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Introduction

In Bayesian nonparametrics the role of the parameter appearing in a statistical model
is taken by a probability distribution; therefore, the parameter space becomes a class of
probability distributions defined on a given sample space. A Bayesian usually considers
the class of all probability measures on the sample space and defines a probability on this
class, the so-called prior distribution.

A precise description of a Bayesian nonparametric problem, the first to our knowledge,
appears in de Finetti [68] in a paper about the problem of fitting a smooth curve onto an
empirical distribution. At that time workable prior distributions on spaces whose elements
are probabilities were not known. For these we have to wait until the 60’ when a few
schemes were put forward. Freedman [72] and Fabius [48] introduced a class of random
probability measures termed tailfree. Unfortunately, these papers were not directly aimed
at Bayesian nonparametric analysis so that their importance with respect to this topic
was not immediately recognized. Rolph [168] suggested a scheme for constructing random
probability distributions based on moments evaluation. A definite impetus to nonparamet-
ric inference within the Bayesian approach to statistics came eventually with the papers by
Ferguson [61] (see also Ferguson [62]) and Doksum [25] based on the cited papers of Fabius
and Freedman as well as on the paper by Dubins and Freedman [35]. In these papers a
particular tailfree random probability measures, termed Dirichlet process, is presented. In
particular, the Dirichlet process is characterized by the double advantage of having a large
support, with respect to a suitable topology on the space of probability measures on the
sample space, and of being analytically manageable for Bayesian posterior computations.

Since the introduction of the Dirichlet process, the literature on Bayesian nonpara-
metrics has grown enormously and need for solutions of new problems has caused the

introduction of new prior distribution.

I.1 Exchangeability and de Finetti’s representation theorem

The notion of exchangeability, due to Bruno de Finetti, represents a cornerstone of Bayesian
statistics. Indeed, the power of exchangeability derives from the celebrated representation
theorem for sequences of exchangeable observations, provided by de Finetti [67] (see also
de Finetti [69]). At this point it seems appropriate to give a brief description of these

concepts and results, summarizing parts of Regazzini [164], key references for foundation



vi Introduction

issues concerning the Bayesian paradigm.

Suppose the observations take values in a complete and separable metric space, i.e.
a Polish space, to be denoted by X with corresponding Borel o-field 2. Let us con-
sider the space (X*°, 2°>°) where X*° indicates the set of all sequence {x;,i > 1} of
elements of X whereas 2 is the o-field generated by the subset of X*° of the type
Al® A, X ={zeX®:x € A,...,z, € Ay} withn >1and Ay,..., 4, € 2.
By assuming that the observation process is extendible to infinity, each observation X; can
be viewed as a measurable function from X into X according to the definition X;(z) = x;
for i > 1 and for every z = {z;,j > 1} € X*°. According to the Ionesco-Tulcea theorem it
is known that for all p € Px, there exists a unique probability measure p> on (X*°, 2°>°)
such that

P4 ® @ Ay @ X%) = [ [ p(4)
=1

for any n € N and Ay,..., A, € 2. In particular, a probability measure 7 on (X*°, 2°>)
makes the X; exchangeable if the distribution of { X7 (;),7 > 1} is the same as the distribu-
tion of {Xj;,7 > 1} for any finite permutation 7. In the present framework, it is well-known
that the set Px of all probability measures on (X, .Z") is also a Polish space if endowed
with a metric p, termed Prokhorov metric, which metrizes the topology of weak conver-
gence of probability measures (see Prokhorov [I58]). In particular, let &k be the o-field on
Px generated by the weak convergence topology. Any random element from a probability
space (2, .%#,P) into (Px, Px) is said to be a random probability measure on X.

The starting point for de Finetti’s representation of an exchangeable law is the state-
ment of the existence of a random probability measure P on X which is the limit (in
distribution) of the empirical distribution of X7, ..., X, an n tends to infinity. Denote by

0, the probability measure with unit mass at € X. Then the empirical distribution
1 n
en(Xb cee Xn) = 5 25)(1
i

is an example of random probability measure, and the following proposition makes the

previous remarks precise:

“If {Xn,n > 1} is exchangeable with respect to T, then there is a random probability

measure P on X such that

lim p(en(Xi1,...,X5),P)=0 a.s.-P (I.1.1)

n—-4o00

where p is the Prokhorov metric.”

Furthermore, under the hypothesis that p is a realization of P, i.e. p is the “real” dis-

tribution of the characteristic under observation, one expects, since the observations are
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collected under analogous environmental conditions, that the X;’s are independent and
identically distributed with common distribution p. This fact is the essence of the follow-

ing version of de Finetti’s representation theorem:

“If {Xn,n > 1} in exchangeable with respect to T, then for any B € &
7(X1, Xn,... € B|P) = P>*(B) a.s.-P (I1.1.2)

where given any probability measure p on (X, Z7), u°° denotes the distribution of {X,,n >
1} when the X, ’s are supposed to be independent and identically distributed with common
distribution p. Conversely, if there is a random probability measure P such that(5.1.4))

holds, then the X,,’s are exchangeable”.

The following statement represents another equivalent version of de Finetti’s representa-

tion theorem:

“4Xn,n > 1} is exchangeable if and only if there is a probability measure Q on (Px, Px)
such that for any B € 2™

T(Xl,Xn,...eB):/P P®(B)Q(dP) (L1.3)

where Q, the so-called de Finetti’s measure of {X,,n > 1}, is uniquely determined and

coincides with the distribution of P.”

The Bayesian paradigm can be introduced by considering a process of observations
{Xy,n > 1} taking values on some space X and by assuming that the observations are
taken under homogeneous physcal conditions, i.e. the order in which the observations are
detected is not relevant for the inferential purpose. Therefore, given a sample X1,..., X,
of size n taking values in X, these are assumed to be realizations of n random variables
belonging to an infinite exchangeable sequence {X,,n > 1} of random variables with
values in X. Exchangeability and de Finetti’s representation theorem imply the existence
of a random element P € Px such that, conditionally on P = p, the random variables
{X,,n > 1} are independent and identically distributed with probability distribution p.
Initial opinion about the sequence {X,,n > 1} are expressed through the probability
distribution @ of P and updated by means of Bayes theorem; all inferential questions
related to the sequence {X,,n > 1} are the answered on the basis on the conditional
probability distribution of P, given the observed sample from {X,,n > 1}. Since we are
concerned with an inferential problem whose basic ingredients are an infinite exchangeable

sequence {X,,n > 1} of random variables with values in X and a random probabilily



viii Introduction

measure P, the natural space where to embed it is the product space (X* xPx, 2°® Px)
where X x Px = {(z,p) : + € X*,p € Px} while 2 ® Px is the smallest o-field of
subsets of X*° x Px containing the family of measurable rectangle {A®@ B: A€ 2, B €
Px}+. The probability distribution @ of P, often called the prior probability distribution,
plays a pivotal role for the definition of a probability measure on (X x Px, 2" ® Px).
In fact, given a probability measure ) defined on the space (Px, Px), we set

wwwinﬂwexwwamecnmw> (11.4)

for all C' € X x Px. Note that, when C = (4; ® --- ® A, ® X*°) x B for any n € N,
A, e Z fori=1,...,nand B € Px, then

ﬂmzégmmmm

It can be checked that 7 is probability measure on (X*° x Px, 2" ® Px). Therefore, given
a probability measure @ on (Px, Px), we call statistical space (or statistical model) the
triple (X*° x Px, 2'°° ® Px,m) where 7 is the probability measure defined as in .

Once given the statistical space it is possible to tackling any inferential problem: the
hypotetical inference if the aim is to infer on the random element P € Px and the predictive
inference if the aim is to infer on the random element X € X given an observed sample
X1,..., Xy, from {X,,n > 1}. Since (X*°,Px) is a Polish space, for any n € N and
(x1,...,2y) € X" there exists a regular conditional probability ¢ on (2 ® Px) given
X1 =x1,...,X, = x,,. This means that for any n € N there exists a function ¢ : X" ®
(Z° ® Px) — [0,1] such that

i) for all (x1,...,2,) € X", q¢((z1,...,2y),) is a probability on (X*° x Px, 2" ® Px);
ii) forall C € Z7°® P, q(+,C) is a measurable map from (X", 2°™) to ([0, 1], ZN[0, 1])

iii) forall Ae 27", Ce Z7°x Px
Tr(Cﬂ(Xl,...,Xn)1(A)):/q((:cl,...,xn),C’)Tn(dml,...,da:n)
A

where 7,, is the probability distribution induced on (X", Z2™™) by the random vector
(X1,...,Xn)

Given n € N and (x1,...,2,) € X", the probability Q(-|X; = z1,...,X,, = z,) on
(Px, Px), defined by setting

QB| X1 =x1,...,Xp=x,) = q((z1,...,2,),X® X B)n(X*® x B| X1 =x1,..., X, = xp)
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for any B € Pk, is called posterior probability distribution of P: this is the condi-
tional distribution of P given Xy = z1,...,X,, = z,. Analogously, given m,n € N and
(1,...,zy) € X", the probability 7,,(-| X1 = z1,..., X, = z,) on (X", 27) defined by
setting for any A € 2™

Tm(Al X1 =21,..., Xpn =2n) = q¢((21,...,2p), (A ®X>®) ® Px)

is called predictive probability distribution of X, 11, ..., X;4m: this is the conditional prob-
ability distribution of X,,4+1,..., Xn4+m given the observed sample X1 = x1,..., X, = zy.

So far we introduced the Bayesian paradigm and we highlighted how in a Bayesian
nonparametric inferential problem the role of the parameter appearing in the statistical
model is taken by a probability distribution. Therefore, the parameter space of the statis-
tical model is represented by the class of all probability measures on a given sample space
and the problem of placing a probability distribution on this class, the so-called prior
distribution, becames crucial. In light of these considerations, it becomes evident that the
notion of exchangeability combined with de Finetti’s representation theorem cannot be
reduced to a mere synonym of conditional independence and identity in distribution; in-
deed, it provides a coherent subjective solution to the inferential problem, which includes

in a unifying way both the “parametric” and the “nonparametric” case.

1.2 Prior distribution on spaces of probability measures

As far as the problem of assigning prior distribution on spaces of probability measures
is concerned, it is convenient to start with the case of a finite X, i.e. X := {ay,...,ax},
k being a fixed element of N. Hence, the law of any random sequence {X,,n > 1} with
values in (X%, 2°>°) is completely characterized by its restriction to all events {X; =
x1,...,X, = x,} defined for all (z1,...,2,) in X" and for all n € N. In particular, if
{X,,n > 1} is exchangeable with respect to 7, then by , there exists one and only
one probability distribution function @) such that

k

k-1 —1 0\ "lak)
_ _ _ n(a;) )
T(Xl—$1a--~aXn—xn)_/A(k_1)Hvi <1_;Uz> Q(dvy, ..., dvg_1)

with support included in A*—1) .= {(wi, o yvp1) v 2 0,i=1,.. k=1, i q v <
1} holds for any (z1,...,2,) € X" and for any n € N with n(a;) = Zlgjgnié;(xj) for
i=1,....k > cicrn(a;) and ¥ ;= 1 if v = 0. Obviously there is a one-to-one cor-
respondence between the set of all probability measures on (Px, Px) and the set of all
distribution functions Q with support included in A*~1 . Thus, one immediately sees that

the representation theorem provides a coherent framework for the usual implementation
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of the Bayesian paradigm for the multinomial model. In this case the de Finetti measure
Q is the so called prior distibution.

A statistician, due to convinction or lack of information, is often not able to commit
himself to assuming finite X. If this is the case, assessing () can become cumbersome.
Indeed, if a quite deep knowledge of the random phenomenon under consideration is avail-
able, the statistician may be able to isolate the randomness (e.g. through a functional
relation) and, consequently, to restrict the class of admissible laws. The concrete imple-
mentation of statistical methods greatly benefits from such restrictions which usually, but
not necessarily, are reflected upon the assumption that de Finetti’s measures are supported
by parametric families of probabilities and parameters belong a subset of some finite di-
mensional Eucledian space. If one set Pég = {Py: 6 € O} and assigns a de Finetti measure
such that Q(Pég) = 1, there exists a bijection f : @ — 733/g such that () induces a probability
measure ¢ on © by means of ¢(B) = Q(f(B)) for every B € ©. The general question to
be answered by the statistician is wheather, on the basis of the available information, it
is coherent to reduce the class of all formally admissible distributions on a given sample
space to some distiguished parametric family. From a concrete point of view, parametric
structures would stem from distinguished assumptions formulated about the probabilistic
modelling of the random phenomenon under study. The reader is referred to, e.g, Bernardo
and Smith [6] and Shervish [I75] and reference therein.

In cases, in which the statistician is in a position to assume neither a finite X or a
restriction of the class of admissible distributions, a so called nonparametric approach has
to be undertaken. Such an approach essentially corresponds to the impossibility of a com-
mitment about a probabilistic model underlying the phenomenon at issue. Thus, it should
be clear that the term nonparametric, commonly used to designate it, is vacuous since it
does not reflect the non-informativeness which leads to adopt this very same approach.
Nonetheless, it will be sometimes employed in the sequel, however bearing in mind its cor-
rect interpretation. In this case, as far as the problem of assessing a de Finetti measure is
concerned, it seems natural to regard it as a problem of extending the multinomial model.
The prominent role, played by the Dirichlet distribution in the multinomial case, is held by
an appropriately defined functional Dirichlet distribution or Dirichlet process prior. This
is due to the fact that the relevan advantages regarding the mathematical tractability of
the Dirichlet distribution, in particular, the solution it provides to the problem of prevision
and its reproducibility property in passing to the posterior distribution, carry over to the
functional Dirichlet distribution. Other de Finetti measure are attempts to generalize the
Dirichlet process prior in various directions.

It has to be said immediately that the major drawback inherent to a Bayesian nonpara-

metric approach is represented by the analytica formulation of priors. From a conceptual
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point of view, the assumption of exchangeability makes the assessment of a particular @)
simpler, since it can be relied upon —. Indeed, one can always go back to the
case of exchangeable observations, according to the following line of reasoning. Any @ on
(Px, Px) can be thought of as the de Finetti measure of an exchangeable 7 on (X, .27°°),
according to . Hence, in order to specify the analytica form of @), it is convenient
to think of @) as the probability law of the unknown distribution of a characteristic, with
values in X, of the elements of a population that is sampled with replacement. So, @ will
be assessed as if it were the limiting distribution of the empirical distribution connected

with the above fictitious sequence of trials.

1.3 Outline of the thesis

On the basis of the previous paragraphs, one can state that random probability measures
represent the essence of Bayesian nonparametrics both from a conceptual and practical
perspective. In particular, they are the starting point of the present treatment which aims
at providing some contributions to the Dirichlet process and to some related classes of ran-
dom probability measures obtained by transformations of increasing additive processes.
Parts of this thesis are based upon Favaro and Walker [50], Favaro et al. [55], Favaro
et al. [52], Favaro et al. [53], Favaro and Walker [51], Favaro et al. [54], Favaro et al. [56]
and Favaro and Walker [57]. The first paper represents the first seminal work: there, a new
distributional equation having as unique solution the Dirichlet process is proved and it is
used to provide an alternative series representation of the Dirichlet process. The second
paper, moving from the new distributional equation introduced in Favaro and Walker [50],
defines and investigates a new measure-valued Markov chain which generalizes the well
known Feigin-Tweedie Markov chain widely used to provide properties of linear functionals
of the Dirichlet process and approximation procedures for estimating the law of the mean
of the Dirichlet process. The third and the fourth paper consider the new distributional
equation introduced in Favaro and Walker [50] in order to provide two characterization
of a Fleming-Viot processes which is a wide class of measure-valued diffusion processes
arising as large population limits of so-called particle processes. The fifth paper repre-
sents the second seminal work: there, some developments for a class of random probability
measures, termed generalized Dirichlet processes, which induces exchangeable sequences
which are characterized by a more elaborated predictive structure that those one arising
from Gibbs-type random probability measures. The sixth paper investigates in details the
posterior behavior of the generalized Dirichlet process and it provides conditional distribu-
tions and the corresponding Bayesian nonparametric estimators derived from the random

partition structure characterized by the generalized Dirichlet process. The last one con-
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siders some developments on the Bayesian nonparametric inference for species sampling
problems based on the two parameter Poisson-Dirichlet process. The dissertation is struc-
tured in two parts.

The first part of the dissertation deals with the Dirichlet process and with some classes
of measure-valued random processes having as unique invariant measure the law of the
Dirichlet process. Given a general Polish space X, we start by considering a new distribu-
tional equation defined on a the set of all probability measures on (X, Z") and having as
unique solution the Dirichlet process on X; some applications of this new distributional
equation are then considered in order to provide new characterizations of the Dirichlet
process. In particular, a generalization of the constructive definition of the Dirichlet pro-
cess proposed by Sethuraman is derived and investigated with emphasis on its application
to the Dirichlet process approximations. Moreover, the new distributional equation for the
Dirichlet process is considered in order to provide some contributions on measure-valued
random processes having as unique invariant measure the law of the Dirichlet process: the
first contribution regards the definition and the study of a measure-valued Markov chain
which generalizes the well known Feigin-Tweedie Markov chain and which still has the
law of the Dirichlet process as unique invariant measure; the second contribution regards
a characterization of the so-called particle process driving a wide class of measure-valued
diffusion processes termed Fleming-Viot processes and having as unique invariant measure
the law of the Dirichlet process.

The second part of the dissertation deals with random probability measures derived by
normalization of increasing additive process and in particular with the class of normalized
random measures with independent increments (NRMIs). The subclass on NRMIs with
logarithmic singularity is defined and an appealing example, termed generalized Dirichlet
process; by considering its characterization in terms of normalized superposition of inde-
pendent Gamma processes, the generalized Dirichlet process is deeply investigated and a
comprehensive treatment in terms of finite dimensional distributions, moments, predictive
distributions and posterior distributions. In particular, such process induces exchangeable
random partitions which are characterized by a more elaborate clustering structure than
those arising from Gibbs-type random probability measures. A natural area of application
of these random probability measures is represented by species sampling problems and, in
particular, prediction problems in genomics. To this end we study both the distribution
of the number of distinct species present in a sample and the distribution of the number
of new species conditionally on an observed sample. We also provide the nonparametric
Bayesian estimator, under quadratic loss, for the number of new species in an additional
sample of given size and for the discovery probability as function of the size of the addi-

tional sample. Some developments on the conditional distributions and the corresponding
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Bayesian nonparametric estimators recently obtainied for the class of Gibbs-type random
probability measures are also provided.

A brief review of the main results to be presented seems appropriate at this point.

In Chapter 1, after introducing the definition and the main properties of the Dirichlet
process, we define a generalization of the constructive definition of the Dirichlet process
proposed by Sethuraman. In particular, the new constructive definition for the Dirichlet
process is obtained from the original Sethuraman’s construction nesting an appropriate
random convex linear combination of random variables from a Blackwell-MacQueen Podlya
sequence. Properties of the new definition of the Dirichlet process are studied.

In Chapter 2 we provide some remarks on the approximation of the Dirichlet process.
Moving from a series representation for the Dirichlet process which includes the Sethura-
man series representation as particular case, we consider the application of two stopping
procedures: a random stopping procedure which corresponds to the truncation of the series
at a random number of terms and the almost sure stopping procedure which corresponds to
the truncation of the series at a fixed number ot terms. In particular, the accuracy in these
approximations is given with respect to the corresponding approximations obtained using
the Sethuraman series representation of the Dirichlet process. A straightforward extension
of the random stopping procedure to the more general class of infinite dimensional stick-
breaking random measures is considered. As a by-product, we also obtain some interesting
results related to the convolution of distributions belonging to the class of generalized
convolutions of mixtures of Exponential distributions.

In Chapter 3, moving from a distributional equation having as unique solution the
Dirichlet process, we define and we investigate a new measure-valued Markov chain having
as unique invariant measure the law of a Dirichlet process. This Markov chain general-
izes the well known Feigin-Tweedie Markov chain which has been widely used to provide
properties of linear functionals of the Dirichlet process and approximation procedures for
estimating the law of the mean of the Dirichlet process. Our main aim in this chapter is
to show that the Feigin-Tweedie chain sits in a large class of chains indexed by an integer
n € N and they worked solely on the case n = 1, where n can be viewed as a sample size.
We provide properties of this new class of Markov chain.

In Chapter 4 we consider a different class of random processes having as unique in-
variant measure the law of a Dirichlet process. This class of random process is termed
Fleming-Viot processes and it is a wide class of measure-valued diffusion processes arising
as large population limits of so-called particle processes. Here we invert the procedure and
show that a countable population process can be derived directly from the neutral diffu-
sion model, with no arbitrary assumptions. We study the atomic structure of the neutral

diffusion model, and elicit a finite dimensional particle process from the time-dependent
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random measure, for any chosen population size. The static properties are consequences
of the fact that its stationary distribution is the Dirichlet process, and rely on a new rep-
resentation for it. The dynamics are derived directly from the transition function of the
neutral diffusion model. As by-product we also obtain a new constructive definition of the
Dirichlet process.

In Chapter 5 we consider priors obtained by normalizing random measures with inde-
pendent increments (NRMIs) we define a new class on NRMIs, the so-called NRMI with
logarithmic singularity. The class of NRMIs with logarithmic singularity includes as par-
ticular case the celebrated Dirichlet process and on the other hand it does not include
the normalized generalized Gamma process recently introduced in the context of mixture
models and species sampling problems. In particular, we are interested in a generalization
of the Dirichlet process which has been recently introduced in the literature and which
is in the class of NRMIs with logarithmic singularity, the so-called generalized Dirichlet
process. Some developments of the generalized Dirichlet process are presented in terms of
its finite dimensional distributions, moments, predictive distributions and posterior distri-
butions.

In Chapter 6 we investigate a class of random probability measures, termed generalized
Dirichlet processes, which has been recently introduced in the literature and further in-
vestigated in Chapter 5. Such processes induce exchangeable random partitions which are
characterized by a more elaborate clustering structure than those arising from Gibbs-type
random probability measures. A natural area of application of these random probability
measures is represented by species sampling problems and, in particular, prediction prob-
lems in genomics. To this end we study both the distribution of the number of distinct
species present in a sample and the distribution of the number of new species conditionally
on an observed sample. Some developments on the conditional distributions and the corre-
sponding Bayesian nonparametric estimators recently obtainied for the class of Gibbs-type

random probability measures are also provided.
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A generalized constructive definition
for Dirichlet processes

In this chapter we introduce a generalization of the constructive definition of the Dirichlet
process proposed by Sethuraman. The new constructive definition for the Dirichlet pro-
cess is obtained from the original Sethuraman’s construction nesting an appropriate ran-
dom convex linear combination of random wvariables from a Blackwell-MacQueen Pdlya

sequence. Properties of the new definition of the Dirichlet process are studied.

1.1 Introduction

Let us consider a topology 7 such that (X,7) is a Polish space endowed with the Borel
o-field 2" and let Px be the space of probability measures on (X, .2") endowed with its
o-field Px generated by the weak convergence topologyE] W which makes (Px, W) a Polish
space. The first example of probability measure on (Px, Px) useful as prior distribution
for Bayesian nonparametrics is the probability measure induced by the celebrated Dirichlet
process whose characterization and essential properties were extensively presented by Fer-
guson [61] and Ferguson [62] and further investigated by Blackwell [9] and Blackwell and
MacQueen [10]. Various authors have considered other characterizations and properties of
the Dirichlet process. In particular, in this chapter we are interested in the constructive
definition of the Dirichlet process proposed by Sethuraman [174] and here recalled.

Let a be a finite measure with total mass a and define ag := a/a. Let (,.%,P) be a
probability space supporting two independent sequence of r.v.s 6 := {6;,i > 1} and ¥ :=
{Y;,i > 1} such that the application (6,Y) : Q — (]0,1] x X)* is (F,(ZN[0,1] @ 27)>)-
measurable. In particular, the sequence 6 is a sequence of independent r.v.s identically

distributed a ccording to a Beta distribution function with parameter (1,a) for i > 1

'The weak convergence topology is the topology induced by the measurable projection mappings g5 :
Px — [0,1], with B € 27, defined for all p € Px by pg(P) := P(B).
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and the sequence Y is a sequence of independent r.v.s identically distributed according to
ag. The condition of independence between the sequence of r.v.s # and Y and the usual
construction of a product measure implies the existence of the probability space (2, .#,P)
supporting the r.v. (6,Y) and does not require any restrictions on X, such as it being a
Polish space. We now consider the sequence of r.v.s {p;,i > 1} obtained from the sequence

0, by the so-called stick-breaking construction

p1 =01

i—1
pizei (I—Hj) iZQ
1

J
p1 = 61 and The stick-breaking construction implies that as n — 400, Zlgign pi =
1 —Jli<icn(1 =0;) = 1 as. For any B € X let P: Q — Px be the map defined by

W Y pi(w)dy; () (B) (1.1.1)
i>1

which is clearly a measurable map and takes values in the subset of discrete probability
measures on (X, 27). In particular, Sethuraman [174] proved that for any finite measurable
partition Bi,..., By of X, (P(-,B1),..., P(-, By)) is distributed according to a Dirichlet
distribution function with parameter (a(By),...,a(By)). This establishes that P defined
in is a Dirichlet process with parameter a. A more direct way to describe the
constructive definition is as follows. Let {Y;,7 > 1} be a sequence of r.v.s i.i.d. with
common distribution ag. Let {p;,7 > 1} be a sequence of probabilities from a discrete
distribution on the integers with discrete failure rate {6;,7 > 1} which are i.i.d. distributed
according to a Beta distribution function with parameter (1,a). Let P be the r.p.m. that
puts weights p,, at the r.p.m. dy;, for n > 1.

In this chapter our main aim is to introduce a new constructive definition for the
Dirichlet process on X with parameter « that includes as particular case the constructive
definition proposed by Sethuraman. For any fixed integer-valued sequence ne := {n;,i >
1} we denote the new constructive definition of the Dirichlet process by P(e) which
is obtained from the original Sethuraman’s construction nesting at each an appropriate
random convex linear combination of r.v.s instead of the r.p.m. dy, for 7 > 1. We prove
that P(") is still a r.p.m. on X which gives probability one to the subset of the discrete
probabily measures on (X, 2"). Moreover, we will prove that for any finite measurable
partition By, ..., By of X, ther.v. (P(”')(-, Bi),..., P(”°)(‘, By,)) is distributed according to
a Dirichlet distribution function with parameter («(By), ..., a(By)) for any finite measure
a on (X, 2). This establishes that P(® is a Dirichlet process with parameter a. Finally,

following similar arguments to those used in Sethurman [174], we provide a posterior
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analysis based on the generalized series representation of the Dirichlet process.

The chapter is structured as follows. In Section 1.2, we recall the definition of the
Dirichlet process in terms of the family of its finite dimensional distributions as originally
defined by Ferguson [61] and we consider some of its properties. Section 1.3 contains
the main results of the chapter; in particular we provide a new constructive definition of
the Dirichlet process and we discuss some of its properties. In Section 1.5 we provide the
posterior characterization of the Dirichlet process based on the new constructive definition

of the Dirichlet process. Section 1.4 is devoted to a discussion of the results.

1.2 The Dirichlet process

In the introduction we recalled the constructive definition of the Dirichlet process intro-
duced by Sethuraman [I74]. In this section we recall the definition of the Dirichlet process
via its family of finite dimensional distribution as originally defined by Ferguson [61]. Some
of the main properties of the Dirichlet process are also recalled.

In order to define the Dirichlet process, let Ax be the space of locally finite non-
negative measures on (X, .2") endowed with the o-field @% generated by the vague topol-
ogyﬂ V which makes (Ax,V) a Polish space. Let @ € Ax be a finite measure with to-
tal mass a := «(X) and for any finite measurable partition By,..., By of X such that
a(B;) >0fori=1,...,k and k > 2 we introduced the Dirichlet distribution with param-
eter (a(B1),...,a(Bg))

I'(a) TT a1 ST
=— T — i dry- - dxp_
[T, T(a(B,) fisics L+ ( 2 ) o

for any A € (#ZN[0,1))* where A := {(z1,...,25_1) : (x1,...,Zr_1, 1= cick_1mi) € A}
Moreover, we set

I (A;X) = 61(4) AeZn|0,1]

Let Aq,...,A, be n distinct ordered elements in 2 and let Bq,..., B be the finite
partition generated by Ai,..., A,. If «(B;) > 0fori=1,...,k we denote by ga, . a, the
probability measure on (RN [0, 1])",Z N [0,1])" defined by

dn,...,(B) =TI, ({(:cl, ap) X € B} By, ... ,Bk) (1.2.2)

2The vague topology is the topology induced by the mappings 7, : p +— fX gdp with f a continuous
function g : X — R™.
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where
X = E Liyeeny E Ty
1:B; CA1 :B;CAp

for any B € (Z N 10,1))". If a(B;) = 0 for some 4, then we consider B, ..., B];, obtained
from the finite measurable partition Bi,..., B of X by removing the set B; such that
a(B;) = 0. Then we denote by ¢4, ... 4, the probability measure on ((RN[0, 1])", ZNI0, 1])"
defined by

Qn,tn(B) =T ({01, my) : X € By By, B (1.2.3)
where
P B SIS S
B CA; i:B,CA,

for any B € (# N [0,1])", where ZiZC;CA]' z; = 0if {i : B; C A;} = 0 and II;(A4; B) =
01(A) if a(B) = a. We now define the following finite dimensional Kolmogorov spaces
([0,1]™,(2N]0,1])",qa,,..,a,) and the family of finite dimensional probability distribution
Q = {qda,,..a, : A1,..., A, € Z,n € N}. We can show that Q satisfies the following

conditions:

C1) for any n € N and any finite permutation o of {1,...,n}

GAr,.An(B) = Ga, 000 A (@B) VB € (ZN[0,1])"
where 0B = {(T5(1); - - s To(n)) : (T1,...,70) € B};
C2) Gx = 41, where d, is the point mass at x;

C3) for any family of sets Ay, ..., A, in 2, let D1, ..., Di be a finite measurable partition
of X such that it is finer than the finite partition generated by A1,..., A,. Then for
any B € (ZN|0,1])"

/

dAlv"'7An (B) = QDl,...7Dk (B )

where

B =S (z1,..,ap) €0, | > @, > a|€B

i:DiCAl i:DiCAn
C4) for any sequence {4,,n > 1} of measurable subset of X such that A, | ()

(jAn = (50.
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Hence, according to Proposition 3.9.2 of Regazzini [164] (see also Regazzini and Petris
[162]), there exists a unique r.p.m. P on X admitting Q as its family of finite dimensional
distribution. We term such a r.p.m. P a Ferguson-Dirichlet r.p.m. with parameter « (or
simply a Dirichlet process with parameter «/) since it was originally introduced by Ferguson
[61]. Finally, we denote by II the distribution of the Dirichlet process with parameter .
We now consider some basic properties of the Dirichlet process with parameter o which
make it an appealing prior distribution for Bayesian nonparametric statistics. In particular
we consider the predictive distributions, the posterior process and the support. Let o € Ax

be a finite measure with total mass a and for any sequence {x,,n > 1} € X*° we set

B " 5. (B
ugll_;'l"n)(m, s Tny B) = al )+a%n15 (B) Be 2. (1.2.4)

For any B € 2" we can rewrite the right-hand side of (1.2.4]) as a convex linear combination

of a probability measure and of an empirical distribution

a 1 -
B 0z (B Be %
B 0B B
where p11 := a/a. It can be easily checked that {p;, ugl),ugl’2), ...} is a sequence of prob-

ability measures on (X, 2") and for any B € 2" and for any n € N

L.,
(71, .. Tn) N£L+1 n)(l‘la ooy Tp; B)
is a measurable function with respect to (X", 2™"). Then, according to the Ionescu-Tulcea

theorem, there exists a unique probability measure p on the space (X°°, 2°°°) such that
(A1 ® - @ A, ® X™) (1.2.5)

:/ ,ul(d$1)/ ,ugl)(fﬁl;d%z)“'/ plh Y (g, g )
A As

n

for any Ai,..., A, in 2 and for any n € N.

We observe that with respect to p, p1 represents the distribution of a certain r.v. X; on
X and /,LS}""’”*” represent the regular conditional probability of a certain r.v. X,, given
X1,...,Xp—1 for any n > 2. The sequence {X,,,n > 1} is usually known as the Blackwell-
MacQueen Poélya sequence with parameter « since it was first investigated by Blackwell
and MacQueen [10].

Theorem 1.2.1. (c¢fr. Blackwell and MacQueen [10]) Let {X,,n > 1} be the Blackwell-

MacQueen Pdélya sequence with parameter a.

i) as n — +o0, u,@}’“"”‘l) converges with probability 1 to a limiting discrete measure

pP*;
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ii) P* is a Dirichlet process with parameter a;

iii) given P*, the sequence {X,,n > 1} is a sequence of independent r.v. with distribution
pP*.

Theorem 1.2.2. (c¢fr. Regazzini [161]) Let {X,,,n > 1} be the Blackwell-MacQueen Pdlya
sequence with parameter o. Then, the unique probability measure p of {Xn,n > 1} such
that (1.2.4) is a sistem of predictive probability measures is exchangeable and its de Finetti

measure 1s 11.

Theorem and Theorem [1.2.2] represent two important characterizations of the
Blackwell-MacQueen Pdlya sequence. In particular, we observe that if {X,,n > 1} is
the Blackwell-MacQueen Pélya with parameter «, then it can be easily checked that X;
is distributed according to «/a. The Dirichlet process is useful only if we can do the
necessary calculations for making inference. The most crucial is updating in the light of
data. In the next theorem we consider the conditional distribution of a Dirichlet process
P on X with parameter a given a sample Xi,...,X, from P. It turns out that this

conditional distribution is also Dirichlet process.

Theorem 1.2.3. (cfr. Ferguson [61)]) Let P be a Dirichlet process on X with parameter
a, and let X1,...,X, be a sample of size n from P. Then the conditional distribution of
P given X1,..., X, is as a Dirichlet process with parameter o + Zlgz‘gn 0x,-

In particular, the distribution of the posterior r.p.m. found in Theorem [1.2.3]is a regular
conditional distribution.

Ferguson [61] and Blackwell [9] proved that there is a set of discrete distributions
Px C Px such that the Dirichlet process on X with parameter a assigns probability 1
to Px. Note that for any given p € Py, the set {z € X : p({z}) > 0} € 2 since X is
separable; moreover p is discrete if and only if p({z € X : p({z}) > 0}) = 1. One can in
fact prove that the set {p € Px : p({x € X : p({z}) > 0}) = 1} of all discrete probability
distributions on (X, .2") is an element of &x. Then, it can be easily checked that

I({p e Px:pl{z e X:p({z}) >0}) =1}) = 1. (1.2.6)

Sethuraman [I74] proved an alternative theorem, which not only shows that the Dirichlet
process on X with parameter « is a r.p.m. on discrete distributions, but also gives the useful
series representation ([1.1.1) which provide an “algorithm” for approximately simulating a

cumulative distribution function with distribution II.
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1.3 A generalized Sethuraman’s construction

In this section, moving from the constructive definition of the Dirichlet process on X
introduced by Sethuraman [I74] we propose a more general construction and we investigate
its properties.

Let a € Ax be a finite measure with total mass a and let ne be a fixed integer-valued
sequence. Let (£2,.#,P) be a probability space supporting three independent sequences
of rvis 0 :={60;,i > 1}, ¢ .= {(¢i1,---+¢im,;),% > 1} and YV = {(Yi1,...,Yin,),7 > 1},
such that the application (6,¢,Y) : @ — x;>1([0,1] x A=1) 5 Xm4) g (F,®i>1(Z N
0,1] ® 2™ N A=Y @ 27™))-measurable. In particular, we assume the sequence 6 to be
a sequence of independent r.v.s distributed according to a Beta distribution function with
parameter (n;,a) for i > 1, the sequence ¢ to be a sequence of independent r.v.s identically
distributed according to a Dirichlet distribution function with parameter (1,...,1) and
the sequence Y to be a sequence of independent r.v.s (samples of size n; for i > 1)
from a Blackwell-MacQueen Poélya sequence with parameter «, i.e. if P; are independent
Dirichlet processes with parameter « for ¢ > 1, then for i > 1, Yj1,...,Y; n,|P; are i.i.d.
from P;. The condition of independence between the sequence of r.v.s 8, ¢ and Y and
the usual construction of a product measure implies the existence of the probability space
(Q,.#,P) supporting the r.v (0,q,Y) and does not require any restrictions on X, such as
it being a Polish space. As for the Sethuraman constructive definition, we now consider
the sequence of r.v.s {p;,i > 1} obtained from the sequence 6, by the usual stick-breaking
construction p; = 6; and p; = 9iH1§jgi_1(1 — 0;) for ¢ > 2. In particular, the stick-
breaking construction implies that as n — 400, > ;. pi =1 —[[1<;<,(1 = 6;) — 1 as.
For any B € X we consider the map P(™) : Q — Px_d;ﬁned by o

ng
W > piw) Y gi(w)dy; () (B) (1.3.1)
i>1 j=1
which is clearly a measurable map and takes values in the subset of discrete probability
measures on (X, .2"). In Theorem we prove that for any finite measure a € Ax and
for any finite measurable partition By, ..., By of X, ther.v. (P("°)(-, Bi),..., P(”')(-, By) is
distributed according to a Dirichlet distribution function with parameter (a(B1), ..., «(Bg)).
This establishes that P(") defined in is a Dirichlet process with parameter «.. Before
proving Theorem let us cosider the following lemma which introduce a distributional
equation having as unique solution the Dirichlet process with parameter «. For similar dis-
tributional equation for the Dirichlet process see James [98] and for more general r.p.m.,

using the duality with the posterior distribution, see James [96].

Lemma 1.3.1. Let o € Ax be a finite measure with total mass a and let ne be a fized
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integer-valued sequence. If (0,q,Y") is the r.v. above described, then the distributional equa-

tion

Q: L0, qu(Sy +(1-6)Q; i>1 (1.3.2)

has as its unique solution the Dirichlet process with parameter a.

Proof. For any 7 > 1, let & 1,...,& » be n independent r.v.s such that ¢; ; is distributed
according to a Beta distribution function with parameter (1,n — j). From Theorem 1 in
Jambunathan [95] it follows that the marginal distributions of the r.v. (gi1,...,¢n) for
i > 1, can be represented as ¢;1 = &1 and ¢;; = & nglgj—l(l — &) for j > 2. By
using this stick-breaking construction it follows by induction that 1 — Z1g j<n—1ij =
ngjgn—l(l — &.j). Now, if By,..., By is any finite measurable partition of X, then it
follows that

§in(dy,, (B1),..., 0y, (Br) i>1

is distributed according to a Dirichlet distribution function with the following parameter
(dy;, (B1),-..,0y;, (By)). Using the stick-breaking construction for the marginal distribu-
tions of the r.v. (¢ 1,...,qin), it follows by induction the following identity

> 4i(0v,,(B1),- .., 0y, ,(Br)) (1.3.3)
j=1

n—1
= 4i(dv,,(B1),..., 0y, ,(Br) + | 1 —qu (& 0y, (B1)s - - -, 0y, . (Br)))-
j=1

Since by construction Zl<]~<n gi,j = 1, then it follows that given Y;1,...,Y;,

)

Z q@j(éyi,j (Bl)v R 5Yi,]’ (Bk))
j=1

is distributed according to a Dirichlet distribution function with the following parame-
ter ((B1) + > 1<j<n Ovi; (B1)s -, (Bk) + D 21<j<n Ovi ; (Bk)). This argument shows that
the Dirichlet process with parameter « satisfies the distributional equation . The
uniqueness of the solution follows by Lemma 3.3 in Sethuraman [I74] (see also Vervaat
[185], Section 1). O

Lemma m proves that conditional given Y7,...,Y, the r.p.m. Zl<j<n g;dy; is a
Dirichlet process with parameter »_,_,., dy; which has been considered as a sort of

Bayesian bootstrap empirical measure by Rubin [I70]. Thus, if we denote by P|Y7,..., Y,
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the posterior Dirichlet process with parameter a + ) ;.. dy;, then as the total mass

a—0

n
PlYi,.... Yo=Y ¢y, [V1,....Y,  as-P (1.3.4)

j=1
i.e., the r.p.m. Zlgjgn q;0y; is the weak limit a.s.-’ of the posterior Dirichlet process
as the total mass tends to zero. In particular, the limit in ([1.3.4)) has been taken as
a justification of the use of the Dirichlet process with parameter Z1§i§n dy, as a non-
informative posterior. We are now in the position to prove the following theorem which

represents the main result of this section.

Theorem 1.3.1. Let o € Ax be a finite measure with total mass a, let ne be a fixed integer-
valued sequence. Let P™) the measurable map defined by . Then, for any finite
measurable partition By,..., By of X, (P(”°)(-,Bl)7 . ,P(”‘)(-,Bk)) is a r.v. distributed
according to a Dirichlet d.f with parameter (a(By),...,a(Bg)).

Proof. From Lemma the distributional equation

ni
P26 q1i(0v,(B1),....0v,(By) + (1 - 61)P
j=1

has as unique solution the Dirichlet process with parameter .. Then, to prove the theorem,
we can use arguments similar to those used in Lemma [1.3.1] In particular for any finite
measurable partition B, ..., By of X, if we define P := (P(By),...,P(Bg)), then

S S s Oy (B, v, (B) (1 . zpi) P
=1 j=1 i=1
m—1 ng
= Z bi Z qi,j(ayi,j (Bl)v cee 75Yi,j (Bk))
i=1  j=1

m—1 Nom
+ (1 — Zm) Om > Gm.j(0v,,,(B1), ..., 0y, ,(Br) + (1 — 0m)P
: ~

where

Hm Z qmyj((SYTn,j (B1)7 s 75Ym,j (Bk')) + (1 - Hm)p
7j=1

is a r.v. distributed according to a Dirichlet distribution function and its parameter is
(a(B1),...,a(Byg)). Then, it follows that

m
sz‘

=1 j=

g

qi,j(dyi,j (B1),-- -, 5Yi,j (Bk)) +(1- Zpi P
1 j=1
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is a r.v. distributed according to a Dirichlet distribution function and its parameter is
(a(B1),...,a(Byg)). Then, the result follow by taking the limit for m — +oo. O

Theorem proved that for any fixed integer-valued sequence n,

n;
PO =% pi ) oy,
i>1 j=1
is a new constructive definition of the Dirichlet process on X with parameter «. The
original constructive definition of the Dirichlet process obtained by Sethuraman can be

recoverd as particular case by setting ne = 1., i.c.

1
ple) — Zpi %.j0vi; = Zpiéyzvl'
1

>l j= i>1

Moreover, if we fix ne to be a constant sequence and equal to n € N then, as a consequence
of Theorem we have the following result.

Corollary 1.3.1. Let ne be a fized integer-valued constant sequence equal ton € N. Then,

P(Me) = P* q.5.-P as n — +o0o where P* is a Dirichlet process with parameter c.

Proof. If we define H,, := Zlgjgn 01,0y, ;, we need to prove that as n — 400, the sequence
{H,,n > 1} converges weakly a.s.-P to a r.p.m. P* and P* is a Dirichlet process with
parameter . For a bounded and continuous function g : X — R define G, := [ Hy(dx).
First of all we prove that for all bounded and continuous g : X — R, the sequence of r.v.s

{Gy,n > 1} converges a.s. Indeed, let us consider for any k = 1,2,... and m € Ny,

m+k k m+k
Gt = (H (1 —@)) G+ | &nrs [I (=8 ) 9(¥imsy)-
i=m j=0 i=m+j+1

where {&,,n > 1} is a sequence of independent r.v. such that &, is distributed according
to a Beta distribution function with parameter (1,n — 1). Let us denote by Wy, i 1=
[n<icmir(l —&) and by K a positive constant such that |g| < K, so that

k m-+k
’Gerk - Gm—1’ < (1 - Wm,m+k)Gm—1 + Z 5m+j H (1 - fz) ‘Q(Ym—kj)’
§=0 i=m+j+1

<(1- Wm,m-‘rk)K +(1— Wm,m-‘rk)K =2K(1 - Wm,m+k)'

Since 1 — Wi mtk = D _n<icmir Pis Where {p;,i > 1} is a sequence of r.v.s defined by the
usual stick-breaking construction p1 = 1 — & and p; = &; H2<j<i—1(1 —¢;) for i > 2. In
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particular, Y ,5; p; = 1 for almost all w € Q since Y ,~; E(log(&)) = — > .o, (i — 1)/i% =
—00 (see Ishwaran and James [90], Lemma 1), then 1 - Wonm+k — 0 for almost all w € Q.
We conclude that the sequence {G,,n > 1} is Cauchy a.s., therefore it converges a.s. to
some r.v. By Theorem 2.2 in Berti et al. [7] it follows that there exists a r.p.m. P* on X,
defined on (2, .#,P), such that, as n — +o0,

H, = P* a.s.-IP

Using Theorem 4.2 in Kallenberg [104], the second part of the proof is devoted to prove
that for any finite measurable partition By, ..., By of X we have (H,(B1),...,H,(By)) =
(P*(B1),...,P*(By)). In particular, we observe that conditioning to Yi,...,Y,, the r.v.
(Hn(By,...,H,(Bg)) is distributed according to a Dirichlet distribution funtion with

parameter (3_)<j<p, 0v;(B1), -5 2 1<icn Ovi(Br),n = 21 <jck 21<i<n Ovi (Bj))- Then, the
(ri,...,r%)-th moment of (H, (Bl, ..., Hp(By)) can be calculated as

E[H;' (B1) - - Hy* (By)]

(“)nTl (”)(r1+-~~+rk)T1

_ n ((B1))jy11 - (@(Br))jr1 G)rr1 - Uk)rrt
) (jl,...,jzk):@(m <j jk)

where we defined D( ={(1,.--,7%) € {0,...,n}*: > i<i<k Ji = n}. In particular, we

observe that

> (jl.é.jk>(a(31))ml" OBe)istt () - G

(@)n11
(i1, )ED) !

is the (r1,...,7rg)-th ascending factorial moment for a r.v. distributed according to a
multivariate Pélya distribution function with parameter (n,a(Bj),...,«(By)). Finally,

observe that

k
E[GZ§:1itiP(Bi)] — @gk) ( (B1), a(By ,Za ztl,...,z‘tk>
=1

- ¥ (it1)" - (itg)"™ ((B1))rig1 - - ((B))r, 11

(SLERREYY (a)(r1+---+rk)T1

(r15-71)E(No)*
Let us consider k = 2 and observe that
1 3 ( n ) (a(B1))jy11((B2))jp11

(”)(m+r2)n 71,72 ( )nTl (Jl)rﬁl(h)rzn

(j1,j2)€DY)

Z! s(r1,t1 !ZStl,fﬂ Z!S r2,12)] ZSt2,82

(r1+T2)T1 t1=0 s1=0 to=0 s9=0

<D <.n-)(a(Bl))M1<a(B2))J2“(11)5111(12)5211

o o \J1:J2 (a)nTl
(J1,J2)€Dy
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where s(-,-) is the Stirling number of the first kind and S(-,-) is the Stirling number of

the second kind. In particular, we have

(71)s111(2) 5011

olo1s2) n+ 1\ ((B1))ji11(a(B2))jp11
S (a)

n+1 s
J1,J2 (@) (nt1 11
(j17j2)€D£ nt1 ()

_ Z <n + 1) 1))(j1+1)T1(a(BQ))(n—j1)T1( .

J1+ 1)81l1(n - jl)SQll

n+1 (@) (111
n+1 — (n) .
= C)(a(B1)+s1—14+j51—s1+1)
(a+n) g::o J

((B1))ji110(B2) (n—ji)11

(J1) (s1=1)11(n = J1)sp11

(CL)(n)Tl
— (n + ]‘)(a(Al) + 81 - 1) 0(51—1,82) + n (81,82)
(a+n) " (a+mn) "

The last recursive equation we obtained provides by induction on n, an expression for
the descending factorial moment of order (si,s2) of a r.v. distributed according to a
bivariate Pdlya distribution function with parameter (n,a(Bi),a(B2)), i.e. C,(fl’sz) =
((B1))s;11((B2))s311(1) (51 4+55)11/(@) (s, +52)11 Where the starting point is

(L) _ = (i + a(Ar) (0,1) jt1
’ = (atd) l joi @Y
I'(n+ 1)a(Ar) = (a4 1) PCEY
I'(a+n) P Lii+1) "
I(n+1)a(Ar) n—1 I(a+1)ia(As) _ a(Ar)a(Az)(n)2)
Ta+n) ZIGE+1) a (a)211

The general case can be easily proved by induction hypothesis. As for the case k = 2, in

general we can write

: > (j " jk) Bl (B, G- Gk

(Tl)(r1+--.+rk)T1 (j1,-..,jk)€D<0> ((l)nTl

RRC S st ] 3 Strssi) 3 oo )] 3 S0

ritetre) Ty T 51=0 =0 5p=0

n a(B gl (@ B i ] .
< (0, e OB Gy G

. . 0
(J1,~-,Jk)€D;(J,,)L
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In particular, we have

n a(B1)) 1 (B : »
jk)( (B1)); T(la)m(l (Bk)); et Gilocss

(J1,--d4)ED} )

Bk )]pTl( a(Bk))(n—jk)Tl(jk)Skll
P

Jjk=0 a)ml

n—jr O\ (@(B1))ji1 - (@(Br-1))j, 111
2 <j1 : 'jkz—l) (a = a(Bg)) (n—jp)11

L 0
(31,~~-,Jk71)€D,(€,)1,n,jk

X (jl)slll te (jk:—l)sk—lll

k))je11(a — (Br)) (n—jp) 11Tk )sp 11
-2 ()"

(@)n11

« ( (Bl))slTl T (a(Bk—l))skfﬁl(n - jk)(51+"'+5k71)l1

(CL - a(Bk))(S1+~-~+8k_1)T1
(n+1)(a(Bg) + s — 1) Clstmsi=1) 4 +1
a+n " a+n

07(151,...,8;@)

The last recursive equation we obtained provides by induction on n, an expression for the

descending factorial moment of order (si, ..., sx) of a r.v. distributed according to a multi-
variate Pélya distribution function with parameter (n, a(B1),...,a(Byg)), i.e. Clerrmtk) -

(a(B1))si11 " ((Bk)) s 11 (1) (514452 11(@) (51 445 )11 Where the starting point is

! =0 <a T Z> i= z+1
_ D(n+1) (@(B1)aiin - ((By-1))s,_ 1o (By) "i L(a ) (1.-.10)
I'(a+n) (a — a(Bg))(s14+s5_1)11 pars NV
_ F(n + 1) (a(Bl))SlTl T (a(Bk—l))Sk—lTla(Bk) (_1 p+1 F(—k —a-+ 2)
I'(a+n) (@ — (Br)) (s1++s5_1)11 I(—a+a(B) +2—k)
nil I(a+1i) (@ —a(Bk))it (=) k-1 T(—a+ a(Bg) —i+1)
par F(l + l) (a)nl F(—CL -1+ 1)

a(Bi) - - - a(By)(n)k)
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Then, we have

ngglw( ) Z| s(r1,t1 |ZS ti,s1) Z| (T, tr)| ZStk,Sk

ritetre) Tl t1=0 s1=0 tr=0 sEp=0

x Z <]1 n ]k) (a(Bl))lel — (a(Bk))jle (jl)swl . (jk)skll

(jl,.--,jk)ep“)) (a)nTl

= lim ;Z Tl,tl ZStl,sl Z|$ rkatk|25tk73k

b0 (1) (ry 4. +re) 11 2o 5120 to=0 $5—=0

y ((B1))sy11+++ (a(Bk)) s, 11 (1) (51 4-4-5) 11
(a )(81+ +si)11

_2’87’1,151’25151,81 Z| Tkatk|ZStk7$k

t1=0 s1=0 tr=0 sp=0
v L @B ((Br)s11 () syt sp) 11
n—+0o (a)(s1+-~~+sk)T1(n)(rl-l—m—i-rk)Tl

((B1))ri11 - (a(Bg))re11

= [s(r1,m1)[S(r1,71) -+ [s(r, 1) [S (75 71)
(a)(rl—l—m—l—rk)Tl

_ (@(B1))riq1 - (@(Br))rn
(a)(r1+~~-+rk)T1

completing the proof. O

1.4 Posterior characterization

Let Xi,...,X, be a sample of size n from a Dirichlet process with parameter «. For
any fixed integer-valued sequence ne we are now interested in providing the distribution of
plne) | X1,...,Xp. Since we proved that P(e) ig a Dirichlet process with parameter «, then
from Theorem it is known that P(") | X1, ..., X, is a Dirichlet process with parameter
a+ > <;<n0x,- However, we show how to prove the posterior distribution starting from
the new_c;nstructive definition of the Dirichlet process. Let I be a r.v. having support N
and such that p; = P(I =i|0,q,Y) for i > 1. Moreover, let X be a r.v. having support X

and such that, for any fixed integer-valued sequence ne and for any B € 2~

nr
P(X € Bl0,q,Y,I) =Y q;P(Y1; € B).
j=1

Thus, the r.v. X is a function of (6,q,Y,I). The next lemma represent the extension of

Lemma 4.1. in Sethuraman [174].
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Lemma 1.4.1. Let ne be a fixed integer-valued sequence ne. Then, for any B € 2, the
distribution of X given P(™) is equaivalent to the distribution of P™s).

Proof. We have

P(X € Bl6,q,Y) =) P(X € B[l =i,0,q,Y)P(I = i|f,q,Y)

i>1

=> ni Z 41,50y, ,(B) = P")(B).

i>1 7j=1

O]

We note that in the constructive definition of the Dirichlet process proposed by Sethu-
raman [I74], the r.v. X was defined such that we have P(X € B|0,q,Y,I) = P(Y; € B),
that is X < Y;. We now consider the conditional distribution of P(") given X. Let n =
{ni,i > 2} and let 07 = 0i11, (471,145 p,) = (Git1,15 -+ Git1ny) and (Y7, .. Y5, ) =
(Yit1,1,---,Yig1,n,) for i > 1. For any fixed integer-valued sequence n,, the r.p.m. plne)
defined via the measurable map satisfies

ni
PO =003 qu by, , + (1= 01)PG=) (1.4.1)

j=1

where
P(Hn* ,q*,Y*) sz qu
>l j=1

with p] = 07 and p} = 6} Hléjgi_l(l—@f) for i > 2. As originally proposed by Sethuraman
[T74], it is possible to obtain the posterior distribution separately using the conditional
distribution of the r.v. (,¢,Y) given I = 1 and then given I > 1. Before doing this, we
consider the following lemma which extends Lemma 4.2. in Sethuraman [I74]. Given a r.v.
X and ar.v. Y we will use the notation .Z(X) and .Z(X|Y) to denote the distribution of
X and the conditional distribution of X given Y, under P, respectively.

Lemma 1.4.2. For any fized integer-valued sequence ne, let Y; := (Yia,...,Yin,) and
Gi == (G, ---+qin;). Then the conditional distribution of the r.v. (0,q,Y,I) given I =1 is

(01,61, Y1), {(6:,6,Y),i > 24T = 1) = . L(W).Z((0,4.Y)) (1.4.2)

where W is a r.v. distributed according to a Beta distribution function with parameter
(n1+1,a). The conditional distribution of the r.v. (0,q,Y,I) given I > 1 is

L((01,41,Y1),{(05,G:,Y3),i > 2}, I — 1|1 > 1) = L(V).2((0,¢,Y, 1)) (1.4.3)

where V' is a r.v. distributed according to a Beta distribution function with parameter
(n1,a+1).
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Proof. The proof is along lines similar to the proof of Lemma 4.2. in Sethuraman [I74]. If
A€ ZN[0,1), Bie 2™, C; € Z% N A=Y for i =1,... m, then we consider the joint

distribution
P(Gl € Aia(q@b---a%nz) € Cz,( zla'--,YYi,ni) € Bl,Z = 1,...,m,[ = 1)

m
ni—1+1g— _
O(/ ||xl { 1}(1_«73i)a1
X7 ([0,1]x A=) xXma) 275

x P((qi,1Yi1) € (dzi1,dyin), -5 (Gings Yins) € (dZimg, AYin,))
X :ﬂ'{xieAh(Qi,l7---in,ni)Eciv(yi,lv---vyi,ni)EBi1i:11---7m}dxi'

This implies that, conditional on I = 1, the r.v. #; is distributed according to a Beta

distribution function with parameter (n; + 1, a) and the distributions of 6;, (¢i 1, .- ., Gin,)
and (Yi1,...,Yin,) for i =1,...,m do not change. In the same way we consider the joint
distribution,

]P)<0i€A’i7(qi,l7"‘7q1nz) ECZ)( [ EIEI) anz) GB’Lv/L:]-uvma-[>]—)

o</ Hmnz—l )t e
x ([0, x Al =1) xXm4)

x P((¢inYin) € (dzi1, dyin), -+ (Gimgs Yimg) € (d2img, dYin,))
X i€ A (@s1, 1.0, ECa Wi 10 my )€ By i=1,..m} AT
so that (1.4.3)) follows by the same arguments used for (1.4.2)), since we have that P(I >
10,q,Y) = (1 —64). O

Proposition 1.4.1. For any fized integer-valued sequence ne, the r.p.m. P given X

s a Dirichlet process with parameter a + dx .

Proof. The proof is along lines similar to the proof of Theorem 4.3. in Sethuraman [174].

We separate the case when I = 1 and I > I. When I = 1 we are interested in the first

part of equation ([1.3.1)) and we have

L(PM|X, T =1) 0, unéyl (1— 01)P((9T7()Z*7Y*)|X,I —1 (1.4.4)

where for the previous lemma 6 is a r.v. distributed according to a Beta distribution
function with parameter (n; + 1,a) and for any finite measurable partition By,..., B
of X we have that dx given X is distribuited as a Dirichlet distribution with parameter
(6x(B1),-..,0x(Bk)), which is equivalent to a Dirichlet distribution with parameter ((n;+
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1)ox(B1),...,(n1 + 1)dx(Bg)). Moreover P((a*'* 9, yoy 15 2 Dirichlet process independent
of 9’1 with parameter . Then P(") |X,I =1 is a Dirichlet process with parameter « +
(n1 4+ 1)dx. When I > 1 we are interested in the second part of equation (1.4.1)), then we

have

L(P™)|X,T> 1) 6, qu,]éyl (1= 0)Pg=) (1.4.5)

ni
91 Z qu](;Yl,] + (1 - gl)P((;:s*7()1***Y***)
=1

where for the previous lemma 6 is a r.v. distributed according to a Beta distribution
function with parameter (ni,a + 1) and P((Q::)***Y***) is a r.p.m., independent of 0/1/
and Y1,...,Y,, and having distribution the same distribution of P(™)|X. We combine
Equations (T.4.4)) and (T.4.5)) to obtain a distributional equation for P(")| X . In particular,

we have

Ne i ! ! nt*
Pl x L 4 (915X +(1- 91)P((9**’21**7Y**)) (1.4.6)

***)

Z Q1,]6Y1 ]- - 91)P((9*** q***,Y***)

where the r.v.s on the right are independent and the r.v. A taking value 1 and 0 with
probabilities 1/a+1 and a/a+1, respectlvely Notice that the distribution of P((e*** )***’Y***)
is the same of the P(™) | X which makes a distributional equation. Finally, we want
to verify that the Dirichlet process with parameter a4 dx is a solution of the distributional
equation ; then the uniqueness of the solution follows by Lemma 3.3 in Sethuraman
[174] (see also Vervaat [I85], Section 1). Let Qa+6X+Zl<j<nl Ly be a Dirichlet process on

X with parameter o + dx + Elgjgnl dy; ;» then conditional to Yi1,...,Y1, and taking

expectation with respect to Y1 1,...,Y7 ,, we have
7\ p(neg™)
E[Qa+6X+Z;i1 5Y - 01 Z QI,]5Y1 \J - 61 )P(g***Vq***’Y***)
_ Z a(B1)n 111 U Bp)ny 11 0 .
@mnt atbx L o,

(n1,15.-m1,%) €Dk nq

where (x),11 stands for the Pochhammer symbol for the ascending factorial of x of or-
der y (see Appendix A) and where for any finite measurable partiton By, ..., By, ni; =
#{j:Yi; € Bj} fori =1,...,k and Z1§j§k”1,j = ny and Dy, = {(n11,...,n1%) €
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{1,...,n}F: Zle ni; = n1}. We consider now the r.v.’s Zy1,..., 2, having the fol-

lowing distribution

1 a O‘(Bl)m,ﬁl +a(B)n, &1l
—0x + —.
a+1 (a)mTl

a+1

and let Qa+5x+21<j< 5, be a Dirichlet process on X with parameter given by a+dx +
SJsng

1,5
Z1§j§m 5y1,j. Then
L ] d )
po|x £ E[Qa—i-(sx"‘zyilﬁzl’j]

a 3 (B1)ny 111 U Bi)ny 11
a+1 (@)ni11

(n1,1,-m1,%) €Dk ny

=1+

Qa+5x+zyi1 v, 5

where P(”')]X is a Dirichlet process with parameter o + dx. O

1.5 Discussion

The constructive definition of the Dirichlet process proposed by Sethuraman [174] was pre-
sented at an invited paper of an IMS meeting in 1980 and also announced in Sethuraman
and Tiwari [I73] which dealt with the convergence of Dirichlet processes. This definition
has since been used by several authors to simplify previous calculations and to obtain new
results involving Dirichlet processes. For instance, see Doss [32], Ferguson [63], Ferguson
et al. [66] and Kummar and Tiwari [115].

More recently, Sethuraman’s series representation of the Dirichlet process has been
widely used in several areas of Bayesian nonparametric methods. In particular, it has
been used to simulate the Dirichlet process (see Ishwaran and James [90], Ishwaran and
Zarepour [92] and the reference therein), to find almost sure approximations and random
approximations of the Dirichlet processes (see Ishwaran and Zarepour [94], Muliere and
Tardella [140] and the reference therein) and to define new approaches for computing some
functionals of the Dirichlet processes (see Diaconis and Kemperman [24], Guglielmi [80]
and Guglielmi and Tweedie [81]).

Furthermore, the intuitive idea of the stick-breaking construction for the random
weights in Sethuraman’s series representation has made possible interesting generalizations
of the Dirichlet process. We remind here the class of stick-breaking priors (see Ishwaran
and James [90]), the classes of dependent and order-based dependent Dirichlet processes
(see MacEachern [130], MacEachern [I31] and Griffin and Steel [78]) and the class of spa-
tial Dirichlet processes (see Gelfand et al. [73] and Duan et al. [34]).

In this chapter, moving from the constructive definition of the Dirichlet process pro-
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posed by Sethuraman [174]

P = Zpl(SYZ

i>1

we introduced the new constructive definition

plne) — Zpi i: Qi,j(SYz‘,j

>l j=1

for any fixed integer-valued sequence n,, by nesting in the Sethuraman’s series represen-
tation the r.p.m. Zlgjgm qi,j0v; ; (a random convex linear combination of r.v.s from a
Blackwell-MacQueen Pélya sequence) instead of the r.p.m. dy, for ¢ > 1. By its defini-
tion, the new series representation is a r.p.m. which gives probability one to the subset of
discrete probability measures. Moreover, we proved that the finite dimensional marginal
distribution for the new series representation P(™s) are Dirichlet distribution. Therefore,
we proved that the new series representation is a new constructive definition of the Dirich-
let process which includes Sethuraman’s as a particular case. It also include the Blackwell
and MacQueen result as a special case. Finally, following similar arguments to those one
used in Sethuraman [174], we proved that the posterior process is also a Dirichlet process.

On the basis of the large number of applications of the Sethuraman’s series represen-
tation, it seems natural to investigate the consequences of the new series representation
in Bayesian nonparametric methods. In particular, in Chapter 2 we will focus on the ap-
plication of the new series representation of the Dirichlet process to find more flexible
approximations of the Dirichlet process and in Chapter 3 we will use the new series rep-
resentation of the Dirichlet process in order to generalizes some approaches introduced in

the literature for computing functionals of the Dirichlet processes.
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Some remarks on Dirichlet process
approximation via series truncations

In this chapter we provide some remarks on the approximation of the Dirichlet process.
Moving from the generalized Sethuraman’s series representation introduced in Chapter 1,
we consider the application of two stopping procedures: a random stopping procedure which
corresponds to the truncation of the series at a random number of terms and the almost
sure stopping procedure which corresponds to the truncation of the series at a fized number
ot terms. In particular, the accuracy in these approrimations is given with respect to the
corresponding approzimations obtained using the original Sethuraman series representa-
tion of the Dirichlet process. A straightforward extension of the random stopping procedure
to the more general class of infinite dimensional stick-breaking random measures is consid-
ered. As a by-product, we also obtain some interesting results related to the convolution of
distributions belonging to the class of generalized convolutions of mixtures of Exponential

distributions.

2.1 Introduction

In this chapter we are interested in the series representation of the Dirichlet process pro-
posed by Sethuraman [I74] and in the generalization proposed in Section 1.3 of Chapter 1
and here recalled. Let (X, 7) be the usual Polish space endowed with the Borel o-field 2~
and consider the following associated spaces of measures Ax and Px. In particular, Ax is
the space of locally finite non-negative measures on (X, 2") endowed with the o-field .o
generated by the vague topology V which makes (Ax,V) a Polish space, and Px is the
space of probability measures on (X, .2") endowed with its o-field &5 generated by the
weak convergence topology W which makes (Px, W) a Polish space. Let o € Ax be a finite
measure with total mass a, let ne := {n;,7 > 1} be a fixed integer-valued sequence and let

(Q,.#,P) be a probability space supporting three independent sequences of random vari-
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ables (r.v.s) 6 :={6;,i > 1}, ¢ :=={(gi1,-- -+ ¢in;),t > 1} and Y := {(Yj1,...,Yin,), i > 1}
The sequence 6 is a sequence of independent r.v.s distributed according to a Beta distribu-
tion function with parameter (n;,a), for ¢ > 1, the sequence ¢ is a sequence of independent
r.v.s identically distributed according to a Dirichlet distribution function with parameter
(1,...,1) and the sequence Y is a sequence of independent r.v.s (samples of size n; for
i > 1) from a Blackwell-MacQueen Pdlya sequence with parameter a, i.e. if P; for i > 1
are independent Dirichlet processes with parameter o, then for any i > 1, Y;1,...,Yi o, | P
are independent and identically distributed (i.i.d.) from P;. The condition of independence
between the sequence of r.v.s #, ¢ and Y and the usual construction of a product measure
implies the existence of the probability space (2,.%#,P) supporting the r.v.(,q,Y) and
does not require any restrictions on X, such as it being a Polish space. For any B € &

consider the measurable map P(") : Q — Px defined by

w sz qu Y, (w)(B) (2.1.1)
i>1

where {p;,7 > 1} is a sequence of r.v.s obtained from the sequence of r.v.s 6 by the usual
stick-breaking construction, i.e. p; = #; and p; = einlgjgz‘—l(l — 0;) for i > 2. Then,
in Section 1.3 of Chapter 1 it is proved that P(") in is a random probability
measure (r.p.m.) on X and in particular it is a Dirichlet process with parameter o. The
measurable map generalizes the measurable map used for the Sethuraman series
representation which can be recoverd setting ne = 1o, where 1, is defined as a sequence of
one. In particular, under the condition ne = 1,, for any B € 2" reduces to

w = sz W)y () (B) (2.1.2)
i>1
and it is proved by Sethuraman [I74] that P in is a r.p.m. on X and in particular
P is a Dirichlet process with parameter a.

The Sethuraman series representation has been widely used in the literature in order
to simplify previous calculations and to obtain new results involving the Dirichlet process.
For instance, see Doss [32], Ferguson [63], Ferguson et al. [66] and Kummar and Tiwari
[T15]. More recently, the Sethuraman series representation has been used to simulate the
Dirichlet process (see Ishwaran and James [90], Ishwaran and Zarepour [92] and the refer-
ence therein) and to find approximations of the Dirichlet process (see Muliere and Tardella
[140], Ishwaran and Zarepour [94] and the reference therein).

From the Sethuraman series representation it is immediate to note that simulating the
Dirichlet process requires the simulation of an infinite number of r.v.s. To avoid that, it
is natural to construct new r.p.m.s which approximate, under an appropriate metric on

(Px, W), the Dirichlet process. In Muliere and Tardella [140] a random stopping procedure
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for the Sethuraman series representation has been proposed in order to approximate the
Dirichlet process. This procedure is based on stopping the Seturaman series representation
at a random number of terms, assigning the remaining probability mass to a random point
Y chosen independently according to the distribution «g := «/a. In particular, for any
e € (0, 1] the e-Dirichlet process with parameter (¢, ¢) is defined as the r.p.m. P. :  — Px
such that for any B € &

W Pi(w)dy;(w)(B) + Re(w)dy;(w)(B) (2.1.3)

where

and Yy is a r.v. distributed according to . As shown by Mulere and Tardella [140],
an interesting feature of the e-Dirichlet process is that under an appropriate metric on
(Px, W), the random stopping procedure can fix in advance the closeness ¢ between the
Dirichlet process and the e-Dirichlet process. In particular, this appealing feature can also
be extended to the distributions of several fanctionals of the Dirichlet process.

A different type of approximation for the Dirichlet process has been proposed by Ish-
waran and Zarepour [94] (see also Ishwaran and Zarepour [93]) and it is still based on the
truncation of the Sethuraman series representation of the Dirichlet proccess. Differently
from the approach proposed by Muliere and Tardella [I40], an almost sure stopping pro-
cedure for the Sethuraman series representation is proposed. In particular, for any M € N
the M-Dirichlet process with parameter (o, M) is defined as the r.p.m. Py, : Q — Px such
that for any B € 2

M
i=1

where pys :=1— >,y Pi to ensure that Py; is a well-defined r.p.m. As shown by
Ishwaran and Zarepou_r T94] the closeness between the M-Dirichlet process and the Dirich-
let process increase exponentially fast in M, and thus a moderate M should be able to
achieve an accurate approximation.

In this chapter our aim is to apply the random stopping procedure and the almost sure
stopping procedure to the generalized Sethuram series representation . As regard
the application of the random stopping procedure to , we consider the definition of
a new truncated r.p.m. which is the truncation of the series at a random number
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of terms. The main problem in the application of the random stopping procedure to the
more elaborated series representation of the Dirichlet process , is due to the char-
acterization of the distribution of the random number of terms of the truncated r.p.m.
As shown in Muliere and Tardella [140], for the random truncation of the Sethuraman
series representation , the distribution of the random number of terms can be easily
computed and it coincides with the Poisson distribution with parameter —alog(e). Differ-
ently, for the truncation of the generalized Sethuraman series representation the
distribution of the random number of terms of the truncated r.p.m. has not always a sim-
ple expression and in general it involves the convolution of distributions belonging to the
class of generalized convolutions of mixtures of Exponential distributions (see Bondesson
[11] and Bondesson [12]). As regard the application of the almost sure stopping procedure
to , we consider the definition of a new truncated r.p.m. which is the almost sure
truncation of the series at a fixed number of terms. Moving from these two new
truncated series representation for the Dirichlet process, we consider their accuracy in
the approximation of the Dirichlet process and we provide a comparison with the corre-
sponding accuracy in the approximation of the Dirichlet process using the truncated series
representations obtained by the Sethuramn series representation. Our goal is to verify if
the more flexible series representation can be useful to obtain better approximations of
the Dirichlet process.

Recently, the almost sure stopping procedure introduced by Ishwaran and Zarepour
[94] (see also Ishwaran and Zarepour [93]) has been extetended by Ishwaran and James
[90] to a more general class of r.p.m. which includes the Dirichlet process as particular
case, the so-called class of infinite dimensional stick-breaking random measures. In partic-
ular, for the class of infinite dimensional stick-breaking random measures, in Ishwaran and
James [90] is underlined the problem of finding an appropriate method for selecting the
truncation level M which may be very large in order to obtain a reasonable approxima-
tion. After a brief introduction of the class of infinite dimensional stick-breaking random
measures, we propose the application of the the random stopping procedure to the class
of infinite dimensional stick-breaking random measures in in order to provide a solution
to the problem of the selection of an appropriate truncation level M.

The chapter is structured as follow. In Section 2.2 we define a new random truncated
Dirichlet process and we provide a comparison in terms of accuracy in the approximation
with the e-Dirichlet process. In particular, as a by-product, we also obtain some interest-
ing results related to the convolution of distributions belonging to the class of generalized
convolutions of mixtures of Exponential distributions. In Section 2.3 we define a new al-
most sure truncated Dirichlet process and we provide a comparison in terms of accuracy

in the approximation with the M-Dirichlet process. In Section 2.4 we define the class of
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random truncated stick-breaking random measures. Section 2.5 is devoted to a discussion

of the results.

2.2 The random stopping procedure

In this section, using the generalized series representation for the Dirichlet process ,
we define by its random truncation a new r.p.m. which approximates, under an appropri-
ate metric on (Px, W), the Dirichlet process. This new r.p.m. generalizes the e-Dirichlet
process proposed by Muliere and Tardella [I40]; in particular, a comparison between the

new random approximation of the Dirichlet process and the e-Dirichlet process is given.

Definition 2.2.1. Let o € Ax be a finite measure and let ne be a fized integer-valued
sequence. For any e € (0, 1], the generalized e-Dirichlet processes with parameter («, €, ne)
is the r.p.m. Pa(m) : Q — Px such that for any B € &

M ()

n; no
(re)
we Y @) 6(w)dy, @) (B) + RS (@)D 40,0y, ) (B) (2.2.1)
i=1 j=1 j=1
where
m
Mén') ::inf{meN:Zpi > 1—5}
i=1
M)
(ne)
R =1- Z bi
i=1
and for nog € N, (qo1,--.,q0ne) s a r.v. distributed according to a Dirichlet distribu-
tion function with parameter (1,...,1) and (You,...,Yon,) s a r.v. from a Blackwell-

MacQueen Pdlya sequence with parameter c.

