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Abstract

The definition of vectors of dependent random probability measures is a topic of
interest in applications to Bayesian statistics. They, indeed, represent dependent non-
parametric prior distributions that are useful for modelling observables for which spe-
cific covariate values are known. In this paper we propose a vector of two-parameter
Poisson-Dirichlet processes. It is well-known that each component can be obtained by
resorting to a change of measure of a g-stable process. Thus dependence is achieved by
applying a Lévy copula to the marginal intensities. In a two-sample problem, we deter-
mine the corresponding partition probability function which turns out to be partially
exchangeable. Moreover, we evaluate predictive and posterior distributions.

Keywords: Bayesian nonparametric statistics; Bivariate completely random measures; Lévy copula; Par-

tial exchangeability; Poisson-Dirichlet process; Posterior distribution.
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1 Introduction

Random probability measures are a primary tool in the implementation of the Bayesian
approach to statistical inference since they can be used to define nonparametric priors.
The Dirichlet process introduced in [7] represents the first well-known example. After the
appearance of Ferguson’s work, a number of generalizations of the Dirichlet process have
been proposed. In the present paper, attention is focused on one of such extensions, namely
the Poisson-Dirichlet process with parameters (o,#), introduced in [16], which hereafter
we denote for short as PD(c,#). In particular, we confine ourselves to considering values
of (0,0) such that o € (0,1) and > —o. It is worth recalling that the PD(o, ) process
also emerges in various research areas which include, for instance, population genetics,
statistical physics, excursions of stochastic processes and combinatorics. See [18] and ref-
erences therein. Its use within Bayesian nonparametric and semiparametric models has
recently become much more frequent. Such a growing popularity in statistical practice
can be traced back to various reasons. Firstly, the PD(o, ) process yields a more flexible
model for clustering than the one provided by the Dirichlet process. Indeed, if X1,..., X,
are the first n terms of an infinite sequence of exchangeable random variables directed by
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a PD(o,0) process, then the probability that Xi,..., X, cluster into k groups of distinct

values with respective positive frequencies nq,...,n, coincides with
k—1 . k
(0 +io0)
1, mg) = L=t O 20 7rg ) 1
k ( ) ) (9 + 1)7171 j:1( )nj ( )
for k € {1,...,n} and for any vector of positive integers (n1, ..., ny) such that Z?Zl n; =n,

where (a), = a(a+1) -+ (a+m—1) for any m > 1 and (a)p = 1. See [16]. The parameter
o can be used to tune the reinforcement mechanism of larger clusters as highlighted in
[13]. Another feature which makes convenient the use of a PD(o, ) process for Bayesian
inference is its stick—breaking representation. In order to briefly recall the construction, let
(&)i>1 be a sequence of independent and identically distributed random variables whose
probability distribution « is non-atomic and let (V;);>1 be a sequence of independent
random variables where V; is beta distributed with parameters (1 — 0,0 + io). If

j—1
pi=W pi=V; [Ja-vi) j>2 (2)

i=1

then the random probability measure p = ijl Pj O¢; coincides in distribution with a
PD(o,0) process. The simple procedure described in (2) suggests an algorithm for simulat-
ing the trajectories of the process. An alternative construction, based on a transformation
of the o—stable completely random measure, will be used in the next sections. Finally, the
proposal and implementation of suitable Markov Chain Monte Carlo algorithms has made
the application of PD(o, ) process quite straightforward even in more complex hierarchical
mixture models. A work that has had a remarkable impact in this direction is [9].
Stimulated by the importance of PD(o, #) prior in Bayesian nonparametric modelling,
our main goal in the present paper is the proposal of a definition of a two—dimensional vector
of PD(o, #) processes along with an analysis of some of its distributional properties. In this
respect our work connects to a very active research area which is focused on the definition of
random probability measures suited for applications to nonparametric regression modelling.
They are obtained as families of priors {p,, : w € W} where W is a covariate space and any
two random probabilities p,,, and py,,, for wy # we, are dependent. The proposals that have
appeared in the literature so far are based on variations of the stick-breaking representation
in (2). A typical strategy for introducing covariate-dependence in p consists in letting
the distribution of the V;’s or of the &;’s, or both, depend on w. Among various recent
contributions, we confine ourselves to mentioning [15], [4], [5] and [21]. This approach,
though fruitful from a computational point of view, has some limitations if one aims at
obtaining analytical results related to the clustering structure of the observations or the
posterior distribution of the underlying dependent random probabilities. Besides these
noteworthy applications to Bayesian nonparametric regression, other recent contributions
point towards applications to computer science and machine learning. For example, in



[24] a hierarchical Dirichlet process is applied to problems in information retrieval and
text modelling. The authors in [23] propose a dependent two parameter Poisson-Dirichlet
process prior which generalizes the hierarchical Dirichlet process of [24] and apply it to
segmentation of object categories from image databases. Finally, [22] have proposed a
dependent prior which takes on the name of Mondrian process and it is used to model
relational data.

