amount of mass on the shrinking balls fails. This result is illustrated in several statistical models.

1.3.1 Chapter2

This Chapter introduces a new approach to Bayesian nonparametric inference for densities on the
hypercube, based on the use of a multivariate Bernstein polynomial prior. Posterior convergence
rates under the proposed prior are obtained. A novel sampling scheme for the estimation of the
posterior predictive density is developed. The algorithm is based on a stick-breaking representation
of the model as well as the use of slice sampling techniques. The approach is illustrated with both

simulated and real data examples.

1.3.2 Chapter 3

In this chapter we consider adaptive Bayesian semiparametric analysis of the linear regression
model in the presence of conditional heteroskedasticity. The distribution of the error term on
predictors is modelled by a normal distribution with covariate-dependent variance. We show
that a rate-adaptive procedure for all smoothness levels of this standard deviation function is
performed if the prior is properly chosen. More specifically, we derive adaptive posterior distribution
rate up to a logarithm factor for the conditional standard deviation based on a transformation of

hierarchical Gaussian spline prior and log-spline prior respectively.

1.3.3 Chapter 4

Most existing work primarily concerning the properties of posterior contraction rates relies heavily

on carefully chosen priors that meet some requirements. A typical condition imposed on the
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priors has been proposed in Ghosal et al. (2000), i.e.

P AP N2
H(P € P ~Rylog 1 < 2, By <log d—PO) < si) > e (1.26)

where (g,,) is a positive sequence such that ¢, — 0 and ne? — oo. We call priors satisfying

condition (1.26) above GGV priors. GGV priors play a crucial role in exploring the rate of posterior
contraction in a broad spread of statistical models.

In this Chapter, we try to relax this condition to accommodate a wide range of priors. To that
end, we formulate an alternative rates-of-posterior-convergence theorem, based on an approach
proposed in Kleijn (2015). The aim is to strengthen model conditions and gain flexibility in the

choice for a prior, while maintaining optimality of the posterior rate of convergence.
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Chapter 2

Bayesian multivariate Bernstein

polynomial density estimation

2.1 Introduction

Many real data samples possess characteristics such as multimodality, high skewness and kurtosis
which are not well modeled by standard parametric distributions. In such cases, nonparametric
modeling techniques might be preferable.

Although kernel density estimation techniques are the most popular approaches from the
classical viewpoint, see e.g. Silverman (1986), in certain situations, alternative approaches based
on approximating polynomials have been considered. In particular, Vitale (1975) developed a
Bernstein polynomial based density estimator for density functions on a closed interval and this
was extended to bivariate densities in Tenbusch (1994).

In the Bayesian context, most nonparametric density estimation is based on the use of Dirichlet
process or Dirichlet process mixture priors, see e.g. Hjort et al. (2010) for a general review of
the area. However, in the case of univariate densities on a closed interval, Petrone (1999a,b)
developed an alternative approach based on the use of a Bernstein polynomial based prior. Consistency

properties of the derived posterior distribution were examined in Petrone and Wasserman (2002).

21
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The convergence rate of the posterior was derived in Ghosal (2001) and further studied in Kruijer
and van der Vaart (2008). An extended Bernstein polynomial prior model was examined in
Trippa et al. (2011). Finally, software for Bayesian Bernstein polynomial density estimation was

developed in Jara et al. (2011).

However, much less effort has been devoted to the generalization of Bernstein polynomial
priors to the multivariate case. One exception is Zheng et al. (2010) where a multivariate Bernstein
polynomial prior is assumed for the spectral density of a random field. Also, posterior convergence
rates of certain bivariate Bernstein polynomial priors are derived in Kruijer and van der Vaart
(2008). In this Chapter, we derive the convergence rate of posterior distribution of a multivariate
Bernstein polynomial model under very general conditions. Nevertheless, the main contribution
of this Chapter is to introduce a stick-breaking representation of the model and develop a new
computational approach to implementing multivariate Bernstein polynomial density estimation.
The proposed algorithm is based on the slice sampling techniques for Dirichlet process mixture
models developed in Walker (2007) and Kalli et al. (2011). It is shown to be less sensitive in
computational time to large sample sizes and high variable dimension than the multivariate

version of the algorithm used in Petrone (1999a).

The rest of this Chapter is organized as follows. Firstly, in Section 2, we briefly outline
the properties of univariate Bernstein polynomials. In Section 3, we introduce the multivariate
Bernstein polynomial prior and derive the associated posterior convergence rates. In Section 4,
we present the multivariate Bernstein-Dirichlet prior and provide an algorithm to sample from
the posterior distribution, which is a direct generalization to the multivariate case of the approach
developed in Petrone (1999a). We discuss some of the computational inconveniences of this
procedure and then, we construct a different representation of the model, which allows us to
define a much more efficient sampling algorithm. Section 5 then illustrates our approach with
both simulated and real data examples and finally, some conclusions and extensions are provided

in Section 6.
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2.2 Univariate random Bernstein polynomials

Bernstein polynomials, introduced by Bernstein (1912), are well known to provide good approximations
to continuous functions on a closed interval. Let h(z) be a continuous and bounded, real function

defined on [0, 1]. Then, the Bernstein polynomial of degree & for h(x) is defined by:

B(z; k, h) := zk:h (*]1) (f) 2/ (1 — z)k7, (2.1)

j=0

It is well known that, letting & tend to infinity, the Bernstein polynomial approximations converge
uniformly to h and, moreover, that their derivatives also converge to the corresponding derivatives
of h. More details and further results on the approximation properties of Bernstein polynomials

are provided in e.g. Lorentz (1986) and Phillips (2003).

Bernstein polynomials are particularly useful to approximate distribution and density functions
for variables defined on a closed interval. Let G be a distribution function on [0, 1] with G(0) = 0,
then it is easy to show that the k-th order Bernstein polynomial approximation to the corresponding

density function is given by a mixture of beta densities:

k
b(alk,G) =Y winB(xlj k—j+1), (2.2)
j=1

where wjj, = {G (%) -G (%)} B(zle,d) = %xc_l(l — z)%71 is a beta density and in the

sequel, we omit to mention the argument to denote the beta density by /5(-, -).

Petrone (1999a,b) proposed the use of Bernstein polynomials to define a prior on the class of
densities on [0, 1], called the Bernstein polynomial prior. This assumes a random density of the form

(2.2), where k follows a discrete probability distribution p(k) and given k, w} = (Wi ..., wkx)
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follows a distribution function H} on the k-dimensional simplex,
k
A,i, = (Wi W) s 0<we <1, 5=1,2,...k, ij;k: =1
j=1

Petrone (1999a,b) showed that if for all k, p(k) > 0 and the density of H} is positive for any point
in A}, then every distribution on [0, 1] is in the weak support of the Bernstein polynomial prior.
Also, Petrone and Wasserman (2002) showed that the posterior distribution corresponding to this

prior is consistent at any continuous true density, fo, on [0, 1].

Ghosal (2001) obtained the rates of convergence of the posterior distribution for the Bernstein
polynomial prior assuming that the weight w} follows a Dirichlet distribution Dir (a1, ..., k)
where the parameters «;.;, are bounded by some number M for all j and k. If the true density is

~1/21og n. Otherwise, the

itself a Bernstein density, then the rate is close to the parametric rate n
rate of convergence is n~/3(logn)®/%, provided that the true density is strictly positive together

with bounded second derivative.

One important case of the Bernstein polynomial prior is the so-called Bernstein-Dirichlet prior,
which is defined by letting ;. := M (Go(%) - Gd%)), where Gy is a probability distribution
function on [0, 1]. This is equivalent to assuming that G follows a Dirichlet process prior, DP (M, Gy),
which is independent from the prior probability p(k). Kruijer and van der Vaart (2008) have
obtained the adaptive rate of convergence under this prior for strictly positive and a-smooth true
densities when a € (0,2]. They also extend their results to the multivariate case that we will

consider in the next Section.

Regarding inference algorithms, the literature is much less developed. Petrone (1999a,b)
propose an MCMC algorithm to approximate the predictive density for the Bernstein-Dirichlet
prior. The results obtained are adequate but sometimes the algorithm can be very slow, especially
if the sample size is large. Alternatively, Petrone and Wasserman (2002) consider a different
approximation by computing the maximum likelihood density estimates for each k and the averaging

with respect to some weights derived from the BIC or AIC. All these algorithms are based on the
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introduction of auxiliary variables, Y;, independent and identically distributed according to G.
More specifically, for a sequence of exchangeable variables, { X7, X, ...} with values in [0, 1], the

Bernstein-Dirichlet prior is written hierarchically as follows:

Xi|k,Yi ~ Bz (Vi) k—z (Vi) +1),

Y |G ~ G,

E ~ p(k)
where
S j
j=1

and where I(-) is the indicator function. Note that the auxiliary variables Y;, provide the labels of

the components of the beta mixture, for any value of .

In this Chapter, we will use similar auxiliary variables, but we will consider an alternative
specification for the prior model based on the stick-breaking representation of the Dirichlet process
by Sethuraman (1994). Observe that, using this approach, we can write the Bernstein-Dirichlet

prior as an infinite mixture of beta densities as follows:

[e.e]

f@ | kpyy) = psB(x|z(ys), k — 2x(ys) + 1), (2.4)

s=1

where p = (p1, p2,...) such that p; = v; and ps = vy Hf;ll(l —v),s = 2,3,..., where a Beta
prior distribution is assumed for v; ~ B(1, M), forl = 1,2,...,and y = (y1, %2, ...) such that the

baseline prior distribution Gy is assumed for y,, s = 1,2, ....

Based on the stick-breaking representation of the Dirichlet process, Walker (2007) and Kalli

et al. (2011) propose MCMC schemes using slice sampling techniques to deal with the infiniteness
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in Dirichlet process mixture models. These procedures compared to traditional approaches based
on the original algorithm by Escobar and West (1995) produce better, faster and easier to implement
algorithms. Therefore, it seems reasonable to use these ideas for approximating the predictive
density under the Bernstein-Dirichlet prior.

In order to provide intuition for the reduction of computational cost, observe that using the
MCMC approaches of Petrone (1999a,b) and Petrone and Wasserman (2002), it is necessary to
sample n auxiliary variables y; for ¢ = 1,...,n, where n is the sample size, and k£ weights,
(Wi k- -, wk) at each MCMC iteration given k. On the contrary, using the representation (2.4)
and the slice sampling ideas based on Walker (2007), in practice it is only required to sample a
finite number of mixture parameters (ps,ys) for s = 1,...,s* at each MCMC iteration, where s*

will be in general much smaller than the sample size n.

2.3 Multivariate random Bernstein polynomials

Let the m-dimensional unit hypercube be denoted by [0, 1]*. Then, the associated m-dimensional
Bernstein polynomial approximation at x = (z1, ...,z ), for a continuous, bounded function %

on [0, 1]™ is defined by:

B(x:k, h) Z Z h <*“ M> (f:[l (j’i)ﬂm —xr)kjr> . (2.5)

Jj1=0  jm=0

As in the univariate case, the Bernstein polynomials and their derivatives converge uniformly
to h and their corresponding derivatives as £ — oco. In the case that h = G is a multivariate

distribution function, then analogous to (2.2), the corresponding density approximation is given

by:
b(x; k, G) Z Z Wi1jg2...jmsk Hﬁ (@pljrs k= jr + 1), (2.6)
Jji=1 Jm=1
where wj, j, .k = f(?l/_kl)/k e f(J;:L/_kl)/k g(x1,22,...,2m)dx1dzs . . . dz)y and where g is the corresponding

density function.
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In particular, the multivariate Bernstein density of order & in 2.6 could uniformly approximate

the smooth multivariate density functions with the error bounded by 1/k.

LEMMA 2.1 Let the probability density g be continuously differentiable on [0, 1]™ with bounded determinant

of its associated Hessian matrix, then

sip |g(x) = b(x; K, G)| = O(k ™). 2.7)

0<z1,22,...,.em <1

This property can easily be shown by observing that,

(J14+1)/k (Jm+1)/k
b(x; k,G) = k™E / / g(z)dz...dzp, |, (2.8)
J1/k T )k
where z := (z1, 22, ..., zm) and J, ~ Binomial(k — 1, z,) forr = 1,2,..., m. Also the proof of this

lemma is relegated to the Appendix.

It is straightforward to extend the results by Petrone (1999a,b) to the multivariate case to define
a multivariate Bernstein polynomial prior, see Zheng et al. (2010). This consists of a multivariate
random density defined on [0, 1] given by (2.6), where k has probability mass function p(k), and

given k, the weights:

wi i =Awj, Gkt de =1,k r=1,...,m}, (2.9)
follow a distribution H}, on the £ -dimensional simplex:
k k
pe=Rwlt 0<wj k< Lg=1,.. 0k r=1,...,m, Z Z Wi o jmek = 1 ¢ . (2.10)
j1:1 ]mzl

Similarly to the univariate case, it can be shown that every probability distribution on [0, 1]™ lies
in the topology of weak convergence of the m-variate Bernstein polynomial prior provided that

p(k) > 0, for all k, and the density of H}" is positive for any point in A}", see Zheng et al. (2010).
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2.3.1 The convergence rate of the posterior distribution

In this Section, we derive the convergence rate of the posterior distribution of the multivariate
Bernstein polynomial prior, extending Theorem 2.3 of Ghosal (2001) to the multivariate case.
Similar to Ghosal (2001), we will assume that the £ weights, given in (2.9), follow a Dirichlet
distribution Dir(ai1.. 1k, Q11..2:k5 - - - » Ckk.k:k), Where the parameters, o, .1, are bounded above

by some finite number, M, for all j, and k, forr =1,...,m.

Assume that we observe an independent and identically distributed sample, X1, ..., X,;,, where
X; = (Xi1,...,Xim) are generated from a true m-variate density fy € &2, where & denotes the
class of all probability density functions supported on [0, 1]™. Suppose & is equipped with a
Borel algebra .%. Let P, be the probability measure with density fp and let dg (-, -) and || - ||; stand
for the Hellinger distance and L;-norm respectively. Then, following Ghosal (2001), given a prior,

IT on a set of m-variate densities, the posterior distribution is a random measure:

(e al XX = [ TIL roxoman / [TI reoman. @

where A € .7 . Assume a multivariate Bernstein prior and therefore, the prior on the density of the
observations is concentrated on the space | ;- ; %} where %} is the set of multivariate Bernstein

densities of order k given by:
k k m
BT = Wiy gk [ B@elie k= G +1) 1 wf € AT
J1=1 Jm=1 r=1

Then, under some conditions the following theorem establishes the corresponding posterior distribution

converges to some rate and the proof is given in the Appendix.

THEOREM 2.2 Let the true density fo be bounded away from 0 and satisfy the assumptions stated in lemma

2.1. Consider a Bernstein polynomial prior for f satisfying the condition Bie=#*" < p(k) < Bge P2F"
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for all k and some constants By, By, B1, 2 > 0. Then for a sufficiently large positive constant M,

II (f cdu(f, fo) > Mn~/ ("2 (1og n)(m+4)/(2m+4)‘ Xy, .. ,Xn> — 0 in Py'-probability.

2.4 The multivariate Bernstein-Dirichlet prior

In this Section, we introduce the multivariate Bernstein-Dirichlet prior which, similar to the univariate
case, is defined as a multivariate Bernstein prior where the unknown distribution function G in
(2.6) follows an m-dimensional Dirichlet process prior. Therefore, for a sequence of exchangeable
multivariate variables, {X1,Xy,...,}, with values on [0,1]™, where X; = (Xj1,..., X;»), this

prior model can be written hierarchically as follows:

Xi|k,G ~ b(;k G) areconditionallyii.d., (2.12)

G ~ DP(M,Gy),

where b(x; k,G) is as in (2.6) and the base measure, G, is a multivariate distribution function

defined on [0,1]™. This implies that the k™ weights, w}", defined in (2.9), follow a Dirichlet

distribution, Dir(ai1.. 1.k, @11...2:k, - - - » Qkk.k:k ), With parameters given by,
jl/k jM/k
g jmike = M .. / go(X)dxidrs ... dey,, (2.13)
(]1_1)/k (j’m_l)/k

where j, = 1,...,k,and r = 1,...,m, and go is the probability density corresponding to the
Dirichlet base measure, Gy.

Given this multivariate Bernstein-Dirichlet prior, we are now interested in sampling from the
predictive density of a new observation. The first attempt consists in extending the algorithm
by Petrone (1999a,b) to the multivariate case. Then, as in the univariate case, we introduce

a set of auxiliary variables, {Y1,Y3,...,}, with values on [0, 1]™, which are i.i.d. according to
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the multivariate Dirichlet process G. Therefore, the model structure can be represented in a

hierarchical way as follows:

Xir | k. Yie ~ ok (Yir) b — 2 (Yir) + 1), forr=1,...,m, (2.14)
Y, |G ~ G, (2.15)

G ~ DP(M,Gy), (2.16)

ko~ p(k), (2.17)

where Y; = (Yj1,...,Y},) and the function z(-) is defined in (2.3). Observe that the hidden
variable, Y;, provides information about which of the £ components of the mixture (2.6) the X;

comes from. Therefore,

m . .
. . . 1
Xi‘Yiwllﬁ(xir‘]r,k—jr-f-l) lin€<Jl ]1]><

jm_ljm

Given an observed sample, xi,...,x,, where x; = (xj1,...,Zin), it is straightforward to

r=1

extend the hybrid Monte Carlo algorithm of Petrone (1999a,b) to the multivariate case as follows.

(0) 7(10))

Firstly, select a starting value (y;’,...,yn ). Then, repeat iteratively the following steps.

(i) Generate a value from the conditional posterior distribution of k which

is proportional to:
n m

p(k‘) H H B(xir; Zk(yir)a k — Zlc(yir) + 1)

i=1r=1
(ii) For v=1,...,n:

(a) With probability ¢(v) x Mb(x,;k,Gp), sample y, from the density:

m

YW1, Ym) < go(y) H B(xwr; 2k(yr), k — 2(yr) +1). (2.18)

r=1
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(b) With probability,

n m

q(1) o< [T TI B@ors 2 (yir)s k = 2 (yir) + 1),

i=1r=1

for I=1,...,v—1,v+1,...,n, and set y,=Yy;.

(iii) Sample the weights, wj,. .k, for jr=1,...,k, and r=1,...,m, from a
Dirichlet distribution with parameters, (ajl...jm;k+le...jm;k)r where o . .k

is defined in (2.13) and

n m 1 3
Nj1...jm;k = Z H]I <] k < Yir < jk> . (2.19)

i=1r=1

Given a posterior sample from this algorithm, the predictive density can be approximated by,

k(t) k(t)

S S W L8 kO — Gt 1) (220)
r=1

t=1 Jj1=1 Jm=1

where T denotes the size of the posterior sample and k() and w](.?jQ imik(® denote, respectively,

the values of the polynomial order and the weights at each stage of the algorithm.

Some comments about the algorithm are in order. Firstly, step 1 above is straightforward, as
the distribution of k is defined on the positive integers. Then, we may compute the conditional
posterior probabilities on a large range, [1, knax), or alternatively, define a Metropolis-Hastings
algorithm where a candidate, k = k + 1, is generated with 0.5 probability. Step 2 is also easy to

implement since the product of betas in (2.18) is stepwise constant in each hypercube,

Ji—1 75
(3

However, this step can be computationally intensive, especially if the sample size is large since it

jmfl ]m
—. 2.21
(et 2] @21)

is required to sample a missing value from (y, | y1,...,Yv—1,Yv+1,--.,¥n) foreachv =1,... n.
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Finally, step 3 is also simple to carry out, but it may be very costly when the dimension, m, is
large since the number of weights to sample is £*. Furthermore, observe that N;, ; .x,in (2.19),
counts the number of y;’s in each hypercube, (2.21), and this can be frequently zero if m is large
due to data sparsity, which can be viewed as a curse of dimensionality.

In the next Subsection, we will introduce a stick-breaking representation of the model which
will allow for the construction of a more efficient MCMC algorithm. This will be based on the slice
sampling techniques for Dirichlet process mixtures proposed in Walker (2007), which considers
the introduction of further auxiliary variables to handle with the infiniteness of the model. The
proposed algorithm will be shown to be less sensitive in computational time to large sample sizes
and/or variable dimension and also quite easy to implement. Further, it will not require the
sampling of £ weights at each stage of the algorithm so that problems with data sparsity will be

avoided.