As we can see from Definition the random stopping procedure follows the origi-
nal idea proposed by Muliere and Tardella [I40]. In particular, it is based on stopping the
generalized series representation of the Dirichlet process at a random number of terms,
assigning the remaining probability mass to ng random points Yy 1, ..., ¥y, chosen ide-
pendently from a from a Blackwell-MacQueen Pélya sequence. As a consequence of the
generalized series representation of the Dirichlet process, the definition of e-Dirichlet pro-
cess with parameter (o, ) can be recoverd from Definiton setting ne = 14 in ,
i.e. the e-Dirichlet process with parameter («,€) corresponds to the generalized e-Dirichlet
process with parameter («,¢, ls).

As for the e-Dirichlet process, the Definition implies the closeness, in the total

variation metric py on (Px, W), between the generalized e-Dirichlet processes and the
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Dirichlet process, i.e. for any w € € pV(P;n°)(w, ), P(w,-)) < e on a set of P-probability
1. As regard the the closeness, in the Prokhorov metricﬂ pp on (Px, W), between the gen-

eralized e-Dirichlet processes and the Dirichlet process we consider the following lemma.

Lemma 2.2.1. For any w € Q and for any ¢ € (0, 1]

Proof. The proof follows by the same arguments used in Lemma 2 in Muliere and Tardella
[140). O

As for the e-Dirichlet process, Lemmal[2.2.1]implies that the random stopping procedure
for the generalized series representation of the Dirichlet process can fix in advance
the closeness € between the generalized e-Dirichlet process and the Dirichlet process.

Now, moving from Definition [2.2.1] our aim is to investigate about the distribution of
the stopping time r.v. Mém) and provide a comparison with the Poisson distribution with
parameter —alog(e) obtained by Muliere and Tardella [140] for the stopping time of the

e-Dirichlet process. We write

Mg(n‘) Mg("o)
i=1 i=1
then the r.v. Ma(n') can be written as
M) = inf {m eN: Zlog(l —0;) < log(s)} : (2.2.2)
i=1

As we can see from ther.v. Me(n') involves the distribution of ther.v. >, ., ., log(1—
0;). In particular, if we find the distribution of >, log(1 — 6;), then usir_lg_some ar-
guments related to the point processes we can determine the disribution of ME("'). The
distribution of the r.v. —log(l — #;) is a known distribution belonging to the class of
generalized convolutions of mixtures of Exponential distributions (see Bondesson [11] and
Bondesson [12]) which is a class of distributions closed with respect to positive transla-
tion, change of scale, convolution and convolution roots. In particular, if 6; is distributed
according to a Beta distribution function with parameter (1,a), then —log(1 — 6;) is dis-
tributed according to an Exponential distribution function with parameter a. Here, we are
interested in investigating the distribution of the r.v. 37, ;. log(1 — ;) under the more

general assumption that 6; is distributed according to a Beta distribution function with

'The Prokhorov metric pp on (Px, W) is a metric such that pp(Pn, P) — 0 as n — +oo if and only if
P, = P as n — +oo (see Section 6 in Billingsley [g]).



2.2. The random stopping procedure 29

parameter (n;,a) fori=1,...,m.

We first consider some general results about the convolution of m negative logarithm
of r.v.s distributed according to a Beta distribution function with parameter (a;,b;) for
1 =1,...,m. Some of the results of the next lemma are expressed in terms of the Gauss

hypergeometric function 9 F; (see Appendix C).

Lemma 2.2.2. For any m € N, let Y1,...,Y,, be m independent r.v.s distributed accord-
ing to a Beta distribution function with parameter (a;,b;) for i = 1,...,m. If X*™" =

Y 1<icm —log(1 —Y;), then

i) for any z >0

P(X™" < 2) (2.2.3)
— T m L G/k + bk by —1 1— k—‘,—z’,’:’:l ak—ld
= (T {2l H Yo Y 1—y) y

k=1 k=1 E>0 e
where pg :=1 and
m—1 i—1 .
ir1 — di)jr1(a; _ 3
P T 11 (@ip1 = di)jn (i + Xy @+

il (e ak + o2y i

(J1serim—1)E[K] =1

where (x)y11 stands for the Pochhammer symbol for the ascending factorial of x of

order y (see Appendix A) and where d; :=b; — b1 fori=1,...,m —1;

ii) if aj,b; €N fori=1,...,m for any z >0

n_ep—1 dr=1( ep—j—1
K k=1(_] k=]
Py <=3 [ S BOITTT L (224

s (ex —j —1)Ij!
where

Ky = Z(dq —dy)"*

q7#k

and

k‘ﬂ- r (dq_dk)'f'"!‘l ] g9 CL

r=0 q#k

where dy, denotes the n different integers that occour with multiplicity e, among b;—1,
bi,bi+1,...,a;+b;—2 fori=1,...,m;
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iit) if a; €N fori=1,...,m for any z >0
P(X*™ < 2) (2.2.5)

_mM 1 ak+1_1 (—1)* (ag — i i)l
_Hr(ak)r(bk) 2 o 1]0<H< ) )™ (ak = dk—1 + ix) )

(i15eesim—1)EX " k=1

1
x / 2o =I(1 = ) T o
e

m—1
X H oFy (ag — ig—1 + i, —dg + ags1; 0k — ig—1 + ix + 151 — x)dx
k=1
where dy, := by, —bpy1 fork=1,...,m—1;

) ifbig1 =b;+a; fori=1,...,m—1 for any 2 >0

) L(br + 3700 ax) /1 bi—1 S ag-1
m <) = 11— ) ERe e g 2.
P(X™" < 2) TOIT an) (1 — ) &k= dx (2.2.6)

Proof. As regard the point i), for any z > 0 we have

P(X* < z) = ( ilogl— >:P<ﬁ(1—Yi)2e_z>

i=1 =1
which is the probability that the product of m independent r.v.s (1-Y7),...,(1-Y},) dis-
tributed according to a Beta distribution function with parameter (b;,a;), fori =1,...,m
is greater than e™*. An explicit expression for the density function of the product of m
independent r.v.s distributed according to a Beta distribution function with parameter
(bi, a;) was provided by Nandi [I43] and later by Tang and Gupta [178]. Then, the result
follows.

As regard the point ii) it follows by the same arguments of point i). In particular we
need to evaluate the probability that the product of m independent r.v.s (1—-Y7),...,(1—
Y,,) distributed according to a Beta distribution function with parameter (b;,a;) with
a;,b; € Nfor i =1,...,m is greater than e™*. An explicit expression for the density func-
tion of the product of m independent r.v.s distributed according to a Beta distribution
function with parameter (b;,a;) with a;,b; € N for ¢ = 1,...,m was provided by Springer
and Thompson [I76]. Then, the result follows.

As regard the point iii), for any z > 0 we have

P(X*™ < z) =P (- i(log(l ~Y) < z> =P (ﬁ(l = ez>

i=1 i=1
which is the probability that the product of m independent r.v.s (1 — Y1),...,(1 —Yy)

distributed according to a Beta distribution function with parameter (b;, a;) with a; € N is
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greater than e™*. We consider a general expression for the density function of the product of
m independent r.v.s distributed according to a Beta distribution function with parameter

(bi,a;) for i = 1,...,m provided by Wilks [197] in terms of a multiple integral

-z

m a 1 m
o <) =gy [ o0 o=

>~
o

m
S e
(0

E b —bk1— k41
X (1 —(1—x) <1 -] - wi))) dwydz.

i=1
First, we consider the change of variable vy, = (1 — [[;«;<x(1 —w;)) for k=1,...,m — 1.
It can be easily checked that the absolute value of the determinant of the Jacobian matrix
is [Ti<pem_o(1 —v;) L. Second, since |arg(1+ (—1+ z))| < 7, we can then use Equation
3.194.1 in Gradshteyn and Ryzhik [77] to solve the multiple integral. In particular, using
the Binomial theorem we have

*m . ! (ak bk) ! b —1 > ap—1
< = —_— —1 0k
P(X 2) kl |1 (ax) (bk)/e T (1 — x)&k=1

—z

m—1

> / H ng—’lk—l-ﬂk—l(l _ (1 N $)Uk)bkibk+liak+ld’l)kd$
(Orl)m_l k=1
x 2

1—[1 (akﬂ - 1) (1)

(i1,esim—1)EX P ag—1]o k=1

m 1
-1 F(aﬁbk)/ b1 — )Tk a1
r bk e *

m—1
-1 )
<X I(™ e
(i15esim—1)EX 1 ag—1]o k=1

m—1

<[ ey O G R oy U R RPN
O™t k2

1 Dlax + br) /1 by —1 ST ap—1
= = (1 = x) k=1 Ok
kl;Il F(ak)l“(bk) e—z ( )

m—1

X Z H (akﬂ a 1) (—1)"* (ag — ig—1 + i) "

(23
(i1,esim—1)EX ] ag—1]o k=1
X o1 (ay, —ig—1 + g, —bg + bpyp1 + apr1;ap — i1 + i + 151 — x)de.

As regard the point iv) it follows by the same arguments of point i). In particular we need
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to evaluate the probability that the product of m independent r.v.s (1 —Y7),..., (1 —Y},)
distributed according to a Beta distribution function with parameter (b;,a;) with bj;1 =
bi +a; for i = 1,...,m — 1 is greater than e ?. It is known from Jambunathan [95]
that product of m independent r.v.s (1 —Y7),...,(1 —Y,,) with parameter (b;,a;) with
biy1 = b +a; for v = 1,...,m — 1 is still distributed according to a Beta distribution

function with parameter (b1, ;<< @i)- O

As corollary of Lemma we provide a result related to the convolution of Expo-
nential distributions. In particular, given m € N independent r.v.s X1, ..., X,, distributed
according to an Exponential distribution function with parameter b; for : = 1,...,m, we
consider the distribution of the r.v. X*™ =37, . X; which correspond to the distribu-
tion computed in point iii) of Lemma unae; the condition a; = 1 for i = 1,...,m.
The convolution of Exponential distributions and its importance in applications is known
in the literature and it has been recently reviewed by Nadarajah [142]. Here, we pro-
vide a different approach to compute the convolution of Exponential distributions and in

particular we provide a more simple expression for it.

Corollary 2.2.1. For any m € N, let X1,...,X,, be m independent r.v.s distributed
according to an Fxponential distribution function with parameter b; for i = 1,...,m. If
XM =3 cicm Xiy then

i) for any z >0

m—1
P(X*™ < z)=bp (H b (—bp(—1) o) — bk+1)_1{dk¢0})
k=1

m—1
X Z (H <]l{d.k750}> (_1)ik> p(il,...,im,l)(z)

_ 2z
(15 sim—1)EX g [T ga, #0y]o NE=1
where, if by + D1 g1 ikdr # 0

m—1 _221:_11 Tyg,=03—1
Plirim—1)(2) 7= (bm +y z’kdk)>
k=1

m—1 m—1
X 7y <1 + Z ]l{dk:O}7 z (bm + Z dek)>>
k=1 k=1
and Zf bm + Zlgk’ﬁm—l Zk-dk- =0
SIS Lag=0)

L+ 221;11 ]]'{dk:(]}

where dy = by — bgrq for k = 1,...,m — 1 and where in general vy(z,y) :=

p(ilw-'»im—l) (Z) :

fé’ t*~Le~tdt is the lower incomplete Gamma function;
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ii) if b="b; fori=1,...,m for any z >0

P(X™ < z) = (ml_l)!*y(m, bz)

where in general y(z,y) fo t*~Le~tdt is the lower incomplete Gamma function;

iii) if by # by for any i # j for any z >0

m—1 m —ka

P(X*™ <z)=[]» Z 5

k= =1 J?ﬁk

P(X*™ < z) =P (i X; < z)
k=1
- (— > (log(1 - Y1) < ) =P (HU —Yi)z )

i=1
where Y1,...,Y,, are m independent r.v.s distributed according to a Beta distribution

function with parameter (1,b;). Then, following the approach used in Lemma we
have

m 1 m—1
P(X™ < z)= H bk/ 21— m)m_l/ H (1 — (1 — x)op) oLy, da

k=1 Je7* ™ k=1
m 1

= H bk/ xbm_l —z)m ! H / -1 —|—:U)vk)b’“_b’“+1_1dvkdx
k=1 &7
m 1

~[Io [ ettt T o541+ b+ 1:2:1 — )i
k=1 “J¢77 k=1

We can write the last equation as

m 1

1 m— Ty, —
log {bk—bk+1}
bk / bm 1 < >
H o= 1;[ 1—2x

k=1
m—1 be—bri1 _ | Lo #bg i1}
X i dx
jo1 \ (1= ) (bp(=1) 7Pkt 4 by y)

(_1)1{bk:bk+1} (:Ebk_bk-&-l — 1)1{bk¢bk+1}

T, #b L, #b —1p, = dz
(0 ) (b)) ) O (log(a)) O
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xbm—l(_l)m—l

z

m 1
=11 bk:/
k=1 e

-1 (2o —brr1 — 1) oRb )

m
X
e T

1 m—1
— (_1)77’7,—1/ bml'bm_l H bk(_bk(_l)l{bk;ékarl} _ bk_;’_l)_]l{bk#karl}
e k=1

X H (xbkfkarl _ 1)1{bk¢bk+l}(log(x))]l{bk:bk-‘rl}dx
k=1

1 m—1
= (—1)m—1bm/ ZEbm_l H bk(—bk(—l)ﬂ{bk?ﬁbk"q} o bk»_’_l)il{bk#karl}
e k=1

m—1
x Z H <ﬂ{bk?ﬁbk+1}> (_1)ﬂ{bk#bk+1}_ik

_ Uk
(il,.‘.,im,1)€X?:ll[]l{dk#o}}o k=1

x e =br41) (Jog () Hok=tk41}

m—1
= (=1 by [T or(=br(—1) s — by ) ~Hes)
k=1

m—1
" 3 <H (ﬂ{bk#m})(_1)ﬂ{bk¢bk+1}—ik>
lo

ik
(i1, im-1) X [Ligyz0lo MF=T

1 I 1
% / xbmflJer:ll i (b —bg41) (log($))zzn:1 ﬂ{bk:bk+1}dx
e—Z

Then P(X > e7%) can be computed via a change of variable and using Equation 3.381.1
in [77). In particular, we have
m—1

(X > %) = (~1)™ by [T be(br(=1) OrFmn) — )~ A
k=1

m—1
" 3 <H (ﬂ{bk#w})(_1)ﬂ{bk¢bk+1}—ik>

7
k=1 k

m—

(#150nsim—1)EX 121 [Lga, 203 ]o

—z

1 m—1 . m—1
% / xbmflJer:ll i (b —bg41) (log($))2k=1 ﬂ{bk:bk+1}dx
e

m—1
— (—1)m—1bm H bk(_bk(_l)ﬂ{bk;ﬁbk+l} _ bk+1)7]1{bk;ﬁbk+1}
k=1

m—1
y Z (H (ﬂ{bk%bk+l}> (_1)1{bk¢bk+1}_ik>
lo

ik
(i1 sbm—1)E€X [ [Liay 20ylo NE=1
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m—1 z m
x (—1)2k=1 o=t / o~ t0m+ TS in (b —bip 1)) g RS L=t gt
0

m—1
e (—]_)m—lbm H bk(_bk(—l)ﬂ{bkibk"’l} o bk_;’_l)_]l{bk#bk-ﬁ»l}
k=1

y Z ("ﬁl (ﬂ{bk;ﬁébkﬂ}) (_1)1—ik>

23
(i1im-1)EX T gy 20yJ0 NF=1

2 . m—1
X/ —t(bm 4+ ik (b — bk+1))tzk:1 l{bk:karl}dt
0

= bm H bk(_bk(_l)ﬂ{bk#k“} - bk+1)_ﬂ{bk¢bk+1}

y Z ("ﬁl <ﬂ{bk;iébk+1}> (_1)—ik>

2%
(i17-~~7im—1)€><2.":711[ll{dk#)}]o k=1

Tt S i (b))
« e tom+2 iy (O —0k41))p2uk=1 *{bp=bri1} Jt
0

where, in particular
Z . m—1

/ (R D (I bk+1))tzk:1 Lbp=bry1} gt
0

-1
b Lop=bpr13—1

m—1
<bm + ) (b — brsa) )>
k=1
m—1 m—1
X (1 + Z ﬂ{bk:bk-u}’z (bm + Z ,Lk b, — bk+1 )))
k=1

k=1
ZH’ZZL:?ll ]l{bk:bk+1}

—1
1+ Z;qnzl ]l{bk:bk+1}

z (l m—1 . (l b )) E m 1 by =b
e_t m §:k*1 1k (0K k+1 t k=1 { k kJrl}d't =
0

if by + Y 1<hem1 ik(be — bes1) = 0, where in general y(z,y) := [Jt" le7'dt is the
lower incom;)l(;te Gamma function. Then the result follows defining dy := by — byy1 for
k=1,...,m —1 and by substitution.

The point ii) can be easily obtained as a special case of i). In particular it is known that
the r.v. X*™ is distributed according to the Erlang distribution function with parameter
(m,b).

The point iii) can be easily obtained as a special case of iii). However, we provide an
alternative proof by induction following the hint in Problem 12 of Chapter 1 in Feller [60].
In particular, Let fy,(y;) be the density function induced by the Exponential distribution
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function with parameter ;. We prove the statement by induction on m. In particular, it

can be easily checked that for m = 2

e~ b1y e~ b2y )

fy=2(y) = biba <b2 o + —

Now, fix m > 3, and assume the statement of the lemma is true for m — 1. Then we have

) = TT 0 S e
=1 j=1 [Tz (0 = 05)
m m—1 _b m m—1 _b. _
1 by — e~biy _11(%° ebiy ety
i1 = (0 =) Tl (O = 0j) 27 \ = Tl (o = 05) Tl (o — 0)

Then the proof is completed if we show that the coefficient of e =¥ in the last equation fits

the coefficients 1/ []; <<, (bk —bp) i.€. or, equivalently, — >y o, 1/ Tj.;(bx —b;) = 0.
Then, we write

“ 1 xs Tz bk — b5)

; m = [T (b — 1)

which is zero if and only if 3y ;< [ 152125 (bk — b;)(bx — b)) = 0. In particular, from the

last equation we obtain

YOI Ge—=b)e—b)=>_ [I Gx—0) [[ (x—t0)
=1 kit =1 kA K=l
=+> I Ge=0)* T] e —=t) T (b — 1)
=1 ARSI k=j>l k=<l
=Y ] =0 [] Ge—b) [ =) (=1)"7
=1 ARSI ey k>i=j
=+ -0 TI e —b)(-1)"7
k>1 J=1 j#k>1#]

which is zero if and only if 31 e, [T 2ps15 (bk — b1)(—1)7 = 0. In particular, we observe
that the product J[, 1~ .;(bx — b;)(—1)7 is a Vandermonde determinant of

1 b b b2
1 by b3 - bh?
1 bjy b2, b}
1 objn b, - 0T
1 b, 02 .. b2
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and hence the last equation is nothing else but the expansion of the determinant of

11 b b - b2
1 1 by b3 - by2
1 1 b, b2 --- b2

with respect to its second column. Since this determinant is zero, then the statement is

proven. ]

Lemma provide a general results on the convolution of m negative logarithm
of r.v.s distributed according to a Beta distribution function with parameter (a;,b;) for
i =1,...,m under some different assumptions on the parameter (a;,b;) for i =1,...,m.
For our purpose we are interested in the distribution of 0" := — %", log(1 — 6;)
when 0; is distributed according to a Beta distribution function with parz;mgter (ni,a) for
1 =1,...,m, which corresponds to ([2.2.5)) under the condition a; =a for i =1,...,m. In
particular, we observe equation can be further simplified by the application of the
distant neighbors property of the Gauss hypergeometric function. For any m € N and for

any vector (i1,...,%,—1) if we define ny := ay, — ix_1 + i for Kk =1,...,m, then

m—1
11 2Fi(n, —di + anias e +1;1 — )
k=1

m—1 (

_ H —1%) (nj—1)11 (1 = )~

k=1 (1- nk)(nkfl)Tl

ng—1)

m

—1
—1
X > [T <nk )2F1(1,dk+ak+1 — ;21— ).

m—1

(W seerlm—1)EXT S g —1]o *

Then, following the same arguments used in the proof of point i) of Corollary it can
be easily checked that for any z > 0

P(0*™ < 2) (2.2.7)

B " T(a+ny) T g — 1 i
= H ['(a)(ng) (i1,...,im)€;1[nk1}o (;};[1 ( i >( 1) >

m—1
X (a+ im) (H (@ +ig)(—(a+ ig)(—1) eien# — (q ik+1))_1{ik_ik+1¢0}>
k=1

y 3 ("ﬁl <]l{ik—i.k+17£0}> (_1)_jk> P (2)

: i J
(G1edim—1)EX T ik =ikt 1#£0j0 N E=1
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where, if @ + i + 3 1 <ppm1 Ik ik — ig+1) # 0

m—1 - USSNRE
PGt sim—1) (2) = (a +im > ir(in - ik+1))>

k=1
m—1 m—1
Xy (1 + D Liigr=0} 2 (a i D ki — Z'k“)))
k=1 k=1
and if a + i, + Zlgkgm—l Jk(ik —ig+1) =0
ZIJFZZ!E Lig—igq1=0}

= _1 .

14> 550 Mip—iga =0}

Using the distribution of the convolution of m negative logarithm of r.v.s distributed

P(jl,...,jm,l)(z)

according to a Beta distribution function with parameter (n;,a) for i = 1,..., m and some
arguments related to the point processes we obtain the following result which generalizes
Lemma 3 in [140].

Lemma 2.2.3. For any ¢ € (0,1], Mg(n‘) is a r.v. on N such that

P(0*™ < —log(e)) m=1
P(MT) = ) — (2.2.8)
P(0*™ < —log(e)) — P(O* 1) < —log(e) m > 1

where P(0*™ < z) is given by ([2.2.7)).
Proof. Using the definition of the random stopping time given by (2.2.2)) we define the

following point process

m
M) (—log(e)) := inf {m €Np: Zlog(l —0;) < log(a)} .
i=1
In particular, we have Me(n’)(—log(e)) = MM - 1, ie. M) — 1 is the number of
occurrences at time — log(e) in a point process. Because in a point process the number
of occurrences by time —log(e) is greater than or equal to m if and only if the m-th

occurrence occurs before of at time —log(e), then

B(M(™) (~ log(£)) = m) = B(M{™) (~ log(e)) < m + 1) — B(M™) (— log(e)) < m).

€

Then, the probability distribution (2.2.8)) follows by the fact

P(M™) (—1log(e)) < m) =1 — P(0*™ < log(e))

£

where "™ = >, ., —log(l — 6;) with 0 is a r.v. distributed according to a Beta

distribution function with parameter (n;,a) fori=1,...,m. O
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By construction, the distribution of the r.v. Mg(n‘)

generalized the Poisson distribu-
tion with parameter —alog(e) obtained in Lemma 3 in Muliere and Tardella [140] which
can be recovered setting ne = 1, in . We now compare the random truncation of
the Sethuraman series represetaion with the random truncation of the generalized
Sethuraman series representation . Since we know the distribution of the of Mg(m),
a comparison based on computer simulation it is possible and requires to implement in
a source code the formula for . In the next propositions we provide an analytic
approach to compare the random truncation of the Sethuraman series represetaion
with the random truncation of the generalized Sethuraman series representation .
In particular, we show that the best choice of ne consists in ne = 1., i.e. the best approxi-

mation of the Dirichlet process is obtained using the random truncation of the generalized
Sethuraman series representation (2.2.1)).

Theorem 2.2.1. For any ¢ € (0,1], let M™) be a r.v. on N distributed according to
(12.2.8)) and let M, be a r.v. on N distributed according to a Poisson distribution function

with parameter —alog(e). Then

Z an MM =) > Z an M. =1). (2.2.9)

i>1 \j=1 i>1 \j=1

Proof. First of all we can write the left side of (2.2.9) in terms of P(6* < —log(e)) for

i > 1, where 6* := — > 1<j<ilog(l — 0;) where 0y, ...,6; are i r.v.s distributed according
to a Beta distribution function with parameter (n;,a) for j = 1,...,4. In particular, we
have

Z inz P(Ma(n-)—z anJrl 1_Z]P> M(n. =)

i>1 \j=1 i>1

=ny + Z ni PO < —log(e)).
i>1
In the same fashion we can write the right side of (2.2.9)) in terms of P(6*" < —log(e)) for
i > 1, where 6% := — Zlgjgi log(1 — 6;) where 61,...,0; are i r.v.s distributed according

to a Beta distribution function with parameter (1,a) for j =1,..., 1.

> (S oot =0 = S (13 v

i>1 \j=1 i>1

=n1+ Y ni PO < —log(e)).

i>1
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We know that if ng = ng = ... = Ty p(ne) s then the right side of (2.2.9)) coincides with

1 —log(e). Therefore, we need to prove the that
ny + Z ni 1 P(0* < —log(e)) > 1 — log(e).
i>1

Without lost of generality, for any fixed j € N we can prove the above condition considering
that at least one n; increase. Therefore, we can see that we can concentrate in the index
i* :=inf{i € N : n; > 1}, i.e. in the index ¢* such that n; > 1 for i = i* and n; € N for
i > i*and n; = 1 for ¢ < ¢*. Therefore for any ¢ € (0, 1] and for a fixed i* € N we need to
prove that for i* =1

ZnHlIP’(é*i < —log(e)) > 1 —log(e) —nq
i>1
and, for ¢* > 1
ZniHP(é*i < —log(e)) > —log(e) — ni=P(0*"~V < —log(e)).
i>i*

If we consider the two extreme points € = 1 and the limit ¢ — 0™, then for any i* the above

conditions are verified. This is sufficient to assert that for i* =1 and for any ¢ € (0, 1]
an‘—&-lp(é*i < —log(e)) > 1 —log(e) —m1
i>1
and for ¢* > 1 and for any € € (0, 1]
3 nP(0% < ~log(e)) > —log(e) — ny-B(0*0 1 < —log(e)).
i>i*
0
Theorem 2.2.2. For any ¢ € (0,1], let M be a rv. on N distributed according to

(12.2.8)) and let M, be a r.v. on N distributed according to a Poisson distribution function

with parameter —alog(e). Then
3] ol EREERIES pEt
i>1 \j=1 i>1

for some nj — +oo forj=1,...,1.

Proof. To prove this proposition we use a contraddiction that is, we prove that if n;» —

400 for some j = 1,...,4 then negative logic of

Z an M("° =1 >ZZIP’ =1)

i>1 \ j=1 i>1
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is false. Using the same idea of Theorem [2.2.1| we focus on the case ¢* = 1. For ¢* > 1
follows by the same arguments. The negative logic of the last equation is that for ny — 400
there exists an € € (0, 1] such that Ve € (0, 1]

Z]P’(é*i < —log(e)) <1 —log(e) —m

i>1
where again 6% := — > 1<j<ilog(l — 0;) where 61,...,0; are i r.v.s distributed according
to a Beta distribution function with parameter (1,a) for 7 = 1,...,i. The last equation

implies that if ny — +oo there exists an e € (0, 1] such that Ve € (0, 1]
P(6; < —log(e)) = (1 —e)™ < 1 —log(e) —my

and it is false. O

2.3 The almost sure stopping procedure

In this section, we still use the generalized series representation of the Dirichlet process
and we consider its almost sure truncation in order to define a new r.p.m. which
approximate, under an appropriate metric on (Px, W), the Dirichlet process. This new
r.p.m. generalizes the M-Dirichlet process proposed by proposed by Ishwaran and Zarepour
[94] (see also Ishwaran and Zarepour [93]); in particular, a comparison between the new

almost sure approximation of the Dirichlet process and the M-Dirichlet process is given.

Definition 2.3.1. Let o € Ax be a finite measure and let ne be a fized integer-valued
sequence. For any M € N, a generalized M -Dirichlet processes with parameter (o, M,ns)
is the r.p.m. Pﬁ;’) : Q — Px such that for any B € &

M n;
w0 > i) 3 40 @)y, 0)(B) (2.3.1)
i=1 j=1

where we necessarily set pyr =1 — Y ;a1 Di to ensure that P};') is a well defined

.p. M.

As a consequence of the generalized series representation of the Dirichlet process, the
definition of M-Dirichlet process can be recoverd from Definiton [2.3.1] setting ne = 14 in
, i.e. the M-Dirichlet process with parameter (o, M) corresponds to the generalized
M-Dirichlet process with parameter (o, M, 1,).

In the same way as in Section 2.2, we now provide a comparison between the generalized
M-Dirichlet process and the M-Dirichlet process. In other word, we provide a comparison
between the r.p.m. P]E;') defined by and the r.p.m. Pys defined by . Following

the approach proposed in [90] we consider the following proposition.
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Proposition 2.3.1. For any M € N let p1,...,pp be the random weights of the general-
1zed M -Dirichlet process. Then, for any kg € N

Foo a1 ki—hit ’
Z nip; kOTl HZ ( ' ) M+i (a)ki+1T1(”M+l)(ki—ki+1)T1
> i (na + @)ko 1 150k \Fit1 (nam+i + @)k
(2.3.2)
and
S nfopho Aﬁl o +k2T1 3 nk (n) ke ((a )kon)i_M_ (2.3.3)
i>M iy (it a)ren i>M H] m(nj — )kt

Proof. If we prove (12.3.2)) then the proof of (2.3.3) follows similar arguments. In particular,

for any ko € N we need to compute

ko
M—1
a)k
Z nibi| = H ()70“13 [narOar + s Onrs1 (1 — Opg) -+ 17
i>M i=1 <nl + a)koTl

where, to compute the expected value E [np0nr + narr10n+1(1 — 0pr) - -}ko we can use

the Binomial theorem. Then, we define EM[é]kO = EnyOn +nare100+1(1 —0ar) -+ ]ko

and we obtain

ko ko—k1
= ko\ 7ag (@)ky 11 (nar) (ko—ki) 11 ~
E [0k = ( ) MR gk
M0 E (ot & Dot M+10]

_ f: (ko) by (@)ky 11 (000) (kg1

(N + a)kont

ny (a)k Tl(nM—l-l) k1—k2)11 P
% Z( > M+1 : 2 (k1—k2)1 EM+2[9]k2

NM41 + @)k 11
k —k;
H Z < i ) M+i o (a)ki+1T1(nM+i)ki_ki+1T1.
6 .

z+1 (nM-H + a)kﬁl

Then, equation (2.3.3) can be easily proved following the same argument used for equation
(2.3.2). Then, we need to compute

E[n}3i0537 + nyg 1037 (1= 000 + -] = E[n5305 + (1 = 0a0)* (0, 105741 + )]
n; (na)ko11 (@) ko11)"

i>M H;‘:M(nj - a)koTl

and the proof is completed. O
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Equation (2.3.2) and (2.3.3) decrese in M. In particular, for a moderate M we can
obtain an accurate approximation of the Dirichlet process. From Proposition [2.3.1] it can

be easily checked that under the condition ne = 1, then

ko

E|) p =<afk0>Ml (2.3.4)

i>M

and

ko| _ a M-1 T (ko)T'(a)
’ gj\;pi N (a—i-ko) T(a+ ko) (2.3.5)

We can compare formula (2.3.2) with (2.3.4) and formula ([2.3.3)) with (2.3.5)) with respect
to the accuracy of approximation. It is obvious from (2.3.2)) and (2.3.3)) that for a fixed M

we can improve the accuracy of approximation increasing an n; fort=1,..., M.

Nevertheless, fixing M we do not have a well-balanced comparison because for a fixed
M we have to consider as benchmark the total number of r.v.’s involved in the series
representation that is 2M for the M-Dirichlet process of Ishwaran and Zarepour [94].
Using this comparison we can easly verify that the best strategy is that proposed by
Ishwaran and Zarepour [94]. In fact for any M € N

(i) < sl ol
a+ ko - (M_2+a)k0T1 M

and

a M—1 [(ko)T'(a) (@)kot1 —
<a + ko) T(a + ko) = (M —2 +a)k0T1]E M —1)%6,4]

under the constraint that the total number of r.v.s involved in the series represetation of

the truncated r.p.m. is 2M.

2.4 The random stopping procedure for stick-breaking ran-

dom measures

The class of infinite dimensional stick-breaking random measures has been introduced by
Ishwaran and James [90] as a class of all a.s. discrete r.p.m.s @ : £ — Px such that for
any Be 2

W Zpiéyi(w)(B) (2.4.1)

i>1
where {p;,i > 1} a sequence of r.v.s chosen independent of the sequence {Y;,7 > 1} and so
that 0 < p; <1 and Zi21pi = 1. In particular, given o € Ax a finite measure with total

mass a, it is assumed that {Y;,i > 1} is a sequence of i.i.d. r.v.s from «y. The method
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of construction for the random weights {p;,i > 1} is what sets stick-breaking random
measure apart from general r.p.m. ) expressible as ([2.4.1)). Here, a formal definition of an

infinite dimensional stick-breaking random measures.

Definition 2.4.1. Let o € Ax be a finite measure and let as and be be two sequences of
positive real number. An infinite dimensional stick-breaking random measure on X with
parameter (o, ae,be) is an a.s. discrete r.p.m. Q on X of the form such that the
sequence {p;,i > 1} is obtained by stick-breaking construction from a sequence {0;,i > 1}
of independent r.v.s distributed according to a Beta distribution function with parameter

(@i, bi) for i e N.

The stick-breaking notion for constructing random weights has a very long story. For
examples, see Halmos [82], Freedman [72], Fabius [48], Connor and Mosimann [2I] and
Kingman [109]. In particular, the definition of stick-breaking random measure gives one a
unified way of connecting together a collection of seemingly unrelated measures scattered
throughout the literature. These include the Dirichlet process, the two parameter Poisson-
Dirichlet process introduced by Pitman and Yor [154], the Dirichlet multinomial process
introduced by Muliere and Secchi [139], the m-spike models introduced by Liu [127], the
finite dimensional Dirichlet process introduced by Ishwaran and Zarepour [94] (see also
Ishwaran and Zarepour [93]) and the Beta two parameter process introduced by Ishwaran
and Zarepour [92].

From Definition it follows that an infinite dimensional stick-breaking random
measure @ is only well defined if its random weights sum to one with probability one. In

particular it can be easilty cheked

sz‘ =1 a.s. & ZE(IOg(l —6;)) = —0

i>1 i>1

or, alternativley > .., log(1 + a;/b;) = +oo. In particular, the Dirichlet process with pa-
rameter o can be recoverd as particular case of the infinite dimensional stick-breaking
measure () having random weights {p;,7 > 1} obtained by the stick-breaking construction
from a sequence {6;,i > 1} of i.i.d. r.v.s distruted according to a Beta distribution func-
tion with parameter (1,a) where a is the total mass of the measure a. In particular, this
corresponds to the Sethuraman series representation of the Dirichlet process .

The two parameter Poisson-Dirichlet process and the Beta two parameter process are
further examples of infinite dimensional stick-breaking measures. In particular, the two
parameter Poisson-Dirichlet process introduced by Pitman and Yor [154] has been the
subject of a considerable amount of reseach interest. A key property of the two parameter
Poisson-Dirichlet process is its characterization as an infinite dimensional stick-breaking

random measure due to Pitman [I149] and Pitman [I51]. As shown there, the size-biased
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random permutation for the ranked random weights from the measure produces a sequence
of random weights derived using a residual allocation scheme (see Pitman [152]), or what
we are calling a stick-breaking scheme. This then identify the two parameter Poisson-
Dirichlet process as an infinite dimensional stick-breaking random measure where the ran-
dom weights {p;,7 > 1} are obtained by the stick-breaking construction with {6;,7 > 1} a
sequence of independent r.v.s distributed according to a Beta distribution function with
parameter (1 — o,b + io) where 0 < o < 1 and b > —o. The Dirichlet process with pa-
rameter « can be recovered from the two parameter Poisson-Dirichlet process by setting
o =0 and b = a where a is the total mass of a. Another important example is the process
obtained from the two parameter Poisson-Dirichlet process by setting b = 0 which corre-
spond to a measure whose random weights are based on a stable law with index o.

As shown by Ishwaran and James [90] an interesting subclass of the class of infinite
dimensional stick-breaking random measures is the class of r.p.m.s obtained by the almost
sure trunctation of infinite dimensional stick-breaking random measures. As we introduced
in Section 2.1, the almost sure truncation was originally proposed by Ishwaran and Zare-
pour [94] (see also Ishwaran and Zarepour [93]) for the Sethuraman series representation
of the Dirichlet process. For any M € N, the trunctaion is applied by discarding the
M+1,M+2,... terms in Q and replacing pps with 1 — p; — ... — paps—1. Notice that this
also corresponds to setting 637 = 1 in the stick-breaking construction. In particular, given
an infinite dimensional stick-breaking random measure @ with parameter (o, ae,bs), for
any M € N we denote by @,/ its almost truncation and we call it the M-stick-breaking
random measure with parameter («, ae,bs, M). The M-Dirichlet process with parameter
(a, M) proposed by Ishwaran and Zarepour [94] (see also Ishwaran and Zarepour [93])
can be recoverd as an almost sure truncation of the Sethuraman series representation
of the Dirichlet process with parameter «. Determining an appropriate truncation level
can be based on the moments of the random weights. For instance, the following theo-
rem can be used to determining an appropriate truncation lavel for the two parameter

Poisson-Dirichlet process.

Theorem 2.4.1. (cfr. Ishwaran and James [90]) Let {p;,i > 1} be the sequence of ran-
dom weights characterizing the stick-breaking representation of the two parameter Poisson-

Dirichlet process. For any M € N and any r € N

- b+ ko),
ENY )| =11 (U-i-gk—l)illl)ml (2.4.2)

E>M k=1

and

(I=0)e-nn
EIY si|=E| ) . (2.4.3)
k>0 k>0 (b + (M — 1)0' + 1)(7,,1”1
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Given a measure o« € Ax a finite measure with total mass a, as particular case of
equation and equation we can obtain the equation and the equation
for the Dirichet process setting ¢ = 0 and b = a. In particular equation and
the equation underline that a moderate M should be able to achive an accurate
approximation. In general, for an infinite dimensional stick-breaking random measure @
a very large value for M may be needed for reasonable accuracy. For instance, it the
particular case of the two parameter Poisson-Dirichlet process obtained by setting b = 0,

we have

M—-1 1\
B2 pe) = (a+1(;--.(%_3&+1)'
E>M
Note that the value of M needed to keep this value small rapidly increases as o approaches
one. Thus it may not be feasible to approximated the corresponding process over all values
of 0.

Here, in order to solve the problem of the selection of an appropriate M € N, we propose
the application of the random stopping rule to the class of the infinite dimensional stick-
breaking random measures as an alternative to the almost sure truncation. In particular,
we extend to the class of the infinite dimensional stick-breaking random measures the
random stopping rule proposed by Muliere and Tardella [140] for the Sethuraman series

representation of the Dirichlet process.

Definition 2.4.2. Let @ be an infinite dimensional stick-breaking random measure on X
with parameter (o, ae,bs). For any e, the e-stick-breaking random measure with parameter
(0, Qe be,€) s a r.p.m. Q¢ : Q — Px such that, for any B € Z

wi= ) Pilw)dyw)(B) + Re(w)dy, ) (B) (2.4.4)

where

and Yy s a r.v. distributed according to ag.

As a consequence of the definition of infinite dimensional stick-breking random mea-
sure, the definition of e-stick breaking random measure, the definition of e-Dirichlet process
with parameter (o, e) can be recoverd from Definiton when @ is the Dirichlet process

with parameter «, i.e. when () is an infinite infinite dimensional stick-breaking random
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measure with parameter (a, lo, as) where a, is the sequence of the total mass of .

The Deﬁnition implies the closeness, in the total variation metric py on (Px, W),
between the infinite dimensional sitck-breaking random measure ) and its corresponding
e-stick-breaking random measure @, i.e. for any w € Q py(Q:(w,),Q(w,-)) < & on a set
of P-probability 1. As regard the the closeness, in the Prokhorov metric between the infi-
nite dimensional sitck-breaking random measure @) and its corresponding e-stick-breaking

random measure () we consider the following lemma.

Lemma 2.4.1. For any w € Q and for any € € (0, 1]

pp(Qe(w; ), Qw, ")) <e.

Proof. The proof follows by the same arguments used in Lemma 2 in Muliere and Tardella
[140]. O

In particular, Lemma implies that the application of the random stopping proce-
dure to an infinite dimensional stick-breaking random measure () can fix in advance the
closeness € with its corresponding random approximation .. Thus, the random stopping
procedure for the class of infinite dimensional stick-breaking random measures provide a
solution to the problem of the selection of an appropriate M in the class of the almost
sure truncated stick-breaking random measures. In particular, this appealing feature can
also be extended to the distributions of several fanctionals of an infinte dimensional stick-
breaking random measure.

In the definition of the e-stick-breaking random measure the role of the stopping time
M, it to allow generating a random probability as close as one wants (in the total varia-
tion distance) to the corresponding infinite dimensional stick-breaking random measure.

We write

M. M.
Ro=1-3% pi=[J(1-6)
i=1 i=1

then the r.v. M, can be written as

M, = inf {m eN: ilog(l —0;) < log(e)} .

i=1
As we can see, the r.v. M. involves the distribution of the r.v. 37, . log(1 — 6;) which
has been computed in Lemma point i). Then, the following lemma provide the dis-
tribution of M.

Lemma 2.4.2. For any ¢ € (0,1], M. is a r.v. on N such that

P(O*™ < —log(e)) m =1
P(M. =m) = (2.4.5)
P(6*™ < —log(e)) — P(O* D) < —log(e) m > 1
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where P(0*™ < z) is given by ([2.2.3)).

Proof. The proof follows by the same arguments used in Lemma [2.2.3] O

2.5 Discussion

In the first part of this chapter, moving from the alternative constructive definition of
the Dirichlet process which includes the Sethuraman constructive definition as par-
ticular case, we considered the application of two different stopping procedure. The first
stopping procedure we applied to the series representation was originally proposed
by Muliere and Tardella [I40] for the Sethuraman series representation and it corresponds
to the truncation of the series at a random number of terms. The second stopping proce-
dure we applied to the series representation was originally proposed by Ishwaran
and Zarepour [94] (see also Ishwaran and Zarepour [93]) for the Sethuraman series repre-
sentation and it corresponds to the truncation of the series at a fixed number ot terms.

As regard the application of the random stopping procedure to the series representa-
tion we defined the new random truncated r.p.m. , the so-called generalized
e-Dirichlet process and we provided a comparison, in terms of accuracy in the Dirichlet
process approximation, with respect to the e-Dirichlet defined by Muliere and Tardella
[140]. In particular, Theorem and Theorem have shown that using the ran-
dom stopping procedure of the series representation the best approximation of the
Dirichlet process corresponds with the choice of ne = 1,. In other words, the best approxi-
mation of the Dirichlet process is obtained using the random truncation of the Sethuraman
series representation as proposed by Muliere and Tardella [I40]. As a by-product of this
analysis, we also obtain in Lemma and in Corollary some interesting results
related to the convolution of distributions belonging to the class of generalized convolu-
tions of mixtures of Exponential distributions (see Bondesson [I1] and Bondesson [12]). In
particular Corollary provide a simple expression for the convolution of Exponential
distributions whose importance in applications is known in the literature and it has been
recently reviewed by Nadarajah [142].

As regard the application of the almost sure stopping procedure to the series represen-
tation we defined the new random truncated r.p.m. , the so-called generalized
M-Dirichlet process and we provided a comparison, in terms of accuracy in the Dirichlet
process approximation, with respect the M-Dirichlet defined by Ishwaran and Zarepour
[94] (see also Ishwaran and Zarepour [93]). In particular, Proposition has shown that
using the random stopping procedure of the series representation the best approx-
imation of the Dirichlet process corresponds with the choice of ne = 1o. In other words,

the best approximation of the Dirichlet process is obtained using the random truncation
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of the Sethuraman series representation as proposed by Muliere and Tardella [140].

In the second part of we provided a straightforward extension of the random stop-
ping procedure to the more general class of infinite dimensional stick-breaking random
measures introduced by Ishwaran and James [90]. In particular, in Ishwaran and James
[90] is considered the subclass of the almost sure trunctation of infinite dimensional stick-
breaking random measures and the roblem of finding an appropriate method for selecting
the truncation level M for an infinite dimensional stick-breaking random measure is un-
derlined. In order to give a solution to this problem we considered the definition of the
class of e-stick-breaking random measures which is defined as the class of r.p.m. obtained
by the random trunction of the infinite dimensional stick-breaking random measures. In
particular, differently from the almost sure truncatd stick-breaking random measures, the
the e-stick-breaking random measures admit the possibility to fix in advance the closeness

€ with respect to the corresponding infinite dimensional stick-breaking random measure.
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Some developments on the
Feigin-Tweedie Markov chain

In this chapter, moving from the distributional equation for the Dirichlet process introduced
in Chapter 1, we define and we investigate a new measure-valued Markov chain having as
unique invariant measure the law of a Dirichlet process. This Markov chain generalizes the
well known Feigin-Tweedie Markov chain which has been widely used to provide properties
of linear functionals of the Dirichlet process and approximation procedures for estimating
the law of the mean of the Dirichlet process. Our main aim in this chapter is to show that
the Feigin-Tweedie chain sits in a large class of chains indexed by an integer n € N and
they worked solely on the case n = 1, where n can be viewed as a sample size. We provide

properties of this new class of Markov chain.

3.1 Introduction

In this chapter we focus on an interesting result obtained by Feigin and Tweedie [58] which
characterizes the law of the Dirichlet process as the unique invariant measure of a certain
measure-valued Markov chain. Let (X,7) be the usual Polish space endowed with the
Borel o-field 2 and consider the following associated spaces of measures Ax and Px. In
particular, Ax is the space of locally finite non-negative measures on (X, 2") endowed with
the o-field <% generated by the vague topology V which makes (Ax, V) a Polish space, and
Px is the space of probability measures on (X, 2") endowed with its o-field Px generated
by the weak convergence topology W which makes (Px, ) a Polish space. Let o € Ax be
a finite measure with total mass a and let P be a Dirichlet process on X with parameter
a. Furthermore, let Y be a random variable (r.v.) distributed according to o := «/a and
let 6 be a r.v. distributed according to a Beta distribution function with parameter (1, a)
and independent of Y. Then, according to Theorem 3.4 in Sethuraman [174], the Dirichlet
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process on X with parameter « is the unique solution of the distributional equation
PLosy +(1-0)P, (3.1.1)

where all the r.v.s on the right hand-side are independent. Equation has been
widely used in the literature in order to provide characterizations both of the Dirichlet
process and of the mean of the Dirichlet process. See Hjort and Ongaro [85] and references
therein. In particular, in Feigin and Tweedie [58], equation is recognised as the
distributional equation for the unique invariant measure of a Markov chain {P,,,m > 0}

on Px defined via the recursion
Py, =00y, + (1 — 01) Pt m>1 (3.1.2)

where Py € Px is arbitrary and {Y,,,m > 1} and {6,,,m > 1} are two independent
sequences of independent and identically distributed (i.i.d.) r.v.s distributed as Y and 0,
respectively. In Feigin and Tweedie [58] it is shown that the Markov chain {P,,,m > 0}
has as unique invariant measure the law of a Dirichlet process P on X with parameter a.
This approach has been particularly convenient for analyzing the existence and properties
of linear functional of the Dirichlet process because they also turn out to be derivable
as strong limits of Markov chain on R. In particular, in Feigin and Tweedie [58], by
investigating the linear functional {G,,m > 0}, with Gy, := [ (@) P (-, dx) for m >0
and for any real-valued measurable function g : X — R, properties of the corresponding
linear functional of a Dirichlet process are given. The existence of the linear functional
G := [ g(x)P(-,dx) of the Dirichlet process P is characterized according to the condition
Jx log(1 + |g(z)])e(dx) < +o00. These functionals were considered by Hannum et al. [83]
and their existence was also investigated by Doss and Sellke [33] who referred to them as
moments.

Further developments of the linear functional Markov chain {G,,, m > 0} are provided
by Guglielmi and Tweedie [81] and by Jarner and Tweedie [103]. In Guglielmi and Tweedie
[81], the distribution .# of the mean functional M := [, #P(w,dz) of a Dirichlet process
on R with parameter « is characterized as the unique limiting distribution of the real-
valued Markov chain {M,,, m > 0} with M,, := [ 2P (w,dz) for m > 0. Guglielmi and
Tweedie [81] proved that the rate of convergence in total variation of the Markov chain
{M,,,m > 0} to M is geometric if oy admits finite expectation and they found bounds
on the rate of convergence. These results are then used to simulate effectively from the
distribution .# by the empirical distribution of a sample from the m-th step distribution
of the approximating Markov chain {M,,,m > 0} starting from any point x € R. In
particular, the characterization of the Dirichlet process given in Feigin and Tweedie [58]

is used to develop a Markov chain Monte Carlo (MCMC) algorithm which provides a
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useful tool to evaluate the approximation error in simulating .# . In general, all the results
obtained by Guglielmi and Tweedie [81] can be applied to any functional G of a Dirichlet
process P on X since the distribution of G corresponds to the distribution of G o ay where
ay(B) = a(g1(B)) for any B € %.

From the distributional equation , a constructive definition of the Dirichlet pro-
cess has been proposed by Sethuraman [I74]. In particular, if o € Ax is a finite measure

with total mass a and P is a Dirichlet process with parameter «, then

P=> piy, (3.1.3)

i>1
where {p;,7 > 1} is a sequence of r.v.s obtained by the stick-breaking construction p; =
wi and p; = w; ngjgi—l(l — wj) for i > 1 with {w;,i > 1} a sequence of iid. r.v.s
distributed according to a Beta distribution function with parameter (1, a), and {Y;,i > 1}
is a sequence of i.i.d. r.v.s distributed according to ag. Then, equation arises by

considering

P =pidy, + (1 —w1) Zﬁj&fi

i>2

where now ps = wo and p; = w; H2§j§z‘—1(1 —wj) for ¢ > 2. Thus it is easy to see that

P:=)"pidy, (3.1.4)
i>2
is also a Dirichlet process with parameter o and it is independent of (p1,Y7). If we want

to extend this idea to n initial samples, we would consider writing

P= Zpiéyi + Z pidy;
=1

i>n+1

which can be written as

P:@é(%)&nJr(l—@)P

where 6 = 3", ;e pi = 1= [[1<j<,, (1 —w;) and P is a Dirichlet process with parameter o
independent of the r.v. ((p1, Yl)_, . , (pn, Yn)). However this is not an easy extension since
the distribution of € is unclear and moreover 6 and ), _,,, (pi/0) dy, are not independent.
For this reason we consider an alternative distributional e_quation for the n which has been
introduced in Section 1.3 of Chapter 1 and here recalled.

In particular, let a € Ax be a finite measure with total mass a and let P be a Dirichlet
process on X with parameter . Furthermore, let {Y;,j > 1} be a Blackwell-MacQueen
Pélya sequence with parameter «, i.e. if P is a Dirichlet processes with parameter «, then

for any n € N, Y7,...,Y,|P are ii.d. from P. For any n € N let (q1,...,q,) be a r.v.
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distributed according to Dirichlet distribution function with parameter (1,...,1) and let
0 be a r.v. distributed according to a Beta distribution function with parameter (n,a)
such that P, {Y},j > 1}, (q1,...,¢n) and 6 are mutually independent. Moving from such
collection of random elements and assuming independence between them, in Section 1.3.

of Chapter 1 it is shown that for any n € N, the distributional equation

P26y gdy, +(1—-0)P (3.1.5)
j=1

has as unique solution the Dirichlet process on X with parameter «. It can be easily
checked that the distributional equation (3.1.5)) generalizes the distributional equation
(3.1.2) which can be recovered setting n = 1. So where precisely does this distributional
equation come from with solution the Dirichlet process with parameter «? Since it is
clear it does not come from the Sethuraman series representation. In fact it comes from

a posterior representation of the Dirichlet process. In particular, it is well known that if

P is a Dirichlet process with parameter o then P|Y7,...,Y, is a Dirichlet process with
parameter « + 3, 0y; and the law of [[P|Y1,...,Y,]Q(dY1,...,dYy,) is the law of
a Dirichlet process with parameter  when Y1, ... Y, has the distribution of the first n

samples of a Blackwell-MacQueen Pdlya sequence with parameter o (see Antoniak [2]).

Thus, the key now is to write

n
d
PIYi,....Yn =0 qidy,|Ya,..., Y, + (1-0)P
j=1

where 6 is distributed according to a Beta distribution function with parameter (n,a).
Hence, the distributional equation follows.

In this chapter, following the original idea of Feigin and Tweedie [5§], our aim is to
use the more general distributional equation in order to define a Markov chain
{P&n),m > 0} on Px which generalizes the Feigin-Tweedie Markov chain and which still
has as unique invariant measure the law of a Dirichlet process with parameter «. In particu-
lar, we are interested in providing a detailed analysis of the Markov chain {Pr(nn ) ,m >0} in
order to verify if it preserves all the properties of the original Markov chain {P,,,m > 0}
proposed by Feigin and Tweedie [58]. Furthermore, a special case of the Markov chain
{PT(an), m > 0} is considered by assuming as state space the subset of Px of all probability
measures with a finite number k¥ € N of massees. Under this assumption on the state
space, the Markov chain {P,n(,? ),m > 0} is interpreted as a discrete time stochastic model
describing the evolution of the proportions of &k distinct types in a population of a certain
constant size. Comparisons, in terms of the transion probabilities, are given with respect

to similar models known in the literature (see Ewens [45]).
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Moving from the Markov chain {P,Eff ), m > 0}, we are interested in providing prop-
erties of the associated linear functional Markov chain {G%L),m > 0} with G%L) =
fXg(x)RS@”) (w,dz) for m > 0 and for any real-valued measurable function g : X — R
such that [plog(1 + |g(x)|) a(dz) < +o0. These properties represent the starting point
to study the rates of covergence in total variation of the new mean functional Markov
chain {M,S?),m > 0} with MTS?) = fX azP,sf) (w,dx) for m > 0 to the mean functional M
of a Dirichlet process on (R, %) with parameter «. In particular, following the same idea
proposed by Guglielmi and Tweedie [81] we provide an approximation of the distribution
A using the empirical distribution of a sample from the m-th step distribution of the
approximating Markov chain {M,,, m > 0} starting from any point = € R.

Before proceeding we make a remark about an interesting connection with the Markov
chain {P,,,m > 0} defined via recursion . The sample Yi,...,Y, can be obtained
by considering a Dirichlet process P with parameter « and then taking Y7, ... ,Yn|P to be
ii.d. P defined in . Hence we could consider the distributional equation

P20y gdy, +(1-0)P (3.1.6)
j=1
where the Y3, ...,Y,, are i.i.d. from P and P is a Dirichlet process with parameter @ with P,

0 and P being mutually independent. We have essentially switched P and P around since
they are independent and both Dirichlet processes with parameter ce. Then the solution of
the of distributional equation would again be a Dirichlet process with parameter «
and the Markov chain which corresponds to (3.1.2)) would turn out to be a Wright-Fisher
model (see Ewens [45] and references therein).

The chapter is structured as follows. In Section 3.2, moving from the distributional
equation , we define the Markov chain {PT(,;I ),m > 0} on Px and we prove that
it has as unique invariant measure the law of a Dirichlet process with parameter «. In
Section 3.3 we consider the transition densities of the Markov chain {P,Sf ),m > 0} on
the subset of Px of all probability measures with a finite number £ € N of massees. In
Section 3.4 a detailed analysis of the mean functional Markov chain {MT(,;L ),m > 0} and
we discuss some illustrative examples. In Section 3.5 we consider a different application
of the distributional equation related to the mean functional of a Dirichlet process

with parameter «. Section 3.6 is devoted to a discussion of the results.

3.2 A generalized Feigin-Tweedie Markov chain

In this section our aim is to use the distributional equation (3.1.5) in order to define a
Markov chain on the space Px that generalizes the Markov chain proposed by Feigin and
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Tweedie [58] and which still has as unique invariant measure the law of a Dirichlet process
with parameter a.

Let oo € Ax be a finite measure with total mass a and let (€2,.7,P) be a probabil-
ity space supporting a sequence 6 := {6,,,m > 1} and for any n € N the sequences
q :=1{(@m1, - qmn),m > 1} and Y = {(Yi1,...,Ymn), m > 1}. The sequence 0 is a
sequence of independent r.v.s distributed according to a Beta distribution function with
parameter (n,a) while ¢ is a sequence of independent r.v.s identically distributed accord-
ing to a Dirichlet distribution function with parameter (1,...,1) and Y is a sequence of
independent r.v.s (samples of size n) from a Blackwell-MacQueen Pdlya sequence with pa-
rameter «, i.e. if Py,, for any m € N are independent Dirichlet processes with parameter «,
then for any m € N, Y, 1,..., Y, n| Py, are i.i.d. from P,,. The condition of independence
between the sequence of r.v.s #, ¢ and Y and the usual construction of a product measure
implies the existence of the probability space (£2,.#,P) supporting the r.v. (6,¢,Y") and
does not require any restrictions on X, such as it being a Polish space. Moving from such
collection of random elements, for any n € N we define the Markov chain {Péln ),m >0}

on Px via the recursion

P =0m> am by, + (1 =0)P0  m>1 (3.2.1)
J=1

where Po(n) € Px is arbitrary.

By construction, the Markov chain {P,,, m > 0} proposed by Feigin and Tweedie [58]
and defined via the recursion can be recoverd from the Markov chain {P,Sf ) ,m >0}
by setting n = 1. Following the original idea of Feigin and Tweedie [58] by equation
we define the Markov chain {RS;‘ ), m > 0} from a distributional equation having
as unique solution the Dirichlet process. In particular, the Markov chain {quln),m > 0}
is defined from the distributional equation which generalizes the distributional
equation by the substitution of the random probability measure (r.p.m.) dy with
the random convex linear combination Z1g i<n ;0y;- In the next theorem we provide an
alternative proof for the solution of the distributional equation . The proof easily
follows from three lemmas here: the first one recalls a property of the Dirichlet distribution
function and its proof can be found in Wilks [196], Section 7; the second one can be derived
by a simple transformation of r.v.s; the third one is related to the uniqueness of the solution
of the distributional equation and its proof can be found in Sethuraman [174] (see
also Vervaat [185], Section 1).

Lemma 3.2.1. For any k € N, let 3 = (B1,...,5) and v = (y1,...,7) € R¥ . Let
U, V be independent k-dimensional r.v.s distributed according to a Dirichlet distribution

function with parameter 3 and v, respectively. Let W be a r.v. independent of (U, V') and
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distributed according to a Beta distribution function with parameter Y ;<1 Bi, > 1<i<p Vi-
Then, WU + (1 — W)V is distributed according to a Dirichlet distribution with parameter

B+.

Lemma 3.2.2. For any n € N, let &1,...,&, be n independent r.v.s such that & is dis-
tributed according to a Beta distribution function with parameter (1,n—1i) fori=1,...,n
n=1as) If @ =& and qgj =& ngz‘gj—l(l —&) forj=2,...,n, then (q1,...,qn)
is a r.v. with Y <, ¢ = 1 distributed according to a Dirichlet distribution function with

parameter (1,...,1).

Lemma 3.2.3. (cfr. Sethuraman [17])]) Let W, U be a pair of r.v.s where W takes values
in [—1,1] and U takes values in a linear space. Suppose that V' is a r.v. taking values in the
same linear space as U and which is independent of (W, U) and satisfies the distributional
equation

VIU+wy. (3.2.2)

Suppose that P(|W| = 1) # 1. Then there is only one distribution for V that satisfies
B2.2).

Theorem 3.2.1. The distributional equation (3.1.5)) has the Dirichlet process with param-

eter o as its unique solution.

Proof. From Skorohod’s theorem and Lemma|3.2.2]it follows that there exist n independent
r.v.s &1,...,&, such that & is distributed according to a Beta distribution function with
parameter (1,n — i) for i = 1,....n and 1 = & and ¢j = & [[1;<; (1 — &) for j =
2,...,n. Further, since &, = 1 a.s., then Zlgjgn gj = 1 a.s. and it can be verified by

induction that
i

1-> g=[J0-¢) i=1..n-1
j=1

j=1
Let B1,..., By be a finite measurable partition of X. We first prove that conditionally on
Y1,...,Y,, the finite dimensional distribution of the r.p.m. Zl<j<n q;0y; is the Dirichlet
distribution with parameter given by the following (3 <, 0v; (B1), -, 2 21<j<y, Ov; (B))-

Actually, since

n

> a0y, | By [ D @by, | B | = | D4ty (B, Y a5y, (Br)
j=1 j=1 J=1 =1

= Z qj?"" Z q] )

j:ﬁ/jGBl jZijGBk
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conditionally on Y7,...,Y,, the r.v. (Zj:YjeBl Qs - Zj:Y]EBk q;) is distributed according
to a Dirichlet distribution function with parameter given by (ni,...,n;), where n; =
Y 1<i<n Ovi(Bj) for j =1,...,n. Then, using Lemma it follows that, conditionally on
Y1,...,Y,, the finite dimensional distributions of the right hand-side of (3.1.5|) are Dirichlet
with updated parameter ((a(B1) + > 1<j<, 0v;(B1)s- -, a(Bk) + 321 <<y, Ov; (By)). This
argument verifies that the Dirichlet process with parameter « satisfies the distributional

equation (3.1.5)). This solution is unique by Lemma O

Using similar arguments to those used in Feigin and Tweedie [58] we now provide a

detailed analysis of the Markov chain {PgL )

,m > 0}. To this aim, we make use of some
results on limit theory for Markov chains on general state space (see Meyn and Tweedie
[141]) together with a result in Kallenberg [104] about converge of r.p.m.s. We denote
by C(R) the set of bounded and continuous functions g : X — R. The following lemma
reduces the problem of convergence of the Markov chain {P,(r? ), m > 0} to the problem of

weak convergence of its bounded linear functionals.

Lemma 3.2.4. Let {P,SL"),m > 0} be the Markov chain defined by (3.2.1)). Then, if as
m — +00

/ g(z) P (-, dx) = some X, Vg € C(R), (3.2.3)
X

then there exists a r.p.m. P*, such that Rgf) = P* asm — 400 and X, 4 Jx 9(z)P*(-, dx)
for all g € C(R).

Proof. The proof is an application of Lemma 5.1 in Kallenberg [104] to the Markov chain
(P m >0}, 0

Lemma 3.2.5. Let {P&n),m > 0} be the Markov chain defined by (3.2.1) and let g € C(R).

Then {Ggg),m > 0} is a Markov chain on R whose unique invariant measure Il is the

distribution of the random Dirichlet functional G. In particular, {GSJ)
weakly for I14-almost all starting points G(()n).

,m > 0} converges

Proof. The proof is along lines similar to the proof of Lemma 2 in Feigin and Tweedie
[58]. From the recursive equation (3.2.1)),

G = / g(2) P, dz)
X
— O /X 9(2) S sy, (d2) + (1 — 0,)GT) | = 0, qu,Jg + (1= 0,)G™ .
j=1

Then {Ggg),m > 1} is a Markov chain on R and in particular is a Markov chain restricted

to the compact set [—||g]|, ||g||]] where ||g|| = supx |g(z)|. From Meyn and Tweedie [141] a
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Markov chain on a compact space has at least one finite invariant measure if it is a weak
Feller Markov chain, that is if the transition probability ]P’(G%L) € -\Gfg)_l = z*) is a lower
semicontinuous function in z*. For a fixed y € R we have

liminf P(G( < y|G™) | = z)

r—x*

= limil}fﬂ” O, quJg(Ym,j) <y—z(1—0p)

T—x* z

_liminf/ P> tmjg(Ym,) < y—z(l=2) P(6,, € dz)
(0,1) j=1

—z(l—2)

> / liminf P qudg(Ym,j) < y P(0,, € dz)
(0 j=1

S

since the distribution of ), <j<n In.j 9(Y:,,;) has at most a countable numbers of atoms and
0, is absolutely continuous. This prove that {G&Z‘), m > 0} is a weak Feller Markov chain.
Now, if we show that {Gﬁl} ), m > 0} is ¢-irreducible for a finite measure ¢, then the Markov
chain is Harris positive recurrent and the invariant measure is unique (see Proposition 4.3.
in Tweedie [I83]). Let us consider the following event £ := {Y;; = Y12 = --- = Y1 ,}.
Then for a finite measure ¢ we have to prove that if ¢(A) > 0, then P(ng) € A\G[()n)) >0
for any G(()”). We observe that

=P(G\" € AIGYY, E)P(E) + P(GI" € A|GSY, E¢)P(E°)
> PG\ € AIGLY, B)P(E)

Therefore, since P(E) > 0, we have to prove that
(n) (n)
PGy € AlGy 7, E) >0
for any Gén) and for any A such that ¢(A) > 0. Nevertheless, given F and G[(]n),
G = 019(v1) + (1 — 01)GY"

where 6, is distributed according to a Beta distribution function with parameter (n,a),
so that the distribution of ng)|G((Jn),E admits a density with respect to the Lebesgue
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measure on [G(()n),g(Xl)] for G(()n) < ¢g(X1) (and similarly for G(()n) > ¢g(X1)). Then, using
the same argument in Lemma 2 in Feigin and Tweedie [58], we can conclude that P(ng) €
A|G(()n)7 E) > 0 for a suitable measure ¢ such that ¢(A) > 0. We prove the aperiodicity
of {Ggg),m > 0} by contradiction. If the chain is periodic with period d > 1, the exist d
disjoint sets D1,...,Dg such that fori=1,...d — 1

PG € D1 |G™  =2)=1 VzeD;

which implies
n
P zquJg(Ym’j) +(1—2xeDiy1 | =1 z almost anywhere-A( 1),
j=1

where \|(o,1) is the Lebesgue measure restricted to (0,1). We have

n
P qudg(ym,j) €D | =1 Vi=0,...,d—1.
j=1

For generic  and g this is in contradiction with the assumption d > 1. By Theorem
13.3.4. in Meyn and Tweedie [I41], there exists a unique invariant probability measure II,
for {Gq(ff),m > 0}. O

The convergence result in Lemma does not depend on Pén), so we can state the
following proposition which prove that the Markov chain {Pf(,zZ ),m > 0} has as unique

invariant measure the law of a Dirichlet process with parameter a.

Theorem 3.2.2. The Markov chain {ng),m > 0} has a unique invariant measure 11

which is the law of a Dirichlet process with parameter o.

Proof. From Lemma as m — +o00, G = G for II,-almost starting points G(()n).

Moreover, for Lemma 4] there exists a r.p.m. P* such that P,g:L) = P* as m — +o0.
The law of P* is the invariant measure for the Markov chain {P,gf ),m > 0}. Then, for

Lemma [3:2.4] as m — 400
[ a@ir.dn) = [ g@p.do
X X

and the limit is unique for any g € C(R). Since for any random measure (; and (2 we
know that

d
=0 @/Xg(if)ﬁ('adﬂ?) :/Xg(ff)fz('»dit)
for any g € C(R) (see Theorem 3.1. in Kallenberg [104]), the invariant measure for the
Markov chain {P,(,?), m > 0} is unique. By the definition of {P,g?), m > 0} it is straight-
forward to show that the limit P* must satisfy (3.1.5) so that P* is the Dirichlet process

with parameter a. O
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So far we extended the convergence result proved in Feigin and Tweedie [58] to the
Markov chain {Pr(nn ),m > 0}. We conclude this section by giving a result on the Harris
ergodicity of the Markov chain {G%L ) om > 0}. In Feigin and Tweedie [58] it is shown that
Jx lg(x)|P(-,dx) is finite or infinite a.s. according to the condition [y log(1 + |g(x)])c(dx)
(see also Hannum et. al [83], Doss and Sellke [33], Yamato [I88] and Cifarelli and Regazzini
[18]). In particular in Feigin and Tweedie [58], the sufficiency is proved using arguments
involving the Harris ergodicity of the Markov chain {G,,,,m > 0}. In the next theorem we

have the same sufficient condition for the Harris ergodicity of the Markov chain {Gﬁ,’} )

0}.

Theorem 3.2.3. Let o € Ax be a finite measure with total mass a and g : X — R any

;M=

measurable function. If

/Xlog(l + |g(x))a(dz) < 400 (3.2.4)

then the Markov chain {GSJ), m > 0} is Harris ergodic with unique invariant measure I1,.

Proof. The proof is along lines similar to the proof of Theorem 2 in Feigin and Tweedie
[58]. The proof of ¢-irreducibility is virtually identical to that of Lemma [3.2.50 On the
other hand, if f(u) = log(1+ |u]), if there exists a compact set K C R and € > 0 such that

E[f (GG < 400 GIM ek

and
Ef(GMGM < @YYy - G e ke,

Harris ergodicity follows. We have

f(Gg")) =log |1+ |61 Zqug(YLj) +(1- Gl)Gé")
j=1

=log | 1+ |(1—67) Zqug(YLj) + QTG(()n)
j=1

<log | 1+ (1613 aqrio(Vig)| + 65165
j=1

<log |1+ ZQLJ‘Q(YLJ‘) + log (1 +0T|ng)‘)
j=1

< > tog (14 |g(¥a,)l) + log (1 +671GE7) -
j=1
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Observe that the marginal distribution of each Y j is . Since —oo < E[log(67)] < +o0
and (3.2.4) holds, E[f(G{")|G"] < 400 for G € K. Moreover, if K = [k, k], k > 0,

since

PG < f =00 aavig| + 651G

j=1
L+ (1=07) |25 a1,59(Y1)| + 071G

= f(G(")) + log(67) + log ~
’ (1+ 1G5 )61

then, if we choose ¢ = —1/2E[log(67)] and k large enough such that the following condition

is true,

T4 (1=07) |25 a1,9(Yay) | + 071 K|
(1+ K)oy

E (log <,

we have
E G(n) G(n) < G(") o G(") K¢
[f(GY)IGy ] < f(Gy7) —« 0o € .

Therefore, by Harris ergodicity {G,(f; ) ,m > 0} has a unique invariant distribution. Since the
Dirichlet process P is the unique solution of (3.1.5) and by Theorem its distribution is

the unique invariant measure of {Pr(r? ),m > 0}, G must satisfy the distributional equation
n
G=0> qg(Y;)+(1-6)G.
j=1

We conclude that the law of G is the unique invariant distribution for the chain {fo{ ), m >
0}. O

Condition (3.2.4)) corresponds to the original condition discovered in Feigin and Tweedie
[58]. Then, Propostion show how, for a more general Markov chain having the law
of a Dirichlet process with parameter « as invariant measure, the condition required for

the existence of a functional g € C(R) is the same.

Theorem 3.2.4. Let o € Ax be a finite measure with total mass a and let P be a Dirichlet
process with parmatere a. If for any n € N any g € C(RT)

Ji <n:Ellog(1+|g(Y1;)])] = +oo (3.2.5)
then [y g(x)P(-,dx) = 400 a.s.

Proof. The r.v. (Y11,...,Y1,) is a sample of size n from a Blackwell-MacQueen Pdlya

sequence with parameter a and conditional to P, the marginal distribution of each Y; ; ~
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ag. Then the proof follows from Theorem 3 in Feigin and Tweedie [58] where it is proved
that if

/X log(1+ |g(x))a(dar) = +o00
then
/g(w)P(-,dx) =00  as-II
X
O

Theorem and Theorem provide a condition for the existence of linear func-
tionals of a Dirichlet process on (X, 2") with parameter a and they can be summarized

by the following proposition.

Theorem 3.2.5. Let o € Ax be a finite measure with total mass a, let P be a Dirichlet
process on X with parameter o and let g € C(R). Then [y |g(x)|P(-,dx) is finite a.s.-I1 or
infinite a.s.-I1 according to the condition [y log(1+ |g(x)|)e(dx) is finite or infinite.

Proof. The proof follows immediately from Theorem [3.2.3] and Theorem Note that,
in the infinite case, [y g(x)P(-,dz) may be undefined, or may be infinite, a.s. O

We conclude this section providing a discussion about the conjecture of using a random

)

parameter n for the Markov chain {P7(nn ,m > 0} in order to prove the existence of a
continuous time version of the Markov chain {P,gln),m > 0}. A different approach in order
to construct a continuous time version of the Markov chain {P,gf ),m > 0} is described
in chapter 5 where also an interesting connection with a class of measure-valued diffusion
process is considered.