In the present paper we resort to a construction of p in terms of a completely random
measure i, a strategy that can be adopted for defining the Dirichlet process itself, as pointed
out by [7]. Hence, any two random probability merasures p,, and p,, are dependent if
the completely random measures, say fi; and fi2, that define them are dependent. We will
deal with the case where the covariate is binary so that VW consists of two points. This
is a typical setting for statistical inference with two-sample data. Dependence between
f11 and ji9 is induced by a Lévy copula acting on the respective marginal intensities. A
similar approach has been undertaken in [6] with the aim of modelling two-sample survival
data, thus yielding a generalization of neutral to the right priors. Assuming within group
exchangeability and conditional independence between data from the two groups, we obtain
a description of the partition probability function generated by the process we propose
as a mixture of products of Gauss’ hypergeometric functions. Moreover, we deduce a
posterior characterization which allows to evaluate the corresponding family of predictive
distributions. The structure of the paper is as follows. In Section 2, the bivariate two
parameter PD(o, #) random probability measure is defined. In Section 3, the analysis of
the induced partition structure is developed for a generic vector of two parameter PD(o, )
processes. A specific case is considered in Section 4, where the PD(c,0) process vector
is generated by a suitable Clayton—-Lévy copula. Finally, Section 5 provides a posterior
characterization, conditional on a vector of latent non—negative random variables, thus
generalizing a well-known result valid for the univariate case.

2 A bivariate PD process

Let (2,.7,P) be a probability space and (X, Z") a measure space, with X Polish and 2" the
Borel o—algebra of subsets of X. Suppose i1 and fio are two completely random measures
(CRMs) on (X, 2") with respective marginal Lévy measures

7i(dr,dy) = a(da) n(dy)  i=1,2

The probability measure a on X is non—atomic and v; is a measure on RT such that
Jg+ min(y, 1) v;(dy) < co. For background information on CRMs one can refer to [12]. We
further suppose that both fi; and fio are o—stable CRMs, i.e.

g

v o —l-0c i =1.2
i)Y dy i=1, (3)

vi(dy) =



with ¢ € (0,1). Moreover, fi; and fi2 are dependent and the random vector (i1, fi2)
has independent increments, in the sense that given A and B in 27, with AN B = &,
then (f11(A), i2(A)) and (f11(B), fia(B)) are independent. This implies that for any pair
of measurable functions f : X — R and g : X — R, such that [|f|”da < oo and
[ 19]” da < o0, one has

E [e—ﬁl(f)—fu(g)] _

exp {—/ / [1 — e*ylf(z)f'%g(‘r)] v(dy, dy2) Oé(dl')} - (4)
X J(0,00)2

The representation (4) entails that the jump heights of (fi1, fi2) are independent from the
locations where the jumps occur. Moreover, these jump locations are common to both
CRMs and are governed by a.

An important issue is the definition of the measure v in (4): we will determine it in
such a way that it satisfies the condition

/OOO y(dx,A):/Ooo V(A dz) :F(la_a)/Ay_l_"dy (5)

for any A € ZA(R"). In other words, the marginal Lévy intensities coincide with v; in
(3). This can be achieved by resorting to the notion of Lévy copula whose description
is postponed to Section 4. It is worth pointing out that a similar construction has been
provided for bivariate gamma processes in [10]. Indeed, they define a vector of random
measures in a similar fashion as we do with (f1,fi2) = > ,~1(Ji1, Ji2) dx,. There are
two main differences with the present paper. In [10] the marginal CRMs are gamma and
the dependence between jump heights J; 1 and J; 2 is induced by some dependent scaling
random factors. On the other hand, here we consider marginal o—stable random measures
with dependence between the jump heights J; 1 and J; o induced indirectly through a Lévy
copula. Of course, both the scale invariance approach by [10] and the Lévy copula approach
can be extended to deal with CRMs different from the gamma and the o—stable ones,
respectively.