24.1 Stick-breaking representation

In this Section, we consider a different representation of the Bernstein-Dirichlet prior model
introduced in (2.14)-(2.17). Firstly, observe that given k, the model in (2.14)-(2.16) is a Dirichlet
process mixture, as introduced in Antoniak (1974), of independent beta densities driven by certain
parameters, Y;. Therefore, using the stick-breaking representation of Sethuraman (1994), we
may rewrite the multivariate Bernstein-Dirichlet prior as a countably infinite mixture model of

independent beta densities on the unit hypercube as follows:
f(xi’ka Q, 9) = Z Ps H p (-Tir‘zk(ysr), k— zk(ysr) + 1) ) (2.22)
s=1 r=1

where Q = (p1, p2,...) is an infinite set of weights such that p; = v; and p; = v; Hls:_ll(l — ),
where a Beta prior distribution is assumed for vs ~ (1, M), for s = 1,2,..., and where ® =
(¥1,¥2, .. .) is an infinite set of multivariate parameters, where y; = (ys1,...,ysm), fors =1,2,...,

such that each y; follows the baseline multivariate prior distribution Gy and z(-) is defined in
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2.3).

Note that there is a difference between how missing variables, y;, are introduced here and
in the previous algorithm. Observe that above, given a sample of multivariate observations,
{x1,...,x,}, there were a set of associated missing data, {y1,...,y»}, which were i.i.d. from G.
On the contrary, using the specification in (2.22), these missing variables are viewed as parameters
such that each observation, x;, is governed the same set of infinite parameters, ® = (yi,y2,...),

fori=1,...,n.

Following Walker (2007), we now introduce a uniform latent variable u; over [0, 1] to convert

the infinite mixture representation, (2.22), into a finite mixture representation as follows:

f(xi,ui\k, Q, G)) = Z]I(ul < Ps) H B (xir‘zk(ysr)ﬂ k — Zk(ysr) + 1) )
=1

= Z Hﬁ(x”]zk(ysr),k—zk(ysr) +1)7

s€A(u;) =1

where the set A(u;) := {s : u; < ps}, which is clearly a finite set. Observe that integrating over
u;, we obtain the original infinite mixture density, (2.22). Also, given u;, the number of mixture

components is finite,
m
(XZ‘UZ, k, 2, @ E ; 1:[ l'zr‘zk ysr k - Zk(ysr) + 1)5

where R; := Y o2, I(u; < ps), is the number of elements in the set A(u;). Finally, the marginal

distribution of u; is uniform on the interval [0, p,|, with probability p;.

Then, we may introduce a further latent label variable, d;, indicating to which of these finite

mixture components belongs each observation:

(i ui, dilk, Q,0) =I(u; < pa,) [ [ B @irlzwWar), k — 22 (Yar) +1) -

r=1
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Therefore, the complete likelihood function based on the sample X = {x,x2,...,x,} is:

1(k,2,0X,u,d) =[] [[ 1w < pa,)B (@irl2k(az) k — 2 yar) + 1)
i=1r=1

where u = (uy,ug,...,u,) and d = (dy,ds, ..., dy).
Now, we can construct an MCMC algorithm to sample the posterior parameter distribution as
follows. Firstly, select a starting allocation, d(®) = (dgo), e ,dfmo)). Then, simulate a Markov chain

by repeating iteratively the following steps.
(1) Sample a finite number of weights (p1,...,psx) Jointly with (ug,...,uy).

(a) Sample from wvs ~ B(ns+1,n—>; n + M) for s =1,...,d", where d* =

max{di,...,d,} and ng=3 ; I(di=s) and set ps=u; Hf;ll(l — ).

(b) Sample wu; by simulating from U(0,pq) for i=1,...,n.

(c) If necessary, generate more weights, ps, from the prior, by simulating

from vs ~ B(1,M), until Zj;lps >1—u*, where u* =min{ui,...,u,}.
(ii) Sample the mixture parameters, ys, for s=1,...,8%, by simulating from:
Fsel ) o folyse) T B@irs 2x(ysr) k= 2k (ysr) + 1) (2.23)
i:di:S
independently for r=1,...,m. If there is no d; equal to s then sample
ys from Gy.
(11i) Sample the allocation variables, d;, for i=1,...,n, by simulating from:
m

P(d; = s|--+) o< L(u; < ps) [ [ Bwirs 20(ysr), b — 20(ysr) + 1) (2.24)

r=1
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(iv) Sample k by simulating from the following full conditional distribution:

n m

P(k|---) o< p(k) [T T] B@irs 20 (Wam) b — 2 (ya,r) + 1) (2.25)

i=1r=1

A few comments on this algorithm are in order. Firstly, step 1 is from Walker (2007) and
Papaspiliopoulos and Roberts (2008) and only requires to sample from beta and uniform distributions.
Step 2 is easy to sample as the product of betas is a stepwise function on [0, 1] . Note that, the value
of s* will be in general smaller than the sample size n, and therefore, this step will be usually faster
than step 2 in the algorithm based on Petrone (1999b) introduced before. Step 3 is the standard
sampling approach for indicator variables in mixture models and it consists of sampling from
which of the finite mixture components verifying (u; < ps) comes each observation. Finally, step

4 is similar to step 1 from the previous algorithm and can be undertaken similarly.

Finally, given a posterior sample from this algorithm, the predictive density can be approximated
using the sampling ideas by Walker (2007) as follows. At each iteration, sample a uniform U (0, 1)
variable, v, and select the mixture component, s’, such that, Zj:_ll ps < v < 22,:1 ps. Then,
consider the parameters, y, for this mixture component. Thus, the predictive density is approximated
with:

Z 9 Hﬁ( ez (850) KO = 20 (v5)) +1). (2.26)
where T denotes the size of the posterior sample, pg)

at the t-th iteration, ySZ are the elements of yg), which are the parameter of the sampled mixture

the weight of the sampled mixture component

component at the ¢-th iteration and, finally, k® is the value of the polynomial order at the ¢-th

iteration.

Observe that the main advantage in the estimation of this predictive density compared to
(2.20) is that it is not required to evaluate the posterior distribution for the k™ weights, wjm, in the
Bernstein polynomial which, besides being a very large number of elements to sample, there may

be a lot of weights with very small values when the data is sparse, leading to numerical problems
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with the algorithm.

2.5 Simulations and empirical applications

In this Section, we undertake several simulation studies and a real data example to illustrate the
performance of the proposed nonparametric Bayesian approach. For simplicity in the visualization,
we only consider examples in the two-dimensional case in order to better illustrate the accuracy
in density estimation.

In all cases, we impose the following noninformative prior assumptions. For the baseline
distribution, F, we assume a uniform distribution on [0, 1]?. We also set the smoothing parameter
to be M = 1, as suggested in Petrone (1999b), in order to express a small degree of belief in
the prior guess. Finally, we assume the following hierarchical prior structure for the Bernstein

polynomial degree k:

E—1]| X ~ Poisson()),

A~ Gamma(a,b).

Observe that this prior structure is consistent with the assumptions in theorems 3.1, where it is
required a strictly positive prior probability for all possible values of k. Also, in order to avoid a
prior sensitivity to the choice of A\, we further assume a Gamma hyperprior where we might set
for examplea = 1 and b = (n% — 1), where n is the sample size. This implies that the prior mean
for k is n3, which is the value suggested for k in Sancetta and Satchell (2004) in the bivariate case.

The proposed MCMC algorithm described in Section 4 is run using 100 000 iterations and

discarding the first 50 000 as burn-in iterations.

2.5.1 Simulated data

Firstly, we consider simulated data from the bivariate beta distribution proposed in Olkin and

Liu (2003). This is a continuous variable with support on the unit square and it is a generalization
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of the univariate beta distribution function to the bivariate case. The bivariate beta distribution,

Ba2(z,y;a,b, c), is derived by considering the joint distribution of two random variables:

where U, V' and W are three independent standard gamma distributions with respective shape
parameters, a, b and c. Clearly, the marginal distributions of X and Y are beta distributions,
B(x;a,c) and B(y; b, ¢), respectively. This model can describe a wide range of densities on the unit

square and can be easily generalized to the multivariate case.

Figure 2.1 shows the estimated predictive density, using (2.26), and true density for 200 data
points simulated from a bivariate beta distribution fa(z,y;5,10,10). The predictive and true
marginal densities are also shown. We can see that the proposed Bayesian density estimation

method based on Bernstein polynomials and using slice sampling provide a good fit to the data.

We have also compared these results with those obtained using the multivariate extension of
the hybrid Monte Carlo algorithm of Petrone (1999a,b) described at the beginning of Section 4. As
expected, the predictive distributions are almost identical to that shown in Figure 2.1. However,
we have observed some differences in the mixing performance of the two algorithms as illustrated
in Figure 2.2, where the trace plots and histograms of the posterior sample for £ obtained with
both algorithms are shown. Observe that the proposed slice sampling method seems to better
explore the state space and, in particular, the tails of the posterior distribution. Nevertheless, the
main difference between these two approaches is the computational cost. For this example, the
computing time was of one hour and a half using the proposed slice sampling algorithm, while
the hybrid Monte Carlo method took four hours using in both cases self programmed code in R

2.15.2 (R Development Core Team 2011) on a computer with a 3.4 Ghz core.

In order to illustrate the flexibility of the model, we now consider 200 simulated data from a
mixture of bivariate beta densities 52(x, y; 5, 10, 10) and (B2(z, y; 5, 1, 5) with equal weights. Using

the same prior specifications as before, the proposed slice sampling algorithm is run for these
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Figure 2.1: Predictive and true densities obtained from 200 simulated data from a bivariate beta distribution
B2(x,y; 5,10, 10) (left) and marginal distributions (right) using the proposed slice sampling algorithm.
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Figure 2.2: Trace plots and histograms of the posterior sample for k using the proposed slice sampling algorithm and
the multivariate extension of the hybrid Monte Carlo algorithm by Petrone (1999a,b) obtained from simulated data
from a bivariate beta distribution.
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Figure 2.3: Predictive and true densities obtained from 200 simulated data from a mixture of bivariate beta distributions
B2(z,y;5,10,10) and B2(z,y; 5, 1,5) with equal weights (left) and marginal distributions (right) using the proposed
slice sampling algorithm.

data using the same number of iterations. The true and predictive joint densities are illustrated
in Figure 2.3. The marginal predictive and true densities corresponding to mixtures of univariate
beta distributions are also shown. We can observe that also in this mixture case there is a good fit

to the true densities.

As before, we have compared these results with those obtained using the hybrid Monte Carlo
method leading to similar predictive densities. However, in this case the differences in the mixing
performance of the algorithm are more pronounced as shown in Figure 2.4. Also, while the slice
sampling algorithm required less than two hours and a half, the hybrid Monte Carlo took more

than three hours and a half.

Finally, we have also tried alternative prior specifications. In general, there is little sensitivity
of the density estimations to the choice of the concentration parameter /. Similar to the univariate
case in Petrone (1999b), the predictive densities get somewhat closer to the uniform prior distribution

for larger values of M. On the other hand, as we would expect, there is slightly more sensitivity
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Figure 2.4: Trace plots and histograms of the posterior sample for k using the proposed slice sampling algorithm and
the multivariate extension of the hybrid Monte Carlo algorithm by Petrone (1999a,b) obtained from simulated data
from a mixture of two bivariate beta distributions.

to the prior specification for k. We have observed that using prior distributions for k£ concentrated
on small values, such as a Poisson prior distribution with small mean, lead to smoother predictive
densities than using a uniform prior on a closed interval, as observed for the univariate Bernstein
model in Petrone (1999b). As noted earlier, k plays a similar role in the Bernstein polynomial to
the bandwidth in kernel density estimation. This is the main reason to define a hierarchical prior

structure for k as introduced at the beginning of this Section.

2.5.2 Real data example

In this Section, we illustrate the proposed Bayesian density estimation method based on Bernstein
polynomials and using slice sampling to examine the relationship between the percentage of
forest area (% of land area) and percentage of agricultural nitrous oxide emissions (% of total)
in 127 countries in 2010. The data are available from http://data.worldbank.org/. Nitrous

oxide is naturally present in the atmosphere, however, human activities in agriculture such as


http://data.worldbank.org/
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fertilizer use and waste and savannah burning are increasing the amount of this gas in the atmosphere.
The impact of nitrous oxide emissions on warming the atmosphere is over 300 times that of carbon
dioxide per unit weight. Therefore, it is interesting to examine the influence of the percentage
forest area in the reduction of these emissions.

Figure 2.5 shows the scatter plot of these data together with the estimated joint density using
the proposed Bernstein polynomial model with the same prior assumptions and MCMC iterations
as in the simulation examples. We can observe that the model identifies three main clusters of
countries. Firstly, there is a large group corresponding to those countries with more than 10% of
forest area where there is a clear negative relationship between the percentage of forest area and
the nitrous oxide emissions. Secondly, there is a fairly large group with less than 10% of forest area
but comparatively a large percentage of nitrous oxide emissions. Finally, there is a small group of
countries with a low percentage of forest area and a low percentage of nitrous oxide emissions.

Finally, Figure 2.6 shows the estimated marginal distributions of the percentage of forest
area and the percentage of nitrous oxide emissions. We can observe that the distribution of the
percentage of forest area has two modes, one is zero and the other is close to 0.4. The nitrous
emissions percentage distribution is left-skewed with a mode close to 0.8. It seems that the model

is flexible enough to capture adequately the different shapes of these distributions.

2.6 Conclusions and extensions

In this Chapter, we have extended the Bernstein-Dirichlet prior introduced in Petrone (1999a,b)
for densities on a closed interval to the multivariate case and have obtained the convergence
rate of the associated posterior distribution. Moreover, we have introduced a new algorithm for
sampling from the posterior distribution. Various extensions are possible.

Firstly, although here we have defined the multivariate Bernstein polynomial using a single
k, in principle it is possible to consider different values k1, . . ., ky, for the different components of

x. This might be useful from a practical viewpoint if some variables are more spread than others.
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Figure 2.5: Predictive joint density of the percentage of forest area and percentage of agricultural nitrous oxide

emissions obtained from a data base of 127 countries in 2010.
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Figure 2.6: Marginal estimated distribution of the percentage of forest area (left) and percentage of agricultural nitrous
oxide emissions (right) obtained from a data base of 127 countries in 2010.
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Secondly, following Tenbusch (1994), it would be interesting to consider multivariate Bernstein
densities on the triangle which might be more appropriate for modeling the joint density of
various proportions of the same quantity. Finally, the multivariate Bernstein polynomial provides
an asymptotic model for a copula, see e.g. Sancetta and Satchell (2004) so that it can be used to
model the dependence structure of a multivariate distribution. Then the use of a Bernstein-Dirichlet
prior for the copula could be combined with standard, Bayesian nonparametric priors for the
marginals to provide a general, nonparametric approach to multivariate data modeling. Work is

in progress on these problems.
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Chapter 3

Bayesian linear regression with

conditional heteroskedasticity

3.1 Introduction

We consider Bayesian estimation of the linear regression model that imposes conditional moment
restrictions. A useful framework like E(Y|X) = X'Bpor Y = X'y + ¢, E(e|X) = 0 is widely
formulated to analyze a number of statistical and econometric models. It is well-known that
the procedure of estimating the parameters of interest could be expected to be efficient provided
more information about the conditional error distribution is known. In this Chapter, we propose
a Bayesian semiparametric method for consistent estimation of the regression coefficients and
the standard deviation function when the error term is subject to a normal distribution with
associated variance that is dependent on covariates.

The primary purpose of this Chapter is to investigate the asymptotic frequentist properties
of the corresponding posterior distribution by putting a prior on the regression coefficients and
the standard deviation in this linear model. An analysis of the asymptotic behavior of Bayesian
methods in infinite-dimensional statistical models is important, such as posterior consistency,

rate of posterior convergence, rate-optimality and adaptation properties and Bernstein-von Mises

47
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phenomenons, which reflect a sense of Bayesian robustness, namely that the prior does not have
an impact on the posterior distribution too much when the amount of information collected in

the data or the number of observations grows indefinitely.

In recent years, there has been substantial research in Bayesian nonparametrics on the development
of this mathematical, asymptotical theory for a wide range of statistical models, see, for example,
Ghosal et al. (1999, 2000); Ghosal and van der Vaart (2001, 2007b,a), to name a few. However, it
has been studied very little in the linear models with predictor-dependent error densities. Norets
(2015) established a semiparametric version of Bernstein-von Mises theorem under misspecification:
the posterior credible regions of the regression coefficients are asymptotically equivalent to the
frequentist ones and also this posterior inference is efficient even though the data generating
process is not normal. Pelenis (2014) considered the kernel stick-breaking mixtures to model the
conditional error distribution and demonstrated posterior consistency of the conditional error
density and the finite regression coefficients for these kernel mixture priors. Also, Wang (2013)
studied posterior consistency for the heteroscedastic nonparametric regression models by relaxing
the assumptions of linearity in the model, with a substitution of an unknown, smooth regression

function. There is a noticeable absence of rate adaptation results in these regression settings.

In this Chapter, we plug this gap and take up the investigation of this rate adaptive procedure,
in order to provide a theoretical underpinning of the Bayesian approach to explore the possible
accuracy at maximum capacity and assess the well-balanced spread of the underlying prior distribution
across a continuum of regularities of the functions considered. Adaptive convergence rates for
Bayesian nonparametric estimation in various statistical models have been established by Huang
(2004), Scricciolo (2006), Belitser and Ghosal (2003), van der Vaart and van Zanten (2009), Rousseau
(2010), Kruijer et al. (2010), de Jonge and van Zanten (2010, 2012), Shen and Ghosal (2012), Shen
et al. (2013), Norets and Pati (2014) and Belitser and Serra (2014), among others.

A broad class of priors have been explored to yield adaptation across all smoothness levels.
Recently, priors based on splines have received much attention to the construction of probability

distribution on infinite-dimensional spaces. Various groups of researchers have worked with
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univariate splines or its corresponding tensor-product splines in the multivariate case as a useful
block to construct a prior. For example, Huang (2004) built a prior on the discrete mixture of
splines to develop a theorem on adaptive convergence rates in the context of regression and
density estimation. de Jonge and van Zanten (2012) discussed priors on multivariate functions
by choosing an appropriate probability distribution on the partition size and Gaussian prior on
B-spline coefficients in the tensor-product B-spline expansions. Shen and Ghosal (2012) constructed
a prior using finite random splines with a prior distribution on the number of terms. Belitser and
Serra (2014) investigated an extension of these results involving spline-based priors by endowing
a probability distribution on the location of the knots instead of assuming them to be equally
spaced. This enables us to build a wide spectrum of priors on the conditional standard deviation
of the regression error terms. It is widely known that the posterior distribution contracts at a
rate of the order n=®/(22+4) (up to an additional logarithm factor) for a a-smooth functions of
d-variables, which agrees with the optimal rate of the estimators in the frequentist context. In
other words, a fully rate-adaptive procedure can be obtained across all smoothness levels if that
holds. One possible explanation of this phenomenon is that there is a sufficiently large amount
of prior mass around the function of interest with total smoothness levels. We will show that the
corresponding posterior converges at the optimal rate up to a logarithm factor without a priori

knowledge of the smoothness levels of the conditional standard deviation.

From the practical point of view, diverse algorithms for normal linear regression where the
error variance depends on the predictors have been exhibited in Yau and Kohn (2003) and Chib
and Greenberg (2013) which considered transformed splines to model the variance and Goldberg
et al. (1997) where a transformed Gaussian process prior was considered. Markov Chain Monte
Carlo simulations carried out in these papers performed well in these models with flexible specifications
for error variance. Here we center on the theoretical aspects in Bayesian normal regression

models.

The Chapter is organized as follows. In Section 2 we give a general overview of the notation

and a brief outline of the model we are studing. In Section 3 we provide a preliminary review
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on the notions of spline functions, univariate B-splines and tensor-product B-splines as well
as its associated approximation properties. In Section 4, we show that the optimal posterior
convergence rate can be achieved using two types of spline priors: one based on conditional
Gaussian tensor-product spline prior or a hierarchical Gaussian spline prior, and the other built
on log-spline prior that stems from finite random spline expansion with a random number of
terms. We conclude with a brief discussion and some technical lemmas, all containing proofs as

well as auxiliary theorems are delegated to the Appendix.

3.2 General model setup

In this Section, we take a detailed description of the notation and then describe our model.

3.2.1 Notation

For any a, b € R, denote |a] to be the largest integer strictly smaller than a. Similarly, define [a]
to be the smallest integer which is strictly greater than a. We write a V b, a A b to stand for the
maximum and the minimum between a and b respectively. Set a; = a V 0.

Let n = (5,0) and the true value 1y = (8o,00). Denote the conditional density function
N(B,0%(z)) by fz, and let fz,, be the true conditional density function N (8y, o2(z)). The Kullback-Leibler

divergence between 7 and 7 in this case is then defined as,

K(n,m0) = /X /y fmno(y)logmddeo(m)a 3.1)
B o Jzm @) 2 N
Vorm) = | /y Fano (0) (1 : fm(y)) dy dGo(x), (32)

where X', ) are the domains that will be specified later and Gg(-) is a general distribution function.