In order to make the Markov chain {P},:L ), m > 0} in continuous time we consider the
parameter n to be random. In particular, for any ¢ > 0 we consider a r.v. Ny on N and
we define its distribution by d,,(t) := P(N; = n). We now consider a conjecture about the
existence of a continuous time version {P;, ¢ > 0} of the Markov chain {RS? ) m > 0} by
looking at the Chapman-Kolmogorov equation

p(t+ s, pde) = [ pltvp(s. )
Px
where in general p(t, u,dv) := P(P; € dv|Py = p). The idea is to consider a Chapman-
Kolmogorov equation from the recursive equation . In particular, at time ¢ + s

Nieys

P =0; Z qt,j0v, ; + (1 —04) Py
J=1

and at time s

Ns
Py=0,) g v, +(1—0:)R
j=1



64 3. Some developments on the Feigin-Tweedie Markov chain

where we remember that now 6, is a r.v. distributed according to a Beta distribution
function with parameter (/V¢, a). Then if we substitute P;y¢ with its formal expression we

can derive the followig Chapman-Kolmogorov condition

Nt+s
Oris D GrrsjOvip,, + (1= 0110 P (3.2.6)
=1

N N
=00 Y a0, + (1=00) | 05D asi0v,,; + (1 - 05)P
j=1 j=1

What we want to find is the distribution of IV; that satisfies the equation (3.2.6). If we
find the distribution of Ny such that is true the following

(1= 0ps) 2 (1—0,)(1 - 0,) (3.2.7)

then we can write

Nt Ns
00> iy, +0s(1—00) Y qs;0y,, + (1—0)(1— 0P
=1 i=1

N N,
=60, a0y, + (1= 00) [ 0> Qujdy,, + (1 —6.)R
j=1 j=1

Then, the Chapman Kolmogorov equation (3.2.6)) holds true if we prove that

Nt+S Nt Ns
Ot +s Z Qt+s,j5yt+w =0 Z Qt,j5Yt,j +05(1 —64) Z qs,j5Ys,j
j=1 j=1 j=1

Equation implies that 0y 4 0, + 05(1 — 6;) then to satisfy the last equation we
need that V44 4 N; + N, that is, the number of atoms at time ¢ + s is equal to the sum
of the number of atoms at time ¢ and at time s. Therefore we conjecture that in order to
prove the Chapman Kolmogorov equation we need to find the distribution of Ny
such that the masses and the number of locations of the random measures of the right side
of are equal in distribution respectively to the masses and the number locations
of the random measures of the left side of . This mean that we have to find the

distribution for NV; that satisfies the following distributional equation

(1= 0res) 2 (1 0,)(1 - 0)

under the constraint on the number of location Ny 4 Ny + Ng.
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3.3 The Feigin-Tweedie Markov chain on the finite dimen-

sional symplex

Moving from the distributional equation , in Section 3.2 we provided a detailed
analysis of the Markov chain {Pgl ), m > 1} having state space Px and unique invariant
measure the law of a Dirichlet process with parameter @ € Ax with « a finite measure.
In this section we restrict the attention on a Markov chain {Qgg),m > 1} which can be

)

recoverd from the Markov chain {P,(nn ,m > 1} assuming the state space to be the finite
dimensional space A®=1) © Py corresponding to the space of all probability measure on
([k], #) where % is the o-field of all subsets of [k]. In particular, we are interested to
obtain the transition density of the Markov chain {ng),m > 1} in order to compare it
with the transition density of other Markov chain A%*~1 with invariant measure the law
of the Dirichlet distribution.

For any k € N, let (a1,...,ax) be a vector of positive real number such that a :=
Y 1<i<i @i and for any n € N, let {(Y,1,...,Ymn), m > 0} be a sequence of independent
rv.s each one a sample of size n from a Pdlya sequence with parameter (aq,...,ag).
Moreover, for any n € N, let {(¢m,1,.--,9mn),m > 1} be a sequence of independent
r.v.s identically distribuited according to a Dirichlet distribution function with parameter
(1,...,1). Finally, let {6,,,m > 1} be sequence of independent r.v.s such that 6,, is
distribuited according to a Beta distribution function with parameter (n,a). We further
assume that the sequences {(Yr,.1,...,Ymn),m > 0,5 > 1}, {(gm1,-- - @mn), m > 1} and
{0, m > 1} are mutually independent. Moving from such collection of random sequences
we then define the Markov chain {Qgg),m >0} on A*=1) via the recursion

ngl) = Om Z%ﬂ,j‘sym,j + (1 - 9m)Q7(7?)_1 m 21 (3'3'1)
J=1

where Q(()n) e A=D1 ig arbitrary. Since A®~1) < Py, then it can be checked that the
Markov chain {Qfﬁ),m > 1} on A¥®=1D has the same properties of the Markov chain
{P&n),m > 1} on Px and in particular, it has as unique invariant measure, the measure
the law of a Dirichlet distribution with parameter (a1, ..., azx).

The Markov chain {Qg} ), m > 1} can be interpreted as a discrete time stochastic model
describing the evolution of the proportions of k distinct types Aj, ..., A in a population
of a certain constant size. We can describe this discrete time stochastic model as follows.
At each time m we associate a Polya urn with n balls of k different colours Ay,..., Ax
such that for any a € R

a; = alP(observing a ball of colour A;) i=1,...,k
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Therefore, QSJ) e A®=1) describes the proportions at the generation m as a mixture with

(k=1) at the generation m — 1 and

random weights 6,, between the proportions Qg:ll €A
the proportions induced by a sample Y, 1,...,Y,, , of size n from a Pdlya sequences, i.e.

for any m € N

a;i + Y175 by, ;(As)
a+n—1 ’

P(Ym,n = Ai|Ym,17 C) Ym,n—l) =

The weights of the mixutre are given by a r.v. distributed according to a Beta distribution
function with parameter (n,a). In the discrete time stochastic model above described
the role of the Pélya urn is of primary importance. In particular, the proportions in the
population changes according to the Pdlya mechanism which drives the discrete time
stochastic model. The interesting feature of this discrete time stochastic model is that
as m — +oo the proportions of individual types are distributed according to a Dirichlet
distribution function with parameter (aq,...,ax).

In the literature, the most studied class of discrete time stochastic model describing the
evolution of the proportions in a population of constant size is the Wright-Fisher models
(see Ewens [45]). Consider a population of fixed size n in any generation, and a single locus
at which k alleles are possible. Each individual in the population is one of the k allelic
types, denoted by Aq,..., Ax. Let QSZ)J be the proportion of individuals of allelic type A;

at time m. Clearly
(n) (n) _
Qe > Q=1 m=>o0
j=1
Several Markov chain models are used to describe the evolution of Q,(g). We will assume

selectively neutrality, and allow mutation between types. To this we define a matrix M

with the following elements
m; ; = P{allele of type A; mutates to A;} i# ]

and set m;; =1 — Z#i m; ;. If the current value of Qﬁﬁ) is ¢, then for j = 1,2,...,k the
fraction of allelic type A; in the gene pool after mutation is the j-th element of the vector
gM and we denote this element by m;. The Wright-Fisher model precribes the transition
probabilities

n n n n nj
P =pla% =) = <nq1 : nqk) m e (3.3.2)

where corresponds to random mating and multinomial sampling of the gene pool
which is divided into fractions m; of allelic type A; for j = 1,2,...,k. This model has
non-overlapping generations. An analogus process in which generations overlap, can is
described in Karlin and McGregor [105] and Kelly [106].
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In this section our aim is to investigate the transition probabilities of the Markov chain
{Qﬁlf ), m > 1} described via the recursion . In particular, we are interested in finding
the transition probabilities of the Markov chain {Qgg),m > 1} and in comparing it with
the transition probabilities of the Wright-Fisher model. We start considering a population
of fixed size n in any generation, and a single locus at which 2 alleles are possible. Each
individual in the population is one of the 2 allelic types denoted by A;, As. Let 2,y € AW,

then the model precribes the transition probabilities

P <y|QW | = 1)
=P 9m ZQm,j(SYm,j + (1 - em)Qngl < y’Qngl =z
j=1

Yy—= (]‘ - am)me n
=P ZQmJ‘SYm,]’ < 0 : |Q'En)—1 =
j=1 mn

n (n)
- (1-2)Q,,~ n
= [ (o, < OO0 <) B e 0
on \i=

z

= Z P(Ym,ly--'aym,n’Qg)_l :37)

(n1,n2)€D2 p

n o 1 o
x / P (S Gmgbyy Yo, Y < y= U= ) pig e dz)
(0,1) j=1 , o

where, Zlgjgn Im,j0Y,, ; |Yin1,. .., Yo is a r.v. distributed according to a Beta distribu-
tion function with parameter (n1,ng) where n; := Zlgjgnm dy,, ; (A1) and ng :=n — ny.
Before considering a more explicit expression for the transition probabilities of the Markov
chain {Q,(g), m > 1} we states the following lemma which relates the cumulative distribu-
tion function of a Beta distribution function with integer parameter with the cumulative
distribution function of a Binomial distribution function. The results of the next lemma

are expressed in terms of the Gauss hypergeometric function 9 F; (see Appendix C).

Lemma 3.3.1. Let X be a r.v. distributed according to a Beta distribution function with
parameter (a,b) with a,b € N and let Y be a r.v. distributed according to a Binomial

distribution function with parameter (a +b— 1,1 — x) with a,b € N. Then
P(X < z)=P(Y <b—1). (3.3.3)

Proof. The proof is based on the application of a simple property of the Gauss hypergeo-
metric function 9 F (see Appendix C)

a+b—1
T(a+1)I0) ‘= fa+b—1) s
F 1 -0 1) = —~— /-7 j=a(] _ p)atb—1-j
o F (a, b;a+ 1;x) Tlath) E j Y x)

j=a
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Then we have

/ 1 — ) dt
0

= —yFi(a,1-ba+ L;z) = (1 -2)’2F1(l,a+ba+1;2)

a
a+b—1 b—1
= (a * b N 1) 2i (1 — )2 tb=10 = (a + b - 1>xa+b—1—j(1 —z)
=0

= J ‘ j

where the last step follows for a known reduction result for the Gauss hypergeometric
function with integer parameter. Then, the last expression is the cumulative distribution

function of a Binomial distribution with parameter (a +b— 1,1 — z). O

Using Lemma we can compute an explicit expression for the transition proba-
bilities of the Markov chain {Q%L ), m > 1}. In particular, we have

P < y|Q%), = =)
= Z P<Ym,la s 7Ym,n‘Q£:)_1 = .%')

(n1,n2)€D2
- y—(1—2)x
< [ P dmgbv | Yinds e Yon < | Py, € d2)
(0,1) j=1

= Z P(Ym,la oo ,Ymﬂ‘QSZ)_l = .’13)

(n1,n2)€D2

n
x/( | L=P > g1 =0y, Moty Yo 1= 5———"5 | | P(6, € d2)
0,1 .
) ]:1

= Z ]P)(Ym,la o aYm,n|Q7(g)fl = $)

(n1,n2)€D2

) (Y )

j:nl ( )

we can obtain the transition density for the Markov chain {Q,(ﬁ),m > 1}. In particular,
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we have

d

= Z P(Ym,la cee >Ym,n|Q7(:—Z)_1 = -T)

(n1,n2)€D2

s <" ; 1) /(071) . (y‘“‘”f) <1 - M)”_j_lz@(em & d2)

Jj=n1

— Z }P’(Ym’l, - ,Ym,n|Q£:)_1 = ZE)

(n1,n2)€D2 n

LB Oy oy

Jj=n1

Jj=n1 J

— Z P<Ym,17 cee 7Ym,n Q'Es)—l = .T)

(n1,n2)€D2

X /(0’1) iF(nII)(;zng) <?J — (12— z):ﬂ>m_1 (1 — y_(lz_”z)g”)m_lp(em € dz).

We observe that the transition densities of the Markov chain {Qgg),m > 1} correspond

to the densities of a suitable transormation of mixtures of Beta distribution function with

parameter (ni,nz). In particular, if QSLLZI is distributed according to a Beta distribution
function with parameter (a1, asz), then P(Y, 1, ... ,Ym7n|Q£:)71 = x) is distributed accord-

ing to a Binomial distribution function with parameter (z,n). Therefore, we have

d
P(Q™ < y|Q™ , =
dy ( m —y‘ m—1 CL‘)

= E <n>l’n1(1_$)n2
ni
(n1,n2)€D2 p

X /(0’1) iF(nf;?zm) (y - (1Z— z)x>m_1 (1 - M)nz_l PO, € dz).

We now consider the extension of the above calculation to a population of sized n with
k distinct types. The population has a fixed size n in any generation, and a single locus
at which k alleles are possible. Each individual in the population is one of the k allelic

types denoted by A1, ..., Ay. Let z,y € A®=1 then the model precribes the transition



70 3. Some developments on the Feigin-Tweedie Markov chain

probabilities
P < ylQG), =)

=P | On qu,j(SYm,j + (1= em)Qgs)—l < y’Qgs)—l =

n (n)
y - 1 - em Qm_ n
=P qu,jéym,j < ( ; ) Lo | =
Jj=1 m
(n)
y —(1-2)Q,,~ "
= / § Qm,j = L |Q£n)71 =z IP’(Gm S dZ)

z

= Z IP)(Ym,la o aYm,n|Q7(g)fl = x)

(n1,...,nk)EDn i

—(1—
/ ZQm,]éij Al ’Ym 1y .- 7Ym,n < M P((gm € dZ)

where Zlg i<n qm,jéymyj]Ym,l, ..., Y is a r.ov. distributed according to a Dirichlet dis-
tribution function with parameter (ni,...,ny) where n; = >, .., dy, (4;) for i =

Lk —1and ng :=n — Z1§i§k—1 n;. Before considering a more explicit expression
for the transition probabilities of the Markov chain {QEJJ), m > 1} we states the follow-
ing lemma which relates the cumulative distribution function of a Dirichlet distribution
function with integer parameter to the cumulative distribution function of a Multinomial

distribution function.

Lemma 3.3.2. Let (X1,...,X;_1) be a r.v. distributed according to a Dirichlet distribu-

tion function with parameter (ay,...,ar) with a; € N fori=1,... k. Then
P(Xl S :cl,...,Xk_l S :L‘k_l) (334)

ag—1 J1 Jk—1 k—1 Tk
_ @it Jh—i—Jk—i+1 oMk —j1—-1 _ )
B SO o | 5 1=

J1=03j2=0  jx=0 i=1 i—1

where

Yigai—1 > (3.3.5)

M= . . . . . .
(]k,th + Jk=1 = Jkr-- - OQp—1+J1 — J2, 0 +ag—1 —J1 — 1

Proof. The proof applied recursively the equality for Gauss hypergeometric function with
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integer parameters used in Lemma [3.3.1
P(Xy <wp,..., Xp—1 < 23-1)
ap—1
F
2i- 1“Z)> / / Ht“’_l <1—Zt> d;
’L
ak—1
Ti_ T
)/ / Af— 171_ak7ak1+1 kkl_g k-l
2 1 al) 0 1-— Zi:l t; ak—1

ap—1
thfl (1—Zt> dt;
k
= F(Ei:l a;) azk (ak—l +ag — 1>xak—1+ak—j—2

_ . k—1
12 T(ai)T (k-1 + ax) n
Jji—1

. oy g k=2 o k—2
x/ / Htiz 1—Zti_$k—1 dt;
0 0 i=1 i=1

_ F(Zle a;) i <ak—1 +ai — 1) mak,l-s-ak—jl—z
(a1 (ag—1 + ax) * J1 kol

Jji1=1

n=1

y Z (ak 2+Jl 1> s L'(j1)

= I'(ak—2 + j1)

Jk—2

. Z <a2 +Jk 2—1> ;2+jk—2_jk—1—2 I'(jr—2)

r o
Jk—1=1 (a2+]k 2)

x1 .
X / t‘lll_l(l —t1—x9— - — xk_l)]kflfldtl
0

I i <ak—1 +ak - 1) k-1 ak——2
I(a1)T(ak—1 + ak) J1 k—1

Jji=1
j . .
y zl: (ak—2 +j1 - 1>x“““1j22 ()
= Jo k=2 I'(ag—2 + Jj1)

Jk—2 .
% Z <(12 +Jk 2_1> gz-i-jk—z—jk—l—? F(]k—Q)

I e
Jk—1=1 (a2+jk 2)

— - xdt ) x
x (1— Zflfi)]k’l_laillzﬂ (al» 1 —Jk—1501 + 15 :

_Zz 2xZ

_ F(Zf:l a;) azk (le +ap — 1>mak1+ak—j1—2

-~ D(ag—1 + a) - J1 k-l

" Z (ak 2+31 1> Zk,zﬁjﬁjrz I'(j1)

oo I'ag—2 + 1)

J1=1

)
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Jk—2 . )
Y (az + Jk—2 — 1>$gz+jk2jk12 I'(jr—2)

A~ Jk—1 ['(az + jr—2)
Jk—1=
Jk—1— . Jk
ai +]k 1= 1) a1+jk—1—Jr—2 F(]k 1
X - t;
]kzl ( n I'(a1 + jr-1) Z

=ZZZ(  lexhe )

1120 f2=0 j = \Jk> @1+ Jk—1 = Jks -+ Ok + Qg1 — J1 — 1

H aH-]k i—Jk— z+1ka-iak 1—J1— 1(1_ ‘X‘)jk

=1

Lemma [3.3.2] gives an alternative representation for the cumulative distribution func-
tion of a Dirichlet distribution function with integer parameters in terms of a cumula-
tive distribution function of a Multinomial distribution function. It extends to the k-
dimensional case Lemma [3.3.1]

In the next lemma we give a further representation for the cumulative distribution
function of a Dirichlet distribution function in terms of first Lauricella multiple hyper-
geometric functions (see Appendix C). Then, as corollary we obtain an apparentely new
representation for the first Lauricella multiple hypergeometric functions with integer pa-

rameters.

Lemma 3.3.3. Let (X1,...,Xk_1) be a r.v. distributed according to a Dirichlet distribu-

tion function with parameter (a,...,ax) with a; € N fori=1,..., k. Then

P(X1 <@p,...,Xp1 < wkfl)

1 k-1

ap—1
iy 1) 1“2 / / [ (1—275%) dby -+ diyy.
Proof. Following [47] we have
DS a) -
i=1 i a;—1
P(X| <z,...,X <z / / t." 1- t;
HkF(az)(l 1 k-1 < Tg—1) H ( Z)

=1

If the integrand is expanded by the Multinomial theorem, the multiple series formed

converges uniformly over the range of integration, so that term by term integration is
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justified. Then we have

INO DY i
MP()Q <z, Xp1 < xpq)
[Tz T(as)

o (1 - ak)ak-ﬁl b a1+31 ldt Tkt tak 1+HJk—1— ldt
' 4 Z e !
(J15-23k=1)EDay k-1 J 0 0

1
= 7F(k 1)(1—ak,al,...,ak,l;al+1,...,ak,1—i—l;xl,...,xk,l).

k—1
[Ii= ni
where (z),11 stands for the Pochhammer symbol for the ascending factorial of = of order y
(see Appendix A). Then the result follows using the the integral rapresentation of Eulero-

type for the first Lauricella multiple hypergeometric function. O

Corollary 3.3.1. Let (ay,...,ax) be k dimesional vector such that a; € N fori=1,... k
and let M be the multinomial coefficent defined by (3.3.5)). Then

k—1
F( )(1—ak,a1,...,ak_1;a1+1 cesap—1+ Lz, ., TE—1)
— ap—1 Jk—1 k—1 Jk
ai+ik—i—Jk—i+1,,0ktak—1—J1—1 )
=5 H ZZ SR 7] L= @)
(Ez 1@i) i 1=0 jo=0  jp=0  i=1 i=1

Proof. The proof follows from the two different representions for the cumulative distribu-
tion function of a Dirichlet distribution with integer parameter obtained in Lemma |3.3.2
and Lemma [3.3.3] O

On the basis of the result in Lemma|3.3.2|it is possible to obtain an explicit expression
for the transition densities of the Markov chain. In the unidimensional setting we proceeded
using a series representation for the cumulative distribution function of a Beta distribution
function. Here we want to extend that approach using the result on the first Lauricella
multiple hypergeometric functions. Using Lemma |3.3.2] we can give an expression for the

transition functions for the Markov chain {Q,(g),m > 1}. In particular, we have

PQW < ylQ\, = x)
= Z P(Yi,---, Yon,

(n1,...,nk)EDn i

nk 1 ]1 Jk-1 Ni+Jk—i—Jk—i+1
_ 1 _
/ Z M] [ (yz ) z>
(0,1)

110320 Jk=0 =1

ng+ng_1—j1— k—1 Ik
Y1 — (1 — 2)mp_y \ et yi — (1 — 2)z;
1-— R P(6,, € dz).
><< . > Z . (O, € dz)

(n)

m—1

:gj)
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Using the Leibnitz rule of integration we can obtain the transition density for the Markov

chain {Qﬁg), m > 1}. In particular we have
dk—l
P(OM™ < yl0™  — 4

dyl . 7dyk71 (Qm — y’Qm—l )

= Z IP)(Ym,la ey Ymm‘Qg:)fl = QZ‘)

(P11 ) €D

X(n—l)!/ 1 n—k
(n—k)' (0,1) zk—1 ng—1,...,np—1
k

L A\ el Bl AN
XH (yl_(z_z)%) (1_23/2_(2_'2)%) P(6,, € dz)

=1

= P(Ym,la---uym,n‘QrE:)_l ZJ})

I'(n)
D(ny)-- T(n— 5 ng)

I -y EemAn) g gy
’ =1 =1

Thus, we can conclude with the following propoposition.

Proposition 3.3.1. For any k € N, let {Q%),m > 1} be a Markov chain on A=1)
defined via the recursion (3.3.1)). Then, for any m € N and for any xz,y € A¥=D the

transition densities of {Q,(g),m >1}

f(z,m;y) (3.3.6)
= IP>(va,17 s 7Ym,n Qgg)_l = 513) F(n) =)
k=1 , o\ mi—l e L
< e (y d Zm) Ty A ki) B SRR
(0,1) # i1 z P z

Therefore, from Proposition we observe that the transition densities of the Markov

chain {Q%L), m > 1} correspond to the densities of a suitable transormation of mixtures

of a Dirichlet distribution function with parameter (ni,...,ng). In particular, if Qgg)_l
is distributed according to a Dirichlet distribution function with parameter (ay,...,ax),

then P(Y,, 1, ... ,Ym7n|Q$11 = z) is distributed according to a Multinomial distribution
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function with parameter (x1,...,x5_1,n). Therefore, we have

dkfl
dyy -+, dyg—1

- S (e (1)

(n17~~~7nk)€Dk,n

]P)( _y’Qm 1= % )

I'(n)
L(n1)-+T(n— Y0 ny)
ng—1

/ k1H<yZ e )ni_ (1_2% Lok ) P(0 € d2).

3.4 Rates of convergence of the mean functional Markov

chain

In this section our aim is to investigate the rate of convergence in total variation of the

(n)

mean functional Markov chain {My,”, m > 0} to the mean functional of a Dirichlet process
on R with parameter a.

Let X = R and let {P”,m > 0} be the Markov chain on Pg defined by (3.2.1). We
(n)

consider the mean functional Markov chain {Mp,”,m > 0} defined recursively by

MTS;L) = em ZQm,ij,j + (1 - em)Mr:le m 21 (341)
j=1

where Mo(n) € R is arbitrary. For a detailed analysis of rates of convergence in total
variation of the Markov chain {M,,,m > 0} to the mean functional M of a Dirichlet
process see Guglielmi and Tweedie [81] and Jarner and Tweedie [103]. From Theorem
[3.2.3] we know that under the condition

/Rlog(l + |z|)a(dx) < +00 (3.4.2)

the Markov chain {M,S? ), m > 0} has the distribution .# of M as unique invariant measure.
We denote the smallest interval containing the support of a by [L, U], —o0o < L < U < 00,
that is,

a((—oo, L) U (U, +00)) =0 (3.4.3)

and no smaller closed interval has this property. We recall that for a real-valued measurable
function g : X — R, all the results in this section can be applied to more general linear
functional G of a Dirichlet process on an arbitrary Polish space (X, 2"), since G has the
same distribution as G o a; where ay(B) := a(g~(B)) for any B € %.
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Before introducing the main result of this section, we recall some definition and some
results recently developed for Markov chain with general state-space. Fop definition not
given below, see Nummelin [I146] and Meyn and Tweedie [141]. We consider a Markov chain
{®,,,m > 0} with state space S, S being a Borel subset of R, not necessarily countable,
endowed with o-field ZNS. Such Markov chain {®,,, m > 0}, with transition probabilities
p"(x,A) = P(®,, € A)|®y = z) for m > 1, is called Harris ergodic if and only if there
exists a probability measure m on (S,Z NS), called an invariant or limiting distribution,
such that

lim ||p™(z,)—7||=0 Ve €S

m—00
where ||Py(-) — Po(+)|| :==sup ey |Pi(A) — P>(A)|, Py and P, being probability measures. A
Harris ergodic chain {®,,, m > 0} with invariant distribution 7 is said to be geometrically
ergodic, or to converge geometrically, it there exists 0 < p < 1 and a non-negative function
R on S with [ R(z)n(dx) < +o0, such that

"™ (@,) - 7| > R(z)p™ ¥z eS
The chain is said to be uniformly ergodic, or to converge uniformly, if as m — +oo

>l (@) =7l = 0
T
or, equivalently, if there exist 0 < p < 1 and a positive constant R independent of z, such
that
lp™ (x,-) —7|| < Rp™  Vz €S,

Finally, we consider the definition of small set and drift function. A set C is called small

if there exists ng € N, ¢ > 0 and a probabilty measure ¢ on (R, %) such that
p"(x, A) > ep(A) VA e ZNx e C.

The chain {®,,,m > 0} satisfies the geometric Foster-Lyapunov drift condition if there
exist a function V : R — [1,4+00), a small set C' and constants b < +00, 0 < A < 1, such
that, for all x € S

PV (x) = /SP(x,dy)V(y) <AV (z) + ble(x). (3.4.4)

When holds then the chain is known to be geometrically ergodic. Finally, we say
that a real-valued chain {®,,,m > 0} is stocastically monotone if z — P(®,, < s|®y = x)
is a non-increasing function for m > 1 and any s € R.

The next theorem is an extension of Theorem 1 in Guglielemi and Tweedie [81] to the

Markov chain {MT(,? ),m > 0}. In particular, using results developed for Markov chains on
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a general state space (see Meyn and Tweedie [I41]) we provide some further properties for
the Markov chain {Mr(,?), m > 0}. For any = € R and for any A € Z, we define p™(z, A) :=
]P’(Mf??) € A\Mén) = z). Then, our aim is to show that, provided [ |z|a(dz) < 400, we
have for some p < 1

" (2, ) = A ()|l < R(x)p"  VreR (3.4.5)

Theorem 3.4.1. The Markov chain {MT(,?),m > 0} has the following properties
i) {M,(,?),m > 0} is a stocastically monotone Markov chain;
ii) if further
E[|Y1.]] = /R zla(dz) < +oo, (3.4.6)
then {Mr(,?), m > 0} is a geometrically ergodic Markov chain;

iii) if the support of « is bounded then {Mé?),m > 0} is an uniformly ergodic Markov

chain.

Proof. Given the definition of stochastically monotone Markov chain, we have that for
71 < 29, S € R,

n
pl(zl, (—OO, S)) =P| 6 th,jyl,j + (1 - 01),21 <s
j=1

n
>P |6 th,jyl,j +(1—61)22 <a | =p'(22,(—00,5)).
i=1

We now show that under condition (3.4.6)) the Markov chain {M,S? ),m > 0} satisfies the
Foster-Lyapunov condition for the function V' (z) = 1+ |z|. This fact implies the geometric
ergodicity of the {Mgl), m > 0} (see Meyn and Tweedie [141], Chapter 15). We have

pVC@==jQG-FWDp@zdw

n
=14+E |61 ) qY1;+ (1 —01)z
j=1

<1+E01]> Ellqu;Yill + [2|E[1 - 64]
j=1

n
n a n a
<1l4 —— E EW —|z| =1+ —E[|1} —|x|.
<14 Yl Wl Sl = 1 B+
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Now we have to find the small set C(™ such that the Foster-Lyapunov condition holds,
i.e. we have to find the small set C(™ such that

a
n—+a

n
L+ —B[[Yil) + — o] < ML+ Ja]) + bl (2) (3.4.7)

for some constant b < 400 and 0 < A < 1. Then if we consider the following set

Cc = [—KM™ (), KM\, (3.4.8)
where 1= A4 n/(n + @)E[Yial
(n) 1= n/(n+a 1,1
K™\ : S/t a) , (3.4.9)
then, condition ([3.4.7)) holds for all
>\6< a ,1), b>1— A+ ——E[|Vi4]).
n—+a n—+a

As in Lemma we can prove that the Markov chain {]\4,%Z ),m > 0} is weak Feller;
then, since C™ is a compact set, it is a small set (see Tweedie [182]).

Finally, we prove that the Markov chain {MT(,? ),m > 0} is uniformly ergodic when the
support of a is bounded. Since for A — a/(n+a) the small set C") = [—o0, +-00], then we
can choose A such that C™) D [L, U], where [L, U] is the support of o. Then the uniform
ergodicity holds by the same arguments used in Theorem 1 in Guglielmi and Tweedie
[81]. O]

We briefly comment on the results obtained in Theorem Theorem shows
that under the same condition as in Theorem 1 in Guglielmi and Tweedie [81], the Markov
chain {M#f ),m > 0} is geometrically or uniformly ergodic. In particular, the small sets
C(™ generalize the corresponding small set C' obtained in Theorem 1 in Guglielmi and

Tweedie [81] which can be recovered by setting n = 1
C=[-K\),K\)] (3.4.10)

where
_1-A+1/0 +a)E[[Y14]]

K(\) =
*) A—a/(1+a)
In that paper, it is clear from the illustrative examples that the convergence of the chain
{M,,,m > 0} is slow when the total mass a is large. For the Markov chain {MT(,?),m >0}

the size of the small set C™) can be controlled by a further parameter n; this fact suggests

(3.4.11)

that the upper bounds of the rate of convergence of the Markov chain {M,g? ),m > 0}
depends of n. In particular, we observe that the small sets C(™) correspond to the small

sets C' when the total mass of the measure « is chosen to be a/n. According to the
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rate of convergence obtained in Guglielmi and Tweedie [81] these observations imply that

)

as n increases the Markov chain {M,%n ,m > 0} converges geometrically faster (in total
variation) to M than the Markov chain {M,,, m > 0} (this is not surprising since a greater

number of r.v.s have been sampled per iteration).

Remark 3.4.1. Condition (3.4.6) can be relaxed. If the following condition holds

E[|Y11]°] = / lyl®ap(dz) < 400 for some 0 < s <1, (3.4.12)
R

then the Markov chain {M,(,?),m > 0} is geometrically ergodic. In this case, as in the
proof of Theorem 2.5. in Jarner and Tweedie [103], let V(x) = 1+ |x|°. Then, if E[(1 +
’Z1§jgn q1,;Y1,5])%] < 400, it is straightforward to prove that the Foster-Lyapunov condi-
tion PV (x) < AV (x) + bl s (z) for some constant b < 400,

I'(a+s)I'(a+n)
I'(a)['(a+ s+ n)

E[(1 - 6,)°] = <A<l

and for some compact set C™ . Of course (3.4.12)) implies
n

E[(1+ | ZQLjYLjDS] < +o0
j=1

if fact conditioning on the random number N of distinct values Y7'y, ... Y{'y inY11,..., Y10,
1 < N <n, we have

n N
> Vi <0 qulvel < max{Yrl,. L YN
j=1 J=1
The {Y{y,..., Y]y} are i.i.d. according to ap, so that

s

n +o00
B> avil | < /0 YN (Ao(y)N " ao(dy)
j=1

—+o00
<N / yoao(dy) < nE[|Y1,]] < +oo,
0

where Ag is the distribution function corresponding to the probability measure ag, and this
is equivalent to E[(1+ [ <<, 01,Y1,4])°] < +o0.

For instance if o is a Cauchy standard distribution and a > 0, condition 18
fullfilled so that the Markov chain {Mr(ff), m > 0} will turn out to be geometrically ergodic
for any fized n.
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Following a similar construction to that one proposed in Guglielmi and Tweedie [81]
we now establish analytic upper bounds on the rate of convergence. If we consider the
event £ :={Y;; =Y12="---=Y7,} then, for any A € # and any = € R,

p'(z, A) > P(M" € AIE, M{"” = x)P(E)

_ D = D@ ah)6u(4) + (1 — ao({))

I'(a+n)
X ]P(HlYl,l + (1 — 91)$ € A|Y171 75 l‘))
> o U e 0y + (- 0o € Al £ 0

where

0<p:=1-sup(ap({z})) <1
and the supremum being taken on the set of discontinuity points of Ag(x) := ap((—o0,z])
for any x € R. Thus, we can consider the conditional denstiy fMl(”)\Mé”),Yl,l,E(z) of the

r.v. Ml(n) given Mén) =z, Y11 # x and E, which is

Farom M<n Yl 5®) (3.4.13)
”) nl(?/ll—z)fl (Z—:c)
Lo | ——— | 4old
F(a n) /]Rm{x}p y1 1 — x)a—f—n 2‘y1 1 — II:| ) yLl —r 0( yl,l)
_Natn) 5U—Z)n "z =)t T —z
Ap(d
- T(a)T(n) (x —y11)0tn—L o\ L= it o(dy11)

(z—=2)" My1a — 2)*! < s >
" : 1 Ao(d .
/(ac,+oo) (y1,1 — x)otn—1 (0,1) yii— o(dy1,1)

Therefore, if z < x

N _ T(a+n) (x—2)" "1z~ yl,l)“*1
T g v, 5 = T'(a)T(n) /( o) (@—yrp)etnl Ao(dy,1)
and if 2z > x
. _Tla+n) (z—x)" Hy11 — 2)*!
fMl(n)IM(()n),YLhE(Z) B I'(a)l'(n) /(z +00) (Y11 — z)etn=l Aoldynr)

Now, if we find that inf o) fM1<n> > po(z), where pg(z) is some density,

then

\Mé"%Yl,l,E(z)

g0 1= / po(z)dz >0
R

implies

pl(z, A) > gao/ Po(2) dz = 8/ pog(z)dz, A€eR, (3.4.14)
A 0
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where ¢ := peg. Observe that for any n < 1/2, if

Sy = {(z,y) eR?:z < —K(\)™, n+K(>\)( ") <71]—1) <y<z},

and

1
&;:&&weR%z>Kuwmz<y<;—Amwm(n_g},

we have
0 24> [ o R S i
o

+ ., n3§é;;izg(y?§£—;§a
., T T eI o

w1 D(a+n) (y1g—2)*!
ﬁén]F@NM@—KwQWAWMMW,

Ao(dylyl)dz

Ao(dyr,1)dz

which is defined to be €y. Therefore, if

no1Lla+n) (z—y11)*?

polz ;:/ n A dy 00— n)\ (2
() (2/n+K ™ (A)(1/n—1),2) L(a)T(n) (KM(X) —y)e (1,08 oo, 1) (2)
La+n) (y11—2)""
n / e dy1.1) L)) oo (2
Gafn-K® -1y L@T(n) (y — KM(\))e Aol )L 00 (2)

then condition is verified and
_ nalla+n) (z=y)"!
= =swp(an((ah) ( [ T
no1Lla+n) (y11—2)*"
- /52 I'(a)l'(n) (y — KM(X))a

Once € has been determined, we can use the minorization to establish rate of geometric

n)

convergence of the Markov chain {an

Ao(dyLl)dZ (3.4.15)

Ag (dyLl)dz) .

,m > 0}. In paticular we can apply results in
Section 4 of Guglielmi and Tweedie [81] to recover the actual bound on on |p™(z,-) —
A ()

We first consider the geometric ergodicity under the condition of “one side” parameter
a and stochastic monotonicity. Suppose that the interval [L, U] on one side or the other:
for convenience, assume that —oo < L. Then the set [L,+0o0) is again absorbing and
we can restrict attention to this set. We will use the drift condition in and also
the stochastic monotonicity of Theorem We take C' = [L, K™ (\)] and apply the
results of Roberts and Tweedie [167] to the Markov chain {Mf,? ), m > 0} in this case. Take
d:=1+ K™ ()), and ¢ as defined in (3.4.15). We define

J:=d+X"b—¢)
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_log(J/(1 - )
log(A~1)

(@) == V(@) ((—c0,2]) + /( V@)

_ log(¢(2))
0 Togn)

With these values we have
Theorem 3.4.2. Suppose E[|Y7 1|] < 400 and let My = = € [L,+00). Then

i) if J <1, then form > &(x) +n(l —¢e)/(A" — (1 —¢)),

€

Ip™ (@, ) = A O] < (@) 7 —5A"

i) if J>1, andp=(1—e)" ', form > E&(x) +n(l —¢)/e

7. ) = A ()] < ()o@ eV L= D 20

—1

iii) if J > 1, then for any 1 >w > p=(1—¢)"

(1= (1 &) fwpw<
1—(1—¢g)wn

m

™ (2, ) — A ()| <

Proof. 1) and ii) are a direct corollary of Theorem 2.2 in Roberts and Tweedie [167]. For
iii), we can use the same method of proof as in that theorem, but use Equation 33 in
Roberts and Tweedie [166] rather than Theorem 5.1 of Roberts and Tweedie [166]. O

We observe that ((z) is generally unknown, even if it can bounded by
b
(o) < Vi) + [ VEAE) < V) + 1 < 4o (3.4.16)
R _

as noted by Roberts and Tweedie [167]. This bound is very rough and in many cases it
might be better to estimate ((x) b

%Z ZMW D1+ M)

for m big enough, using the Law of Large Numbers for Markov chains.
We now consider the geometric rate of convergence and other rate of convergences when
the parameter o has doubly infinite support. When « has support that is unbounded on

both side, we cannot use the stochastic monotonicity results and we turn to the results



3.4. Rates of convergence of the mean functional Markov chain 83

on Roberts and Tweedie [166]. There are two different approaches given in that paper.
First, we can use the results of Theorem 5.1 and Theorem 5.2 of Roberts and Tweedie
[166]. As they show, we can construct a bivariate test function h(z,y) := (V(z)—V(y))/2,
which satisfies the drift condition (for the bivariate kernel denote P» and the test set
i = cm x o)
Poh < Xoh + bzﬂcém
where
2 b(1 + 2d)

Aot=Adb—— ) by= 3.4.17
2 =AY 50 tay 27T T 242d ( )

For Ay < 1 we require d = 1 + K™ (\) > b/2(1 — A) — 1. The definition of K™ ()\) shows
that if we choose A close enough to the minimal value a/a + n then this can always be
achived although the resulting set C'™) may ger to be somewhat large and this might

result in € becoming unacceptably small. With these values we now construct
Joi=d+ X\ by — )

_ log(J2/(1 )

P o0
G(x) == V(x)M ((—00,x]) —1—/( . )V(z).//[(dz)/Z
_ log(Ga(2))
2 o)

Following Roberts and Tweedie [166] let m’ := m — & (z) and define 3, as

At Jo <1
ﬁm =
(1—6)_1/772(1—1—772/771/)_1/"2 Jo >1

As corollary of Theorem 5.1 and of Equation 33 in Roberts and Tweedie [166] we then

have the general bounds.
Theorem 3.4.3. Suppose E[|Y7 1| < 4+o00] Then,

(i) if Jp <1, then for m > &(x) + n2(1 —€)/(AF* = (1 - ¢€)),

1—)@(1-8)

07w, = A O] < Gala) 2

Ay’
(i1) if Jo > 1, then for m > &(x) +na(l —€) /e

1" (2, ) = A ()] < (1= Ba(1 = <)) (1 + ZZ) (B) ™™
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(iii) if Jo > 1, then for any 1 >w > p=(1— 8)772_1

(1= (1 o) fwpu &0
1—(1—-¢e)wm

™ (2, ) = A ()| <

Note again that in these bounds we need the value (2(x). This can be bounded, again
inefficiently in many contexts, by V(z)+b/(1—\)/2; alternatively it could be estimated by
the Law of Large Numbers using the sum V(z) + > | V(M;)/n. As a second approach,
from Theorem 4.2 of Roberts and Tweedie [166], we have

Theorem 3.4.4. The partial sums of the transient laws converge to to My with a bound

given by
1 LA o) — 1 (log(V(z)) + log(b/1 — X) +2/elog(J/1 —¢€))
m 2P ) %WMwK”‘ lo(A 1) }

(3.4.18)

Although this is not a bound on geometric convergence, it still serves the purpose
from the point of simulations. If we set m large enough that the right side of is
small enough to meet our approximation criteria, then we can draw from the distribution
m > i P™ (2, ) by first drawing a value of m* uniformly in the range {1,2,...,m}
and then c;rawing from the resultant distribution p™ (x,-).

Using the above results, .# can be estimate by generating from the Markov chain M,,,
with m fixed, and the approximation error between the empirical distribution function of a

)

sample from M},? and the distribution function .# decreases geometrically. In particular
we can approximate .# using the empirical distribution of a sample of size k from the
m-th step distribution of the approximating Markov chain {M,gff ), m > 0}, starting from
any point z. Using the same notation of Guglielmi and Tweedie [81] we denote by .#Z™*
the distribution of Mé? ) given My = z and by M,"" the empirical distribution of a sample

of size k from the distribution of My(,? ) given My = z. Then, for any fixed n € N

sup [ (t) — A (t)| < sup |4 (t) — AT ()| + sup | AT () — Ma(t)]

teR teR teR
As regard the first term on the right side, there are some inequality to handle it. Since
our purpose is to give a comparison with respect to the results obtained in Guglielmi and
Tweedie [81] we use the Dvoretzy-Kiefer-Wolfowitz inequality. If F' is any distribution
function on R, and F}, is the empirical distribution of a sample of size k from F', then this

inequality states that

S 2
P ( sup|Fi(z) — F(z)] < —= | > 1 — 58¢* 5>0
(sup Fie) ~ Flo)l < ) =
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(see for instance Serfling [172]). As regard the second term on the right is obviously less
than |[p™(x,-) — #(-)||, which can be bounded as in under appropriate circum-
stances.

Here we map out some chains for particular choices of «ag. In particular, we highlight
the known and obvious result that the convergence of the Markov chain {Méff ),m > 0}

improves as n increases.

Example 3.4.1. Let o be a Uniform distribution on (0,1) and let a be the total mass.
In this case E[|Y7 ;|] = 1/2 so that for any fized n, the chain will be geometrically ergodic;
moreover it can be proved that (0,1) is small so that the chain is uniformly ergodic. When
a =1, Guglielmi and Tweedie [81] showed that the convergence of {M,,,m > 0} is a very
good and there is no need to consider the chain with n > 1. We consider the cases a = 10,
50 and 100, and for each of them we run the chain forn =1, 2, 10 and 20.

['I'|.['m

0 a0 100 150 200 250 300 350 400 430 500
m

Figure 3.1: Traceplots of the Markov chain {M,Sf'), m > 0} with ag the Uniform distribution on
(0,1), a =10 and n =1 (solid blue line), n = 2 (dashdot red line), n = 10 (dashed magenta line)
and n = 20 (dotted black line).

We found that the traceplots do not depend on the initial values. In Figures
andE we give the traceplots of Méf) when Mén) = 0; observe that convergence improves
as n increses and it is more evident for larger a. When a = 50 the convergence of the
chain {Mfr?),m > 0} seems to happen before m = 50. When a = 100 the convergence of
the chain for n =1 seems to occur at about m = 350, while m = 20 the convergence is at

about a value between 50 and 75.

Example 3.4.2. Let o be a Gaussian distribution with parameter (0,1) and let a = 10.
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m

Mr,m

i i L L | i
S0 100 150 200 250 300 350
m

i ; ;
400 450 500

Figure 3.2: Traceplots of the Markov chain {Méf ), m > 0} with ag the Uniform distribution on
and n = 20 (dotted black line).

(0,1), a = 50 and n = 1 (solid blue line), n = 2 (dashdot red line), n = 10 (dashed magenta line)
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Figure 3.3: Traceplots of the Markov chain {My(,? ), m > 0} with ag the Uniform distribution on
and n = 20 (dotted black line).

(0,1), a =100 and n =1 (solid blue line), n = 2 (dashdot red line), n = 10 (dashed magenta line)

500
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The behaviour of My,,m > 0 has been considered in Guglielmi and Tweedie [81].

]
L

0 a0 100 150 200 250 300 350 400 430 500
m

Figure 3.4: Traceplots of the Markov chain {M,S:L),m > 0} with ag the Gaussian distribution
with parameter (0,1), a=10, n = 1 and Mél) = —3 (dashed red line), él) = 0 (solid blue line)
and M{" = 3 (dotted black line).

i3]
Lol

0 =0 100 150 200 250 300 350 400 430 500
m

Figure 3.5: Traceplots of the Markov chain {MT(,? ),m > 0} with ag the Gaussian distribution
with parameter (0,1), a=10, n = 10 and M(gl) = —3 (dashed red line), Mél) = 0 (solid blue line)
and Mo(l) = 3 (dotted black line).
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Fz'gures cmd displays the traceplots of M},’f), m > 0 for three different initial
values (Mén) = —3,0,3). Also in this case, it is clear that the convergence improves as n

increases.

Example 3.4.3. Let ag be distributed according to a Cauchy standard distribution and
let a > 1. In this case it is known that A is the Cauchy standard distribution. Of course,
E[|Y1,]°] < 400 for any 0 < s < 1, so that the Markov chain {Mq(#),m > 0} is geometri-
cally ergodic for any fized n. We consider the cases a = 10, 50 and 100, and for each of
them we run the chain forn =1, 2, 10 and 20.

We checked that the empirical distribution from Mq(y}) for m = well approximates the

exact distribution.

3.5 On a Volterra equation associated to the mean of a

Dirichlet process

In Section 3.5 we consider consider the problem of approximating the distribution .#
of the mean M of a Dirichlet process with parameter «. In particular we used the the
empirical distribution of a sample from the m-th stepdistribution of the approximating
Markov chain {M,,,m > 0} starting from any point x € R. An exact expression of the

distribution function .# was obtained by Cifarelli and Regazzini [I8]. Their procedure is

1]
LU

3 i i i i i i i i i
] =] 100 150 200 250 300 3500 400 450 SO0
m

Figure 3.6: Traceplots of the Markov chain {M;,:L),m > 0} with ag the Gaussian distribution
with parameter (0,1), a=10, n = 20 and Mél) = —3 (dashed red line), Mél) = 0 (solid blue line)
and M{" = 3 (dotted black line).
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500 : : ; ; .

L]
'S

300 i i i i ; i i i ;
a 50 100 150 200 250 300 350 400 450 500
m

Figure 3.7: Traceplots of the Markov chain {MT(,:L)7 m > 0} with ag the standard Cauchy distri-
bution, ¢ = 10 and n = 1 (solid blue line), n = 2 (dashdot red line), n = 10 (dashed magenta line)
and n = 20 (dotted black line).
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Figure 3.8: Traceplots of the Markov chain {My(,?)7 m > 0} with ag the standard Cauchy distri-
bution, a = 50 and n = 1 (solid blue line), n = 2 (dashdot red line), n = 10 (dashed magenta line)
and n = 20 (dotted black line).
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based on the use of the generalized Stieltjes transform, of order a, of M that we denote
by 7.

Let P be a Dirichlet process on R with parameter o € Ax where « is a finite measure
and denote by A : a((—o0,z]). Then M = ffoo F(-,x)dx + f0+°°(1 — F(-,x))dx where
F(-,x) :== P(-,(—00,x]) is an extended real r.v. defined on (€2,.%). The starting point in
Cifarelli and Regazzini [18] is the explicit expression for the generalized Stieltjes transform
of the truncated r.v. U(7,T') := fTT(l—F(-, x))dx, T < T, which yields .# by the well known
relation between U(7,T) and M. First of all, they observe that {F(t), —oo <t < 400} is
a Markov process and by the Markov property they are able to find a recursive relation
for the moments p(7, F'(7); T) of the conditional distritution of U(7,T) given F(7). More

precisely, it turns out that
pin(7, F(7); T) = (1 = F(7))" i (7, T)

where o (7,T) are positive constants, recursively defined. If My (7, F(7);-) is the distri-
bution function of U(7,T') given F(7), and Gr is the integral transform of My (7, F(7);-)
defined by

Gl 2) = / (14 (y2/(1 — 2)AO =24y (7, 22 dy)
[0,400)

for z > 0, = € [0, 1] then for each n, the n-th coefficient of the power series expansion of

Gr(7;-) contains u) (7, T); therefore it can be checked that G satisfies a first order partial

3]
LU
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m
Figure 3.9: Traceplots of the Markov chain {My(r?)7 m > 0} with ag the standard Cauchy distri-
bution, @ = 100 and n = 1 (solid blue line), n = 2 (dashdot red line), n = 10 (dashed magenta
line) and n = 20 (dotted black line).
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differential equation, whose solution is explicitely given as a function of a. Besides, since
the moments of U(7,T) are linked to p (7, T) by E[U(7,T)]" = by (7,T) for all n € N,
where b,, are suitable coeflicients, G can be expressed as a power series with coefficients
depending on E[U(7,T)]". Thus,

1 1 T
RV “dy) = — — [ (a—A(v)/s+v—T)dv 3.5.1
/[O-l-oo) (s +y)° r(ridy) = e (3.5.1)

denoting distribution function of U(7,T) by Mp(7;-), so that the left hand side of
represents the generalized Stieltjes transform of Mp(7;-).

In Guglielmi [80] a simple and direct procedure to calculate ., when the support of
« is bounded from below, is proposed. In particular, when the support of « is bounded
from below, using the distributional equation for the Dirichlet process on R, a first-
type Volterra equation for the Laplace transform m of M, is provided. From this Volterra
equation, it follows that the Laplace transform of z% !'m(z), say f(t;m), that is equal
to the generalized Stieltjes transform of order a of M, satisfies the first order ordinary

differential equation

d

+o0o
— %f(t;m) = f(t; m)/o e a(x)dr t>—71 (3.5.2)

whose solution is explicitely given. Then, this expression is extended to a more general
case, when « has support bounded from below, if almost all trajectories of P are proba-
bility measures with finite expectation.

In this section we consider the same approach proposed by Guglielmi [80] using the
more general distributional equation for the Dirichlet process on R. When the sup-
port of « is bounded from below, using the distributional equation (3.1.5) we recover a
new second-type homogeneous Volterra equation for the Laplace transform m of M. In
particular, from this Volterra equation, it follows that the Laplace transform of 2% 'm(z),
satisfies a first order ordinary differential equation whose associated homogeneous differ-
ential equation is somehow reminiscent of .

For any n € N we denote by A the distribution function of the r.v. lejgn q;Y;
and in particular, we recall that conditionally to Y7,...,Y,, A is the distribution func-
tion of the mean of a Dirichlet process with parameter 21<J<n dy;. For any ¢ € R, let
Q= [ye —tr A(da), = [y e .4 (dz) and let S be the support of .

Proposition 3.5.1. If —co < 7 <inf S, sup S < 7T < oo, the Laplace transform m of M

satisfies the following second-type Volterra equation

pm(t) = L + @) Z (” - 1) 1)k /Dt (f)‘”k—l m(z)a(t — z)de (3.5.3)
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Proof. Moving from the distributional equation (3.1.5) which has as unique solution the
Dirichlet process with parameter «, we can obtain the following equation for the mean of

the Dirichlet process

M:/XazP(-,dx)
:/XxQZn:qjéyj(dx)—l—/Xx(l—H)P(-,dx)

J=1

—Hqu/xdy (dx) + (1—0)/XatP(-,dx)

= eijyj +(1—0)M.
Jj=1

If we define § = 1 — 0, then
m(t) :]E[ —t((1—6) Z] 19 Y5 +0M)]

_ I'(n+a) 1x“_1 . o—H(1—y)s-ryM) i ol At
_F(H)F(a)/o (1—a)™ /E ‘;qﬂ z,0 =y | A(dz)dy
_T+a) !
_F(H)F(a)/o Yy (1 —y)" I mty)a(t — ty)dy
7Mn—1 n—1 o t u a+k—11mu& N
_I‘(n)I‘(a)k:()( k >( 1) /0 <t> s m(w)a(t — u)du.

]

Equation (3.5.3) is a second-type Volterra equation of the form with factor I'(n +
a)/T'(n)I'(a) and kernel

n—1

K(to) =3 (” - 1) (1) (%)M_l Gt — ).

k=0
It can be easly checked that if we set n = 1 we obtain the first-type Volterra equation
for the Laplace transform m of M proposed by Gugliemi [80], i.e. a first-type Volterra

equation with kernel
r\a—1
K(t,z) = (;) alt — ).
Then, we can consider the following result.

Proposition 3.5.2. If —co < 7 < inf §, supS < T < +o00, the generalized Stieltjes

transform of order a of M is

/ L M(d(r+2)) = ¢ o pGrAdT) (3.5.4)
[0,4+00) ('CC + 3)a
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Proof. From Equation (3.5.3|) we have

+o0
/ e " m(x)dz
0

k=0
C D@t n) R [ ekt [
= et oY / (@ | (u)d
— F(a+n) oo —t$ma—1m 2)dx e e—tud wdu
= Ta)T(m) Jy @iz | (u)d
P(a+n) = (n—1 P da +Ooe—tuau u
* Tr) k_1< D (s | oot

ie., fort > —7

d [T
— % eft’”maflm(x)dx
n)

3

Ila+n)
I'(a)l'(n
Fa—l—

) Jo

which is a first order ordlnary differential equation whose associated homogeneous dif-

+oo
_tzx“_lm(m)dx/ e a(x)dr
0

ferential equation is somehow reminiscent of (3.5.1)). In particular, we can write the first

order ordinary differential equation as

A Tt [ T S 1)
) = f(em) S /0 o) + (Q)F(n)kz< ) )< )

whose solution is

—_

n—

F(t,m) = f(tg,m)e5® + ['(a + n) Z (” - 1) 1)k /t oS5 (w)
to

k:l
+o0 +oo
X / e_w‘”$“+k_1m(x)d$/ e “a(x)dx
0 0

— f(to, m)t—a(r(a+n)/F(a)r(n))e—(F(a+n)/F(a)F(n)) f[t,r] 10g(1+$/t/t0+l‘)dA(CE)

+00 +oo
X / e_wwm“+k_1m(az)dzc/ e “a(x)dx
0 0

i
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where g+ n)
= D@t n) o oo fun o800 )iA)
S(t) (@) (n) log(t™% ).

Since as t — +o0

F(t,m) :F(a)/[ : L (dy) —1

(t+y)e
then
L= lm fe )S(t)+ lim f(t )F(‘“F”)nil n—1 (_l)k/tes(t)s(w)
T i iee VO TTE borpoo O P@r(n) g\ & 0

+oo +oo
></ e_w“cm”k_lm(m)dx/ e a(x)dx
0 0

_ f(to, m) ef[r,T] log(to+z)A(dz)
['(a)

O

In particular, as proved by Guglielmi [80], Equation (3.5.4)) is true under more general

«, i.e. when the support of « is only bounded from below.

Proposition 3.5.3. (c¢fr. Guglielmi [80]) If —oo < 7 <inf S, and
P ({w : / |z| P(w, dz) < —i—oo}) =1
X

M(dz) = ¢ Jirtonloslste—nAle) o (3.5.5)

then
1

0,400) (8§ + 7 —1T)°

Expression (3.5.5)) is equal to the one obtained by Cifarelli and Regazzini [1§] from
(3.5.1).

3.6 Discussion

In this chapter we defined and we investigated a new measure-valued Markov chain
{Py(n”),m > 0} having as unique invariant measure the law of a Dirichlet process. For

any fixed n € N, the Markov chain is defined via the recursion
n
P =g, qu,jéym,j +(1=0,)P,  m>1
j=1

which generalizes the recursion
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originally used by Feigin and Tweedie [58] to define a measure-valued Markov chain
{Py,,m > 0} having as unique invariant measure the law of a Dirichlet process. In partic-
ular, the Markov chain {P,,,,m > 0} sits in the large class of Markov chains indexed by an
integer n € N {{Pr(r?),m > 0} : n € N} and they worked solely on the case n = 1, where n
can be viewed as a sample size.

For any real-valued measurable function g : X — R we proved that the linear func-
tional Markov chain {G%),m > 0} associated to {P},? ),m > 0} keeps all the properties
of the linear functional Markov chain {G,,,m > 0} associated to {P,,,m > 0}. We used
this properties in order to study the rate of convergence in total variation of the mean
functional Markov chain {M,Szf ) > 0} to the mean functional of a Dirichlet process and in
particular we observed that the upper bounds of the rate of convergence depends of the

)

parameter n: as n increases the mean functional Markov Chain{My(,:Z ,m > 0} converges
geometrically faster (in total variation) to the mean functional of a Dirichelt process than
the Markov chain {M,,, m > 0}.

Recently a multidimensional version of the Markov chain {G,,, m > 0} has been pro-
posed by Erhardsson [38] and applied to develop a new method to carry out Bayesian
inference for the inverse problem of estimating a finite measure p from noisy observations
of a finite number of integrals. In particular, let the function ¢g; : X = R for i =1,...,n,
be measurable and linearly independent, and define g : X — R™ by g = (g1,...,9n)- Let
{Pm,m >} the Markov chain defined via recursion and let {G,,,m > 0} be the

R™-valued Markov chain defined via the recursion

G =0 Y+ (1= 00)Gmy m>1 (3.6.1)

where Gr, =[5 §(@) P (-, dz) for m > 0. Then in Erhardsson [38] the following theorem

is proved

Theorem 3.6.1. (c¢fr. Erhardsson [38]) Let a € Ax be a finite measure and let P be a
Dirichlet process with parameter «. Let g; : X — R be measurable for eachi=1,...,n and

1

define g : X — R" by g = (g1,...,np). Assume o g~ is not supported on a hyperplane

of dimension n — 1, and that the following condition is satisfied

/X log(1 + [lg()[ax(dz) < +o0

where || - || denotes the Euclidean distance in R™. Define the R"-valued Markov chain
{Gm,m >0} as in (3.6.2). Then {Gy,, m > 0} is positive Harris recurrent with stationary
distribution the law of G = [y g(z)P(-, dx).

We conjecture that for any n € N, the results in Theorem follows also for the
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R”-valued Markov {G,(;Z”), m > 0} defined via the recursion

G =003 Yoy +(1-0,)G,  m=1 (3.6.2)

=1

where G .= fxg(x)Pf,?)(-, dx) for m > 0 and {Py(,?),m >} is the Markov chain defined
via recursion (3.2.1). As observed by Erhardsson [38], since the law of agog~! does not in
general have a density with respect to the Lebesgue measure on R", then it is not possible
to use directly Proposition 7.1.5 in Meyn and Tweedie [I41] in order to to prove that the
Markov chain is ¢-irriducible. In particular, the crucial point is to prove that the Markov
chain {C_},(ﬁ'),m > 0} is a T-chain, then from Proposition 6.2.1 in Meyn and Tweedie
[141] it follows that {é% ) om > 0} is ¢-irriducible and from Theorem 6.2.5 in Meyn and
Tweedie [141] if follows that all compact subsets of R™ are small. The rest of the proof
follows the same argument used in Theorem



On a Fleming-Viot process and

Bayesian nonparametrics

Fleming-Viot processes are a wide class of measure-valued diffusion processes which often
arise as large population limits of so-called particle processes. Here we invert the procedure
and show that a countable population process can be derived directly from the neutral dif-
fusion model, with no arbitrary assumptions. We study the atomic structure of the neutral
diffusion model, and elicit a finite dimensional particle process from the time-dependent
random measure, for any chosen population size. The static properties are consequences
of the fact that its stationary distribution is the Dirichlet process, and rely on a new rep-
resentation for it. The dynamics are derived directly from the transition function of the
neutral diffusion model. As by-product we also obtain a new constructive definition of the

Dirichlet process.

4.1 Introduction

Bayesian nonparametric statistics and population genetics have a common interest in
providing suitable countable representations for the law of random probability measures
(r.p.m.s). The most studied class of r.p.m.s in Bayesian nonparametrics is the Dirichlet
process, whose characterization and properties were presented by Ferguson [61] and Fer-
guson [62] and further investigated by Blackwell [9] and by Blackwell and MacQueen [10].
Let (X,7) be the usual Polish space endowed with the Borel o-field 2" and consider the
following associated spaces of measures Ax and Px. In particular, Ax is the space of lo-
cally finite non-negative measures on (X, 2") endowed with the o-field o generated by
the vague topology V which makes (Ax, V) a Polish space, and Px is the space of probabil-
ity measures on (X, 2") endowed with its o-field &x generated by the weak convergence

topology W which makes (Px, W) a Polish space. As shown by Blackwell and MacQueen
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[10], the Dirichlet process with parameter bE| can be alternatively defined as the r.p.m. P
derived as a.s. weak limit of the empirical distribution of a sequence {X,,,n > 1} generated

by the sampling scheme

1 "
P(Xpi1 €1 X1,..., X)) = 9+nu0(-)+m25xj(‘) n>1. (4.1.1)
j=1

where 1y := v/6. The sampling scheme generalizes the Pdélya-urn schem and it
is usually called the Blackwell-MacQueen Pdlya-urn scheme. In particular, Blackwell and
MacQueen [I0] showed that a sequence of observations {X,,n > 1} drawn according
to the sampling scheme is equivalent in distribution to a sequence {X,,n > 1} of
independent and identically distributed (i.i.d.) observations from P, where P is a Dirichlet
process with parameter v. A sequence {X,,,n > 1} generated by the Blackwell-MacQueen
Pélya-urn scheme is exchangeable then, denoting by @ the law of a Dirichlet process
P with parameter v, by the de Finetti representation theorem for any n € N and for any
collection of sets Aq,..., A, € &

P(X; € Ay,...,Xn € Ay) = / [ PC A)n@p)
Px j=1

where, as n — 400
en(X1,...,Xpn) = P a.s.-P (4.1.2)

and in particular {e,(X1,...,X,),n > 1} is a random sequence of de Finetti measures
with coordinates in #x.

In Population genetics, the Dirichlet process arises as the stationary distribution of a
particular measure-valued diffusion process, the so-called neutral diffusion model, which
describes the evolution of the allele frequencies of a population of genes under the hy-
pothesis of neutral, non-recurrent, parent independent mutation (see Ethier and Kurtz
[42]). The neutral diffusion model has continuous sample paths which are functions from
[0,400) to Px and it is characterized in terms of the infinitesimal generator

k
(Lo =S Ay 45 S (@E ) ) @)
i=1 1<5#i<k
where the domain Z(L) is taken to be the set of all bounded functions on &k of the form
o(u) = (f,p*), for f a bounded measurable function on X¥, (f, ) denoting Jx fdu and

1* being an k-fold product measure. Here A; is the mutation operator

Af(@)i= 30 [ (7(2) = f)m(d:) (114)

'In order to have a notation consistent with respect to the notation in population genetics literature,
in this chapter we use the symbol v instead of the usual symbol a to denote the parameter of the Dirichlet

process and the symbol 6 instead of the usual symbol a to denote to total mass of .
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applied to the i-th argument of the function f, where § € R* and vy € Px is the non-
atomic probability measure obtained by the normalization v/6. Also we consieder the
definition (@;Z?f)(xl, con ) = f(T, . T, T, Tig, -, TR)

The transition density of the neutral diffusion model is provided by Ethier and Griffiths
[41] in terms of a mixture of Dirichlet processes, showing an interesting connection with

the Bayesian framework. This is given by

n
p(t, p, dv) = Zdn(t)/ I (dv|91/0 +)° 5&-) p(dz, ..., dzy,) (4.1.5)
n>0 xn i=1
where 1" denotes the n-fold product measure and II( - |6y + >, -,;-, 0x,) denotes the law
of a Dirichlet process, conditional on the observations Xy, ... ,X:l gach one sampled from
pt. Moreover, in Equation (£.1.5)), d,(t) := P(D; = n), where {Dy,t > 0} is a death process
with rate
e = %k(ew— 1) (4.1.6)

and such that Dy = +oo almost surely. In particular, in Tavare [I79] an explicit expression

for d,(t) is given for n > 1

nlk _
()= (1" (5) 0+ m a9 s (1.1.7)
where
Vit = (9 + 2k — 1)67)\’“15

and
do(t) =1~ Z(_l)k_l(0)(k—1)T1(k!)_17k,t,9~
E>1

where (x),11 stands for the Pochhammer symbol for the ascending factorial of = of order
y (see Appendix A). Further connections between the Bayesian nonparametric frame-
work and the neutral diffusion model are recently established. In particular Walker et al.
[193] provided a construction of the neutral diffusion model via its transition function
using ideas on Gibbs sampler based Markov processes. Ruggiero and Walker [I71] pro-
pose a construction of the neutral diffusion model with selection based on a generalised
Blackwell-MacQueen Pdlya urn scheme, obtained from the Bayesian hierarchical mixture
model introduced by Lo [12§].

In the first part of this chaper we define a particular continuous time version of the
generalized Feigin-Tweedi Markov chain defined in Chapter 3 and we prove that as its
parameter n — o0 it converge in distribution (in the Skorohod topology) to the neutral
diffusion model. Thus, the construction provides a countable representation of the neutral

diffusion model such that the n-sized population version of the measure-valued process
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has the same stationary distribution as the limiting process, which does not hold for the
process of empirical measures. More specifically, after defining a pure jump-type X"-valued
Markov process based on the Blackwell-MacQueen Pdlya-urn scheme, we define a contin-
uous time version of the n-idexed Feigin-Tweedie Markov chain, such that at any time
t > 0 such continuous time process is distributed according to a posterior Dirichlet pro-
cess conditional on the pure jump-type X"-valued Markov process at time ¢. The proposed
continuous continuous time version of the generalized Feigin-Tweedie does converge, as its
parameter n — +00, to the neutral diffusion model, and in addition its invariant measure
is the law of a Dirichlet process for every size of the population. This offers a slightly dif-
ferent perspective on the theoretical side of the neutral diffusion model, by making more
explicit the role of the measure-valued random element which drives the exchangeable se-
quence of individuals with respect to the relative frequencies. Furthermore, this approach
can be useful when handling a finite population approximation of the neutral diffusion
model for simulation and inference purposes. The classical approach of taking the process
of empirical measures of the particle types is recovered in a special case.

The Fleming-Viot processes, introduced by Fleming and Viot [70] represent a general
class of measure-valued diffusion processes (or superprocesses or diffusion processes in the
Kingman symplex) which includes the neutral diffusion model as particular case. In par-
ticular, the Fleming-Viot processes are generally viewed as limit approximations of the
behavior of finite populations of say n alleles, as n goes to infinity. The model of reproduc-
tion of the n-alleles population is often represented by a n-dimensional particle process
{(X¢1,...,X¢n),t > 0} with sample paths on the space Dgg,ﬁoo) of cadlag function
from [0, +00) to X". In this case {(X¢1,...,X¢tn),t > 0} is a countable representation of
the Fleming-Viot process {yu¢, ¢t > 0} in the sense that the process of allele frequencies
{etn(Xi1,..., X pn),t > 0}, where at any t > 0

L
een( X, oo X)) = - ; 0x,,

converges in distribution, in the Skorohod topology to {u¢,t > 0} as n grows to infinity.
A general theory for a countable representation of Fleming-Viot processes is provided by
Donelly and Kurtz [29] and by Donelly and Kurtz [30].

In the second part of this chapter we consider the opposite problem. Given a measure-
valued diffusion process, and in particular given the neutral diffusion model, we inves-
tigate how a particle process should be in order to be a suitable representation for a

finite-population extract from the limiting diffusion {e;c,t > 0}. The main point is of

2A cadlag function is a function that is right continuous and has a left limit. The acronym cadlag comes

from the French “continue droite, limite gauche”.
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course what suitable means. A reasonable criterion seems be that the defining properties
of the particle process be derived only from the intrinsic features of the neutral diffusion
model itself, with no further arbitrary assumptions. In our case, the static properties of
the particle process will be consequences of the fact that the stationary distribution of the
neutral diffusion model is the Dirichlet process. The dynamic properties will be derived
directly from the transition function and its implications.

Here the focus is on the almost sure discreteness of the Dirichlet process. This sug-
gests that instead of adopting the usual approach by proposing a population process and
show that this converges in distribution to the measure-valued diffusion, we can invert
the procedure and derive the population process directly from the diffusion. That is, we
investigate the properties of the atoms which give the time-dependent random measure,
and show that for any chosen population size n € N we can elicit n atoms from the random
measure; then their properties automatically define a particle process, each atom being a

Qfoo). When n grows to infinity the infinite population

particle, with sample paths in D
process, summarized by its empirical distribution, is equivalent to the neutral diffusion
model. We can thus talk of a population process underlying the neutral diffusion model,
in the sense that all properties of the former are derived by the latter. Such constructive
approach brings new evidence, once again, of the key role played by Blackwell-MacQueen
urn schemes in explaining the fundamental structure of Ferguson-Dirichlet populations.
The chapter is organized as follows. Section 4.2 provides a general introduction on
the Fleming-Viot processes in population genetics. In particular we review some detailed
steps for the construction of the neutral diffusion models and its countable representation.
Section 4.3 describes a continuos time version of the n indexed Feigin-Tweedie Markov
chain introduced in Chapter 3. Section 4.4 states the main result in the finite case, which
is the most relevant here, that is for an arbitrary population size, which determines the
size of the finite dimensional particle process. In particular, the main result is derived by
a new constructive definition of the Dirichlet process which is used to elicit the particles
from the random measure. Section 4.5 provides some discussion and deals with the infinite

population case.

4.2 Fleming-Viot processes in population genetics

This section review the detailed steps for the construction of the neutral diffusion models as
special case of the Fleming-Viot process introduced by Fleming and Viot [70]. In particular,
we recall the countable representation of the neutral diffusion models originally proposed
by Donelly and Kurtz [29] and further developed by Donelly and Kurtz [30].

The neutral diffusion model in population genetics, in which each individual is of
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some type and the set X of the types is finite, has state space the finite dimensional
symplex AX) .= {{p“z € X} e (0,1]% DY iex Pi = 1} where p; denotes the proportion of

the population that is of type 4. Its infinitesimal generator is

Z pz 1,3 p] + Z (Z QZ,]pz> ‘ (4.2.1)

1,j€X jeX \ieX

where ¢; j is the Kronecker delta and {g; ;, %, j € X} is the infinitesimal matric for a Markov
process in X; for i # j, ¢; ; is interpreted as the intensity of a mutation from type i to type j.
In particular the domain of the infinitesimal generator L is (L) = {F : F € C?*(R™)}
where C2(R™) denotes the set of all twice-differentiable continuous function with value in
R™.

Except for some technical requirements on {g; j, %, j € X}, the same description is valid
when X is countably infinite. One such example is the stepwise-mutation model proposed
by Otha and Kimura [147], in which X = Z and

/2 ifj=i+1

gij=4 —0 ifj=1

0 otherwise

ofr some § € RT.

The case in which X is uncountably infinite, however, requires a different approach.
The key idea, due to Fleming and Viot [7(], is to topologize X by a topology 7 such that
(X,7) is a Polish space endowed with the Borel o-field .2" and to replace A®) by Py, the
set of all probability measures on (X, .2") endowed with its o-field &x generated by the
weak convergence topology W which makes (Px, ) a Polish space. Then, becomes

/ / (dz) (8, (dy) — p(dy)) dj“)”flz)( Tt /X 1(dz) A (%) () (42.2)

dp(p) _

where

T = (ol -+ 25) — p(p)

and A is the generator of a Feller semigroup on C(X) where C(X) denotes the set of
all differentiable continuous function with value in X. In particular the domain of the

infinitesimal generator L is

2(L) = {p: () = F((fir, 1)y oy {fms 1)), F € C2R™), f1, ..., fm € D(A)}

for any m € N, with (f, ) := [5 fdu and the domain Z(A) of the Feller semigroup A on

C(X) corresponds to a subspace of C(X). The resulting measure-valued diffusion process
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is reffered to as a Fleming-Viot process. The space X is called the type space and A is
known as the mutation operator. Terms corresponding to recombination and selection can
also be included in .

The Fleming-Viot process arises most naturally as the limit in distribution of certain
sequences of Markov chains occurring in population genetics known as Wright-Fisher mod-
els. The Wright-Fisher model is mathematically simpler than the Fleming-Viot process,
but less reasonable biologically. In a diploid population x1,...,x, of size n there are m
gametes and we consider the empirical distribution of the gametic types. It is unnecessary
to require that m be even, so let m € N, and define the application e,, : X™ — Px by
em(Z1,. .., Tm) = 1/mY ..., 0z, The state space for this model is e,,(X") C Px. Given
w € Px, we define p), € PX_Q and i e Px by

m /’Lm
W, y)(da x dy)

oy, (dz x dy) = = (4.2.3)
pE(da') = / Ron((z,), dz’ x X)pk, (d x dy) (4.2.4)
X?
and
) o= | Quteda () (1.2.5)

where for any m € N let w,, be a postive, symmetric, bounded, Borel function on X2,
R ((x,y),dx’ xdy') be a one-step transition function on X x 22 satisfying Ry, ((x, y), dz x
dy') = Rm((y, ), dy xdz') and let Q,,(x,dz") be a one-step transition function on X x 2.
The functions w;,, R, and @Q,, involve selection, recombination and mutation, respectively.
The Wright-Fisher model we are considering is a Markov chain having one-step transition

function py, (u, dv) on e, (X™) x B(en (X)) given by

P, dv) = /X(,u***)m(dxl X -+ X dxp)0e,, (dV) (4.2.6)

where #(e,,(X™)) is the Borel o-field generated by e,,(X™). The present formulation of
the model is from Ethier and Kurtz [42].

For any m € N, let {uﬁm),T € Z*} be a Wright-Fisher model. Under suitable condition
on Wy, Ry, and @, and assuming weak convergence of initial distributions, it can be

shown that as n — +oco

{v{m) > 0} = {ju,t > 0} (4.2.7)

where |mt| denotes the integer part on mt and where {u, ¢ > 0} is diffusion process in
Px. Let L,, be the discrete generator of the n-th rescaled Markov chain {umz ot >0}

(Lmp)(p) =m (Xm)(@(l/) — @(1))pm(p, dv) (4.2.8)
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where py, (u, dv) is given by (4.2.6) and we regard (4.2.8) as being defined on all of Pk,

not just on e, (X"). We restrict the attention to test functions ¢ of the form

() = (fro ) - (frs ) (4.2.9)

where m € N and f1, ..., fir € B(X) with B(X) the set of all bounded function with value

in X. By
k k
(L) (p) =m / <H<f¢, 157 >pm p, dv) (4.2.10)
(X™) \i=1 i=1
k
_m</mH f27em *** (dml XXd‘rm>_H<flnu’>>
; =1
k
_ /mz ZHfz% Yy x o x dam) — [[(fir )

J1=1 Jr=11=1 =1

k
= > Wiy = i) Fiopm™) TL i) + D ml{ i ™)
=1

1<i<y<k I£4,i

— {fio) [T i) + O(m™)

I<i

uniformly in g € Px. To ensure tha this converges, wa assume the existence of o €
Beym(X?) (the selection intensity function) where Bsym(X?) is the set of all bounded sym-
metric function with value in X2, a bounded linear transformaion B from B(X) to B(X?)