The model we adopt for the observables is as follows. We let (X, Y}, )n>1 be a sequence
of exchangeable random vectors taking values in X? for which the following representation
holds true

P[(Xl,m)eAl,...,(Xn,Yn)eA]—/ { /Apdxdy}Q(dp)
=1 g

/ {H/Azpl dz) pa( dy)} Q*(dp1, dps)



where Py is the space of probability measures on (X2, 27?), P2 = Px x Px is the space
of vectors (p1, p2) where both p; and ps are probability measures on (X, .2") and the above
representation is valid for any n > 1 and any choice of sets Ay,..., A, in 22, It then
follows that @ is a probability distribution on (Py2, Px2) which degenerates on (P2, 23).
In order to define Q* we will make use of the o—stable CRMs iy and fiz. Suppose P;, is
the probability distribution of fi;, for ¢« = 1,2. Hence P; , is supported by the space of all
boundedly finite measures Mx on X endowed with the Borel o—algebra .#% with respect
to the w'-topology (“weak-hash” topology). Recall that a sequence of measures (1m;)i>1
in My converges, in the w* topology, to a measure m in My if and only if m;(A) — m(A)
for any bounded set A € 2" such that m(0A) = 0. See [3] for further details. Introduce,
now, another probability distribution P; , 9 on (Mx, .#x) such that P; , 9 < P; , and

dPi r@+1)
] (:UJ) - 0
W, T T (I

(X))~

We denote with fi; » ¢ a random element defined on (€2, .#, P) and taking values in (Mx, #x)
whose probability distribution coincides with P; ;9. The random probability measure
Pi = fioo/fien(X) is a PD(0,0) process. See, e.g., [19] and [18]. Hence, Q* is the
probability distribution of the vector (p1, p2) of Poisson—Dirichlet random probability mea-
sure on (X, .27). We are, then, assuming that the sequence of random variables (X,,, ¥, )n>1
is exchangeable and such that

ni no
P Xn, € 21 Ai; Yo, € X321 B; | (151,152)} =[5 (4) []5(B)). (6)
i=1 j=1
with X, = (X1,...,X,,) and Y,,, = (Y1,...,Y,,). We will particularly focus on the case
where the dependence between p; and ps is determined by the copula C/, in (13).

3 Partition structure

The description of the model as provided by (6) implies that we are considering the two
samples (X1,...,X,,) and (Y1,...,Y,,) as independent, conditional on (pi,p2). Each p;
is, almost surely, discrete so that

Prhe=)_ Y wiiwa; 0z 0z (7)

i>1 j>1

where ¢, is the usual notation for the unit mass concentrated at x, >, wi; = Y o W2, =
1 (P-almost surely), and the Z;’s are i.i.d. from the non-atomic probability distribution a
on (X, .27).

Given the discrete nature of the random probability measure in (7), there might be ties,
i.e. common values with certain multiplicities, among X;’s and the Y;’s. It, then, follows



that there are 1 < K < ny + no distinct values, say Z7, ..., Z} among the components of
X, = (X1,...,Xpn,) and Yy, = (Y1,...,Y,,). Moreover, let

ni na
Nip=> lx=z:  Njg=Y ly-z ij=1,..., K
=1 =1

be the frequencies associated to each distinct value from the two samples. It is clear that
there might also be values in common between the X,,, and the Y,,, sample so that for any
i€ {l,...,k} both N;; and N; are positive integers with positive probability. According
to this, for our purposes the data can be described as the set

{K7N1,17- : '7NK717N1,27' : '7NK727ZT7"'7Z;(}'

In particular, in the present Section we will investigate the probability distribution of the
partition of X, and Y, expressed in terms of K, Ni = (Ny1,...,Ng,) and Ny =
(N12,...,Nk2). This takes on the name of partition probability function according to the
terminology adopted in [16] and we shall denote it as

Hénl,nz)(n1’n2) =P[K =k, N =n1, Ny =ny]

for 1 < k < n and for vectors of non-negative integers n; = (n1,,...,nk;) such that
Z;?:l nj; = ni, for i = 1,2, and nj; +nje > 1for j =1,...,k. As a consequence of (6)
one has