The e-Kullback-Leibler neighborhood around 7, for any € > 0 is expressed as,

Kc(no) = {n: K(n,m) < e} (3.3)
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We define the Hellinger metric between 7 and 7 in this case as,

dutnm) = [ [ (Wm(y)—me@))Qddeo(w)- (34)

We use the natural L2-norm with respect to the distribution function Gy (+) to measure the distance

between 1 and 7y:

1/2

b
dan, o) = { [ (5= 602 + (@) — @) dGo<m>} , (35)

and denote the neighborhood of 7y with respect to the distance function da (7, 779) as follows:
b
Us(mo) = {(ﬁ,a) : / ([(5 _ /BO)TCE]Q + [o(x) — ao(m)]2) dGo(x) > 8}. (3.6)

We use the notation < to stand for somewhat inequality up to a constant. To compare two
functions, for example, g1, g2, we denote g1 S g2 S 91 by g1 < go. Let || - |[2 and || - ||oc denote the

Euclidean norm and supremum norm respectively.

We now take a brief account of the definitions in the context of multivariate functions, especially
describe the appropriate notions of smoothness in this multivariate case. Let’s denote the space
of continuous functions f on [0, 1] by C ([0,1]?), equipped with the supremum norm || f||«. For
a multi-index a = (aq, 2, ...,aq), let the sum |a] = Zle a; and the mixed partial derivative

operator is defined as,
ol

Da pe— —_—,
o] Qq
Oz{"' -0z,

(3.7)

For a > 0, the Holder space C* ([0, 1]?) stands for the collection of functions f on [0, 1]% with

mixed partial derivative D" f € C ([0,1]¢) of all orders up to |r| < |a] satisfying,
D" f(@) = D" f(2)] < Cllz — =[5~ (3.8)

for some positive constant C, each x, z € [0, 1}‘1. Meanwhile, denote the norm on the Holder class
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ce ([0, 1)) by,

1Flen (o) = 1floe+ 32 1D Fl 39)
rir|=|a]

3.2.2 Restricted moment models

Suppose we observe a real-valued sample (X1,Y7), (X2,Y2), ..., (Xy, Y,) where X; is a d-dimensional
covariate, Y; is the response variable and (X;,Y;) ~ Fy for ¢ = 1,2,...,n. The data generating
process satisfies Y|X = x ~ N(z'fo, 02(x)) for some unknown true parameter 3y € © C RY,
unknown true conditional variance function o2 and all x € 2 = [0,1]%. In other words, this

linear model could be described as,
)/;:X£50+5i, 1=1,2,...,n. (3.10)

where error variables ¢;|X; = x; ~ N(0, 03(x;)) for all z; € [0,1]4, i = 1,2,...,n. In this
semiparametric model, the unknown parameters are (3, o(-)) where the finite-dimensional parameter
(3 is of interest and o () is the infinite-dimensional nuisance parameter. Crainiceanu et al. (2007)
studied a more general model with heteroscedastic errors using the penalized splines for the
regression part. Our model could be rewritten as (O x M, % x.%) equipped with Borel o-algebras

% and .# on © and M respectively, where,
M={o(): 0,19 = (g,7)}. (3.11)

is a polish space on 2" and also is assumed to contain the true conditional standard deviation
00, 0 < g < 7 < co. Let IT denote the total prior for the pair (3, o) on (©, M) which is defined by
II(dB, do) = llg(dB) x II,(do) where Ilg and II, are corresponding independent priors on 5 and
o respectively. Here we leave the distribution of covariates denoted by Gy (-) unspecified since it

is ancillary and also of our interest is to focus on the conditional distribution. The corresponding
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posterior distribution for (3, o) given the data (X1, Y1), (X2, Y2),..., (X,,Y,) is denoted by,
I(-[(X1, Y1), (X2,Y2), ..., (Xn, Yn)).

In view of Bayes’ theorem, the posterior is given by,

_ S5 L(B,0: (X1, Y1), (X2,Y2),...,(Xy, Yy)) II(dB, do)
B IL(B,U; (Xla}/i)a(XQaY2)a"'7(Xn7Yn))H(d5> dU) ,

I(B|(X1, Y1), (X2, Y2),..., (Xpn, Y0))

(3.12)
where the likelihood function L(3, o; (X1, Y1), (X2, Y2), ..., (X, Ys)) could be written as,
71 (Y; - XW)
_ el I 3.13
Zl;[l V2mo(X;) P ( 202(X;) (3.13)

Usually the posterior mean can be regarded as a Bayesian estimator of the unknown pair
(Bo, 00). If this Bayesian estimator is consistent, the further concern is then of interest to consider
the finer aspects of this posterior distribution or quantify the rate at which it contracts around the
true unknown parameter, namely, posterior convergence rate. More precisely, for a given positive
sequence (eg,,) going to zero, the posterior distribution is said to converge to the Dirac-mass at

(Bo, 00) at the rate ,,, if, as n — oo,

H{(/Ba U) : dH((B: O'), (1607 00)) > MEn ‘ (X17 Yl)? (X27 Y2)7 R (Xn7 Yn) } — 0in P()n_prObablhtYJ
(3.14)
for a sufficiently large M > 0. Here this assertion of the definition is in-probability statement that

holds under the true distribution typically governed by the true parameter pair (5o, 0g).

The main objective is to construct some priors for © x M to show that the corresponding
posterior converges at an optimal rate at (5o, 0¢(+)) € © x M. Here the prior does not depend on
the information about the unknown smoothness levels of the true conditional standard deviation

function o¢(+). So the so-called rate-adaptive procedure is obtained across all the regularity levels.
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3.3 A preliminary introduction to Splines

In this Section, we will provide a general overview on spline function supported on unit hypercube
following by a brief introduction on the splines defined on the unit interval [0, 1]. More extensive

treatment on this subject could be found in Schumaker (2007).

3.3.1 Spline function on the unit interval

A spline function on [0, 1] is essentially viewed as a generalization of the polynomial function on
the unit interval. It is a piece polynomial function but enjoy the properties of global smoothness
on its domain.

More specifically, let ¢, K be two fixed natural numbers and partition the unit interval [0, 1]
into K equally spaced subintervals [(k—1)/K,k/K]fork =1,2,..., K. Consider a spline function
with the order ¢ greater than 2, that is, all polynomials with its domain coinciding with one of
those subintervals are of the degree smaller than ¢ — 1 and this spline function is globally ¢ — 2
times continuously differentiable on [0, 1].

Let Sk be the collection of all splines of order ¢ with simple knots at the points {k/K : k =
1,...,K — 1}. It can be seen that Sk forms a J = (¢ + K — 1)-dimensional linear space. The
so-called B-splines B, B, ..., BIf, which can be found in de Boor (2001), are used to give a
convenient basis in this space. The concrete function forms of these B-splines are negligible to
us. The primary properties of these B-splines closely used in this Chapter are that B-splines are
always nonnegative, each basis function is supported on a tiny interval with its length at most
¢/ K and the sum of all B-splines evaluated at any given point in the domain is equal to one. In

other words, they constitute a partition of unity;, i.e.

for each z € [0, 1].
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3.3.2 Tensor-product spline on [0, 1]¢

In this Subsection we introduce spline functions on multi-dimensional domains with the help of
multivariate polynomials. The construction of the linear space of such multivariate splines relies
heavily on the spline space Sk in the unit interval described above. In fact, this linear space on
[0, 1]¢ is a tensor-product of the univariate linear space on [0, 1]. More precisely, a unique direction
denoted by a variable is assigned to each linear space in the tensor-product and then we obtain
the multivariate polynomials supported on some tiny rectangles by taking the multiplication of

polynomials with respect to one single variable defined on some small intervals.

Accordingly, the convenient basis for the linear space of tensor-product splines is the tensor-product
B-splines, which equal to the products of the corresponding B-splines on [0, 1]. Hence the tensor-product
space has dimension (¢ + K — 1), for example, in the construction of the space Sk defined above.

The advantage of introducing the tensor-product B-splines is that they inherit the nice properties

that univariate B-splines have as we shall see below.

In what follows, we consider a d-fold tensor-product space Sk = Sk ® - - - ® Sk(d times) of
tensor-product splines defined on the unit cube [0, 1]¢, that is partitioned equally into m? cubes
Iy, x -+ x I,. A function s : [0, 1]¢ — R is defined to be a tensor-product spline in Sk if for each

such tiny cube, s possesses the following multivariate polynomial form,

1
Chy.. ky :v’fl xfld (3.15)

M7

q—1
k1=0 kq=0

As was the case in the univariate spline space, the basis in Sk is provided by the so-called

tensor-product B-splines as follows,

Bﬁ_“jd(xl, L Tg) = B;’f(xl)Bg(xQ) . -Bﬁ(a;d). (3.16)

It can be shown that S has dimension (¢ + K — 1)¢ and these multivariate B-splines also form a
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partition of unity,
J J

Z Z Bﬁ..jd@lv cooyxg) =1, (3.17)

a=l ja=1

forallz; € [0,1],i=1,2,...,d.

3.3.3 Approximation properties of tensor-product B-splines

It is well-known that the univariate B-splines in the space Sk could approximate any function
of interest in C'“[0, 1], for example, at the rate J~® where J = ¢ + K — 1. In other words, any
function with a smoothness level « in C“[0, 1] could be approximated by a couple of B-splines,

B, BE, ..., BE with its associated approximation error controlled by the order J .

This idea also works in the multivariate case. How well tensor-product B-splines approximate
the generic function is uniquely determined by the target function’s smoothness level a and the
dimension of the linear space Sk induced by the tensor-product B-splines if the order ¢ of the
splines is chosen to be larger than the smoothness level . The approximation ability in terms of
tensor-product B-splines is stated in the following lemma which provides an upper bound of the

approximation error with respective to the uniform distance.

LEMMA 3.1 (Shen and Ghosal (2014)) Let ¢, d, K € N,a € R, < ¢, J = ¢+ K — 1. For any
function f € C* ([O, 1]d), there exist 0 = (6po..0,---,077..7) € R7 and a positive constant Cy that only

depends on q, d and o such that,

J J
F=Y D 0 guBh @, wa)| < CLID oo (3.18)

n=1 je=l o

Furthermore, if f > 0, then each element of 6 could be chosen to be positive for a sufficiently large J.
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3.4 Adaptive posterior contraction results

Splines possess excellent approximation capabilities for smooth functions in the previous Section,
where the approximation error is completely controlled by the dimension of the spline space and
the smoothness level. More precisely, the error becomes smaller if the dimension grows and the
objective function is smoother. From the frequentist view of point, Stone (1994) showed that
the maximum likelihood estimator of the function in C([0, 1]%) achieves the rate of convergence
n~®/(2e+d) " Ag indicated in de Jonge and van Zanten (2012), a Bayesian estimator for probability
densities or the regression functions in multivariate domains under weaker conditions also attained
the optimal contraction rate n~/(22+4), Simultaneously, they established that a type of Gaussian
process prior could yield the near-optimal adaptive posterior convergence rate, up to an additional
logarithmic factor when « is unknown.

In the next two Subsections, we consider spline-based priors for o(-) in a variety of means.
In Subsection 3.4.1, we build a hierarchical Gaussian spline prior by putting Gaussian prior
weights on the coefficient and adding another hierarchical layer for the partition size involved in
the tensor-product B-splines. It follows that this hierarchical procedure achieves a near-optimal
adaptive contraction rate. Alternative log-spline priors with finite random tensor-product splines
and a random number of terms that also achieve the optimal adaptive rate of convergence will be
demonstrated in Subsection 3.4.2.

Throughout this Section, we consider the following condition on Il :

(A1) Its support s [3, 8], where 8 < fand 3, 3 € (—o0,00). Forall € > 0, there exists m; > 0 such
that,

I(||8 = Boll2 < &) > exp(—madlog(1/e)). (3.19)

In fact, this is a mild assumption on the prior of 5. And several ordinary distribution examples
satisfy (3.19). More detailed and similar examples could be found in the discussion of the prior

for weights vector ¢ in Subsection 3.4.2.
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3.4.1 Hierarchical Gaussian spline prior

In this Subsection, a class of Gaussian process, whose sample path is defined by tensor-product
splines extensively discussed in the preceding Section, will be used for the construction of priors

on the conditional standard deviation in the linear model.

Let Zoo...0,- .., Zj..; be aseries of i.i.d standard normal random variables, the random process

W on [0, 1]¢ is given by

J J
W@, g =D > Zjy B (@, xd), @i €0,1],i=1,2,...,d  (320)
=l ja=1

where {B}fu.jd(xl, coxg) s Ji=1,...,J,1 = 1,2,...,d} is a group of tensor-product B-spline
basis of Sk, J = ¢ + K — 1, K is the partition size of the knots. de Jonge and van Zanten (2012)
has shown that {Bﬁ”jd(xl, coxg) s gi=1,...,J,i=1,2,...,d} formed an orthonormal basis of
the reproducing kernel Hilbert space (RKHS) HX associated with this Gaussian process W and
also extensively exhibited the properties of the concentration function, which plays a crucial role
in determining the posterior convergence rate regarding to this Gaussian process prior induced

by the stochastic process WX.

In order that the corresponding posterior could be guaranteed to take on the asymptotic
properties, posterior consistency for example, the prior should have large enough support. The
tuning parameter K then should be required to vary with the sample size as well as the regularity
of the function of interest and the number of observations should also go to infinity. This prior,
the law of the Gaussian spline prior W, depends explicitly on the unknown smoothness level of

the object. So this is not a desired rate-adaptive procedure.

We could remedy this problem if this partition size K is viewed as the so-called hyperparameter
and itself is endowed with a separate prior. In other words, we assign a probability distribution
on such an unknown tuning parameter and let the partition size be carefully selected through its

posterior distribution. In a Bayesian perspective, it is natural to treat this parameter as one type
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of hyperparameter and let it be estimated from the data via its posterior mean.

Let K be an independent N-valued random variable, the hierarchical Gaussian process prior
is denoted by WK, where WK | i is described in (3.20). As prior on the standard deviation, we
employ the law II, of the process \P(Wk ), that is a transformation of the stochastic process Wk,

where the link function ¥ : R — (g, ) is given by,
YWE) = ¥(WH)(@ —0) +o0, (3.21)

for the logistic or normal function distribution .
The following theorem follows from Theorem 4.2 in de Jonge and van Zanten (2012) that

presents the general rate of contraction results for Bayesian multivariate function estimation.

THEOREM 3.2 Assume that wo = U~ (0q) € C([0,1]%) for some integer « less than q. Let the prior 1,

be induced by the law of the stochastic process U (W), where the probability mass of this hyperparameter
K for each K > 1 satisfies:

Crexp(—D1K%log! K) < P(K = K) < Cyexp(—D2K%log! K), (3.22)
for some constants C1,Ca, D1, Da,t > 0. Suppose that for any € > 0, log { [ﬂgf} + 1} < ne? and also
the prior for the regression coefficient 11 satisfies (Al). Let the largest eigenvalue of E(X;X) denoted by
Amaz (E(X;X])) be bounded for i = 1,2, ..., n. Then, for a sufficiently large constant M > 0,

I{n :dg(n,no) > Me,|(X1,Y1), (X2,Y2),...,(Xn,Yn)} — 0in P}-probability,

where,

eu = cln/logV n) "5 v 0~ w5 (log ) T T

Y

for a large enough positive constant c.

Note that if K¢ follows a geometric distribution with t = 0, then condition (3.22) is satisfied.
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Here the stochastic process prior ¥(W ) implies a posterior rate of concentration on the space of
the standard deviation functions provided the true standard deviation has regularity level « less
than ¢. Asindicated in de Jonge and van Zanten (2012), we keep the order ¢ involved in the splines
fixed so that the prior could become simpler as well as easier for simulations computationally. A
common choice for ¢ is 4 in practice.

The prior does not depend on the smoothness level o so our procedure is adaptive. If ¢
is chosen to be equivalent to one, the the rate ¢,, becomes (n/log n)*a/ (d+2a) which coincides
with the optimal posterior convergence rate, up to an additional logarithm item, since the rate

n~/(d+29) for each a > 0 is the minimax convergence rate in the function class C([0, 1]%).

3.4.2 Log-spline prior

We consider a prior, in this Subsection, induced by a random series expansion in terms of tensor-product

B-splines as follows:

J J
WH(@) =33 0,5, BE (a1, ), (3.23)
Jj1i=1 Ja=1
where 0 = (0p..0,...,057..7) is a J%dimensional vector. A prior on h could be obtained by

assigning a probability distribution on the number of items J and the associated coefficient vector

6 of tensor-product B-splines discussed in Shen and Ghosal (2012) as follows:

(A2) We consider a prior for J satisfying,

exp(—cijlogh j) <T(J = j) < exp(—c2jlog?4), j=1,2,..., (3.24)

for some positive constants ci,cp and 0 < ¢ <ty < 1.

(A3) Given J, the prior for J¢-dimensional vector 6 satisfies for each |0 |l < H and a sufficiently
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small e > 0,

II(]|0 — 0o |2 < &) > exp(—csJ@log(1/e)), (3.25)

(0 & [-M, M)7") < J%exp(—cs M), (3.26)

for some positive constants c3, c4, t3 and a sufficiently large M > 0.

Note that (A2) holds for geometric, Poisson and negative distributions when 1, 2 are carefully
chosen. And (A3) is fulfilled if we put independent gamma and exponential distributions on each
element of the vector 6. If the support of § is a bounded and closed set, then multivariate normal
and Dirichlet distributions also meet (A3). We take the law of the following stochastic process as
the prior on the standard deviation o

3 W (@)

dWH(z) = ————(7-0) +0, (327)

fol WV (@) d

where W‘]’H(w) is defined in (3.23). The law of the process ® gives the so-called log-spline prior

for the infinite-dimensional parameter o.

We now present the result about the posterior contraction rate based on the product prior

defined by Ilg and this log-spline prior.

THEOREM 3.3 Let wg = ®~(0¢) € C([0,1]%) and the prior for the regression coefficient (3, the number
of items J and the associated coefficients 0 satisfy (A1), (A2) and (A3) respectively. Suppose that the
maximal eigenvalue of E(X;X]) is bounded fori = 1,2, ..., n. Assume that we endow a prior on o by the

law of the process ®(W " 79), then the corresponding posterior of n = (o, B) contracts at the rate,

a/(2a+d) (log n)a/(2a+d)—(t2—1)/27 (3.28)

En ="

in terms of the Hellinger distance dg.
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In fact, we apply Theorem 2 in Shen and Ghosal (2012) to our linear model in the presence of
the heteroscedasticity with this prior II,, to get this result. The optimal posterior convergence rate
relative to the Hellinger distance is obtained by carefully selecting some sequences J,,, J,,, M, &,
that satisfy the conditions stated in Theorem 2 of Shen and Ghosal (2012) in order to balance bias

and model complexity in our semiparametric model.

3.5 Conclusions

To summarise, we obtain an adaptive procedure in a flexible linear model with heteroscedastic
normally distributed errors. More specifically, under mild restrictions on the model and priors,
the posteriors of the conditional standard deviation and of the finite regression coefficients adapt
to the smoothness level of the underlying standard deviation function, which is assumed to be
contained in a nonparametric model. This result indicates that we could implement this Bayesian
procedure as if the regularity of the underlying function were known.

The alternative asymptotic property concerning in our normal linear regression model, the
Bernstein-von Mises theorem, has been developed in Norets (2015). Further research is warranted
for the investigation of the existence of the Bernstein-von Mises phenomenon in this semiparametric
model where the parameter of interest is the finite-dimensional regression coefficients, by directly
assigning a prior on the conditional error distribution with a zero mean restriction. The estimation
of the coefficients of interest in this setting that avoid the potential model misspecifications would
be efficient. Particularly challenging is how to model this conditional error density with the
imposition of moment restrictions. Moreover, the problem is compounded by the fact that the
appropriate constructions of the priors put on these conditional error densities, making it difficult
to obtain the semiparametric efficiency bound.

It would be interesting to extend the adaptive posterior concentration rate and Bernstein-von
Mises theorem in our model to that in the weakly dependent data. In infinite-dimensional models,

there are few results concerning these two important asymptotic properties in the weakly dependent



3.5. CONCLUSIONS 63

cases. Maybe we could establish this asymptotic result under appropriate conditions on the prior,

an interesting future direction.
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Chapter 4

Alternatives for Ghosal Ghosh and Vaart

priors

4.1 Introduction

In Bayesian nonparametrics, the important aspects of the asymptotic behavior of the posterior
distribution are well established in a wide spectrum of statistical models. An early seminar
work on the weak consistency properties was carried out by Schwartz (1965) under some mild
conditions. Posterior consistency in stronger metrics was studied by Barron et al. (1999), Ghosal
et al. (1999) and Walker (2004). The general theme about the posterior contraction rate has been
developed by Ghosal et al. (2000) and Shen and Wasserman (2001) that demonstrated a finer
characterization of the posterior distribution concentrating around the true parameter provided
the prior is suitably chosen in the model.