(the recombination operator) of the form

’

(Bf)(z,y) = a/(f(fc ) = f(@)R((z,y), dz’) (4.2.11)

X

where o € R (the recombination intensity) and R((x,y), dz ) is a one-step transition func-
tion on X2 x 27, and a possibly unbounded operator A on B(X) (the mutation operator),

defined only on a subspace Z(A) such that
wi(z,y) = 1+m™ o(z,y) +o(m™)

/Xf(fﬂl)Rm((fE,y),dx/ x X) = f(z) + m~ (Bf)(z,y) + o(m™)

and

/X (@& )Qu(z,dr') = [(x) + m™ (Af)() + o(m™)

for all f € 2(A), respectively, uniformly in x,y € X. This implies that

(opi®) = fotm™ (AL ) B i)+ (fom)o i) = oo i2)) +o(m ™) (4.212)
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for all f € Z(A) uniformly in ; € Px, where 7 is the projection operator of X2 onto its first
coordinate. Thus, if for ¢ € B(Px) of the form (4.2.9) with £ € N and fi1,..., fr € Z(A)
we define

(L)) = > ({fifiom) = (oo (Fiom) TT (Fiomd (4.2.13)
1<z'<j<k: l;éij
‘1‘2 Afza Bfu H fb +Z fzo77 g, <fm >< o, >)H<flnu>
k#i l#i

then, assuming that Z(A)¢ is an algebra, (4.2.10) and (4.2.12) imply that (Lnp)(p) =
(Lp)(p) + o(1) uniformly in u € Px. More generally, we define £ by

2
// (dz) (0. (dy) — (dy))d,uoz )G(ZM) (4.2.14)

+ [nana (G ) @+ [ [utasans (58 ) )

+ [ [ dotan)(oto) - otoutn 52

where dp(p)du(z) = lim,_ g+ e (p(p + €82) — o(p)), and we take 2(L) to be the set of
all ¢ € B(Px) of the form

() = F((from), - (o) = F((F 1)) (4.2.15)

where k €N, f1,..., fr € 2(A) and F € C%(R¥). For such ¢

k

(L)) = 5 D (Uil = (o) o 1)) iy (L6 1) (12.16)

3,j=1

+Z Afu Bfu >)Fz1(<fau>)

+ Z(«fi om)a, 1) = {fi, (o, u®)) Fz ((f, 1))

i=1

The formulation (4.2.16) is from Fleming and Viot [70], whereas (4.2.14]) is due to Dawson
and Hochberg [23].

Another choice for the domain of £ that is often useful is the set of all ¢ € B(Px)
of the form (u) = (f, ™), where k € N and f € B(X*) satisfies certain conditions. To
describe these conditions precisely, we need to be more specific about the assumptions
on A. We assume that X is locally compact and that the closure of A generates a Feller

semigroup {73,t > 0} on C (X), the space of real continuous functions on X vanishing at
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infinity (if X is compact, then C(X) = C(X)). Note that {T},¢ > 0} is given by a transition
function p(t, z, d§), that is,

Tif(e) = [ £(©plt.a.de).
For each k € N, we define the semigroup {7}, t > 0} on B(X¥) by
Tk,tf('ivla B ,l’k) = /Xk f(gla s 7§k)p(t7x17d£1) o 'p(thk‘a dfk)

and let A®) denote its generator. In addition, for each £k > 2 and 1 < i < j < k, we define

@E? : B(XF) — B(XF1) by letting @Sf?f be the function obtained from f by replacing z;

by z; and renumbering the variables
(k)
(@i’j @, xp—1) = f(o, 0 21, T4, T4,y oo Th—1)-

For each k € N and 1 < i < k, we define H : B(XF) — B(Xk+1) by
(Hz’(k)f)(xly"-,xk-&-l) - /Xf(x17,,.,g:i_1,§,xi+1,...,xk)R((m,xk+1),d€)

and K . B(XF) — B(XF+2) by

0+ 0(Ti, Tt1) — 0(Tpt1, Thro) f(z1
,.

(KD P, ae) = 5%

..,l'k)

where & = sup, ,, .ex |0(z,y) — o(y,2)| and 0/0 = 0. For each k € N and f € 2(A®), we
define ¢y € B(Px) by

i) = (f, ") (4.2.17)

and we note that (4.2.14]) reduces to

k
Lo)) = D (@M by — (£ 1) + (AP F k) 4 0 ST (HD £ — (f, i)

1<i<j<k i=1
(4.2.18)

+ 25 (K f, 1F 2y — (f, 1?)) + gk (f, ).

Note that since <<I>§-f?f, pF=1y = <<I>l(.§.)f, pF=1Y implies

(@M bty = (fuf) = ST (@) by — (i),

1<i#j<k 1<i<j<k

1
2
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Then (see Ethier and Kurtz [42]), the generator (4.2.18]) can be written as

k
(L)) = > (@E £ 51 — (£ i) + (A f, it +az HP £,y — (f,07)
=1

1<i#j<k
(4.2.19)
k

+ Z(<U(x“ xk+1)f7 /j’k+1> - <0'(.Tk+1, $k+2)f7 Mk+2>)-

i=1

Moreover, if we do not have recombination, i.e. « = 0 and the selection function is haploid

instead of diploid, i.e.
o) = [ ol y)ula)

then (see Donelly and Kurtz [30])

k
(L)) = DAy + 5 S (@0 k) — () (4.2.20)
i=1 1<i£j<k
k
5 o w) 1) — (o@ps) f 155).
=1

From (4.2.20), the neutral diffusion model (see Ethier and Kurtz [41] and Donelly and

Kurtz [29]) is recoverd when o = 0 and

=50 [ G = rete.dy).

The next result is essentially from Ethier and Kurtz [40]

Theorem 4.2.1. (cfr. Ethier and Kurtz [{0] ) Let X be locally compact and suppos that
the closure of A generates a Feller semigroup on C’(X) Define B in terms of « € R and a
transition function R((z,y),dz) on X*> x 2 by [@.2.11), and let o € Bgyn(X)?. Then the
martingale problems for L defined by (4.2.9)) and (4.2.13)), by (4.2.15)) and (4.2.16) and by

(4.2.17) and (4.2.18)) are equivalent.

Moving from the above constructions and following Donelly and Kurtz [29] and Donelly

and Kurtz [30] we now recall a further important result which is the countable represen-
tation of the Fleming-Viot process. In particular, Donlly and Kurtz [29] introduced an
X"-valued process {(X¢1,...,X¢n),t > 0} which represents the evolution in time of a
population of size n, such that the empirical measure e;, in the infinite population limit
is a Fleming-Viot process. A process of this type, usually called particle process, appeares

implicitly in Dawson and Hochberg [23].
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Let X be a locally compact space. With reference to (4.2.18]), observe that in the case

of no recombination or selection

(L)) = D (@ f.um ™) = (fu™) + (AW fuy = (Cf.p")  (42.21)

1<i<j<n

for all f € 2(A™), where

CH@1,mn) = Y (fOij(@r,. . 7)) = f@r,. o an) + (AW f) (@1, 2n)
1<i<j<n

0; j(x1,...,x,) being the element of X" obtained from (x1,...,x,) by replacing the j-th
component by the i-th. We interpret C' as an operator with domain in B(X*°). It is clear
that C is the generator for an X*°-valued process {X,,,n > 1} whose j-th component (the
particle at level j) evolves according to the mutation process until it “looks down” to level
1 for some 7 < j and changes its value to the value on level 3.

Let {S:,t > 0} denote the Feller semigroup defined on C(X*°) corresponding to C.
Then, viewing C(X™) as a closed subspace of C'(X*°), the following identity holds

E[(f, )] = (Sefo iy = BRI (X 00, X)) (4.2.22)

for all f € C(X") and t > 0. Here E,, denotes the expectation for the Fleming-Viot process

{X’n7

under the assumption that the initial state is u, and E "21} denotes the expectation

for the particle system under the assumption that {Xy,,n > 1} are i.i.d. with common
distribution p. Let v € Px. By (4.2.22))

/ E,[(f, i) (dp) = / EX DX, X I(dp) (4.2.23)
Px Px

for all f € B(X") and ¢t > 0. The left-hand side of (4.2.23)) is the expectation for a
Fleming-Viot process with initial distribution v, and the right-hand side of (4.2.23)) is
the expectation for the particle system under the assumption that {Xg,,n > 1} is an

exchangeable sequence with

]P)(Xo,l S Al, - ,X()’n S A / dy,) (4224)
Px =1

In particular, identity (4.2.23]) implies that

P(XtJ S Al, e 7Xt,n € A / Vt d,u,) (4225)
Px j=1

for all t > 0, where v is the distribution at time ¢ of the Fleming-Viot process with initial

distribution v. Therefore, if {Xg,,n > 1} is an exchangeable sequence, then {X;,,n > 1}
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is an exchangeable sequence, and the corresponding de Finetti measure

= lim ~ Z dx,, (4.2.26)
has the same distribution as z;. In fact, the next theorem states that the proces {fi;,t > 0}

is a version of the Fleming-Viot process.

Theorem 4.2.2. (c¢fr. Donelly and Kurtz [29]) Let X be a compact space and suppose
that the closure of A generates a Feller semigroup on C(X). Let {X,,n > 1} be a Markov
process in X*° with generator C and suppose that {Xo,,n > 1} is exchangeable. Then, for
eacht > 0, {X¢pn,n > 1} is exchangeable and the process given by the de Finetti measures

(4.2.26)) is a Fleming-Viot process with type space X and mutation operator A.

4.3 The generalized Feigin-Tweedie Markov chain and its

diffusion limit

We consider a pure jump-type X"-valued Markov process defined by {(Y1,,...,Yn ), t > 0}
o0)

with sample paths in space D[O,’L as follows. In particular, for any ¢ > 0, let the r.v.
(Yit,...,Y,t) € X" be n exchangeable particles, which represents a population of size
n. For any ¢t > 0, at every transition one particle is selected with uniform probability
and removed. Conditionally on the other n — 1 particles, whose value is set equal to their
previous one until the next transition, the removed particle is replaced with a sample of
size one from the predictive density associated with the Blackwell-MacQueen Pélya urn
scheme. In particular, for any ¢ > 0, given X, is removed, say, the incoming particle is

sampled from

0 vo(dyi) + > g Ovi (dYi)
P(Yie € dyil, Yies - Yicra, Yig1ts - oo, Yor) = . 7 nkle L

(4.3.1)

The sojourn times between renewals are driven by a Poisson process with intensity A, =
n(0+n—1)/2.Let Y := {(Y14,...,Yn+),t > 0}, then it can be checked that the infinitesimal
generator associated to the proces {(Yi4,...,Yn),t > 0} is given by

i Ovo(dx v Oy, (dx
=32 [ rntri - g™ ERA )
=1

=Y AF) g Y (YY) - FY)
=1

1<k#i<n

where 7;(Y|X) denotes the vector obtained from (Y7 4,...,Y,+) by replacing Y; with X.

At any time t > 0, the transitions of the process can be seen as the implementation of
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a Gibbs sampler on the distribution of the r.v. (Yi4,...,Y5,), being the full condi-
tional distribution of Y; ;. Hence, the sampler generates a Markov chain which is embedded
at jump times (a pure jump-type X"-valued Markov process) and for any ¢ > 0, the law of
ther.v. (Yi,,..., Yy, ) is its stationary distribution. Since the Poisson rates depend neither
on departure nor on arrival states, the Markov property for the particle process follows
immediately. Furthermore, given that between consecutive jumps the value of the vector
is set to be constant, the law of Y7,...,Y,, is also the stationary distribution of the pure
jump-type X"-valued Markov process.

From the pure jump-type X"-valued Markov process above defined {(Yi4,...,Yn),t >
0}, we consider the follwing theorem which is the main result for the construction for the
continuous time version of the generalized Feigin-Tweedie Markov chain described in Chap-
ter 3. In particular, using the definition of the generalized Feigin-Tweedie Markov chain
via recursion we substitute the sample Yy, 1, ..., Y, » from a Blackwell-MacQueen
Pélya urn scheme with the pure jump-type X"-valued Markov process {(Y1¢,...,Yn ), t >

0}.

Theorem 4.3.1. Let P be a Dirichlet process with parameter v. For any n € N let
{(Yit,...,Yn4),t > 0} be the pure jump-type X"-valued Markov process above described,
(q1y---,qn) be a r.v. distributed according to a Dirichlet distribution function with pa-
rameter (1,...,1) independent of {(Y1¢,...,Ynt),t > 0} and let 0, be a r.v. distributed
according to a Beta d.f. with parameter (n,0) independent of {(Y14,...,Ynt),t > 0} and
of (q1,--.,qn). Then, for anyt >0

P =0, q;dy,, + (1 - 6,)P (4.3.3)
j=1

1s a Dirichlet process with parameter v.

Proof. Since for any t > 0, (Y14,...,Yn) is a sample of size n from a Blackwell-MacQueen
Pélya urn scheme, then the proof follows similar argument of the proof of Theorem 3.2.1
in Chapter 3. O

From the representation of Pt(n) given by Theorem we can observe that as n —

+oo
n

—
n+6

E[en] =

and as n — +00

no
N
(n+6)2(n+1+06)

so that 6,, — 1 in probability for n — oco. Then we have the following diffusion limit result.

Var(6,) = 0
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Theorem 4.3.2. Let {u(t),t > 0} be the neutral diffusion model and let {Pt(n),t >0} be
defined by (4.3.3)). Then, as n — +oo

(P™ t >0} = {u@),t >0} (4.3.4)

In order to prove Theorem we need a few intermediate results. The following
lemma states that when {(Yi4,...,Y,),t > 0} it the pure jump-type X"-valued Markov
process above described, then for any ¢t > 0 Pt(n)|Y1,t, ..., Y, is a Dirichlet process with
parameter v + Zlgjgn dy;,- Loosely speaking, the measure-valued process parallels the
particle process in that the changes in the r.v. (Y1,...,Y, ) affect instantaneously the

law of the r.p.m. Pt(n).

Lemma 4.3.1. Let {Pt(n), t > 0} be defined by equation (4.3.3), and let {(Y1¢,...,Ynt), t >
0} be the pure jump-type X"-valued Markov process above described. For any s > 0,
Pt(fg’Yl,t-i-s, ooy Yo iqs 48 distribuited according to a Dirichlet process with parameter v +

ZISjgn 5Yz‘,t+s and

Proof. Suppose the first renewal after time ¢ occurs in ¢ + 7, for some 7 > 0. Then the
results is trivial for any 0 < s < 7. Also, if we show that it holds at ¢t + 7, then it is
straightforward to extend it to any ¢ + u, for u > 7. Then, without loss of generality, set
s = 7. At time ¢t + 7 a particle Y;, say, is replaced with Z, where Z is either Z ~ 1 or
Z ~ by, for some k € {1,...,1 —1,i+1,...,n}. Then we can write Pt(_fl as

P =0, g5y, + (1 0,)P
j=1

n
=00 | Y qj0y,, +win(t+7)0z | + (1 —0,)P
i
given that when Y; is replaced no other coordinate change. Then it follows that Pt(fl is
a Dirichlet process with parameter v + dz + > ot dy;,, which is equivalent to a Dirichlet

process with parameter v + j<n 0Y; O

ytT

We now derive the generator of the measure-valued process {Pt(n),t > 0}, and we
show that it converges in distribution (in the Skorohod topology) to the neutral diffusion
model. Also, we show that the Dirichlet process is the stationary distribution of the finite
population version of the process. That is, the n-th version of the process has the same
stationary distribution of the limiting diffusion. Consider the vector of random weights
(q1,-..,qn) defined in Theorem and for any m < n, let ¢;,,...;, be a weight defined

by
4jy,....jm = 4j e -1
1 "1-g; 1=3705" a5

(4.3.5)
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for 1 < j; # -+ # jm < n. For any m < n, the weights defined by correspond to
the probability of picking m elements from an n-dimensional vector without replacement,
once each Y; is assigned a weight g;. That is, the probability of picking the first is g;,, then
the weights are normalised, so that the probability of picking the second is ¢;,/(1 — ¢;,),
and so on. If we pick all n elements, the last weight is obviously one. For any m < n we

define the probability measure on X"

P =00 > GOy ey, (L= 0P (4.3.6)
1<j1##jm<n
and
S(P™) = (£, P\) (4.3.7)
Finally we set
Zpt= D Gredndy i)

1< #-#jm<n

Note that if the weights are uniform distributed, then g;, . ;. simplifies to 1/(n)m1.

m

Therfore, equation (4.3.6) can be seen as a generalisation of the probability measure

. 1
pm = o > Sy (4.3.8)
M <y i <n

used by Donelly and Kurtz [30], which is recovered with uniform weights and 6,, ~ 0;.
Under the same conditions, (4.3.7) can be seen as a generalisation of the function

T () = — S [V Vi) (4.3.9)

(n)mll 1<i1 #...#im<n

used in Donelly and Kurtz [29], since (f, P,EZ Z> equals to

f(Y1,....Yn)
Xm

X0 D GOy Vi) (A1, - ) + (1= 0,)P(da, . da)
1<iy e Fim<n
which, for 6,, ~ é1, reduces to
Z q7;17~-~,imf()/;;17t’ s 7}/;m,t)
1<ir#Fim<n

and with uniform weights to (4.3.9)). Note that including replacement in (4.3.5)) yields the
function (D™ f)(Y'), obtained by replacing (n),,;1 with n™ in ([@3.9) which is asymptot-
ically equivalent to (4.3.9)). Let £ be a r.v. distributed according to vy, then the generator
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n)

of the measure-valued process {Pt( ,t > 0} can be written as

(o) (P) = tim - [ (6P — o)1 = e (4.3.10)

1 & 0
<nz—|—n—ln( nt+T|Y1t"' Y lt;Yz—&-ltwn Yntvé)

720—1—71—121_[ nt+T’Y1t,--- Y1, Yigras oo Yo, Yir)

Denote with a prime a variable computed in ¢ + 7 when 7 | 0. Since the probability of

having two jumps in [t,t 4 7] is o(7), we obtain

(LOP) =Y.~ / [(f, BL) — (£, P)]
X H(dpl(n)|Y1 oo Yic1t, Yig1 sy Yo, §)
p T Eee g MU Rt

(AP, ™Y1, ..., Yiors, Yierss- - Yoi, Vir)

n

(”) (n)
-S| [ 4B = (1.2

i=1
x I(dP,™ Yigo--oYici, Yigit, -y You, Z)vo(dz)

> 9+n—1/7axf’ = (P

1<k+#i<n
X H(dPn n) |}/1,t, e ,Yi,Lt, }/i+1,t, e 7Yn,ta Z)(Syk,t (dZ)

Recalling the rate A\, = 271n(0 + n — 1), then we can write the infinitelsimal generator as
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follows
(my N 1 ‘M) 4 (1 g\ Py _ (™) 1 (1 — 0.V Py
(EONPY) =330 [ (107,07 4 (0= 0)P") ~ (£ + (1 00 ()
(4.3.11)
b3 X [UROaZ) (L= 00P) = (£.0,P) 4 (1= 6,)P"))ov, (d2)
1<kti<n /X

=3 [50 [ outs 2 mte) — 0uts. 20|
=1

+

% 3 [ /E an<f,Z;(")>5yk,t(dZ)9n<f,Z£”)>}

1<k#£i<n

Now, if P; is defined as Pg(y) = 2710 [; g(y)vo(dy) applied to the i-th coordinate, we have
that 2710 [ (f, Zn(n)wo(dz) corresponds to

1 /
59 / Fyr, - ) [ 2 (dy, - . ., dyy) o (d2) (4.3.12)
X'rH»l
1
= 59 f(Xl,ta-”an,t)
Xn+1

XD GO Vi 2V Vi) (2L dn)vo(d2)
L<j1#jn<n

1
- 29/ Z qjlv--~’jnf(}/31»t7"'7}/.7'1‘71715’Z7iji+17t’"")/jn:t)yo(dz)
K1<ji# #in<n
= Z Gt ein P f Va5 Yjot)
1<ji##jn<n
= Pif(Xq,...,Xy) Z Bt yoejn OV, 4 ) (AT, -, dg)
X 1<j1Ajn<n

= (P.f, Z™)
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In the same way [ (f, Z >5yk ,(dZ) corresponds to
/ F(X1, . X2, (day, . day))dy,, (da) (4.3.13)
Xn+1

_/Xnﬂ f(Xq,...,X)

XD Grdn O ey Yy i) (01 )y (d2)
1<ji##jn<n

= / qjl,...,jnf(le,t, Tt infl,t’ Z, sz+1, ) J'm )5Y (dz)
X 1<;17e Ajn<n

= Z qjlv:]n(bjk’]lf(}/rjlvt’ tt ’Y3n7t)
1< Fjn<n

:/x Qp i f (X1, Xn) Z Bt yoejn OV, gV ) (AT, -, dp)

1<ji##jn<n

= (Byif, ZV)

Using (4.3.12)) and (4.3.13)), (4.3.11]) becomes

ZHnKR-vaW—<f72£”)>]+% Y anl®if. Z0) = (f, Z0V)]
i=1

1<k#£i<n

Note that for any m < n, when Y ; is not an argument of f we have P;f = f and ®;,f = f,
so that

i Oul(Pif, ZM) — (f,Z5)] =0
i=m+1

and
n

SN 0l ®kif. 20 — (£, 20 = 0.

i=m+1 k=1k#i
Further, when Y;; is an argument of f but xj; is not, we have (®y;f, u) = (f, 1), so that

m n

S Oull@if, Z00) — (£, 257)] =0,
Hence, we have
(LSHPM) =0, (Af, 20 + 5 S 0ul(@uaf, Z0) — (f, Z)]
=1 1<k7é1<m

Moving from the above remarks, se can now proceed to prove the result given in

Theorem [1.3.2]
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Proof. Call P its weak limit for n — oo. For (™ as in Donelly and Kurtz [30], it is easy
to check that

(f, ™) = (1, um>’ (4.3.14)

sup
yeXn

1
:Su%nim Z f(}/;177}/;m)_ Z f(}/;d?"'?}/;‘m,) —>0
1<i1##im<n 1<i1,mim<n
Recalling (4.3.5), observe now that for large n, ¢;, . ;, behaves like 1/(n)pm,1, since
E[g] = 1/n and Var(g;) = (n — 1)/n?(n + 1). Since furthermore 6,, converges to one in
probability it follows that we can replace u(™ with Pém) in (4.3.14), yielding

sup [{f, PT(Lm)> —{f, ,um>’ — 0.
yeXn

This easily implies

sup [(Lo)(Pn) — (Lp)(P)| — 0

yekEm
where (L¢)(P) is the generator of the neutral diffusion model. Since p,(0) converges
weakly (and in particular to a Dirichlet process) the above computation implies (4.3.4). O

4.4 The particle process

Before stating the main result, we give the following lemma, which beside having a key
role in the construction, provides some intuition into the problem. The lemma provides a
new constructive definition of the Dirichlet process. As recalled in the introduction, the
Dirichlet process has been characterised via the Blackwell-MacQueen Pélya urn scheme,
i.e. a sequence of observations {X,,n > 1} from the Blackwell-MacQueen Pdlya urn
scheme is equivalent to a sequence {X,,n > 1} of i.i.d. observations from P, where

P is a Dirichlet process with parameter v.

Lemma 4.4.1. Let {X,,n > 1} be a sequence of random wvariables (r.v.s) from the
Blackwell-MacQueen Pdélya urn scheme (4.1.1) and for any n € N, let (Xy,...,X,) be
a sample of size n from {X,,n > 1}. Let wy,...,w, be n independent r.v.s distributed
according to a Beta distribution function with parameters (1,0 +n — i) fori=1,...,n.
If P is a Dirichlet process on X with parameter v independent of wi, ..., wy, and for any
neN,weQ and Be 2 we consider the measurable map P, : ) — Px defined by

P,(w,B) := Zpi(w)éxi(w)(B) + (1 - Zpl(w)> P(w, B) (4.4.1)
i=1 i=1
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where p1 = w1 and p; = wiH1<j<i_1(1 —wj) for i = 2,...,n, then P, is a Dirichlet

process with parameter v.

Proof. From the definition of Dirichlet process on a Polish space it follows that for any k& €
N it suffices to prove that statement for an h-dimensional vector (P(-, Ay),..., P(-, Ax)),
where Ap,..., Ay is any finite measurable partition of X. For all n > 1 we have that

1= 1cicnPi = [l1<i< (1 — w;). Using the stick-breaking of the r.v.s p1,...,p, we have
> pildx, (A1), ..., 0x,(Ap)) + (1 - ZpZ-) (P(-, A1), ..., P(-, Ay))
i=1 =1

n—1 n—1
= Zpi(éxi(Al), ... 75X1(A/€)) + (l — sz>
=1 i=1
X (wn(0x, (A1), -, 0x, (Ar)) + (1 —wn) (P(, A1), - -, P(, A)))-

Then, it follows by induction that conditionally on (X1,...,X,),

Zpi(éxi(Al)’ s 75X1(Ak)) + (1 - Z]%) (P('aAl)’ s 7P(7Ak))
i=1 i=1

is ar.v. distributed according to a Dirichlet distribution function with parameters (v(A;)+
Yi<icn 0x; (A1), -+, V(AR) + 1 <i<n 0x; (Ag)). The result follows integrating out the r.v.s
X1,..., Xn. O

The sample path of the neutral diffusion model {us,t > 0} at stationarity is such that
at each time point the state of the process is a Dirichlet process. From Lemma [4.4.1] it
follows that a representation alternative to — of a Dirichlet process is given
by , which can thus be used, once indexed by time, to describe any instant state of
the neutral diffusion model. Given the almost sure discreteness of the Dirichlet process,
the connection between two states of the process at different time points, say without loss
of generality 0 and ¢t > 0, can be expressed according to how many atoms g, and

share, for arbitrary n > 1, where for any ¢ > 0

n n
hen = b, + (1 _ zpm) "
i=1 =1

Thus, the change in time of X1,..., X, in provides an approximation of the change
undergone by p,,. Given a sequence of r.v.s from the Blackwell-MacQueen Pélya urn scheme
a sample X1,..., X, from this sequence is then a natural candidate for a finite-
dimensional particle process whose components in any instant are from the population

Un. Since the dynamics of the particle process reflect to a certain extent those of the
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measure-valued process, X 1, ..., X0, will remain fixed at their state during the interval
[0,t) so long as X1,..., X, remain atoms of ys, for 0 < s < t. When one of the atoms
drops out, the state of this X"-valued random process changes, so it is componentwise
piecewise constant with jumps. We are then interested in the distribution of interarrival
times between jumps, that is the holding times between any atom change. We will show
that the atoms change one at a time, and the holding times are exponential with parameter
Ap given in . Once again we remark that these results on the dynamic properties of
the particle process will rely only on the transition function of the neutral diffusion
model, with no further assumptions. The next theorem, which is the main result of the
chapter, formalizes the above heuristics. It will be proved by means of several lemmas in

the remainder of the section.

Theorem 4.4.1. For any arbitrary n € N, let (pun,t > 0) be the neutral diffusion model
with infinitesimal generator (4.1.3). Then, {(X¢1,...,X¢n),t > 0} is a n-dimensional
particle process with sample paths in D§;+OO) and jumps at exponential times of parameter

An, given by (4.1.6), such that at each jump at most one coordinate at a time is updated

according to (4.1.1)).
Lemma 4.4.2. (cfr. Walker et al. [193]) For any k € Ny, let di(t) be (4.1.7). Then

(k)nll . efA”t
g;w+k»nd“”‘ (4.4.2)

and
—An—1t __ e—)\nt

K)n-n11 e
kzzn:_ (0 + k)nndk( )= 2An — Anc1) (4.4.3)

The following lemma provides a useful result that will be used later.

Lemma 4.4.3. Let 0 > 0 and k,n € N, with n < k. Then

" TO+k-n) T(O+k)
E:m1+k—m::9wm

n=1
Proof. We have
ﬁé (0+k—n) TO+k) < k)1
— 'l+k—n) T(1+Ek) n:1‘9+k_1nl1

ko1
_ L0+ k) (Z(e Tk —=1=n)(k—n),, (K)ny1 + (k)kﬂ)

(
DA+ k)0 +k— Dy \ =
B 0+ k) T +k)
S TA+k)O+k— 1)k RO+ k=D = 0T (k)
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We have now all the ingredients to show that the interarrival times between successive
jumps, that is single atom updates, are exponential with parameter \,. This will be proved
by means of the following three propositions. Let {u;,¢ > 0} be a neutral diffusion model,
so that the transitions of u; are described by . The form of the transition function
yields that conditionally on the starting state pg, the arrival state du; after a time interval
t is obtained as follows. An n-sized sample (Xi,...,X,) is drawn from po, where the
sample size n is governed by a death process {D;,t > 0} starting from infinity, so that
the probability of sampling m variables from pg for an interval of lag ¢ is d,,,(t). Then p;
is sampled from a posterior Dirichlet process, conditionally on the vector (Xj,...,X,).
Hence the m-sized vector sampled from the starting state ug carries m atoms of information
about pp, which are taken into account when sampling .

We exploit these intrinsic features of the transition function for computing the
probability that respectively none, one or two atoms of 1, among those in (X7,...,Xy)

drop in the interval dt. These three cases will be examined separately in Proposition |4.4.1

442 and {43 below.

Proposition 4.4.1. Let {u,t > 0} be a neutral diffusion model with transition function
(4.1.5), and suppose the time interval [0, s] is of infinitesimal length. Then the probability
of (Xo1,...,Xon) being atoms of g is e~ S where Ay, is (4.1.6).

Proof. Call ny,...,n, the multiplicity of Xo 1, ..., X0, respectively in an k-sized sample
from g, where pg is given by . A necessary condition for Xg1,..., X, to be in the
k-sized sample from p, and hence possibly be atoms of yg, is that k be not smaller than n,
and that >, _,., n; < k. Hence we have to integrate: over the random weights p1,...,pp
associated to the atoms X1,...,X,, whose distribution is derived by the stick-breaking
procedure, also known as residual allocation model, in Lemma [4.4.1; over all possible
combinations of multiplicities of atom draws in a sample of size k, so that n; € {1,...,k},
ng € {1,...,k—n1}, and so on up to n, € {1,...,k— > 1" n;}, so that >, ni <k;
and over the sample size for k > n. Hence we have that the probability of (Xojl ,7. s Xom)

being atoms in ug is

k k—ny k—mni—...—np_1 I
SETRISRITSEED SYIED b SR DR (L

k>n ni=1ng=1 nn,=1
n i—1
D™= j=1

n

< [TO+n -0 —w)® " dw, ... dwy,
=1
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which simplifies to

k k—mn1 k—ni—...—Mp_1

CREDID I <m,f?,nn)

ny= 1TL2 1 np=1

/ ]i[u}nZ _ 6'—|—k Zh nh+n—i—1dw )
0,1)™

1.-- dwn
By solving the integrals, the previous equals

k k—mn1 k—ni—...—Np_1 i
]; nTldk Z Z Z (nh,,_’nn)

ni=1ng=1 np=1

Xfirm,+n(9+k S i)

i=1 DO+ k=5 +n—1i)
and simplifying the product with the multinomial coefficient gives
m  k—-m k—ni—..—np_1 n
Npr] ————L— =
kg()n (9+k+n OD DD DD

o .
ni=1ngs=1 np=1 F(k - Zh:l np, + 1)
Applying Lemma [4.4.3] yields

m k—nj—...—nnp_2 n—1
L(k+1) JGRLES v}
Z”)nﬂm DUEEDS
k>n 1=1

Np_1=1 ( Zh 1 nh)

Take now 6’ := 0+ 1 and k' := k — 1, so that the last ratio in the previous corresponds to
DO+ K =31 <p<pp1 ) [OT (K

Zl<h<n 1 nn+ 1) and apply again Lemma W to get

m k—ni—...—mp_3 n—2
I(k+1) D0+ K =3 =i )
2O g e 2 2
an ni =1

1 00" (K — Zh 1”h)

—2=
-0 D(k+1) i TS Ttk S
_ ) = ‘
"I+ k+n) — W 00+ (k=S s — 1)
Repeat the procedure other n—2 times, taking 0" := 0’ +1, k" := k' +1 and so on, yielding

k k—ni—...—np_4
Z(e)”“md’“<s> Z Z PO+E-> 1nh)
k>n

ni=1 ny_a=1 (1 +6)(24+0)'(k— > )— 1nh 1)
- Ik + 1) (0 + k)
— g;l(e)mlf(GJrkJrn)dk(S)@er N6t DTG ni 1)
_ (K)ni1 .
; (9+k)nT1 dk(

which by means of (4.4.2) gives the result.
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The following proposition gives the probability that one atom update occurs in an

infinitesimal lag.

Proposition 4.4.2. Let {u;,t > 0} be a neutral diffusion model with transition function
(4.1.5), and suppose the time interval [0, s] is of infinitesimal length. The probability that
ezactly n — 1 particles of the vector (Xo1,...,Xon) are atoms in pus is Aps + o(s).

Proof. Consider the setting of the proof of Proposition If the atom that changes
is X;, 1 < j < n, in order to compute the probability of the statement it suffices to set
n; =0 in , so that there are no values of X ; in the k-sized sample from p (hence
no piece of information about pgy corresponding to the atom X ; pass to us). Hence the

probability that one atom drops out is

n

D P(Xoas-- s Xoj-1: X015+ Xom) € Xeoor Xoj & Xeoo)
j=1

= E E (0)n11di(s
j=1k>n—1
—2 1 k—zg;ll ng k—zl";jl n

XZZ Z Z Z <n1,... -k~ ,nn>

ni=1n9o=1 n;_1=1 njy1=1 np=1 ’n.7717n]+1""
n .
. S5t S
X ||w?1(1—wz~)9+k 2ty NN 1(1 )GH€ Shoi mactn—ji— Ydwy ... dw,
n "
(Oal) Z#]

Proceeding as in Proposition and simplifying with the multinomial coefficient the

Gamma functions resulting from the integrals, yields

3
—
S
~—
3
=
—
—
—
—
—~
oy
+
—
~
=
—
V)
~—
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Applying n — 1 times Lemma [4.4.3] we obtain

(k+1
Z Z nTlQ—I—;:—i—)n)dk(s)

j=1k>n—1

kE  k—ny k—Z{ ny k— Zl 1”1 kizﬁ;ﬁ (9+k Zh;ﬁ nh)
J

n1=1ng=1 nj_1=1  mj1=1 Np_1=1 or (k Zh;ﬁ] np)
=3 3 Oty
x zk: kil...k_zii " Zzl:l nl...k%gm i +(:)+(Z gh;ﬁ] Zh) ;
ni=1na—=1 nj_1=1 nj1=1 Np_o=1 h#j 'Vh
- jzn;k;_lw)”“ r(e(f Zi)n) ATy +(6n+k2))r(k “n+2)
=n(0+n—1) kzzn_l Mdk(s)

from which, using (4.4.3) and the definition of \,, we get A\, (e =15 —e=Ans /X, —\, 1) =
Ans + o(s) which gives the result. O

Before stating the last proposition, we need the following technical result.

Lemma 4.4.4. Let di(s) be . Then

Z Mdk(s) — ()\n—l — /\n—2)ei)\ns — ()‘n - )\n—2>€7/\"_15 + ()\n — )\n_l)e’)‘"—”
Wy (04 K A0 = A1) = A2) 1 — An2) '
Proof. Denote

()
Gt) = 30 (g o o)

k>n—2

from a result in Ethier and Griffiths [41], it follows that

dG(s) 1 (k) (n—2)11
+ MG(s) = = ———=—d(s
ds (®) 2];_2 GRS k()

and we know from Walker et al. [I93] hat

e*An—Qs__ e*An—IS

Z (k)(n 2)]1 dk(s _ ‘
0+ k)(n—l)Tl 2(An—1 — An—2)

k>n—2
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The general solution of the differential equation is

a e—)\n725 6_>‘"*15 c \
s) = — + Ce "nS
TG WA W T WS Wy R WS WY T WP Wy

and using the initial condition Gy = 0 we obtain

1

C =
4()\71 - An—l)()\n - An—2>

from which the result follows O

The last proposition states that the probability of two atoms updates occurring in an

infinitesimal time lag is negligible.

Proposition 4.4.3. Let {u,t > 0} be a neutral diffusion model with transition function
(4.1.5)), and suppose the time interval [0, s] is of infinitesimal length. The probability that
only n — 2 particles of the vector (Xo1,...,Xon) are atoms in ps is o(s).

Proof. The event of two particles changing in [0, s] means that X j, Xop for 1 < j # h <n,
are not selected in the m-sized sample from pg and thus do not compare as atoms in ps.

Similarly to Proposition [£.4.2} we set nj = nj, = 0, and integrate out the indices, obtaining

> P((Xog, i # 4, h) € Xsoor (X0 Xop) ¢ Xsoo)

1<j#h<n
k
szdkzn e N
1<j#h<n k>n—1 (*) TyeeesyTlg—1yTlj41y oy Th—15T0h41y -y Tln
-1 -
% / nl _ 0+k Zl#JhnH—n i— 1(1 wj)GJrkle#jyhnHrnf]fldwi
i#j,h
1

. 1
N1 i _N~h—1 b
% / (1 o wj)9+k Zl;éh n;+n—j ldwj/ (1 o wh)9+k Zl;ﬁj ni+n—h ld’wh
0 0

where (x) denotes the set of frequencies n; for 1 < i < n and i # h,n, such that each n;

runs from 1 to k — 7, . Proceeding as in Proposition we obtain

. . " — (k)(an)ll s
nn—1)0+n—-1)0+n—2) k§2(9+k)nndk( ).

By Lemma the previous equals, up to a multiplicative constant,

)\n(ef)\n,gs . 67)\”,18) + )\n—l(ei)\ns o e*)\n725) + )\n_Q(ei)\"*lS o 67)\”3)

= SAn()\nfl - )\n72) + 5)\n71()\n72 - )\n) + 5)\n72()\n - )\nfl) + 0(5) = 0(3)

which gives the result. O
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Propositions and imply that the interarrival times of the particle

process are governed by a Poisson process with parameter \,, and that one particle at a
time drops out of the n-dimensional time-dependent vector. Say that Y; is such particle.
Then, from Lemma and the exchangeability of a sequence drawn according to ,
it follows that for any n € N, the incoming particle is a sample from

1
Ox.. 4.4.4
9+n—1y0+9—|—n—1;x’ ( )

This is due to the fact that conditionally on p¢, the removed particle will be replaced by
another variable in the infinite sequence from the Blackwell-MacQueen Pélya urn scheme
that characterizes p;. Integrating out s, the incoming variable will still be from the
Blackwell-MacQueen Pélya urn scheme, but conditionally on the other n—1 particles, and
its law will be the predictive distribution . This completes the proof of Theorem
E4Tl

4.5 Discussion

We have constructed a particle process which is directly derived by the properties of
neutral diffusion model. The key of the derivation is the representation of a Dirichlet
process as [, in , as proved in Lemma m Then, given n atoms (Xo1,...,Xon)
of the starting state pg of the neutral diffusion model, we can describe a particle process
as follows. The state of the particle process remains constant until the first time ¢ such
that one of the particles is no longer an atom of u;. The computation of the probabilities
that all n particles are still atoms of u; and that one of the n particles is no longer an
atom of p; yields the distribution of the interarrival time of the particle process until the
following renewal. When one of the particles is no longer an atom of the random measure,
not having been sampled from the starting state, it is substituted with another atom of pg
which differs from the other n — 1, and hence is another observation from the Blackwell-
MacQueen Pélya urn scheme.

When the population size of the particle process grows to infinity, in Lemma [4.4.1] we

have that the sum of weights ) ,_,_, p; tends to one, and the second term in

n n
Py =S piix, + (1 - Zm) P
i=1 i=1
vanishes. Then as n — oo,
P, = Py a.s.-P

where P, is still a Dirichlet process, but unlike for finite k, the particle process now

fully characterises any instant state of the neutral diffusion model, as we have an infinite
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sequence of observations from gy, conditionally on p;, which provides full information on
the distribution. From this setting it is now trivial to derive all usual infinite population
results for the neutral diffusion model, like the weak convergence in the Skorohod space

of the process of empirical measures of the particles.
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[l

Models beyond the Dirichlet process
and applications to species sampling
problems






On a class of random probability
measures without Gibbs structure

One of the main research areas in Bayesian nonparametrics is the proposal and study
of priors which generalize the Dirichlet process. In this chapter, by considering priors
obtained by normalizing random measures with independent increments (NRMIs) we define
a class on NRMIs, the so-called NRMIs with logarithmic singularity. This new class of
random probability measures includes as particular case the celebrated Dirichlet process
and on the other hand it does not include the normalized generalized Gamma process
recently introduced in the context of mixture models and species sampling problems. In
particular, our aim is to provide some developments for a random probability measures in
the class of NRMIs with logarithmic singularity, termed generalized Dirichlet processes,
which has been recently introduced in the literature. Such processes induce exchangeable
sequences which are characterized by a more elaborated predictive structure that those one
arising from Gibbs-type random probability measures. A natural area of application of these
random probability measures is represented by species sampling problems and, in particular,

prediction problems in genomics.

5.1 Introduction

Let {X,,,n > 1} be an exchangeable sequence defined on some probability space (2, .#,P)
and such that each random variable (r.v.) X,, takes values in a Polish space (X,7) with
associated Borel o-field 2°. Then, by de Finetti representation theorem, there exists a
random probability measure (r.p.m.) P on X with law Q such that given P, a sample
X1,..., X, from the exchangeable sequence is independent and identically distributed
(i.i.d.) with distribution P. That is, for any n > 1 and any A;,..., A4, € Z

B(X) € Ay, X, € Ay) = /P I] P(A)Q(dP)
X =1
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where Px denotes the space of probability measures on (X, 2") endowed with its o-field
Px generated by the weak convergence topology W which makes (Px, W) a Polish space.
Here, we focus on r.p.m.s which are almost surely discrete and with non-atomic prior guess
at the shape ag(-) := E[P(-)]; by the almost sure discreteness, we expect ties in the sample,
namely that Xi,..., X, contain k& < n distinct observations X7,..., X; with frequencies
ni,...,ng) such that Z§:1 nj = n. Initial opinions about the sequence {X,,n > 1} are
expressed through the probability distribution ) of P and updated by means of Bayes
theorem; all inferential questions related to the sequence {X,,n > 1} are the answered
on the basis on the conditional probability distribution of P, given the observed sample
Xi,..., X, from {X,,,n > 1}. This fact implies that a key problem in Bayesian nonpara-
metric inference is the definition of a prior distribution ) on the space of all probability
measures (Px, Zx).

Starting from the papers by Freedman [72] and Ferguson [61], in which the celebrated
Dirichlet process has been introduced various approaches for constructing r.p.m.s, whose
distribution acts as a nonparametric prior, have been undertaken. They all aim at provid-
ing generalisations of the Dirichlet process. Among them we mention the neutral to the
right r.p.m.s due to Doksum [25], which are obtained via an exponential transformation of
an increasing process with independent increments, and the Pdélya tree priors thoroughly
studied by Mauldin et al. [135] and Lavine [116], which arise by considering suitable urn
schemes on trees of nested partitions. In this chapter we focus on r.p.m.s derived by a suit-
able normalization procedure. To this end, it is worth recalling that the Dirichlet process
can be defined by normalizing the increments of a Gamma process. Indeed, the idea of con-
structing r.p.m.s by means of a normalization procedure han been exploited an developed
in a variety of contexts not closely related to Bayesian inference. See, as an early example,
Kingman [109] where a random discrete distribution generated by the stable subordinator
is considered in connection with optimal storage problems. Further examples can be found
in Ewens and Tavaré [46] and Grote and Speed [79] for population genetics; in Donnelly
and Grimett [27] and Pitman [I57] for combinatorics and number theory; Pitman [153]
and Pitman and Yor [154] for excursion theory.

In particular, Kingman [109] suggested that one can construct r.p.m.s as follows. First
take the ranked points of a homogeneous Poisson process on RT, say {A;,7 > 1} such that
their sum ).~ A; is finite and positive a.s. Use these points to construct a sequence of
probabilities C_Ql =A;/> ;51 A for i > 1. Independent of this sequence choose a sequence
{Z;,i > 1} to be an i.i.d._sequence of random elements of a Polish space with common
distribution, say H. A r.p.m. is then formed by ) .., Qidz,. With the exception of the
Dirichlet process and those models based on the stable law, the processes in class described

by Kingman [109] have yet to yield tractable results suitable for practical implementation
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in Bayesian nonparametric problems. Thus, the main question of interest to a Bayesian
statistician is whether there are any other processes in this class which are tractable. In
Regazzini et al. [I65] the class of normalized random measures with independent incre-
ments (NRMIs) on R is formally introduced as normalization of suitably time-changed
independent increment processses and distributional results for their means are derived.
Further developments related to the class of NRMIs can be found in James [96] and Nieto-
Barajas et al. [145]. Recently, in order to both understand better the structural properties
of the NRMIs on X and go beyond the specific processes dealt with in the above men-
tioned papers, James et al. [I00] provided a complete and implementable description of
the posterior distribution of a NRMI.

In Lijoi et al [I19] attention is focused on a spacial case of NRMI, namely the normal-
ized inverse Gaussian process: the quantities relevan for its implementation in the context
of mixture models are derived and it is shown that such prior exhibits an interesting and
useful clustering behaviour, quite different from that of the Dirichlet process. In Lijoi et
al. [120] the normalized inverse Gaussian process is then embedded in a larger subclass
of NRMlIs, namely the normalized generalized Gamma process, thus allowing for an ad-
ditional parameter which greatly influences the clustering structure. In particular, the
Dirichlet process is shown to be a limit process in distribution of the normalized gener-
alized Gamma process. By close inspection of these tractable processes, one can observe
that they all generate samples X1, ..., X,, for n > 1, which are characterized by a system
of predictive distributions of the type

k
P(Xpt1 € [ X1,. 0, Xn) = go(n, k)ao () + g1(n, k) Y (nj — 0)dx: (), (5.1.1)
7j=1

where o € [0,1) and for some weights gp and ¢g;. An almost surely discrete r.p.m. gener-
ating a sample as the above is termed Gibbs-type r.p.m. (see Chapter 6 for a more formal
definition of the class of Gibbs-type r.p.m.s). The class of Gibbs-type r.p.m.s has been
recently introduced and studied by Gnedin and Pitman [74], where also a characterization
of its members is provided: indeed, Gibbs-type r.p.m. are Dirichlet process mixtures when
o = 0 and Poisson-Kingman models based on the stable subordinators when o € (0,1)
(see Gnedin and Pitman [74], Theorem 12). Further investigations related to Bayesian
nonparametrics can be found in Ho et. al. [86] and Lijoi et al. [124]. It is to be noted
that the weights gg and g; in depend on the distinct observed species k but not
on their frequencies nq,...,nk, whose conveyed information can be incorporated into the
parameters of the model. In principle one would like priors which lead to richer predictive
structures, in which the probability of sampling a new species depends explicitly on both
k and nq,...,n;. However, by dropping the Gibbs structure assumption, serious issues of

mathematical tractability arise.
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In this chapter, moving from the definition of NRMI on X and from a recent paper
by Von Renesse et al. [I86] we define a new class of NRMIs, the so-called NRMI with
logarithmic singularity. In particular, the class of NRMIs with logarithmic singularity in-
cludes as particular case the Dirichlet process and on the other hand it does not include
the normalized generalized Gamma process. An interesting example of NRMI with loga-
rithmic singularity has been recently introduced in by Regazzini et al. [165] and further
investigated by Lijoi et al. [I18], the so-called generalized Dirichlet process. In particular,
the generalized Dirichlet process was originally introduced in Regazzini et al. [165] by the
normalization of suitably time-changed independent increment process on R characterized

by the Lévy measure
(1—e"")e™™
v(l —e™?)

with v > 0. It can be easily checked that under the constraint v € N, the generalized

v(dv) = dv v>0 (5.1.2)

Dirichlet process corresponds to a r.p.m. obtained by the normalization of suitably time-
changed superposition of independent Gamma processes on R with increasing integer-

valued scale parameter and gives rise to a system of predictive distributions of the type

k
P(Xpny1 € | X1,..., Xpn) = wo(n, k,n)ap(-) + anw]‘(n,k,n)d)(;(‘) (5.1.3)
j=1
where the weights wgy(n, k,n) and w;(n, k,n), for j = 1,...,k now explicitly depend on
n:= (ny,...,ny) thus conveying the additional information provided by the frequencies n

directly into the prediction mechanism. To our knowledge, the generalized Dirichlet pro-
cess represents the first example in the literature of almost surely discrete r.p.m. which
is not of Gibbs-type and still leads to a closed form predictive structure. In this chapter,
using the characterization of the generalized Dirichlet process in terms of normalized su-
perposition of independent Gamma processes, we consider a simple way to extend the class
of generalized Dirichlet processes. In particular, our aim is to define a more flexible class
of r.p.m.s without Gibbs structure which mantains the same mathematical tractability of
generalized Dirichlet process.

Equation corresponds to the Lévy measure of the negative logarithm transform
of a Beta distribution function with parameter (1,) which is an infinite divisible distribu-
tion function belonging to the class of generalized convolutions of mixture of Exponential
distributions introduced by Bondesson [12]). In particular, it is known that the negative
logarithm transform of a Beta distribution function with parameter (1,+) is characterized
into the class of generalized convolutions of mixture of Exponential distributions by a

measure @, on (R™,%Z7"), the so-called Thorin measure, defined by

Q(dt) = Ly iy (dt). (5.1.4)

n>1
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In this chapter, using the characterization of the generalized Dirichlet process in terms of
normalized superposition of independent Gamma processes, we consider a simple way to
extend the class the class of generalized Dirichlet processes. In particular, our aim is to
define a more flexible example of NRMI with logarithmic singularity which mantains the
same mathematical tractability of the generalized Dirichlet process. Using the definition
and the properties of the the measure Q, on (R, %) we define a more general class of
measures on (RT,#7). In particular, given v > 0 and two further parameters # and (3
such that 0 <6 <+ and v — 0 — § > 0, we define a measure Q(, g4y on (R*, Z") by

Q(’y,,@,@) (dt) = Z(l{n,n-‘r'y—&} (t) + ﬂ{n+'y—9—ﬁ,n+’y—ﬂ} (dt))' (5'1'5)

n>1
We provide a detailed analysis for the measure ()(,,3,9) and we show that it preserves all the
properties of the measure Q. In particular, we show that Q(, 3¢) is still a Thorin measure
which characterizes into the class of generalized convolutions of mixture of Exponential
distributions a new infinite divisible distribution function on R, the so-called Gauss-

Exponential distribution function, having Lévy measure

e v 1—e V8 g0
v(l —e?) ( ev(v—0-p)

v(dv) = ) dv v > 0. (5.1.6)
Thus, using the Lévy measure we provide some developments of the generalized
Dirichlet process. In particular, we define a new NRMI on X characterized by the Lévy
measure and we show that it represents a further example of NRMI with logarith-
mic singularity which makes more flexible the generalized Dirichlet process. By considering
the particular choice of the parameter v € N and 6 € Ny in we then provide a com-
prehensive treatment of this new NRMI with logarithmic singularity in terms of its finite
dimensional distributions, moments, predictive distributions and posterior distributions.
As for the Gibbs-type r.p.m., a natural area of application of this new class of r.p.m. is
represented by species sampling problems and, in particular, prediction problems in ge-
nomics (see Chapter 6 for a formal introduction to the species sampling problems and
related problems in genomics).

The Lévy measure first appeared in Bayesian nonparametric in Ferguson [62]
where it was used to prove some properties related to the Dirichlet process as a neutral to
the right r.p.m. In the same context of neutral to right r.p.m.s, the Lévy measure
was used in Walker and Muliere [194] to prove the existence of a neutral to the right
r.p.m., the beta-Stacy process. These observations suggested to investigate the possibility
of defining a generalization of the beta-Stacy process via superposition of beta-Stacy pro-
cesses.

The chapter is structured as follows. In Section 5.2, we introduce the class of NRMIs on
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a general Polish space and we remind the posterior analysis recently developed by James
et al. [I00]. In Section 5.3 we define the subclass of NRMIs with logarithmic singularity
and we show that some NRMIs known in the literature belong to this class. In Section 5.4
we provide some developments of the generalized Dirichlet process while in Secion 5.5 we

define a generalization of the beta-Stacy process via superposition of beta-Stacy processes.

5.2 Normalized random measures with independent incre-
ments (NRMIs)

This section review the class of NRMIs. In particular, our aim is to introduce the class of
NRMIs on X and to remind some results recently obtained by James et al. [I00] related
to the posterior analysis.

Let (Q,.#,P) be some probability space. Having set S := R* x X, let ./ be the
smallest o-field containing all open sest of S and introduce a mapping N from € to the set
of non-negative counting measures on (S,.%), i.e. N(w,C) € NgU {oo} for any w € Q and
C € .. Assume that w — N(w;C) is . /%(Ng U {oo})-measurable for any C' € . where
PB(NgU {o0}) is the smallest o-field containing all open sest of Ny U {oo}. We denote by v
a measure on (S,.#) and by N a Poisson random measure with Poisson intensity measure

v, i.e.
i) for any C € . such that v(C) = E[N(C)] < 400

- eV (y k
PW(C) =) = A

i) for any finite collection of disjoint sets, Ay, ..., Ay in .7, the r.v.s N(A;), ..., N(Az)

are mutually independent

Moreover, the measure v must satisfy the following conditions
/ sv(ds, X) < 400 v([1,+00)) < +oo.
(0,1)

See Daley and Vere-Jones [22] for an exhaustive account on the theory of Poisson random
measures.

Let Mx is the space of boundedly measures on (X, .2") endowed with its o-field .#x
generated by the weak convergence topology W which makes (Mx, W) a Polish space.
Let fi be a random element defined on (€2,.#,P) and with values in (Mx, .#x) which
can be represented as a linear functional of the Poisson random measure N, with Poisson

intensity measure v, as follows

i(B) = /R+XBSN(ds,dx) VBe 2. (5.2.1)
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It can be easily seen from the properties of N that [t is, in the terminology of Kingman

[108], a completely random measure (CRM) on X, i.e.
i) 4(0) =0 as.-P;

ii) for any collection of disjoint sets in 2", Ay, As,..., the r.v.s (A1), i(Az),... are
mutually independent and f(U;j>14;) = 3,5 i(A;) holds true a.s.-P.

Let, now, .7, be the space of functions h : X — R* such that [;(1 — e~ *"®))y(ds, dz) <
+o00. Then, [ is uniquely characterized by its Laplace functional which, for any h € 4,
is given by

Efe~ Jx h@)i(d)] = o= fs(1—e™*")v(dsd), (5.2.2)

For a proof of such representation, see Theorem 2 in Kingman [108]. For details and further
references on CRMSs see Kingman [114].

It is apparent that both the Poisson random measure N and the completely random
measure [ are identified by the corresponding Poisson intensity measure v. This suggests
a simple and useful distinction of the random measures we deal with according to the

decomposition of v. Letting H be a non-atomic o-finite measure on X, we have

i) if v(ds,dx) = p(ds)H (dx), for some measure p on R*, we say that the corresponding

N and [i are homogeneous;

ii) if v(ds,dr) = p(ds|z)H(dx), where p : Z+ x X — RT is a kernel i.e. z — p(C|z)
is 2 -measurable for any C' € Z* and p(-|z) is a o-finite measure on Z* for any

z € X, we say that the corresponding N and [t are non-homogeneous.

In this framework v always admits a disintegration as in ii); this follows e.g. from Theorem
15.3.3 in Kellenberg [104]. In the sequel we suppose that H is representable as H = aay
where «q is a probability distribution on X

Since the aim is to define r.p.m.s by means of normalization of completely random
measures, the total mass T := [i(X) needs to be finite and positive, almost surely. This

happens if v(S) = 400 and the Laplace exponent

U(A) = /S(l — e ) u(ds, dx)

is finite for any positive A. A proof of this fact can be found, e.g., in Regazzini et al. [165]
p. 563 and Proposition 1, respectively. Where these conditions hold true, a NRMI on X is
given by

P() = M;) (5.2.3)
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Note that, when X = R, this definition coincides with the one given in Regazzini et al. [165]
in terms of increasing additive processes. Indeed, it is worth remarking that an increasing
additive process can always be seen as the cadlag distribution function induced by a
completely random measure on R. Moreover, as shown in James [97], NRMI select almost
surely discrete distributions. In order to avoid some technical difficulties, we assume T to
be a r.v. whose distribution is absolutely continuous with respect to the Lebesgue measure
on R and denote its density as fr (see Section 3 of Pitman [156] for further details).

It is worth noting that some priors that are used in Bayesian nonparametric inference
can be defined as in . For instance, consider the Dirichlet process with parameter
measure H = aay. Then, as already noted by Ferguson [61], such a prior can be recovered
by considering a Gamma random measure. Other examples are, e.g., the normalized stable
process introduced by Kingman [109], the normalized inverse-Gaussian process introduced
by Lijoi et al. [I19], the normalized generalized Gamma process introduced by Lijoi et al.
[120] (see also James [96]) and the generalized Dirichlet process introduced by Regazzini et
al and further investigated by Lijoi et al. [I18]. It is interesting to note that the normalized
inverse Gaussian process and the normalized generalized Gamma process are derivable
from a stable subordinator by a change of measure (see Pitman [150]).

Under the usual assumption of exchangeability of the observation process, James et
al. [100] derived a representation for the posterior distribution of P in terms of a mixture
with respect to the distribution of a suitable latent variable. In particular, let {X,,,n > 1}
be a sequence of exchangeable r.v.s defined on (€2,.%,P) and with values in X in such way,
given P, the X;’s are i.i.d. with distribution P, i.e.

n
P(X1 € Ch,...,Xn € Cu|P) = [[ P(C). (5.2.4)
i=1
It is clear that one can always represent Xi,..., X, as (X{,..., X}, m), where X7,..., X}

denotes the distinct observations within the sample and 7 stands for a partition of [n] :=
{1,...,n} of size k recording which observations within the sample are equal. The number
of elements in the j-th set of the partition is indicated by n;, fro j = 1,...,k, so that
Di<j<k My = M-

We define a positive r.v. U, as follows. Let 'y, be a r.v. distributed according to a
Gamma distribution function with scale parameter 1 and shape parameter n which is
independent from the total mass T'. Then, set U, = I'),/T. It is immediate to show that,
for any n > 1, the density function of U, is given by

unfl

fU" - m /R+ tne_Uth(t)dt (5.2.5)

where f; is the density function of T'.
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Proposition 5.2.1. (cfr. James et al. [100]) Let P be a NRMI. Then, the conditional

distribution of Uy, given Xq,..., Xy, admits a density function coinciding with
k
£ ) () oc wh T g (ul X5 ) e (5.2.6)
i=1

where Ty, (u| X)) = [p4 s " p(ds|X}), fori=1,... k.

In what follows, for any pair of random elements Z and W defined on (92,.%,P), we use
the symbol Z(W) to denote a random element on (,.%,P) whose distribution coincides
with a regular conditional distibution of Z, given W. James et al. [I00] provided the
following result concerning a posterior characterization of the completely random measure
itself.

Theorem 5.2.1. (cfr. James et al. [100]) Let P be a NRMI with Poisson intensity measure
v(ds,dx) = p(ds|x)H (dx). Then
k

ﬂ(Un,Xl,...,Xn) iﬂ(Un) +ZJ(Un,X1,...,Xn)5X*
i=1

where

i) i) is a completely random measure with Poisson intensity measure
WU (ds, da) = e U p(ds|z) H (d)
(Un,X1,..,Xn) s

i) X[, fori=1,...,k, are the fized points of discontinuity and the r.v.s J;

are the corresponding jumps whose density is proportional to s™ e_U"Sp(d5|Xi*);
ii1) 2O and Ji(U”’Xl""’X”) fori=1,... k are independent.

Theorem [5.2.1|shows that, given some latent variable, a posteriori /i is still a completely
random measure with fixed points of discontinuity corresponding to the locations of the
observations. The previous result is essential for deriving the posterior distribution for the
class of NRMIs. In the following, by posterior distriution of P, given U,, we refer to the
distribution of P given the data X1,..., X, and U,.

Theorem 5.2.2. (c¢fr. James et al. [100]) If iv is a NRMI with Poisson intensity measure
v(ds,dx) = p(ds|z)H (dz), then the posterior distribution of P, given U, is again a NRMI
(with fized points of discontinuity). In particular, it coincides in distribution with the

random measure
ﬂ(Un)

T(Un)

Z,];:l J-(Un’Xl’m’Xn)(SY

2 [
k (Un,Xl,uan)
i=1 J’L

w +(1—w)
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where TWn) = pUn)(X), w = TWn)(Tn) 4 Zi-c:l Ji(U"’Xl""’X”))_l. The distribution of
/](U") and JZ-(U”’XI""’X") fori=1,...,k and the distribution of U,,, given X1,...,X,, are
those specified in Theorem[5.2.1]

Apart from the posterior distribution, a Bayesian can be also interested in a rule for
predicting future values of the observation, given those already observed, and a sampling

scheme for generating observations governed by a NRMI.

Proposition 5.2.2. (cfr. James et al. [T00]) Let P be a NRMI with Poisson intensity mea-
sure v(ds,dz) = p(ds|z)H (dx). Then the predictive distribution for X,y given Xq,..., X,

coincides with
k
1
_ (1) : OF
P(Xp i1 € do|Xy, ..., Xn) = w" H(dz) + ~ lej Oxx(dz) (5.2.7)
J:
where, for j=1,...,k

w™ = 1/ un(u!x)fl(]fl""’x")(u)du
n Jr+

and

(n) _ Tng+1 (Ul XT) (xyx0) J
w; —/RJr U77‘nj(u|X}k) Iv, (u)du.

These predictive distribution have quite intuitive forms, since they consist of a linear
combination of H and o a weighted version of the empirical distribution. Note that the
prediction rule reduces to the one provided by Pitman [I56] in the homogeneous case.

From the previous results on the posterior and the predictive distributions, it is appar-
ent that the use of partitions is of great help. The same can be said when facing the issue
of characterizing the marginal distribution of the vector of (exchangeable) observations
Xi,...,X,, for any n > 1. The marginal distribution of X7,..., X, can be described in
terms of the distribution of (X7,..., X}, 7), where, as before, m is a partition of [n] into
k € {n} since, as was mentioned before, NRMI select discrete distributions on (X, 2") with
probability 1. Before describing the distribution of X7, ..., X,, we introduce the following
quantity

by ) = | 7 ) H ()
X
which is the cumulant of order n; of the conditional distribution of the total mass 7', given
U, = u.
Proposition 5.2.3. (c¢fr. James et al. [I00]) Let P be a NRMI. Then the distribution of

(XT,..., X}, m) coincides with

k k
1 / n—1 _—U(u) * *

— u' e Tn, (U] X7) | du H(dX]). 5.2.8
o | L T 1) ) | TT 1007 (523)
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Moreover, the marginal distribution of w yields the exchangeable partition probability func-
tion (EPPF) and it is given by

k
p,(cn) (n1,...,ng) = F(ln) /R+ u eV Jl_ll K, (u) | du. (5.2.9)

The EPPF given by was first obtained by Pitman [I56]. For a concrete use of
the marginal distribution of the X;’s, we generally need a simpler description of the dis-
tribution of X7,..., X, and of the corresponding EPPF. This can be achieved by working
conditionally on the latent variable U,. As for the EPPF, a tractable form we wish to
obtain is of the kind

k
pin) (n1, .. nk) = Vo H Wi, (5.2.10)
i=1
where V;, j; is a positive quantity not depending on the specific (n1,...,n;) and each W,

is a positive number depending solely on the corresponding n;. A random partition having
such an EPPF is said to be of a Gibbs-type. See Pitman [I57] for the notion of infinite and
finite Gibbs partition. However it is worth recalling that the only infinite EPPF admitting
such a representation are the EPPFs derived from a Dirichlet process and those derived
from a stable law of index o € (0, 1) (see Pitman [I57]). Among them, we mention the two
parameter Poisson-Dirichlet process and the generalized Gamma class of processes.

By examining an augmentation and an application of Bayes rule makes it ap-
parent that, for fixed v > 0 and 7w

K, (1)

P(X; € dy|Up = u,m) = =: H; n(dy|u) (5.2.11)

for any ¢ = 1,..., k. At this point we can provide a characterization of the distribution of

X, conditional on U,.

Proposition 5.2.4. (cfr. James et al. [100]) Let P be a NRMI. Conditional on U, and on
the partition m, the k distinct values X7, ..., X} among the X;’s are independent and the
distribution of X ’s is given by (5.2.11f), for any ¢ = 1,..., k. Moreover, the conditional

distribution of the random partition w, given U, = u, coincides with

Jpr tremut fp(t)dt

Hence, conditional on U, 7 is a finite Gibbs partition.

P (na,. .. ng)

(5.2.12)

Note that in the homogeneous case the distinct observations are i.i.d. with common

distribution «yp.
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5.3 NRMIs with logarithmic singularity

In this section, moving from the definition of NRMI given in Section 5.2 and from a
recent paper by Von Renesse et al. [I86], our aim is to introduce the class of NRMIs with
logarithmic singularity. In particular, we show how some homogeneous NRMIs known in
the literature belong to the class of NRMIs with logarithmic singularity.

Let us start by defining a positive infinite divisible r.v. 51 characterized by the Lévy

measure v(dv) = g(v)dv where g : (0,4+00) — R* is any measurable function such that

i) g > 0 such that the following condition holds true
+o0
/ g(v)dv < 400
1

ii) there exists go > 0 and a measurable function (¢ : [0,1] — R such that the following
conditions hold true
9(0) =L 4 ¢w)  Voe (0]

and

1
/ |¢(v)|dv < +o0.
0

Relying on the infinite divisible r.v. & characterized by the Lévy measure v(dv) = g(v)dv
where ¢ is any measurable function satisfying i) and ii), we define a CRM [ on X by its
Poisson intensity measure

v(ds,dx) = g(s)dsa(dz) (5.3.1)
where « is a finite measure on (X, 27) with a := «(X) > 0. Note that, if X = R*
and «(dzr) = dz, the corresponding subordinator is in the class of subordinators with
logarithmic singularity deeply investigated in Von Renesse et al. [I86]. We are now in a

position to define the class of NRMIs with logarithmic singularity.

Definition 5.3.1. Given the CRM identified by the Poisson intensity measure (5.3.1)), a
NRMI with logarithmic singularity on X with parameter g is defined as

5y d )
Py(r) = —=.
X
By Definition the class of NRMIs with logarithmic singularity is a subclass of

NRMIs characterized by a particular class of Lévy measure v(dv) = g(v)dv where g is any

measurable function satisfying i) and ii). It can be easily checked that some homogeneous
NRMIs known in the literature belong to the class of NRMIs with logarithmic singularity.

In particular, if we consider a measurable function g : (0, +00) — R defined by

e—S

(5.3.2)

S —

S
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then the Poisson intensity measure in (5.3.1]) reduces to the Poisson intensity measure of a
Gamma CRM and, hence, ]59 becomes the Dirichlet process on X introduced by Ferguson
[61]. Another remarkable example can be obtained by considering a measurable function

g :(0,400) — R defined by
(1—e7%)e "

5 m (5.3.3)
with 4 > 0. Then, the Poisson intensity measure in reduces to the Poisson intensity
measure of a generalized Gamma CRM and ]59 becomes the generalized Dirichlet process
on X with parameter « originally introduced by Regazzini et al. [I65] assuming X = R.
We observe that, if v = 1 in , then [ reduces to the Gamma CRM. Moreover, if
and only if v € N, then fi can be seen as arising from the superposition of v independent
Gamma CRMs with increasing integer-valued scale parameter and shape parameter «. In
particular, fi(A), for some A € 27, is then distributed as the convolution of v independent

r.v.s with parameters (j,a(A)), for j =1,...,7, ie.

~ Bl . a(A)
EleVW] =] < J ) A>0.

A

A first treatment of the generalized Dirichlet process on R in this setup was provided by
Lijoi et al. [118].

On the othere hand, the normalized stable process with index o € (0, 1) introduced
by Kingman [109] does not belong to the class of NRMIs with logarithmic singularity, the
measurable function g : (0, +00) — R* is defined by

s cs O (5.3.4)

where ¢ is a constant. Consequently, it can be easily checked that the normalized inverse-
Gaussian process introduced by Lijoi et al. [I19] and the normalized generalized Gamma
process introduced by Lijoi et al. [120] (see also James [96]) does not belong to the class of
NRMIs with logarithmic singularity. In particular, the fact that the NRMIs with logarith-
mic singularity are not of Gibbs-type follows immediately from Gnedin and Pitman [74]
and Lijoi et al. [124]: for 0 = 0, the only Gibbs-type NRMI is the Dirichlet pocess, whereas
for ¢ > 0 the only NRMIs of Gibbs-type are normalized generalized gamma processes.
We conclude this section by providing some observations on the Lévy measure v(dv) =
g(v)dv when g is specified by the measurable function . By this specification of the
measurable function g, the Lévy measure v(dv) corresponds to the Lévy measure of the
negative logarithm transform of a Beta distribution function with parameter (1,~) which
is a member of the class of generalized convolutions of mixtures of Exponential distribution

functions introduced by Bondesson [I1]. In particular, if and only if v € N, the negative
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logarithm transform of a Beta distribution function with parameter (1,v) reduces to a
distribution function belonging to the class of the generalized gamma convolutions due to
Thorin [I80]. See [101] for an interesting account on the connections between generalized
Gamma convolutions and Bayesian nonparametrics.

The class of generalized Gamma convolutions is a large class of infinite divisible self-
decomposable distribution functions introduced by Thorin [I80] and used by Thorin [I81]
to prove the infinite divisibility of the log-normal distribution function. The class of gen-
eralized Gamma convolutions, which is often called the 7 -class in honor of Thorin, is
the smallest class of distribution functions on RT that contains the Gamma distribution
function and is closed with respect to convolution and weak limits. The .7 -class is exten-
sively studied in the book by Bondesson [12] where moreover some extended versions of
the J-class are presented. Among these extended versions of the 7 -class, we focus on a
particular one, the so-called class of generalized convolutions of mixtures of Exponential
distributions, which is often called the Z5-class.

The J5-class was first introduced by Bondesson[I1] as an extension of the .7-class. For
s > 0, the Laplace-Stieltjes transform ¢ for a distribution function in the 7 -class satisfies
»(0) =1 and the relation

dp(\) 1 1
309 _b+/]R+ U

where b > 0 and U a non-negative measure on (R, %) such that the following conditions
holds true: f[o 1y og(t)|U(dt) < +oo and f[l +o0) t~1U(dt) < 4oo. From the absolute
monotonicity of ¢ and dlog(¢(N))/ds, it follows that ¢ is the Laplace-Stieltjes transform
of an infinite divisible distribution function The same conclusion holds for
do(\) 1 / 1
—_————=b+ —=Q(dt). 5.3.5
d\ o) rt (t+N)2 (dt) ( )

for b > 0 and @Q a non-negative measure on (R*,%") satisfies the condition [y, 1/t(1+
t)Q(dt). A distribution function on R* with Laplace-Stieltjes transform ¢ satisfying equa-
tion (5.3.5) is said to belong to the Ja-class.

Definition 5.3.2. A distribution function belonging to the J5-class is a probability dis-
tribution on (R™, Z%) with Laplace-Stieltjes transform of the form

p(\) = o b Jp+ (1/t42-1/1)Q(dt) A>0
where b > 0 and the non-negative Thorin measure Q on (RT,Z") satisfies the condition
Jier 1/1(1+ 0)Q(dr).

The 5-class is closed with respect to positive translation and change of scale, convo-

lution and convolution roots. It is also closed with respect to weak limits. A distribution
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function belonging to the Z-class can be characterized in terms of the Lévy meaure and
completely monotone functions, that is real-valued functions on R™ which are non-negative

and have derivatives of all orders, alternating in sign.

Theorem 5.3.1. (c¢fr. Bondesson [12]) A distribution function on Rt belongs to the Fa-
class if and only if it is an infinite divisible distribution function and the Lévy measure

has a completely monotone density £. In fact £(y) = [ e~WQ(dt).

Since £(y) is completely monotone when y/(y) is, it follows that .7 C 5. Another

characterization of the 75-class is in terms of Pick functions (see Donoghue [31]).

Theorem 5.3.2. (cfr. Bondesson [12]) A distribution function on Rt belongs to the Fa-
class if and only if, for A <0, its Laplace-Stieltjes transform ¢ is anlytic and zero-free in
Cn (R and

S(log(6(\)) = arg(6(N) =0 S(A) >0

or

3 (i log(qb()\))) >0 () > 0.

A characterization of the Z5-class is available in terms of the Thorin measure. This
characterization provides more information about the relation between the .7 -class and
the 9-class and the relations between the class of mixture of Exponential distributions
and the Z5-class.

Theorem 5.3.3. (cfr. Bondesson [12]) The T -class is formed by those distributions in
the F5-class for which the measure @ on (R™,%Z7) has an increasing density q(-). In fact,

if U(dt) denotes the Thorin measure, then q(t) = U(t) = f(o 1 U(dt).

Theorem 5.3.4. (c¢fr. Bondesson [12]) The class of mizture of exponential distribution is
formed by those distributions in the Fa-class for which the left extremity b is zero and Q
is a measure on (R, Z%) with density q(t) such that q(t) < 1.

In Chapter 9 and Chapter 10 on Bondesson [12] several examples of distribution func-
tions belonging to the J5-class are provided. In particular, the compound Poisson distri-
bution function, the non-central Chi-square distribution function, the negative logarithm
transform of a Beta distribution function and the first passage time distribution function
for random walks in continuous time. Further examples are related to the context of shot-
noise processes.

In the next proposition we define a non-negative measure ((,,,3,0) On (R, %27T) by
means of the sum of two Thorin measures characterizing the Laplace-Stieltjes transform of

the negative logarithm transform of the Beta distribution function for a specific choice of
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its parameter (see Bondesson [12]). In particular, we prove that Q(, , 3.¢) is still a Thorin
measure and it characterizes a Laplace-Stieltjes transform having Lévy-Khintchine repre-

sentation.