0 ) =8| [ ol ) ®)
where

koo A\ /g 3\ 72
(n1,n2) d _ Ul,a,@(dzj) » MQ,U,H(dZJ> ’
" ( Z) ]]1 ( lal,U,H(X) ﬂ?,a,@(x)

As we shall shortly see, an important lemma for obtaining an expression for H( 112) iy ()
is the following

LEMMA 1. Let (fi1, fiz) be a vector of CRMs with Laplace exponent (-, -). If Cc € 2 s
such that diam(C,) | 0 as € | 0, then

E —Su(c H{/’Ll }qu — ( )Q1+Q2 1 (CE) e—a(Ce)w(S7t) X

o +q2
X 0s9t Ht92

as € ] 0.



Proor. The proof follows from a simple application of a multivariate version of the
Fad di Bruno formula as given in [1]. For notational simplicity, let |w| := Z?:l w; for any
vector w = (wy, ..., wy) in R%. We then recall a linear order on the set IN& of d-dimensional
vectors of non-negative integers adopted in [1]. Given two vectors © = (z1,...,xq) and
Yy = (y1,...,yq) in N then x < y if either |x| < |y| or || = |y| and x1 < y; or if |z| = |y|
with 2; =y; for i =1,...,j and ;41 < y;41 for some j in {1,...,d}. Hence note that

ot +q2

m efo‘(ce) w(srt)
S

E [o7s7(C0- H{uz Y| = (—rymte

and by virtue of Theorem 2.1 in [1] one has that the right-hand side above coincides with

q1+q2
o~ a(Ce)(s,t) a'gs! Z (—1)’“[@(06)]’“ X

k=1
q1+q2 . ‘ N
851A1+52,1 i
DI HA 5 (g w050

J=1 p;(qi,q2,k) =1

where p;(q1,q2, k) is the set of vectors (X, s1,...,s;) with A = (A,..., ;) a vector whose
positive coordinates are such that 25:1 Xi = k and the s; = (s1,4,52,) are vectors such
that 0 < s; < --- < s;. Obviously, in the previous sum, all terms with k& > 2 are o(a(C¢))
as € | 0. Hence, by discarding these summands one has the result stated in (9). O

If we further suppose that the bivariate Lévy measure is of finite variation, i.e.
[ ol dsndze < oo
lyll<1
where |ly|| stands for the Euclidean norm of the vector y = (y1,¥2), then one also has

fllyHSI vt ys? v(y1, y2) dyr dya < oo for any n; and ng positive integers. Consequently, one
can interchange derivative and integral signs to obtain from (9) the following expression

E S,u(ce t,u CE H{/’LZ }q7,

= a(C.) e CEN g, (g1, ga; 5,1) + 0(a(Ce))  (10)

as € ] 0, for any s > 0 and t > 0, where
9u(q1, q2; 5,t) := / . Y ys? e 2 w(yr, o) dyrdysa.
0,00

One can now state the main result which provides a probabilistic characterization of the
partition structure induced by the random probability distribution structure (7).



Theorem 1 For any positive integers ny, ny and k and vectors ny = (ni,1,...,n1) and

ny = (n1,2,...,nk2) such that Z§:1 nji =n; and nj1 +n;2 > 1, fori=1,2, one has
(n1,m2) o 1 6 1,6 1 t
Hk 1,12 (n1,n2) _ 7 - / s +ni1— t +ng— e*d’(sy) X
2(2) [Tizi (@)n; J(0,00)2

k
X Hgy(nj,l,njyg;s,t) dsdt. (11)
j=1

Proof. For simplicity, we let ji; denote the i~th o—stable completely random measure fi; ¢.0,
for i = 1,2. By virtue of the definition of the two—parameter Poisson—Dirichlet process one
can then evaluate chn) in (8) by replacing W,(cmm) with

o2T2(6) b . |
- — | | [ (dzy)]"" [ (dzy)]™
= O T e L
for any £ > 1 and n; = (ni,,...,nk;) such that 2?21 nj; = n; for i = 1,2. We will

now show that the probability distribution E [ﬁ,gnl’m)] admits a density on IN?* x X* with
k