In recent years, much efforts have been made on these long-standing topics of interest and
there has been remarkable progress on the asymptotic analysis of nonparametric Bayesian methods.
We refer to Ghosal and van der Vaart (2007a,b), Walker et al. (2007), van der Vaart and van Zanten
(2008, 2009) and Rousseau (2010) for further investigations in this area as well as Ghosal (2010)

for a concise review on these topics.

65
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Most existing work primarily concerning the properties of posterior contraction rates relies
heavily on the carefully chosen priors that meet some assumptions. A typical condition to impose
on the priors is proposed in Ghosal et al. (2000), i.e.

dP dP \?2 2
H(P . _Pilog 2L <22 P (1 —) 2) > e neh 41
S oogdPO<En 0 OgdPg <e ) >e 4.1)

where (&,,) is a positive sequence such that €, — 0 and ne2 — co. We call the priors satisfying this
Kullback-Leibler property described in (4.1) above as GGV priors. Condition (4.1) requires that the
prior charges some specialized Kullback-Leibler neighborhood with a large amount of prior mass.
GGYV priors play a crucial role in exploring the rate of posterior contraction in a broad swath of
statistical models. In other words, it suggests that in order to obtain the posterior contraction rate,
the prior shall put a sufficiently enough amount of probability mass around the true probability

distribution or spread on the model uniformly at some discretization level.

The lower bound for this sharpened Kullback-Leibler neighborhood was designed to bound
from below the denominator of the expression of the posterior distribution. Accordingly, one
could tackle the posterior distribution by means of a separate examination of its numerator and
denominator. Then one could formulate a rates-of-posterior-convergence theorem by additional

introduction of exponentially powerful test sequences mainly driven by the metric entropy number.

Hence a natural question arises. Could we deal with the numerator and denominator of the
posterior distribution simultaneously? What happens if the prior fails to meet this condition?
For instance, as argued in Kleijn (2015), any prior in the support boundary estimation could
not satisfy this requirement. Can we relax this standing criteria for prior choices to explore a

rates-of-posterior-convergence theorem?

The goal of this present Chapter is geared to address these issues on the basis of the approach
in Kleijn (2015) and provide an answer to these research questions by establishing some conditions
under which a rate-of-convergence-theorem can be explored for a greater class of priors. Here

we do not generalize conditions involving GGV priors or sharpen some assertion, but rather
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investigate a probable formulation of a new standard as a yardstick for the prior selection that
encompasses a humber of well-chosen applied priors as our special cases and apply to a broad
class of statistical settings and then demonstrate that these flexible constraints put on the prior can
be slightly complemented by the stringent restrictions on the model. Other method to deal with
this similar problem in the context of a nonincreasing density on R where the Kullback-Leibler
property (4.1) fails has to be pointed out. The posterior contraction rate in this case has been
explored in Salomond (2013) by applying a truncated version of probability density function to a
mildly modified main result in Ghosal et al. (2000). But his reasoning is based on the key premise
that any monotone nonincreasing density on R* admits a representation of a mixture of uniform

densities. We will discuss this case in our framework later.

The remainder of this Chapter proceeds as follows. In the next Section, we first present a
general result for the posterior convergence rate based on some unconventional minimax test
sequences which are related to a greater extent on the prior and then provide a concise description
of the existence and power of these tests. In Section 3, we show that GGV priors fall in our
formulation as special cases and we re-derive the GGV theorem in Ghosal et al. (2000) under some
assumptions on the model and also demonstrate the illustrations through several examples in
various statistical settings. In Section 4, we consider two cases in the separable models outside the
scope of the application of the main results stated in Section 2. The first case is formulated with the
help of sieves involving finite covers and the second formulation includes a similar summability
condition imposed on priors stated in Walker et al. (2007). The rate of convergence results for
the semi-parametric estimation of boundary support points for some density on R are given in
Section 5. We conclude with a discussion and the containing proofs and some complementary

lemmas are relegated to the Appendix.
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4.2 Main result

4.2.1 Notation

Some notations shall be geared up for the illustration and analysis in the subsequent Sections.
Suppose there is a sequence of observations X1, X», ..., X, drawn from an unknown distribution
function Py associated with a density function p, each taking values in a sample space (X, Z),
where 2" is a Borel o-algebra on X'. Let II be a prior probability measure defined on some Borel
o-algebra Z generated by a collection of probability measures in & that is dominated by a o-finite

measure. The posterior distribution is the random probability measure given by,

M(A|X1,...,X,) :/AHp(XZ-)dH(P)//@Hp(Xi)dH(P), Aec B (4.2)
=1 < =1

The expression above makes sense only if the denominator is non-zero Fj-almost surely. This

constraint on the denominator is equivalent to require that the following holds,
Py < P11 foreachn >1, (4.3)
where P! stands for the n-fold prior predictive distribution,
Pl(A) = /j P"(A)dII(P), Aca(Xi,...,Xn). (4.4)

Lemma 2.1 and Corollary 2.2 in Kleijn (2015) suggests that (4.3) is satisfied if some condition
imposed on the prior mass holds.

Lete > 0 and d be a metric on &, the e-bracketing number of & relative to metric d, IV, 0 (e, 2,d)
is regarded as the minimal brackets to cover .

In the sequel, the computation of the integral Py(p/q)® will be throughout this Chapter, where
0 < o < 1and p and q are associated probability density functions of the probability measures

P and @ in &. We assume that the indicator functions 1,01 (), 103 (%) and 1y4501(z) are
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considered as implicit factors throughout all calculations related to the density supports if necessary.

4.2.2 Main result

The following theorem as the main result of this Chapter, a generalization of Theorem 1.2 of
Kleijn (2015) for the posterior consistency property, concerns the rate of posterior contraction in

the model 2.

THEOREM 4.1 Assume that there is a prior 11 on (2, %) in which P} < P holds for each n > 1.
Consider a sequence (g,,) such that e, — 0 and ne2 — ccasn — oc. Let V,, = {P € & : d(P, Ry) >

Me,} for M > 0. Suppose that for each n > 1, {V,, ., }Nn | is a finite cover of V;, such that,
N, < eknen, (4.5)

for some positive constant L. If there exist a positive constant C' and some model subset B,, such that for

each 1 <m < Ny, suppey,, . SUPgep, Fo(dP/dQ) < oo and,

dP\*“ A2
inf  sup sup  I(B,)~ "R () < e Cen, 4.6
0<as<leB, Peco(Vi,m) ( ) 0 @ ( )
then for a sufficiently large M > 0, we arrive at,
I(Pe2: dPPy)>Me, | X1,..., X, ) — 0in Py-probability. (4.7)

A few illustrations about the assumptions made in this theorem are in order. Condition (4.5)
requires that the number of model subsets that cover the complement of some metric ball should
not be too large. In fact, this requirement reflects the complexity of the model in some sense.
Specifically, in infinite-dimensional statistical cases, the packing number or the associated metric
entropy is considered as a concise expression of the model complexity. Broadly speaking, we
employ a sequence of small covering sets to partition the parameter space of interest to explore

exponentially powerful test sequences for the model, see theorem 4.2 for more details.
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Condition (4.6) is an appropriate uniform control of the Hellinger transform F, <%)o¢ over
some covering set and any neighborhood B,, of F as well as the prior factor H(Bn)_a/ " with a
sufficiently small exponential bound. Given a collection of covering sets on V;,, this condition
leaves a room for the flexible choices of B,, as well as prior IT and also strikes a balance between
lower bound on the prior mass on B,, and upper bound of the Hellinger transform.

We put the same model integrability condition just as stated in Kleijn (2015). This restriction
on the model may be thought of as a small price for the freedom to choose priors. Therefore
theorem 4.1 is exactly regarded as an extension of his results about posterior consistency to the

posterior contraction rates.

4.2.3 Posterior concentration

As argued in the previous Subsection, to obtain the rate of posterior contraction given a prior,
one needs to show that the corresponding posterior concentrates on small balls around Py with a
radius of some order. Generally speaking, this order, a positive sequence decaying to zero, could
be viewed as a rate but the posterior can still capture most of the probability mass asymptotically.
The following theorem, on the basis of the techniques proposed in Kleijn (2015), which was
developed for establishing posterior consistency for a variety of statistical cases such as a prior
charging Hellinger balls as well as the scenario that violates the requirement of prior mass on
the Kullback-Leibler ball, asserts that the posterior contraction rate is determined provided a

sequence of tests on the covering sets of the complement exist.

THEOREM 4.2 Let X1, Xo,...,X,, be i.i.d sample distributed from Py € & which is a metric space
equipped with some metric d and is also dominated by a o-finite measure. Let II be a prior on & such
that P} < PY holds for all n > 1. Consider V,, = {P € & : d(P,Py) > Me,} with M > 0 as well
as a positive sequence (e,,) such that e, — 0 and ne2 — oo as n — oco. Assume that for each n > 1,

{Vom}2n | is a finite cover of V;, such that,

Nn S eLnan’ (48)
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for some positive constant L. If for each n > 1 and 1 < m < N, there exists a test ¢, ,, such that for a

universal positive constant K,

dpPm 2, 2
Pn(bn,m + sup Py —— (1 — ¢n,m < e_KM n£n7 4.9
0 e‘/n,rn 0 dP’rlL_[( ) ( )
and for all P € Vi, 1,
P dP"/dP) < o, (4.10)

then for a sufficiently large M > 0, we have that,
I(PeP:d(P,Py) > Mey | X1,...,Xn) — 0in Py-probability. (4.11)

Condition (4.9) plays a key role in determining the rate of posterior convergence by view of
this theorem. The main feature that this test distinguishes from the traditional one discussed in
Ghosal et al. (2000) is that the probability operator taken on in the type II error involves the prior
predictive distribution, hence the prior is naturally regarded as an important factor to build up

this test.

4.2.4 Existence and power of test sequences

A main element in the proof of theorem 4.2 is to construct some kind of nonparametric tests of Py
versus some alternative d-balls that have sufficiently small exponential bound on the probability
of the type I and type II errors, here d could be some general loss-functions besides the regular
Hellinger metric or total variation distance. Early theorization of the construction of exponentially
powerful hypothesis tests is traced back to Le Cam (1973, 1975, 1986) and Birgé (1983, 1984) who
applied the minimax theorem with the Hellinger entropy number to formulate some test for any
two pair convex set &y and &7, of probability measures. To this aim, we explore an alternative
version on this theme in terms of the so-called Hellinger transform described extensively in Kleijn

(2003, 2015) and Kleijn and van der Vaart (2006, 2012).
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Define V!, = {P" : P € V,,,,} and denote its corresponding convex hull by co(V}}",,) and the

generic element in co(V};',,,) by P,.

LEMMA 4.3 Consider n > 1 and a sequence of model subsets {V;, ,, }Nm . Assume that Py (dP™/dPM) <

oo forall P € V;, ,, 1 < m < N,,. Then there exists a test sequence (¢n, ) such that,

mn

dP, )a’

dP .
Py bnm+ sup P oon(l=6nm) < sup  inf By o

— 4.12
PGVn,m dP’nH PneCO(Vn”’m) OSCYSI ( )

i.e. here the testing power embedded in some subset is appropriately bounded by means of the Hellinger

transform.

PROOF OF LEMMA 4.3
This lemma can be completed by the method analogous to that used in Lemma 2.2 in Kleijn (2015)
just replacing ¢y, V there with ¢, 1., V5, respectively. O
More specifically, the prior could be localized on some measurable set B,, with positive prior
mass that mainly centers on F in the same technical fashion as in Wong and Shen (1995); where
the construction of the sieve could lead naturally to some good approximation to F. To this aim,
we introduce the local prior predicative distribution proposed in Kleijn (2015). Given a prior II
and a measurable set B), such that II(B,,) > 0, the local prior predictive distributions QE is defined

as follows:

QU(A) = / Q"(A) dII(Q|B,), (4.13)

foreachn > 1 and A € o(Xy,...,X,). The following lemma makes use of the local prior

predicative distribution to further establish some more specific conditions on model and prior.

LEMMA 4.4 Fix n > 1, consider B, and a collection of model subsets {V;, ,,} N in %B. Assume that

II(By,) > 0and forall P € Vy, p,, 1 <m < N,

sup Py(dP/dQ) < oo, (4.14)
Q€Bn
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then there exists a test sequence (¢y, ) such that,

dP" dP\ an
Fy n,m Pl——(1-— nm) <1 f HBn — Pyl — dI1 Bn . (4.15
Gonmt o Fopm(l=onm) < Jaf T(Bn) /[PECil(lgm) (Gg) ] m@iB.). @1s)

As a consequence, our main result, theorem 4.1, follows by invoking theorem 4.2 together

with lemmas 4.3 and 4.4.

4.3 Sufficiency of GGV priors

In this Section the room of sufficiency of GGV priors will be exploited relative to condition (4.6)
in theorem 4.1. We apply theorem 4.2 to encompass GGV priors under more stringent model

conditions.

LEMMA 4.5 Consider two model subsets B,V such that Py € B. Suppose that sup sup Py(dP/dQ) is

QEB PeV
finite. Given € > 0, then,
dQ dP .
_ Pl ——'f{—Pl —} .y 41
oo TR G T A TV Ry S S e (4.16)
if and only if,
dP\« Y )

inf sup sup P (7) < e M 417
020<1 gen pey - \dQ @17

where M is a positive constant. That is, B and V are strictly separated in Kullback-Leibler divergence
with a slightly small difference iff we could uniformly control the Hellinger transform of two probability

measures.

It is clear that the above lemma does not require any restrictions related to the second moment
of log-likelihood ratio Py <log 35)2 Hence condition (4.16) offers us more room to explore the
rate of posterior contraction without any prior mass put on the ball involving the higher moments
of the Kullback-Leibler discrepancy. So we expect that condition (4.1) about GGV priors is sufficient

but maybe not necessary to determine the rate of posterior convergence.
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The following theorem precisely provides such an assertion in the preceding display without
requiring more of the prior on neighborhood concerning the second moment of the Kullback-Leibler

divergence.

THEOREM 4.6 Fixn > 1, there exists a Kullback-Leibler neighbourhood By, of Py in which supgep, Po(dP/dQ)
is finite for all P € . Let 11 satisfy (4.1) for a positive sequence (e,,) such that e, — 0 and ne% — 0 as
n — 0 and also d be either the Hellinger distance or total variation metric on &. Assume that for M > 0
,Viw=A{P e P : d(P,Py) > Mey} is covered by a number of Hellinger balls V}, 1, ..., V, n, with the
same radii e, where N,, < e~"x for some positive constant L. Then we have that, for a sufficiently large
M >0,

I(PeP:d(P,Py) > Mey | X1,...,Xn) — 0in Pg-probability. (4.18)

So we have adapted GGV priors in our framework to obtain the rate of posterior contraction
under some additional model assumptions. This flexible formulation enables us to accommodate

a broad range of prior choices.

4.3.1 Hellinger prior

Generally speaking, under quite general assumptions on the model, theorem 4.6 examines the
posterior contraction rate if there exists one Kullback-Leibler neighborhood with a large amount
of prior mass. Since each Kullback-Leibler neighborhood is contained in a Hellinger ball, in this
Subsection we try to show the assertion in theorem 4.6 also holds under a weak assumption about

the prior charging Hellinger ball and more specific model conditions.

THEOREM 4.7 Suppose that there exist a positive sequence <, | 0 and a positive constant C such that for
eachn > 1,

N(en, P, dy) < e, (4.19)

Given a prior 11 and for each n > 1, assume that there exist a Hellinger ball B, with a ¢, radius and a
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positive constants L' and C' such that for all Q € B},, P € 2,

[ 7 w0

I(B,) > e Cmew. (4.21)
If X1, Xo, ..., X, constitute an i.i.d Py-sample, where Py € &, then we get
II(P e Z:duy(P,Py) > Mey, | X1,...,X,) — 0in Py-probability, (4.22)

for a sufficiently large M > 0.

The finiteness of the covering number relative to the Hellinger distance dy in theorem 4.7
explicitly requires that (£?,dpy) is a totally bounded space. In this case we could construct a
so-called net prior under bracketing entropy conditions. Let (¢,,) be a positive monotone decreasing
sequence with its limit be zero. Fixed n > 1, denote Ny (en, Z,du) by N,. Consider a totally
bounded space (7, dy) dominated by a o-finite measure y, then there exist a finite collection of
functions {l;,u1,lz,uz...,ln,,un, } such that for every P € &, 1; < p < uj and di(lj,u;) < e,
for some j € {1,2,..., N, }. Now a prior II,, is characterized as a uniform measure put on a kind
of normalization sets %, := {wi/ [widp,...,un,/ [un, du}. Therefore, the infinite mixture
II = 3> A\II, is regarded as the net prior on U°, &2 where (\;,) is a positive sequence such
that >~ ° | A, = 1. Here the support of this discrete prior includes all the upper brackets.

Given this prior II constructed as above, the following variation of theorem 4.7 shows that
the corresponding posterior contracts at a rate around the true distribution with respective to the

Hellinger distance under some mild model conditions.

THEOREM 4.8 Let net prior 11 be described as above and consider a positive monotone decreasing sequence

(en) and a weighted sequence (\,,) described above, such that for each n > 1,

N[] (en, P,dy) < na‘%, (4.23)
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and as n — oo,

€n — 0,
ne2 /logn — oo, (4.24)
log A\, ' = O(logn). (4.25)

In addition, if the model condition (4.20) in theorem 4.7 holds, then the claim (4.22) follows.

In the following three examples, we show that the corresponding posterior convergence rate
under some prior agrees with the optimal rate of frequentist estimators. In particular, we look
at Bayesian estimation of probability densities satisfying some regularity conditions, monotone

nonincreasing densities and distribution functions in interval censoring case 2.

EXAMPLE 4.9 Given some v > 0, let & be a class of probability measures on [0, 1] with associated

probability densities p satisfying for any = € [0, 1],

Crg(z) < p(x) < Cyg(z) and [|\/plly <1, (4.26)

where C1,, Cyy are positive constants, g(z) is a known density function with support on [0, 1] and
|| - ||y denotes the Holder norm defined in Chapter 2.7 of van der Vaart and Wellner (1996).
Taking ¢, = n™?/(7+1Y, by Corollary 2.7 in van der Vaart and Wellner (1996), the ¢,,-bracket
entropy numbers relative to the norm || - ||, for every 1 < v < oo are bounded above by neZ. So
we could construct a net prior II in this case. Evidently, we see that the conditions in theorem
4.8 hold, giving rise to a n~?/(27+1)rate of posterior contraction. What’s more, it coincides with
the optimal rate of the similar estimators in the frequentist context. Thus by theorem 4.8, the
corresponding posterior from this net prior built on the finite set of brackets converges to the true

distribution at the optimal rate.

EXAMPLE 4.10 Suppose we consider the problem of estimating a density function that is nonincreasing

on (0,00). This theme was introduced in Khazaei and Balabdaoui-Mohr (2010) and Salomond
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(2013), which established posterior consistency and determined the rate of convergence under
the Dirichlet prior and the finite mixture prior respectively.
Given a density function g supported on (0, o) and a sufficiently small positive constant C7,

let us consider the model & defined by,

1
0

where CJ; is a positive constant. That is to say, the model & consists of all nonincreasing density
functions supported on (0, c0), which are dominated by a known probability density function.

According to Theorem 2.7.5 in van der Vaart and Wellner (1996), for any ¢ > 0, one could show,
log Nyj(e, 2, L (1)) < C'/e, (4.27)

for each 1 < 7 < co, where & := {vp:pe 2}and C' is a positive constant that depends only
onr.

Put e = ¢, = n /3, then the monotonicity of \/p implies that e-bracket entropy number
log N, (en, P,dp) < C’ ne2. Then a net prior could be designed in this statistical model. By virtue
of the assumption that any nonincreasing density in & is dominated by a known density function,
the model condition (4.20) in theorem 4.7 is fulfilled. Notice that ¢, = n~1/3 is the optimal rate
of the frequentist estimator, therefore in view of theorem 4.8 this net prior constructed from the

finite approximation sets by means of brackets attains the optimal posterior contraction rate.

EXAMPLE 4.11 This example concerns the nonparametric Bayesian analysis in the field of survival
analysis, with a particular focus on the estimation of the life distribution functions of the censored
data from a Bayesian viewpoint, which often arises in a variety of contexts, such as medical
research, actuarial sciences and reliability theory.