Proposition 5.3.1. Let Q. ,3,) be a positive measure on (RT,27") defined by

Q(%@ﬁ,@)(dt) = Z(ﬂ{n—l-kgvn—l—w-i-g—@}(dt) + ﬂ{ﬂ—1+7+g—9—ﬁan—1+7+g—ﬁ}(dt))

n>1

withy >0, 0>0,0<60 <~y andy—0—>0. Then Q,,30) s the Thorin measure

characterizing the Laplace-Stieltjes transform

Py+o-0T(v+o-B)l(e+Nl(y+o—-A—0-p5)

"N T e 0- AT -61e- NG Bre-n 00
having Lévy-Khintchine representation
log(é(N)) = /R+(e_)‘” —Du(dv)  A>0,0>0 (5.3.7)
where v . 3 i
v(dv) = v(le_ - (1 + _ei(w—(;ﬁ()z ) dv. (5.3.8)

Proof. First of all we prove that Q(,,, 3,) is the Thorin measure charachterizing a partic-
ular Laplace—Stieltjes transform. It can be easly cheked that [p, 1/t(1 + t)Q(dt) < +oc.
From equation (5 , setting b = 0 and using the series representation of the first deriva-
tive of the Dlgamma function, i.e. Y(x) = d/dzlog(I'(z)) = —=C+ 3,5, (1/n—1/n—1-x),

where C' is the Eulero’s constant, we have for A > 0

do(\) 1
‘fl&)(m — o+ N By o— 0+ N +(r o8-+ —p(y+a—B+A)
n—14+y+o—0 1 n—1+y+o0—0 1
n>1 </n—1+g (t+A)? i /n—1+~/+g—0—ﬁ (t+A)? )
1
_ (1) (2)
- [ @ + )
where
QW (dt) Z Ln—140,n—14+v+0—0} (A1)
n>1
and

Q@ (dt) Zﬂ{n 147+ 0—0—B,n—1+~v+0—3} (dL)-

n>1

Under the condition v > 0, o > 0,0 < 0 < ~vand v— 60— > 0, it can be easly
checked that ¢ is a Laplace-Stieltjes transform, then we proved that ((,,54) in is a
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Thorin measure characterizing the Laplace-Stieltjes transform ¢. We now prove the Lévy-
Khintchine representation for ¢. In particular, using the ralations for the Gamma function
['(z) = (x—1)T'(x) and I'(z) = 2 'T'(z+1) and the approximation given by Stirling formula

['(x) ~ (2rz)'/?(z/e)* to approximate the Gamma function, we have the following

o ):H(Q+i)(7+9_9_ﬂ+i)(’7—9+Q+)\+i)(’y—ﬂ+g+)\+z’)
L (vro—0+i)(v+to-B+i)le+A+i)(v+to+A—0—F+10)

>0
+00 (,—Av
= Hexp { / (efu_l)(e—v(Q'H)(l + e—v(’Y—e—ﬁ) _ e—v(’y—@) o e—v(’y—ﬂ)>)dv}
i>0 0

TR 1) N oty (g 4 @ v -0-8) _ g-v(-0) _ q-0(3-)
’ Z e (1+e e e )dv
i>0

+o00 (e—>\7} _ 1)6—11@ 1— e—vﬁ _ e—U9
= exp { /0 EESON (1 + e o ey > dv ;.

We provide a brief discuss of the Proposition The measure Q) , 5,0 defined
in (5.3.5)) is the sum of two known Thorin measure characterizing the Laplace-Stieltjes

trasform of the negative logarithm transform of the Beta distribution function for a specific

I
D
>
ko)
—N—
c\

O

choice of its parameter (see Bondesson [12]). The first one
Q(l) (dt) = Z ﬂ{n—l—l—g,n—l—l—w—i—g—@} (dt)
n>1
is the Thorin measure characterizing the Laplace-Stieltjes transform

L(y+o0—-0)T(o+ )

#I0) = L(ol(y =040+ N)

of the distribution function of the negative logarithm transform of a Beta distribution
function with parameter (g,v — 6), i.e. the r.v. YV = —log(1 — V(V) where V) is a
r.v. distributed according to a Beta distribution function with parameter (v — 6, 0). The

second one, corresponding to
Q(2) (dt) = Z ﬂ{n—l+’y+g—9—6,n—1+v+@—ﬂ}(dt)
n>1

is the Thorin measure characterizing the Laplace-Stieltjes transform

Fy+o-Bl(y+e+A-0-7)
Fy+o-0-BT(y=B+eo+A)
of the distribution function of the negative logarithm transform of a Beta distribution
function with parameter (y+0—6—3,0), i.e. the r.v. Y?) = —log(1— V) where V® is

o) =
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ar.v. distributed according to a Beta distribution function with parameter (6, v+ 0—60— /).
In particular, by mean of the summation of QW and Q@ we obtain the Thorin measure
Q(y,0,3,0) Which characterizes the Laplace-Stieltjes transform ¢ in . As we can see
¢ in is the product of the Laplace-Stieltjes transforms ¢(!) and ¢2), i.e. ¢ is the
Laplace-Stieltjes transform of the convolution of the distribution functions of Y and
Y@ where Y is independent of ¥(?). Reminding that the Z5-class is convolution closed
the last observation could be another way to see that Q(, , 3) is a Thorin measure.

In the next corollary we provide some further characterization for the Thorin measure
Q(+,0,8,0) introduced in Proposition In particular, we prove a relation with the 7.

Corollary 5.3.1. The following facts hold true

i) v in (5.3.8) is a Lévy measure generalizing the Lévy measures g(v)dv with g the
measurable function defined by (5.3.2));

ii) ¢ in (5.3.6)) is the Laplace-Stieltjes transform of a mizture of Exponential distribution
function if and only if v < 1;

iii) ¢ in (5.3.6) is the Laplace-Stieltjes transform belonging to the 7 -class if and only if
v €N and 0 € Np.

Proof. As regard the point i), the proof follows from Proposition especially from the
measure v identified by (5.3.8). The measure v is a non-negative measure, then we need
just to verify that

/ (I Av)v(dv) < +oo.
R+

In particular, we can factorize the above condition as follows

400 e—ve 1— efvﬁ _ eva
/0 (1/\0)711(1 ey <1+ o > dv
+o0 —ve
= / (1A v)ﬁ((l — e =0y 4 (1 — e POB)) (1 — e OBy
0 CAC

and we know that for any @ > 0 and b > 0

+o0 e—vb
1 ——(1—e")d .
/0 ( /\v)v(l—e*”)( e ")dv < 400

because e (1 — e7"?)/v(1 — e V)dv is a Lévy measure. It can be easly seen than the
Lévy measure v in generalizes the Lévy measure g(v)dv with g defined by
and , respectively. Actually we can obtain the Lévy measure g(v)dv with g defined
by , if we set in v one of the following conditions: § = 0, § = 0 or 8 = 0 and
6 = 0. Moreover, we can obtain the Lévy measure g(v)dv with g defined by , setting
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the further condition v = 1. The point ii), given the equation , is a straightforward
applications of Theorem As regard the point iii), using the relation for the generalized
factorials I'(a + n)/I'(a) = (a)py1 = a(a +1)---(a +n — 1) (in particular, (x),11 stands
for the Pochhammer symbol for the ascending factorial of x of order y (see Appendix
A)) for any a € C and n € Ny, it can be seen that if and only if v € N and 0 € Ny, ¢ is
the Laplace-Stieltjes transform of a convolution of v independent Exponential distribution

function. Actually, if and only if v € N and 6 € Ny we can write

(©)y—oyr1 (v +0—0—Bon _ ﬁ J+o—BLlysy—oy

\) = =11 -
o) 0+ Ny—on(y+o—=0 =8+ Ao JHo—Flgsyg +A

J=0

which is the convolution of v independent Exponential distribution function, with param-
eters (j + 0 — Bl{j>y—g) + 0)- O

As we proved, the Thorin measure Q4 5 5,) characterizes the Laplace-Stieltjes trans-
form ¢ which is the Laplace-Stieltjes transform of the convolution of the distribution
functions of the independent r.v.s YY) and Y? distributed according to a Beta distribu-
tion function with parameter (9,7 —6) and (v + 0 — 60 — 3, 0), respectively. We now define
a new distribution function, the so-called Gauss-Exponential distribution function corre-
sponding to this convolution and we provide several properties of this new distribution
function in terms of cumulative distribution function, moments and particular cases. The
definition of the Gauss-Exponential distribution function is given in terms of the Gauss

hypergeometric function 9 F; (see Appendix C).

Definition 5.3.3. A Gauss-Ezxponential distribution function with parameter (v, 0, 3,0)
is a distribution function having density function absolutley continuous with respect to

Lebesgue measure on RT

L(y+o-0T(v+e0—5)
LT ()T (y+0—0—3)

where v >0, 0>0,0<0<~vyand~y—60—3>0.

flv) = (1— e V)" e )26, 8,71 — e V) lgs(v)  (5.3.9)

Using Equation 7.527.3 in Gradshteyn and Ryzhik [77] it can be proved that
is a density function on R*. In particular, Figure and Figure show respectively
the density functions and the corresponding numerical approximation of the cumulative
distribution functions for the Gauss-Exponential distribution function for some fixed pa-
rameter v and g and variyng parameters 6 and .

It can be seen that the Gauss-Exponential distribution function includes as particular

cases some known distribution functions
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e the Exponential distribution function with parameter o can be recovered from (5.3.9))
by setting one of the following conditions: v = 1 and # = 0, vy =1 and 8 = 0 or
vy=1and 8 =0and 0 =0;

e the distribution function of the negative logarithm transform of a Beta distribution
function with parameter (v, ¢) cab be recovered from (5.3.9)) by setting one of the
following conditions: § =0, 5 =0or 8 =0 and § = 0.

Alternatively we can recover the Exponential distribution function and the distribution
function of the negative logarithm trasform of the Beta distribution function as the limit
in distribution of the Gauss-Exponential distribution function for 8 — —oo. In particular,
the distribution function of the negative logarithm trasform of the Beta distribution func-
tion with parameter (y — 6, ¢) can be recovered from the Gauss-Exponential distribution
function with parameter taking the limit for 3 — —oo; the Exponential distribution func-
tion with parameter g can be recovered from the Gauss-Exponential distribution function

with parameter (v, 0, 5,7 — 1) and taking the limit for § — —ooc.

Proposition 5.3.2. The Laplace-Stieltjes transform of a Gauss-Exrponential distribution
function with parameter (v, 0, 3,0) correspond to (5.3.6) and

%W) = dN)(W(o+N)—v(y+o—B+N) +v(y+o—0—B+X)—¢p(v+o—0+N)) (5.3.10)

and forr > 1

T r—1 r—1 r—1 r—1
s (T (i)
Proof. The constraints on the parameter of the Gauss-Exponential distribution function
implies that ¢ +s > 6 + 3 — . Then, the Laplace-Sieltjes transform can be ob-
tained by a straightforward application of Equation 7.527.3 in Gradshteyn and Ryzhik [77].
Equation and equation can be obtained using the definition of Digamma

function. ]

(5.3.11)

Equation ([5.3.10) and equation ([5.3.11)) can be used to derive the r-th moment for
a r.v. distributed according to a Gauss-Exponential distribution function. In particular,
given V is a r.v. distributed according to a Gauss-Exponential distribution function with

parameter (v, g, 3,6), then

EV]=v(y+o0—8) =) +v(y+o—0) —d(y+o—0-0)

and

VaT(V)=%(¢(9+>\)—¢(’y+@—ﬂ+>\) Y(y+o—0—-B+N) —d(y+o—0+N|-
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Figure 5.1: Gauss-Exponential density functions on R* with y =6, o =2 and A) § =1, 3 =0.8
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Explicit formulae for the skewness coefficient and the kurtosis coefficient can be obtained
using equation and applying recursively Equation . Rather than providing
an explicit formula for the skewness coefficient and the kurtosis coefficient, we provide
in Figure some graphical results which are useful to understand the behavior for the
mean, variance, skewness and kurtosis coefficient of the Gauss-Exponential for some fixed

parameter v and ¢ and variyng parameter 6 and (.

5.4 Some developments of a generalized Dirichlet process

In this section we use the results obtained in Section 5.3 for the Gauss-Exponential distri-
bution function in order to provide some developments of the generalized Dirichlet process
introduced by Regazzini et al. [165] and further investigated by Lijoi et al. [11§].

Let us start by defining a r.v. £ distributed according to the Gauss-Exponential dis-
tribution function with parameter (1, 0,6, 3). Thus, & is a positive infinite divisible r.v.

characterized by the Lévy measure

e " 1—e v e
v(dv) = o =) <1 + g o ) v>0

with 0 > 0,0 < 6 <~ and v — 0 — 8 > 0. Relying on &1, define now a CRM /i by its

Poisson intensity measure

-8 1— —sB _ ,—sb0
v(ds,dx) = ¢ < ° ©

s(1—e) 5(1-0-5) ) dso/(dz) (5.4.1)

where « is a finite measure on X with a := o(X) > 0.

Definition 5.4.1. Given the CRM i on X identified by the Poisson intensity measure
(5.4.1)), the generalized Dirichlet process on X with parameter (v, 3,0) is defined as

]5(%579)(‘) < 5(()(3)

It can be easily checked that the generalized Dirichlet process on X with parameter
(7,8, 0) is a NRMI with logarithmic singularity with parameter g where g : (0, +00) — R
is defined by s — e /s(1 — e *)(1 + (1 — e — =% /e5(v=0-P)))_ In particular the
generalized Dirichlet process on X with parameter « can be recovered by setting one of
the following conditions: # = 0, 3 =0o0r # =0 and 3 = 0. If X = RT and a(dz) = dz,
the corresponding subordinator represents a special case of the class of subordinators with
logarithmic singularity deeply investigated in Von Renesse et al.[186].

As proposed by Lijoi et al [118] for the generalized Dirichlet process with parameter
~v with v € N, also for the generalized Dirichlet process with parameter (v, 3,0) we can
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Figure 5.3: Figures A), B), C), D) respectively the mean, variance, skewness and kurtosis coef-
ficient for the Gauss-Exponential distribution functions with v = 1, o = 2 and variyng 6 and (3.
Figures E), F), G), H) respectively the mean, variance, skewness and kurtosis coefficient for the

Gauss-Exponential distribution functions with v = 6, ¢ = 2 and variyng 6 and .
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restrict the attention to the particular case corresponding to v € N and 6 € Ny. Under
these assumptions, for any A € 2, the Laplace-Stieltjes transform of the distribution

function of fi(A)

Y C , a(4)
Bl ) - [T (150 ) A0, (5.4.2)

i J— Blsy—gy + A

Thus fi(A) is distributed as the convolution of two independent random elements. The
first one is the convolution of (v — #) independent r.v.s distributed according to a Gamma
distribution function with parameter (j,«(A)) for 7 =1,...,(y—6). The second one is the
convolution of § independent r.v.s distributed according to a Gamma distribution function
with parameter (v — 60 — 8+ j,a(A)) for j = 1,...,6. Thus, distribution function of ji(A)
is a member of .7 because is the convolution two members of 7.

In what follows for generalized Dirichlet process with parameter v we mean the gener-
alized Dirichlet process with parameter «v with v € N and for generalized Dirichlet process
with parameter (v, 3,0) we mean the generalized Dirichlet process with parameter (v, 3, 6)
with v € N and 6 € Ny. From expression we can clearly see the main difference
between the generalized Dirichlet process investigated by Lijoi et al. [I18] and the general-
ized Dirichlet process defined by Definition [5.4.1] under the assumpion v € N and 6 € Ny:
the generalized Dirichlet process with parameter (v, 3,6) is a r.p.m. on X obtained by
normalization of superposed independent Gamma CRMs where the scale parameter is not
necessarily increasing integer-valued. The scale parameter is increasing integer-valued for
the first v — # Gamma CRMSs superposed, then changes according to the parameter 3.

By definition, the generalized Dirichlet process with parameter v can be recovered
setting one of the following condition: § = 0, 3 = 0 or § = 0 and 8 = 0. In particular,
the Dirichlet process can be recoverd setting the further condition v = 1. Another way
to see the Dirichlet process and the generalized Dirichlet process with parameter v as
particular case of the generalized Dirichlet process with parameter ~, 3,60 is to consider
such processes as the limit process in distribution of the generalized Dirichlet process with
parameter (v, 3,0) for § — —oo. The generalized Dirichlet process with parameter v — 6
can be recovered from a generalized Dirichlet process with parameter (v, ,60) and tak-
ing the limit for  — —oo. In particular, the Dirichlet process can be recovered from the

generalized Dirichlet process with parameter (v—1, 3, 0) and taking the limit for 5 — —oc.

5.4.1 Finite dimensional distributions

We now consider the finite dimensional distributions of the generalized Dirichlet process
with parameter (7,3, 60). As for the generalized Dirichlet process with parameter ~, the

finite dimensional distributions can be derived in terms of Lauricella hypergeometric func-
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tions (see Appendix C).

First of all we establish some notation. For any vector x = (z1,...,z,) € R", let
2| == ) 1<i<n®i and for any measurable partition By,..., By of X let «; := «(B;) for
i =1,...,n. Finally, we set the following (y — 1)-dimensional vectors 1,_; := (1,...,1)

9
and J( ﬁ) = 1+ B(Lgy—157-6) — Ligzoy)s---»7 — 1+ B(L{1>y—6) — Lip20y)). Thus, we
have the following proposition.

Proposition 5.4.1. Let 15(%379) be a generalized Dirichlet process on X with parameter
(v,8,0). For any measurable partition By,..., B, of X, (]5(%5,9)(31), .. ,15(77579)(3”,1))
is a r.v. admitting density function with respect to Lebesque measure on the simplex A1)

given by

f(f:’m,ﬁ,e)(Bl)wfs(w,@,e)(Bn—l))(yl’ <o Yn—1) (5.4.3)

v . ‘ a n—1 Yyan—1 o
= szl(Jn ﬁﬂ{pv—@}) H yoi—1 [ _ Z Yi /+ 6—y(7—ﬁﬂ{e¢o})y7a—1
[Tiy T(yew) i—1 0

0, 1 0,8)
X H‘I)g 041 'y—lafyazyyyz‘fé f)) (= )<a y—1;70n3Y (1_2:91) ,\(/_f)

X Iae-1) (Y1, -+ Yn—1)-

In particular, the distribution of ]5(%5,9) (B), for any B € 2 has density function with

respect to the Lebesgue measure on (0,1) given by

Fo 403 1) (5.4.4)

Y s . a o)
_ j=1(] BH{J>V—9}) Va(B)*l(l _ yl)va(BC)—l /+ 6—y(’¥—ﬂﬂ{e¢0})y7a—1
[(ya(B))T (va(B€)) 0

< @)1 a(B) Ly va(B)ryy I )85 (B L1 va(B): (1 — ) 1y

X o (y1).

Proof. Using the representation of the density function of the sum N of independent r.v.s
distributed according to a Gamma distribution function in terms of the limiting form <I>§N)
of the second Lauricella hypergeometric function (see Chapter 7 in Exton [47]) we have
for any B € 2 the density function of fi(B)

)e a(B)
—z(y=Blgz0y) pye(B)—1

(x) — j= 1( ’81{J>7 0}

Tu) F(a(B))

x 07D (a(B)1y_1; ya(B); 2T D) 1 ()



5.4. Some developments of a generalized Dirichlet process 155

and the joint density function of (fi(By),...,(By)) is given by

Y . a
~ ) G = Blgsy-ay)
faB), ) (@1, ) = T T (o)

n n
X e_|x|(7_51{9#0}) H :L';-Yaiil H @gv_l)(ailfyfl; Yoy, $ZJ,§@€))]I(R+)71 (IL‘1, L. ,:L‘n).
i=1 i=1
From the joint density function of (fi(Bi1),. .., fi(By)) it is possible to find the transformed

normalized joint density function (P, 36)(B1),-- -, P,36)(Bn-1)). This density function

is obtain first considering the following transformed joint probability distribution function

f(ﬁ’mﬁ,e)(Bl):-~~f’(mﬁ,e)(anl),ﬂ(x))(yl’ s Yn—1,Y)
. _ _ yon—1
H?’—l(.? _ﬁ]l{j>7—9})a nl . n-!

= = e~ Y(r—B1Lygx0}) Y7 1yfya—1 1— vi
[T T(ves) 21—11 ! ; !

n—1 )

—1 ,

X H q);v )(Oéilw—l;’yoéz‘; yyiji_f))
i=1

n—1
- 0
x oy (anly_l;van;y (1 - Z.%) Ji’f)) L1 (Y1, Yn—1)
=1

and then integrating over y. Formula ([5.4.4)) follows from the same proof for the particular

case of n = 2. O

For a fixed =, if we set § = 0 or 3 = 0, or both equal to zero, it can be sees in formula
that the finite dimensional distributions are of the generalized Dirichlet process
with parameter measure 7 (see Lijoi et al. [I18]). In particular, if we fix v = 1, then if we
set 6 = 0 or B = 0, or both equal to zero, we recover from the finite dimensional
distributions are of the Dirichlet process. Moreover, the finite dimensional distributions
of the generalized Dirichlet process with parameter v — 6 can be recoverd by the finite
dimensional distributions of the generalized Dirichlet process with parameter (v, 3,60) and
taking the limit in distribution for 5 — —oc; in the same way the finite dimensional distri-
butions of the Dirichlet process can be be recoverd by the finite dimensional distributions
of the generalized Dirichlet process with parameter (v, 3,7 — 1) and taking the limit in
distribution for 8 — —oo.

The following corollary highlight the particular cases of the finite dimensional distribu-
tions when « = 2. In such particular case the confluent form of the fourth Lauricella
function reduces respectively to a confluent hypergeometric function 1F; (see Appendix

Q).

Corollary 5.4.1. Let 15(%579) be a generalized Dirichlet process on X with parameter
(2,3,0). For any measurable partition Bi,..., B, of X, (15(%579)(31), cel, f’(%ﬁﬂ)(Bn,l))
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is a r.v admitting density function with respect to Lebesque measure on the simplex A1)

given by
f(ﬁ(mﬁﬁ)(Bl)w-»fs(m,e (Bn—l))(yl’ - Yn-1)
200, —1
F(Za)H ne o ﬁﬂ{j>2 9} H 2a;—1 1_2%
(2 Bligzoy) ['(20q) o
(O,ﬁ) (0,8) n—1_.
XF(n) 2. 1. . .. an‘2(a1 Oén)' J1 Y1 J1 (1—Zi=1 yz)
A T T (2 = Blygzy)” T (2 — Blygsey)

X I[A(n—l) (ylv <o ;yn—l)-

Proof. When ~v = 2 we have that @gN) reduces to the confluent hypergeometric function

1F1. So using the series representation of 1 | we have

f(]S('y,B,Q)(Bl)v"~7]5'y 8,0)(Bn— 1))(y1’ s Yn-1)

2 n—1 +
_ 140 ) — Bljs2-6))" H 20,11 _ Zyi)2an—1/ Ooe—y(Q—ﬁl{9¢0})y2a—1
[[2: D(2a) , 0

(0,8)\m n—1 (0,8)\m
Oéz m; 1 ysz ) (an)mnTl(y(l - 21:1 yz’)J1 ) "
x H 2. > dy

m;! l QQZ 1 mn!(2an)mnT1

i=1 m;>0 myp >0

X ]lA(nfl) (yla cee ayn—l)
2 —1 2C¥n—1
_ [[21G = BLysa-6))" H 2a;-1 (1 _ nz:y
[T, T(2ay) — !
> (1)1 O 07 405 (1 S5 ™

ml!(2al)mz

X

(ml,...,mn)E(No)"

+oo 0.8
8 / eiy(2751{6#0})(‘]1( 7 ))‘m|y2a71+|m‘dy]]'A(”*1) (y17 st 7yn—1)
0

and the proof is completed. O

5.4.2 Predictive distributions and posterior characterization

The greater flexibility of the nonparametric model has to be constrained in order to incor-
porate real qualitative prior knowledge into the model. This is usually done by tuning some
moments according to one’s prior opinion. Walker and Damien [190] suggest controlling
the mean and the variance of ]5(%5,9). Walker et al. [192] provided a detailed discussion

about on specification in nonparametric problems.
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The expected value of ]5(%5,9) takes on the interpretetion of a prior guess at the shape
of p(%ﬁ,g) and is a crucial quantity in terms of prior specification. Indeed, if ]5(%@9) is a

generalized Dirichlet process with parameter (v, 3,6), then

a(B)

a

E[P, 50/ (B)] =

for any measurable set B (see Pitman [I56]). Once setting the prior guess at the shape ¢
through the chice of «, one has still four degrees of freedom in order to complete the prior

specification: the total mass a and the parameters v, 6 and .

Proposition 5.4.2. Let ]5(%[379) be a generalized Dirichlet process on X with parameter
(v, 8,0). If a is a non-atomic measure on (X, Z°), then for any B € 2 and B1,Bs € Z
such that C = B1 N By

a(B)(a - a(B))Ia,v,G,B (5.4.5)

VCL’I"(P(%I&Q)(B)) = a

ac(C) — a(B1)a(B2)

COU(]S(77579)(31), p(BQ)) = Ia’%gﬂ (546)

(a)?
sk(P, 5.0)(B)) = 2(@(3“) (; 2_04;1(3;)))1/2 Karo.0 (5.4.7)

where

I'(ya)a — A1 T
Turo = (ya)a H 1(J {7>v— 6} ZFW 1) (7@ ozk,’ya—i—Q 1

I'(va+2)(y = Blypro))* = = Blgzo)
(5.4.8)
and
K 4(H]7:1(]‘ - ﬁ]l{j>7,9}))_a/2f(”ya + 2)1/2 (5.4.9)

“10 T Q2T (ya)) 2 (y — Blggpoy) 192 (va + 2)
1 FS Y (vasapva + 301 ’f)/v — Blg0)

(1) FS ™V (va, o va+ 2: 00Dy — B14.00))3/2

where of = (a,...,a+2,...,a) € R7™1 with a + 2 being the (y — k)-th element of the
vector and o = (a,...,a+3,...,a) € RYV with a + 3 being the (v — k)-th element of

the vector.

Proof. As regard the variance, from Proposition 1 in James et al. [99] we have

+o0
Loqo8 = a/ ueaq'(“)/ v?e” v (dv)du
0 R+
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where W stands for the Laplace exponent of the random measure at issue and v is the Lévy

measure. Hence, in the case of a generalized Dirichlet process with parameter (v, 3, 6), one

has
| — Blyjsy—6y /+°° (uth—p1
Zoros=a ve Utk =Bl -6} gy duy
08 Z/ J_ﬂl{]>’y 9}+u 0
= Blyjsy—0) 2
=a u+k— g1 _on) “du
Z/ ] _ ﬂl{]>”{ 0 +u ( {k>~ 0})
3 (+0.6)
=a (k= Blysq_gy) 2E[(n, "7 + 072
k=1
where 77(W B9 is 1 v. distributed according to a Gamma distribution function with parame-

ter (k—B1k>y—6),2), for k=1,...,v and C(V 9 is the convolution of v independent r.v.s
distributed according to a Gamma distribution function with parameter (j—/ Lijsqy—6ys a),

for j =1,...,7. Then, the density function is

[ = Blgsy—0)*(k = Bligsq—})°

fmiw,ﬁ,e)%y,ﬁ,e) (y) = T(va)

Y
" / (y — 2)e~ =Ltk —0)(u=1) gra=1e=o(-BL 0 01)
0

X <I>(7_1)(a(B)17,1;7a(B); azjge_’f))]lw (y)dx

2
H] 1( ﬂ]l{]>'y 9}) (k_ﬁ]l{k>v—9}) y7“+1e*y(k*ﬁ]1{k>v—9})
I'(ya)

1
></ Z’Ya—l(l 7Z)e—Zy('Y—k+/3[ﬂ{k>'y—6}_]1{(9#0}])
0

x ®F D ((B) 1y 1;70(B); y2 S0 ) g ().
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Hence, we have

Y —+o00
Tonop=a ) (k= Bligsqgy) /0 y*2fm(€me> Lo (Y)dy
k=1

B H] 1( ﬂ]]-{]>”/ 9})
I'(va)

Y 1 +o0
« Z/ Z’Ya—l(l _ z)/ y’)’a_le_[k_fg]l{k>'y—0}+(7_k+ﬂ[]l{k>~y—0}_]I{G;AO}])Z]?J
0

x 25V (a(B)1,_1;7a(B); yzJ\ ")) dyd=

’:]4

ﬂﬂ{j>’y 9})

i:/ 27911 — 2)
= Jo [k = Bliksy—oy + (v =k + Blliks—g) — Ligr0p]) 2]

l() b va,aly_1;ya; 71 dz.
[k — Bl psy—gy + (v — b + BLirsy—oy — Liozoy))?]
Because for any x € [0,1)",a >0and b; >0fori=1,...,n

Fl()n)(a7 b17 .. 7bn7 a; x) = H(l _ ‘Ti)ibi

i=1
then, using a change the variable z = v(k— 1 (x>~y—01)/ (V=81 {920y —v(Y—Ek+B[L{r>y—0) —
LIgg£0y])) we obtain

allj=1(G = Blsy-0y)"

T, =
700 (v = BligLo)®
)
y Z/ oy <1 oy =k + Bl kn—g) — 1{9;&0}]))
v — BLligro)
% H ( []l{v —j>y—=0} — H{#O}]))_a dv
v — Blgzoy

_ aHj:l( - [ﬂl{j>7—0})a
(v = BLigro1)®

—1 .
" i/l L1 - ”)h (1 00 = Blly—goy-0y — Liozay))
pt e v — Bliox0}

F(’ya) ( Bl{j>’7 0})
[(va + 2)( — Blyoror)®

Y ( 1) J(e»f)
X Fo~ ya, o ya 4 25—
z_: b ( F v — Bligzo)

dv

>—(“+21{j=~/—k})
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where af = (a,...,a+2,...,a) € R¥™! with a + 2 being the (v — k)-th element of the
vector. Using similar arguments to those employed for determining Z, . 9 g is it possible

to prove

I'(ya)da H}:l(j - 51{j>770})a
[(ya+3)(y — Bligr01)®

+o00o
Tarn 0,8 = a/ u2e_aq’(“)/ v3e ™ u(dv)du =
0 R+

X Fy) 77 va, 0 va + 3 ———
; < v — BLio0}
where a}* = (a,...,a+3,...,a) € R77! with a + 3 being the (y — k)-th element of the
vector. From the last equation one obtains Ky 0,5 = Ja7ﬂ,79,5/1'3/726. 5 ]

In Figure and Figure we show the values for 7, g9 and K, g6 for the gen-
eralized Dirichlet process with parameter (v, 3,60) respectivly with prior guess a(-) and
a(-)/4 for some fixed values of v € N and variyng 6 € Ng and . In particular, Z, , 3¢ and
Ka,y,p,0 are relevant in the context of the prior specification.

In the context of prior specification, the prior opinion on the unknown ¢ is reflected
by the choice of the prior guess «g, while a, v € N, § € N and 3 represents degree of
belief in «ag. In particular, we consider the prior variance and the prior skewness which
can be tuned acting on Z, , 3 and Ky 5 g,¢. It is known from Lijoi et al. [I18] that for the
generalized Dirichlet process with parameter ~y, the prior variance and the prior skewness
decrease as a or v € N increase which means the bigger a or v the greater is confidence in
ag. In other words, increasing a or v € N implies the constraint that more weight is given
to the prior guess ag. Such properties of the generalized Dirichlet process can be observed
in Figure and Figure by looking the values corresponding to § = 0. The gener-
alized Dirichlet process with parameter (v, 3,6) extends such property of the generalized
Dirichlet process with parameter . In particular, for any fixed a, it is possible to chose
a parameter 0 € Ny and (§ such that increasing v € N the prior variance and the prior
skewness do not decrease. In other word, for generalized Dirichlet process with parameter
(7,3, 0) the weight given to the prior guess «ag is not directly related to the choice of the
parameter v € N.

We now focus on another important feature of a nonparametric model which is related
to the prediction of feature values of a random quantity based on its past outcomes. We
set n:= (ny,...,ng), nT = (ng,...,ng, 1) and n;r = (n1,...,n; +1,...,n%). Under the
hypothesis of non-atomicity of the measure « the predictive distribution can be found by

the application of Proposition [5.2.2

Proposition 5.4.3. Let 15(%@9) be the generalized Dirichlet process on X with parameter

(v,8,0). If a is a non-atomic measure on (X, Z"), then the predictive distribution, given
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Figure 5.4: Values for Z, 9,3 and K03 for a generalized Dirichlet process with parameter
(v, 8,0). Figures A), B) v = 2, § = 1 (red). Figures C), D) v = 3, § = 1 (red), § = 2 (green).
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X1,..., X, is of the form

k
a a(dx) n 1
P(X, Xi,...,Xp) = + - -
(ot € dafi,eres ) = S uln®) + S St o )
where
w(at) = ZE FY Y (ya, 0 () iya + o+ 1500 /(= Bligsoy) (5.410)
S Fy V(0,07 (1) 5a 4+ 0 1D /(3 = B 00)
and
oty = Ze DV 0a ettt e+t LMD/ Blesey)
AR )= 701 p 708, a1 ' -
Zrk D (’7@70‘ (l’l,I' ) va+n; ~y—1 /(7 B {9#0}))
where o (n,r*) = (af(n,r¥), . .. ,al_q(n, r¥)) with
k
aj(mrt) =a+ ) nmilyop,
i=1

forj=1,...,v—1.

Proof. Under the hypothesis of non-atomicity of o Pitman [I56] shows (see also Proposi-
tion [5.2.2) that the predictive distribution corresponding to a NRMI is of the form

P(Xn-‘rl € '|X17 cee >Xn)

pgllil'll)(nl,...,nk, 1i £L+) nl,.. TLj-Fl,...,nk)(s ()
- o (-
npgl,)(nlaank) n j=1 npn (nl,...,nk)
where pslk) (n1,...,ng) = f0+oo u”_le_a‘l’(“),unj (u)du and, for j =1,...,k we have pi,, (u) =

fR+ v"e " y(dv). Thus, for the generalized Dirichlet process with parameter (v, 3,0), we

have

) [ 2:3

- /8]1{1‘>'y 0}

il 400
'U e Z/ Snj_1e_'U(U+7”—B]1{T>779})d,U
r=1"0
v

nj) Y (u+r—Blisy o) ™.
r=1
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we have

+o00 k +o0 ~ _ Bﬂ{r 0})
p( )(nb ,nk) :/ ! —a‘ll H/ Ve —uvz 7= dvdu
0 j=170 r=1
k +o0 v . —a
. J—=Blyjsy 0y +s
-1Ir nJZ/ (ST )
j=1 =1\ {5>v—0}
k
X H(u +r; — B]l{rp«,_e})_”idu
i=1
b i +oo
- H F(TL]) Z H(T’L - /Bﬂ{m>'y—9})_m / Un_lE[e_uv‘l»k]du
7=1 rk =1 0
) L1000 ST~ 51 0y) IV,
Jj=1 rk =1

where V) = Z;-Y:le with the Y; being independent r.v.s distributed according to
a Gamma distribution function with parameter (j — B1(j5y—gy,a + D 1cicp il {j=r;})
for j = 1,...,7. We first set a;?(n, rf) = a + > 1<i<k Mil{j=r;y and then we define

*
v—1
r.v.s V, i, distributed according to a Gamma distribution funcitons in terms of the confluent

o*(n, ) := (af(n,r¥),... o _;(n,r¥)). We can express the convolution of independent

form of the fourth Lauricella function. Then we have
+00 k +oo 2 - /B]l{r> 0})
pF (.. nk) Z/ ut e (W) H/ Z " dvdu
0 =170 —l
k . a
_ ['(n) Hj:l F(nj) ]7‘:1(.7 - ﬁ]l{j>'y—9})
['(ya +n)

—+o0
X Z/ v”“_le_”(“’_m{#m)<I>§771)(a*(n, rk); ya + n; vJ,géﬁf))dv
0

_ ['(n) H§:1 L'(n;) ;'/:1@ — Blgj5y-01)"
(v = Blygzoy)7I'(va + n)

« Z +oo ya—1 fz(I)(’Y—l) * ky. . < 7—1
z e P, a(n,r),’ya+n,—( ] dz
k0 -

v — Bligzoy
_ ['(ya)l'(n) H?:lr(nj) TG = Blgjsr—ey)”
(v — 51{07&0})7@(7@ +n)

S (ot ),
rk

v = BlpLo})

Then the result follows immediately from the application of Proposition O
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It is useful to compare the predictive distributions of the generalized Dirichlet pro-
cess with parameter (v, 3,6) with the predictive distributions of other NRMIs known in
the literature. In particular we are interested to compare the predictive distributions of
the generalized Dirichlet process with parameter (v, 3,6) with the predictive distributions
of the generalized Dirichlet process with parameter -y, the predictive distributions of the
Dirichlet process and the predictive distributions of the class of Gibbs-type r.p.m.s.

In terms of predictive mechanism the more simple case of Gibbs-type r.p.m. is the
Dirichlet process. It is known that for the Dirichlet process the predictive distributions
are a linear combination of the prior guess o and a weighted empirical distribution: X, 41
is new with probability a/(a + n) and it coincides with X7 with probability n;/(a + n),
for j = 1,..., k. Therefore for the Dirichlet process, the probability allocated to previous
observations and the probability of a new observation do not depend on the number & of
the distinct observations within the sample; in particular, the weight assigned to each X7
depends only on the number of observations equal to X j* The predictive distributions of
a Gibbs-type r.p.m. are still a linear combination of the prior guess agp and a weighted
empirical distribution: X, 11 is new with probability go(n, k) and and it coincides with
X7 with probability gi(n,k)(n; — o), for j = 1,..., k. Therefore for a Gibbs-type r.p.m.
the weight assigned to each X7 depends on the number of distinct observation k and on
the number of observations equal to X;, while the weight assigned to a new observation
depend on the number of distinct observation k. The balancing between new and old ob-
servations takes into account the number of distinct observation k.

As regard the generalized Dirichlet process with parameter (v, (3,6), the predictive
mechanism is more interesting and it exploits all available information in the sample
X1,...,X,. The predictive distributions of the generalized Dirichlet process with param-
eter (v, 3,0) are still a linear combination of the prior guess ap and a weighted empirical
distribution: X;,11 is new with probability w(n*)a/(ya+n) and and it coincides with X7
with probability w(nj)nj /(ya + n), for j = 1,... k. Therefore, from equation
and equation (5.5.15) we observe that both weight assigned to each X7 and the weight
assigned to a new observation depend on the number of distinct observation k£ and on the
frequencies (n1, ..., ny) of the k distinct observations X]’-k. We can conclude that differently
from the Gibbs-type r.p.m.s, the predictive mechanism of the generalized Dirichlet process
with parameter (v, 3, 0) is based on a balancing between new and old observations takes
into account two elements: the number of distinct observation k and on the frequencies
(n1,...,n) of the k distinct observations X7

For construction, the generalized Dirichlet process with parameter v proposed by Lijoi
et al. [I18] and the generalized Dirichlet process with parameter (v, 3,60) have the same

interesting predictive mechanism; the unique difference appears in the variable of the Lau-
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ricella function F' g_l). In particular, the generalized Dirichlet process with parameter

(7,3, 0) is characterized by a more flexible definition of such variable which involves the
two extra parameter 8 € Ny and (. Such difference suggest that the parameter § € Ny
and G could determine a s ort of control in the reinforcement mechanism of the poste-
rior probability allocated to X7. It is known that a distinctive feauture of a Gibbs-type
r.p.m. different from the Dirichlet process is that the posterior probability allocation to
each X7 is more elaborated than for the Dirichlet case; instead of increasing the weight
proportionally to the number ot ties, the probability assigned to X J* is reinforced more
than proportionally each time a new tie has been recorded. This can be explained by the
argument that the more often X7 is observed, the stronger is the statistical evidence in its
favor and, thus it is sensible to reallocate mass toward it. In particular, it is known that for
a Gibbs-type r.p.m. different from the Dirichlet process suth reinforcement mechanism is
controlled by the parameter ¢ which greatly influence the clustering behaviour: a value of
o close to one generates a large number of clusters most of which with small size. Then, a
reinforcement mechanism driven by o acts on the mass allocation by penalizing clusters of
small size and favouring those few groups containing a large number of elements. We con-
jecture that a reinforcement mechanism of same type above described for the Gibbs-type
r.p.m.s follows for the generalized Dirichlet process with parameter (v, 3, 6); in particular,
such reinforcement mechanism could be related to the choice of parameter v € N, 6 € Ny
and (. A numerical example may clarify such conjecture.

To highlight the reinforcement mechanism, let the sample space be [0,1] and let the
prior guess ag be the Uniform distribution with a specified is such way that all the process
compared has the same mean and variance. Suppose that one has observed the samples
X0 = (x® . xPyand x@ = (x? .. X[?) such that in each sample 40% of the
observation are of type Xi = 0.3, 30% of the observations are of type X3 = 0.1, 20% of
the observations are of type X5 = 0.6 and 10% of the observations are of type Xj = 0.5.
Based on such asspumptions we compare for each sample the reinforcement mechanism for
the predictive distributions of a Dirichlet process, a normalized inverse Gaussian process,
a generalized Dirichlet process with parameter v and a generalized Dirichlet process with
parameter specified in Table To emphasize the reinforcement mechanism, the numer-
ical results are given in terms ratio between the posterior probability allocation and they
are displayed in Figure and Figure for the sample X(!) and Figure and Figure
for the sample X2,

From Figures[5.6] 5.7} 5.8 and [5.9] we can observe for the generalized Dirichlet process

with parameter v a reinforcement mechanism is related to the parameter ~.

When 7 increases the probability assigned to X ]* is reinforced more than proportionally

each time a new tie has been recorded. In particular, we observe that for v = 2 the
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Figure 5.6: Ratio of posterior probability allocation for the Dirichlet process, normalized inverse-
Gaussian process, generalized Dirichlet process with parameter v and generalized Dirichlet process
with parameter (v, 3,6) using parameter specification of Table and sample X, Figures A),
B), C), D), ratio of posterior probability allocation for cases 1)-9) in Table Figure E), F), G),
H), ratio of posterior probability allocation for cases 10)-18) in Table
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Gaussian process, generalized Dirichlet process with parameter v and generalized Dirichlet process
with parameter (v, 3,6) using parameter specification of Table and sample X (). Figures A),
B), C), D), ratio of posterior probability allocation for cases 19)-27) in Table Figure E), F),
G), H), ratio of posterior probability allocation for cases 28)-36) in Table
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Figure 5.8: Ratio of posterior probability allocation for the Dirichlet process, normalized inverse-
Gaussian process, generalized Dirichlet process with parameter v and generalized Dirichlet process
with parameter (v, 3,6) using parameter specification of Table and sample X ). Figures A),
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Figure 5.9: Ratio of posterior probability allocation for the Dirichlet process, normalized inverse-
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with parameter (v, 3,6) using parameter specification of Table and sample X ). Figures A),
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Case D niG gD GD GD GD GD
a a (a,v) (a,7,0,8) (a,v,0,8) (a,v,0,8) (a,v,0,8)

1 1.93  0.65 (1,2)  (1.71,2,1,-40) R - R

2 1.93  0.65 (1,2)  (1.68,2,1,-35) - - -

3 1.93  0.65 (1,2)  (1.65,2,1,-30) - - -

4 193 0.65  (1,2)  (1.62,2,1,-25) - - -

5 1.93  0.65 (1,2)  (1.50,2,1,-20) - - -

6 1.93  0.65 (1,2)  (1.50,2,1,-15) - - -

7 1.93  0.65 (1,2)  (1.40,2,1,-10) - - -

8 1.93  0.65 (1,2) (1.24,2,1,-5) - - -

9 1.93  0.65 (1,2) (1,2,1,0) - - -

10 2.77  1.36  (1,3)  (1.36,3,1,-40)  (2.30,3,2,-40) - -

11 2.77  1.36  (1,3)  (1.35,3,1,-35)  (2.25,3,2,-35) - -

12 277 1.36  (1,3)  (1.34,3,1,-30)  (2.19,3,2,-30) - -

13 277 1.36  (1,3) 1.32,3,1,-25)  (2.11,3,2,-25) - -

14 277 1.36  (1,3)  (1.30,3,1,-20) (2,3,2,-20) - -

15 277 1.36  (1,3)  (1.27,3,1,-15)  (1.86,3,2,-15) - -

16 2.77  1.36  (1,3)  (1.23,3,1,-10)  (1.66,3,2,-10) - -

17 2.77  1.36  (1,3) (1.15,3,1,-5) (1.37,3,2,-5) - -

18 2.77  1.36  (1,3) (1,3,1,0) (1,3,2,0) - -

19 3.515  2.02  (1,4)  (1.23,4,1,-40)  (1.67,4,2,-40)  (2.78,4,3,-40) -

20 3.515 2,02  (1,4)  (1.23,4,1,-35)  (1.65,4,2,-35)  (2.70,4,3,-35) -

21 3.515 2,02  (1,4)  (1.22,4,1,-30)  (1.62,4,2,-30)  (2.60,4,3,-30) -

22 3.515 2,02  (1,4)  (1.21,4,1,-25)  (1.59,4,2,-25)  (2.48,4,3,-25) -

23 3.515  2.02  (1,4)  (1.20,4,1,-20)  (1.54,4,2,-20)  (2.32,4,3,-20) -

24 3.515  2.02  (1,4)  (1.18,4,1-15)  (1.48,4,2,-15)  (2.11,4,3,-15) -

25 3.515  2.02  (1,4)  (1.15,4,1-10)  (1.39,4,2,-10)  (1.83,4,3,-10) -

26 3.515 2,02  (1,4) (1.10,4,1,-5) (1.24,4,2,-5) (1.44,4,3,-5) -

27 3.515  2.02  (1,4) (1,4,1,0) (1,4,2,0) (1,4,3,0) -

28 419 262  (1,5)  (1.17,5,1,-40)  (1.43,5,2,-40)  (1.92,5,3,-40)  (3.16,5,4,-40)
29 419 262  (1,5)  (1.16,5,1,-35)  (1.42,5,2,-35)  (1.89,5,3,-35)  (3.05,5,4,-35)
30 419 262  (1,5)  (1.16,5,1,-30)  (1.40,5,2,-30)  (1.85,5,3,-30)  (2.93,5,4,-30)
31 419 262  (1,5)  (1.15,5,1,-25)  (1.38,5,2,-25)  (1.80,5,3,-25)  (2.76,5,4,-25)
32 419 262  (1,5)  (1.14,5,1,-20)  (1.36,5,2,-20)  (1.73,5,3,-20)  (2.56,5,4,-20)
33 419 262  (1,5)  (1.13,5,1,-15)  (1.32,5,2,-15)  (1.64,5,3,-15)  (2.29,5,4,-15)
34 419 262  (1,5) (1.10,5,1,-10)  (1.26,5,2,-10)  (1.41,5,3,-10)  (1.93,5,4,-10)
35 419 262  (1,5) (1.08,5,1,-5) (1.17,5,2,-5) (1.30,5,3,-5) (1.47,5,4,-5)
36 4.19 262  (1,5) (1,5,1,0) (1,5,2,0) (1,5,3,0) (1,5,4,0)

Table 5.1: Parameters specification for prior processes: Dirichlet (D), normalized inverse-Gausian

(nIG) generalized Dirichlet with parameter v (gD) and generalized Dirichlet process with parameter

(v,5,0) (GD)

probability assigned to X7 is reinforced almost proportionally each time a new tie has
been recorded. Increasing v € N a reinforced more than proportionally is obtained. For
the generalized Dirichlet process with parameter (v, 3,60) we can observe the same rein-
forcement mechanism related to the choice of the parameter v € N. Nevertheless, for a
fixed parameter v € N we also observe that for the generalized Dirichlet processs with
parameter (v, 3,6) the probability assigned to X J* is reinforced more than proportionally
each time a new tie has been recorded and such proportionality is controlled through the
parameter 6 and 3. Since it is difficult to specify a priori the reinforcement rate, as sug-
gested by Lijoi et al. [120] it could be reasonable to specify for the generalized Dirichlet
process with parameter (v, 3,0) a prior for the parameter 6 and 3. Thus, the strength of
the reinforcement mechanism could be controlled by the data.

These features of the generalized Dirichlet process with parameter (v, 3, 0) could make

it a valid alternative to the Gibbs-type r.p.m.s in the context of Bayesian hierarchical
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mixture modelling. Actually, we have seen that the generalized Dirichlet process with pa-
rameter (v, 3,0) is characterized by a predictive mechanism that uses more informations
from the sample X1,..., X, with respect to the predictive mechanism that characterizes
the Gibbs-type r.p.m.s. Moreover, the predictive distributions of the generalized Dirichlet
process with parameter (v, 3,6), as the predictive distributions of the Gibbs-type r.p.m.,
are characterized by a reinforcement which can be controlled by the data through a prior
distribution on parameter 6 and (.

In order to complete the description of the conditional structure of generalized Dirich-
let processes with parameter (v, 3,6) we now derive the posterior distribution that is the
conditional distribution of ]—:’(%@9) given a sample X1, ..., X, featuring k distinct observa-
tions, denoted by X7,..., X*r with frequencies (ni,...,ny). By specializing the general
results for NRMIs of James et al. [I00] reminded in Section 5.2, in the next proposition
we provide the desired posterior characterization of both the un-normalized CRM ji with

Poisson intensity measure (5.4.1)) and the generalized Dirichlet process with parameter
(7. 3,0).

Proposition 5.4.4. Let ]3(%579) be a generalized Dirichlet process on X with parameter
(v,8,0). If a is a non-atomic measure on (X, Z") then, the distribution of [i, given the

observations X1, ..., X, and suitable latent variable U, coincides with

k
g(Un,Xl,..A,Xn) gg(Un) +ZJZ(Un,X1,...,Xn)5X;
j=1

where
i) g(Un) is a CRM with Poisson intensity measure
6_1)(‘7 51{g>'y 9}+Un)

g
v \U) (da, dv) Z dva(dz) (5.4.12)
7=1

ii) X7 are fized points of discontinuity, for j =1,....k, and the r.v.s J;U’L’Xl’""X") s

are the corresponding jumps which are absolutely continuous w.r.t. to the Lebesgue

measure with density

y
F yn g (v) o< 0™y e VU=BLG>—0ytUn) =1k (5.4.13)
J X
j=1

iit) the jumps J](U”’Xl”"’X”), forj=1,...,k, are mutually independent and independent
from 5(U").
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Moreover, the latent variable U,, given Xi,...,Xn, is absolutely continuous w.r.t. the

Lebesgue measure with density

u" T T(n) 3201 (5 = Bliimn—gy + u) ™™
[T, (i = Blisqy—gy +u)? '

Finally, the posterior distribution of ]5(%@9), given X1,..., X, and Uy, is again a NRMI

(with fized points of discontinuity) and coincides in distribution with

~ k (Un7X17"'1X7L)
wﬁ%—(l—w)zj:kl i s X(S)X; (5.4.15)
AOIX) S SO

where w = £ (X) (aUn) (X) + d1<i<k J;U’L’Xl’”"X"))*l.

Proof. Since v € N and 0 € Ny, the Poisson intensity measure ([5.4.1)) of fi reduces to the

following Poisson intensity measure

e~ SU=BLyj>y—0})

v(ds,dx) = Z dsa(dz).

S

Jj=1

Now since the generalized Dirichlet process with parameter (v, 3,60) is a NRMI and, by
hypothesis « is non-atomic, we can apply Theorem [5.2.1] we ensues the existence of a latent
variable U, such that the distribution of f, given X;,..., X, and U, coincides with the

distribution of

k
7;(Un) (Uns X1y Xn)
H + Z J; 5X;
j=1

where fi(") is a suitably updated CRM and the J](U”’Xl""’X”)’s are absolutely continu-

ous with density expressed in the terms of the Poisson intensity measure of fi. It is then
straightforward to show that the Poisson intensity measure associated to (U») is of the
form (5.4.12) and that the density of JJ(U”’XI""’X") is given by (5.4.13)). In order to de-

rive the density function for conditional distribution of U,, given Xi,..., X,, we resort to
Proposition and, after some algebra, we obtain (5.4.14]). Given this, the characteri-
zation of the posterior distribution of P in (5.4.15) follows from Theorem O

Despite the fact that the previous result completes the theoretical analysis of the con-
ditional structure induced by generalized Dirichlet processes with parameter (v, 3,0), it
is also useful for practical purposes. Indeed one can devise a simulation algorithm rely-
ing on the posterior characterization of Proposition By combining an inverse Lévy
measure algorithm, such as the Ferguson-Klass method (see Ferguson and Klass [64] and

Walker and Damien [191]), for simulating trajectories of £€Wn) with a Metropolis-Hasting
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step for drawing samples from ,SX“'"’X"), one easily obtains realizations of the posterior

distribution of the generalized Dirichlet process with parameter (v, 3,0).

Finally note that Proposition [6.3.4] is also important in the context of mixture mod-
eling, where inference is necessarily simulation based given the complexity of the models:
in fact, it allows to derive, in the terminology of Papaspiliopoulos and Roberts [148], con-
ditional sampling schemes, which in the case of the generalized Dirichlet process with

parameter (v, 3, 6), are simpler to implement than marginal ones.

5.5 Superposition of beta-Stacy processes

In this section we review and we provide some developments of the beta-Stacy process
whose characterization and essential properties were presented by Walker and Muliere
[194]. In particular, we use the idea of superposition of independent Gamma process in
order to provide a constructive definition of a new class of neutral to the right r.p.m.s
which includes the beta-Stacy process as particular case.

Let Fr+ be the space of cumulative distribution functions on R* endowed with the
o-field Fp+ generated by the Skorohod topology S which makes (Fr+,S) a Polish space.
In this section we place a probability distribution on (Fr+,.%r+) by defining a process
{F},t > 0} on R, such that Fy = 0 a.s., { F},t > 0} is non-decreasing a.s., right continuous
a.s. and F; — 1 a.s. as t — 400 Thus, with probability 1, the sample paths of the process
{F,t > 0} are cumulative distribution functions. The paper is restricted to cumulative
distribution functions on R, although it is trivially extended to include cumulative dis-
tribution functions on R.

First of all we recall the definition of Lévy process. Let {Z;,¢ > 0} be a Lévy process
such that the following holds:

i) {Z;,t > 0} has non-negative independent increments;
ii) {Z¢,t > 0} in non-decreasing a.s.;
iii) {Z;,t > 0} is right continuous a.s.;
iv) Zy — 400 a.s. as t — 400;
v) Zp=0 as.

For such a process there exist at most countably many fixed points of discontinuity at
time points {tx,k > 1} with jumps {Sg,k > 1}, independent non-negative r.v.s. If for
all t > 0 we set Xy = Z; — 37, -, Sk, then {X;,¢ > 0} is a non-decreasing process with

independent increments and with no fixed points of discontinuity such that for any ¢t > 0,
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the Lévy-Khintchine representation for the Laplace-Stieltjes transform of the distribution
function of Xy such that for any ¢ > 0
log(E[e=*X]) = —sb(t) — / (1 — )y (dv)
R+

where b is non-decreasing and continuous, with b(0) = 0, and 14(-) is a Lévy measure

satisfying
i) for any Borel set B, v4(B) is continuous and non-decreasing;
ii) for any real t > 0, v is a measure on the Borel sets of R™;
i) [pr v(1+v) " ty(dv) < +oo;
iv) [fe+ v(14+v) r(dv) — 0 as t — +oo.

Since b represents a non-random component it is not considered and we assume it to be
identically zero.

Let ¢ be a positive function, let G € Fg+ be right continuous and let {tx,k > 1} be a
countable set of points of discontinuity of G, that is, G{tx} = G(tx) — G(t,/) > 0 for all k.
Now put Go = G(t) — >, <, G{tx} so that G¢ is continuous.

Definition 5.5.1. (cfr. Walker and Muliere [19]]) {F},t > 0} is a beta-Stacy process on
Rt with parameters ¢ and G, if, for allt >0, Fy = 1 — e~%t, where {Z;,t > 0} is a Lévy

process with Lévy measure, for v > 0, given by

1

v (dv) = ———

/ e vGH0) () dG e (5)dv (5.5.1)
R+
and Laplace-Stieltjes transform such that

log(E[e™%%]) = Z log(E[e™*%*]) —/ (1 — e *")r(dv) (5.5.2)
R+
tp <t
where, for any k € N, 1 — e~ is distributed according to a Beta distribution function with
parameter (c(ty)G{tr}, c(ty) G[tx, +00)).

Since the function G(t) — 1, as t — 400, F; < 1 a.s. and {F;,t > 0} is a.s non-
decreasing, it follows that F; — 1 a.s. Then it follows from Lemma 1 in Walker and
Muliere [194] that {F},t > 0} belongs to Fg+ a.s. and it is a neutral to the right r.p.m. In
addition, as the Lévy process {Z;,t > 0} has non-random component, {Z;,t > 0} increase
only in jumps a.s. and so {F},t > 0} is with probability 1 a discrete member of Fp-+.

According to Ferguson and Phadia [65] the fundamental result in Doksum [25] on the
posterior of a neutral to the right r.p.m. is that {F},¢ > 0} conditionally given X, is also



176 5. On a class of random probability measures without Gibbs structure

a neutral to the right r.p.m. for any observation of the type X = z or X > z, where X
is a sample from {F;,¢ > 0}. In particular, in Walker and Muliere [194] it is shown that
if {F;,t > 0} is a beta-Stacy process then {F;,¢ > 0} conditionally given X is a also a
beta-Stacy process and hence the conjugacy property of the beta-Stacy process.

The following remarks emphasized the relation between the beta-Stacy process and the
Dirichlet process whose characterization and properties were presented by Ferguson [61]
and Ferguson [62] and the relation between the beta-Stacy process beta process introduced
by Hjort [84].

Remark 5.5.1. (cfr. Walker and Muliere [19])]) The beta-Stacy process generalizes the
Dirichlet process, which can be seen more easily if G is taken to be continuous, since, if
c(s) =¢>0 for all s >0, then (5.5.1]) becomes

1

ut(dv) = m

(e—vc(l—G(t)) o e—vc) (5_5'3)
the Lévy measure given in Ferguson [62] which represents the Lévy measure characterizing
the Lévy process corresponding to the Dirichlet process when viewed as a neutral to the

right r.p.m..

Remark 5.5.2. (cfr. Walker and Muliere [194)]) If { A¢,t > 0} is the beta process introduce
in Hjort [8] and for anyt > 0, dZ; = —log(1 —dAy), then Fy = 1 — e~ %t is the beta-Stacy

process.

It is important to use any available prior information to center the process {Fy, ¢t > 0}
and express uncertainty in {F;,¢ > 0} about this centering, that is, to assign arbitrarily
E[F;] and Var(F;). As suggest in Walker and Muliere [194] this prior specification can be
done by considering the first two moments of S; = 1 — F; for any ¢ > 0. Using the Lévy

representation of a beta-Stacy process, it follows

+o0
pim~logEls) = [ [ ey
0 (0,t)
+o0 1—
At = — log(E[S)) / / < ° )wgsd%dv
0, t 1 —e Y

where we defined

and

0s = ¢(8)G[s, +0]

and

Vs ::/( : c(t)dGe(t —|—Z c(sp)G{sk}-
0,s

SE<s
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Note it is necessary that 0 < p; < \; < 2uy, which corresponds to E[S])? < E[S?] < E[S,].

The first of these condition is satisfied when
_ / ds

He =
(0,t) Os

dry; = oedpus.

that is, when

The second condition becomes, using transformation u =1 —e™"

1
[ (o)
' (0,t) 1+ os a

dX 1

leading to

due 1+ o
and hence the solution.

In Walker and Muliere [194], the beta-Stacy process is derived as the limit in dis-
tribution of a sequence of discrete time neutral to the right r.p.m.s defined as follows.
Let G € Fgr+ be continuous, let ¢ be a piecewise continuous positive function and for
any fixed n > 1 define two sequences of positive real numbers vo := {4,k > 1} and
0e = {0nk, k > 1} where v, = ¢, G[(k — 1/n),k/n), onk = curGlk/n,+00) and
cnk = c((k —1/2)/n). Finally, for any fixed n > 1 define the sequence of dependent
r.v.s {Yor,k > 1 by Yoo = Vor [ Li<icp_1(1 — Vii) where {V,, 1,k > 1} is a sequence
of independent r.v.s distributed accord_in_g to a Beta distribution function with parameter
(Yn,ks On k). Then, if we set

Foi = Z Yok t>0 (5.5.4)
k/n<t
it can be proved (see Walker and Muliere [194]) that {F,;,t > 0} is a discrete time neutral
to the right r.p.m. indexed by n which converges in distribution to the beta-Stacy process
{F},t > 0}, as n — oo. For any fixed n > 1, the process {F), +,n > 1} is usually known as
discrete time beta-Stacy process.

In general, given a sequence of time points {tx, k > 1} in R* and given two sequence of

positive real numbers v, and g, we have the following definition of discrete time beta-Stacy

process with jumps at {tx, k > 1} and parameter (7, Q).

Definition 5.5.2. Let {t;,k > 1} be sequence of time points in Rt and let e and ge be
two sequences of positive real numbers. The process {Fy,t > 0} is a discrete time beta-Stacy

process with jumps at {t, k > 1} and parameter (e, 0o) if

Ft:ZYk t>0

tp <t
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and the random weights are defined by

k—1
V=V [[a-v) k=1
=1
where {Vi, k > 1} is a sequence of independent r.v.s distributed according to a Beta dis-

tribution function with parameter (g, o) for k > 1.

From Definiton[5.5.2 we observe that the sequence of random weights {Y;, k > 1} com-
pletely characterized the discrete time beta-Stacy process. In particular, using the theory
of partially exchangeable random partitions introduced by Pitman [149] (see Appendix
B), we can give an interesting characterization of the sequence {Yy, k > 1} characterizing

a discrete time beta-Stacy process.

Theorem 5.5.1. Let 7, 0o be two sequences of positive real numbers and let {Y;,5 > 1}
be the sequence of the random weights characterizing a discrete time beta-Stacy process
with parameter (e, 0s). Let {I,,n > 1} be a sequence of partially exchangeable random
partitions with frequncies {Nyp,n > 1}. Suppose that {I1,,n > 1} is characterized by the

prediction rules

- .
. — J i+ . n
Pyt = nf |, ny) = —2 ty oi Zl—lzl l (5.5.5)
MN+or+n—1 1 Ykl i+ — 1
and
k—1 k
it D i
P11 =nt|n,...,n,) = Ok g E:L*;l : (5.5.6)
nteortn—1-S v+ o0+ > -1
where n}' = (n1,...,n; +1,...,nk) and n* := (n1,...,ng, 1). Then, the vector of fre-

quencies Ny /n converges in distribution to the sequence {Yj,j > 1}.

Proof. By repeated applcation of the prediction rules (5.5.5) and (5.5.6)) it can be easily

checked that the probability distribution of any sample realization having (n1,...,nx) as

vector of frequencies is

p,gn)(nl, )

ﬁ V5) (n;—1)1 n(e j)(zf STl
i ey an

Nevertheless, we can write the last equation as

Ao <2 | [TV 0 = @57
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where {Vj,j > 0} a sequence of independent r.v.s such that V5 = 1 a.s. and each V; is
distributed according to a Beta distribution function with parameter (v;, ;) for j > 1 If
we define Yj := V; [[;;; 1 (1—V;) for j > 1 we can see that (5.5.7) is equal in distribution

to
k 7j—1
p(na,...ny) = E Hanj_l (1 - ZE)
j=1 i=1

Then, by Theorem 6 in Pitman [I49] we have that {Y;,i > 1} is the limit frequencie of
N, /n as n — +o0. O

A straightforward consequence of Theorem [5.5.1] is the following characterization for
the sequence of random weights {Y;,j7 > 1} characterizing a discrete time beta-Stacy

process.

Corollary 5.5.1. Let v, 0o be two sequences of positive real numbers and let {Yj,j > 1}
be the sequence of the random weights characterizing a discrete time beta-Stacy process
with parameter (e, 0e). The predictive distribution of the partially exchangeable random
partition induced by {Y;,j > 1} does not depend on the censored information if and only
if, for any j

0j = Vj+1 + @j+1 — 1. (5.5.8)

Proof. If (5.5.8]) holds, then the term between brackets in equation (5.5.5) and equation
(5.5.6) simplify to 1. Indeed equation (5.5.8)) is the only condition for which the term
between brackets reduce to a constant idependent of > j1<i<k > forj=1,...,k—1 and

for each choice of ny,...,ng. O

Let us consider
Q(’}’.,Q-) = H
j=1
and observe that when (5.5.8) holds, then the predictive probabilities of the partially

exchangeable random partition do not depend on the censored observations. This does

k ('Yj)(nj—l)Tl(Qj)(zfsznl)n
. (v + Qj)(_1+zf:j ny)T1

not mean that the prediction of a multinomial (exchangeable) sample from a discrete time
beta-Stacy process do not depend on the censored observation. In fact, the latter differs

from ¢ because it is the expectation of a different functional

Yeo,00)

E H}/jn] _ H (Vj)(nj_l)Tl(Qj)(Zf:jJrl ny)T1
i>1 i>1 (v + Qj)(*lJerlj ny)T1

and in this case the only distribution not depending on the censored observations is, as

we know, the Dirichlet process, for which 0; = 741 + 0j4+1. Of course, an example where
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the condition (5.5.8) is met is the two-parameter GEM distribution with parameter (o, 6)
(see Pitman [149]), where o; = 6 + oj = vj4+1 + 0j4+1 — 1. In this (and only this) case,

we have that g is a symmetric function of its arguments, i.e. the partition II is also

Yo Qe
exchangeable. If « ; 0 (one-parameter GEM distribution with parameter 6), the the pre-
dictive probabilities do not even depend on k.

It would be interesting to say more about this aspect. If we replace exchangeability
condition with Pitman’s partial exchangeability condition we see that all Beta-Stacy ran-
dom discrete distribution satisfying equation have a prediction rule such that the
probability of next observing a certain category depends on how many times such a cate-
gory has been observed in the past and on how many distinct categories were observed (k).
This extend Zabell’s considerations on Johnson’s sufficientness postulate (see Zabell [198])
and the two parameter Poisson-Dirichlet distribution (see Pitman [I49]). Let’s call this
property the k-Johnson’s sufficientness postulate property. In particular, it would be inter-
esting to know if the discrete time beta-Stacy process is the only class of random discrete
distribtuions arising from partially exchangeable random partitions with the k-Johnson’s

sufficientness postulate property.

5.5.1 The discrete time superposed beta-Stacy process

We define and investigate a new neutral to the right r.p.m. termed superposed beta-Stacy
process. As for the beta-Stacy process our definition is constructive and it follows along
lines the construction of a neutral to the right r.p.m. proposed by Doksum [25].

For any m € N let us consider m sequences of positive real numbers (a1, /51,0) =
{lar g, B1k), k > 1}, .., (ames Bme) = {(m ks Bmk), K > 1} and m independent se-
quences of 1.v.s Yy ¢ :={Y1 1,k > 1},..., Y} e := {Yi i, k > 1} such that Y, is a sequence
of independent r.v.s distributed according to a Beta distribution function with parameter
(0, Big) for i =1,...,m. Define the sequence of r.v.s {X;|X1,..., Xy_1,k > 1} via the

following construction
m

xi21-TJa-v)
=1
XolX1 £ (1-X3) (1 -TI0- Yz‘,z))
=1

(5.5.9)

m
d
Xp X1, Xp1 = (1= Fr) (1 ~-TJa- Yk)>
=1
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where

k
Fp:=Y_ X, (5.5.10)
j=1

with the proviso X; := X;|Xy. For any k& > 1, the distribution function of the r.v.
Xk|X1,...,Xk—1 can be computed by using Theorem 7 in Springer and Thompson [176];
in particular, it can be checked that the r.v. X;|Xy,..., X;_1 is distributed according
to a distribution function on (0,1) which admits probability density function absolutely

continuous with respect to the Lebesgue measure on R? given by

m

1 H C(oip + Bik)

Ixe X, X1 (|21, 1) = -

1- Zj:l Ty F(ﬂz,k)

. GO 1—xyp arg+ Bk =1, ., e+ Bk — 1
,0 —
n 1—25:11{[)]' ﬁ17k—1,...,ﬂm7k—1

) Lo,1) (k)

where G5 is the Meijer G-function (see Appendix C).

The construction is similar to the construction proposed in Waker and Muliere
[194] for the discrete time beta-Stacy process and it generalizes it by nesting for any k& > 0
the product of independent r.v.s distributed according to a Beta distribution function.
In particular, in Walker and Muliere [194] for any k& > 1 the r.v. Xi|Xq,..., Xk_1 is
distributed according to a beta-Stacy distribution function with parameter (ag, Gk, 1 —
Fy_1), i.e. for any k > 1 it follows that Xz|X1,..., Xx—1 4 (1 — Fy—1)Yy where Y, belongs
to the sequence of independent r.v.s distributed according to a Beta distribution function
with parameter (ag, k). Obviously, the construction proposed by Walker and Muliere
[194] can be recovered from the construction by setting m = 1.

It can be checked that under the construction , X <1— Fp_1 as.-P, so that
F;. < 1 a.s.-P. In particular, we can consider the following technical result for the sequence
{F}), k > 1} based on the construction (5.5.9).

Theorem 5.5.2. Let {ty,k > 0} be a sequence of time points in RT with to := 0 and from
construction (5.5.9) let {Fy,t > 0} defined by Fy := >, o Xi for any t > 0. If Fp = 0
and [s1 [i<icm Bik/ ik + Bix = 0, then the sample paths of {Fy,t > 0} belong to Fr+
a.s.-P.

Proof. Let {Fy, k > 1} be the sequence of r.v.s defined by (5.5.10)). In particular, from the
construction (5.5.9) we have E[Fg] = 1 — ngigm Bir/ir + Bik + (ngigm Binfais +
Bi 1)E[F)_1] such that

1-E[F] _
kl;[l I—E[Fk:] =0
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which implies that E[Fy] — 1. Moreover, we have that {F},k > 1} is a sequence of non-
negative r.v.s such that Fy, > 1 a.s.-P for any k£ > 1 and {Fj,k > 0} is non-decreasing
a.s.-P. This implies that F}. — 1 a.s.-IP and the proof in completed. ]

Theorem implies that the random process {F;,t > 0} is a discrete time neutral
to the right r.p.m. according to the definition given by Doksum [25]. We term the random
process {F},t > 0} discrete time superposed beta-Stacy process. Here, the formal definition

of discrete time superposed beta-Stacy process.

Definition 5.5.3. Let {Xy|X1,...,Xr_1,k > 1} be a sequence of r.v.s defined via con-
struction and let {t,k > 0} be a sequence of time points in RT with ty =
0. The random process {Fy,t > 0} defined by Fy := >, -, Xi and satisfying condi-
tions of Lemma is a discrete time superposed beta-Stacy process with parameter
(m, (1,0,B1,0), -+ (Cm.es Bm,e)) and jumps at {ty, k> 0}.

From Definition [5.5.3] it follows that the discrete time superposed beta-Stacy process
includes as particular case the discrete time beta-Stacy process which can be recovered
by setting m = 1. Moreover, using some known properties for the product of independent
r.v.s distrubuted according to a Beta distribution function, further relations between the
discrete time superposed beta-Stacy process and the discrete time beta-Stacy process can
be considered. We provide two remarks: the first one provides conditions in order that a
discrete time superposed beta-Stacy process is a discrete time beta-Stacy process while the
second one provides a possible approximation of the discrete time superposed beta-Stacy

process via a discrete time beta-Stacy process.

Remark 5.5.3. From the construction and by using Theorem 1 in Jambunathan
[95] it is immediate to check that a discrete time superposed beta-Stacy process with pa-
rameter (m, (01,0, 01,0), (82,0, %10 + B10),- -5 (Bm,es m—1.0 + Bm—1,e)) 15 a discrete time
beta-Stacy process with parameter (B1.e + -+ Bm,e; 01 0)-

Remark 5.5.4. From the construction (5.5.9) and by using Theorem 1 in Fan [{9] a dis-
crete time superposed beta-Stacy process with parameter (m, (a1.e,51,0)s- -, (Cm,e;, Bm,e))

can be approximated by a discrete time beta-Stacy process with parameter ((1 — Se)(Se —

Ty)/(Te — 52),Ss/(Ts — S2)) where

L - ﬁi,o
Se = ,LI;[l 6@',0 + e

and

s Bie(Bie + 1)
= H ﬁzo‘{'azo)(ﬁzo“‘azo‘*’l)
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By the construction and by using the integral representation in Wilks [197] for
the product of independent r.v.s distributed according to a Beta distribution functions,
it can be checked that for any s € N the r.v. (Xy,...,X;) is distributed according to a
distribution function on the s-dimensional symplex A() which admits a probability density

function absolutely continuous with respect to the Lebesgue measure on R¥t! given by

- orl(l_ g lxl)ﬂm,j—l

5
S
J
X1
f(Xl,...,Xs)( H zg 1 .7/'[)60 i +Bm,—

m— T Ci,j
al 5 _1 .] 27.]
/ H T = wig) T 1= N1, | i
=1 - Zl 1 %1
x 1

()(xlv"'a s)

(5.5.11)

where 0; ; 1= Zi+1§lgm ayj, Cij = —Bit1; — Qiy1,; +Bi; and 25 := 1 — nggi(l —wy ;).
In particular, from it can be checked that for any k& > 1 the r.v.is Xi, Xo/(1 —
Fy),...,X/(1—Fj_1) are independent and such that X /(1—Fj_1) 4 1-Tli<;em(1=Yig)
fork=1,...,s o

We now consider the following inference framework. Let {tx,k > 0} be a sequence of
time points in R™ with tg := 0 defining a partition of R™ and for any n € Nlet 11, ..., T},
with each T; € {tx,k > 0}, be and random sample, possible with right censoring (with
T; being the censoring time if applicable), from a random cumulative distribution func-
tion F' on R™ governed by a discrete time superposed beta-Stacy process with parameter
(m, (01,0,B1,0), -5 (Qtm e, Pm,e)) and jumps at {ty, k > 1}. The likelihood function, assum-

ing that there are no censoring times or exact observation for t > tr,, is given by

Ti

L i
Lty ot o [ (1=t ] Law (b, tr)
i=1 j=1

where ny, is the number of exact observation at ¢ and r; is the number of censoring times

at t, with >, ni + 15 =n.