ﬁ]in1,n2) (

ny,ne,dz) =

respect to the product measure v2* x o, where v is the counting measure on the positive
integers, and will determine its form. To this end, suppose C , denotes a neighbourhood

of z € X of radius € > 0 and B, = x;?:lC’sz. Then

2 00 [e'S)
IE;{ﬁ_(m,nz) ny,mg,dz)| = o / / gOtni—1y0+na—1
/e e : LT (O Jo o
k

B [e 020 [T [1(Cony )] [ja(Cusy)]™? | ds
j=1

Define X, to be the whole space X with the neighbourhoods Ck ., deleted for all j = 1,... k.
By virtue of the independence of the increments of the CRMs fi; and fio, the expression
above reduces to

0.2 o] [ee) B 3 . -
; gOHni—140+n2—1 [ o—sii1 (Xe) t,uz(Xe)] %
PQ(%) Hi:l(e)m 0 0

k
X H M (s, t)dsdt
j=1

where, by virtue of Lemma 1,

Mj(s,t) :==E e (Cerzj) =tz (Ce.z;) [ﬂl(ce,zj)]an [ﬂ?(ce,zj)]nj?}

8



— a(ceyzj) e—a(ce,z]' )"ZJ(S,t) glj(njyl’ nJ,Q’ S, t) + O(a(CG,Zj))'

This shows that E[7*] admits a density with respect to v2* x o and it is given by

0.2 /oo /oo P 1.0 1 W(si) k
+n1—1,0+n2—1 —9¥(s .
5 s t e ¥ | | gu(nji,mj2;s,t)dsdt
FQ(%) [Ti=1(0)n, Jo 0 j=1

And this completes the proof. O

It is worth noting that the results displayed in the previous Theorem 1 can be adapted
to obtain an evaluation of the mixed moment of the vector (p;(A),p2(B)) for any A and
B in 2. Indeed, one has

Theorem 2 Let A and B be any two sets in 2. Then

E [p1(A)pa(B)] = a(A)a(B)+

a(ANB) —a(A)a(B)
0(Z + 1)

/ (st)le g, (1,1;s,¢) dsdt  (12)
(RF)?

Proof. Proceeding in a similar fashion as in the proof of the previous Theorem 1, one has

0_2

Bl (A)p2(B)] = Gy

/( +)2(5375)9 E {e’sﬁl(x)’tﬂQ(X)[cl(A) ,12(3)] ds dt
R

It now suffices to consider the partition of X induced by {A, B} which allows to exploit the
independence of the increments of (fi1, fi2) and resort to the following identity

0
/ (st)? e V0D {g,(1,0;5,8)9,(0,1; 5, ) + g, (1,15 5, 8)} ds dt = I'? < + 1) ,
(R+)2 g

for any > —o, 0 € (0,1) and v. Then the application of the multivariate Fad di Bruno
formula yields the claimed result. O

The expression in (12) can be used to determine the correlation between p;(A) and
p2(B), a quantity which is of great interest for prior specification in Bayesian nonparametric
inference. Recalling that E[p;(C)] = a(C) for any C € 2 and for any ¢ = 1,2, then

(AN B) — a(A)a(B)
[C(Z+1))?

cov(pi(A), pa(B)) = & /( o e (1155, s

As expected, if the two events A and B are independent with respect to the probability
measure «, then the corresponding random probability masses p;(A) and ps(B) are un-
correlated. Moreover, if one recalls that for a Poisson-Dirichlet process p with parameters



(0,0) and baseline measure « one has var(p(A)) = a(A4)[1 — a(A)](1 —0)/(0 + 1), one can
straightforwardly note that

0+1

corr(py(B), p2(B)) = (1— o)l? (g + 1)

/ (st)le 0 g, (1,15 5,1) dsdt
(RF)?

for any B in Z". The fact that the previous correlation does not depend on the specific
set B is usually seen as a desired property in applications to Bayesian inference, since it
suggests an overall measure of dependence between random probability measures p; and

p2.
4 Lévy-Clayton copula

Let us now focus on the case where the [i;’s are both o—stable CRMs whose dependence
is determined by a Levy copula. See [2] and [11]. A well-known example is the so—called
Lévy—Clayton copula defined as

Ca(w1,22) = (a7 + 25) 7% (13)

with A > 0 and its name is due to fact it is reminiscent of the Clayton copula for probability
distributions. In this construction A is a parameter that tunes the degree of dependence
between fi; and fig. See [2]. As a consequence of Theorem 5.4 in [2], the Lévy intensity of
the random vector (fi1, fi2) is

0?2 Cx(z1,22)