Suppose a representative sample about the ages of people who are possible to get lung cancer

is observed during some period (say, 3 years). Two lung cancer tests are administered to each
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person in this sample within this specified period. Let X be the age at lung cancer with associated
distribution being F', and a pair of observation times (77, T5) are the ages at which the person
is implemented by these two lung cancer tests with a joint distribution G and its associated
density g, and also X is independent with (77, 75). In this context, we observe a n i.i.d. sample
{(Xi, Thiy Ty Ay Doy, Agi) Hy, where Ay = 1{X; < T}, Ay = T < X; < Ty} and
Az, = 1{X; > Toi}, ¢ = 1,2,...,n. For example, if one realization for the observation of person
Jis (xj,t15,t25, 015,02, 035), where §1; = do; = 0 and d3; = 1, then we know this person j has
not got lung cancer at up to age to; and x; > ;. The probability density can be computed by
considering three cases A1 = 1, Ay = 1 and A3 = 1 separately. Then the density at a realization

(t1,t2,01,02,03) is given by,

pr(ti, ta, 01,02,03) = F (1) (F(t2) — F(t1))%2(1 — F(t2))®2g(t1, t2). (4.28)

Moreover, some routine calculations show the likelihood at ni.i.d. realizations {(x;, t1;, t2i, 01i, 02, 93:) }7'_¢
is:

Py (F(41)) ™ (F (t2s) — F(t10)2 (1 = F(t2:))% g(t1s, t:)- (4.29)

Note that the likelihood is factorized into the conditional likelihood of (A1, Az, A3) given a
pair of observation time (77, 7>) and the marginal likelihood g of this joint time (77, 75), then the
marginal density g vanishes in the expression of the posterior distribution of the life distribution
F'. Hence it is not necessary to specify a prior on the joint distribution G' and in this case G could

be regarded as an known distribution distribution.

Assume that F' supports on a compact interval, say, [0,1] and F' = ¥ (W), where this link
function ¥ : R — (0, 1) is the normal or logistic distribution function and W is a Gaussian process
chosen later. Given & > 0, assume also that there is a true distribution Fjy for which Fy = ¥ (wy),

where wy € C%[0, 1]. Let the support of G be a closed interval strictly contained in (0, 1). Denote,

F :={F: FecC%0,1], |F|la < 1and F is a distribution function on [0,1]}.
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As prior on F, we consider the law II of the transformed process W via F = ¥(W%), where W¢
is the modified Riemann-Liouville process given by,

la|+1
W= > zZit/ +RE, tel01], (4.30)
=0

where R¢ is the Riemann-Liouville process with Hurst parameter & defined by R = fg (t —
s)laI=12qw,, t > 0, | @] is the largest integer that is strictly smaller than & and 7, Zs, ..., Z G)+1
are i.i.d standard normal random variables which are independent of R}. As shown in Theorem
4.3 in van der Vaart and van Zanten (2008), the support of this process W is C[0,1] and the
concentration function is smaller than ¢~'/¢ for each ¢ > 0 small enough. Hence according to

Theorem 2.1 in van der Vaart and van Zanten (2008), it turns out that,

2

Pr (W% — woloo < 2e5) > e "n,

where ¢, = n~%/(26+1)_Using the elementary inequality (v/a — vb)? < (a —b)? fora > 0, b > 0, it

follows that,

dytor.pm) = [ [P0 - BP @] deem + [ [ |a-pen - a - Re)] o)
+ [ ] - et - (i) - R a6, )

<6 sup |F(t) — Fo(t)|* = 6| F — Fol|2%
t€(0,1]

< 6w — wol%.

where the last step follows the fact that the logistic function is differentiable with uniformly

bounded derivative. Taking the square root of both sides of the inequality above, we get,

di(pr,pRy,) < V6| F = Fyllao < V6|[W* — wol|so. (4.31)
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So the Hellinger distance between Pr and Pp, could be bounded above by the uniform norm of

W& — wg. Hence for &, = n~%/(26+1) gne could get,

N(en,{pr: F € Z},du) < N(en/6,.F,| - |loc) < €€ e0/36,

{pr : du(pr.pr,) < en} = I{F : [W* = wpllo < e0/V6} > e/,

where C” is positive constant. In addition, the model condition (4.20) in theorem 4.7 is automatically
satisfied since any distribution function in . is bounded between 0 and 1. Therefore, by theorem
4.8, the prior based on this transformed process W¢ in the interval censoring case 2 yields the

optimal rate n~/(2a+1),

4.4 Posterior contraction on separable models

The assumption that the existence of the finite number of model subsets to cover some measurable
setin theorems 4.1 and 4.2 is admittedly restrictive. Unbounded parameter spaces in the Euclidean
space, for example, do not coincide with this requirement. In this Section, we consider two
alternatives to circumvent those problems due entirely to the finiteness of the order of the cover.
The introduction of sieves that to a significant extent entails the model complexity to approximate
the model can be found in Subsection 4.4.1. In Subsection 4.4.2, the number of subcovers will be
allowed to be infinite accountable and the posterior convergence rate with respect to Hellinger
distance is achieved for a wide range of priors that meet a summability condition developed in
Walker et al. (2007). Meanwhile, we present a versatile version of Theorem 1 in Walker et al.

(2007).

4.4.1 Finite covers

In a polish space, a sieve could be naturally regarded as a useful device to support the prior
constructed in this space in a large part. A rate can be achieved by mild modifications on the

assumptions in theorem 4.1 with the aid of sieves.
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THEOREM 4.12 Suppose that there exist a positive sequence (g,,) with &, — 0 and ne — oo as n — oo,

positive constants K, L and sets &2, C & such that for sufficiently large n > 1 and M > 0,

(i) VoN P, ={P € P : d(P,Py) > Me,} N P, is covered by a finite number of measurable subsets

1 2
Va1, Vaa, oo, VN, where Ny, < ealnen.

(ii.) for each 1 < m < N,, there is a test ¢, , such that,

" n apr” —Lne?
Py énm+ sup Ky (1 = pnm) < e” 780, (4.32)

PEVpy  APY

(iii.) the prior mass on the complement of the set &), such that,

(P\2,) < e fnen (4.33)

(iv.) there is a model subset By, with I1(By,) > e~ 2" such that,

dP
sup sup Py (—) < e'ten, (4.34)
PeVanze QeB,  \dQ

If X1, Xo, ..., X, constitute an i.i.d Py-sample, where Py € &, then we get,
I(PeP: dP,PRy)>Me,|Xi,...,X,) — 0in Py-probability, (4.35)

for a sufficiently large M > 0.

Conditions (i.) and (4i.) are analogous to conditions (4.8) and (4.9) of theorem 4.1 except that
the covering sets are deeply embedded in the sieves &7,,. So that lemmas 4.3 and 4.4 that illustrate
the existence and power of test sequences also hold within a sequence of sieves. Condition
(3i.) that states the negligible prior mass outside the sieve is commonly used in the literature.
Besides, condition (iv.) requires a large amount of prior mass on some model set and the Hellinger

transform of the true distribution P and another probability measures defined on the complement
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of sieves and this model subset uniformly vanish at an exponential rate. The latter could be
typically viewed as a model condition.
Because of lemmas 4.3 and 4.4, we could formulate one alternative instead of condition (i:.)

in the preceding theorem. More precisely, the following corollary illustrates this point.

COROLLARY 4.13 Let the conditions (i.), (iii.) and (iv.) listed in theorem 4.12 hold as well. Assume that

there exists some positive constant K for every 1 < m < N,,, we have,

dP\«o 2
inf sup sup Py (—) < e Ken, (4.36)
0=a<1 peco(Vim) QEB, AR
and forall P € V,, p,, 1 <m < N,,
dP
sup P (—) < 00. 4.37
Sw Bl gg (4.37)

Then the claim (4.35) follows.

4.4.2 Infinite countable covers

We employed a sequence of sieves to alleviate the situations lack of total bounded requirement
on the models by constructing a finite number of covering sets on a series of approximating
models in the previous Subsection. Another way to address this question is to construct an infinite
accountable number of covers. Following the approach in Walker et al. (2007), we center on the
separable models with respect to some metric in which there exists countable model subsets to
cover the model &?. More particularly, as was the case in Walker et al. (2007), we treat the rates
theorem in Hellinger distance and a brief account for the definition of the Hellinger separable
model can be found in Kleijn (2015).

In order to utilize the summability condition explored in Walker et al. (2007) that essentially
imposes an upper bound for the prior mass, we formulate the equivalent version of theorem 4.4

in Kleijn (2015) that applies model subsets that display n-dependence.

THEOREM 4.14 For a given prior 11, let P} < P for each n > 1. Assume that V,, = {P € & :
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d(P, Py) > Me,} is covered by an infinite countable number of model subsets V,, 1, V;,. 2, . .., where M > 0
and (&,,) is a positive sequence such that ,, — 0, ne2 — oo and also there exist a sequence of measurable

subsets (By,.;)i>1 and a positive constant K' such that,

I(B,,) > e K'nen, (4.38)
and,
dP
sup P, (—) < 00, 4.39
QEBn’i 0 dQ ( )
forall P € V, ;,i > 1. Then we have,
TI(V,,.;)® dPa "
PRIV X1y, X0) < S0 inf = 1 g sup P ( ) 4.40
0 ( ’ 1 Zo<a<1 H Bmi)o‘ Peco(Vy.i) Q€Bn; 0 dQ ( )

We will apply theorem 4.14 to present a generalization of theorem 1 in Walker et al. (2007)
in the following two corollaries. The first corollary requires the prior to meet the summability
requirement described in Walker et al. (2007) and also to admit a sufficient amount of probability
mass on some model set that is beyond the scope of the Kullback-Leibler neighbourhood. Furthermore,

we impose some model condition like that of (4.6).

COROLLARY 4.15 Let By, ; = By, forall i > 1,n > 1 and also the conditions stated in theorem 4.14 hold.

Additionally, suppose,

dP 1/2 1
sup  sup Po( ) <e & 5%, (4.41)
Peco(Vy,i) QEBn dQ

for some positive constant K" > K'. If there exist some positive constant K and a positive sequence (<,,)

such that e, — 0, ne2 — oo and the prior satisfies,

o0
e KM S (V)2 =0 as n— oo (4.42)
i=1
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Then for i.i.d Py-distributed X1, Xo, ..., and a sufficiently large M > 0, we have,
I(PeP: dP,PRy)>Me, |Xi,...,X, ) — 0in Py-probability. (4.43)

The second one allows the prior to satisfy a slightly stronger summability condition stated in
Walker et al. (2007) with a large amount of probability mass on the Kullback-Leibler neighbourhood

instead.

COROLLARY 4.16 Let a prior II and & be given and assume that & is separable with respect to the
Hellinger metric dy. For each n > 1, there exists a Kullback-Leibler neighborhood By, of Py such that
supgeg, Fo (%) < oo for each P € & and also I1(B,,) > e Kinel for some positive constant K and a
positive sequence (e,,) with e, — 0, ne2 — oo. Assume also there exists a positive constant Ky such that
foreach 8 € [0,1],

e Kame, Z M(V,:)? =0 as n— occ. (4.44)
i=1

Then the claim (4.43) follows with the Hellinger metric dy instead of d there.

4.5 Marginal posterior contraction

Semiparametric is by now viewed as a special and vibrant research area in statistics due to its
novelty as well as the genuine scientific utility and intriguing theoretical complexity of models
arisen in its field. There has been well established for the asymptotic theory of the frequentist
semiparametric approaches, such as notions of optimality, asymptotically pivotal statistics, to
name a few; See Bickel et al. (1993) for more details. However, from a Bayesian perspective,
unfortunately few attempts have been developed for the asymptotic theory of Bayesian semiparametric
methods beyond Bickel and Kleijn (2012), Kleijn and Knapik (2012) and Kleijn (2015), and more
specifically, a Bernstein-von Mises theorem for LAN and LAE model under reasonably mild
conditions is elegantly investigated if the posterior distribution of the parameter of interest is

consistent. A further result along the line of this direction could be the establishment of posterior
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contraction rate involving this finite-dimensional parameter of interest. In this Section, we will
demonstrate the posterior contraction rate under some mild model conditions and reasonable
assumptions put on the prior.

To establish the basic framework, consider the model & := {Py, : 0 € ©,n € H} where O is
an open subset of R¥ equipped with some metric g and H is an infinite-dimensional nuisance
parameter space. We assume that &7 is dominated by some o-finite measure defined on the
sample space (X, Z") with associated probability densities pg,. The prior on & is induced by

a probability measure Il on © x H. The posterior distribution is said to contract at a rate ¢, if,
I({Py, € Z: g(0,60) > Mypen,n € H} | X1,...,Xp) — 0in Pg-probability, (4.45)

for every (6y,nm0) € © x H and all M,, — oo, as n — oo.
Additionally, the identifiability of the parameter 6 is defined by means of an identity mapping
§: 2 — ©with(Fy,) = 6 forall (§,1) € © x H. Hence the metric g in © could be characterized

by the following pseudo-metricd : & x & — [0, 00),
d(Pgm, Pg/m/) = g(9, (9/), (446)
forall9,6' € ©® and n,n’ € H.

4.5.1 Density support boundary estimation

The properties of the boundary domain problem, such as consistency of parameter of interest,
have been explored from the frequentist perspective, see for instance the introduction of this
subject in Ibragimov and Hasminskii (1981), and more recently in a Bayesian viewpoint, such as
posterior consistency discussed in Kleijn (2015) and the Bernstein-von Mises property exhibited
in Kleijn and Knapik (2012). However, less is known about the rate of posterior contraction to our
best of knowledge. In this Subsection, a preliminary attempt is conducted to establish this result

under certain prior conditions for the nuisance space and the parameter space of interest, as well
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as some additional model assumptions.

Before moving on to major results, a basic specification of this model is introduced below. Our

model & = {P, : 0 € ©,n € H} is described by means of Lebesgue densities given as follows:

() 1 ( T — 01 > 1

xTr) =

where (01,62) € © and € H which is defined as a collection of Lebesgue probability densities
with their support in accordance with [0,1]. Moreover, there exists a continuous, monotone

nondecreasing f : (0,00) — (0, 00) such that,

gglf;[min{/oend,u, /liend,u} > fle), (0<e<1). (4.47)

Condition (4.47) is of paramount importance to determine the posterior contraction rate in this
scenario. This requirement on the nuisance space H indicates that a positive probability mass
shall be put on any neighborhood of parameters 6,03, especially around its boundary. In this
context, the Bayesian estimation of the parameters 61, 6 is of primary interest and we need to
specify some priors on © and H to obtain the relevant asymptotic results for #; and 6. The
following theorem states the rate of posterior convergence of the parameters 6, 2 with respect to

the Euclidean norm || - ||2 in R

THEOREM 4.17 Given 8 > 0,0 > 0,let © = {(01,02) € R2 : 0 < 0y — 0y < o} and f(x) = 2°.

Suppose there exist some positive constants L and T, such that, for any n > 1,

dP ;
T1(B,) = {Q e ‘ @0 o 5,%} > ¢~ Lnd: (4.48)
sup su T, 4.49
PG%QGE HdQ TQ ( )

where 5, = [QT}wB]l/Z, 1/r+1/s = land | - |sq stands for the Ls(Q)-norm. If X1, Xa, ... form an
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i.i.d.-Py sample, where Py = Py, ,,, € &, then,
II( [0 = boll2 > Mpen | X1,...,Xn) — 0in Py-probability, (4.50)

for every M,, — oo asn — oo.

LEMMA 4.18 Let w : [0, 1] — R be a continuous function and a weighted logistic density function on [0, 1]

is defined as,
e”Mg(t)

wlt) = ———=——
p ( ) fol 6w(s)g(8) ds

where g : [0,1] — (0, 00) be a known probability function and denote its associated distribution function

by G. Then for any continuous functions v, w : [0, 1] — R we have the following,

A (Do, Pw) < |[v — wl|oo x ellv™®loe/2,

Here we consider one example to illustrate the use of theorem 4.17. We particularly construct
the priors on the infinite-dimensional space H and finite-dimensional space © of interest that

meet (4.48) and the model condition (4.49) demonstrated in theorem 4.17 also holds.

EXAMPLE 4.19 Let a sequence of i.i.d sample X1, X, ... distributed from some unknown distribution
function Py = P, ,, with a Lebesgue density py supported on an interval [0 1, 6 2] such that
0 < b2 —0p1 <6 foraknownd > 0.

Given M > 0, define,
Cy :={heC[0,1]: e M §h§eM},
and,

:hECM,HJE[O,l]},
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where C]0, 1] denotes the class of continuous functions on [0,1] and ¢ : [0,1] — (0, c0) is a known

density function. Note that any element in H is the Esscher transform of the function in C),.

Take h(z) = (@ forall z € [0, 1], now a prior on nuisance space H is induced by considering a
stochastic process prior Z(x). Let U be a uniform random variable on [-M, M]and W = {W (z) :
x € [0, 1]} be a Brownian motion independent of U. The stochastic process Z(x) is defined as the
process U + W (z) conditioning on U + W (z) € [-M, M] for all € [0, 1]. Hence the process Z
has full support with respect to the uniform norm in Cj;. Assume that a prior distribution Ilg on
© admits a strictly positive and continuous Lebesgue density on its support. Of course, condition

(4.47) is fulfilled in this case with f defined by,

fle) =e M min{/oeg(x) dz, /11 g(x) dm}, (0<e<).

—€

Denote Py = Py, ,,, and Q = Py, with 6y = (0o1,602) and 6§ = (61, 62), and put,

B,:={0e€0O,neH: ||P—Q|rv < on}

Now, the corresponding densities can be explicitly written in the following forms:

U+W (z) W (x)
n(z) = 16U = gle) 16W 9(@) : (4.51)
Jo VW Wg(y)dy [ eV Wg(y)dy
1 Tr — 901
Poo1,002,m0 (z) = fos — Oo1 770(902 _ 901> 1{901§1§902}’
1 xr — 91
DPo1,002,m0 ('r) = 902 — 91 770(902 — 91> 1{91§CL‘§902}7

1 T — 91
P61,02,m0 (z) = 0y — 0, 770(92 _ 01> 1{01§x§92},

1 xr — 91
p91792777($) = 0y — 04 77(92 _ 91> 1{91§x§92}'
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Consider s = 1, then,

‘dpo_l

— 1Py~ Qllzv = / 1po — al dp.

7Q

Notice that applying triangle inequality for the total variation distance between pg, g,, ., and

D6,,62.m yields,
Hp901,9027770 _p91,6’2ﬂ7H1 < Hp901,902,no - p91,902ﬂ70H1 + Hp91,902ﬂ70 - p91,92,770||1 + ||p91,92,770 _p91,92777H1’

that means the difference of these two densities in terms of total-variation metric is split into three

parts that we will discuss in details in the sequel separately.

For the first part, let 6; < 61 < g2 and k = Ju=0L 91 together with k < |0 — 6y|| < &/2, where &
p oo &

is small enough. Note that,

Hp90179027770 = P61,602,m0 H 1

fo2 1 xr — 901 1 Tr — 91 fo1 1 Tr — 91
= - dx +/ dx
/901 o2 — Oo1 770(902 - 901> o2 — 01 770(902 - 901> ’ 9, Oo2—01 770(902 — 91)

1 1 fE
:/0 ‘770(:15)— 1+K770(95+/€)‘d$+/0 no(z) dz

=I+1I.

Direct calculation for (I) and using the property of uniform continuous of 7 (z) on [0, 1] show

that,

1 1
I:/O ’770(:1:)—1+ no(x—l—fi)’d:c

- /1 o(z) d$+/‘7709€+f€ no(z)| dx

<
14k

2K
< 2/|60 — 6y]].
< 20j0 0o

IN
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Similarly one could find,

Oo2 — 02

For the second part, let 0; < 6y < Op2, 7= and 7 < ||0 — 6o|| < 6/2, where § is sufficiently
1

small. Observe that,

||p91,902ﬂ70 = P61,62,m0 1

02 1 IL’—91 1 l‘—el fo2 1 ;17—91
= - dx—i—/ dzx
/91 Oz — 0, ”0<902—91) 02 — 0, 770(92—91)‘ 0, Oop— 01 ”0(902—91)

=1IT1+1V.

A straightforward calculation for (/1) and using the fact that n(z) is uniform continuous on

[0, 1] again yield that,

0 _ _

HI:/912 9021—91 770(99; —9;1) - 92191 770(9962 —9911)‘ e
= 1J1FT/01 (ﬁo(lf_T)—ﬁo(w))—Tﬁo(x)
<5 () )| dos 5 [t

dzx

1 1 T
< Tdxr +
1+7’ 0 1+T
2T
=1 =206l
+ T
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Analogously simple algebra for (IV'), one could get,

b2 1 — 0y
IV = dr
9, bGo2 — 01 770(902 - 91)

_/:291 no(x) dac—/l1 mo(x) dx

002—01 T+1

IN

A direct computation for the third part guarantees that,
02
||p91,92,770 _p91,92,77H1 = /
01

6 i o, ”0@_6911) "0, i 0, ”(ez_?l)
1

= [ Ino(z) —n(z)| dx
0

< 2h(mo,m)

< 2||W — wp|oe x el —wollee/2,

where the last inequality is due to lemma 4.18 and the fact that () = e®0(@)+og(z).