Proposition 5.5.1. Let {tx,k > 0} be a sequence of time points in RT with ty := 0
and for any n € N, let Ty,...,T, be random sample such that T; € {tx,k > 0} pos-
sibly with right censoring, from a random cumulative distribution function {Fy,t > 0}
on Fr+. If {Fi,t > 0} is a discrete time superposed beta-Stacy process with parame-
ter (m, (1,0, 01,0)5- -5 (Um0, Bme)) and jumps at {tg,k > 0}, then {Fy|Ty,...,T,,t >
0} is a discrete time neutral to the right r.p.m. with jumps at {tx,k > 0} defined by
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BTy, T =30 X}, for any k > 1 and such that tor any s € N

N e FE)
(5 ~ J =1
fg x)(@1s &) TS e (5.5.12)
m—1 Tz Ci,j
X / w7 (1= w; ;) (1= % dw; j
(R Kt 1= %
11 (s)(ml,...,fcs)

where, for j=1,...,s
b =005 +n;  Bpj=Bmi+m;

and nj is the number of exact observations at t; and m; is the sum of the number of exact

observation in {ty,k > j} and censored observation in {ty,k > j}, i.e. mj =3 my +

Proof. The fact that {F;|T1,...,T,,t > 0} is a discrete time neutral to the right r.p.m.
derives from Theorem 3 in Ferguson and Phadia [65]. As regard the distribution function
of the r.v. (Xi,...,X,) it is immediate by combining the likelihood functon with the
distribution of the r.v. (Xi,...,Xs) admitting a probability density function absolutely
continuous with respect to the Lebesgue measure on R*T! given by . O

In order to complete the analysis of the discrete time superposed beta-Stacy process,

we consider the predictive probability P(T,+1 = tx|T1,...,Ty).

Proposition 5.5.2. Let {t;,k > 0} be a sequence of time points in RT with ty := 0
and for any n € N, let Ty, ..., T, be random sample such that T; € {ty,k > 1}, possibly
with right censoring, from a discrete time superposed beta-Stacy process with parameter
(m, (01,0,B1,0), -5 (Qm,e; Bm,e)) and jumps at {ty, k> 0}. Then

k—1
j=1

where

Bik—1,...,Bmpk— 1, —myp —ng —2
—mp, o+ Bike— 1, .,k + Bk — 1 >

m,1 ( ’ _mkyal,k+ﬁl,k_1a---aam,k+ﬁm,k_1>

(5.5.14)

Bk =1, Bmp —1,—myp —ny — 1
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and for j=1,...,k—1

sz&n(l' mg—1,O¢1,k+ﬂ1,k—1,---,Oém,k+ﬂn,k—1)
wi(nj, m;) = O = Lo g = 17y =1y = 2 (5.5.15)
g g . (1’ —mj, o + /Bl,k —1,...,amk+ /8m7k -1 )
m+11 ﬁl,k‘_lw"aﬁm,k_l:_mj_nj_l

and nj is the number of exact observations at t; and m; is the sum of the number of exact

observation in {ty,k > j} and censored observation in {tx,k > j}, i.e. mj =37, my +

Proof. From the construction (5.5.9) and Theorem 2 in Walker and Muliere [192] it follows
that

k—1
P(Trt1 = t|T1, ..., Tn) = wi(ng, my) H w;(ng, mj)
j=1
where
( ) E[V (1 = Vi)™
wr(n =
k\NE, T E[ank(l - Vk;)mk]
and for j=1,...,k—1
(nj,m;) E[V” (1 - V;)™it]
wi(n;,m;) = =
R E[V;7 (1 —V;)™mi]

with {Vi,k > 1} a sequence of independent r.v.s such that Vj 4 Xi/(1 — Fi_q). In
particular, by using Theorem 7 in Springer and Thompson [I76] we have that for any
p,q € N and for any k£ > 1

m o . 1
E[V,f(l _ Vk)q] — H F( i,k + ﬁzk) /0 vZ(l _ Uk)q

m,0
X Gm,O (1 — Vg

m
F azk+5zk)
I'lp+1)
}_{ ﬁzk’

. aml 1’ —g,or,+ Bk — 1, amp+ B — 1
mh ﬁLk_l?"'aﬁm,k’_l’_q_p_l

arg+ Bk =1, e+ Bk — 1 i
Vg
ﬁl,k_]-)"wﬂm,k_]-

where the last equation is obtained by applying equation 7.811.2 in Gradshteyn and Ryzhik
[77]. The proof is complete by replacing p and ¢ according to Theorem 2 in Walker and
Muliere [192]. O
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In Walker and Muliere [194], the discrete time beta-Stacy process is characterized by
the introduction of a generalization of the Pélya urn scheme. We now provide a similar
characterization for the discrete time superposed beta-Stacy process using the so-called
neutral exchangeable urn scheme introduced by Walker and Muliere [194].

Let ¢1,...,tn be m different colors in an urn and let ¢ be a positive number. At
the first draw a ball of color k is drawn with probability gi. Following the Pdélya urn
scheme it is well-known that at the (n + 1)-th draw the color & is taken with probability
pn(klk1, ..., ky), where

ca D e Liki=k}

n(klki, ... ky) =
p(’1 ) c+n c+n

(5.5.16)

It is known that a sequence of r.v.s form the Pdlya urn scheme is an exchangeable se-
quence. The connection between the Pélya urn scheme and the Dirichlet process is given
by Blackwell and MacQueen [10]. In particular, let F' be a random cumulative distribution
function governed by a discrete time Dirichlet process with support the set {c1,...,tn}
and with total mass ¢ and discrete location paramter G € Fy+ given by weights qx at tg.

Then
pn(klk1, ... kn) = E[F(wk)|k1, ..., kn)

where F'(1) represents the random weight assigned to tx. Let v := cq, for k=1,...,m,
and g1 := ¢(1 — ¢1), so that

+n
palklkr, ... k) = — LTk

=& o 0.1
Y1+ o01+n (5:5.17)

where ng =31 cicp L=k}

The generalization of the Pélya urn scheme proposed in Walker and Muliere [194]
can be described as follows. Consider m Pdélya urns: the first urn has the different col-
ors (1,...,Lym and the parameters of the urn are ¢; > 0 and the weights for each color
q1,---5qm- The second urn has the different colors o, ..., t, and the parameters of the
urn are ¢ > 0 and ¢2/(1 — ¢1),...,¢m/(1 — g1). Thi third urn has the different colors
(3, ..,Lm and parameters cg > 0 and ¢3/(1 — g1 — ¢2), ..., qm/(1 — @1 — g2). Continue in
this fashion up to the m-th urn, which only has the color ¢,,. The generalized Pélya urn

scheme is now described
i) Start at urn k = 1,
ii) sample urn k once according to Pdlya urn scheme;
iii) if the color sampled is ¢x then go to (iv), else k = k + 1 and go to ii);

iv) 1 is a single sample from the generalized Pdlya urn scheme.
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In Walker and Muliere [194] is proved that a sequence of r.v.s from the genereralized
Pélya urn scheme is still an exchangeable sequence. Following the generalized Pélya urn
scheme it is well-known that at the (n 4+ 1)-th draw the color & is taken with probability
pn(klk1, ... ky), where

D (k“k‘l L ) _ Ck(Qk/(l —q — = Qk—l)) + Z?:l ]]'{klzk}
n yeeeyRin Ck+2?:1 ]l{k:L:k:} +Z?:l H{kz>k}
% ]ﬁ (1 . Cl(ql/(]‘ —q1— = QZ71)> + Z?:l ]l{li>l}>
I=1 i Loy + > i Lg>n '

(5.5.18)

The connection between the generalized Pélya urn scheme and the discrete time beta-Stacy
process is given in Walker and Muliere [194]. In particular, let F' be a random cumulative
distribution function governed by a discrete time beta-Stacy process with support the set
{t1,...,tm}. Then

pn(klk1, ... kn) = E[F(tg)|k1, ..., k)

where F'(1}) represents the random weight assigned to ¢y. Let v := crqr/(1—q1— - - —qir—1)
and o == cx(1 —qr/(1 —q1 — -+ —qg—1)) for k=1,...,m — 1, so that
Y+ n 5 a+m
K+ Nk 1 !
klk1, ... kn) = [ 5.5.19
Pkl . (5:5.19)

] Y+ o+t

Note that, if ny +my =n, ng +mr = mp_1 and v + 0 = 0k—1, forall k=2,....m — 1,
i.e. there are not censored observarion, then ([5.5.19)) reduces to (5.5.17)).

Both the Pélya urn scheme and generalized Pélya urn scheme are particular case of the
exchangeable neutral urn scheme. Briefly, the exchangeable neutral urn scheme replaces
each of the Pélya urns in the generalized Pélya urn scheme with generalized Pélya urn
themeselves. In particular, let {¢1,..., ¢} be m different colors and let {¢1,...,dm—1} be
a dummy space. Moreover, let {Vj,k > 1} be a collection of independent r.v.s on (0, 1),
such that, for all 7, 0 > 0 E[V,(1 — V4)¢] exists. Then define

Me(v,0) =T(y+1) H W

i=1
ol )| ekt Brk—1,. ., mp + Bmg — 1
X G
/gl,k‘_la"',ﬁm,k’_la_g_/y_l
for any 7,0 > 0, m € Nand (a1,e,510); - - - s ((tm,e, Bm,e) Sequences of positive real numbers.
Now, consider s urns indexed by 1,...,s, respectively, and in the urn indexed by k, for

k=1,...,s — 1 puts the elements ¢; and ¢, in the ratio Ap(vx + 1, ox) to (v, 0k + 1)
where v, > 0, gp > 0 with gp = > ;. vi. Obviously, the urn indexed by s has only the

element ¢s. Then, generate a sequence {T},,n > 1} from the colours {t1,...,ts} as follows
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i) Start from urn indexed by k = 1;
ii) sample from urn indexed by k;

iii) if the color sampled is ¢ then v, = v, + 1 go to (iv), else g, = o + 1, k = k+1 and
go to ii);

iv) ¢ is a single sample from the urn scheme.

Based on this urn scheme, at the (n + 1)-th draw the color k is taken with the following
probability

(e + 2201 Lym=ys 0k + 20000 Liky>hy)

kl—[l A+ D Ymmys 00+ D0 sy +1)

ANy 20 Y=gy 05 + 2000 Lrsay)

P(Tn+1 = Lk’Tl, e 7Tn) =

J=1

which clearly corresponds to the predictive probability (5.5.13)) by setting v = o = 0 for
any k > 1.

5.5.2 The continuous time superposed beta-Stacy process

So far, we provided a constructive definition of the discrete time superposed beta-Stacy
process. In particular, a comprehensive treatment of the discrete time superposed beta-
Stacy process has been given in terms of finite dimensional distributions, predictive distri-
butions and posterior distributions. In the next results we focus on proving the existence
of the continuous time superposed beta-Stacy process as infinitesimal weak limit of a

sequence of discrete time superposed beta-Stacy processes.

Theorem 5.5.3. For any m € N, let G1,...,Gp, be a collection of continuous functions
in Frp+ and let c1,...,cm be a collection of piecewise continuous positive functions. there

exists a Lévy process {Zy,t > 0} such that

log(E[e~%%]) = / (=% — 1)uy(dv) (5.5.20)
(0,400)
where .
(o) = - _d?;_ 3 /Ot e=ves(5)Guls +99) ., ()G (ds) (5.5.21)
=1 ’

Proof. The proof is along lines similar to the proof of Theorem 2 in Walker and Muliere
[194] which follows the idea in Hjort [84]. For any n € N and for any m € N, let
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us consider m sequences of positive real numbers (agi), ﬁﬁ)), cel, (ozq(ff,)., ﬁ,(ﬁ ).) such that
ag}c) = ¢;(k/n—1/2n)G; [k —1/n,k/n) and ﬁi(;? = ¢ (k/n—1/2n)G; [k/n,+o00) for
1=1,...,m and for any k > 1. Moreover, for any n € N and for any m € N let us consider
m indepenent sequences of r.v.s Yl(fz), ey Y;”E such that Yl(?) is a sequence of independent
r.v.s distributed according to a Beta distribution function with parameter (agjz), Z(Z)) for
1 =1,...,m. Based on this setup of r.v.s, for any n € N let us define the random process

)= {Zt(n),t > 0} such that Z(n) ==k /n<t 108 (1 — n)/l kn)l) with Z(n) =0
and where {Xlin)|X{n Xlgn)l,k: > 1} is a sequence of r.v.s defined via (5.5.9). Our

aim is to show that the sequence of random processes {an),n > 1} converges weakly
(as n — +00) to a Lévy process {Z;,t > 0} having the required representation
and (5.5.21). By using the ralations for the Gamma function I'(z) = (z — 1)I'(z) and
[(z) = 27 'T'(z + 1) and the by Stirling formula T'(z) ~ (27z)Y/?(z/e)® to approximate

the Gamma function, we have

" m ( n)
log(E[ef‘ﬁZt( )]) = log(E[e_¢Zk/ngt 2z — log(1=Y;) )D

22}31 x%w(@?+¢)

k/n<t i=1 ) ( ﬁ ¢)
r—1 (n) (n) .
(/sz +J)( +/8i,k + ¢+ )
- Y II ) :
k/n<ti=1 j= 0 7/,]{; +ﬁzk +])(ﬁi7k +¢+])
§ r(ay) + 85 + T + ¢+ 1)
LAY +rT(ady + 65 + 6+ 1)
u B + )0l + 85 + 6+ 4)
= log :
k/;ﬁ; ]1;[) (O%%) ‘*’@(k +J)(ﬂi7k +¢+7)

e ool

> z/ ’Uu:ﬂ G

k/n<t i=1
+oo - ﬁ 7a(n)v
—/ mEp— ZZe —e Yk Y)du.
0 k/n<t =1
Since for: =1,...,m, as n — +o0
(n) (n)
Z e Pik V(1 —e %irY) — 1)/ erCi(s)Gi[S#OO)CZ’(S)Gi(ds)
(0,t)

k/n<t

then

<n) too gmiv 1 &
log P2 —>/ / e va(e)Gilsto0) . ()G (ds)dw
(E] 1_eU;j(w) (5)Ci(ds)
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as n — +o0o. By a similar argument it can be shown, for any s € N and for any 0 = ¢y <
t; < --- <ty < +00, that

LS ez, > i
log(Efe™ =197 " 1)) 3™ /0 (€7 — D)y, 1 (dv)

which ensures the convergence of the finite dimensional distributions of { an), n > 1}. The
thightness of the sequence {an), n > 1} follows by the same arguments used in Theorem
2 in Walker and Muliere [194]. O

Corollary 5.5.2. For anym € N, let Gy, ..., Gy, be a collection of continuous functions in
Fr+ and c1, ..., cm be a collection of piecewise continuous positive functions. Let {Y1 ¢, >
1}, ... {Yme,t > 1} be m independent sequences of r.v.s such that Y+ is a sequence
of independent r.v.s distributed according to a Beta distribution function with parameter
(da ¢, Bit) with dog ¢ = ¢;(t)dG(t) and By = ¢;(t)Gi[t, +00) fori=1,...,m. If {F;,t > 0}
is a random process defined by Fy = 1 — e=%t and with Fy := 0, then at the infinitesimal
level

m

dF|F, L (1 - F) (1 -JJa- Y;;,t)) (5.5.22)

i=1

and {Fy,t > 0} belongs to Fg+ a.s.-P.

Proof. For any n € N and for any m € N, let (ozg?.), 631.)), ce (aﬁ,??., ﬁﬁ,?).) be m sequences

of positive real numbers and let }/1(7:), e ,YAZ}Z be m independent sequences of r.v.s such
that Yi(f) is a sequence of independent r.v.s distributed according to a Beta distribution
function with parameter (« 2(72,), ﬂl(z,)) for i = 1,...,m. Based on this setup of r.v., for any
n € N let us define the discrete time superposed beta-Stacy process F {F ,t >0}
such that

_ (n)

=2 X%

k/n<t

with Fé " .= 0 and where {X |X ,X,@l, k > 1} is a sequence of r.v.s defined via

(5.5.9). Since we have
—log(1 —F(n Z log H = Z log|1————— ] = Zt(n)
1—

(n)
k/n<t i=1 k/n<t Fk 1

then Ft(n) =1- e’ZEH). Clearly

o[ )i ) £ (o ) (o)
i=1
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and also {F.(n), n > 1} converges weakly to {F}, ¢ > 0}. The fact that {F;,¢ > 0} belongs to
Fr+ a.s.-P follows from the fact that f(o 100 Gilds)Gils, +o0) = +oo fori=1,...,m. U

Corollary completes the proof of the existence of a continuous time version of the
discrete time superposed beta-Stacy process. In particular, Corollary implies that
the random process Fi,t > 0 is a neutral to the right r.p.m. according to the definition
given by Doksum [25]. We term the random process {F;,t > 0} superposed beta-Stacy
process.

Let ¢ be a positive function, G € Fr+ be right continuous and {tx,k > 0} be the
countable set of points of discontinuity of G, i.e G{tx} = G(tx) —G(t,) > 0 for any k > 0.
We set G¢ := G(t) — >, <, G{tx} so that G is a continuous function. Here, the formal

definition of superposed beta-Stacy process.

Definition 5.5.4. The random process {F;,t > 0} is a superposed beta-Stacy process
on RT with parameter (m, (c1,G1), ..., (Cm,Gm)) if for all t > 0, F; = 1 — e~ %t, where
{Z,t > 0} is a Lévy process with Lévy measure for v > 0

1—ev

d n
w(dv) = — 23 / ¢~ve ()Gl 99) 0, () () (5.5.23)
=1 (Ovt)
and moment generating function given by

log(E[e™?%]) = ) " log(I[e?2=i=1 losl1Yir]) _/ (1 — e ) (dv) (5.5.24)

where the Y1 o, ..., Y e are m independent sequences of r.v.s such that Y; o is a sequence

of independent r.v.s distributed according to a Beta distribution function with parameter
(ci(tk)Giftr}, ci(te) Gilt, +00)).

From Definition it follows that the superposed beta-Stacy process includes as
particular case the beta-Stacy process which can be recovered by setting m = 1. In partic-
ular, let us consider a superposed beta-Stacy process {F;, ¢t > 0} on RT with parameters
(m, (¢1,G1), ..., (¢m,Gm)) such that G; is continuous and ¢; is constant for i = 1,...,m.
Under these assumptions, becomes

m

dv vt e G
Ut(dU) = m Ze ’L(e sz(t) — 1)
=1

which generalizes the Lévy measure of a Dirichlet process on Rt with parameter c¢G. See
Ferguson [62] for more details.

We conclude this section by considering the posterior distribution of a superposed
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beta-Stacy process given a set of possibly right censored observations. Extending the re-
sult in Doksum [25] in the case of inclusively and exclusively right censored observations,
Ferguson and Phadia [65] (see also Ferguson [62]) achieved a representation of the pos-
terior distribution of a neutral to the right r.p.m. given a set of possibly right censored
observations. We now apply results in Ferguson and Phadia [65] in order to obtain a
characterization of the posterior distribution of a superposed beta-Stacy process given a
set of possibly right censored observations. Let {F},t > 0} be a superposed beta-Stacy
process on R with parameter (m, (c1,G1), ..., (¢m,Gm)). The prior distribution for the
Lévy process {Z;,t > 0} such that for any ¢ > 0, F; = 1 —e~?* is characterized by the set
of fixed points of discontinuity {tx, k > 0} with ¢y = 0, the associated probability density
functions {f;,,k > 1} for the jumps and the Lévy measure . If T is a random
sample possibly right censored from {F}, ¢t > 0}, then

i) given T' >t € {ty, k > 0}, the posterior parameters are {{tx,k > 0} and

. ) ke fy, (v) ift, <t
fi () = { i, (V) if t), >t

ii) given T' =t € {tx, k > 0}, posterior parameters are {{tx,k > 0} and

ke~ fr, (v) iftp, <t
i) =49 k(1 —e™)fy(v) ifty=t
ft,(v) if 1), >t

iii) given T'=t ¢ {tx,k > 0}, posterior parameters are {{tx,k > 0} U {¢t} and

ey ) reTUfi (v) if ty, <t
fu(v) = { fi, (V) if ), >t

where k is the appropriate normalizing constant and the posterior Lévy measure is

given by

o (dv) =

dv Z/ e~ U(C()Gils o0tz o (5)GS(ds)
=1 /01

1—ev &



On Bayesian nonparametric inference

in species sampling problems

In this chapter we investigate a class of random probability measures, termed generalized
Dirichlet processes, which has been recently introduced in the literature and further in-
vestigated in Chapter 5. Such processes induce exchangeable random partitions which are
characterized by a more elaborate clustering structure than those arising from Gibbs-type
random probability measures. A natural area of application of these random probability
measures is represented by species sampling problems and, in particular, prediction prob-
lems in genomics. To this end we study both the distribution of the number of distinct
species present in a sample and the distribution of the number of new species conditionally
on an observed sample. Some developments on the conditional distributions and the corre-
sponding Bayesian nonparametric estimators recently obtainied for the class of Gibbs-type

random probability measures are also provided.

6.1 Introduction

Let {X,,,n > 1} be an exchangeable sequence defined on some probability space (2, .#,P)
and such that each random variable (r.v.) X,, takes values in a Polish space (X, 7) with
associated Borel o-field 2. Then, by de Finetti’s representation theorem, there exists a
random probability measure (r.p.m.) P on X with law Q such that given P, a sample
X1,..., X, from the exchangeable sequence is independent and identically distributed
(i.i.d.) with distribution P. That is, for every n > 1 and any A;,..., A, € 2

P(X, € Ay,..., X, € Ay) :/P ﬁﬁ(Ai)Q(dP) (6.1.1)
X 4=1

where Px denotes the space of all probability measures on (X, Z") with associated Borel

o-field Pk, generated by the weak convergence topology.
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In this chapter, we focus on r.p.m.s which are almost surely discrete and with non-
atomic prior guess at the shape ag(-) := E[P(:)]. By the almost sure discreteness, we
expect ties in the sample, namely that Xi,..., X, contain K,, < n distinct observations
Xi,..., Xk, with frequencies N, = (Ni,..., Nk, ) such that >, N; = n. By in-
tegrating with respect to all samples of size n with K,, = k distinct observations

having frequencies (n1,...,ny), one obtains the joint distribution of K, and Nk,
P({K, = k} N {Nk, = (n1,...,nx,)}) = p\" (n1, ..., ) (6.1.2)

which is known as exchangeable partition probability function (EPPF), a fundamental
concept introduced in Pitman [149] (see Appendix B), which uniquely determines the
probability law of an exchangeable random partition. Almost sure discrete r.p.m.s and the
exchangeable random partitions they induce have always played an important role in a
variety of research areas such as population genetics, machine learning, Bayesian nonpara-
metrics, combinatorics, excursion theory and statistical physics. In particular, in Bayesian
nonparametric inference the use of random partitions dates back to the seminal work of
Lo [12§]: his approach consists in exploiting a discrete r.p.m. as a basic building block
in hierarchical mixture models. In this way the discrete r.p.m. induces an exchangeable
random partition for the latent variables providing an effective tool for inference on the
clustering structure of the observations. See, e.g, Lo [129], James [96], Ishwaran and James
[91] and Lijoi et al. [120] for extensions in various directions.

An early and well-known model which describes the grouping of n objects into & dis-
tinct classes is due to Ewens [43] and leads to the Ewens’ sampling formula. The basic
assumption is that individuals are sequentially sampled from an infinite set of different
species and the proportion p; with which the i-th species is presented in the population
is random. Then, if {Wy,k > 1} is a sequence of i.i.d. r.v.s distributed according to a
Beta distribution function with parameter (1,60), the random proportion are defined as
p1 = Wi and p; = W; HlSij_l(l — Wg) per j > 2. Now, if Xj,..., X, is a sample of
n individuals drawn from the population, set M, := (M, ..., M, ) where M;,, is the
number of species represented j times in the sample of size n. Hence, the distribution of
M, is supported by all those vectors my, = (mip,...,Mny) for which Y, ;.. im; = n.
The Ewens sampling formula provides the probability distribution of the r._v._ M, and it

coincides with
n

n! g™
P(M,, =my) = pre
( " n) (e)nTl i=1 ]m]’"mj,n!
fro § > 0 and for any (mi,...,mpy) such that >, .., im;, = n. Obviously, to the

distribution of M, there corresponds a distribution of the vector (K, Nk, ). Such a corre-

spondence is one to one and, conditional on K, the distribution of Nk, is supported on
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the set Dk, ,, = {(n1,...,nk,) € [n]5" : > 1<j<k, ™ = n}. In particular, to the Ewens

sampling formula there corresponds the probability distribution

k
p;(cn)(nl, ) = (02 H( n; —1)! (6.1.3)

nll 5
for any k € [n] and (n1,...,nk) € Dgy. As described in Antoniak [2], equation
corresponds to the EPPF induced by a sample X7, ..., X, from a Dirichlet process (see
Ferguson [61]) and it has found many interesting applications, for instance, in Bayesian
nonparametrics and in population genetics. See Antoniak [2] and Pitman [I57] for exhaus-
tive accounts on the Ewens sampling formula.

Since the introduction of the Dirichlet process, other classes of almost surely discrete
r.p.m.s have been proposed in the literature. Among them we mention species sampling
models introduced by Pitman [I51], stick-breaking r.p.m.s introduced by Ishwaran and
James [90], normalized random measures with independent increments (NRMI) intro-
duced by Regazzini et al. [165] and Poisson-Kingman models introduced by Pitman [156].
Within these classes, all specific r.p.m.s, which enjoy sufficient mathematical tractability,
represent valid alternatives to the Dirichlet process: the most notable are the two param-
eter Poisson-Dirichlet process (see Pitman [149] and Pitman [I51]) and the normalized
generalized Gamma process (see Pitman [156], James [96] and Lijoi et al. [120]); both
recover the normalized stable process introduced by Kingman [109] and the Dirichlet pro-
cess as limiting cases and the latter also contains the normalized inverse Gaussian process
introduced by Lijoi et al. [I19]. By close inspection of these tractable processes, one can
observe that they all generate samples X1,..., X,, for n > 1, which are characterized by

a system of predictive distributions of the type
k
P(Xnt1 € X1, Xn) = go(n, k)ao(-) + g1(n, k) D (nj — 0)dx: (), (6.1.4)
7j=1

where o € [0,1). An almost surely discrete r.p.m. generating a sample as the above is
termed Gibbs-type r.p.m. The class of Gibbs-type r.p.m.s has been recently introduced
and studied by Gnedin and Pitman [74], where also a characterization of its members
is provided: indeed, Gibbs-type r.p.m. are Dirichlet process mixtures when ¢ = 0 and
Poisson-Kingman models based on the stable subordinators when o € (0,1) (see Gnedin
and Pitman [74], Theorem 12). Further investigations related to Bayesian nonparametrics
can be found in Ho et al. [86] and Lijoi et al. [124].

Motivated by species sampling problems and, in particular, by their renewed interest
related to applications in genomics, in Lijoi et al. [123] and Lijoi et al. [125] properties of
samples generated by Gibbs-type r.p.m.s have been analyzed. In particular, given a sam-

ple Xi,..., X, consisting in a collection of j distinct species with labels X7, ..., X7 with
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frequencies (n1, ..., n;), interest is in the distributional properties of an additional sample
of size m and, especially, in the distribution of the new distinct species. The concrete
motivation for this study is provided by the straightforward applicability of the results
to inference in genetic experiments. As a matter of fact, an important setting of applica-
tion is related to gene detection in expressed sequence tags (EST) experiments. ESTs are
produced by sequencing randomly selected cDNA clones from a ¢cDNA library. Given an
initial EST dataset of size n, one is interested in the prediction of the outcomes of further
sampling from the library. For instance, interest lies in the estimation of the number of
new unique genes in a possible additional sample of size m: nonparametric frequentist es-
timators, however, yield completely unstable estimates when m > 2n. See Mao [133] for a
discussion of this phenomenon. In contrast, for the corresponding Bayesian nonparametric
estimators proposed in in Lijoi et al. [123] and Lijoi et al. [125], and based on Gibbs parti-
tions, the relative dimension of m with respect to n is not an issue. Indeed, it is shown that
the EPPF, whenever analytically available, yields straightforward and coherent answers
to this and other related problems.

In Lijoi et al. [123] and Lijoi et al. [125] Bayesian estimators for species sampling prob-
lems have been derived under the hypothesis that the exchangeable sequence is governed
by a Gibbs-type prior. It is to be noted that the number of distinct species in the given
sample K, turns out to be a sufficient statistic for prediction of the number of new distinct
species (and other interesting quantities) to be observed in a future sample (see Lijoi et
al. [125]). This implies that the information arising from the frequencies (nq,...,n;) has
to be incorporated into the parameters of the model, since, otherwise, prediction of new
species would not depend at all on n1,...,n;. For instance, if the species are exchangeable
with a two parameter Poisson-Dirichlet prior, then, given a sample of size n, the (n+1)-th
observation is a new species with probability (#+0oj)/(6+n), where § > —o and ¢ € [0, 1).
Such a probability depends on the distinct observed species j but not on their frequencies
ni,...,n;, whose conveyed information can be summarized through the selection of 6 and
0. In principle one would like priors which lead to richer predictive structures, in which the
probability of sampling a new species depends explicitly on both K, and Ng, . However,
by dropping the Gibbs structure assumption, serious issues of mathematical tractability
arise.

In this chapter we provide some developments on the conditional distributions and the
corresponding Bayesian nonparametric estimators recently obtained in Lijoi et al. [123]
and Lijoi et al. [I25] for discrete nonparametric priors which induce Gibbs-type random
partitions. In particular, we focus on the two parameter Poisson-Dirichlet process and
greatly simplify the expressions of relevant estimators in species sampling problems so

that they can be easily evaluated for any sizes of n and m. Moreover, in order to asso-
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ciate a measure of uncertainty to the estimates, we study the asymptotic behaviour of the
number of new species conditionally on the observed sample: such an asymptotic results,
which is also of independent interest, allow to derive asymptotic highest posterior density
intervals for the estimates of interest. In order to sample from the limiting r.v., we develop
a suitable simulation scheme. Finally we illustrate the implementation of the proposed
methodology by the analysis of 5 genomic dataset.

On the other hand, we consider a class of r.p.m.s which is not of Gibbs-type, and show
that one can still derive analytic expressions for the quantities of interest. In pursuing this
goal we will repeatedly encounter Lauricella multiple hypergeometric functions (see Ap-
pendix C) and partial Bell polynomials (see Appendix A), thus highlighting the interplay
between Bayesian nonparametrics and exchangeable random partitions on one side and
the theory of special functions on the other. Other examples of this close connection can
be found in Regazzini [I63], Lijoi and Regazzini [126] where functionals of the Dirichlet
process are considered. As an interesting by-product of our analysis, we also obtain a gen-
eralization of the Chu-Vandermonde convolution formula involving the fourth Lauricella
hypergeometric function. The specific class we consider is represented by the generalized
Dirichlet process introduced in Regazzini et al. [165] and further investigated in Lijoi et
al. [118]. In particular, the generalized Dirichlet process is a NRMI obtained by normal-
ization of superposed independent Gamma processes with increasing integer-valued scale

parameter and gives rise to a system of predictive distributions of the type

k
P(Xn_H S '|X1, NN ,Xn) = wo(n, k:, n)ao(-) + Z njwj(n, k:, n)5X; () (6.1.5)
j=1
where n := (ny,...,nt) and the weights wg(n, k,n) and w;(n,k,n), for j = 1,..., k now

explicitly depend on n thus conveying the additional information provided by the frequen-
cies ni,...,n directly into the prediction mechanism. To our knowledge, the generalized
Dirichlet process represents the first example in the literature of almost surely discrete
r.p.m. which is not of Gibbs-type and still leads to a closed form predictive structure.
The chapter is structured as follows. In Section 6.2 we remind the definition of Gibbs-
type r.p.m. and we provide some developments on the conditional distributions and the
corresponding Bayesian nonparametric estimators obtainied in Lijoi et al. [123] and Lijoi
et al. [125]. In Section 6.3 we provide distributional results related to the prior and pos-
terior probability distribution of discovering a certain number of new species in a sample
generated by a generalized Dirichlet process. In Section 6.4 we investigate some conditional
structures that emerge when the observations are sampled from exchangeable sequences

governed by a general homogeneous NRMIs.



198 6. On Bayesian nonparametric inference in species sampling problems

6.2 Gibbs-type random probability measures

In this section we remind the definition of Gibbs-type r.p.m. and some results related
to conditional distributions and Bayesian nonparametric estimators recently obtainied in
Lijoi et al. [I123] and Lijoi et al. [I125]. Developments of these results are presented for
the two parameter Poisson Dirichlet process and for the normalized generalized Gamma
process.

A random partition of the set of natural numbers N is defined as a consistent sequence
IT := {II,,,n > 1} of random elements, with II,, taking values in the set of all the partitions
of [n] := {1,...,n} into some number of disjoint blocks. Consistency implies that each
IT,, is obtained from II,,+; by discarding, from the latter, the integer n + 1. A random
partition II is exchangeable if, for each n, the probability distribution of II, is invariant
under all permutations of (1,...,n). Let {p,(cn),n > 1} be a sequence of function such that

p,(cn) : Din, — RT satisfies the properties

i) p(1) =1

ii) for any (ni,...,n) € Dy with n > 1 and k € [n]

p]({;n) (nla v 7nk) = p](cn) (na'(l)v cee 7”0(/6))
where o is an arbitrary permutation of the indices (1,...,k);

iii) for any (ni,...,nx) € Dy with n > 1 and k € [n] the following addition rule holds

true

k
1 1
p,gn)(nl,...,nk) = E ng— )(7’L17...,nj +1,...,n) —&-p,(;r; )(nl,...,nk,l).
j=1

Then, p](gn) is an EPPF. In particular, the EPPF uniquely determines the probability law

of an exchangeable random partition according to the equality
P(L, = {A1,..., A} = p”(Ail,.. | A)  n>1k<n

where |A| stands for the cardinality of the set A. As already seen in equation ,
for any given sample Xi,..., X, from an exchangeable sequence of r.v.s {X,,n > 1}
governed by an almost sure discrete r.p.m., marginalization with respect to the labels
yields the EPPF of the associated exchangeable random partition. The EPPF
associated to the celebrated Ewens sampling formula, represents a particular case of a

more geneneral EPPF which is associated to the so-called Pitman’s sampling formula
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(see Pitman [149]). In particular, to the Pitman’s sampling formula there corresponds the
probability distribution
k—1 :
(n) [1izi (0 + io)

==t - — , 2.1
Py (N1, ng) (9+1)(n1)11j131(1 ) (n;—1)1 (6.2.1)

where § > —o and o € (0,1) or 0 < 0 and § = v|o| for some positive v. It can be easily
checked that if we set 0 = 0 in we recover . In particular, corresponds
to the EPPF induced by a sample Xi,...,X,, from a two parameter Poisson-Dirichlet
process as described in Pitman [149] (see also Pitman and Yor [154]). A further interesting
example of EPPF arises from the normalization of a generalized Gamma process, as defined
in Brix [I3], and leads to

k—1,.8 7Tk _ n—1 .
(n) o e H '=1(]‘ U)(njfl)n n—1 igifo L.
P (N1, ng) = jI‘(n) ;( ; )(—Uﬂ F<k’—aaﬂ>

(6.2.2)
where § > 0 and I'(a;z) := f;oo 5% le~%ds is, for any & > 0, the incomplete Gamma
function. See James [96] and Pitman [156] and Lijoi et al. [120] for an applcation of the
corresponding random discrete distribution in the context of mixture modelling.

The examples we have briefly illustrated so far share a common structure. Indeed,
one may note that each EPPF in , and arises as a product of two
factors: the first one depends only on (n, k) and the second one depends on the frequencies
(n1,...,ny) via the product [[; ;<4 (1=0) (n; 1)1 This structure is the main ingredient for
defining a general family of exchangeable random partitions, namely Gibbs-type random

partitions.

Definition 6.2.1. (c¢fr. Gnedin and Pitman [7]]) An exchangeable random partition II of
the set of natural numbers is said to be of Gibbs form if, for all 1 < k < n and for any
(n1,...,nk) in Dy, the EPPF of II can be represented as

k
p]({;n) (n17 ) nk) = Vn,k H(l - U)(nj_l)Tl (623)
7j=1

for some o € [0,1) and some set of non-negative weights {V,, :n > 1,1 < k < n}
satisfying the recursion Vy, p = Vpi1 k41 + (0 — 0k) Vo, with Vi = 1.

Recall that, according to Pitman [I51], a species sampling model is an almost surely
discrete r.p.m. P(-) = Y .o, W;dx,(-) such that the masses w;’s are independent from
the locations X;’s, which 3_Lre i.i.d. from a non-atomic distribution «g. Then, one can
define Gibbs-type r.p.m.s as the class of species sampling models which induces Gibbs-

type random partition, i.e. the EPPF corresponding to a sample of size n generated by a
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Gibbs-type r.p.m. is of the form (6.2.3). It then follows that the predictive distributions
associated with a Gibbs-type r.p.m. are of the form (6.1.4]) with weights of the form

Vi1, k41

Vn—l—l,k
Vn,k 7 .

g1(n, k) == Vo

go(n, k) :=

Before reminding the distributional results for samples drawn from Gibbs-type prior, we
introduce some useful notation to be used throughout the paper. Consider a population
which is composed of an (ideally) infinite number of species. Let X%Ln) = X1,..., X,
be a sample of n individuals drawn from the population, where K, is the number of
distinct species detected among the n observations in the sample. We call this sample
the “basic sample”. We consider the vector (K,, Nk,) where Ng, = (Nipn,..., Nk, n)
is the vector of frequencies with which each distinct species is observed; in particular,
conditional on K, = j, is supported by all vectors (n1,...,ng, ) of positive integers such
that > ;- ni = s. We denotes with X KR = Xis..., Xk, the distinct observa-
tions Witili;l the “basic sample”. We study distributional properties of the partition of
the set of integers {n + 1,...,n + m}, given [n] has been partitioned into j classes with
repective frequencies (n1,...,n;). A few quantities, analogous to those describing the par-

tition structure of [n], need to be introduced in advance. We let Kfff ) — Kpim — Ky

stands for the number of new partition sets C1,.. "CK(") generated by the additional
“second sample” Xg(:nm)) = Xnt1, .-+, Xntm. We call this sample the “second sample”.

Furthermore, if C = U ) C; whenever Kf:f) >1and C = 0 if Kﬁ,?) = 0, we set

1<i<K.
KM = f{Xn+1,-- s Xn+m} N C) as the number of observations belonging to the new
clusters Cj. It is obvious that LT(Q) € {0,1,...,m} and that m — LT(Q) observations be-

long to the sets defining the partiton of the original n observations. According to this, if

)

Spm = (S1 L) S pen) L(">) then the distribution of S, (), conditional on ng = s, is
supported by all vectors s := (s, ... ,sK<n>) of positive integers such that Zl<i<K<”) s; = s.

The remaining m — LSJLL Jobservations are allocated to the old K, groups with the vector of

non-negative frequencies R, = (R, ..., Rk, ) such that ), ;.p Ri = m—LM. Through-
out we also assume that all random quantities are defined on a common space (92, #,P).

In a Bayesian framework, the probabilty distribution of K, has been interpreted by
Lijoi et al. [123] as the prior distribution on the number of species to be observed in the
“basic sample”. In particular, for a Gibbs-type r.p.m, the probability distribution of K,

was derived in Gnedin and Pitman [74] and it corresponds to

Vi
P(K, = k) = "% (n, k; 0). (6.2.4)
o
where €'(s,k;0) is €(s,k;0)(—1)*"*C(s, k; o) (see Appendix A). Next, a further sample

of m individuals, the “second sample”, is selected thus giving rise to the “enlarged sample”
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of size n+m. If one knows the number of sepecies observed in the “basic sample” and the

frequency with which each species has been recorded, it would be interesting to determine

P1) the probability distribution, and the expected value, of the number of new species

in the “second sample” conditionally on the “basic sample”;

P2) the probability of discovering a new species at the (n + m + 1)-th draw, without

actually observing the “second sample”.

Evaluating the probability in P1) is equivalent to determining P(/," = k| X (1 n)) for any
j=0,1,...,m and for any k = 1,2,...,n, which can be interpreted as the “posterior”
probability distribution of the number of species to be observed in a sample of size m.
The determination of the probability in P2) corresponds to estimating the probability
P(K; (ntm) _ 1|X X (2(nm))) without observing the “second sample”. This automatically
provides a solutlon to the important problem of determining the sample size such that the

probability of discovering a new species falls below a give threshold.

Proposition 6.2.1. (cfr. Lijoi et al. [125]) Suppose that II = II,,,n > 1 is a Gibbs-type
random partition with weights V,, , and parameter [0,1). Then, the joint distribution of
KT(,?), KY(,?) and SL(n>, gwen K, and Nk, , is of the form

P(K =k, Ly = 5,8, ) = s|K, = j, Nk, =n) (6.2.5)

m

=P(KY =k, L) = 5,5, = Ky = j)

Vatm,j+k
:n‘/md—i_< >(n_]0(m sTlH 3171 11
n7]

Hence, the number K,, of partition sets in the basic n sample is sufficient for predicting:
i) the number of sets into which {n+1,... ,n+m} is partitioned, ii) the number of points
from the subsequent m sample that belong to the new sets of the partition of [n + m] and

i11) the frequencies in each of these new groups.

By marginalizing the conditional distribution in (6.2.5)) with respect to S m and, then,

with respect to Ky(n) one obtains the conditional distribution for the number of new groups
(n)

and the number of observations belonging to these new groups and the distribution of L;,’,

respectively.

Corollary 6.2.1. (cfr. Lijoi et al. [I25]) The joint distribution of K™ and L%L), given

K, can be expressed as

P(KSD, LG = s|K, = j) = Vo <T) (n— J’U)(m_smLs’ ki 0)

6.2.6
Vs (6.2.6)

ok
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for k< s=0,...,m and the conditional distribution of Lq(ﬁ) is of the form

n . m . - Vn m,j kC@ﬂ S,]{Z;O'
P(LY) = s|K, = j) = <8>(n —J0) m-s)11 Y ; It ( R ) (6.2.7)
k=0 ™

fors=0,...,m.

From (6.2.6) and (6.2.7) one can also deduce other explicit forms for conditional dis-

tributions of interests. For example, the distribution of the number of observations in the
“second sample” which lie in new partition sets, given the number of groups present in

)

the “basic sample” and the number of new clusters Kfq? , is of the form

T:) (n - jU)(m—s)TICg(& k; U)
€ (m,k;o0,—n + jo)

P(L\) = s| K =k, K, = j) = ( (6.2.8)
for s = k,...,m, where € (n, k;0,7) is €(n, k;0,7) := (=1)"*C(n, k; 0,7) (see Appendix
A). Tt is worth noting that the previous expression does not depend on the particular
Gibbs prior it is derived from: interestingly, Gibbs-type random partitions share the same
conditional structures once Kf:f ) and K, are fixed. This finding is reminiscent of a result
in Gnedin and Pitman [74] where the authors show that K, is sufficient for Gibbs-type
random partition of the first n integers meaning that the conditional distribution of the
partition on [n] given K, does not depend on the weights V,, ;. On the other hand, the
(n)

conditional distribution of Ky’ , given Lﬁ,’f) and K, is of the form

~ Vagmjk%(s,k;0) /0"
>0 Vatm, 1€ (s, 0) /0!

for any k € [s]. Moreover, evaluating the probability in P1) for a Gibbs-type r.p.m. can be
obtained by marginalizing the conditional distribution in (6.2.5)) with respect to Lg,?) and

S L) In particular, the Bayes estimator, under quadratic loss function, for the expected

number of new cluster, proposed by Lijoi et al. [123], is easily recovered from (6.2.5) as

P(K™ = kLM = 5 K, = j)

(6.2.9)

n . = Vn m,j kcg mvk;07_n+ja)
EK Ky =j]=> k ; L ( - (6.2.10)
k=0 .

Often iterest relies also in determining an estimator for the number of observations in the
“second sample” that will belong to new species. For instance, in genomic applications
this can be seen as a better measure of redundancy of a certain library. For this purpose,
one can resort to and the corresponding Bayes estimator is given by

n ) - m ) ) *  Viam itk €(s, ki o
E[LG) | K, = j] = Z 3( s ) (n—jo)(n—3jo)m-si Z J‘r/ ’7+k ( R ) (6.2.11)
s=0 k=0 ,J
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Then E[Lgﬁf ) | K, = j]/m is the expected proportion of genes in the new sample which do not
coincide with previously observed ones. The expression in ([6.2.11)) admints a noteworthy
simplification as outlined in the following proposition: indeed, the Bayes estimator is m
times the probability that the (n + 1)-th draw yields a new cluster, given that j distinct

clusters are generated by the first n observations.

Proposition 6.2.2. (cfr. Lijoi et al. [125]) For any j € [n] and m > 1 one has

V .
E[LG)| K, = j] = m—REL (6.2.12)

Vnj
Turning to the evaluation of the probability in P2) for a Gibbs-type r.p.m., a Bayesian
nonparametric estimator for the probability of discovering a new species at the (n+m+1)-
th draw, given the “basic sample” has been provided by Lijoi et al. [I123]. If we suppose,
for the moment, that we have observed both the “basic sample” and the “second sample”,

the discovery probability is given by
+ .
P(Kgn m) _ KM =k, LM = S’SL;’:) =s,K, =75 Nk, =n)

m

and by virtue of the highlited sufficiency of the number of distinct species, the discovery
probability is also equal to P(Kfmrm) = 1]K,(7€L ) = k,K, = j). However, our estimate is
obtained without observing the outcome of the “second sample” and, hence, we have to

estimate the random probability
Do) = p(K"™™ = 1| KM K, = j) (6.2.13)

where the randomness in the above expression is due to the randomness of K,(# ), Baysian
inference on is based on the posterior distribution provided in Corollary .
Thus, the Bayesian estimator of , with respect to a quadratic loss function, is given
by its expected value with respect to the posterior distribution of the number of species.
This represents a Bayesian counterpart to the celebrated Good-Toulmin estimator. In

other word we provide a Bayesian nonparametric estimator for

Un+m = Z pi ]]-{0} (Ni,n-i—m)
i>1

where N; 4, represents the number of population units from the i-th species in the

“enlarged sample” of size n + m. In particular, we have the following proposition.

Proposition 6.2.3. (cfr. Lijoi et al. [123]) Suppose that II = II,,,n > 1 is a Gibbs-type

random partition with weights V;, j; and parameter [0,1). Then the Bayes estimate, under
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squared loss function, of the probability of observing a new species at the (n +m + 1)-th
draw, conditional on the “basic sample” with j distinct species, is given by

m

ﬁﬁg’j) _ Z Vn+m+1,j+k+1 Cg(ma k; o,—n—+ ]U) (6214)

ok

k=0 Vi

All the quantities described up to now, depend on the analysis of the conditional
structure of a Gibbs-type random partition. Investigation of the conditional structure for
the sequence of blocks {K,,n > 1} is pursued in Gnedin and Pitman [74] where the
authors do consider the conditional distribution of the number of groups in the partition

of [n], given the number of blocks in which [n + m] is partitioned.

Example 6.2.1. The Dirichlet process is a Gibbs-type r.p.m. with o = 0. In particular,
let « be a non-atomic measure on (X, Z") such that 6 := «(X) > 0 and let X;,..., X, be
a sample of size n from an exchangeable {X,,n > 1} governed by a Dirichlet process. The
EPPF induced by the sample X1, ..., X, is known to be of the form and the prior
distribution of the number of distinct species within a sample of size n, due to Fwens [43]

and Antoniak [2], is obtained by letting o — 0 in (6.2.4), which yields

gk
P(K, =k)= |s(n, k)| (6.2.15)
(e)nTl
where |s(n, k)| := limy_o € (n, k, )/ stands for the signless or absolute Stirling number

of the first kind (see Appendixz A). Moreover, the posterior distribution of the number of

distinct species to be observed in the additional sample becomes

. . (G)k(ﬂ)ml " /m
P(KS) = j1Kn = j) = =" |51, k)| (1) (o (6.2.16)
(0)(n+m)T1 ; l (m=DT1
foranyk =0,1,...,m. Finally, the Bayesian estimator of the discovery probability reduces
to

D) = S o> (M) 6217

(0+n (m+DT1 35 1=k
Interestingly (6.2.16)) and (6.2.15)) solely depend on the sample size: prediction does not

depend on K,, and Nk, and so all this information has to be summarized by the parameter
a. This, which is a characterizing property of the Dirichlet process (see Zabell [19§]),

represents a severe limitation for predictive purposes.

We are going to consider an important quantity which describes the partition struc-
ture of observations generating new groups in a further sampling procedure, conditional
on the partition generated by the first n observations. In particular, there is a sort of

reproducibility of the Gibbs structure as established by the following proposition.
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Proposition 6.2.4. (c¢fr. Lijoi et al. [125]) Let II = {II,,,n > 1} be a Gibbs-type ex-
changeable random partition whose EPPF is characterized by the set of weights {V,, :
k=1,...,n;n > 1} and by the parameter o € (0,1). Then

P(K{) = kySpm = s|IL{Y = s, K, = j, Nk, =n) (6.2.18)
k
Vn+m,j+k

- T -0),
2i—0 Vatmj+i6 (s,1;0) /0" E( 7

for any s € [m], k € [s], j € [n], (n1,...,nj) € Dj, and (s1,...,5;) € Dy s. Consequently
the partition of the observations which belong to the new partition sets is, conditional on the
“basic sample” of size n, a finite Gibbs-type random partition with weights {V,, (m,n,j) :
s=1,...,m;k=1,...,s} defined by

Vo .
Vok(m,n,j) = L (6.2.19)

a Yoico Vatmj+i€(s,i;0) /0

and with parameter o € [0,1).

Note from (|6.2.18)), again, that
P(K =k, S, = s|L{) = s, K, = j, Nk, = n)

The finiteness of the random partition described by (6.2.18)) is obvious, since it takes values
on the space of all partitions of [s], with 1 < s < m. Moreover, the particular structure

featured by the conditional distribution in (6.2.18]) motivates the following definition.

Definition 6.2.2. (cfr. Lijoi et al. [125]) The conditional probability distribution
B (st skimon, ) = POKG) =k, S, ) = 8| L) = s, Ky, = ) (6.2.20)
with 1 < s<m and 1<k <s, is termed conditional EPPF.

Hence, the probability distribution in is a conditional EPPF giving rise to a
finite Gibbs-type random partition. Even if the structure of ﬁ,(f)(sl, ..y Sk; My, j) IS quite
general, one might wonder whether it is possible to provide more information about its
Vs x(m,n, j) weights in some particular cases. For example, it would be interesting to as-
certain when V; ;(m,n, j) does not depend on m and n, so that ]3,(:)(31, cey SE MmN, J) =
ﬁ](j)(sl, ...,Sk;J), which means that the conditional EPPF is that corresponding to an
infinite Gibbs partition.

Having the conditional EPPF 13,(:) at hand, one can compute some other interesting
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conditional distributions in a straightforward way. For example, if one combines the ex-
pression for 131(:) with Corollary it is immediate to check that

ok

k
P(S o = SIKW =k, LY = 5, Ky = j) = Gls ko) (1= 0)(si—1)11
T =1
in an expression for the conditional distribution of detecting a particular configuration
(s1,...,8k) for the observations belonging to the new partition sets, given the number of
new sets, the number of observations falling into these sets and the “basic sample”.

All the sampling formulae we have deduced so far have important applications in
Bayesian nonparametrics and in population genetics. In Bayesian nonparametric, random
discrete priors are commonly employed in order to define a clustering structure either at the
level of the observations or at the level of a latent variables in a complex hierarchical model.
In particular, any EPPF corresponds to some random discrete prior and it represents,
together with all the expressions for the conditional distributions we have obtained, a useful
tool for specifying prior opinions on the clustering of the data. In population genetics, the
concept of conditional EPPF can be seen as follows. Given a sample of size n containing j
distinct species with absolute frequencies n1, ..., n;, a new sample of size m is to be drawn.
Given that s of the m observations contribute to generating newly observed species, i.e.
they belong to new distinct clusters, one might be interested in evaluating the probability
that the s observations are grouped into k clusters with respective frequencies sq, ..., sg.
The answer of such a question is provided by a conditional EPPF. The other distributions,
discussed previously, provided a wide range of sampling formulae which answer similar type
of problems. In the following subsection we focus attention on some noteworthy particular
cases of Gibbs-type r.p.m.s, namely the two parameter Poisson-Dirichlet process and the

normalized generalized Gamma process.

6.2.1 The two parameter Poisson-Dirichlet process

We start this section by introducing the two parameter Poisson-Dirichlet process (see Pit-
man [149] and Pitman and Yor [154]). Among the various possible definitions, a simple and
intuitive one follows from the so-called stick-breaking construction. For a pair of parame-
ters (o, 0) such that o € (0,1) and 0 > —o, let {Vj, k > 1} denote a sequence of indepen-
dent r.v.s, with V4 distributed according to a Beta distribution function with parameter
(0 + ko, 1 — o). Define the stick-breaking weights as p1 = Vi, p; = Vj H1§i§j—1(1 — i)
and suppose {Y,,,n > 1} is a sequence of i.i.d. r.v.s, which are independent of the p;’s and
whose common probability distribution aq is non-atomic. If §, is the point mass at a, the
discrete r.p.m. ]5(0,9) = 2]21 pj dy; is a Poisson-Dirichlet process with parameter (0,0).

See Pitman [I57] for a detailed account on general theoretical aspects and, e.g., Ishwaran
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and James [90], Navarrete et al. [I44] , Jara et al. [I02] for applications in Bayesian non-
parametrics.

As shown in Pitman [149], the EPPF induced by a sample X1,..., X, from a Poisson-
Dirichlet process with parameter (o, ) is given by . Then, basing upon Proposition

(621), one has

P(KS) =k, L) = 5.8 0 = s|Ky = j) (6.2.21)
—_ . . k
15206 + jo +io) (m ,
- (()0 + n)m“ S (n - ja)(m_S)Tl H(l - J)(Si—l)Tl

i=1

and it is possible to derive explicit expressions for all the sampling formulae set forth. In
particular, the evaluation of the probability in P1) for the Poisson-Dirichlet process with
parameter (o, 6), can be obtained by marginalizing the conditional distribution in (6.2.21))
with respect to L%L) and SLi,’Z)' Here we provide an alternative derivation of ((6.2.22]).

Proposition 6.2.5. Under the Poisson-Dirichlet process with parameter (o,6), one has

O+ VD TIZT1(0 +i0)

(n) pr— pu— 1 prm—
FHm" = kEn =) (0 + 1 ntm—1)11 ok

€ (m,k;o,—n+jo) (6.2.22)

Proof. An important result proved in Pitman [I5I] concerns the representation of the
posterior distribution of ]5079, given a sample X1, ..., X, of data governed by 15(0,9). Indeed,
if the observations X; are, conditional on p(aﬁ), iid. from ﬁ(aﬂ) and the sample X1,..., X,

contains j < n distinct values X7, ... ,X;, then

J
~ d ~
Pg’9|X1, e, Xp = Z 'l,UiéX;‘ + wj_:,_lPU,@_;_jg (6.2.23)
i=1

where (w1, ..., w;) is distributed according to a j-variate Dirichlet distribution with pa-
rameters (ny — o,...,n; — 0,0 + jo), n; = #{r : X, = X'} is the frequency of X in
the sample and w;y; = 1 — Zlgigj w;. In order to derive ((6.2.22]), we will make use of
the posterior representation given in (6.2.23)), and to the distributional properties of K,
for any 4. Indeed, from (6.2.23)) one notes that, given w a r.v. distributed according to
a Beta distribution function with parameter (6 + jo,n — jo), an observation X, ;, with
1 =1,...,m, does not coincide with any of the K,, = j distinct species observed in the

“basic sample” with probability w. Consequently
B(K) = kK, = )

B r'@+n)
IO+ jo)(n—jo

1
) / P(K = k| K, = j,w)w’ 7711 — w)" 97 dw
0
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In order to have KT(,?) =k, at least k of the m data X, 11, ..., X;,4m must be allocated to
the k new distinct species not observed among the K,, = j species of the “basic sample”.

Hence we have

P(KY = kK, = j,w) =Y (T) w'(1 —w)"P(K; = k)
i=k

where it is to be noted that K; is, now, the number of distinct species among the i
observations generated by a Poisson-Dirichlet process with parameter (o, § 4+ jo). Such a
probability distribution has been derived in Pitman [I55] (see also Pitman, [157]) and in

this case yields

1O+ jo+1o)

P(K;, =k)= -
( ) ok (0 +jo 4+ 1)—1)n

€ (i k;0) i1=k,...,m
Summing up the previous considerations we obtain ((6.2.22)) by noting that

P(K) = K|, = j) = L7+ Dk > (m>%<z', ko) (n— jo)im

(9 + n)mn — 7
(0/0 + §)rn :
=—"""%(m,k;o0,—n+ jo
(9 + n)mTl ( J )
where the second equality follows from (2.56) in Charalambides [17]. O

Based on , the estimators of interest can be derived. The most significant
one is the expected number of new species ET(:LZ 9 = IEI[KT(,QI )|Kn = j] which represents a
Bayesian nonparametric analog of the Good-Toulmin estimator (see Good and Toulmin
[76]). Moreover, evaluating the probability in P2) interpreted as the probability that the
(n+m+ 1)-th observation will yield a new species, without observing the m intermediate

records, is given by

(0 + -1 o= [15(0 +i0)
(0 + 1)(n+m)T1 k=0 ot

Dmd) = € (m,k;o0,—n + jo). (6.2.24)
Finally, we consider the sample coverage which is the proportion of species represented in
a “basic sample” of size n. In particular, for the Poisson-Dirichlet process with parameter
(0,6), the sample coverage is given by

0+ jo

0+n"

o) =1

which represents an alternative to the frequentist Turing estimator (see Good, [75]). Hence,
the estimated sample coverage after n + m draws is given by CA'T(,? J) = 1— ZADES J ). The ad-

vantage of the formulae yielding EAq(ff 9 and 157(7? 7) is that they are explicit and can be
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exactly evaluated. There are, however, situations of practical interest where the size of the

additional sample of interest is very large and the computational burden for evaluating

(6.2.22) and (6.2.24]) becomes heavy. This happens, for instance, in genomic applications

where one has to deal with relevant portions of cDNA libraries which typically consist of
millions of genes. Our first aim is the achievement of a considerable simplification of the
two above mentioned estimators. Moreover, since is still required for determining
the corresponding highest posterior density (HPD) intervals, we will study the asymptotics
of KT(,? ), given K,, as m — +oco: this allows one to use the distribution of the limiting
random quantity in order to approximate the HPD intervals.

The first important result concerns the moments of K}(nn ), given K, , which will be ex-
pressed in terms of non-central Stirling numbers of the second kind S(n, k; r) (see Appendix

A). Such moments allow to derive simplified expressions for the estimators of interest.

Proposition 6.2.6. Under the Poisson-Dirichlet process with parameter (o,6), one has

(n)\r o r v (0 TV'Q N\ (0 +n+vo)mn
E[(K5) | Kn = ] VZ:%( 1) (J+0>V“S(, ,U+g) G (6229

)

In particular, a Bayesian nonparametric estimator of Kr(,ff coincides with

r i . 0 (9 +n+ U)mTl
E(n,]) _ e AL L 2.2
w0 =(0+5) (o). 6220

the discovery probability is equal to

B 9—|—j0’ (G—I—n—l—a)mm

D = 0+n (0+n+1)mn (6.2.27)
and the sample coverage after n + m draws is given by
Ang) _ 1 0tdo (0 +n+ O’)mTl. (6.2.28)
" 0+n (0+n+1)mn
Proof. Indeed, one has
. m ‘ —
LT o (S IRt

where the unconditional moment E[K]] is evaluated with respect to the ]5(0’9“0) prior.
Such an expression is already available from Pitman [I51] and Yamato and Sibuya [I89]

and it is given by

T . . 9 . 1 .
E[K{] =) (1) (1 40 +J0> S (r,u; 0+]0) (O +jo+vo+1)i-nn
=0 o Jun o 0+ 1D—nn
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Hence, one has

E[(K) Ky = j)
B I'(6 +n)
- IO+ jo)I'(n— jo

['(0+n) d _ < 9+jo> ( 6+ja>
= - . -1+ S|rv;
'O+ jo)I'(n —jo) I/Z::0< ) o 1 o

1
) / w97 (1 — w) IR (KT K, = i, wdw
0

m . 1
% Z <m> (9 +Jjo+vo+ 1)i—1 / w9+ja+i—l(1 _ w)n—jo—i—m—i—ldw
o\ (0+1)a—nn 0
1 4 . 0+ jo 0+ jo 0+ jo
= 7(0 ) Z(—l) (1 + > S (73 v; > 05
mil “=5 o v o + g0 +vo
- m . .
x> () O+io+vo)i(n—jo)m-in
=0

T

1 (0 . 0+ jo
=S (D) S (e 0 "
@y 2 (a ‘7>m ( - )( Tt ve)mn

mT1l =0

where the last equality follows by an application of the Chu-Vandermonde formula. The

expression for the discovery probability in (6.2.27)) is obtained by inserting (6.2.26| into
Equation 9 of Lijoi et al. [121] and some simple algebra. O

These formulae greatly simplify those employed in Lijoi et al. [123] and can be evaluated
for any choice of n and m. Note also that the estimator in (6.2.26)) admits an interesting

probabilistic interpretation. Indeed, one has that
EMI) = P(X, 11 = new| Ky, = §)Eo pyn[Km]

where E, g4, [K;,] stands for the unconditional expected number of distinct species, among
m observations, with respect to the probability distribution of a Poisson-Dirichlet process
with parameter (o,60 + n). Moments of any order of the unconditional distribution, i.e.
E[K]], have been determined by Pitman [I51] and Yamato and Sibuya [I89] and are
recovered from by setting n = j = 0.

The formulae outlined in Proposition [6.2.6] provide point estimators for quantities
of inteest in species sampling problems. Besides them, one would also like to determine
HPD intervals since they provide a measure of uncertainty related to the point estimates.
However, this can be by no means an easy task, especially for large values of m. In order
to overcome this drawback, we analyze the asymptotic behaviour of Kﬁ,? ), for fixed n and
as m — —+o0o, and use the appropriate quantiles of the limiting r.v. to obtain an HPD
interval. Results of this type for the unconditional distribution are already known and
have been determined by Pitman [152] and Pitman [I55]. See also Pitman [I57]. In order
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to recall Pitman’s result, let f, be the density function of a positive o-stable r.v. and Y}

be, for any ¢ > 0, a positive r.v. with density function

I'(go +1)

—-1-1/0 —1/o
S ), (6.2.29)

fr,(y) =
One, then, has that K,/n° — Yy, almost surely, as n — oo. As we shall now see,

conditioning on the outcome of a “basic sample” leads to a different limiting result.

Proposition 6.2.7. Under the Poisson-Dirichlet process with parameter (o,0), condi-
tional on K, = j one has
K

mO’

— Zn, a.s. (6.2.30)

and in the p-th mean, for any p > 0, where Z, ; 4 Biio/0,njo—j Y(04n)/os Bap is a 1.0
distributed according to a Beta distribution function with parameter (a,b) and the r.v.s

Bii0/6,njo—j and Y(gin) /s are independent. Moreover,

= (2 0) _Ll+n)
2= (17) @i (6.231)

Proof. The proof strategy is as follows: we first adopt a technique similar to the one
suggested in Theorem 3.8 in Pitman [I57] for the unconditional case in order to establish
that K,(ﬁ ) /m? converges a.s. and in the p-th mean for any p > 0. Then, we determine
the moments of the limiting r.v. and show that the limiting r.v. is characterized by its

moments. Let us start by computing the likelihood ratio

M(n) . dPJne) q( )(Kmn))
o,0m " n n
0 Lot )

where fi}f ) = o(Xnt1s s Xntm), IP’((:G) is the conditional probability distribution of a
Poisson-Dirichlet process with parameter (o,6) given K, and, by virtue Proposition 1 in
Lijoi, Prinster and Walker [125], q((fng(k) = & (0/0 + K,)k11/(0 + n)y, for any integer
k > 1 and q( )( 0) :== 1/(0 + n)mr1. Hence {(M(n

0.6,m m(n)) m>1}is a ]P’S?g—martingale.

By a martingale convergence theorem (see Billingsley [§]), M M as a ]P’((:B almost sure

o,0,m
limit, say M csne)v as m — +o00. Convergence holds in the p-th mean as well, for any p > 0.
One clearly has that Eg"g (M gg)] = 1, where Egng denotes the expected value with respect

to IP’S:&. It can be easily seen that

(n) 0o
ym o LO+)E,) [ K
o0m =T ()00 + Ky,) o
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as m — oo. Hence (K,(f:)/m")e/" converges ]P’E:Lg—a.s. to a r.v., say Z, ; such that

n)0/e;  L(n)T(0/o + Ky)
EoolZns ] = Tor (') -

(n)

In order to identify the distribution of the limiting r.v. Z, ; with respect to the P_,, we
consider the asymptotic behaviour of E[(Kg))ﬂKn = j] as m — +o0, for any r > 1.

Letting m — 400 in (6.2.25)) of Proposition use the Stirling formula to obtain
1

mTO'

0 I'6+n)
E[(K(™ " Ky K, + — T ), .2.32
REYI) = (K00 ) Fgtrey = (6:2.32)

Such a moment sequence clearly arises by taking Z,, ; 4 B 0/0,nj0—j Y(04n) /o> With ther.v.
B 9/o,n/o—j is independent from the r.v. Y{(g,,)/s, which has density (6.2.29). Hence, we
are left with showing that the distribution of Z, ; is uniquely characterized by the moment
sequence {,uﬁn),r > 1}. In order to establish this, one can evaluate the characteristic

function of Z,, ; which, at any ¢ € R, coincides with

B(t) = 'O +n/o) r'e+n+1)
C I(K,+0/0)(njo— K,)T(0+n/o+1)
+oo +o0
X / eit? yKnt0/0—1 / w(w — z)n/”*K”*1 go(w)dwdz
0 z
B ol'(0 +n)
(K, +60/o)(n/o— K,)
+oo wo
X / W go (W) / el® zK"+6/U_1(w — z)”/"_K"_ldzdw
0 0
i)y (K, , +00
_ F(0+n+ 1) Z (lt) ( +9/U) 11 / w0+n/cr+rga(w)dw
@+ n/o )2 @+n/om Jo
B Z (i) (K +60/o)ry1 T(O+n+1) T(@+n/o+r+1)
= ! O+n/o)p1 TO@+n/o+1) T(O@+n+1+r0)
(i) o
=X ol i
r>0
and the conclusion follows. O

It is worth stressing that the limiting r.v. in the conditional case is the same as in
the unconditional case but with updated parameters and a rescaling induced by a r.v.
distributed according to a Beta distribution function. The density of Z,, ; in (6.2.30) can
be formally represented as

I'(0+n)

+o0
_ 0/o+j—1 —1/o¢,, _ \n/o—j—1 —1/c
L 7y oy S / L
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When o = 1/2, the density f;/, is known explicitly and the previous expression can be

simplified to

INC 4n+9—1 0+k/2—1 2n—k-1 m—k—1 ) E—1 .
fz,.(2) = (64 n) - e (—z)y2T n—7+j;z .
s 72T (k + 20)0(2n — k) j 2

§=0

Nonetheless, even in the latter case one cannot easily determine the quantiles of Z,, ; we
need to use in order to determine HPD intervals. Hence, we resort to a simulation algorithm
for generating values of Z,, ; and use the output to evaluate quantiles. The demanding part
of this simulation is drawing samples from the probability distribution of Y. Note that
the sampling strategy we are going to outline is also useful in the unconditional case,
where the same tractability issue in deriving properties of Y; is to be faced. The basic idea

1/o

consists in setting W, =Y; *'~ so that W, has density function given by

ol'(qo)
I'(q)

Via augmentation, one then has

fiv,(w) = W fow) = s

+oo
fo(w) / ul e gy,
0

g o— —uw
g wy (w,w0) = = fo(w) u?= e™" = fi7, (u) fo (w]u)
I'(q)
where f(u) is the density function of a r.v. U, such that Ug is distributed according to a

Gamma distribution function with parameter (¢,1) and
folwlu) = fo(w)e v,

This means that, conditional on Uy, W, is a positive tempered-stable r.v. according to the
terminology adopted in Rosinski [169]. In order to draw samples from a tempered stable
r.v., a convenient strategy is to resort to the series representation derived in Rosinski [169],

which, in our case, yields

oo
WelUg 25" min{(aD(1 - )Y &0/} (6.2.33)
i=1

where {e;,i > 1} is a sequence of i.i.d. r.v.s such that e; is distributed according to
an Exponential distribution function with parameter Uy, {v;,i > 1} is a sequence of
ii.d. r.v.s such that v; is distributed according to a Uniform distribution function on
(0,1) and a; > ag > --- are the arrival times of a Poisson process with unit intensity.
Other possibilities for simulating from a tempered stable r.v. are the inverse Lévy measure
method as described in Ferguson and Klass [64] and a compound Poisson approximation

scheme proposed in Cont and Tankov [20].
Summarizing the above considerations, an algorithm for simulating from the limiting

I.V. Znj 4 Biio/onjo—j Y(0+4n)/o is as follows:
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1) Generate B from a Beta distribution with parameter (j + 6/0,n/c — j);
2) in order to sample from Y94n)/0:

2.a) generate X from a Gamma distribution with parameter ((6 +n)/c,1) and set
U=X1/,

2.b) for a given truncation N and U sampled in step 2.a, generate the sequences
{ei,i > 1} and {v;,7 > 1} and take a; = Elgjgigj, fori=1,...,N;

2.c) compute W according to (6.2.33) and set Y = W 7.

3) Take Z = BY.

Note that, in order to establish whether a chosen truncation threshold N for the series
in step 2.b) is large enough, one can compare the sample moments with the simple exact
moments of Z,, ; given in .

We conclude the subsection devoted to the two parameter Poisson-Dirichlet process
by showing some results for the factorial moments of the distribution of K, and the
distribution of Kf,? )]Kn. In particular, the results for the factorial moments of K, were
provided by Yamato and Sibuya [I89]. We extend these results to the distribution of
KMk,

Proposition 6.2.8. (c¢fr. Yamato and Sibuya [189]) Under the Poisson-Dirichlet process

with parameter (o,6), the r-th descending factorial moment of K,, is

0 ’l“) (9 +j0)nTl

E[(Kn)r ] = <U>m Zr;(—l)""' <j e

Corollary 6.2.2. (c¢fr. Yamato and Sibuya [189]) Under the Poisson-Dirichlet process

with parameter (o,0), the r-th moment of K, is

. p 9 0N\ O+jo+1)p1n
] —1\r—J — -
E[K]] Jgo( 1) (1 + 0_> R (7”7]7 O_) (0 + 1)(n71)“

where R(r,j,0/0) is the unique function satisfying
T T
.0 0
: o o
j=0
for any y.
Proposition 6.2.9. (c¢fr. Yamato and Sibuya [189]) Under the Poisson-Dirichlet process

with parameter (o,0), the r-th ascending factorial moment of K, is

E[(Kn)rm] = i(_l)r_j C) (ti)m <Z>(r—j)Tl W

Jj=0
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Before extending the results in Yamato and Sibuya [189] to the distribution of K | K,

let us consider the following lemma.
Lemma 6.2.1. For any n >0, k > 0 the following identity holds true
Cn+1,k;o,r)=(ck+r—n)C(n,k;o,r)+0C(n,k—1;0,71) (6.2.34)

Proof. By the Chu-Vandermonde equation we can express the non-central generalized

factorial coefficient in terms of generalized factorial coefficient

n+1
n+1
C(Tl,—|— L, k; O',?“) = E < s )C(‘g?k;g)(r)(n—kl—s)ll
s=k

and using the following important recurrence in the Pascal triangle (see Comtet [19])
n n—1 n—1
= k,n>1
()=o)« () e
we obtain

n+1 n+1
> (") et ko) o (6.2.35)
s=k

n+1

=3 (," ekt + 3 (1) 0t ko

As regard the first factor in the sum in (6.2.35)) we have

n+1 n
> (,"))ets B

s=k

(Z) C(s+ 1,k;0) (1) (n—s)|1
- (n) ((ok = 5)C(s,k;0) +0C(s,k — 1;0)) (1) (n—s)11

=— <n> sC(s,k;0)(1)(n—s);1 + 0kC(n,k;0,7) +0C(n, k —1;0,7)
k

As regard the second factor in the sum in (6.2.35)) we have

n+1 n

> (%)t ko) = X =t ) (1) Clork )

s=k s=k

= (=r—=n)C(n,k;o,7) + Z*S(Z) C(s,k;0)(r) (n—s)11
s=k
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Then, we have
Cn+1,k;o,1) =ckC(n,k;o,1) + 0C(n,k —1;0,7) + (r —n)C(n, k;o,r)
= (ck+r—n)C(n,k;o,1)+0C(n, k- 1;0,7)
O]

Using Lemma|6.2.10} the following results extend to the distribution of KT(,? ) | K, Propo-
sition Corollary and Proposition [6.2.9, respectively. In particular, we provide

an alternative proof for ((6.2.25)).