D109 vi(y1) v(y2)

z1=U1(y1), z2=U2(y2)

V(Z/173/2) =

where U;(y) = vi(y,+00), for i = 1,2, are the marginal tail integrals. It can be easily
checked that in this case one would have

A+Do” 57yt
I'l—o) () + yé\aﬁ-&-

v(y1,y2) = 5 L(0,400)2(1, 42)- (14)
A direct use of this bivariate Lévy intensity in Theorem 1 makes it difficult to provide an
exact analytic evaluation of the function g, (n;1,n;2;,t). On the other hand, if we confine
ourselves to considering the case where A = 1/0 one has

o(l+o0)

—0—2
I(l1—o) (1 +42)"7 " L(0,400)2(1, ¥2)- (15)

v(y1,y2) =
and the function g, can be exactly evaluated. Besides this analytical advantage, it should
also be noted that setting A = 1/0 links the parameter governing the dependence between
i11 and fio and the parameter that influences the clustering structure induced by the bi-
variate PD processes (p1,p2). The effect of this assumption is a lower bound on A since it

10



implies that A € (1,00). In other terms, A cannot approach values yielding the independent
copula from (13). See [2]. Nonetheless, if one is willing to preserve the general form of the
intensity in (14), with the additional parameter A governing the correlation structure, it is
possible to proceed with a numerical evaluation of the integral defining g, (n;1,n;2;5,1).
Alternatively, a full Bayesian analysis based on this vector prior can be developed by re-
lying on a simulation algorithm as devised in [2]. Here we do not pursue this issue which
will be object of future research.

If we take (15) as the bivariate Lévy intensity, for any s,t > 0, with s # ¢, the Laplace
exponent of (fi1, fi2) is

t(J’—‘rl o So—l—l

Y(s,t) = /( : [1 — e_syl_ty2] v(y1,y2) dyrdys = (16)
0,400

t—s
Moreover, ¥(t,t) = (o + 1)t7 for any ¢ > 0. Interestingly note that v is symmetric, i.e.
P(s,t) = (t,s) for any s > 0 and ¢ > 0. Given this, we now proceed to determine the
partially exchangeable partition probability function corresponding to the bivariate PD
process. Define the function

k _ _
) o nj,l!njg! 2F1(77,j’2 +1, n; —oin; + 2;1 — Z)
Cr(n1,m2; 2) ._]1;[1 CE] il o217

njilngo! oF1(nj1 +1,7; —o;nj +2;1 — 2)
n]—l—l oF1(1,—0;2;1 — 2)

é-k ny,naz

\':jw

where nj :=nj 1 +nj2 > 1, for any j, and o F denotes the Gauss hypergeometric function.
Hence, one can deduce the following result

Theorem 3 For and integer n > 1 and vector (k,n,l) in Ay, n,, one has

GIHET (;6 k) k 1L/ 1.\ 2
") (g, my) = 3 '_1 / < )
k F2(E) 22:1 0 n 1;[ ”J 0 1 — zot+l

7

X [Ze+n2_1Ck(n1,n2;Z)+29+n1_1§k(n1,n2;2)} dz (17)

Proof. Set ¢ := q1 + g2, for any integers ¢; and g2, and suppose ¢ > 1. Since (s, t) is
evaluated as in (16) one obtains

9 (q1,qo58,t) = (—1)T 1 ———

11



+ Z o+1 qg —i4+1 (q Z)' <QI> $a+1—i($ - t)—(j—l-‘,—i

7

where [a]; = ngl (a —i+1) is the j—th descending factorial coefficient of a, with [a]y = 1.
First split the area of integration in (11) into the two disjoint regions AT = {(s,¢) : 0 <
t <s<oo}and A~ = {(s,t): 0 < s <t < oo}. For (s,t) € AT, one can resort to
Proposition 7 in the Appendix to obtain

! (1 — o) - t
oo+ Dl ~0)g LT, <Q2+1,q—0;q+2?1_>
(q+1)! s

and the change of variable (t/s, s) = (z,w) leads to

9v (Q17Q275 t)

k
/ 59+n1—1t0+7’b2—1e_w(57t) H gl/(nj,17 nj,2; S, t) dsdt
At j
7=1

1 o
— 0 (a +1) k H nji'ng2l(l —o)a;—1 /OO w29+k01/ e—w“‘f_jl S0+na—1
i) (nj +1)! 0 0