Hence, the arguments in the preceding display imply that,

HPO - QHTV = HP907770 - P9777’ TV

= Hp901,902,770 - p91,92,n0”1

< (4 +2e*M)(10 = Og|| + 2||[W — wol|os x el wolle/2,

Let Ko = 4 + 2¢* and 0 < §,, < 4y/e. Thus if,

On
16— ol < 5K, and [|[W — wolle < 0n/(2Ve),

91
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then it follows that,
Koll0 — 0o] + 2| W — woloe x eV —wolle/2 < 5 /246, /2 = 6,.
Moreover, we could explore the lower bound of the prior on B,, i.e. II(B,,), as follows,

(B,) > H(e cO,neH: Kol — ol + Lyl|W — wolloo x elW—wolle/2 < 5n)

1) )

> 16 — "W — [W—wolloo/2 - Z1
_H(GE@,UGH 6 90H<2 0,|| wolleo X € < 4)

) 1)
_ g n W W — IW—wolleo/2 _ On

H@<9€@. H@ 90H<2 0> XH}{/( : H onooxe < 4>

On, On,
> 26— W |W— —
_H@(QE@ HG 90” < 2K0> Xﬂw< || wOHoo< 4\/E>

ZH@@ €0: [0 -6 < 2?%) X exp{—ﬁf}

> exp{—Kand2}.

where Ky > 0 a sufficiently large constant. Since the prior probability density of 6 is strictly
positive and continuous on its support, the first factor of the last second inequality is bounded
below by a constant multiple of §2. Furthermore, this factor could be absorbed into the second
factor of this same inequality. Finally, it can be easily shown that the model condition (4.49) in
theorem 4.17 follows since every 7 in H satisfies e 2M g(z) < n(z) < M g(z) for all z € [0, 1] and

a known density function g(z).

4.6 Discussion

As far as the property of the posterior contraction rate is concerned, one of the main conditions
appears to involve the GGV priors that charge a specialized Kullback-Leibler ball with a sufficient
amount of probability mass. Especially, taking into account the difficulty to construct and even
appropriately control the priors on infinite-dimensional spaces, a lack of flexibility in GGV priors

then limits its application to a wide range of statistical models. For instance, any prior involved
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in boundary support estimation does not belong to this class of GGV priors.

To conclude, this present study is preliminary research on the flexible criteria on the prior
at the cost of the relevant constraints on the model. A major finding is that we have explored
the possibility of examining the contraction properties of the posterior distribution under some
flexible condition for priors as well as stringent assumptions imposed on the model, followed by
a comparison with that described in Ghosal et al. (2000). This flexible selection criteria permits us

to tail the prior to act in accordance with Kullback-Leibler property stated in (4.1).

More specifically, it can be seen that the proposed approach encompasses the GGV priors
and the posterior under the prior built on bracketing approximation attains the optimal rate of
convergence in the context of the Bayesian nonparametric estimation of monotone nonincreasing
densities, some class of suitably chosen probability densities and the similar notion of optimality
is also demonstrated in Bayesian analysis of the interval censoring case 2 using a type of transformed
Gaussian process prior. Furthermore, it can be reasoned that semiparametric estimation of the

boundary support problem in violation of Kullback-Leibler requirement falls in this framework.

This kind of criteria for prior selection is still very much in its earlier stage and merits further
investigation. Much more also needs to be known about the translation of this freedom to select
priors into accommodating more choices for the loss functions, such as the uniform norm addressed
in Giné and Nickl (2011) and Rousseau (2013). This study should yield the optimal rate of

posterior contraction with respect to this uniform distance for future research.
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Chapter 5

Future Works

5.1 Bayesian nonparametric estimation of functions subjects to shape

restrictions

Shape restrictions often occur in a wide range of domains, such as monotonicity property entailing
in the proportional hazard function models and the imposition of the monotonicity and concavity
constraints on the indirect utility function playing a fundamental role in the estimation of the
demand and cost functions and a single minimum attained in the electricity consumption model
that characterizes the relationship between electricity demand and temperature, among others.

Both fixed-knot and free-knot regression spline models in a Bayesian context have been developed
for the nonparametric estimation of functions in the presence of shape constraints in Shively et al.
(2009) and Shively et al. (2011). In a frequentist side Wang and Ghosh (2012) proposed a general
framework on a basis of the Bernstein polynomials for the estimation of the shape restricted
nonparametric regression functions. More particularly, the Bernstein polynomials based estimators
maintained the shape constraints such as monotonicity, convexity or concavity and simultaneous
monotonicity and convexity via a series of linear restrictions on the associated coefficients.

This nice shape-preserving property that the Bernstein Polynomial enjoys could be further

exploited in the context of regression function estimation in a Bayesian paradigm. The natural
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way to impose shape constraints in a Bayesian context is through the prior distributions on the
coefficients of the Bernstein polynomial. Here we adopt the coarsened Bernstein polynomial
proposed by Kruijer and van der Vaart (2008) that segment the terms involved in Bernstein
polynomial expansion of the objective function into lower dimensional groups and keep the
coefficients within the groups be equal to each other. The modified version also retained the
desired properties of the original Bernstein polynomial. A bread spectrum of nonparametric
priors would be imposed on the coefficients that satisfy some linear constraints arisen from the
shape restrictions on the primitive function of interest.

Most studies up to now in the case have focus on some aspects of asymptotic properties such
as posterior consistency and posterior contraction rate. However, far too little attention has been
paid to the Bernstein-von Mises phenomenon in this case. Further research might establish the
Bernstein-von Mises property in the context of shape restricted function estimation that enables
us to construct approximate credible sets for the objective function which would be made feasible

by the popular Markov chain Monte Carlo algorithms.

5.2 Bayesian semiparametric inference of linear model with conditional

moment constraints

A linear regression model with conditional moment restrictions has been broadly documented
in the field of econometrics. A semiparametric Bayesian approach could be used to perform
an analysis of this model in the presence of conditional moment restrictions. The conditional
distribution of the error on predictors is modelled to be covariate dependent via a finite mixture
of normal distributions with the associated mixing probabilities be dependent on predictors.

One possible extension is to establish the Bernstein-von Mises property of this model by
relaxing the assumptions in Norets (2015) that the regression error terms conditional on the
covariates subjects to the normal distribution associated with the variance varying with predictors,

namely, heteroskedasticity variance. We consider a more general case to assign a prior on this



5.3. BAYESIAN NONPARAMETRIC REGRESSION IN THE PRESENCE OF ENDOGENEITY 97

conditional distribution directly on a basis of the approach proposed in Shen and Ghosal (2014)
instead of an induced prior on the distribution of error terms via endowing a probability distribution
on the variance in Norets (2015). Then this setup readily eschews the misspecification for the data
generating process of the error terms. It would be interesting to demonstrate that the limiting
distribution of the parameters of interest is asymptotically normal with its variance that attains

the semiparametric efficiency bound.

5.3 Bayesian nonparametric regression in the presence of endogeneity

The problem of endogeneity frequently occurs in the regression analysis of observational data
when the covariates are correlated with the error term. A number of sources for the endogeneity
issue include omitted variables, simultaneity and measurement errors. The estimation of regression
coefficients by standard regression methods in the presence of endogeneity could be biased and
inefficient.

The past decade has seen the rapid development of addressing the potential of the resulting
endogeneity bias in the nonparametric regression context in a classical perspective. See Blundell
and Powell (2003) for an extensive survey of nonparametric instrumental variable model (thereafter
called NPIV) and Chen and Pouzo (2013) for a recent development for this topic. However, there
have been a few investigations on asymptotic properties of posterior distributions in these models
in the context of Bayesian nonparametrics and much of the research up to now are limited in
a quasi-Bayesian method. Liao and Jiang (2011) proposed a unified framework for a general
conditional moment restriction model, of which NPIV model is a special case, to establish the
posterior consistency property on a basis of a quasi-Bayesian approach, and then Kato (2013)
explored a quasi-Bayesian analysis of the model, with emphasis on the theoretical properties of
quasi-posterior distributions. For the practical side, Wiesenfarth et al. (2014) presented a flexible
nonparametric approach for this model with one endogenous regressor and implemented it via a

Dirichlet process mixture prior.
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One possible direction would be to investigate the pure Bayesian analysis of this model by
endowing the nonparametric priors on the functions of interest. The respective asymptotic properties

could be established in the context of this NPIV estimation.



Appendix A
Appendix to Chapter 2

A.1 Proof of Theorems

A.1.1 Proof of Lemma 2.1

PROOF OF LEMMA 2.1

We use D} g to denote the partial derivative of the m-dimensional function g relative to the argument
x; for i = 1,2,...,m, where the partial derivative operator of the multivariate function has been
defined in (3.7) of Chapter 3. An application of Taylor expansion of g(x) at point x = z together

with its integral expression in (2.8) yields that,

(Ji+1)/k /(Jm+1)/k

4(x) - b(x; , G) = k™ ( / . <g<x>—g<z>>dz)

(J1+1)/k (Im+1)/k [ ™ 1
=k"E / / ZD}g\xzz(xi—zi)+7(x—z)TH(i)(x—z) dz |,
J1 /K I /K : 2

=1

JIm [k

where z := z + 0,(x — z) for some 6, € (0,1).

Let |trace (H(z))| < M; for some M; > 0 since the determinate of the Hessian matrix is
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bounded on [0, 1]"*. Then one could obtain,

S 2) (@) (x ~7)

_ |trace <;(x — )T H(3)(x - Z>> ’
= |trace <;(x —z) (x— Z)H(i)> ’

1 -
= [0 0 ) trace (1 3)|

IN
=
U
&
x
e

Also the density g(x) admits second partial derivative on [0,1]™, then there exists a positive

constant M, such that fori =1,2,...,mand z € [0,1]™,
‘Dilg|x:z‘ < M2~
Let M3 = max(M;/2, M), then,
1 1 T/
ZD g|x z l_zl) 2(X_Z) H(Z)(X_Z)

" M
< Z [Mzm — zi| + 71(561 - Zi)z]

i=1

m
< M3 Z ’xz Zz| + 1)2] .
=1
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Hence,

l9(x) = b(x; k, G)| =

(S1+1)/k (Jm+1)/k
EmE / . / (9(x) — g(z)) dz
Ji/k Im/k

(Ji+1)/k (Jm+1)/k
< M3k™E / / Z [|56i*2i|+($i*2i)2] dz
J

1/k Im/k i=1
(J1+1)/k )
= M3kE / [|z1 — 21| + (z1 — 21)7] d=
J1/k:
= O(1/k),

where the last step follows the similar arguments as (2.1) in Ghosal (2001). Thus we have proved

this lemma. O

A.1.2 Proof of Theorem 2.2

PROOFS OF THEOREM 2.2
2
Define K(f(]af) = flOg %dPO/ V(fo; f) = f (10g %) dPO andN(e, fO) = {f : K(foa f) < 627 V(anf) <
e}
THEOREM A.1 (Ghosal (2001)) Let I1,, be a sequence of priors on F. Suppose that for positive sequences

€ny €n — 0 with nmin(é,, €,)? — oo, constants cy, ca, c3, ¢y > 0 and sets F,, C F, we have,

log D(én, F,d) < ciné,, (A1)
I (F\Fn) < cgexp(—(cz +4)né2), (A2)
I, (N(€n, fo)) > caexp(—coné?). (A.3)

Then for €, = max(€&,, €,) and a sufficiently large M > 0, we have

IL,(f : du(f, fo) > Men| X1, ..., X)) — 0 in Py probability.

Fork > 1,let fp(z1, z2,. .., xm) = b(x1, 22, . .., Tm; k, Fy), where F{ is the cumulative distribution
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function of fy. Note that fj, is uniformly bounded away from 0 for all large & by (2.7).

Now let w,’jo be the set of weights associated with b(x1, ..., z,; k, Fp) and let w;* be the weights

associated with b(z1, ..., zp; k, F) in (2.9). Then,

| bz, 22, ik, ) = b(@n, @2, oms ky Fo) | <0 K™ max (Wi g — WY i il
<i1yeetm <k

K™ lwp — wils. (A4)

IN

Now, if [|wi — w0y < €™t and die™! < k < doe™! for positive constants di and dy, then
sup |fo(x1, @, ..., xm) — b(x1,22,...,2m; k, F)] < Dje for some positive constant D;

0<z1,z2,....2m <1

and b(x1,...,xm; k, F) is bounded away from 0 for sufficiently small e. Now, for some positive

constant D, dg(fo,b(-, - ,;k, F)) < Dage and so (8.6) of Ghosal et al. (2000) implies that

b(-,---, -k, F) € N(Cie, fo) for some positive constant C';. Hence,
N(Clg’ fO) D {b(xl’ cee ,$m;k,F) : ||wZ’L - wZLOHl < 6m+1}'

Now let k,, be such that,

1/(m+2) 1/(m+2)
by (2 <k <y (o ,
logn logn

for positive constants b and by and &, = k;, *. Then Lemma A.1 of the Appendix in Ghosal (2001)

implies that there exist positive constants C3, C4, D and d such that,

II(N(C1én, f0)) = p(kn)C2 exp(=C3ky' log(1/én))
> By exp(—pi(1/én)™) x Caexp(—C3(1/€n)™ log(1/én))

>D exp(—d(l/én)m log(l/gn))‘
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Hence &, = n~1/(m+2)(log n)/(m+2) satisfies condition (A.3). Let s,, be an integer such that,
Li(1/8,)™og(1/2,) < sn < La(1/&,)" log(1/&y),
for positive constants L; and L,. Now note that,
L m42) (log )2/ (m+2) < g < 1) m/(m2) (g )2/ (m ),

where we may choose L)} = ﬁ and L, = mLﬁQ Let F, := Urﬂi/?” 2B". Note that for positive

constants Bs and L,

oo o
MFE)< > p)< > B < Bye ™ < Byexp(—L(1/&,) log(1/&,)).
r="/5n+1 r="/5n+1

and L can be made as large as required by choosing L; large enough. As (1/¢,)™ log(1/¢,) and
né2 have the same order, the condition (A.2) holds. Observe also that by virtue of (A.4), the
covering number D(e, %", d) is bounded from above by the corresponding covering number of

the unit /;-simplex in R™ forr =1,2,..., thatis,
D(ﬁa‘@:‘n? H : Hl) < D(E/T,m7A;n’ H ' H1>

Moreover, in view of Lemma A .4 in Ghosal and van der Vaart (2001), one could get,

m Am S5r et
D(E/T‘ 7Ara||'”1)S - :

€
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Hence,

D(e, Fo, |- 1) < ), D(e, &% || - [lh)

i3

3

S

<5rm>””—1
1 €

55,\°" !
m/sn <n> X
€

IA
3

g
Il

IN

Then it follows that for some positive constants C' and L3,

Since the topology generated by the Hellinger distance and Li-norm in & is equivalent, then the
choice € = &, = n=1/(m+2) (log n)(m+4)/(m+4) satisfies condition (A.1) and the posterior converges

at the rate n=/(m+2) (log n)(m+4)/(2m+4) Hence the proof of this theorem is complete. O



Appendix B
Appendix to Chapter 3

B.1 Useful Lemmas for Chapter 3

To prove the main theorems in Section 3.4, we need the following supplementary lemmas. For

brevity of notations, we use the generic positive constant C' throughout this Appendix.

LEMMA B.1If x > 0, then the following inequality holds.

[ 2z 9 1

PROOF OF LEMMA B.1

Let us introduce a new function f(z) as follows,

2z

: B.2
2 (B.2)

1
h(z) = log 2 + 2 +

The claim holds if h(x) > 2 for all = > 0. Note that the first derivative of h(z) could be written as,

, 1 1
ey (3 i 2<x2+1>¢m> |

105
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Noting also that,

22?2 +1)\/2z(x2 + 1 1 1 1
(2% + )\/?)”3(‘137*):2\/5 x<1+2> <1+2>>2\/§ ro-x1=2>1.
xr X X xr

Hence A/(z) > 0if > 1 and h/(x) < 0 otherwise. That is to say, h(z) attains the minimum at

xz = 1. Using the fact that 2(1) = 2 we then obtain h(xz) > 2 for all z > 0. So the proof of this
lemma is complete. U

The following lemma states that the order of the Hellinger distance between (3;,01) and
(B2, 02) is controlled by the Euclidean distance of finite-dimensional parametric parts 3; and 3»

as well as the uniform norm of the difference on infinite-dimensional parts o and o».

LEMMA B.2 Let Aoz (E(X;X])) be bounded by some positive constant mg for i = 1,2,...,n, then we

have,

B | [2(imn(e)
>>} <>+a2<>dG“”

(1, m2) =2 — 2/% exp{ 4&?1( 2
) ot Sup [o1(2) — o2(@) " (B.3)

1
< 22151 - pall + 32

i‘i

N \“L

PROOF OF LEMMA B.2

An application of the elementary inequality 1 —ab<1—a+1—bfora <1andb < 1 yields,

(B | 2@
p{ 4<o%<w>+a§<w>>} o) + od() @)

(B =By)Tey [ 201@oa@) i
< [ 2 (1o 4<a%<x>+a%<x>>}>+2<1 a%<x>+a§<w>)dc’°”
(G -p)l2? (@ B@)
< /%{2(0% 2+ ol@) T g(o%(m)) t a%<m>} dGo()
1

1 / 2 o\ 7° 2
< @)\max(E(XiXi))Hﬁl —52”2‘*‘12 7)o 5 sup lo1(x) — o2(x)|,

@2 (s me) = 2—2/

VA

where the penultimate inequality follows from the elementary inequality 1—e™* < z for z > 0 and
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lemma B.1. Thus the assertion follows by the assumption A\y,q, (E(X; X)) <mgfori=1,2,...,n

O

The following lemma states that we could bound the first and second moments of log-likelihood

ratio from above.

LEMMA B.3 Let A\por (E(X;X])) < mg, where mg > 0, then the following inequalities hold.

K(n,m0) < mg (sgg lo(@) — oo(@) 2+ [18 - Bo!%) , (B.4)
V(n,mo) < my (S;l% lo(x) — oo(x)]* + |18 — 50|%> . (B.5)

PROOF OF LEMMA B.3

A straightforward computation for K (7, n9) shows that,

K(n,mo) / / Fano (y f‘c"o(y) dy dGo(x)

fwn(?Q/) ; ,
/ / Fom(y { o8, Ez; (y%ﬁéx) N (yaZ(/i)> } dy dCo()
= /%V 3 {log Z;Eg - 1} dGo(x / / Jano(y {M()(y — Bhx + Bz — B/w)Q} dy dGl()
— /J 1 {log Zggz; —1+ Zgg; ( )(ﬁo — B)xax'(By — 5)} dGo()
o2

2
a*\ @ 2, -2 / 2
< 2z == sugrla(a:)—ao(zc)! + 0 * Anax (E(X: X)) — Bolla,
€4

my={2: (%) % e Aman(BOX0) |

o’
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For V'(n,no), simple algebra delivers that,

V(n,m0) / /ﬁm70 ( J;Tw’:((yy))) dy dGo ()

_ Jg(m) — (az) T - Y
_/%{<0_2(w) 1) + 2 (60— B (5 /3)} 4Go(x)

4
<o /%<a2<w> ~ o3(@))? dGo(z) + <j) A (E(XX)|8 — Bol 2

- —\ 4
< 2% sup lota) = 0@ + (2) MBS - il

Here we let,

therefore the assertion (B.5) follows.

O
An immediate consequence from lemma B.3 implies that the following result holds.
COROLLARY B.4 Under the condition described in lemma B.3, we have,
max { K (n,m0), V(1n,m0)} < ms <SUE' |o(®) — oo()* + 1|5 — 50”%) ; (B.6)
xre

for some positive constant my.

t—1—1logt

LEMMA B.5 Let z(t) = -1 be a positive decreasing function on (0,00), then for any t €

[ . } the following inequality holds,
402 (T2 - b (od(x) o2 (x) 452 [(a?\ -
N (02> Blowon < | (agcc) Siols Ug(m)) AGo(@) < 1 = (> & 70)

where d3(0,00) = [*(o(x) — oo(x))? dGo().