Proposition 6.2.10. Under the Poisson-Dirichlet process with parameter (o,0), the r-th

descending factorial moment of K$)|Kn =jis

n) _a (.2 - (T @+t lo)mn
E[(Km )TU’KTZ ]] (]+U)TT1 g( 1) (l) (9+n)mT1

Proof. Using the definition of r-th descending factorial moment of K,,|| K, = j we have

s 0+ D m-1)11 [0 +io)
E KWTLL) i, Kn S k . n— 1=]
[( Jrial Jl kZO( Jri1 o0+ 1) imrmrt

€(m+1,k;o,—n+ jo)

and by using Lemma [6.2.9] we obtain

mijl s D -nypn (D6 + o) (6.2.36)
= ril k(0 + 1) nmyt1 B

X ((ck —n+jo—m)C(m,k;o,—n+ jo)+oC(m,k —1;0,—n + jo))

As regard the first factor in ((6.2.36]) we have

mir:l k 0+ 1)(n—1)T1(_1)(m+1_k) Hfijkfl(ﬁ +i0)
r|l
k=0 o (0 + 1) (ntmy

X (ck —n+ jo—m)C(m,k;o,—n + jo)

= (0+1) 10 + io)
(n=1)1111i=5 ) .
= — r ok —n+jo—m)€(m,k;o,—n + jo
kzzo( H o 0+ 1) (et ( )% ( )
% 0+ 1) m-1)11 IR + i)
= — k), =] ck—n+jo—m)€(m,k;o,—n+ jo
,;) “ e S - ( )6 ( )
___ 1t in: - 0+ 1D m-1)n1 Hiif‘l(e +i0)
(9 +m + 77,) D O-k(9 4 1)(n+m71)T1

X (ck —n+ jo—m)€(m,k;o,—n+ jo)
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As regard the second factor in ((6.2.36) we have

S T o el o (R
(n=1)71 = .
Z(k)ru 50+ Top— J oC(m,k —1;0,—n + jo)
k=0 n+m
w 0+ 1) 1)1 H?if‘l(ﬁ +io)

k)ri1 o€ (m,k—1;0,—n+ jo)

Uk(g + 1)(n+m)T1

(0 + 1)1y TEZF (0 + io)
Uk(e + 1)(n+m)T1

7+ 104

(k? + 1)Tl1

€ (m,k;o0,—n + jo)

iy
o

1

e S, 4 G+ R)o)
(G—i-n—I—m)kZ:O SN

O+ D)ooyt T2 (0 + io)
O-k(e + 1)(n+m—1)T1

Cg(m7 kv g,—n + ]U)

Then, we have

1 "0+ D)oy T2 (0 + io)

(0 +n+m) kz::() o*(0 + 1) (ngm-1)11

E[(K5)) 1| K = ] =

X (=(k)rj1(ck —=n+jo—m)+ (k+1),1(0+ (j + k)o))

1 ™0+ 1)yt TS (0 + ior)

" (O+n+m) kZ:O oF(0 + 1) (nm-1)11

X (k) p—py(=(k =r+1)(ck—n+jo—m)+ (k+1)(0+ (j +k)o))

1 ™0+ 1)yt TEEF (0 + ior)

" (O+n+m) kZ:O oF(0 + 1) (nm-1)11

X (B)g—ypn((k=r+1)(m+n+ro+0)+r(o(-1+j+r)+0))
In particular, we obtain the following recurrence relation for the r-th descending factorial
moment of KT(:LL)|K =7
E[(Kpd)en | Ko = J] (6:2.37)

ro rio(=1+j+r)+96) . ,
O+n+m) (0 +n+m) E[(KS) r—1y11 1 Kn = 4]

Then, using the recurrence relation ((6.2.37)) the result follows by simple induction on m
and on . 0

=(1+ JE[(ES)r 1| K = 5]+

Corollary 6.2.3. Under the Poisson-Dirichlet process with parameter (o,0), the r-th mo-
ment of K$)|Kn =7 is

, ! (.0 0\ O+n+io)mn
E[(KS) Ky = j] = —1“<+> R(r,,+>
[(K)| Jl Z-:o( ) g 7 ) b~ 4] @+
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where R(r,i,0/0 + j) is the unique function satisfying
T T
.0 o .
; o o
=0
for any y.

Proof. Using the (r,[)-th Stirling number of the second kind S(r,[) we can write
E[(KTL |Kn—] ZS T, l lll’Kn—]]

and by Proposition [6.2.10] we have

E[(K5) [ K0 = j]

_ ZS r 1) (] + 9>m ?—W (i) (6 ZZJLFZ)ZZTH
- ; (j * ‘i)m (=1 . E;:L——;)ZZ:?M lrg <i) S(r,1) (j +14+ i>lm (_1)7“+l

i i 0 i 0 i (9+n+i0)m“
= -1 e + = T ) 57+
=1 <] U)m <r "o ]) (0 4+ n)mn

i=0
where .
T rig—i—' => : S(r,1) '+z’+g (—1)rH
b 0_ j - ’Z ) j 0_ .
=i =il
For any y
r ) . r l I 9 . .
S oWhnT (ri,—+i) =) Wi | o+l S(r, (=1
i=0 g 1=0 \i=0 g (I=9)i1

= |

<y 42 +j4+1— 1> (=D!S(r )(=1)"
1=0 g U1

which is equal to > o<, (=y = 0/ = j)i1S(r, )(=1)" = (—y — 0/0 — §)"(-1)" = (y +
0/c + 7)". Then, for any y

- 0 o \"
Z(y)illT <T7Z7+j> = <y+ +])

Then, T'(r,i,0/0 + j) corresponds to the function R(r,i,\) with A = 6/0 + j introduced
by Carlitz [14] (or non-central Stirling number of the second kind). The result follows by
substitution. O
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Proposition 6.2.11. Under the Poisson-Dirichlet process with parameter (o,0), the r-th

ascending factorial moment of K7(nn)|Kn =7 is

E[(Eom )i Kon = 7] = i(_l)H <‘j " z)m (:) (i +j> (r—i)l1 ’ Z;T;L)ZZTH

=0

Proof. Using the (r,1)-th signless Stirling number of the first kind |s(r, )| we can write

E[(Km)rit | K = 4] = Y [s(r, DIE(EG) K, = j]
=0

and by Corollary we have

T l )
E[(Km)rlKn =] =Y [s(r )] Y (=1)" (j + f_) R (lz g +j> (0 +n+i0)mn
=0 0 iT1

P (0 +n)m11
—~ ¢ il 0 0\ (0+n+io)mn
B ;; (DI (J " U)m f (l,z, o +j> (0 +1)m1 T
_ r 1y <j+ 9) ; (7@@',0 +j> (0 +n+i0)mn
=0 /i 4 (0 +n)mn
where .
I (r,z, +g> = lz;s(r,l)R <l,z’,0 +j>
For any p

2

T r l
I ( 5 +j) (1)1 = (Z R0, 2 +j)(ﬂ)z‘11> )
=0

=0 \=0

which is equal to » o, (0/0 +j + p)ts(r,l) = (0/o + j + p)rj1. Then, for any u
T
A 0 .
I <m, +J> (Wi = ( +J +u>
i=0 g g

Since then 6/0 + j # 0, then I(r,i,0/0 + j) = (})(0/0 + J) (r—i)11- O

rll

6.2.2 The normalized generalized Gamma process

We start this section by introducing the normalized generalized Gamma process (see Pit-
man [I56], James [96] and Lijoi et al. [120]). Consider a generalized Gamma CRM (see

Brix [13]) which is characterized by the Poisson intensity measure

g

v(ds,dr) = Ti—0)

s717% S a(dx) (6.2.38)



220 6. On Bayesian nonparametric inference in species sampling problems

where o € (0,1) and 7 > 0. Let us denote this CRM by fi(, ). Note that if 7 = 0, then fi(, o)
coincides with the o-stable CRM, whereas if o — 0 the Gamma CRM is obtained. If « in
(6.2.38) is a non-atomic finite measure on (X, 27), we have 0 < fi(, -(X) < 400 a.s. and
we define the normalized generalized Gamma process with parameter (o, 7) as the NRMI
]5(0;)(-) = (o) () /B0,y (X). See Pitman [156] for a discussion on its representation as
Poisson-Kingman model. The special case of ¢ = 1/2, corresponding to the normalized
inverse Gaussian process, has been recently examined in Lijoi et al [I19] who also provided
an expression for the family of the finite dimensional distributions of P(O_J).

As shown in Lijoi et al. [120] (see also Pitman [I56] and James [96] ), the EPPF induced

by a sample Xi,..., X, from a normalized generalized Gamma process with pararneter
(o,7) is given by - ) where = 77 /0. Then, basing upon Proposition (6 , one has

of Y (T (= Wr(j +k—i/o: )

() — g, L) = = s| Ky, = j) =
P(KyY =k, L) = 5,5, o = s|Kpn = j) (M)mir Sory (") (=1)IBoT(j —ifo; B)
(6.2.39)
m k
()= g T = s

i=1
and it is possible to derive explicit expressions for all the sampling formulae set forth. In
particular, the evaluation of the probability in P1) for the normalized generalized Gamma

process with parameter (o, 7), can be obtained by marginalizing the conditional distribu-

tion in (|6.2.39]) with respect to L%) and SL;?)

S (Y (1)1 (k + § — ifo; B)

() _ k|K, = j) = —
UG = Ml =) = 2 ST 5y (1) gioTj — i/ B)

C(m,k;o,—n+ jo)

(6.2.40)
Based on (6.2.39)), the estimators of interest can be derived. The most significant one is the
n’j)

expected number of new species E,(n which represents a Bayesian nonparametric analog

of the Good-Toulmin estimator (see Good and Toulmin [76])
Z"*m LN (<1)1BYT (k + j — i/ B)

P PRy s
Moreover, evaluating the probability in P2) interpreted as the probability that the (n4+m+

€ (m,k;o0,—n+ jo) (6.2.41)

1)-th observation will yield a new species, without observing the m intermediate records,

is given by
Z ST (Y™ (=118 (k + 4+ 1 —ifo; B)
n+1>mn Y (7 (=BT — ifo: )
4(n.j)

And in particular the estimated sample coverage after n + m draws is given by Cp,”’ =

€ (m,k;o,—n +jo) (6.2.42)

1- lA),(f;L 9 We conclude the subsection devoted to the normalized generalized Gamma
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process by showing some results for the factorial moments of the distribution of K, and
the distribution of K ]K In particular, using similar arguments to those used for the
two parameter Poisson-Dirichlet process and using the theory of Fox H-functions and
Meijer G-functions (see Appendix C), we show that is still possibile to obtain expression
for the factorial moments of the distribution of K, and the distribution of K |K =3

for the normalized generalized Gamma process.

Proposition 6.2.12. Under the normalized generalized Gamma process with parameter

(o,7), the r-th descending factorial moment of K,, is

E[(Kp)r 1] = Ulf(ﬁn) Zr:(—l)Tj <T>

n—1
n—1
z/a
x> ( ; )( '8 [ﬁ
Proof. By the definition of r-th descending factorial moment of K, we have

kzl =0

(1,1), (0] —i,0) ]
0,1),(r—i/o,1),(cj —i+n,o)

and using the integral representation of Mellin-Barnes-type for the incomplete Gamma
function I'(x,y) = 1/2ni o T'(t + 2)I'(¢) /T (t + 1)z~ *dt we obtain

= ifo L [ Dt+k—i/o)T ()5
al“(n)z< i >( R Z( Jrn@ (. “%7{3 D(t+1) “

=0 k=1

We now define ®(r,n + 1) := >y 1(k)r1€(n+ 1,k;0)0 (t + k —i/0o) and using the
triangolar recurrence equation (|A.3.14) for the non-central generalized factorial coefficient

with 7 =0, i.e.
C(n+1,k;s) = (sk—n)C(n,k;s) + sC(n, k —1; )
we obtain

O(r,n+1)

n+1 .
_Z A1 (=)™ R (ok —n)C(n, k;0) + 0C(n,k — 1;0))T (t—i—k— Z)
o
—Z )ri1 Uk—n‘g(n,k;a)F<t+k—Z>
o

n+1 .

i

+3 1o (k- L
k:1(k)r110%(n,k ;0) (t k a)
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:—Z )ri1(ck —n)€(n, k; o)l (tﬂ—k—z)
o
1 1
+Z(k+1)ma<€(n,k7a) (t—i—k— U)F <t+k—a>

k=1

<_(k)wl(0k —n)+o(k+1)p (t +k— ;)) € (n, k;o)T <t +k— l>

g

I
wM3

S

—_

= > (K)p—pyn(=i(l+k)+ (=r+1+k)n+ot+ok(r +1)))

b
Il
—

X € (n, k;o)l <t+ k— Z)
o

3

= (k) mpu(—i+n+o(r+1t)€(n ko)l <t +k— ;)
k=1

+ (k)@«_l)u(—z’r +ot+o(r—1)(r+1)E(n, ko)l <t +k— ;)
k

In particular, we obtain the following recurrence relation
O(r,n+1)=(—i+n+o(r+t)®(r,n)+ (—ir+ot+o(r—1)(r+1¢)®(r—1,n) (6.2.43)
Then, using the recurrence relation ((6.2.39)) the result follows by simple induction on n

and on r. In particular, we obtain

T

B(rn+1) =T (r— L 41 S ) (=i ol )
(=7 e ()

J=0

f X n—1 i/o
Bl = oy 2 (77 ) '

< j“’”}@iiﬁ”ﬂ‘ 2 (5) it +

J=0

eﬁ —1 r
_ Z/O’ r—
- ol'(n ( IB - <J)

t)F(r—z/U—i-t) (—i+o(j+1t)+n)
" omi Ft+1)I'(—=i+o(j+1)

gtat

and the result follows by the definition of Fox-H function. O
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Corollary 6.2.4. Under the normalized generalized Gamma process with parameter (o, T),

the r-th moment of K,, is

H -1

E[(K,)"] = ) Z < i >(_1)iﬁi/a

i=0
r i L [TOTA4j—ifo+t)T(—i+n+o(j+t) ., oy
X j:o(_l) J% o e+ 1Dl —i+o(j+1t)) B R<r,]7t— a) dt

where R(r,j,t —i/j) is the unique function satisfying

Er:(y)juR <"”u73t - é) - <y+t - ;)r

j=0
for any y.

Proof. Using the (r,1)-th Stirling number of the second kind S(r,1) we can write
E[(Ka)"] = Y S(r, DE[(Km)ui]
=0

and by Proposition [6.2.12] we have

- l (1 [TOT(—ifo+ D (—i+o(j+t)+n) .,
xS (1) ()%}{3 T(t+ 1) (—i+0(j +1)) prdt

1=0 7=0
—r (¢ ) ot =iy ; (1) g—l)l-j (§) i ot + 00
_T <t _ ;) (ot — Junr lz; S(r,1) (t _ i)m jzl;(_l)l—j (;) (—i;ﬁji;:i)nn
_r <t _ ;) (ot — i)ut1 g(—w J (1 Lo Z_)m

N\ (1 —i i)
(e ) AT D
g (1+0-t_2>(n_1)T1
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where T'(r, j,t —i/0) = Yy, (t=i/0 + §)_jy1 S, D(=1)H (). For any y

l

2\ & <;> ()51 (t - g +1- 1> . S, 1)(— 1)+

]~

i(y)juT <r, gt — ;_> =

J=0

<

Then, we have

zr:(y)juT <T’j’t - ;) - (yH - ;)T

J=0

and T'(r,j,t —i/o) corresponds to the function R(r,j,A) with A = t —i/0, introduced
by Carlitz [14] (or non-central Stirling number of the second kind). The result follows by

substitution. ]

Proposition 6.2.13. Under the normalized generalized Gamma process with parameter

(o,7), the r-th ascending factorial moment of K, is

eﬁ r e n—1 n— o
B = o S () 2 (7 )
(17 1)7 ((T] - i70)7 (1 - i/U, 1)

3,1
Xleﬁ@J%U—Umﬂiw—i+m0%ﬂ+UU—T+$U

Proof. Using the (r,[)-th signless Stirling number of the first kind |s(r, )| we can write

E[(Kn)rn] =) Is(r,D)IE[(K)]
=0
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and by Corollary [6.2.4] we have
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where I (r,j,t —i/0T) =3 1, s(r R (1,j,t — L). For any p
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Ift—i/o=0,I(r,j,t —if/o)=1if j=r and I(r,j,t —i/o) = 0 se j # r. Then, we have
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and the result follows by the definiton of Fox-H function. O

Proposition 6.2.14. Under the normalized genemlized Gamma process with parameter

(0,7), the r-th descending factorial moment ofK |Kn =34 is

BI(K)o 1| = ] = <r<n + m@o ("7 )evmer (5 - ﬁ))
(o ()
x H2Y [B 0,1), (r +(g —1/52{,(22 2 n+ m,a)]

Proof. By the definition of r-th descending factorial moment of K |Kn = j we have
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and using the integral representation of Mellin-Barnes-type for the incomplete Gamma

function we obtain
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We focus on ®(r,m+1) := Y o<k<me1(B)rn€(m+1,k;o,—n+jo)l' (t +k+j—i/o) and
using the triangolar recurrence equation for the non-central generalized factorial coefficient
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we obtain
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In particular, we obtain the following recurrence relation
d(r,m+1) = (—i+m+n+o(r+t)®(r,m)+r(—i+o(=1+j+r+t)(r—1,m) (6.2.44)

Then, using recurrence relation ((6.2.44)) the result follows by induction on m and on r. In

particular, we have
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and the result follows by the definition of Fox-H function

O

Corollary 6.2.5. Under the normalized generalized Gamma process with parameter (o, T)
the r-th moment of Kr(,?)\K =7 is
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for any y.

Proof. Using the (r,[)-th Stirling number of the second kind S(r,[) we can write

E[(K5)) | Kn = ] ZSH (K51l = ]
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and by Proposition [6.2.14] we have
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Then, we have

and T'(r, s, j+t—i/0) corresponds to the function R(r, s, \) with A = j+t—i/o, introduced
by Carlitz [14] (or non-central Stirling number of the second kind). The result follows by

substitution. ]

Proposition 6.2.15. Under the normalized generalized Gamma process with parameter

(0,7), the r-th ascending factorial moment of Kﬁ?)]Kn =7 is
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Proof. Using the (r,[)-th signless Stirling number of the first kind |s(r, )| we can write

E[(KS) 1| Kn =31 =Y |s(r, DE[(KS) K, = j]
=0



6.2. Gibbs-type random probability measures 231

and by Corollary we have
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and the result follows by the definiton of Fox-H function. O

6.2.3 Applications to genomics

We now show how to use the results obtained in Subsection 6.2.1 for the two parametero
Poisson-Dirichlet processs by applying them to 5 real EST datasets. As briefly mentioned
in the Introduction, EST data arise by sequencing cDNA libraries consisting of millions of

genes and one of the main quantities of interest is the number of distinct genes. Typically,
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due to cost constraints, only a small portion of the cDNA has been sequenced and, given
this “basic sample”, estimation of the number of new genes Kf,? ) to appear in a hypo-
thetical additional sample is required. Based on such estimates, geneticists have to decide
whether it is worth to proceed with sequencing and, in the affirmative case, also the size of
the additional sample. Here, we consider: (a) a tomato-flower cDNA library (Quackenbush
et al. [I59]), previously analyzed in Mao and Lindsay [134], Mao [I32] and Lijoi et al. [123];
two cDNA libraries of the amitochondriate protist Mastigamoeba balamuthi (see Susko
and Roger [177]): (b) the first is non-normalized, whereas (c) the second is normalized,
i.e. it undergoes a normalization protocol which aims at making the frequencies of genes
in the library more uniform so to increase the discovery rate; two Naegleria gruberi cDNA
libraries prepared from cells grown under different culture conditions, (d) aerobic and (e)
anaerobic (see Susko and Roger [177]).

In order to implement the Poisson-Dirichlet process with parameter (o,#), the first
issue to face is represented by the specification of its parameters. The first possibility
is to adopt an empirical Bayes approach. Since the “basic sample” consists of n observa-
tions featuring K, distinct species with corresponding frequencies (N, ..., Nk, ), the joint
distribution of K, and (N, ..., Nk, ) is given by (6.2.1)). See Quintana [160] for an investi-
gation of the connection between random partition models and Bayesian nonparametrics.
The empirical Bayes rule then suggests to fix (o,) so to maximize corresponding

to the observed sample (k,ni,...,ng), i.e.

k—1 . k
i=y (0 +i0) T1(1 = 0)n,—y11. (6.2.45)

j=1

(6,0) = arg max

(@0) (0 +1Dm-1n

An alternative way of eliciting (o, 6) is by placing a prior distributions on it. Such an ap-
proach is useful when one is interested in testing the compatibility of clustering structures
among different populations (Lijoi, Mena and Priinster [122]). However, in terms of esti-
mates there are typically no relevant differences given the posterior distribution of (o, 6)
is highly concentrated. Hence, in order to keep the exposition as simple as possible, in
the sequel we focus on the Poisson-Dirichlet process with parameter (o, ) with empirical
Bayes prior specification. The extension to the case of priors on (o, ) is straightforward.

The computation of the estimators for the number of new genes , for the
discovery probability and for the sample coverage is immediate. For
each of the 5 EST datasets, the corresponding estimates for additional samples of size
m € {n,10n,100n} are reported in Table below together with the corresponding val-
ues n and j of the “basic sample” and the empirical Bayes specifications of (o, 0).

The use of Proposition is slightly more delicate. Here, we show it only for the

estimator of the number of new genes; for the estimators of the discovery probability and
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Library n J & 0 m Ef;’f’j) ﬁ,(,?’j) Ch)(,?'j)
n 1281 0.447 0.553

(a) 2586 1825 0.612 741.0 10n 8432 0.240 0.760
100n 40890 0.103 0.897

n 346 0.452 0.548

(b) 715 460 0.770 46.0 10n 2634 0.307 0.693
100n 16799 0.185 0.815

n 180 0.456 0.544

(c) 363 248 0.700 57.0 10n 1280 0.278 0.722
100n 7205 0.144 0.856

n 307 0.290 0.710

(d) 959 473 0.670 46.3 10n 2085 0.166 0.834
100n 11031 0.080 0.920

n 440 0.412 0.588

(e) 969 631 0.660 155.5 10n 2994 0.236 0.764
100n 15673 0.111 0.889

Table 6.1: Analysis of the 5 EST datasets. Size of the “basic sample” n, number of distinct genes j
in the “basic sample” and empirical Bayes specifications for (o, #). Exact estimators for the number
of new genes rounded to the nearest integer, for the discovery probability lA)Slf ) and the coverage

CA'y(,?’j) for sizes of the additional sample m € {n, 2n, 3n}.

the coverage one can proceed along the same lines. In order to combine the point estimate
for Kf# ) with an asymptotic 95% HPD interval, one can simulate from the limiting r.v. Z,, ;
and determine the 95% HPD interval, (21, 22), for Z, ;. Then, given that the normalizing
rate function for K,(;f ) in Proposition is m?, one obtains an asymptotic 95% HPD
interval for K,(?ff ) as (z1m?,zgm?). Table below reports both exact and simulated
mean and variance of the limiting r.v. Z,, ; associated to each of the 5 EST datasets as
well as the simulated 95% and 99% HPD intervals. The sampled values are obtained by
generating 2000 random variates according to the algorithm devised in Subsection 6.2.1
with truncation of the series in given by N = 3 x 10”. In fact, it is very important
to get accurate samples from Z, ;: a small bias could heavily affect the asymptotic HPD
intervals for K,(f? ), (z1m7, zom?7), since a large m? would amplify the bias. It should be
emphasized that it is sufficient to run the simulation of Z,, ; only once in order to obtain
the HPD intervals for any choice of the additional sample size m. Hence, it seems definitely
worth pursuing a high precision, which can be easily verified by comparing exact moments
in (6.2.31)) with the sampled ones.

Library E[Z, ;] Var(Z, ;) Zy,; 5?2 95% HPD 99% HPD
(a) 21.222 0.098 21.251  0.096  (20.62 , 21.83)  (20.46 , 22.02)
(b) 3.142 0.011 3.176  0.012 (2.95 , 3.37) (2.89 , 3.44)
(c) 4.804 0.043 4.823  0.044 (4.43 , 5.24) (4.28 , 5.36)
(d) 5.279 0.039 5.304  0.039 (4.93 , 5.69) (4.78 , 5.82)
(e) 8.400 0.054 8.419  0.054 (7.97 , 8.88) (7.80 , 8.98)

Table 6.2: Characteristics of the limiting r.v. Z, ; for the 5 cDNA libraries: exact mean E[Z, ;],
exact variance Var[Z, ;], sample mean Z,, ;, sample variance S2, sample 95% and 99% HPD inter-

vals.
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Library m Eﬁ;{"” rate m? rate v, g p,(m)
m°E[Z,, ;] Asym. 95% HPD 7000 Zn ;] Asym. 95% HPD
n 1281 2602 (2528 , 2677) 1281 (1244 , 1318)
(a) 10n 8432 10649 (10347 , 10956) 8432 (8192 , 8675)
n = 2586 100n 40890 43583 (42345 , 44838) 40890 (39728 , 42067)
n 346 495 (465 , 531) 346 (325 , 371)
(b) 10n 2634 2917 (2739 , 3129) 2634 (2473 , 2825)
n =715 100n 16799 17179 (16130 , 18427) 16799 (15774 , 18020)
n 180 298 (274 , 324) 180 (166 , 196)
(c) 10n 1280 1491 (1375 , 1625) 1280 (1181 , 1396)
n = 363 100n 7205 7474 (6893 , 8146) 7205 (6644 , 7852)
n 307 525 (491 , 566) 307 (287, 331)
(d) 10n 2085 2457 (2295 , 2648) 2085 (1947 , 2247)
n = 959 100n 11031 11492 (10735 ,12387) 11031 (10304 , 11889)
n 440 786 (745 , 831) 440 (417 , 465)
(e) 10n 2094 3591 (3407 , 3797) 2094 (2841 , 3166)
n = 969 100n 15673 16414 (15572 , 17355) 15672 (14869 , 16571)

Table 6.3: Exact estimates of the number of new genes K,(,?) and its asymptotic approximation
f(m)E[Z, ;], with rate functions f(m) = m? and f(m) = r(9,n). The size m of the additional
sample varies in {n, 10n, 100n}. The asymptotic 95% HPD intervals are evaluated for both rate

functions, m? and r(, 9 ,)(m). All values are rounded to the nearest integer.

Having the asymptotic 95% HPD intervals for Z,, ; at hand, the candidate approximate
95% HPD intervals for K,g? ) are (z21m?, 29 m7). As apparent from Table the HPD
constructed through such a procedure is not centered on and, in most cases, does not even
include the estimated number of new genes E[KT(,TLL )|Kn = j]. Indeed, if one looks at the
exact estimator for KT(,? ) given in , it is clearly much smaller than its asymptotic
approximation m?E[Z,, ;]. This is due to the fact that, when 6 and n are moderately large
and not overwhelmingly smaller than m, a finer normalization constant is to be used for
approximating Ky(,ff ). by close inspection of the derivation of the moments of the limiting
I.v. Zy; in (6.2.32)), one sees that an equivalent, though less rough, normalization rate is

given by
T(0,0,n) (m) = (9 +n+ m)” — (0 + n)a.

Obviously, in terms of asymptotics, 7.6y (m)/m? — 1 asm — oo, but, importantly, as far
as approximations of KT(,? ) for finite m are concerned, it overcomes the above mentioned
problems. In fact, we have that, for any m, ]E[KT(,;L)|Kn = Jjl = 7(6,0,n)(M)E[Z, ;] and
the asymptotic HPD interval (7(,.,,)(m) 21, 76,9,n(m)22) is approximately centered on the
following estimator E[KSZ )]Kn = j|, as desired. Table displays, for the 5 datasets, the
exact estimator for K,(ff ), its asymptotic approximation and the 95% asymptotic HPD
intervals using both m? and r(, g ,)(m) as rate functions for sizes of the additional sample
m € {n,10n,100n}.

For the Tomato flower library we have that, even for m = 100n = 258600, the
asymptotic approximation of the number of new genes with m? is about 6.6% larger

than the asymptotic approximation with 7,4 ,)(m), which coincides with the exactly es-
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Library m E,ﬁ,’;'j) Exact 95% HPD Asym. 95% HPD Asym. 99% HPD
n 1281 (1221 , 1341) (1244 , 1318) (1234 , 1329)
(a) 2n 2354 (2263 , 2449) (2287 , 2422) (2269 , 2442)
n =258 3n 3305 (3181 , 3434) (3211 , 3400) (3186 , 3430)
n 346 (312 , 382) (325 , 371) (318 , 379)
(b) 2n 654 (599 , 711) (614 , 701) (601 , 716)
n =715 3n 939 (865 , 1015) (881 , 1007) (863 , 1028)
n 180 (156 , 206) (166 , 196) (160 , 201)
(c) 2n 336 (299 , 375) (310 , 366) (299 , 375)
n = 363 3n 477 (428 , 528) (440 , 520) (425 , 533)
n 307 (271 , 345) (287 , 331) (278 , 338)
(d) 2n 566 (510 , 624) (529 , 610) (513 , 624)
n =959 3n 798 (725 , 873) (746 , 861) (723 , 880)
n 440 (402 , 478) (417 , 465) (408 , 470)
(e) 2n 812 (753 , 873) (771 , 859) (755 , 869)
n = 969 3n 1146 (1069 , 1225) (1088 , 1212) (1065 , 1226)

Table 6.4: Exact estimates of the number of new genes and corresponding exact 95% HPD
intervals and asymptotic 95% and 99% HPD intervals with rate function 7, g.)(m) for sizes of

the additional sample m € {n, 2n, 3n}. All values are rounded to the nearest integer.

timated number. Hence, for finite sample size approximation is definitely necessary to use
T(s,6,n) (M) as rate function.

We now move on to comparing the asymptotic HPD intervals obtained with the rate
function 74 9 ) (m) with the exact HPD intervals determined using the probability distri-
bution in (6.2.23)). Hence, we consider m € {n,2n,3n}, because otherwise the computa-
tional burden involved in would become too heavy. Table reports, for the 5
datasets, the exact estimator for K,(ﬁ), the exact 95% HPD and both the 95% and 99%
asymptotic HPD intervals. The table shows that the length of the asymptotic 95% HPD

intervals is shorter than the exact one, although the difference is not big.

Indeed, such a finding is not surprising in the species sampling context. Obviously, the
variability of K™ increases as m increases. However, the variability of K /7 (0.m) (M),
which can be interpreted as an average variability over the additional sample of size m,
is necessarily decreasing as m increases, since the more distinct species are collected the
lower the probability of detecting additional new ones will become. Hence, if we approx-
imate K /T(,6,n)(m) by its asymptotic r.v. Z, ;, we will necessarily underestimate its
variability which is reflected on the length of the HPD intervals. Nonetheless the possibility
of resorting to the asymptotic HPD intervals is extremely useful from a practical point of
view: i) the HPD intervals of Z,, ; automatically yield HPD intervals of K,(,? ) for any choice
of m, whereas the exact HPD intervals have to be recomputed for any m of interest and
cannot even be calculated for large m; ii) the fact that the length of the asymptotic HPD
intervals is always shorter than the exact length (and not oscillating), allows to interpret
it a “lower bound” on the length of the exact ones and, moreover, the underestimation
will decrease as m increases.

Given such a “lower bound”, it would be also of interest to have an “upper bound” on
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the length of the exact HPD. Indeed, if one considers the asymptotic 99% HPD intervals,
by Proposition there exists a m such that for any m > m the asymptotic 99% HPD
)

interval for K,(ff covers the exact 95% HPD interval. Hence, for sufficiently large m, the
asymptotic 99% HPD interval acts as “upper bound” for the exact one. Although the
determination of such a m suitable for any choice of parameters and “basic sample” is not
possible, one can proceed empirically. From Table M where the 99% asymptotic HPD
intervals are reported as well, one sees that for the Masingamoeba and Naegleria libraries
the asymptotic 99% HPD interval covers the exact 95% HPD interval already starting from
m = 3n. As for the Tomato flower library, whose distinctive feature with respect to the
other libraries is represented by a larger “basic sample”, such a covering is not yet achieved
for m = 3n but it is very close to happen. Hence, by the combination of the asymptotic
95% and 99% HPD intervals, we obtain a useful device for assessing uncertainty of species
richness estimates. Figure 1 below shows, for the Naegleria anaerobic cDNA library, how
the 95% and 99% asymptotic HPD intervals provide an envelope around the exact HPD
interval from m & 2500 onwards. Given the two asymptotic HPD are quite close, we thus

achieve a satisfactorily accurate estimate of the uncertainty.

1500~

——~ Asym 95% HPD

Asym 99% HPD
— Ex?ct 95% HPD
— €,

1250

1000 -

750

Z

I I I I I I I I I I I I I ]
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Figure 6.1: Exact estimator EA,(,:’ ) and corresponding exact 95% HPD intervals and asymptotic

95% and 99% HPD intervals for the Naegleria anaerobic library.

In this subsection we applied the results obtained in Substection 6.2.1 whose greatly
simplified the implementation of the two parameter Poisson-Dirichlet model for species
sampling problems, which is now possible in a straightforward way for any sizes of the basic
and the additional sample. This allows its full exploitation in genomics problems, where
prediction over large unobserved portions of cDNA libraries is required. In particular, the

estimators for the number of new genes, the discovery rate and the sample coverage are
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completely explicit. Moreover, the conditional asymptotic result concerning the number of
new species yields also measures of uncertainty of the estimates in the form of asymptotic
HPD intervals, which can be readily used as approximate HPD intervals. Given that the
95% asymptotic HPD interval is always included in the 95% exact HPD interval and that,
for sufficiently large m, the 99% asymptotic HPD covers the exact 95% HPD interval, the
combination of the 95% and 99% asymptotic HPD intervals provides a simple and valuable

measure of uncertainty.

6.3 The generalized Dirichlet process

In this section our aim is to provide solutions to the species sampling problems P1) and P2)
when the observed samples are from an exchangeable sequence governed by the generalized
Dirichlet process.

The generalized Dirichlet process has been recently introduced in the literature by
Regazzini et al. [I65] and further investigated by Lijoi et al. [118]. See Chapter 5 for some
developments of the generalized Dirichlet process and its characterization in the general
class of r.p.m. with logarithmic singularity. In particular, consider a generalized Gamma
CRM characterized by the Poisson intensity measure

(1—e )"

v(ds,dr) = 1—c)s dsa(dx) (6.3.1)

where v > 0. Let us denote this CRM by .. If a in is a non-atomic nfinite
measure on (X,.2"), we have 0 < fi,(X) < 400 a.s. and the generalized Dirichlet process
with parameter 7 is defined as the NRMI P, () := fi,(-)/fi(X). Note that if v = 1, the
intensity in reduces to the intensity of a Gamma CRM and, hence, ]-:’,y becomes a
simple Dirichlet process. The fact that the generalized Dirichlet process is not of Gibbs-
type follows immediately from Gnedin and Pitman [74] and Lijoi et al. [124]: for o = 0,
the only Gibbs-type NRMI is the Dirichlet pocess, whereas for ¢ > 0 the only NRMIs of
Gibbs-type are normalized generalized gamma processes.

As observed in Regazzini et al. [165] if and only if v € N, /i, can be seen as arising
from the superposition of v independent Gamma CRMs with increasing integer-valued
scale parameter and shape parameter c. In particular, fi,(A), for some A € 27, is then
distributed as the convolution of v independent r.v.s with parameters (I, «(A)), for [ =
1,...,79, ie.

3 o a(A)

l

Ele M) = H ( ) > 0. (6.3.2)
A A

In the following we always assume v € N, since this allows to establish the link with

Lauricella multiple hypergeometric functions: it is well-known that convolutions of Gamma
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distribution functions can be represented in terms of Lauricella functions. Moreover, we
assume throughout « to be a non-atomic measure, which is tantamount to requiring the
prior guess at the shape ag(-) = E[P,(-)] to be non-atomic given that ag(-) = a(-)/0. A
first treatment of the generalized Dirichlet process in this setup was provided in Lijoi et
al. [I18], where its finite-dimensional distributions, moments and linear functionals were
studied. Moreover, its EPPF, interpretable as the joint distribution of the number of
species and their frequencies according to , is given by

. ()YOF T, Tny)
P ) = g

§(k,n,n,0,7) (6.3.3)

with

S(k,n,n, 0,~) = Z Fg_l) <79, o (n,v%); 70 + n; Jﬂiy_1> (6.3.4)

rk
where the sum is over the set ¥ := (rq,..., ;) € []¥ and Fg—l) is for the fourth Lauricella
multiple hypergeometric function. The vectors appearing in the arguments of F g_l) are
defined as o*(n, r*) := (af(n,r¥),... ;g (n, r¥)) with of (n,r¥) = 6+ > i<i<k Mil{i=ry
fori=1,...,y—1and Jy_1 :=(1,...,7—1). By setting v = 1, from one recovers
(6.1.3). The predictive distributions associated with ]57 are then of the form with

03(k+1,n+1,n",0,7)
. 3.
wo(n, k,n) (70 +n)F(k,n,n,0,7) o3

S(kﬂ n + 17 nj? 07 7)
(v0 +n)F(k,n,n,0,7)

where we have set n™ := (n1,...,ng, 1) and n} = (ny,...,n;+1,...,ng) fori=1,... k.

wji(n, k,n) = (6.3.6)

Before proceeding, a comparison of the predictive structures of Gibbs-type r.p.m.s and
the generalized Dirichlet process is in order. In the Gibbs case, the predictive distributions
are a linear combination of the prior guess g and a weighted empirical distribution.
So X,+1 is new with probability go(n, k), whereas it coincides with X 7 with probability
g1(n,k)(nj — o), for j = 1,..., k. Therefore, the weight assigned to each X7 depends on
the number of distinct observations k& and on the number of observations equal to X7,
while the weight assigned to a new observation depends solely on the number of distinct
observations k as well as the balancing between new and old observations. As already
noted, in the limiting case of the Dirichlet process, the dependence on k disappears. The
predictive distributions associated with a generalized Dirichlet process are characterized
by a more elaborate structure, which exploits all available information in the sample
X1, ..., X,. Its predictive distributions are still a linear combination of the prior guess ag
and a weighted empirical distribution, but now X, ;1 is new with probability wg(n, k,n)

and coincides with X7 with probability njw;(n,k,n), for j = 1,..., k. Therefore, from
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(6.3.5) and (6.3.6), we observe that both the weight assigned to each X7 and the weight

assigned to a new observation depend on the number of distinct observations k as well as

on their frequencies n. Moreover, the balance between new and old observations depends
on k and n. As pointed out in the Introduction, in principle one would like to work with
r.p.m.s, whose predictive structure makes use of all the information contained in the sample
as it happens for the generalized Dirichlet process. The fact that it represents, at least
to the authors knowledge, the only r.p.m. not of Gibbs-type, which admits closed form
expressions for the EPPF and the predictive distributions, makes it even more appealing.
In light of the above considerations, it is worth looking for a solution to the problems P1)
and P2) described in Section 6.2 for the generalized Dirichlet process case.

The first aim is to derive the distribution of the number of distinct species K,,. To
this end we resort to the definition of the (n, k)-th partial Bell polynomial associated with
a non-negative weight sequence w, := {w;,7 > 0}. This allows us to obtain the desired

distribution in terms of an Eulero-type integral.

Proposition 6.3.1. Let {X,,,n > 1} be an exchangeable sequence governed by a general-

ized Dirichlet process with parameter v € N. Then

()@)F 120 (1= 2yt

P(Kn = k) = ,}ﬁgl—x(n) 0 7_1(1 — l/’y)eBn,k(uh(Z:’Y))dz (637)
=1 z

where by convention [;;<o(1—21/7)* =1 and By, x(we(2,7)) is the (n, k)-th partial Bell

polynomial with weight sequence

y—1
We(z,7y) = (o —1)! (Z(l —zl/y)"* + 1) (6.3.8)

=1

with the proviso Y 1 ;«o(y — 21)™* = 0 or, equivalently, with exponential generating func-

tion given by w(t,z,v) = —log(l —t) — > 1<, 1 log(1 +71/(2l — 7)).

Proof. For any n > 1 and for any k£ = 1,...,n, we need to compute the following proba-
bility
1 n () (0)F TT5—i T(ny)
PKn:k = T J gk7n7n707 )
( = H 2 (nl, . nk) Y (¥0)n11 ( R

) (nl,m,nk)EDk,n

where we recall that Dy, {(n1,...,nx) € [n]* : > 1<i<k i = n}. Using a known Eulero-
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type integral representation for the function F g_l) (see Appendix C) we obtain

(YOO [+ 20721 — z)nt 12 Z ( n >
T o TS A zzm R
k y—1 S nil =y
< [[Tp) ] (1 — Zl) dz
j=1 =1 v

_ (o) [t -t 1 n
~ YT(n) o H?;ll(l — 2l /)0 k! Z Z <n1, e ,nk>
k -1 _Zi?:l il {i=r;
X H I'(n;) 1 (1 - Zl) e dz

_ (YO a1 > < . )
VL) Jo TI5 (1= 2/7)0 K (s Dy, NP T

) (z ()" ) "

7=1 =1
(Y @O)* Z”"‘l(l )"}
9T (n) o 1= (1—zl/7)

n! LI AN
X o 11— (1 - ) +1) da.
’ =1 \i—1 v

(n17"'ank)€Dk,n 1=

Then, it can be easly checked that

n! P (34 2\ 7Y
0 2 HW<Z(1—7> +1>
(n1,0n1) €Dy J=1 7 \I=1

corresponds to the (n,k)-th partial Bell polynomial associated to the weight sequence
we(2,7y) given by we(z,v) = (e —1)! (Zlgl§7—1(1 —zl/y)"* + 1) , which is characterized
by the exponential generating function w(t, z,v) = —log(1—t) =2, <<, log(1+7t/ (21—
7))- O

Observe that the distribution of the number of distinct species K, in (6.3.7) can be

represented as
1
PG, = k) = [ P = k2 ()
0

where 7,,(2) is a density on (0,1) and P(K,, = k|Z,) o< 0% By, ;.(we(Zy,7)). It is interesting
to see how to recover the distribution of K,, in the Dirichlet case. If v = 1, the weight
sequence ((6.3.8)) does not depend on z anymore, since it simplifies to we = (¢ — 1)! which

is characterized by the exponential generating function w(t) = —log(1l — t). Now, it is
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well-known (see, e.g., Pitman [I57]) that the (n, k)-th partial Bell polynomial with weight
sequence we = (® — 1)! reduces to the signless Stirling number of the first kind [s(n, k)|.
Consequently, we have P(K,, = k|z) o 0%|s(n, k)| not depending on z and becomes
P(K, = k) = (H)k(F(n))_1|s(n,k)|f01 2971(1 — 2)""'dz. Hence, the mixing variable Z,
is a r.v. distributed according to a Beta distribution function with parameter (6,n) and,
by noting that (I'(n))'T'(6)['(n)/T(6 + n) = (0),11, one obtains the distribution of K,
when Xy, ..., X, are sampled from a Dirichlet process. Turning back to the general case
, where the conditional distribution of K, given Z, is of the form P(K,, = k|Z,) x
0% B, 1.(we(Zn,7)), we note that such a conditional distribution is induced by a finite
Gibbs partition. By finite Gibbs partition we mean a random partition of the integers [n]
admitting EPPF of product form pgl) (n1,...,ng) = Vi TTi<j<r W, but which does not
satisfy the addition rule for random partiton. See Pitman [I57] an exhaustive account.
The fact that P(K,, = k|Z,,) arises from a finite Gibbs partition is easily seen in the proof
of Proposition which allows to write the conditional EPPF as

£ iy A A
o )
j=1

=1 v

However, such an EPPF cannot correspond to an infinite exchangeable random partition
and, a fortiori not to an infinite exchangeable random partition of Gibbs-type, since by
Lemma 2 in Gnedin ane Pitman [74], the terms in the product would necessarily have to be
of form (1—0)an1. This is tantamount of saying that an exchangeable sequence governed by
a generalized Dirichlet process cannot be represented as mixture of exchangeable sequences
directed by Gibbs-type priors. This is a desirable feature given we would like to have
predictions more flexible than those arising from Gibbs-type priors, though, of course,
it also implies that we loose the mathematical tractability of exchangeable Gibbs-type
partitions.

As for the evaluation of , it is important to remark that, for fixed n and k,
B, ;(ws) is a polynomial of degree n in the variable (1 —zi/v), fori =1,...,7—1, with a
particular set of coefficients specified according to the coefficients of the (n, k)-th partial
Bell polynomial B,, ;(w,). Therefore, can be easily evaluated using the Eulero-
type integral representation of the fourth-type Lauricella multiple hypergeometric function
F [()7_1). For instance, if v = 2, F](Dl) corresponds to the Gauss hypergeometric function o F}
and reduces to a weighted linear combination of Gauss hypergeometric functions.

Before passing to the study of distributional properties of conditional samples, we
establish an auxiliary result, which is the key for the derivation of the following results and,
moreover, is of independent interest. Indeed, it generalizes the well-known multivariate
Chu-Vandermonde convolution formula (see Charalambides [I7] and Charalambides [16])

and appears to be a new combinatorial identity involving fourth-type Lauricella multiple
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hypergeometric functions F[(;/_l). Recall that Dy, , = {(n1,...,n1) € [n]* Doi<ick i =N}
and define D) = {(n1,...,nx) € ({0} U[n])* : Yy ciepmi = 0}

Lemma 6.3.1. Foranyr>1,k>1anda; >0, withi=1,...k,

k
r - A
Z <7"17 e ,rk> E w;" (@) (mitri—1)11 (6.3.9)

(T1»---7Tk)€D,g?i

k k k
=wi(n+ Y a;i — k)1 [[(@)n-1 Fy D (—rain+ Y a; — kW)
=1 =1 =1

where (n1,...,nk) € Dgp, wi ERT fori=1,... k,a:=(nmi+a1—1,...,np_1—ap_1—1)
and W := (w, — w1 /wg, . .., W — Wg—1/Wk).

Proof. First, we use the integral representation for the Gamma function, ie. I'(z) :=

+oo

0 exp{—t}t*~1dt, together with the Multinomial theorem. In particular, we have

k

2 (7"1, : "” ,m;) [T wi (@) mesr—m

(rl,A..,rk)GD,(c?Z i=1

= > ) )Hflw”r(”ﬂrrﬂrai—l)
Lyeos Tk 15, T(as)

(rl,...,rk)el),(fi
1 i k Tk
- - =2l Ui s nitai=2 g, .4
k / e wlu2> U w1 U
[T, D) Jwon (2 1;[1 l

=1

By the change of variable y; = u;, fori=1,...,k — 1, and y; = Z1§i§k u;, we obtain

1 +00 k—1 k—1 T
—Yk ot ,
k/ € / (szyz+wk <yk:_zy7,>>
[Ti=1 T(ai) Jo B(yk) \'i=1 i=1
k—1 k—1 ng+ak—2
x [ [t (yk - yz> dyy -+~ dyj,
i=1 i=1

where B(yg) = {(y1,- - Yk-1) 1 ¥i 2 0,3 1<i<cp_1 ¥ < Yk} A further change of variables
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to (Zl, e '7Zk—152k) = (yl/yka s ayk—l/ykayk) ylEldS

1 +00 X - k—1 k—1 T

—_ / e %k Z;+n+2i:1 GmET / Z wizi +wg | 1— Zi

[[i= T'(ai) Jo Ak=D \73 i=1
k—1 k—1 ngtap—2

X H zlnﬁ'al_2 (1 — zi) dz1 - - dzy
i=1 i=1
_ r
:wZF(n+T+Zf:1ai—k)/ 1_klz,<wk—wz‘>
Hf:1r(ai) Alk—1) s i Wy

k—1 k=1 \ "kTar—2
nitai=2 ; d d
X Z; — Z; 21 AZp_1.
i=1

i=1

Finally, the integral on A*~1 can be evaluated using an Eulero-type integral representa-

tion of the fourth Lauricella hypergeometric function Fg_l) (see Appendix C). O

Note that by setting w; = 1 and a; = 1, for i = 1,...,k, in (6.3.9)), one obtains the

Chu-Vandermonde convolution formula

et I G Mo SR

(rl,...,rj)ED;?Z

Moreover, if only w; = 1, for ¢ = 1,...,k, one recovers the extension provided in Lijoi
et al. [125]. In the following corollary we consider (6.3.9) for & = 2 and we provide an

alternative proof for it. For a general k£ > 1 the proof follows by simple induction.

Corollary 6.3.1. For anyr > 1 and a; >0, ag > 0

T

r _ w1
> <T1>w71"1w§ (@) 11(a2) p—ry11 = 2F1 <—Ta ai;ay + ag;wy — w2> wy(ar + az)ri1
r1=0

(6.3.11)

Proof. Let us consider the following two known properties for the Gauss hypergeometric

function o F}

n k

(—n)k11(b—a —n)pp12
(b — n)mlk‘!

2Fi(a,b;b—m;z) = (1—2)"*"
k=0

neN (6.3.12)

and

(=1)™(@)n11

2F1(Cl,b;b—n;2): (]-_b)Tl

(1—-2)"""""3F(-n,b—a—n;1—a—n;1—2) (6.3.13)
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Using equation ((6.3.12]), we have

oF1(a,b;b—n;z) = (1 —2)"*“ "aFi(b—n—a,—n;b—n;z)

can s (e (b —a — n)gni2®
=(1—2)"%"
( ) kZ:O (b — n)mk!
which implies

n

()11 (b — a — n)pp12"

(b - n)lek!

oFi(b—n—a,—n;b—n;z) = n €N

k=0
Then, if weset n=r,b=1—a2, a = —azs —r+1—ay, k =r; and z = w; /ws, we obtain

the relations

1
" (=r)rm(a)nn (ﬂ)
2k (a17—7’;—a2—r+1;w1> = : S S

w
2 r1=0

(I —ag —7r)p 171!
,

= Z (—:izm (a1)rm11 <Z;>n

= (1 —az—=7)rn

T

_ (=)™ (=1)r 11 (a1)r,11 wi )™
-2 ! (=) (1 —ag = r)pn <w2>

r1=0

-y <1> (@ iarl)l"%nn (Z;)

r1=0

ie.,

r

T _ w1 r
Z (Tl)’w;lwg r1 (al)th(a’Z)(T—m)Tl =9oF <a1, —r;—ag — 1+ 1; wz) w2(a2)rT1

r1=0
Then, if we prove that

w1 wy
o [ (ah —r;—az — 1+ 1; w2> (a2)r11 = 2F1 <—7’,a1; ay + az; we — wz) (a1 + a2)r1

Using equation ((6.3.13])

oF1(a,b;0—n;z) =(1—2) " "gF1(b—n—a,—n;b—n;2)
(=D"™(@)nt1

= W(l - z)—a—n2F1(—n’b —a-nl—a—n;l— Z)

which implies

(=1)"(a)nt1

=) oF i (—n,b—a—n;1—a—n;1—2)
— b

oFi(b—n—a,—n;b—n;z) =
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Then, if weset n=7r,b=1—ag, a = —ags —r+1—aj, k =r; and z = w; /ws, we obtain

the relations

1) (—ag—ai —r+1
2F1(a1,—r;1—a2—r;w1/w2):( Jca—a—rt )TT12F1<

(a2)11

a a
_ (mtam o <_r a1: 61+ G g — “’1>
(a2)1 wo

wy
—r,a1;a1 +ag;l — —
wa

and the proof is completed. ]

The multivariate version of (6.3.11)) can be obtained by inductive reasoning from
(6.3.11)). In particular, we have the following corollary.

Corollary 6.3.2. Foranyq>1,5>11letD;,:={(q1,...,q) € {1,...,q} : doi<icij b =
q} and let wy,...,w; € R" and a1,...,a; > 0. Then

) <q1,..., >Hw ai)gi 1 (6.3.14)

(q1,--,5)€Dj,q
(3—1) LW —wy Wi — Wj—1
—w( )quF —q,a1, ..., 05-1,a; e
Wy wj

where a =3 ;< i

Proof. Using Equation (6.3.11]), the proof follows by inductive reasoning. Suppose the
identity holds true for j — 1, i.e.

Z <QI>"'7CI] 1>Hw al ailt

(q1,-,9-1)€EDj_1,4

g | j—2
- > o (@) [J el a)an
=1

al gl
(q1,--,9j—1)€Dj q J

— (j-2) LWi-1 — W Wj—1 — Wj—2
—wj_l(a—aj)quFD —q,a1,...,aj—-2,0a — aj; e
Wj—1 Wj—1

and we show it holds for j as well. Observe that

J
¢! gi
—— | | wi"(ai)g; 11

(q1,...,q]')€Dj q

w¥ (¢ —q5) i
- Z wj’ (a5)q;m Z a! - qj ! qu (@i)g;11-
QJ— i=1

l(q - q
(qlvn'qu—l)eDj—l,q—q]-
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Then

;
q! "

— Tt (@)un

Z Q1!"'qj!¢1_[1 i \i)ait

(q1,--,4)€Djq

q! q; q—qj
= iy (@-1)g w1 (@ = a5)ggn
—0 q;'(q — g;)!
q;=
= Wil — W Wil — Wi
x FY )<_q+qg',a1,~--7aj—27a_aj; o I "~ 1] )
i= a
I'(a—aj Jj—2 aj-1~1
_ ] ai—1
= Z ' 1 N “i
F(al CLJ 1 /A(J 2)H ( ; 1)
q g!
: q; q9—3q;
X Y w0 (a7) g w1 (a = 67) (g—g)n1
7=0 %-(q qJ)'
i 4-qj
Wj—1 — W
1=

j— j—2 \ W1l
_ (a— a] / H ai-1 (1 _
F(al L(aj-1) Jau-2 - pt
_ j—2 q
Wi — ws Wi — wi_1
(S (15 H)
i=1 wj i=1 Wi

q*(Jj
X . Qj)g.:
Z Gy " Tt o (1= T ) et
wj
X (a — aj)(q_qj)“dzl s dZ];Q

Then, by applying (6.3.11]), we obtain from the last equation

I'(a —ay)
F(al) cee F(aj,l)

qj

w?(a)qn
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I'(a—ay)
= F(a1> . 'P(ilj_l)w?(a)qh

j—2 aj—1—1
/MHZw <1_Zl>
2

j=2 Jj=2
Wi — Wy w; —Wji—1
x o F —q,a—aj;a;g Zi—— + 1—E zi | —2— | dz1 - dzj—s
1 Wy ; Wy
1=

Since a — a; > 0 and

j—2 s
1>max{0,§)%<z:ziw]wz+( —wj_1) 1—22,
i—1 Wi

then we can apply equation 7.621.4 in Gradshteyn and Ryzhik [77] and we obtain

a—aj;—1

1 4 oo
wi(a e Fi-ly
D(an) - Ty 1) )qu/o i1

j—2 j=2 \ %1t
< H(z)
A= 2 i—1

) Jj—2
C wj — Wi wj — Wwj—1
X 1F1 (—q, a;zj—1 (Z ZZTJ + <1 — Z ZZ> wj)) d21 s de_Qde_l
i=1 i=1
using the change of variable y; = z;2;_1 peri=1,...,j — 2 and y;_1 = 2j_1 we have

1 g +oo
wi(a e Yi-1
[(ay)---T'(aj-1) i )q“/o

/ Hy (yj—l—gyi>ajl_l

yﬂzl

Jj— Jj—2
W — W Wi — Wiy
x 1Fy (—q;a;E Y= Z+<yj—1—g yz> — >dy1"'dyj—1
i=1 J i=1 J

where
j—1
B(y;) = {(ylw--ayj—l) CYi 2 O,Zyz' < yj}
i=1
and using the change of variable u; = y; peri=1,...,j —2euj_1 = yj_1 — Zlgigg‘—z Yi
we have

1 q / U a;
wrla z 1 g U T
I(ai)---T(aj-1) 5 (@an (R+)j—1 H

j-1
Wi — W
x 1 (-qm;zuz‘Jw,Z) duy - - dujy

i=1 J
O
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Now, relying on Proposition and Lemma [6.3.1] we are able to provide a solution

to the problem P1) and to the problem P2) for the generalized Dirichlet process.

Proposition 6.3.2. Let {X,,n > 1} be an exchangeable sequence governed by a general-

ized Dirichlet process with parameter v € N. Then

0 (10)n11 \~ (m
P = jlx¢™) = L 3.1
(KR =i1X5") = St nm MZ:; s ) Men—sm (6.3.15)
XZ / S = ) B (we (2 ) (= (m = s) i W)
’l‘/ 11( _ Zl/7)9+21:1 nl]l{l:ri}+(m_s)]l{l:rk}
where ng_1 = (ni,...ng—1) and W = (wy — w1 /wk, ..., wi — Wg_1/wg) with w; =

[lhi<<cy1(1— zl/~) " H=rid . This also implies that (K,, Ng,) is sufficient for predicting
(n)

the number of new distinct species Ky,

Proof. Given the sample XI%’LH) with k distinct species and frequencies n, we need to

compute
P(K™ = jlx$™) (6.3.16)
_ ¥ et (g + ma (), - g+ (), mig (), g ()
TEPm ktj p](gn) (nla s 7nk‘)

where 2, 1.4; denotes the set of all partitions on m observations into ¢ < m classes, with
q€{j,...,j+k} ie. j observations are new species and ¢ — j < k coincide with some of
those already observed in X gnn) We first focus on the numerator of (6.3.16)). In particular,

we have

STl A ma), -+ (), i (7)), - Mg ()
7r€fm k47

oy 5 O I D ) sy £ () pcic)

0
TEDP kg rk+i ’y’y (76)(m+n)T1

_ : Jy
XFS/ b <79,a*(n+m,rk+]);'y€+n+m; 771>

where o*(n + m, ") := (aj(n+m,r"7), ... o | (n+ m,r"7)) having set, for | =

L...,y=1, a?(n +m, rk+j) = 9+Zl§i§k+j((ni+mi(7r))ﬂ{igk}+mi(w)]]-{k<i§k+j})ﬂ{l:ri}~
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—1)

Then, using an Fulero-type integral representation for the function F g , we get
+
ST ol A ma(m), g A (), e (1), s ()
e @m Jk+j

J

o 22 ()i S () T

rkti s=j (mkﬂ, oMkt )ED; s i=1

70 1(1 )n+m 1

1 p—
X L'(n; + m;) / dz
Z (mla > H o IS (1 — 21 /)0 (ntm xh )

(ml,...,mk)GD(D)

(6.3.17)

09k+] s J
T(mgyi)
ey My x| )T romes,
7 F Tl + m rk+i s=j (Mpg1yeeyMp45)ED; s M1y - o5 Mot =1

27971(1 _ z)ner 1

1
></0 Y=L (] — 1 f) OS] (T i<y il i) L i=ry)
[l (1 ==2/7) : = :

m=s LT 21\ milo=r
- Z (m m > H H (1 - > I(n; +m;)dz
(ml,m,mk)GD](CD) b TR0y 12 v

and by Lemma we obtain

1)0gk+i s J
ry’YQF 7’L + m Z Z ( > Z <mk+1, ey mk_,_j) il_[lr(mk—i_i)

k+] S j (mk+1 ..... mk+j)€’Djﬂg

/l 0 1(1 )n—i-m 1
X -
0TI (1 — 2l /)P i (il sy bmid i) L=

— —(m—S)ﬂ{l:rk} k (’7—1)
H (1 ) (m) oy JTD (i) E™ 5 (—om = 5). s ms W
=1 i=1

where ng_1 = (n1,...,nk—1) and W = (wx — wy/wg, ..., wx — wg—1/wy) with w; =

[licicy,—1(1 — 2l/y) t=ri} . The sum with respect the set D;s in (6.3.17) can now be
computed using an approach similar to the one used for proving Proposition This

allows to write (6.3.17)) as
90k+g 79—1(1 _ Z)n—i—m—l
e (M) [ —

=S [T (1= 2t/y) =it

J y—1

SIS Hl(z@fWW%Q

. m
mk+1,...,mk+j)EDjys =1 kit =1 v

— o~

Y= Zl 7("’)178)]1{1:,,«]6} ’Y 1)
X <1 - ) (m—s)11 H P nz (m - 5)7 Ng—1;7; W)dz



6.3. The generalized Dirichlet process 251

where

DR || ( (1-2) )
(mk+1 »~~~7mk+j)€'Dj’S =1

corresponds to the (s,7)-th partial Bell polynomial with weight sequence we(z,7) given

by (6.3.8]). Then, we obtain
(n))’o*+ i <’m> /1 071 = 2" By (wa(2,7))
0

’)/'791—‘(77; =+ m) Iy S H?;ll(l _ Zl/’y)aJrE?:l ni]l{l:ri}
7—1 —(m—s)Ly—p k
zl {l=ry} _
X H (1 - 7) (1) (m—s)11 HI‘(nZ’)Fg 1)(—(m —8),ng_1;n; W)dz
=1 =1

and the proof is completed by dividing the expression by the EPPF of the generalized
Dirichlet process with parameter v € N, which corresponds to the denominator in (6.3.16]).
O

It is important to remark that, for the generalized Dirichlet process, the conditional
distribution of the number of new distinct species exhibits the desired dependence on both
K, and Nk, . This is in contrast to Gibbs-type r.p.m.s, where we have dependence solely on
K,, and not even on K, in the Dirichlet case. Hence, although the distribution in
is quite complicated, such a property makes the generalized Dirichlet process appealing
for practical purposes. Moreover, having at hand, the computation of the Bayes
estimate of KT(,? ), given the “basic sample”, namely E[Kr(,? )\Kn = k], is straightforward.

With reference to problem P2), we now derive a Bayesian estimator of the probability
of discovering a new species at the (n + m + 1)-th draw, given an initial observed sample

of size n with k distinct species and frequencies n. The unobserved sample of size m will

feature K\ € {0,1,...,m} new species. Among the m observations L e {K,(ff), co.,m}
will belong to the K™ new species with frequencies M, () = (Mg, +1,. .., M. +K(n>) such

that M; > 1, for i = K, +1,..., K, + Kr(f), and > = L,(;f); clearly,

Kot1<i<in k(D Mi
if Kq(ff ) = 0 also L%L) = 0. Moreover, m — L,(ff) observations will belong to species already
observed in the “basic sample” and their frequencies can be characterized by the vector
My, = (Mi,...,Mg,), where Y, _; ;. M; = m — L) and M; > 0, for i = 1,..., K.

Note that M; = 0 means that the i-th species of the “basic sample” has not been observed
(n)

and clearly, if Ly,” = m, then Mg, = (0,...,0). Our aim is to estimate
17 27
P(K7H™ = 1|X§(7L”),XI(<§)), (6.3.18)
where X gnn) is observed and X (2’:? not. Considering the sufficiency of the r.v. (K, Ng,, ),

(
Ko
(6.3.18)) reduces to estimating the random probability

P(K{*™ = 1|Ky = k, N = 0, K, Mg, M ) (6.3.19)
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where the randomness is due to the unobserved (K, T(n ), Mg, , M K<"))' The next result pro-

vides a solution to this problem.

Proposition 6.3.3. Let {X,,,n > 1} be an exchangeable sequence governed by a general-
ized Dirichlet process with parameter v € N. Then, the Bayes estimate, with respect to a
squared loss function, of the probability of observing a new species at the (n + m + 1)-th

draw, conditional on an initial sample of size n with k distinct species and frequencies n,

s given by
T+ )T () a1 (V) (nma 1t <em (M0
=y (ntmt )T Z< >(n)(m_s)Tl (6.3.20)
= Sk, n,m,a,7)C (0 +m+ 1)(V0) (nrm) 11 —\s
X / it Gk it B MEY (= (m = ) 3 W)
2
phi1 70 ==zt )9+Ez 1 (il gicry s rp)Hm=s)Li=r,y
where ng_1 = (n1,...ng—1) and W = (wg, — wi/Wg, ..., Wk — Wi—1/wg) with w; =

H1§l§'y—1 (1 — Zl/’y)il{l:n'} .

Proof. The Bayes estimator of the random probability (6.3.19)), with respect to a squared
loss function, is given by its expected value with respect to the distribution of the r.v.

(Kr(g)’ My, MK(">) given X( " Tn particular, we have

Hlkn) _ N i my 1 3 s
" : .y S ]' MEt1y oy Mkt

(M1 mp4)€D; 5
m—Ss
x )
miy ..., Mg

XPK”+m:1Kn:kI,NK :n’K(n):j7MK =my, M ) =m;
1 n m n Ky, J

Note that in each summand the first factor is the one step prediction and the second factor

is IP’(K,S?) = j, Mk, = my, M, ) = mj|K,, = k, Nk, = n), a distribution we have derived
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in the proof of Proposition Hence, we obtain

=St 3 (1)

’79 n+m71 Hz 1 ( n; s=j ]!

S
<)
ME41y - Mt

(Mpt1,--ME45)EDj s

x 3y < mee )wo(n+m,k+j,n+m)

mi,..., Mg

y Sk+jn+mmntman) [T D) T T (ni + mi)
‘,S(lﬁ n,n, 97 f)/)
f: I (0 + 1)L (v0)nn
j= S k,n,n, 0 7)(79)n+mT1 Hl 1 ( )

s Z ST SE . i]i[lr<mk+i>

(mk:-'rlv 7mk+])eDj s

k
D I SN ) s LR

(m1,....my)€DL)

k,m—s

xFk+j+1,n+m+1,(n+m)*,0,7).

Using the same arguments exploited in the proof of Proposition we obtain

D%L,k,n) _ i 0j+1(70 + n)_l(we)nﬂ(’ye)(n—l-m—&-l);l
=0 Sk, n,m, 0,7 (n+m + 1)(V0) (nmyt1 [1i=; T'(na)

m <m> /1 29711 — 2)"™ By i(we(2,7))

e H ( _ zl/,y)9+zf;l(niﬂ{igk}+ﬂ{i>k})ﬂ{zzri}
-1 —(m—=s)1{1=r
l { k}
X <1—Z> (m— STIHF n;)F 7 1) (—(m —s),ng_1;n; W)dz.
Y
=1
Suitable simplifications yield then the estimator in ((6.3.20)). O

The Bayes estimator in ), together with E[Kp, (n )](Kn, Nk, )], represent the new
Bayesian counterparts to the celebrated Good-Toulmin estimator (see Good and Toulmin[76])
and represent alternatives to Bayesian estimators derived from Gibbs-type r.p.m.s. With
respect to the latter, these estimators have the advantage of incorporating all the infor-
mation conveyed by the sample at the cost of a higher computational complexity.

In order to complete the description of the conditional structure of generalized Dirichlet

processes we now derive the posterior distribution that is the conditional distribution of 157
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given a sample X1,..., X, featuring K, distinct observations, denoted by X7,..., X} |
with frequencies N, . For any pair of random elements Z and W defined on (92, . #,P),
we use the symbol Z(W) to denote a random element on (Q,.%,P) whose distribution co-
incides with a regular conditional distribution of Z, given W. By specializing the general
results for NRMIs of James et al. [I00], in the next proposition we provide the desired
posterior characterization of both the un-normalized CRM i with intensity and
the generalized Dirichlet process ]57() := i(+)/a(X). In particular, the result is a special

case of Proposition

Proposition 6.3.4. Let 157 be a generalized Dirichlet process with parameter v € N. Then,
the distribution of 5, given the observations X1,...,X, and suitable latent variable U,,

coincides with

Ky
ﬂ(UTthr“:Xn) i ﬂ(Un) + Z Ji(Un,Xl,...,Xn)(S

*
Xj
j=1

where

i) iUn) is a CRM with intensity measure

e~ v(+Un)

Tdva(dm); (6.3.21)

M<

V(U")(dx, dv) =

=1

i) X7 are fized points of discontinuity, for j =1,..., Ky, and the r.v.s J](U”’Xl""’X") s

are the corresponding jumps which are absolutely continuous with respect to the

Lebesgue measure with density

.
J yn i (0) o< 0™y S =R (6.3.22)

I =1
iii) the jumps J](U"’Xl""’X"), forj =1,...  K,, are mutually independent and indepen-

dent from p(Up).

Moreover, the latent variable U,, given X1,..., Xy, is absolutely continuous with respect

to the Lebesgue measure with density

Y K,
fyerxa (u) o< u I+ W) T T ny) Gy 1+ w) = (nj, 1+ v +w)  (6.3.23)
=1 j=1

where ((x,y) stands for the generalized Riemann Zeta function (or Herwitz function) with

parameters x and y.
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Finally, the posterior distribution of ﬁ’ﬂ,, given X1,..., X, and Uy, is again a NRMI

(with fixed points of discontinuity) and coincides in distribution with

~ Kn (Uanla"'7Xn)
ww +(1 —w)zj:;(‘]j s Xé)X; (6.3.24)
) S s

[ [ Un,X1,..,.Xn)1—
where w = AU K)AUD(X) + Ty, SN0 )L

Proof. Since v € N the intensity measure ([6.3.1)) of fi reduces to

T vl

V(dv,da;)zg ¢ dva(dx).
v
=1

Now since the generalized Dirichlet process is a NRMI and, by hypothesis « is non-atomic,
we can apply Theorem [5.2.1] we ensues the existence of a latent variable U,, such that
the distribution of i, given X1, ..., X, and U, coincides with the distribution of (V) +
di<i<K, J;U"’Xl"“’X")éx; where ji(U) is a suitably updated CRM and the J](U”’Xl""’xn)

are absolutely continuous with density expressed in the terms of the intensity measure of

’s

fi. It is then straightforward to show that the intensity measure associated to () is
of the form (|6.3.21)) and that the density of J](U"’Xl""’X”) is given by ([6.3.22)). In order
to derive the density function for conditional distribution of U,, given Xi,..., X, we
resort to to Proposition and, after some algebra, we obtain (6.3.23)). Given this, the
characterization of the posterior distribution of ]57 in (6.3.24) follows from from Theorem
0.2.2) ]

Despite the fact that the previous result completes the theoretical analysis of the con-
ditional structure induced by generalized Dirichlet processes, it is also useful for practical
purposes. Indeed, large values of the parameter v combined with large additional sam-
ples m, make the numerical computation of the distributions and estimators derived in
Propositions cumbersome. If this is the case, then one can devise a simulation algorithm
relying on the posterior characterization of Proposition By combining an inverse
Lévy measure algorithm, such as the Ferguson-Klass method (see Ferguson and Klass [64]
and Walker and Damien [I90]), for simulating trajectories of ji(Un) with a Metropolis-

X1,.,X . . .
Up V"™, one easily obtains realizations of the

Hasting step for drawing samples from
posterior distribution of the generalized Dirichlet process. Then one can sample a new
value X, 11, update the posterior according to Proposition [6.3.4] and sample a realization
of the posterior given (X, X,,+1). Proceeding along these lines up to step m one obtains a
realization of the additional sample X, 11, ..., X;,4+m. By repeating the procedure N times,

one obtains a collection of future scenarios {(X,(Lill, e Xr(li}rm),i = 1,...,N} which can
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be used in order to evaluate the quantities of interest. For instance, if 5 is the num-

ber of new distinct species observed in XT(LiJ)rl, el Xff)m, IE[KT(: )]Kn] can be evaluated as

/N icien j,(,?. Finally note that Proposition [6.3.4]is also important in the context of

mixture modeling, where inference is necessarily simulation based given the complexity of
the models: in fact, it allows to derive, in the terminology of Papaspiliopoulos and Roberts
[148], conditional sampling schemes, which in the case of the generalized Dirichlet process,

are simpler to implement than marginal ones.

6.4 NRMIs in species sampling problems

We conclude this chapter by investigating some conditional structures that emerge when
the observations are sampled from exchangeable sequences governed by a general homo-
geneous NRMIs.

The EPPF of the associated exchangeable random partition is known to be

k
(n) _ ! n—1,~¥(u
P (N1, ... ng) = F(n)/RJru e U )]];Il/inj(u)du (6.4.1)

where

Kon,; (1) = / v"e”"p(dv)a(dx) j=1,...,k
XxR+

The issue we address consists in evaluating, conditionally on an exchangeable random
partition with EPPF (6.4.1)), the probability of sampling in m draws a certain number of

observations yielding new partition groups with specified frequencies.