X H 2oFi(njo+ 1,05 —o;nj+2;1 —2z)dzdw
j=1

o1 (20 i Ui i 1—2 \ 7
=o' T < + k) H( _O')ﬁj_l /O z e <1—ZU+1> gk(nl,nQ;Z) dz
J=1

where the last equality follows from 1 — 27! = (o + 1)(1 — 2) 2Fy(1,—0;2;1 — 2). One
works in a similar fashion for (s,t) € A~ since, in this case, Proposition A.1 yields

q'glo(c +1)(1 —0)z1

_ S
L q2; 5.t o= F( 1,§—0:§ 2;1—7)
9u(q1,q2;8,t) = Gx 1) oFi (i +1,g—0;q+ .

so that

/ 80+n171t0+n271

20
(nj1,n42;8,t) dsdt = o 1r ( + k:) X
o

1 /1 FOtm—1 ez &p(ni,mo; z) dz
nj 0 1 _ Zo.+1 b i

The proof of (17) is then completed. O

al

I
I

The representation obtained in Theorem 3 suggests a few considerations that are
of great interest if comapred to the well-known results for the univariate two parame-
ter PD process. A nice feature about the exchangeable partition probability function

12



H,(Cn) in (1) is its symmetry: for any permutation 7 of the integers (1,...,k) one has
H,gn)(nl, cey ) = H,(Cn) (nr(1),--+>Mrk))- The exchangeability property can be extended
to the partition probability function of bivariate PD process in the following terms. Let
r; = (nj1,n;2) and note that there might be r; vectors whose first or second coordinate
is zero. To take this into account, we introduce disjoint sets of indices I and Is identi-
fying those 7; with the first or the second zero coordinate, respectively. Hence, if k; is
the cardinality of I; one has 0 < k1 + ko < k. An interesting configuration arises when
Iy U Iy = {1,...,k} which implies corresponds to the case where X; # Yj for any i and j
and ki + k2 = k. When this happens, we set I} = {i1,...,ik, }, o = {Jj1,..., jk, } and

(n1,m2) _ 1y(n1,m2)
Hk (nlanQ) = ng (nihl?’ . -aniklyl’njh?" "7njk2:2)

One can now immediately deduce the following

Corollary 4 The partition probability function in (17), seen as a function of (r1,...,Tk)
is symmetric in the sense that for any permutation T of (1,...,k) one has
H(m,nz) _ H(m,m)
k (Tla"'vrk’)_ k (TT(1)7"‘7TT(]€))

Moreover, if k1 + ko = k, then for any permutations 71 and T of integers in Iy =
{i1,.. ik, } and Io = {j1,. .., jr, }, respectively, one has

(n1,n2)/, ) A ) _

1, (nlhl?“'7n@k1717n]172?‘"7n]k272) =
H](gm’nﬂ(nn(il),b e Ty (i), 1 P (G1),25 - -+ e (G ),2)

Hence one observes that, seen as a function of the pairs of integers (n;1,n;2), H,(Cnl’m)

is symmetric. On the other hand, if HI(CRI’M) is restricted to those partitions of nq +no data

such that X; # Y; for any ¢ and j, then H,(Cnl’w) is partially exchangeable with respect to
the single frequencies n;1 and n; .
As for the correlation between pj(A) and pa(B), one has
80'—2( t

—o—1
")32F1<2—a,2;4;1—) 0<t<s<oo

gl/(171;8’t) = 3' s

and, by virtue of symmetry of the function (s,t) — (st)?e=¥(5t g, (1,1;s,1),

/ (st)le V(b g, (1,1; 5, t) dsdt = 2/ ds/ dt (st)? e ¥ g, (1,1;5,¢)
(R+)2 0 0

o0 1 0 alfza+1 0
= 2/ dw / dzw?tote™ 7= 0 (1 - 2)3 x
0 0

13



1
x Q=Y o+ 1];(2 = )71 - 2) ¢
j=0

1
+> o+ 12— 9)!(1 - z)Z} dz

0
20 _ 2 1 N
:F(U+1; (1 )/0 20 <11—z0+1) oF1(2—0,2;4;1—2)dz
This implies that for any A and B in 2~
N B a(ANB) — a(A)a(B) O+1)(c+1)T (2 +1)
corr(p1(A),p2(B)) = -
PP = e aBI el —aB) 32 (21 1)

1 1— 2 241
/ L0 <1z0+1> DL (2— 0,241 — 2) dz
; .

from which one easily deduces corr(pi(B),p2(B)). A simplification occurs if § = 0, in
which case p; is a normalized o—stable completely random measure and

B B 1 [YoFR(2-0,24;1—2)
corr(in (B).a(B) = 3 [ 2RI a: (18)

for any B in Z". The correlation between p1(B) and po(B) does not depend on the specific
set B: this is an argument commonly used in Bayesian statistics to interpret the expression
in (18) as a prior guess on the correlation between p; and po.