Q.L\‘Q
\qm‘q\

PROOF OF LEMMA B.5

Observe that,

(tl)%(zz) gtllogtg(t1)2z<

Q[u 19,
~—
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2
Lett = Z‘Q)Eg and notice that,

2% _ 42 2 /=2 2 2 20%) _ 42 2 2

(0°(X) —05(X)) S gUO(X)—l—logJO(X) < (0°(X) —05(X)) (2
o (X) a?(X) ot (X)

Therefore the claim follows by taking expectation with respect to the distribution function Gy(x)

on the inequality above. O

LEMMA B.6 Given 0 < « < g, and for each function f € C[(0,1)%], there exist some 0 € R’ and a

positive constant C' that depends solely on q such that,
If = 07€lloc < CT=| D' floc.

Futhermore, if o < f < @, every element of 6 could be chosen to be between ¢ and .

PROOF OF LEMMA B.6

The first part is as same as that in Lemma 1 in Shen and Ghosal (2012). And the proof of the second

part goes throughout the part (b) of Lemma 1 in Shen and Ghosal (2012) by choosing f = f — o

and § =7 — f. O
The following two lemmas state that the approximation error of the transform stochastic

process could be controlled by the corresponding primitive process with respective to the uniform

norm.

LEMMA B.7

sup [U(W(x)) — U(wo(x))| < C sup |W(z) — wo(z)]|. (B.7)
xed zeZ

B.2 Proof of Theorems

B.2.1 Proof of Theorem 3.2

Here we provide the proof of all the results developed in Section 3.4.
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PROOF OF THEOREM 3.2
We apply Theorem 4 of Ghosal and van der Vaart (2007a) to prove this theorem in a similar

manner as Lin and Dunson (2014). In particular, let,
Vi={oc=9(W): WeU,}, (B.8)

where U, is a the measurable subset described in Theorem B.14. Now we determine the upper
bound on the entropy number on the sieve of the support of the product prior II,, = II, x Ilg.

Define,

Ty = {(a, B): o€V, Be [Q,B]d} . (B.9)

Since ¥ is a one-to-one map from R to [g, ], then V,, C U,,. Hence the number of ¢,-balls needed

to cover V,, is less than U,, in terms of the uniform distance. That is,
IOgN(En, VTL7 H : HOO) S IOgN(gn, UTL7 H . HOO)7 (BlO)

which is bounded by Dne% by (B.45). To bound from above the entropy number on .%#,, we

consider the covering number of the one-dimensional set {3 : 81 € [3,]}. Let N = { [é;ﬂ +1 },

the interval [8, 8] could be partitioned into N sub-intervals with the equal length % We denote
all the middle points of these equidistant intervals by the set,
B8

T = ) = 9= — .
{ﬂ+l N i=1,3,...,2N 1}

Then every equidistant interval could be covered by one neighborhood of some point in 7" with

radius &,. Thus the covering number of the set {3 : 3 € [3, 3]} is,

N (end2, 18.B1% 11 I12) < N
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In view of (B.3), observe that if sup |o(z) — go(x)| < Ce, and |3 — foll2 < en,d'/?, then we have
el

that,

d(n,mo) < Sup, |o(x) — oo()* + 1|8 — Boll3,
xrex
<eX(C? +4d).
Therefore, the &,,(C2 + d)/2-covering number of .%,, is bounded by eP"en x N, that is,
g y
log N (an(6‘2 +d)'?, 7, dH> < Dne2 + dlog N.

Using the assumption log { [ﬁzj] + 1} < ne? we obtain,

log N <(02 +d) e, Fn, dH> < (D + d)nel.

We proceed to show that the prior II,, assigns a large amount of probability mass on some

specialized Kullback-Leibler ball of the true value 7. Let,
B*(no,en) = {n: K(n,mo) < &5, V(n,m0) <3} (B.11)

We need to bound from below II(B*(ng, €y,)). By corollary B.4, it follows that,

lo— o0lleo < (B.12)

De, De,
2’ =2 [

B*(10,€n) D {77 =(B,0): [|B = Boll2 <

for some constant D. Therefore the prior mass on B*(no, €,,) could be lower bounded by,

De, Pey
m(w—@m< 2>xm(m—mm< 2>.




112 APPENDIX B. APPENDIX TO CHAPTER 3

Applying lemma B.7 gives rise to,

De De
I, <||U_UO||OO < Qn) > Iy <|W_w0Hoo < 2Cn> )

which is greater than exp {— Dlzfgjz } In view of the assumption on the prior of 3, we have,
) De De
(B (no,en)) > 1y <Ha—ao||oo < 2”) x 1lg (IIﬁ—ﬂollz < 2”>,

D22 ~
> exp {_167(;82”} x exp(—Dne?),

> exp(—[?lnei),

for some positive constants D and D;.

It remains to show that prior on the complement of the sieve is negligible. In fact, since {7 :

n¢ . Fnt C{o: o ¢&V,}, itis easy to say, by (B.44),
M{n:n¢g F.) Cl{o: 0 & V,} CTw{W: W £U,} < exp{—ne2}. (B.13)

So the claim follows since all the three key conditions listed in Theorem 4 of Ghosal and van der

Vaart (2007a) are satisfied. O

In order to prove theorem 3.3, we first present a variant of main results stated in Shen and

Ghosal (2012) in the following two technical lemmas.

LEMMA B.8 Let,

Vioas, = {o = oWy w0 = T¢ 9 c R, j < J, [0]00 < Mo}, (B.14)

WJn,Mn = {(Gaﬁ) NS VJn,Mrm B € [ﬁag]d}7 (B15)
1/2

1
dz<n,no>={ / [o(m)—ao<m>]2dao<m>} 118 = Bolla (B.16)
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Assume that the conditions listed in Theorem 1 of Shen and Ghosal (2012) hold relative to uniform metric

|| - |loo, then for some positive constants a1, g, b, we have the following,

log D(en, Wi, u,, da) < ney, (B.17)
(W ¢ W, a,) < a1 exp{—bné2}, (B.18)
—logIl{n = (0,8) : |lo —ooll% + |8 — Boll3 < &2} < asnen. (B.19)

PROOF OF LEMMA B.8
We omit the proof of assertions (B.17) and (B.18) since it is similar to the corresponding parts in

the proof of theorem 3.2. We are in a position to show (B.19). Observe that,

My = (0,8) : o — ooll% + 118 - Bol3 < &2
€n €n
> 1, (llo = oolloe < 34) x 105 (18 = Boll2 < 1)
> T, (Jlw = wolloe < ') x exp(—cdlog(1/2,)),

> exp {—agnéi} X exp(—ggnéi),

> exp(—&gnéi),

where dy = ay + by. The assertion (B.19) follows by taking logarithm transformation on both sides

above. We thus complete the proof of this lemma. O

LEMMA B.9 Suppose that the conditions except (B.40) listed in Theorem 2 of Shen and Ghosal (2012) hold
for the case r = oo, then the posterior distribution of n) converges at rate e,, with respective to the Hellinger

distance.

PROOF OF LEMMA B.9
Notice that K (py,, py) and V (py,, ps) exhibited in Theorem 2 of Shen and Ghosal (2012) are essentially
the same as K (19,n) and V (o, n) respectively described in (3.1) and (3.2). We employ the similar

arguments in the proof of Theorem 2 in Shen and Ghosal (2012) to show this lemma. It suffices to
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show that the following conditions stated in Theorem 4 of Ghosal and van der Vaart (2007a) hold.

log D(en, Wy, m,,dn) < bines, (B.20)
(W ¢ Wy, ar,) < b exp{—(by +4)nz2}, (B.21)
II(B*(no,&,)) > by exp{—boné?}, (B.22)

for some positive constants by, b, b3, by, where W 7,.,M,, is described inlemma B.8 and B* (1o, &,) =
{n: K(n,mo) < &2, V(n,no) < &2}. Itis easy to show (B.20) and (B.21) hold by the same arguments
used in the proof of Theorem 2 in Shen and Ghosal (2012). Now it remains to check (B.22). In fact,

observe that by corollary B.4,
B*(110,&n) > {n=(0,8) : llo — ooll5 + 118 = Boll3 < &3}
It follows that by (B.19) in lemma B.8,

(B* (10, €n)) > TH{n = (,8) : llo = ooll3, + 18 = Boll3 < &5

> exp(—agné?).

Then the proof of this lemma is complete. O

B.2.2 Proof of Theorem 3.3

PROOF OF THEOREM 3.3

In order to obtain the rate ¢, like this, we only need to apply lemma B.9 with the appropriate
choice of J,,, Jp, M, &,. It is easy to say that (B.38) and (B.39) described in Theorem 2 of Shen
and Ghosal (2012) in terms of tensor-product spline basis. An application of corollary B.4 yields

that,

max(K (110,1), V(10,m)) S (lo = aoll5 + 118 — Boll3)-
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Meanwhile, lemma 3.1 implies the approximation error e(.J) ~ J~“. We proceed to determine
the rate ¢,, as follows. Firstly, it follows that J;% < &, and J,logn < né% by (B.39). Hence
we can choose M,, = n'/3, J, = (n/logn)"/?**t9 and &, = (n/logn)~*/(22+d)  Observe that
n&2 < J,log' n by (B.37), we can also choose .J,, = n!/ 2@+ (log n)2e/(2a+d)~t2_ Noting also that
Jnlogn < ne? by (B.38), so that we get the rate ¢, as n—o/Retd) (Jog n)e/atd)=(t2-1)/2 Then the

proof of this theorem is complete. O

B.3 Auxiliary Theorems for Chapter 3

For easy reference, we collect some complementary results in the literature in aid of the proof of

the theorems in this present article.

THEOREM B.10 (Ghosal and van de Vaart (2007)) Let PH(”) be product measures and d,, be defined as
follows:

dn(6,0") = % / (V/Pai — /Do) dpi. (B.23)

Suppose that for a sequence &, — 0 such that ne? is bounded away from zero, some k > 1, all sufficiently

large j and sets ©,, C O, the following conditions hold:

sup log N(/36,{0 € ©,, : d,(0,60) < },dn) < ne2, (B.24)
E>en
Hn(@\@n) — 0(672n€%)7 (BZS)

Hn(B:L(HOagn;k))
I1,(0 € © : jen, < dn(0,00) < 2jey)

< enend®/4, B.2
11, (B} (6o, en; k)) = (B:26)

Then Pe(")Hn(H 2 dp(6,60) > Mnsn\X(”)) — 0 for every M,, — oo.

LEMMA B.11 (Shen and Ghosal (2012)) For any 1 < p < oo, we have,

J
|67 e — B3¢l < Z; 61 = 0] maxc 1glly < VT]161 = 022 C, (B.27)
j:
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where,

C, = p=2
p,J = 1213&%% Hfﬂ”p - \/j b= oo

THEOREM B.12 (Shen and Ghosal (2012)) Let €,, > &,, be two sequence of positive numbers satisfying

en — 0 and n&?

5 — ooasn — oo. Fora function wq, suppose that there exist sequences of positive

numbers J,,, J,, and M,,, a strictly decreasing, nonnegative function e(-) and a 6 ; € RJ forany j € N,

such that the following conditions hold for some positive constants ay, a’y, as:

160,411 < H, d2(wo, 85 ;€) < e(j), (B.28)
Jn{log J, +loga(J,) + log M, + log(1/e,)} < ne2, (B.29)
e(Jn) < &n, log{1/B(Jn)} + caJp log(26(J,) /&n) < agné2, (B.30)
A(J) < ayexp{—(az + D)ne2}, J, exp{—CM} < a} exp{—(az + 4)nz>}. (B.31)

Let W= {w=0T¢: 0 cRI,j < Jn,||0llc < M,}. Then the following assertions hold:

log D(en, Wi, M, d2) < ne, (B.32)
(W & Wy, a,) < (a1 + @) exp{—(ag + 4)nz2}, (B.33)
—log IT{w = 0T¢ da(wo,w) < &,} < @ns‘%. (B.34)

THEOREM B.13 (Shen and Ghosal (2012)) Suppose that we have independent observations X; following
some distributions with densities p; ., : © = 1,...,n respectively. Let wy € C“(2y) be the true value of w.
let r be either 2 or cc. Let €, > &, be two sequences of positive numbers satisfying e, — 0 and n2 — oo

as n — oo. Assume that there exist a 0y € R”, ||0o|| < H and some positive constants Cy, Cy satisfying,

wo — 01|, < C1I%log J)*, s >0, (B.35)
0

16T¢ — 0%¢|, < 2506y — 22, Ko > 0, for any 61,05 € R”. (B.36)
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Assume that the prior on J and 0 satisfy some conditions (A2) and (A3) in their paper. Let Jp,, J, > 2

and M,, be sequences of positive numbers such that the following hold:

Jn logt1 Iy > 6n5_721, log J,, + 677,5,21 < clef,
Jo{(Ko + 1)log J,, + log M, + log(1/e,) +logn} < ne2,

J.%(log J,)* < &p, J_n{logt2 Jn + caKolog(Jy,) + c2log(1/8,)} < 2n5‘%,

pn(wy,we) < nc3Hw1 — wa||, for any wy, we € Wy, w,, and some constant Cz > 0,

max { K(pi,’wovpi,w)a V(pi,woapi,w) } S_, le - w2H7‘7
1<i<n

(B.37)
(B.38)
(B.39)
(B.40)

(B.41)

provided ||wy — wa||, is sufficiently small. Then the posterior of w converges around wq at the rate e,, with

respect to pp,.

THEOREM B.14 (de Jonge and van Zanten (2012)) Suppose that for every m > 1,

Cy exp(—Dim®logt m) < P(M = m) < Cqexp(—Dom®log? m),

(B.A2)

for some constants C1,Cy, D1, Da,t > 0. If wy € C"([0,1]9) for some integer r < q, then there exist a

constant C > 0, a constant D > 0 and measurable subsets U, of C(]0,1]%) such that,

P (W = wolloe < 2en) > exp (—ne}),
P(W ¢ Uy,) <exp (—Cnsi),

log N (28, Un, || - |loo) < Dné%,

are satisfied for sufficiently large n, and for e,, and &,, given by,

1Vt __r -~ _r (1vt)r
en = c(n/log" " n)” @ror En =n_ @z (logn) d+2r ,

for ¢ > 0 a large enough constant.

(B.43)
(B.44)

(B.45)

(B.46)
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Appendix C

Appendix to Chapter 4

C.1 Useful complementary Lemmas for Chapter 4

In this Appendix C.1 we will state some auxiliary lemmas to complement the main results in the

context.

Let P,() € & and consider a prior II and a measurable set B € % such that II(B) > 0, recall that
the prior predictive distribution PL' and the local prior predictive distribution QL are two distributions

on n-sample space (X", Z™") respectively, defined by,

Pl(4) = /y P"(A)dII(P), (C.1)

QU(A) = /] Q"(A) dII(Q|B), (C2)

foralln > 1and A € o(Xy,...,X,). The next lemma describes the relationship between these

two distributions.

LEMMA C.1 Foreach A € o(Xy,...,X,) and each n > 1, it holds,

P(A) > 1I(B) QY(A). (C3)

119
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That is, the prior predictive distribution is greater than the product of the local prior predictive distribution

and prior mass on a given measurable set in the model.

PROOF OF LEMMA C.1

Observe that foralln > 1and A € 0(X;,...,X,),

Q"(A)
T1(B)

11 _ n _
QU(A) = /J Q"(A) dII(Q|B) = / dI(Q N B).

Define vg(B') := II(B'NB) forany B’ € %, then by Theorem 16.11 and Example 16.9 in Billingsley

(1995), we arrive at,

dVB

I/B<<H, 7:13, /fdl/B:/ledH: de,
dll D D DNB

for any nonnegative measurable function f on (&7, %) and all D € #.

Hence it follows that,

no. [ Q"(A) [ QA
Qi = [ S we@ = [ s @),
Now note that #2 N B C &, we conclude that,

11
Q) < s [ @ an@ =2

O
The following lemma deals directly with the comparison between a collection of n-fold probability

measures in some measurable set with the Cartesian product of these n-copies of this same set.

LEMMA C2Let V" :={P": PeV}={Px Px...x P: P eV}, then we have,

VPCcV xVx...xV, (C4)

co(V") Ceo(VxVx...xV). (C.5)
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PROOF OF LEMMA C.2
It is trivial that (C.4) holds. It remains to show (C.5). According to the definition of the convex
hull, co(V") is the smallest convex set that contain V™. Since co(V x V' x ... x V) is a convex set

that contains V' x V' x ... x V, then we infer that (C.5) holds by (C.4). (]

For sake of clarity, we denote the element in co(V") by P, and P" is the generic element

included in V™.

LEMMA C.3 Let Q" < B} forany Q € & and o € [0, 1], then,

aQl [ dQ"

5= | S ). 6
dQIN ™ dQ™\
()< (5w

PROOF OF LEMMA C.3

Since Q" < Py, the Radon-Nikodym theorem tells us that there is a Radon-Nikodym derivative

dQ™

ary for which,

aQn
n(A :/dP”
Qn( ) AdPQn 0>

holdsforall A € o(X;, ..., X,). Note that in view of the Fubini’s theorem, forany A € o(X1,...,X,,),

one could find,

QU(A) = / Q"(A)dII(Q|B)
y

_ / 99" 1pr ani(q|B)

2 Ja By
_ dQ" n
_/A[L T dH(Q\B)] dFy.

Then an application of the Radon-Nikodym theorem again gives,

dQ, _ [ dQ"
dry |5 dPy

dIl(Q|B).
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Note also that P, < P and a straightforward computation shows that,

dQy _ [»dQ"/dFy dlI(Q|B)
dp, AP, /APy

[ dQr/dpy
- /} b @B

_ [
_/ydPn dI1(Q|B).

Hence, (C.6) is as desired.
Now we turn to show(C.7). Define f : (0,00) — Rby f(z) = z~“. Notice that f is convex on

(0, 00) and applying Jensen’s inequality, one could get,

WQNN ([ dQr aQ
f (dpn> —f( 2 dH<Q|B>) < /ng <dpn> d1i(Q|B).

Then (C.7) follows by substituting f with its associated explicit function form. Therefore the proof

of this lemma is complete. O
The following corollary is an immediate consequence of lemma C.3, which provides us a
further characterization of the Hellinger transform conditioning on some measurable set with

positive prior mass.

COROLLARY C4

PSL(%)& <I(B)™" Pg(%)a <T(B)™ Pg/ﬂ(;lgz)adﬂ(QIB)- (C8)

The following lemma states that Hellinger transform taken on covex hulls of V" admits a

factorization on convex hull of V.