Proposition 6.4.1. Let {X,,n > 1} be an exchangeable sequence of r.v.s governed by
an homogeneous NRMI on X with Poisson intensity measure v(ds,dz) = p(ds)a(dx). If
Xg;n) and X;?é;n)) are two sample from {X,,n > 1}, then the joint distribution of KT(,Z}),

L%L) and SL(”)’ given K, and Nk, , is of the form

n’

P(K™ =k, LM =5, 8

m Ls:;) = S‘KTL = ja NK7L - n) (642)

B <m> L(n) fpe untm=lem YWy, () 15, ks, (u)du
s L(n+m) [pe un—te ¥ [T, fn; (u)du

where we defined

J m=s
tm—s () ::/ v; v e” " p(dv;)a(da)
(XxR+)j i—1 i—1

(2 K2



6.4. NRMiIs in species sampling problems 257

Proof. Let Am—LS,’f) = (ALm—LSlZ)’ .. ’AKn,m—LS,’f)) be the vector of non-negative integers
denoting the number of new observations in each of the j groups into which the first n

observations are partitioned. If we define the set

J
DY), = {(Al,...,xj) c {0""’m_3}jaz)\i_m—s}
=1

then,
P(K =k, L) = 5,8, = s| Ky = j, Nk, = n)
m m—s \ 1 s
_<S) Z <)\1-")\j>k!<81'“8k>
()‘17"'7)‘.7)6Dj('?7>71—s

I'(n) f]RJr yntm—le? () szl B+ (u) Hf:l ks, (u)du

D(n+m) [pe un—le?®) [T, fon, (u)du

In particular, using the expression for k,,+,(u) at the numerator of the last equation, we

obtain
m—s J
> () e
Aty )EDS) =
m—3§ J
T (e
o AL Aj) o Jxxmet
()\17"'7)‘j)€Dj,mfs =
For any integral in the product, we consider the change of variable v = s; fori =1,...,7,

then the last equation can be written as

J
m-—s ni+Ai  —uv;
v, e ip(dvy)a(dx
2 <)\1 : ">\j> /(XxRﬂj 11;[1 (dg)ox(dz)

(A1,-2;)€DS”)

Jym—s

and for the Multinomial theorem we obtain

J mTS g
v; ve” ip(dv;)a(dx
[ (Z ) [T v e pdvi)a(da)

=1 i=1

Then, the result can be obtained by substitution. ]

By marginalizing the conditional distribution in (6.4.2]) with respect to S ) and,

then, with respect to K,(TCL ) one obtains the conditional distribution for the number of new
groups and the number of observations belonging to these new groups and the distribution
of L,(g), respectively. In particular, the solution to the problem P1) can be obtained by
marginalizing the conditional distribution in (6.4.2)) with respect to (LT(Q)7 S L%g).
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Corollary 6.4.1. Let {X,,,n > 1} be an exchangeable sequence of r.v.s governed by an
homogeneous NRMI on X with Poisson intensity measure v(ds,dz) = p(ds)a(dz). IfXé(l;n)
and Xl(i(:;) are two sample from {X,,n > 1}, then the joint distribution of Kg) and Lg,?),
gwen K,, and Nk, , is of the form

P(KS) =k, LY = s|K, = j, Nk, = n) (6.4.3)

_ <m> I'(n) [p+ u el e_‘l’(“)stk(/@.(u))Lm,s(u)du
s T(n+m) [ un=Le Y@ T #p, (u)du

fork <s=0,...,m where Bs(ws(u)) is the (s, k)-th partial Bell polynomial with weight
sequence we(u) = Kke(u). The distribution of Kff), conditionally given K, and N, , and
the distribution of LSJ), given K,, and Nk, , is of the form

P(KSY = kK, = j, Nk, = n) (6.4.4)
s (m\T(n) foy um T e VM By g (we () s (u)du
-2 ()

L(n+m) [pe ur e YW [T, Ky, (u)du

m) I'(n) [y uttmLe YW B, (w, (u))Lm,S(u)du
L(n+m) Jge wn=te VO[T fin, (u)du
(6.4.5)

where Bs(w.(u)) = Zogkgs Bs,k(MO(u))'
Proof. If we define

k
Dgi = {(31,...,sk) € [s]k,Zsi = s}

then we obtain

P(K{W =k, L") = s|K,, = j, Nk, =n)
Z <m) : ( 8 > () fR+ yrtm-le= v Lm—s(u) Hf:l Ks; (u)du
) 51
k,s

s ) k! e Sk T(n+m) fR+ un—1le—"(u) ngl K, (u)du

(81,-88)EDy

_ <m> I'(n) [+ Un+m_le_\y(u)Bs,k(wo () tm—s(u)du
s) T(n+m) for ur—te VO T ki, (w)du

where

s! k ﬁs-(u)
Bs,k(U)O(u)) = E Z H ;z'

(s1,.-..s1)€Dy) =1
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is the (s, k)-th partial Bell polynomial with weight sequence we(u) = Ke(u). Equation

(6.4.4) and equation (6.4.5) can be easily obtained from equation (6.4.3)) summing over s

and k, respectively. ]

Bayes estimator, under quadratic loss function, for the expected number of new clusters
can be easily recoverd from equation (6.4.4]) and equation (6.4.5). In particular, we have
E[K"|K, = j, N, = n] (6.4.6)

TS m\ T(n) [y u T e YW B (we(u)) s (u)du
243 () o e T i

s=k
Often, interest relies also in determining an estimator for the number of observations in
the subsequent m sample that will belong to the new species. For this purpose, one can

resort ro ((6.4.5) and the corresponding Bayes estimator is given by

<m) T(n) [y u™™ Le™ YW By (we (1)) tm—s(u)du
D+ ) Jpe 0 e Y00 [T, A ()
(6.4.7)

m
E[L|K, = j, Nk, =n] = > s )
s=0

In particular, E[L$)|Kn = j]/m is the expected proportion of genes in the new sample
which do not coincide with previously observed ones.

Turning to the problem ii), we now derive a Bayesian nonparametric estimator for
the probability of discovering a new species at the (n + m + 1)-th draw, given the “basic
sample” Xgm). If we suppose, for the moment, that we have observed both the basic

n

sample and the second sample, the discovery probability is given by
PRI = 1K =k, L) = 5,5, ) =5, Kp = j, Ni, = n)

However, our estimate is obtained without observing the outcome of the “second sample”

and, hence, we have to estimate the random probability

m

ngzj) — P(K£n+m) _ 1‘K7(#),L(n) SL%Z)’Kn =4, Nk, =n) (6.4.8)

where the randomness in the above expression is due to the randomness of (Kfﬁl ), L,(fnf ), S 1) ).

Baysian inference on ([6.4.8)) is based on the posterior distribution provided in Corollary
. Thus, the bayesian estimator of , with respect to a quadratic loss function,
is given by its expected value with respect to the posterior distribution of the number of
species. This represents a Bayesian counterpart to the celebrated Good-Toulmin estimator.

In other word we provide a Bayesian nonparametric estimator for

Unt+m = Z Pi]l{o} (Ni,ner)

i>1
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Proposition 6.4.2. Let {X,,,n > 1} be an exchangeable sequence of r.v.s governed by
an homogeneous NRMI on X with intensity measure v(ds,dx) = p(ds)a(dx). The Bayes
estimate, under quadratic loss function, of the probability of observing a new species at the
(n+m+ 1)-th draw, given the X%’Ln), 18 given by

-1

D) = ((n +m)['(n +m) / ug_leflp(uz)(ﬁ Kn, (UQ))dU2> (6.4.9)

R* i=1
XF(”)/( e 71 () (uug) T e ) mUHRIW ) 2 () ) By go(we (u, u2) ) dusduy
R

where

j m—s
U o(ur,ug) = V2, V1,4
( ) /(XX(R+)2)j (; )

J
X H(vzivl,i)”i e~ U2iV2ITULIVLE b (dyy ) p(dvy i) o(der)
=1
and where B p(we(u1,ug)) is the (s, k)-th partial Bell polynomial with weight sequence
We(u1,u2) = To(u1)ke(u2).

Proof. Let us first considere P an homogeneous NRMI. Undere this assumption, to find the
Bayes estimate, under quadratic loss function, of the probability of observing a new species
at the (n4+m+1)-th draw, conditional on the X}(l;n) we can use arguments similar to those
one used in Proposition In particular, let Ame,(JJ) = (ALm*L%), o ’AKn,meﬁ,?’) be
the vector of non-negative integers denoting the number of new observations in each of
the j groups into which the first n observations are partitioned. Let DY and D,(Clg be

J,m—s

the sets defined in Proposition and Corollary respectively. Then

w5 (ME S ()

k=0 s=k (A1, 2))EDS) (51,--5K) €AY
x P(K{"™ < 1K) =k, L) = 5,8, ) = 5, Ky = j, Nk, = n)
x P(KM™ =k, L =5, 8§ Lo =8|Kn = j, Nk, =n)
where in each summand the first factor is the one step prediction which characterized a
NRMI and which corresponds to (see James et. al [100])

(1,n) (2,m)
! Wiy
uty(u u)du
n+m Jr+ Un
where

fUn (m) ( rme 1HTTLZ+)\ H Ts, \I/(u)
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and the second factor is given by equation (6.4.2). Then, we obtain

m M m m—s \ 1 s
ZZ(S> Z <)\1---)\j>k' Z (81'-'8k>
k=0 s=k ()‘17"'7AJ)GD§?71175 (s1,.. ’sk)eAgcli
X I'(n) [p+ unm_le_q’(“)(mﬂ Kini+Ai(w) [T5, s (w))du
T(n + m) foy un—1e= Y ([, i, (1))l

() x@m)
1 (Xien X <m>)

uT] (u)fUn (u)du

X
n+m Jr+

which is proportional to

SE0), B, (U, B0
s Ao A ) K s
k=0 s=k (Ao Aj)E Dj(o'r)n . 1 J (51,-,8K)EA ;912 k
f]R"" n+m 1 _‘IJ(uQ)( z 1’<5n7+)\( )H?:l KSi(uQ))dQQ
(n+m)F(n+m Jpr ub e V) (T2, ki, (u2))dus
] k

X /+ ulTl(ul)u’fJ“m*l HTnH_,\i (uq) H’Tsi (ul)e_@(ul)dul
R

i=1 i=1

where for the first integral we used the change of variable u = us and for the second

integral we used the change of variable u = ul. As regard the sum on DJ( T)n s We can solve

it by using the definition of 7,,,1,(u1) and kp, 4+, (u2). In particular we have

Z ()\m— Sj) Hani-)\ (u1)Kn; 2, (u2)

1
(A1ysr;)€DY)

j,m—s

J
_ m—3s niFA; —U2V2—UI V1
= VoV e dv dvy)a(dz
Z ()\ "')‘J>i1_11/Xx(R+)2( 201) p(dvz)p(dvr)a(dz)

1
(Ayeesrj)eD)

j,m—s

For any integral in the product, we consider the change of variable v1 = v1; and v = vy,

for i =1,...,7, then the last equation can be written as

J
m—s N s s 1 1
2 <>\1...)\.> /(x (RH+)2)) [ [(vo,i0m )" Ao 2200 p(dug ) p(dwn ) (di)
] X J .
(A1, h)EDS) i=1
and for the Multinomial theorem, we obtain

m—s

J
/ ) ( UZZUM) [ T(wa,iv10)™ e 2020 00 p(dug ) p(dw ) (dix)
Xx (R

i=1
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As regard the sum on D,(Cli we have

% 2 <31 Ssk) QTsi(ul)/{si(UQ)

(81,...,Sk)€DI(€2

which corresponds to the (s, k)-th partial Bell polynomial with weight sequence we(u1, us) =
Te(U1)Ke(u2). ]

We are now going to consider an importan quantity which describes the partition
structure of the observations generating new groups in a further sampling procedure,

conditional on the partition generated by the first n observations.

Proposition 6.4.3. Let {X,,,n > 1} be an exchangeable sequence of r.v.s governed by a
NRMI on X with intensity measure v(ds,dx) = p(ds)a(dx). If Xé(l;n) and ng;n)) are two

samples from {X,,n > 1}, then the joint distribution of K,(#) and SL<”)’ given L,(g), K,
and Nk, , is of the form
P(K =k, S, =s|L{) = s, K, = j, Nk, =n) (6.4.10)

_ 1 § fRJr urtm—lem ) H?:l K, (W) tm—s(u)du
CRN\s1esk) fpe T Le V(W) By (we (1) )t s (w)du

forany s € [m], ke [s],je[n], (n,...,nj) € An; and (s1,...,sE) € Ag. Consequentely
the partition of the observations which belongs to the new partition set is, conditional on
the basic sample of size n and conditional on Uy, a finite Gibbs-type random partition

P(K(™ =k, S

L = sILIM = s, K, = j, Nk, =10, Upypm = u) (6.4.11)

_1 § L(n+m) eV Lm—s() Hf:l K, (1)
CORIN\s1esk) fgy trTmet fr(t)dt [oy utt e V(W) By(we ()t —s (w)du

Proof. This is straightforward and follows from taking the ratio between (6.4.2)) and
(6.4.5)). O

The finiteness of the random partition described by (6.4.11)) is obvious, since it takes
values on the space of all partitions of [s] with 1 < s < m. Moreover, the partition structure
featured by the conditional distribution in (6.4.11]) motivates the following definition.

Definition 6.4.1. The conditional probability distribution
B (51, simon, jom) o= PR = &, S o = S| = s, K = j, Nig, = 1) (6.4.12)

with 1 <s<m and 1 <k <s, is termed conditional EPPF.



Appendix

This appendix reviews some definitions and results in the field of the enumerative combina-
torics. In particular, after introducing the preliminary notations, we remind the definition
of composite structure and the definition of central and non-central Stirling number and

central and non-central generalized factorial coefficient.

A.1 Notation

For any n € N and any arbitrary « let (z),1 be the factorial of = of order n, that is

n—1

(@) =a(@—1)-(z—n+1)=[](z -1

i=0
with (z)g;; :==1and forz # —r,r=1,...,n

1
z4+n)(z+n—1)---(x+1)

(T)—ni1 = (

In addition to the notation (), of the factorial of « of order n, we consider the notation
()nt1 which denotes the relation of the factorials to the powers. The factorial ()1 is
called descending (or falling) in distinction to the ascending (or rising) factorial of x of

order n, which for n € N is defined by

n—1
@ =z(@+1)-(z+n—1) = [[@=+9).
i=0
A distinct notation is unnecessary since both factorials can be expressed by the same
notation, only the argument being different. In particular, this product, with the adopted

notation, equals

(@)nt1 = (=1)"(=2)nj1-
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The generalized factorial of x of order n and increment a, denoted by (), q, is defined

for any n € N and any arbitrary real x and « by

n—1

(@)pja =z —a)---(x —an+a) = H(:E—ai)
i=0

with (2)p|q :=1 and for z # —ra, r=1,...,n

1
(x +na)(x+na—a) - (z+a)

() -nla =

In additional to the notation (z),, of the generalized factorial of = of order n and incr-
rement «, we consider the notation (z),1, which denotes the relation of the factorials to
the powers. The generalized factorial (x),4 is called descending (or falling) in distinction
to the ascending (or rising) generalized factorial of x of order n and increment «, which
for any n € N is defined by

n—1

(@)pta =z(z+ ) (z+no—a) = H(:c+z‘a).

i=0

Note that the generalized factorial of = of order n and increment «, (x)|q, may be

expressed as a factorial of x of order n and scale parameter s

(T)nja = 8" "(sT)ns1

with s = 1/a.
Another equally important function is the binomial coefficient of x of order n which is

defined for any n € N and any arbitrary x by

()=

with (g) := 1. The generalized binomial coefficient of x of order n and increment a which

is defined for any n € N and any arbitrary = and a by

(.-

with (g)a = 1.

A.2 Composite structures

Let ve := {v;,i > 1} and we := {w;,7 > 1} be two sequences of non-negative integers. Let

V' be some species of combinatorial structures (see Bergeron et al. [6] and Bergeron et al.
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[5]), so for each finite set F,, with |F,| = n elements there is some construction of a set
V(F,) of V-structures on F,, such that the number of V-structures on a set of n elements
is |V (F;,)| = vy. For instance V(F},) might be F,, x F,, or Ff» or permutations from F},

2

to F,,, or rooted trees labeled F,,, corresponding to the sequences v, = n*, or n", of n!, or

n™~ 1 respectively.

Let W be another species of combinatorial structures, such that the number of W-
structures on a set of j elements is w;. Let (V o W)(F},) denote the composite structure
on F, defined as the set of all ways to partition F), into blocks {Aj,..., Ax} for some
1 < k < n, assign this collection of blocks a V-structure, and assign each block A; a W-
structure. Then, for each set F;, with n elements, the number of such composite structures

is evidently
n

(Vo W)(En)| = Bu(ve,wa) := Y v04Buy
k=1

where, denoting by 73[’;] the set of partition s of the set [n] := {1,...,n}

k
Buiwe) = > Jlwa,

{Ar,... A yePE i=1

is the number of ways to partition F;, into k blocks and assign each block a W-structure.

The sum B, j,(w,) is a polynomial in variables wy, ..., w,_k11, known as the (n, k)-th
partial Bell polynomial (see Comtet [19]). For a partition 7, of n into k parts with m;
j

parts equal to j for 1 < j < n, the coefficient of Hj w;n in By, (ws) is the number of

partitions I, of the set [n] corresponding to m,. That is to say,

n!

wmj Bnk We) = w71 1
L] | Bustwe) = qp e

with >, jm; =nand }, m; = k.

Here, we provide an alternative and more formal definition of a partial Bell polynomial
in terms of its associated exponential generating function. Given a sequence of real numbers
we = {w;,i > 1} we define the exponential generating function of this sequence as the

formal power series

k
w(t) = Zwk% (A.2.1)

The power series is said to be formal since questions concerning convergence are never
asked. We only wish to evaluate it, and its derivatives, at t = 0, i.e.,

dk

wy = Ww(t) (A.2.2)

t=0
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Since is the defining relationship for coefficients of a Taylor series, is some-
times referred to as a formal Taylor series and wy, is the k-th Taylor coefficient of w(t).
Exponential generating functions are used extensively in combinatorics and closesly
associated with them are the so-called partial Bell polynomials. These are polynomials
in an infinite number of variables, these variables are actually the coefficients we of an

undetermined exponential generating function
tk
w(t) = Zwkg (A.2.3)
k>1

where we assume wy = w(0) = 0. In particular, we have the following formal definitio of

partial Bell polynomials.

Definition A.2.1. Let we be a sequence of real numbers. Then the (n,k)-th partial Bell
polynomial By, 1,(w.) is defined by the expansion

tn
Fwt) Z ZBn,k(w.)ﬂfka
n>0 k>0

where w(t) is the exponential generating function of the sequence we and wy = w(0) = 0.

From Definition it is possible to isolate B, (ws) by differentiating the appropriate

number of times and then setting x =t =0, i.e.

n k
o1 0 zw(t)

Boj(ws) = =—— ——e
otn kI O 000
or 1 an
By p(we) = = ——w"(t)
Kl dt o

for any n € Ny and k& € Ny. This shows that B, ;(w,.) corresponds to the n-th Taylor
coefficient of (1/k!)w"(t) or, more precisely, w¥(t)/k! = > n>0 Bnk(we)t" /n!. By setting
k =0 one gets By = 1 and B, o = 0, for any n € N, whereas for k = 1 one has B,, 1 = w,

for all n € Ny. Also, since wy = 0, one has

1

N 1 £2 Btk

2! k!

so that By, y(we) = 0 whenever k& > n and By, ,(w.) = w{ for all n € Ng. By expanding
(A.2.4)) and examining the coefficient of ¢ /n!, one obtains the following explicit expression
for By, 1(we)

n! .
By, i(we) = E — ‘ ——wilwg - (A.2.5)
T sy aliele(A)n () te
i1+io+-=k
11+2i2+3i3+=n
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Note that, if the variable ws occurs in By, ;,(w, ), then the summation conditions imply that,
for some i1 > 0,i2 >0,...,is > 1,...,we have s—1 < ig+2ig+---+(s—1)is+--- =n—k,
giving s < n — k4 1. Thus B, i(we) = By (w1, ..., Wy—k+1) meaning By, (ws) depends
at most on the variable wy,...,wy,_k4+1 and no others. Moreover, it is easy to see that
B, 1 (we) is homogeneous of degree k and it can be shown by a combinatorial argument
that all of the coefficients are actually integers. In Table we provide some partial Bell

polynomials for 1 < k < n < 5. In general, partial Bell polynomials can be computed

n Bn,l(w-) Bn,?(wo) Bn,S("Uo) Bn.4<wl) Bn,s(wo)
1 wq - -
2 wo w% -
3 w3 3wiwsg wi’ - -
4 wy 4w ws + 311)% 611)%102 w;1 -
5 ws Swiwg + 10wowz  10w?ws + 15wi w2 10w} wa w?

Table A.1: Some partial Bell polynomilas

using (A.2.5)). Alternatively, one can resort to the recurrence relation

n—k+1

By k(we) = Z <::L)men—m,k—l(wo)‘

m=1

Finally, we give the definition of Bell polynomial which is a particular type of partition
polynomial. The partition polynomials have been introduced by Bell [3] and they are mul-
tivariable polynomials that are defined by a sum extended over all partitons of their index.
These polynomials have found many applications in combinatorics, probability theory and

statistics, as well as in number theory.

Definition A.2.2. Let we be a sequence of real numbers. Then the Bell polynomial
By (z,ws) is a polynomial in x defined by

n

B (z,we) = Z kamk(w.).
k=0

The Bell polynomials can also be thounght of as generated by the expansion

rw tn
e — ZBn(x)a.

n>0

Note that since B, ,(we) = w] we have deg B,(z) = n for all n if w; # 0 and deg
By (z) < n for all n € N if wy = 0. It is always true that deg By(z) = 0 since By(z) =1
for every w(t).

Before giving some specific examples, we shall introduce a little more notation. It

is sometimes convenient to write By, ;(w(t)) for By, x(ws) and By, (z,w(t)) for By(z,w.),
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where as always w(t) is defined by . When this is done it is important to remember
that B,, (w(t)) is not a function of ¢ but of w,. Moving from the definition of partial Bell
polynomial in term of its exponential generating function, we now consider some of the
most well known instances of partial Bell polynomials B,, ;(w(t)) and their associated Bell

polynomials B, (z,w(t)):
i) the standard polynomials 2" = By, (x,t);

ii) the falling factorials (x),|; = Bp(x,log(1+1t))

n

(@) =x(x—1)---(x—n+1)= Zs(n,k)xk
k=0

where the numbers s(n, k) := By, ;(log(1 + t)) are the Stirling numbers of the first
kind;

iii) the rising factorials (z),11 = Bp(x, —log(1 —t))
@ =z(@+1)-(@+n—1) =) |s(nk)|z"
k=0

so that |s(n,k)| = By k(—log(l —t)). In particular |s(n, k)| are called the signless
Stirling numbers of the first kind and

|s(n, k)| = g{permutations of the set [n] with k cycles}

where the last equality corresponds to the representation of a permutation of the set

[n] as the product of cycles permutations acting on the blocks of some partition of

the set [n];
n snal  sn2l  lsn3l lsnal  Isnsl
1 1
2 1 1
3 2 3 1 -
4 6 11 6 1 -
5 24 50 35 10 1

Table A.2: Some signless Stirling numbers of the first kind

iv) the exponential polynomials ¢, (z) := By (z,e' — 1)

S(n, k)zk
k=

0
where the numbers S(n, k) := B, (! — 1) are called the Stirling numbers of the

second kind and

S(n, k) = #{partitions of the set [n] into k blocks}
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n Spa1 Sp2 Snz Sna Sags
1 1 -
2 1 1
3 1 3 1
4 1 7 6 1
5 1 15 25 10 1

vi)

Table A.3: Some Stirling numbers of the second kind

In particular, related to the Stirling numbers of the second kind are the Bell numbers
which are defined by By, := ¢n(1) = > y<p<, S(n, k) and they count the number of
distinct partitions of a set with n elements;

the Laguerre polynomials L, (x) := By (z,t/(t — 1))
n
L,(z)= ZL(n, k)ak
k=0

where the numbers L(n, k) = B, ;(t/(t — 1)) are called the Lah numbers which are

given by
n!n—1
— —1 n__
vk = - (7))

the Abel polynomials A, (z) := B,(z,1,—2a, (3a)?,...,(=ka)*"1,...)
Ap(z) = z(z — na)"

where a is a fixed constant.

A.3 Stirling numbers and generalized factorial coefficients

We provide exact definitions of central generalized factorial coefficients and non-central

generalized factorial coefficients. For further details and pointers to the literature see
Charalambides and Singh [15], Charalambides [16] and Charalambides [17].

Consider the falling factorial of x of order n

(@)1 =x(x—1)---(x—n+1) neN (A.3.1)

with (2)g;1 = 1. Clearly, this is a polynomial of = of degree n. Executing the multiplications

and arranging the terms in ascending order of powers of x we get

n

(X)ny1 = Z s(n, k)" n € Np. (A.3.2)
k=0
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Inversely, the n-th power of x may be expressed in the form of a polynomial of the factorials

of z of degree n. In particular, using , we get successively the expressions
2% = (z)opn
z! = (x)1
2® = ()11 + (2)2nn

333 = (33)111 + 3(1‘)211 + (55)3l1

and generally
n

" = S(n, k)(x)n1 n € Np. (A.3.3)
k=

Clearly, s(0,0) = S(0,0) =1, s(n,0) = S(n,0) =0, for any n € N and s(n, k) = S(n, k) =

o

0 for k > n. Further, replacing in (A.3.2) « by —z, and since (2)p11 = (—=1)"(=2)p 1, We
deduce the expression
Dt = Y |s(n, k)" neNg (A.3.4)

where

|s(n, k)| = (=1)""s(n, k).

Note that |s(n, k)|, according to (A.3.4), as a sum of products of n — k positive integers
from the set [n — 1], is a positive integer. Based on expansion (A.3.2)), (A.3.3)) and (A.3.4)),

the following definition is introduced.

Definition A.3.1. (c¢fr. Charalambides [17]) The coefficients s(n,k) and S(n,k) in the
expansions of factorials into powers and of powers into factorials are called Stirling num-
bers of the first and second kind, respectively. The coefficient |s(n, k)| in the expansion of

rising factorials into powers in the signless or absolute Stirling number of the first kind.

An interesting and useful extension of the Stirling numbers, in combinatorics and dis-
crete probability, is provided by the coefficients of the expansions of non-central factorials

into powers and of powers into non-central factorials. Specifically, let

(= 7)1 ank‘r n € Ny (A.3.5)
k=0
and
2" = Sn,k;r)(z—r)n n € Np.
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Clearly, s(0,0;r) = S(0,0;7) = 1, s(n,0;7) = (=7)pj1, S(n,0;7) = ™ for any n € N,
and s(n,k;r) = S(n,k;r) = 0 for k > n. Further, replacing by —z in (A.3.5)) and since

( +7)p1 = (—=1)"(—x + r)yy1, we deduce the expression

@+ 7)1 =D Is(n, k;r))a®  neNg (A.3.6)
k=0

where the coefficient
ls(n, k;r)| = (—=1)" Fs(n, k;r) k € Ng,n € Ny

for r > 0, as a sum of products of positive numbers, is positive. Then, the following

definition is introduced.

Definition A.3.2. (c¢fr. Charalambides [17]) The coefficients s(n,k;r) and S(n,k;r) in
the expansions of non-central factorials into powers and of powers into non-central fac-
torials are called non-central Stirling numbers of the first and second kind, respectively.
The coefficient |s(n,k;r)| for r > 0, in the expansion of non-central rising factorials into

powers in the non-central signless or absolute Stirling number of the first kind.

Notice that for » = 0, the non-central Stirling numbers reduce to the corresponding
(central) Stirling numbers. For r # 0, these numbers may be expressed in terms of the
corresponding central Stirling numbers. Specifically, expanding the non-central ascending
factorial of x of order n, (z + r),11 into powers of u = x + 7, using , and then
expanding the powers of u = x + r into powers of z, using the Binomial theorem, we

deduce the expansion

n

(@t 7y = st o1 = Y- [stm ) 3 (7 ) it
=0

J=0 j=0 k
-3 (X (1) st ) o
k=0 \j=k

which, compared to (A.3.6]), yields the expression

n .
J i .
st ki) =3 (1)~ H1s(m. )
j=k
Also, expanding the non-central ascending factorial of = of order n, (x + 7),11, into as-

cending factorials of x, using Vardermonde formula

n

@+ ap =Y _Or1(@)pompy  tERzER (A.3.7)
r=0
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and then expanding the ascending factorials of x into powers of z, using (A.3.4), we get

the expansion

(x + 7)1 "O <n> () j11(7) (—j—1)11

=\
n n i n n n
SN ([ [CT ST (%) st ) o
Jj=0 J k=0 k=0 \j=k J
which, compared to (A.3.6]), implies the expression
" /n
stk =3 () s mlsCio L
=k ™
Similarly,
Stkir) = 3 (1) g-nS(n.)
=k
and

S(n.kir) = i (2) IS, 7).

j=k
The non-central Stirling numbers retain almost all the properties of the (central) Stirling
numbers. In particular, the properties of the (central) Stirling numbers, whenever needed,
are deduced by setting te non-centrality parameter equal to zero.

Consider the generalized factorial of x of order n and scale parameter s
(s2)p1 = sx(sx —1)---(sx —n+1) neN

with (sx)o;1 = 1, where s a real number. It can be expressed as a polynomial of factorials

of = of degree n. Specifically, we successively get the expressions
(sz)op1 =1

(sx)11 = s(x)1
(s2)2y1 = 8%()ay1 + (8)2y1 ()11
(s2)3y1 = s*(2)31 + 35(s)211(2)2)1 + (8)311(2)1)1

and generally

(8T)py1 = Z C(n,k;s)(x)kn n € Np. (A.3.8)
k=0
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In particular, for s = —1 and introducing the coefficient L(n, k) = C(n, k; —1) we deduce

the expression

(—2)nj1 =Y _ L(nk)(@)k1  neNo. (A.3.9)
k=0

Further, since (—2)n1 = (=1)"(2)n11 and setting |L(n, k)| = (=1)"L(n, k), we get
(@)ng1 =Y _|L(n,k)|(x)k;1 n € N, (A.3.10)
k=0

Based on expansions (A.3.8)), (A.3.9) and (A.3.10)), the following definition is introduced.

Definition A.3.3. (cfr. Charalambides [17]) The coefficient C(n,k;s) of the k-th order
factorial of x in the expansion of the n-th order gemeralized factorial of x, with scale
parameter s, is called the generalized factorial coefficient. In particular, the coefficient
L(n,k) = C(n,k;—1) and |L(n, k)| = (—1)"L(n, k) are called Lah and signless or absoluted

Lah numbers, respectively

n C(n,1;s) C(n,2;s) C(n,3;s) C(n,4;s) C(n,5;s)
1 (8)111 -

2 (s)211 s2 -

3 (s)311 3(s)2)18 3 -

4 (8)ay1 7(s)3y18 +3(s)2118 6(s)2 152 st -

5 (8)s511 15(s)qy15 +20(s)3p1s  25(s)3 152 + 156(s)a 152 10(s)a 18> 5

Table A.4: Some generalized factorial coefficients C'(n, k; s)

A useful extension of the generalized factorial coefficients is provided by the coeffi-
cients of the expansion of the non-central generalized factorials into (usual) factorials.

Specifically, let

(sz+ 7)1 =Y Clnkis,r)(x)ky  n €N (A.3.11)
k=0

In particular, for s = —1 and introducing L(n, k;r) = C(n, k; —1,7), we get
n
(=2 +7)p1 = Z L(n,k;r)(z)gyn - n € No.
k=0
Since (=t +7)pj1 = (=1)"(t —r +n — 1),1 this expression may be written as
n
(@ = )a1 = Y _|L(n,ksr)[(@)k;n n€Ng
k=0

where |L(n, k;r)| = (=1)"L(n, k; 7). Then the following definition is introduced
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Definition A.3.4. (cfr. Charalambides [17]) The coefficient C(n,k;s,r) of the k-th or-
der factorial of x in the expansion of the n-th order non-central generalized factorial of
x, with scale parameter s and non-centrality parameter r, is called the non-central gen-
eralized factorial coefficient. In particular, the coefficient L(n,k;r) = C(n,k;—1,r) and
|L(n,k;7)| = (=1)"L(n, k;r) are called non-central Lah and non-central signless or abso-

lute Lah numbers, respectively.

Clearly, this definition implies C(0,0;s,7) = 1, C(n,0;s,7) = (r)p)1 for n € N and
C(n,k;s,r) = 0 for k > n. Further, expansion entails that the non-central gen-
eralized factorial coefficients are differences of non-central generalized factorials. Finally,
note that for r = 0, the non-central generalized factorial coefficients reduces to the central
generalized factorial coefficients. For r # 0, these coefficients may be expressed in terms of
the central generalized factorial coefficients. Specifically, expanding the non-central gen-
eralized factorial (sz + sp)nj1 = (s(z + p))nj1 into factorials of u = z + p, using (A.3.9),
and then expanding the factorials of w = = + p into factorials of ¢, using Vandermonde’s
formula we get the expression

n

(82 + sp)ny1 = Z C(n,j;s)(x+p)jj1 = Z C(n,j;s) Z <‘I]€> (@)k11(P)(j—r)11
L=

=0 =0 0

B n n j §

=> (> (k) (P)(-r)11C (0, 53 8) | (@)1
k=0 \j—k

which, compared to (A.3.11)), yelds the expression

n

Cnkis,n) =3 (1) 0)y-uCloiss)

j=k
Also, expanding the non-central generalized factorials (sx + r),|1 into generalized facto-
rials (sx)jj1, j =0,...,n, using Vandermonde’s formula (A.3.7), and then expanding the
generalized factorials (sx);1, j = 0,...,n, into factorials of x, using (A.3.8), we deduce

the expansion

(524 P =3 (j) (5251 gy = 3 (”) P > CO s 8) (@

j=0 j=0 J k=0
=> Z<.>(r)(n_j)u€(3,k;8) (z)j11
=0 \j=k \/

which, compared to (A.3.11]), implies the expression

Cln, k; s,r) = Zn: <”> (M) ey 11C s b 5).

—

.
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The non-central generalized factorial coefficient C(n, k; s, ps — r) is a polynomial in s of

degree n. Specifically, the following theorem is derived

Theorem A.3.1. (c¢fr. Charalambides [17]) The non-central generalized factorial coeffi-
cient C(n, k; s, ps —r) is a polynomial in s of degree n, the coefficient of the general term

of which being a product of non-central Stirling numbers of the first and second kind
C(n,k;s,ps — Zs n,§;7)S(j, ki p)s’. (A.3.12)
Jj=k

In general, an explicit expression of the non-central genealized factorial coefficient
can be given. The non-central generalized factorial coefficient C(n, k;s,7), k = 0,...,n,

n € Ny, is given by the sum

k
1
C(n,k;s,r) = k—z <>S]+T)nll

Expression of the generalized factorial coefficient C'(n, k; s) as multiple sums over all com-

positions as well as over all partitions of n into k parts are given in the following theorem.

Theorem A.3.2. (cfr. Charalambides [17]) The generalized factorial coefficient C(n, k; s),
k=0,...,n, n €Ny, is given by

Ol ks ) :% <381> (;) (jg)

where the summation is extended over all compositions on n into k parts, that is over all

positive integer solutions of the equation j1 + jo + - - - + jr = n. Alternatively,

LN T e — km@ <8>'“ (;)’“ @’“

where the summation is extended over all partitions of n into k parts, that is over all

non-negative integer solutions of the equations
k1+2k2—|—~~-—|—nkzn:n, k1—|—k2+—|—k‘n:k

Limiting expressions as s — 0 and s — +o0o and an orthogonality relation for the

non-central generalized factorial coefficient are deduced in the following theorems.

Theorem A.3.3. (cfr. Charalambides [17]) Let C(n, k;s,r) be the non-central generalized

factorial coefficient. Then

lim s *C(n, k;s,7) = s(n, k; —r) (A.3.13)

s—0
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and

lim s "C(n,k;s,p) = S(n, k;p)

§——+00
where s(n,k;r) and S(n,k;p) are the non-central Stirling numbers of the first and the

second kind, respectively.

Theorem A.3.4. (cfr. Charalambides [17]) The non-central generalized factorial coeffi-
cients C(n,k;s,r), k=0,...,n, n € Ny, satisfy the relation

> C(n, j;51,m1)C ), k; s2,72) = C(n, k; s159, $172 + 11).
j=k

In particular, they satisfy the orthogonality relation
n
> Cn, i 5,7)C( ks s —rs™) = 0ng
j=k

where 6, = 1, if k =n and 0,1 =0, if k # n is the Knonecker delta.

A triangular recurrence relation for the non-central generalized factorial coefficients is

derived in the following theorem.

Theorem A.3.5. (cfr. Charalambides [17]) The non-central generalized factorial coeffi-

cients C(n,k;s,r), k=0,...,n, n € Ny, satisfy the triangular recurrence relation
Cn+1,k;s,r)=(sk+r—n)C(n,k;s,r)+sC(n,k—1;s,7) (A.3.14)
fork=1,...,n+1, n € Ny, with initial conditions
C(0,0;s,7) =1, C(n,0;s,7) = (1)1, n €N, C(n,k;s,r) =0, k> n.

In the following theorem a vertical recurrence relation for the generalized factorial

coefficients is deduced.

Theorem A.3.6. (cfr. Charalambides [17]) The generalized factorial coefficients C(n, k; s),

k=0,...,n, n € Ng,with C(0,0;s) =1, satisfy the vertical recurrence relation

n

Cln+1,k+1;s) = Z <?> (8)(n—j+1)11C (4, k3 8).
j=k

In general, the generalized factorial coefficients C'(n, k; s) can be tabulated by using re-

currence relation for r = 0, and its initial conditions. The non-central generalized

factorial coefficients C'(n, k; s,7), k =0,...,n, n € Ny, are defined as the coefficients of the

factorials in the expansion of the non-central generalized factorial, with scale parameter s

and non-centrality parameter r.



Appendix

This appendiz reviews some definitions and some results on the field of the random par-
titons. In particular, after introducing some preliminar concepts we remind the definition

of partially exchangeable random partition.

B.1 Partially exchangeable random partitions

For any n € N, a partiton of [n] is an unordered collection of disjoint non-empty subsets
of [n], say {A1,..., A}, with Uj<;<xA; = [n]. The A; are called classes of the partition.
Given a partition {A;,..., Ax} on [n] for m < n the restriction of {A4;,..., Ax} to [m] is
the partiton of [m] whose classes are the non-empty members of {A; N [m],..., AN [m]}.
Let 77[’;] denote the set of partitions of the set [n] into k& blocks, and let Py = UZ:JD[]Z}»
the set of all partitions of [n]. To be definite, the blocks A; of a partition of [n] are assumed
to be listed in order of appearance, meaning the order of their least elements, except if
otherwise specified. The sequence (|A1l,...,|Ag|) of sizes of blocks of a partition of [n]
defines a composition of [n], that is a sequence of positive integers with sum n. Let C,
denote the set of all compositions of n. An integer composition is an element of U,>1Cy,.

A random partition of [n] is a r.v. II,, taking values in P},). A random partiton of N is
a sequence II := {II,,,n > 1} of random partiton of [n] defined on a common probability
space, such that for m < n, the restriction of II,, to [m] is IL,,. Permutation of [n] act in a
natural way on partions of [n] and on distributions of a random partiton of of [n]. Following
Kingman [I13] and Aldous [I], II,, is exchangeable if the distribution of II,, is invariant
under the action of all such permutations. And II is exchangeable if II,, is exchangeable
for every n.

The multiset {|A1],...,|Ak|} of unordered sizes of blocks of a partition II,, of [n] defines

a partition of n, customarily encoded by one of the following:

i) the composition of n defined by the decreasing arrangement of block sizes of II,,, say

(n%, e ,n,t) where n} is the size of the i-th largest block IT,, and k is the number of

i
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blocks of the partition of [n];

ii) the infinite decreasing sequence of non-negative integers {nll,z > 1} defined by ap-

pending an infinite string of zeros to (n%, ey nllﬁ), SO nli

block of the partiton of [n] if & > 4, and 0 otherwise;

is the size of the i-th largest

N

iii) the non-negative integer counts (m;,1 < j < n), where m; := {i : n; = j} for

j=1,...,n, ie. the number of blocks of the partiton of [n] of size j, with
ij:k’, ijj:n.
J J

Thus the set P, of all partitions of n is bijectively identified with each of the following

three sets of sequences of non-negative integers

n
U (nj)1§j§k3n1ZHQZ“'anZLan:n
k=1 '

or

or

where m; = 3 i Linj=i}- Arandom partition of n is a r.v. m, taking values in the set of
all partitions of n. In Kingman [I11] and in Kingman [112], moving from application in
genetics, the concept of partiton structure has been developed. In particular, a partition
stucture is a sequence of distributions {F;,i > 1} for {m;,7 > 1} which is consistent in
the following sense: if n objects are partitioned into classes with sizes given by m,, and
an object is delated uniformly at random, independently of 7, the partition of the n — 1
remaning objects has class sizes distributed according to P,_1. As shown by Kingman
[112], {P,,n > 1} is a partiton structure if and only if there exists an exchangeable
random partiton II of N, such that {P,,n > 1} is the distribution of the partiton of n
induced by the class sizes of 1I,,.

For a sequence of r.v.s {X;,7 > 1}, let II(X;, X2,...) be the random partition of N
defined by the eqivalence classes for the random equivalence relation ¢ ~ j & X; = X;.
According to Kingman’s representation theorem every exchangeable random partiton II
of N has the same distribution as II(X1, X, ...) where {X;,7 > 1} are conditionally i.i.d.

according to P, given some random probability distribution P.,. The distribution P, of
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the class sizes of 11,, is determined by the joint distribution of the sizes of the ranked atoms
of Py, denoted
PlL > ]32l >...>0

where Pil = 0 if Py has fewer thatn ¢ atoms. Moreover such Pil can be recovered from II

as
!

N:
Pl= lim =X  as,i>1 (B.1.1)

v n—+oo n

where NZ-l is the size of the i-th largest class in II,,.

The joint distribution of the limiting ranked proportions PZ-l turns out to be rather
complicated, even for the simplest partition structures, such as those corresponding to the
Ewens’s sampling formula, when the joint distribution of the Pil is the Poisson-Dirichlet
distribution (see Ignatov [89], Watterson [195] and Kingman [110]). The expression for the
distribution P,, on the partiton of [n] in terms of the joint distribution of the PZ-L, given
by formulae (2.10) and (5.1) in Kingman [I12], involves infinite sums of exptectations of
products of the PZ-l , which is not easy to evaluate. It is known (see Donelly [26], Ewens [44],
Hoppe [87] and Hoppe [88]) that in the case corresponding to the Ewens’ sampling formula,
there is a much simpler description of the joint distribution of the sequence {P;,i > 1},
obtained by presenting the ranked sequence {Pil,i > 1} in the random order in which the

corresponding classes appear in the random partiton II. In other word, write

where 7 is the random subset of N defined as the i-th class of of II to appear.That is to
say /1 is the class containing 1, .7 is the class containing the first element of N N o7,
and so on. For convenience, let o7 = () if II has fewer than 7 classes. Then, P; is defined

to be the long run relative frequency of <

Pt KO

n—-4oo n

a.s.,i > 1. (B.1.2)

The Pl-l are obtained by ranking the P;, and the existence of either collection of limits

(B.1.1) or (B.1.2) follows easily from the other. See Lemma 11.8 in Aldous [I], which
implies also that if ), PZ»l =1, then P;,7 > 1 is a sized biased random permutation of the

ranked sequence Pil,i > 1 as studied by Donelly and Joyce [28] and by Pitman [I51].
Pitman [149] provide a generalization of the Kingman’s representation theorem. In

particular the starting point is the definition of partially exchangeable random partition.

Definition B.1.1. (cfr. Pitman [1/9]) Let N* := Up>1N¥, the set of finite sequences of

positive integers. Call a random partition Il of [n] partially exchangeable if for every
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partition { A1, ..., A} of [n] where Ay, ..., Ay are in order of appearance, i.e. 1 € Ay, and
for each 2 < i < k the first element of N, N (A1 U...,UA;_1)¢ belongs to A;

P(IL, = {Ay,..., Ax}) = p{ (JAu, .-, |Akl) (B.1.3)

for some function pl(cn) (n1,...,nk) defined for (ni,...,ng) € N* with 3, ;o ni =n. Then

call p,gn) (n1,...,ng) a partially exchangeable partition probability function (PEPPF).

As particular case of Definition [B.1.1] we recover the definition of exchangeable random
partition. In particular a random partition of [n] (or of N) is exchangeable if and only if it
is partially exchangeable with PEPPF p,(cn) (n1,...,ng) which is a symmetric function of

its arguments, i.e.

P (i) = 0 (gays - - M)

for every permutation o of [k], k = 2,3,.... When II is exchangeable, call the symmet-
ric PEPF derived from II an exchangeable partition probability function (EPPF). The
main results given by Pitman [I49] is the following representation theorem which gener-
alizes to the partially exchangeable random partitions the representation the Kingman’s

representation theorem. (see also[I]).

Theorem B.1.1. (c¢fr. Pitman [1}9]) Let 11 = {<%,i > 1} be a random partition of N
with <7; the i-th class of 11 to appear. Let 11, be the restriction of II to [n]. The following

conditions are equivalent
i) II is partially exchangeable;

i) there is a sequence of r.v.’s {P;,i > 1} with P; > 0 and ), P; < 1 such that the
conditional distribution of II given the whole sequence {P;,i > 1} is as follows: for
any n € N, conditionally given {P;,i > 1} and II,, = {Ai,..., A}, where the A;
are in order of appearence, 11,11 is an extension of I, in which n + 1 attaches to

class A; with probability P; for 1 < i < k and forms a new class with probability
1- Zlgjgk P J

If I is partially exchangeable then P; in (ii) are a.s. unique and equal to almost sure
limiting relative frequencies of the classes <7; as in (B.1.2)).

Theorem |B.1.1| provides a characterization for partially exchangeable random parti-
tions. In particular, a random partition of N is partially exchangeable if and only if it
admits such relative frequencies {P;,7 > 1} and shares this conditional distribution given
the {P;,7 > 1}. The following corollary is an immediate consequence of Theorem
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Corollary B.1.1. (c¢fr. Pitman [149]) The formula

k k—1 i
p(n1,... ) =E (HB”’H) [ir-> 7 (B.1.4)
i=1 i=1 j=1

sets up a one to one correspondence between PEPPF pl(Cn) : N* — [0,1] and the joint
distributions for a sequence of r.v.’s {P;,i > 1} with P; >0 and ), P; < 1.

From Theorem all exchangeable random partitions IT of N share a common
conditional distribution given {P;,7 > 1} defined in ii) of Theorem moreover a ran-
dom partition of NV is partially exchangeable if and only if it admits relative frequencies
{P;,i > 1} and shares this conditional distribution given the {P;,7 > 1}. Corollary
emphasizes the correspondence between { P;,i > 1} and p,(:) (n1,...,ng): given the PEPPF
p(ni,...,ng) of a partially exchangeable random partition I of N, the P; are recovered
as the limiting relative frequencies of the classes of II in order of appearance. And given
a distribution for {P;,i > 1}, a partially exchangeable random partition is created by ii)
of Theorem The following corollary underlines the connection between partially ex-
changeable random partitions and exchangeable random partitions. See also Pitman [I51]
for a version of the following corollary based on the theory of random discrete distribution

{P;,i > 1} invariant under size-biased random permutation.

Corollary B.1.2. (c¢fr. Pitman [149]) Let {P;,i > 1} be a sequence of r.v.s such that
P; >0 and ), P, <1 a.s. The following statements are equivalent:

i) there exists an exchangeable random partition 11 of N whose sequence of limiting

relative frequencies of classes, in order of appearance, has the same distribution as
{P;,i>1};

ii) for each k > 2 the function pgcn) : N¥ — [0,1] defined by (B.1.4) is a symmetric

function of (n1,...,nk);

iii) fore each k > 2 the measure Gy, on RF defined by

k-1 :
Gk(dplv---ydpk):P(Pldel,---,Pkdek)H 1—ij
i=1 j=1

is symmetric with respect to permutation of the coordinates in R¥.

Then p,(ﬁn) (n1,...,ng) defined by (B.1.4) is the EPPF of I1.
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Let (M, ..., M,) be a r.v. where M, is the number of classes of II,, of size j. Then,

for any vector of non-negative integer counts (mi,...,my,)

Py(my,...,my) :=P((My,...,My,) = (m1,...,my)) = t(m1,...,mup)p, " (Mm1,...,my)

(B.1.5)
where
n!
S | (e e
where ﬁ,(fn)(ml, ...,Mmy) is the common value of the symmetric function p,(cn) (ny,...,ng)
for all ny, ...,y with > -, ni =n and my; = §{i : n; = j} for 1 <j < n. Remind that

N* := UkZlNk and define the set

k
Dk,n = {(nl,...,nk) GN*:Z:’Q}.

i=1
It follows from Definition and from (B.1.3) a one to one correspondence between
the distribution of a partially exchangeable random partition II,, of [n], and non-negative

functions p,(:) : Din, — [0, 1] such that

Z ﬁ(nl,...,nk)p,(cn)(nl,...,nk):1
(n1,.smk ) €Dk

where
n!

nk(nk — nk,l) v (TZk + -+ "Il1) Hle(ni — 1)'

is the number of partitions of [n] whose class sizes in order of appearance are given by

ﬁ(nl, ‘e ,nk) =

(n1,...,ng. Let (N1,...,Ny) be the random element of Dy, ,, representing the class sizes
of II,, in order of appearance. Then (Ny, ..., Ni) is sufficient statisitc for distributions of
partially exchangeable random partition II,,. In other words, II,, is partially exchangeable
if and only if, given (Ny,...,N) = (n1,...,n) for every (ni,...,ni) € Dy the parti-
tion II,, is uniformly distributed over the number of partitions of [n] whose class sizes in
order of appearance given by (ni,...,n,. The corresponding description of exchangeable
random partitions on [n] with (Ni,..., Ng) replaced by the decresing rearrangement of
(N1, ..., Ni) which encodes the induced partiton of n is given by Aldous [I]. In particular,
the distribution of (Ny, ..., N) for a partially exchangeable random partiton II,, is related
to the PEPPF of I1,, by

P((Nla' : 7Nk) = (nla" : 7nk)) = ﬁ(nlv"- 7nk)p](gn)(n17"'>nk)'

Assuming II,, is a partially exchangeable random partition, it can be seen that IL, is
echangeable if and only if (Ny,..., Ni) is a size-biased random ordering of the partition
of n (see Pitman [I51]).
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Proposition B.1.1. (¢fr. Pitman [149]) For 1 < m < n let II,,, be the restriction to
[m] of a partially exchangeable partition of [n] with PEPPF p,g") (n1,...,ng) defined for
(n1,...,n,) € Dip. Then

i) I, is partially exchangeable, with PEPPFp,E:m)(nl, ...,ng) defined for (ny,...,ng) €

Dy, n, by repeated application for m =n —1,n —2,...,1 of the consistency relation:
k+1
py (s ne) = D pd ) (B.1.6)
j=1
where
1 .
' pl(cm—i_ )(nl,...,nj,l,nj—i—l,anrl,...,nk) 1§]§]{3
p(n? 1) =
1 .
péﬁY)(nl,...,nk,l) j=k+1
i.e. ndt is derived from (ni,...,ny) € Dy, by incrementing n; by 1 if 1 < j <k,

and by appending a 1 to (ny,...,ng) ad place k+ 1 if j =k +1;
ii) (N1,...,Ny) is a Markov chain with transition probabilities

. J+
P(Nmg1 = 074 [(N, o Ny) = (nn, o mg)) = (m)p(n )

P (N, )

forp U _ Dim — [0,1] defined as in i).

In the exchangeable case, the EPPF and the distribution of the correspondig partition
of n are related by (B.1.5). The above consistency relation then becomes the expression

in terms of EPPF of Kingman’s notion of consistency of partition of n.

Corollary B.1.3. (cfr. Pitman [149]) A function p : Dy, — [0,+00) is a PEPPF if and
only if p : Ui<m<nDrm — [0,400) defined by repeated application of (B.1.6) is such that
p(l) =1.

To conclude the review on partially exchangeable random partition we remind two
simple constructions that is easily seen to yield the most general partially exchangeable
partition of [n] and of N, respectively. Let o, ..., @k, denote the random subset of [n]
defined by the classes of 11, in order of appearance. Let N, the size of @, have distribution

P(Ny =n1) = P(ny) 1<n; <n

where P is some arbitrary probability distribution on [n]. Given Nj = ny, let .27 consist of

1 and a uniformly distributed random subset of n; — 1 elements of {2, ...,n}. Inductively:
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given that <7, ..., o7 have been defined, with V; = n; for 1 < j <14, such that Zlgjgz‘ n; <
n, let N;11 have distribution

P(Nit1 = nip1l9, ..., &) = P(nip1lna, ... n)

where P is some arbitrary probability distribution on [1-3 7, ;; n;]. And given #, ..., &
and Nji1 = niy1, let @1 comprise the first element of [n] N (Ui<;j<;97)¢ together with a
uniformly distributed random subset of n; 1 —1 elements of the remaning n—> 7y . ;; n;—1

elements of [n]. The random partition II,, so constructed is partially exchangeable, with
PEPPF

pgl)(nl, cooyng) = (B(n, ... ,nk))_lP(nl)P(nglnl) < P(nglna, ... ng—1).
The corresponding construction yielding to the most general partially exchangeable par-
tition of N is the following. Given an arbitrary joint distribution for a sequence of r.v.s
{W;,i > 1} with values W; € [0, 1], define a random partition II of N into random subsets
ah, o, . .. as follows. Let
{(Xpin>1,i>1}

be indicator variables that are conditionally independent given {W;,i > 1} with
P(X,; = 1|W,Ws,...) =W,

Let @4 = {1}Un € N: X, ; = 1. Inductively: for i > 1let ¢; = NN (A U---U.4)°. Given
%; is non-empty (or, what is the same, [[,.;,(1 = W;) > 0), let

J%Jrl = {mln{%}} U {TL €EGC: Xn,iJrl = 1}

It is easily seen directly that II is partially exchangeable. By construction the 7 are
in order of appearance with limiting frequencies P; = W; ng jgi—l(l — Wj), by repeated
application of the law of large numbers. It can be also be seen directly that the conditional
distribution of IT given {P;,i > 1} is as in ii) of Theorem So the most general
possible distribution for a partially exchangeable partition of N can be obtained by the

above construction. As an easy consequence of this construction, there is the followin

corollary of Theorem

Corollary B.1.4. (c¢fr. Pitman [149]) Let 11 = {<%,i > 1} be a partially exchangeable
partition on N, P; the almost sure limit as n — +oo of §(<% N [n])/n. For any i € Ny,
giwen {P;,;i > 1} and {(#( N [1]),..., 8(# N [n])), i > 1} with 32 <, 8(7 N [n]) < n,
the r.v. §(ef41N[n|) — 1 is distributed according to a Binomial distribution with parameter

(n— 213'9(11(% N[n]) =1, Wiy1) where Wiy = Py /(1 — Z1§j§i Pj).
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This appendix reviews some definitions and some results in the field of the special func-
tions. In particular, we remind the definition of Lauricella hypergeometric function and
the definition of Fox H-function and Meijer G-function.

C.1 Multiple hypergeometric function

The topic of multiple hypergeometric functions was first approached, in a systematic way,
by Lauricella [I17] at the end of the 19th century. See for example, Exton [47]. He pro-
ceeded to define and study four important functions which bear his name and have both
multiple series and integral representations. The Lauricella hypergeometric functions have

the following multiple series representations

Flgn)(a) blv cee 7bn; Cly . -y Cny L1,y 7=Tn) (C].].)
_ Z (@) (my4-tma) 11 (00 ma 11 - - - (bp)m 11207 -y
(Cl)m1T1 tee (Cn)mnTlml! te mn!

(m1,...,myn)E(Ng)"

Fgl)(al, ey Oy b1y b G T, Ty) (C.1.2)

— (al)m1T1 . (an)mnn(bl)mlﬂ . (bn)mnﬂmgnl g
- Z
(C)(M1+'“+mn)Tlm1! o

(m1,...,mn)€(Ng)™

Fé”)(a,b;q,...,cn;ml,...,xn) (C.1.3)
(Cl)mlTl T (Cn)mnTlml! . mnl

(mlv“'vm")e(NO)n
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Fl()n)(a7b17"'7bn;c;x17'”7$n) (014)
_ > (@)t tma) 11 (0)mi11 - On)m a2y -2
(m1,..~,mn)€(No)" (C)(m1+---+mn)T1m1! e mn'

If n, the number of variables, is made equal to two, these four function reduce to the
Appell hypergeometric functions Fs, F3, Fy and F) respectively. If n is made equal to
one, all four functions become the Gauss hypergeometric function o F; which has been the
starting point in the definition of F(n), Fl(gn), Fén) and F[()n). In particular, if we consider

the product on n Gauss hypergeometric function

ﬁ2F1(ai7bi§ci7xz H Z mm ? el

i=1 i= 1m1>0 ci) Jmitt

Then FXL) can be obtained under the condition a1 = a and
ai:a—i—ij 1=2,...,n

F én) can be obtained under the condition ¢; = ¢ and
ci:c+2mj 1=2,...,n

with mg = 0, Fé") can be obtained under the condition a; = a, by = b and

and

F l()n) can be obtained under the conditions a1 = a, ¢; = ¢ and

ai:a—i—g m; 1=2,...,n

and

bi:b—i—ij 1=2,...,n.
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Many other multiple hypergeometric functions exist, as Lauricella [117] himself indicated.
He in fact conjectured the existence of fourteen triple hypergeometric functions including
Ff’), Fg)), Fg’) and F' 1(33 ), all of which are complete and of the second order.

A number of limiting forms of Fjg"), F ](3"), Fén) and F' l()n) exists which may be obtained.

We thus have the following limiting functions

(") (. : P (YL :
Uy (ascr,. . 6@, .., Tp) = lim Fy a,g,...,g,cl,...,cn,sxl,...,sxn

e—0
= Z (a)(m1+--~+mn)n$§n1 - :Bnm"
(m1,...,mn)€(No)™ (Cl)mlTl - (Cn)mnT1m1! o
2 (bla-.-ybnacm%'la-.-;;vn) = il_r}l’(l)FD g,bl,...,bn,C,E.'L'l,...,E;Un
= Z (bl)mlTl T (bn)mnTlx?l R

(m1,...;mn)€(No)™ (©)my+otmy 1l - - 11!
We now remind some integral representations of the Lauricella hypergeometric functions
and in particular we consider integral representations of Eulero-type and integral repre-

sentations of Laplace-type. The single and multiple integrals of Eulero-type

TN [ e
T(p+ q) —/0 (1—u) (C.1.5)
and
P(pl)...F(pn)F(r) _ upl_l---up"_l e — e —w r—1 .
P(p1++pn+r) _/A(n) 1 n (1 1 n) d 1 d n (CIG)

where A( is the n-dimensional simplex. Integral (C.1.5) and integral (C.1.6)), together
with the binomial expansion, readily yield multiple integral representations of the functions
FXZ), F](Bn) and Fl()n). For the function an)

(n) ) )
Fi7(a,bi,....bgict,. .., 21, ..., )

_ D) -+ Ten)
T(b1) - D(bn)D(ct — b1) -~ T(cn — bn)

n n —a
X / Hu?iil(l — ui)ci_bi_l (1 — Z uzxz> duy - - - duy,
D™= i=1

where R(by),...,R(b,) are positive and R(c; — b1),...,R(c, — by) are positvie. For the
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)

function F' gl

Fén)(al,...,an,bl,...,bn;c;xl,...,xn)
_ I'(c)
L(ay)---T(ap)T(c—a; — -+ —ay)
n n c—a1——anp—1
X /A<n> Hufifl(l — uia:i)*bi (1 — Z:uz> duy -+ - dup
i=1 i=1
where R(b1), ..., R(b,) are positive and R(c —a; —--- — a,) is positive. A similar multiple

integral for the function Fgl) is now given in which the range of integration is still A(®)

Fl()n)(a,bl, by, Ty
_ ['(c)
- T(by)---T(bp)(c—by — - —by)
" " c—by—r—bp—1 " —a
x/ Hug’i*l 1—Zui 1—Zuixi duy - - - duy,
A i—1 i=1
where R(b1), ..., R(b,) are positive and R(c — by — --- — by,) is positive. Furthermore, the

)

function Fl()n may also be represented by means of a single integral

1 n
(m) - __ T -1 a1 b
FD (a,b1,...7bn,c,ﬂj17...,$n)—m A u® (1_u)c a H(l_uxl) du
where R(a) is positive and R(c — a) is positive. No simple integral formula of Eulero-type
with an elementary integrand has been obtained for the function F(gn) which, in many
ways, is an exceptional function.

If we consider the integral representation of the Gamma function we have

1 [ree
(a)mTl = I_‘(a/)/o e_tta+m_1dt (C].?)

where $(a) is positive and m € Ny. In particular, if we apply (C.1.7]) to the series rep-

resentations of the Lauricella hypergeometric functions (C.1.1) to (C.1.4]), many different

examples of integrals of Laplace-type may be obtained. These are of use, for example,
in deducing recurrence relations for the Lauricella hypergeometric functions in a simple
faschion. We now consider a few of more interesting examples. These results may all read-
ily be established by the simple techniques of interchanging the order of summation and

integration. In particular, we have

(n) L[ T
Fy7(a,br,....bpsct, .o a1y, ) = F(a)/ et HlFl(bi;Ci;fUit)dt
0 i=1
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where R(a) is positive,

n
FA)(a,bl,...,bn;cl,...,cn;xl,...,xn)

1 / LS T b ()
== e Zvi=1" t;' Wy (asc, . eyt L, Tty )dEy - - - dEy
T(b1) - T(bn) Jepsy 11_11 2 ( )

where R(b1),...,R(b,) are positive,

FJ(B")(al,...,an,bl,...,bn;c;xl,...,mn)
1 n n
- - it ai—1gn) .
= e Dy (b, .., byt ., Tty dE dt
T(a1) - L(an) /(Rﬂn g i Py (b n; G L1t nln)dty n
where R(a1),...,R(a,) are positive,
Fl(gn)(al,,,.,an,bl,...,bn;c;xl,...,xn)

1 " n
= =iy si—ti a; bi—1
- e o
F(a1)F(an)F(b1)F(bn) /(R+)2n 11;[1 i
X ok (‘3 G E UCiSz‘tz‘) dsy---dspdty - - dty,
=1

where R(ai),...,R(a,) are positive and R(by),...,R(b,) are positive. In particular, we

have the following interesting special cases

2777727 2’ 2

]. / _Zn s n ai—1 < xlt% xntn>
- e i=1"Y th F _;0;74_...4_ dt1---dt
F(al) e F(an) (R+)” 11;[1 I 041 4 A 1 n

1 1
i <a1 It ...,an+;c;x1,--.7fvn>

where R(a1),...,R(a,) are positive,
Févn)((l7b;01,...,Cn;l’]_,...,CCn) (018)

1 /+°°/+°° et a1 1 T
== e T oF1 (—;c1;m;st)dsdt
Tt b [ LA )

where R(a) is positive and R(b) is positive. In particular, Equation (C.1.8) also has a

special case worth mentioning, namely

1 1 +oo “ s2x;
FO (L at Zienenin,. . an ) = / s JoF (e =2 ) d
C <27a 2,017 »Cns X1, y Iy F(CL) 0 €S 7::10 1 5 Cis 4 S
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where R(a) is positive. Finally the function F [()n) has the interesting multiple Laplace

integral representation

F[()n)(a,bl, cebpi ey, Ty)
1 n n
- - RpERZ I P o e 4 dby - dt
11(1)1)”'11(%)/(RJr)ne 11;[11 1 1<a7c,;x” 1 n
where R(b1),...,R(b,) are positive, and the single integral representation
(n) L™ g
Fp (a,bl,...,bn;c;ajl,...,xn):F(a) ; e "tV Dy (by, ..., byt L apty)dE

where R(a) is positive. Integral representation of Laplace-type for the Lauricella hyper-
geometric function can be employed in the discussion of special Fourier transforms and
Laplace transforms. Furthermre, they arise frequently in applications involving multiple
hypergeometric functions.

Various interesting relations may be obtained as simple consequences of the integral

representaion (C.1.5) and (C.1.6). In particular

Fzgn)(a,bl,...,bn;cl,...,cn;xl,...,xn)
F(d) ! a— d—a—1(n
= F(a)F(a—d)/o u (1 — ) Fy )(d,bl,...,bn;cl,...,cn;u:cl,...,uacn)du
where R(a) and R(d — a) are positive, and |z1| + -+ + |z,] < 1,
Fjgn)(a,bl,...,bn;cl,...,cn;ajl,...,xn)
I'(c) b —d—1 p(n)
- -9 1—w) M (@ by, b diua, . . uwy)d
T(d)F(c—d)/o u® w) ' (a,by,. .., UL uxy)du
where R(d) and R(c — d) are positive and the moduli of the variables z1,...,x, all less

than unity. Moreover, we have

Fjgn)(a,bl,...,bn;cl,...,cn;xl,...,xn)
_ D(d) -+ T(d)
L(by)---T(by)T(dy — b1) - --T'(dy, — by)

n
bi—1 di—bi—1 (1) . .
x/ Hul (1 — ) Fy/(a,dy, ... dpsct, ... cpsui®, ..o Un@y)duy - - - duy,
(0,1)n =1

where R(b1),...,R(b,) are positive and R(d; — b1),...,R(d, — b,) are positive and the
sum of the moduli of the variables is less than unity,

n
Flg)(a,bl,...,bn;cl,...,cn;xl,...,mn)

_ I(c1) - T(en)
T(dy) - T(dp)T(c1 —dy) - T(cn — dn)

“J
(071)71 3

n
=1

u?i_l(l - ui)ci_di_ngn)(a, bi, .. bpsdy, .. dp;ur®y, . . Upy)dug - - - duy,
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where R(dy),...,R(d,) are positive and R(c; — di),...,R(¢p, — dy,) are positive and the
sum of the moduli of the variables is less than unity. A multiple integral relation involving
the function ng) is

Fj(jn)(a, bl ooy bp a1, ., Ty)
I'(dy)---T(dn)
L(by)---T'(b ) (dr — 1) T(dp — by)
/0 (0,1)n M1 - ui)di—bi—lFén)(a, di,...,dp;c;uixy, ... Upy)duy - - - duy,

where R(b1), ..., R(b,) are positive and R(dy — b1),...,R(d, — by) are positive and the
moduli of the variables are less than unity. Moreover, we give four integral relations which
result from ((C.1.6|)

Flgn)(a,bl,...,bn;cl,...,cn;xl,...,xn)
I'(d)
T T(by) - D(bn)D(d—by — - —by)
" " d—by—-—bp—1
X /A( ) Hu?ﬁl <1 — Zuz> Fén)(a,d; Clyee oy CRiULT ]y« vy Up Ty )duy - - - duy,
i=1 i=1
where R(b1), ..., R(b,) are positive and R(d — by — - - - — by,) is positive and the sum of the

moduli of the square roots of the variables is less than unity,

Fén)(alan . 7an7bla-- . abn;C;.Il,... ,(L‘n)
_ I'(c)
[(dy)--T(dp)T(c—dy — -+ —dy)
n n c—dy—-—dp—1
X / Hu;iz_:lQFl(aZab’mdz,uzxz) 1 —Z'U,Z dul dun
A -
where R(d1), ..., R(dy) are positive and R(c —dy — -+ —d,) is positive and the moduli of

the variables are less than unity,

F](Bn)(al,...,an,bl,...,bn;c;xl,...,xn)
_ I'(d)
L) D) (d—b1 — by — 1)

" " d—by——bp—1
b;—1 n .
X/()Ilui (1 E uz> Fl(j)(d,al,...,an,c,ulxl,...,unxn)du1~~-dun
An) - ‘
i=1 i=1

where R(b1), ..., R(b,) are positive and R(d — by — --- — by,) is positive and the moduli of
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the variables are less than unity,

F(Dn)(a,bl,...,bn;c;xl,...,xn)
_ I'(c)
C T(dy)---T(d)T(c—dy — - —dy)

n n e—di——dp—1
d; n ) :
X/()Ilui <1— g uz> Fﬁl)(a,bl,...,bn,dl,...,dn,ulxl,...,unajn)dul"‘dun.
An) 7 -
=1 =1

C.2 Fox H-function and Meijer G-function

For integers m, n, p, ¢ such that 0 <m < ¢, 0 <n < p for a;,b; € C and for o, 3; € R
(i=1,...,pand j = 1,...,q), the H-function Hy"(z) (see Fox [71]) is defined via a

Mellin-Barnes-type integral in the form

(a17a1)7'--7<ap7ap) 1 —
H™" (z) = H™"™ | 2z = — @ H™"(s)z"%ds Cc.2.1
i ()= [ (51,80, (b, ) | 28 o TP ) (©21
where . .
mn(g) 1 7{ Hj:l L' — Bis) L (1 — a; — a;s)
P:q ©o2mi Je [T, 41 T(ai + ays) ?:m_H L(1—0b;—Bjs)
Here

o5 emslor(=D+iares) 20 = /T

where log(|z|) represents the natural logarithm of |z| and argz is not necessarily the
principar value. An empty product in (C.2.1)), if it occours, is taken to be one, and the

poles
—b; —1

bjal:7 j:]-’amalzo (022)
Bi
of the Gamma functions I'(b; + (;s) and the poles
1l—a;+k )
ai7k:++ i=1,...,n, k=0 (C.2.3)

of the Gamma functions I'(1 — a; — a;s) do not coincide
Oéi(bj—i-l) %ﬁj(ai—k—l) i=1,....n, j=1,....,m, k,1 >0.

£ in (C.2.1)) is the infinite contour which separates all the poles b;; in (C.2.2)) to the left
and all the poles a;, in (C.2.3)) to the right of £, an has one of the following forms:

i) £=£_« is a left loop situated in a horizontal strip starting at the point —oo + ipy
and terminating at the point —oo + iy with —oo < 1 < 9 < 400;
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ii) £= £, is aright loop situated in a horizontal strip starting at the point +oo+ip;
and terminating at the point +00 + i with —oo < 1 < 2 < 4-00;

ili) £ = Liyo0 Is a contour starting at the point v — ico and terminating at the poing

v + ioo, where v € R.

In particular, the properties of the H-function H]%."(2) depend on the numbers a*, A, 0,
, aj and a3 which are expressed via m, n, p, ¢, a;,a; (i =1,...,p)and b;,3; (j =1,...,q)

by the following relations
n

p m q
A=Y= >+ Bi— Y. B (C.2.4)
i=1 j=1 j=m+1

i=n+1 J

A= Zﬁj — Za (C.2.5)

7j=1 =1
q q
0= [Jar 18" (C.2.6)
i=1 j=1
! ¢ pP—q
pi=_bj—> ai+ - (C.2.7)
j=1 i=1
m p
aj := Zﬁj — Z 1% (C.2.8)
q
CL; = Z ay — Z ,6]' (029)
i=1" j=m+1
al +a;=a" (C.2.10)
a; —ay; =A (C.2.11)
m q n p
= b= > bi+Y a— Y a (C.2.12)
j=1 j=m+1 i=1 i=n+1
c ::m+n7¥. (C.2.13)

An empty sum in (C.2.4)), (C.2.5), (C.2.7)), (C.2.8)), (C.2.9), (C.2.12)) and an empty product
in (C.2.6), if they occour, are taker to be zero and one, respectively. The conditions for

the existence of the H-function follow by virtue ot these relations.
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Theorem C.2.1. (crf. Kilbas and Saigo [107]) Let a*, A, 6 and p be given in (C.2.4)),

(C.2.5), (C.2.6) and (C.2.7). Then the H-function Hpg"(z) defined by (C.2.1) makes sense

in the following cases

S=€ o, A>0, 240 (C.2.14)

=0 o, A=0,0<|2[<5 (C.2.15)

£=£L o, A=0, z2=0, R(p) < -1 (C.2.16)
C=8. 0, A<0, 240 (C.2.17)

C=Ci, A=0, |2 >0 (C.2.18)

L£=L10, A=0, |2 =9, R(u) < -1 (C.2.19)

£ =Ly, 6" >0, |argz| < *W, z#0 (C.2.20)

L= Liyoo, " =0, Ay +R(p) < -1, argz=0, z#0. (C.2.21)

Refer to Kilbas and Saigo [107] and to Yakubovich and Luchko [187] for a detailed
discussion about H-function and in particular for further conditions of existence of the
H-functions.

For integers m, n, p, ¢ such that 0 < m < ¢,0 < n < p for a;,b; € C and for o;, 3; € RT
(i=1,...,pand j =1,...,q), the G-function Gpg"(z) (see Meijer [136], Meijer [137] and
Meijer [138]) is defined via a Mellin-Barnes-type integral in the form

aiy...,0p 1 _
G () = QM | 5 — : gm,nz 5ds
p,q ( ) psq bl, o bq 27T1 o p.q

where "
gmn.— L 7{ L'(bj+ ) [[j T(1 —aj —s)
P4 H; =n+1 [(aj + s) H(j]':m+1 L(1—b;—s)

where the contour of integration £ is set up to lie between the poles of I'(a; + s) and the

poles of I'(bj + s). The G-function is defined uner the following hypothesis:
)0<m<qg0<n<pandp<gqg-1
i) z#0
ili) no couple of b; for j =1,...,m differs by an integer or a zero;

iv) the parameter a; € C and b; € C are so that no pole of I'(b; + s) for j =1,...,m

coincide with any pole of I'(a; + s) for i = 1,...,n;

v) aj—bj#1,... fori=1,...,nand j=1,...,m;
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vi) if p = q, then the definition makes sense only for |z| > 1.

Refer to Erdélyi et al. [37] for a more thorough discussion of the G-functions and in par-
ticular for further conditions of existence of the G-functions

Both H-functions and G-functions are very general functions whose special cases cover
most of the mathematical functions such as the trigonometric functions, Bessel func-
tions and generalized hypergeometric functions. Comparison between the definition of

H-function and the definition of G-function, reveals that any G-function is an H-function,

but not vive versa. In particular, when o; = 8 fori =1,...,pand j =1,...,q, then
o | (a1,1),...,(ap, 1) _gmn |, at,...,ap ‘
P (blvl)a"w(bnvl) P4 bl,...,bq

The following list shows how it is possible to express some mathametical functions in terms
of the H-function

Vz (C.2.22)

“lo, 1>]

cos(z) = %Hé’g 12 (071)7(’1/2’1)] (C.2.23)

sin(z) = ;Hg;g [12 0.1) ('_1/2’ 1)] 2>0 (C.2.24)

log(1+2) = Hy’) [Z: (1 1) E(l) 3] 2] < 1 (C.2.25)

(z,2) = Hiy [z o S (1; 1)] vz (C.2.26)

K,(z) = % (g)— = H.Y [z; @2, 1),‘ @ sn/2, 1)] Vz (C.2.27)
Eo(an, e ayibr. by z) — M D) (C.2.28)

[, 1)

(1—ai,1),...,(1 —ap,1)

xHP |2
Pt [ (0,1),(1 —by,1),..., (1 — by, 1)

where the last two equations corresponds to the modified Bessel function of the third kind

] p<q0<[z[<1

and to the generalized hypergeometric function, respectively Refer to Kilbas and Saigo
[107] for a more exhaustive list of relationships between the H-functions and some other

mathematical functions.
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