LEMMA C.5

Lo B () < [ s A(G) T ©9)

PROOF OF LEMMA C.5



C.1. USEFUL COMPLEMENTARY LEMMAS FOR CHAPTER 4

123

First of all, set,
P
dvpQ,i = CCIZQO dP;,, P,eV, i=12,...,J,
dPy
2= = [ —dP: PeV
{”P’Q / aQ }

Suppose that P, € co(V") be given, then there exist { P{", P},..., P7} C V™ and A, Ao, ..., Ay >

0, Z;le \; = 1 such that,
J
Py=> AP
i=1
Next, observe that the left side of (C.9) could be written as,

J _
sup{/(z_;)\zjgln> APy : PineVn7i_1,2,...,J},

which is weakly less than,

< prevn dQm
(2

sup{/Z/\ Zg: dPy : PteV™i=1,2,...,J }<Z)\Z sup {/(dpin>adpgl},

And the right side of the inequality above is equal to,

S { [1(Sam) T ) = s { f (wohar) oy}

i=1 VP,Q,Z‘E\Q

Moreover, the right side of the equality above is less than,

Z)\i sup {/(dzj%’Q’i)a(dPél)l_a tvpgi€co(Zx 2. X 3)}
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where the second inequality follows from Lemma 6.2 in Kleijn and van der Vaart (2006) and,

dvpg @
pal2,Py) = sup P ( : > .
( ) vp,Q€co(2) d@

Finally, simple algebra shows that,

dP\*“
pal2,Py) = sup P () .
(2. R) Peco(V) *\dQ

This concludes the proof of this lemma. O
If we replace V with a convex set V, ,,, then we easily draw an analogous claim of lemma C.5

by taking, co(Vi,m) = Vim.-

COROLLARY C.6

) =Ly PR T =L p(@) T co

C.2 Proofs of Theorems

C.2.1 Proofs for Section 2

PROOF OF THEOREM 4.2

For each n > 1, let us first introduce a new test function as follows,

= max
d)n 1<m<N,, ¢n,m7

Then according to assumption (4.9), it follows that,

Ny,

Plo, < Z Pldnm < e(LfKM2)n5%,

m=1

dP" dP" 2, 2

Pl —=(1— < i prit (1 — < o~ EMnel
sup By gpm(t o) < min, - sup B gpm (L= Onm) < ¢
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Next, observe that,
PyTI(Vo| Xy, ..., X)) < PRTI(Vo | X, .., X)) (1 = én) + Py én,
In addition, an application of the Fubini’s theorem yields,

PITI(Vi| X1, .., X)) (1 — o) = P{{”/ AP _ ) dri(p)

v, dPl!

dpn
-/ Ry o1 6n) (P

< gy gy o0
< e~ KM?ne?
Hence, for a sufficiently large M > 0, one could find,
PITI(Vy| Xy, ..., Xp) < elLmEMP)nel 4 o=KM?nel (a5 — oo.
We have thus proved this theorem. O

PROOF OF THEOREM 4.3
This lemma can be completed by the method analogous to that used in Lemma 2.2 in Kleijn (2015)

just replacing ¢,,, V there with ¢,, ., V;,.1,, Tespectively. O

PROOF OF LEMMA 4.4

Suppose a € [0, 1], observe that by lemma C.1,

P(A) > TI(B,) Q) (A),

n

foreachn > land all A € o(Xj, ..., X,). Using the fact that the function z — z~% is convex on
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(0,00) , we get that,

13

0

< dP,

dpg)a <II(Bn)~* P(;l( AL )a <I(B,) “ Iy /(dPn )a dIl(Q|By). (C.11)

dQI dQr

Applying Fubini’s theorem together with the factorization of the Hellinger transform over the

convex hulls of products by Lemma 6.2 in Kleijn and van der Vaart (2006) gives that,

dP,\ @
inf TI(B,)”* [ P'(-=~) dlU(Q|B,
Pnefc?(%{gm)oélgél (Bn) / 0 <dQn> (QIBn)
dP,\@
< inf TI(B, —a/ wp () a0,
0<a<1 (Bn) Paco(Vn) O<dQ") (Q|Bn)
dPNoqn
< i - al” .
_OglnglH(Bn> /[Pecil(lxl/zl’m)P()(dQ) } dH(Q‘Bn)

Here the last inequality follows lemma C.5. Combining (4.14) and (C.11) with o = 1 shows that
P(dP"/dPY) < o forall P € Vp,m, 1 < m < N,. According to (4.12), we have thus proved the

lemma. O

C.2.2 Proofs for Section 3

PROOF OF LEMMA 4.5
We firstly assume (4.16) holds. A Taylor expansion of Fy (%)a at a = 0 yields that for all o €

(0,1),

dP\« dP\ dP
sup sup Pyl —) <1+« sup sup sup Py — ) log—. C.12
sup sup Ro(G5) < 1+a sup sup sup By(G5 ) los g (C12)
Define,
dP\ <o dP
z(a/) = sup sup Py(—) log —. C.13
(o) = sup sup Po(G5) low (C.13)

It is easy to see that z(o) is convex on [0, 1] which hence implies that it is also continuous on (0, 1)

and upper-semicontinuous at 0. Note that based on (4.16) and Lemma A.1 in the Appendix of
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Kleijn (2015), we see that,

dP dP
lim z(a') = sup sup Py 1 log — < sup sup Pylog —
a’=0 @) oenpey | w0 BaQ = 0B pey & dQ

aQ dP ~
= sup — Ryl ——'f{—Pl —} N2,
i ~vlos gy = fafavlos gy p < —NIe
Lete = %(—M g2 — limy/ 0 2(a')). As z(a/) is upper-semicontinuous at 0, for £ > 0, there exists

0 < ag < 1 such that,
1 -
2(d)) < lim z(a)+ €= 5(—M52 + lim z2(a)) < —Me?, (C.14)
for all o/ € (0, ). Additionally, noting also that by (C.12) and (C.14),

dP\
inf sup sup P()(—) <14 inf sup z2(c¢/) <1+ inf sup z(a/
0<a<leppev  \dQ 0<a<l 4/g(0,0] (@) 0<aa0 /g (0,0] (@)

<1+ inf (=Me*)=1-Me< e~ Me?,
0<a<ag
Hence (4.17) follows. Conversely, we prove the other side by contradiction. Assume that the

assertion (4.16) does not hold, then applying Jensen’s inequality for the exponential function e”

yields,

dP\« 4P P
sup sup Py <—) = sup sup P (ea log dQ) > sup sup e® P8 aq
QeB PeV dQ QEB PeV QEB PeV

dP
= exp 4 « sup sup Fylog —
QeB PeV dQ

dQ dP 2
— Pl . f{ Pyl } > aMe )
exp {a 81€1p 0 og—O -« Hel —Iplog ) } €

Taking infinitum with 0 < o < 1 on both sides above, one could obtain,

dpP
inf j2 (1 7) > =M<
o%%@i%??& "\%ag) =



128 APPENDIX C. APPENDIX TO CHAPTER 4

which is contrary to (4.17). Therefore this completes the proof of this lemma. O

PROOF OF THEOREM 4.6
First of all, let us define the Kullback-Leibler B,, as follows:

dpP
B,:=<:P i —Pylog — < &2 %,
" { cy oogdPO<5n}

Note that V}, is covered by some finite collection of Hellinger balls {V}, ;} " of radii 2. Thus for
every P € V,;, 1 <i < N,, we obtain,
M?e?

dP
—Pologd—PO > d*(P, Py) > I n

Consequently,

dQ . dP 9 9
—Pylog — — f —Pylog — ¢+ < (-M=/4+1
oup ~Poloeyp, { blog dpo} (ZM/4+ Den,

forall 1 < m < N,, hence (4.16) is fulfilled by taking M = M?/4 —1for M > 21/2. Next, notice
also that Hellinger ball is convex and in order to get the exponential bound for the type I and type

IT error probability, it is necessary to just upper bound the quantity below for each 1 < m < N,,

dP\“
inf sup sup H(B,) YR <> i
0<a<1QeB, PeVpm (Bx) "\ aQ

Thus if the GGV priors assumption (4.1) holds, then,

dP AP \2 )
(B, >H(P N 2,P(1 —) 2)> —nes
(Bn) > cZ OogdP0<€” 0 ogdp0 <e )>e
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so that II(B,,) /" < e*n < ¢ since a € [0, 1]. What's more, lemma 4.5 guarantees that,

wf  su su H(B )—a/nP @ @
0<a<l1 Qegn PGVTIL),m " ’ dQ

dP\*“
<e% inf sup sup Py <>
0<a<l1 QEB, PEVLm dQ

< o(—M?/4+2)e

An application of lemma 4.4 with K = % implies that (4.9) in theorem 4.2 holds. Thus we

have completed the proof of this theorem. O

PROOF OF THEOREM 4.7

Let us first consider the following two sets,

Vo ={P€P:dy(P,Py) > Me,},

2

B, ={Q e 2 : dpy(Q,Py) < 2% INEAY

Note that V,, ¢ & and N(e,, Z,dy) < eém%, then there exist a finite collection of probability

measures { P, Py, ..., Py, } C V, such that,

Nn,
Vo € | Vam,

m=1

where,

Nn S eéna%

)

Vom ={P € 2 : dy(P,Py) <en}, m=1,2,...,N,.
By the triangle inequality, one could see that for every P € V;, ,,, m =1,2,..., Ny,

dH(P, Po) > dH(Po,Pm) — dH(P, Pm) > (M — 1){:‘”.
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Moreover, observe that for Q € B,,, P € V,, p,,

1/2 1/2 1/2
AR BRVEIVE P\ (P Po
n(5) = o [((T) () (3)

1
<1- id%[(PmP) + dH(Po,Q)H@H HBH
<1-1 2(M —1)2 + L —QA
=7 gt o1 o
< exp {—ési(MQ —2M +1— L'/Z)}
1
< exp {—26 (M + 1)}
where M is chosen sufficiently large and the first inequality above follows from the Cauchy-Schwarz

inequality. Using the convex property of the Hellinger ball, one could obtain foreach1 <m < N,,

and a sufficiently large M > 0,

dp\1/? O [ &2 2 .
T(B,)~ /2" sup  sup Py < > <expy & (" /\€;1> exp{—s M+1 }
( ) QEBn Peco(Vy) aqQ 2 2L/ ( )
1 2 1 2 0,5;11
< _ZE2M -
<exp { 2En gn 4 NI

The last inequality follows from the fact that — 75 + 3 L, < 0 when ¢, is small enough as n — 0.

Notice that by the Cauchy-Schwarz inequality again, for each Q € B,,, P € V,,,
A () <IN, ol g= v <o

Therefore, we conclude that the claim (4.22) is as desired according to theorem 4.1 and lemma 4.4.

O

PROOF OF THEOREM 4.8

This proof can be proved in a similar way as shown in Theorem 3.1 in Ghosal et al. (2000). Write
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| - ||, for the norm in L?(u). According to theorem 4.7, it suffices to show the following prior

condition holds.

(B, =T{Q € P : dy(Q,Py) < e,} > e C"en,

where (' is a positive constant. Observe that given ¢,, > 0, the bracketing number of 7 is finite,
then there exists a upper bracket v,/ in &, such that py < u,y and dg(po, un’) < €p. Then taking

the squared root of the integral [ w,d y, one could get,

1/2 1/2
_ (/Podﬂ> < (/u du) Vo < di(pos wn) + VBollo < en +1.

Let ¢, < 1, note also that by the triangle inequality,

dH <p0> un’/ / Uy d,“) < dH (p07 un’) + dH (un’a un///un/ d,u>
< en + ([Viwll2,. — 1)*
<e,+ Ei < 2e,.
So that the Hellinger ball {Q € & : du(Q, Py) < 2e,} contains at least one point w,// [ u, du in

&2, that is defined as above. Hence,

NH{Q e Z: dy(Q, Ry) < 2e,}) > % > exp(—ne2 — O(logn)) > exp(—2ne?).

Therefore taking change of variables on two sides of the inequality above, one could get,

(B, =N({Q € Z: dy(Q, Py) < ,}) > exp(—ne2 /2).

We thus proved this theorem by setting C' = 1/2. O
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C.2.3 Proofs for Section 4

PROOF OF THEOREM 4.12

For each n > 1, let us first introduce a new test in the following,

= max i
Gn = max Gui

then we can bound the posterior distribution II(V,,| X1, ..., X,,) by,

On + (Vo | X1, .o, Xn) (1 — on). (C.15)

The expected value under the n-th posterior P} of the first term above vanishes by (4.32), i.e.

Np,
Pn _ Pn < Pn < N, 7Ln6721 < 71LTLE%
0 ¢n — 40 maX ¢n,z = 0 ¢n,7, = n€ se 2 9
1<i<Np —
1=

which goes to zero as n — oo.

Next, we split the second term of (C.15) in parts on &7, and its complement as follows,
OV, NP X1, .., Xn)(1 = ¢) + IV, N 25| X1, ., X)) (1 — o). (C.16)

By the construction of the test ¢,,, the first term in (C.16) under Py could be written as,

N’VL
PETL(V N P X1, X)) (L= ) <D POV 0 Pl X1, Xn) (1= i)
=1
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Finally, applying (C.11) with a = 1 enables us to write out the second term in (C.16),

(nm@ﬂ&ww&MwagﬂﬂWmﬁﬂ&wa@
/ R} G ATIP)

dP™
(Bn) /vnm@c PO/B dQ d(Q|By) dIL(P)

(V,, N 2¢) AP
< ———"" gsup sup P}

(Bn)  pevanos @eBn <dQ")

() dP
< " sup sup P

I(By) | pevanos Qeb., O(dQ>

( c

(

IN
':l

I
=

A

n) Kne2 /4
€ )

<
= By)

==

which is bounded by e~ %£"¢ n/4 by conditions (i4i.) and (iv.). Since ne2 — oo as n — oo, so that all
the terms tend to zero. O
PROOF OF THEOREM 4.14

The proof of Theorem 4.4 in Kleijn (2015) goes through with a substitution of V,,, V;, ; and B,, ; for
V,V; and B; respectively. O
PROOF OF COROLLARY 4.15

An application of theorem 4.14 with a = 1/2 and choosing B,,; = By, for eachi > 1,n > 1 implies

that,
apy\1/2]"
PRII(V,| X1, ..., Xy, <II(B —1/2 (v, 1/2 sup sup Py
0 ( | Z Peco(Vy,;) Q€EBn <dQ>
< G%K’nsie—K”nsi Z H(Vn,i)1/2a
i=1
which tends to zero by applying (4.42) with K = K" — JK'. O

PROOF OF COROLLARY 4.16
Since & is Hellinger separable, then there exist an infinite countable number of model subsets

{Vim}m>1 that cover V,,, where V,, = {P € & : dy(P, Py) > Mep}, M >0and V,,,,, ={P € & :
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di (P, P) < en}, Py € V, form = 1,2,.... Then applying the triangle inequality to give that,

inf inf dH(P, P()) > (M — 1)€n.
m>1 PECO(VVL,"L)

Note that for each P € co(Vy, ), m =1,2,...,

P
> d (P, Ry) > (M —1)%}.

d
—PO IOgTR)

Let’s choose B, = {P € & : —Pylog j—g) < €2}, then one can obtain form = 1,2,...,

“Plog 2 U inp o Pilog U o (2 — on)e2.
QSSEH{ 0108 d,Po} pecé?vn,m{ 0708 dPO} ( e

Noting also that (4.17) in lemma 4.5 holds with co(V,, ,,,) instead of V,, ,,, there as well, that is , for

P\?
inf  sup sup P <d> < o~ (M2—2M—1)e3
0<5<1 QeB, Peco(Vim) dQ

Hence, invoking theorem 4.14 to give rise to,

m=1,2,...,

[e.e]

PPV, Xy, ..., X,) < eFmene=(ME=2M-neh e NTq(Y, )F,
0<B<1 4

1=

Choosing M > 0 sufficiently large could guarantee that Ky = M? — 2M — 1 — K; > 0, so that the

r.h.s of the preceding display goes to zero by (4.44). O
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C.2.4 Proofs for Section 5

PROOF OF THEOREM 4.17

Let e, = n~Y/? and define,

9(979/) = maX{Wl - 9/1|7 ‘92 - 9/2’}7

Vo ={Pyy€ P:g(0,0) > Mpen},

for each 0 := (61,62) € © and ¢’ := (61,05) € ©. Notice that B,, is contained in any Hellinger ball
around Py and then II(B,,) > 0 by (4.48), so that P} < P! holds for all n > 1 by Lemma 2.1 in
Kleijn (2015).

Applying Lemma A.1 in Kleijn (2015) with P € V;, and Q € B,, and Holder’s inequality yields,

—a/n dP\a
BB (55) | =Re>0)
al0
—a/n dpPy« —1i/n dPO
I(B,) / Py (@) it =1I(By,) Y / dQ 1{po>0,p>0,q>0} dP)

(
< TI(B,) /" <P po > 0) /‘ 1)1{q>0} dP)
( o)

sQHdQ

Hence it is easy to see that,

dP aqn
inf sup sup II(B [P () } ,
0<a<1QeB, Peco(Vy) (B | Po dQ

is bounded above by,

min{ sup  sup [Po(p > O)]n, sup sup II(B,)"* [P(po >0) + %(%")ﬁ}n} (C.17)
QEDBy Peco(Vy) QEDBy Peco(Vy)
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That is to say that we just concentrate in two cases to characterize the bound of the Hellinger
transform above. Next, we just consider whether each element in (C.17) has the desired exponential
bound. Let Py = Py, , 9y ,).n and P = Py, g, It is possible to construct the covers of V,, in the

following;:

Va+1 ={Poy: 01> 001+ Mpe,, n€ H},
Vo—1={Poy: 01 <01 — Mpe,, n€ H},
Va2 ={Poy: 02> 002+ Mye,, n € H},

Vi—2={Poy: 02 <bp2— Myen, ne H}.

Now we explore the upper bound of (C.17) in these four cases above respectively.

(i) Let P € co(Vy,+.1), here we consider the lower bound of Py(p = 0),

00,1+Mn5n 90,1+M'n5n 1 T — 00 1
Bp=0= [ m)de = [ o2 Y
60,1 fo.1 o2 — 601 " \bo2 — 001

Myen/(00,2—060,1) Mg@n B
:/ no(z)dzZ/ mo(z) dz > (Mz=n)”,
0 0

the last inequality is derived from (4.47). Then we get,

Myen\P
(C.17) < sup sup [Po(p > 0)]" < [1 _ (@)ﬂ]” < e*”( o )
QEBn Peco(Vin,+.,1)
(ii) Let P € co(V}, — 1), assume that there exist some positive integer I and A1, A2, ..., A\; > 0 such

that Zle Ai = 1. Write P; = Py, ,,, with 0; 1 < 01— M,c, aswellasn; € H,forall1 <i < I. Here
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we take into account the lower bound of P(py = 0). Using (4.47), it is not difficult to see that,

Z)\Ppo—o >Z)\/11+Mn€npi(x)da:
i1+ Mnen 1 T — 91‘71
- Z A / i — 91‘,1m <9i,2 - 9@,1>d$

Mnsn

Mnen/(8;,2—6;, )
:Z)\i/ 2—0i1 dz>Z)\/ ni( z)dzz(@)ﬂ.
i=1 0

Then we have,

(C.17) < sup sup  TI(B,) ™" [P(po >0) + %(%n)ﬁ]
QEBn Peco(Vi,— 1)

Ln§2 [ Mnsn %(%)5 "
< eLn(?L /2Tefn(MnEn)B+%(%l)ﬂ
< e_Cn(Mgen)B

The last inequality holds since (L /2T +1/2) (%”)ﬁ — (M)ﬁ < -C (@)’6 for some positive

o

constant C' when M,, is chosen sufficiently large as n — oc.

(iii) Let P € co(V}, +,2), assume again that there exist some positive integer I and Ai, A, ..., A\ >

0 such that Zle Ai = 1. Write P; = Py, ,,, with 0;2 > 02 + Mue, and n; € H, forall1 <i < I.

Observe that by (4.47),
! 4 0i,2
P(po—U)—Z)\iPz‘(Po—O)ZZ/\i/ pi(z) dx
i=1 i=1 0i0—Mnen
! 0i2 1 x —0;
= )\z/ 5 b1 d.%'
; 0;.0— My, 0i2 — 0i1 7 <0i,2 - 9z‘,1>
I 1 Y 1
= Z)\l/ ni(z)dz > Z)‘l/ ni(z)dz > (%)ﬁ
=1 1_M"6n/(9i,2_0i,1) i=1 I—Mnén/a'
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Then we obtain,

(C.17) < sup sup  II(B,)™! {P(PO >0)+ 5(% )B}
QEBy Peco(Vp,+.2)

Ln62 [ Mnan

The last inequality follows since (L/27+1/2) (%”)ﬁ - (@)ﬂ < —C(Mnen) ? for some positive

constant C when M, is chosen sufficiently large as n — oc.

(iv) Let P € co(V},,—2), then 6 o < 6y 2 — Mye,,. Note that, using (4.47), we see that,

00 2 0072 1 o 0
0z [, mwe= | (e g e
60,2~ Mnen 00.2—Myen 00,2 — 00, L 60,2 — 00,1

/ no(z) dz
1—Mpen/(60,2—00, 1)

> z)dz

—

Hence we get,

Mpen \?
(C.17) < sup sup  [Po(p>0)]" < [1- (M)ﬁ]n < e_”( nen ) .
QEBy Peco(Vp,— 2)

So that it follows that for C' = min (1, C),

dP _Cn Mpnen \P
it g s 1B [R() T < o)

for V,,.equalto V,, 4 1, Vi, — 1, V42 and V,, _ 5. The assumption ¢,, = n~1/8 suffices to assure that
Cn ( Mnen ) g
— 0asn — oo.

n(%)ﬁ — ocoand e”
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Therefore a combination of theorem 4.2, lemma 4.3 and lemma 4.4 implies that,
I1( g(6,60) > Mney | X1,..., X, ) — 0 in Pj-probability.

Since all the norms defined on the finite dimension space are equivalent, then (4.50) follows. Thus

the proof of this theorem is complete. O

PROOF OF LEMMA 4.18

Let us consider the following norm,

Iflee={ [ P0g() dt}m -{/ P (o}

Note that p,(t) and p,,(t) can be rewritten as follows:

1/2

By the same arguments in the proof of lemma 3.1 in van der Vaart and van Zanten (2008), we see

that,
ev/2 ew/2
dH(pvapw):‘ v -
/2 w/2
[T~ TePha)|,
M+ev/z< L)
[ePlac [Pha  1ePha/ |,
2”61)/2 _ ew/2 2.

le*/?l2.c

Since |eV/? —e®/?| = ew/2|e?/27w/2 _1| < ¢w/2elv=vI/2 |y —w]| /2, then the squared Hellinger distance

is further bounded from above by,

Ji ee@ele®=vOlly (1) —w(t)? dG(t)
Ji ew® dG(t)

< flo = w] x el
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Then this concludes the proof. O
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