5 A posterior characterization

The determination of the posterior distribution of the vector (p1,p2), given D = {X;,Y; :
i=1,...n1, 7 =1,...,n2} represents an important issue in Bayesian statistical inference.
In the one-sample case, in [17], it is shown that if (X;);>1 is a sequence of exchangeable
random elements directed by a PD(o, #) process, then, conditional on a sample X7, ..., X,
featuring £ distinct values X7,..., X} with respective frequencies ny,...,ng, the random
probability measure p, ¢ is identical in distribution to

k
Sy 4 (1 )
j=1
with the vector (w1, ..., wy) being distributed according to a k—variate Dirichlet distribu-
tion with parameters (ny — o,...,n; — 0,0 + ko) and p* coinciding in distribution with a

14



PD(o,0+ko) process. Here we aim at extending this result to a vector (p1, p2) of dependent
PD(o,0) random probability measures.

To this end, we suppose the n; + ny data in D are represented by k distinct values,
Z{, ..., Z;, with corresponding frequencies (my, ..., my) where m; = n; 1 +n; 2 for any i =
1,...,k. The vector of completely random measures (fi1, fi2) has intensity v on (R*)? and
we let (S,T) be a vector of non—negative random variables whose distribution, conditional
on D, admits a density

k
f(S, t|D) x 80+n1—1t9+n2—1 e_w(&t) Hgy(nj717nj’2; S, t) (]_9)
j=1

with o« meaning that equality holds up to a proprtionality constant. As in the previous
section, (fi1, fiz) has the intensity v specified in (15) so that the marginal components are
both o—stable. Morevoer, conditional on (5,7 and on D, (fif, i) is a vector of completely
random measures with Lévy intensity v*(y1,y2) = e %'~ T%2u(y1, y2). From this one can
deduce that the conditional univariate Lévy intensities of ji] and of i are

oo+ 1)ttt o

vi(y) = (1= o) S (—0 — 1;ty)
. olc+1)s7tt |
vs(y) = (1“(1—)0—)6 (=T (g — 13 sy)

respectively. The Laplace exponent of (i1}, i3) is given by 1*(A1, A2) = (s + A1, t + Ag) —
Y(s,t) for any s,t, A\1, Ay, where 1 is as in (16). Note that this implies, for example, that
the marginal Laplace exponent for fi] coincides with

o(o + 1)toH!

Ui(A) = T = o)

/ [1 - e*)‘ly} e T (—o — 1;ty) dy
0

for any s, t and A; such that s # t and s + A\; # t. Finally, introduce a collection of k
mutually independent random pairs {(Mj1,M;2): j=1,...,k} and the density function
of (Mj1,M;2), conditional on (S,7") and on D, is

xTLij’nj,z e—S$—Ty V(CE, y)

gu(nji,mj2;5,T)

]1(0,+oo)2 (1’, y) (20)

At this point, we are able to describe a characterization of the posterior distribution of
(f11,0,0, f12,0,0) given the data D and the random vector (S,T).

Theorem 5 Let (p1,p2) be a vector of dependent two—parameter Poisson—Dirichlet pro-

cesses and suppose the data D = (X,,,,Y,,) satisfy (6). Moreover, let D contain k dis-
tinct values Z7, ..., Z;, with respective frequencies n11+niz2,...,ng1+mng2. The posterior

15



distribution of (fi1,.0, fi2.0,0) given D and (S,T') coincides with the distribution of the CRM

k

(A1, fig) + ) (M1 6z, Mj20z:) (21)
j=1

where (i}, fi5) and the k vectors of jump heights (Mj1,M;2), j = 1,...,k, are independent.

An analogous description for the univariate PD(o, #) process is provided by [14], where
the mixture is explicitly evaluated so to reproduce Pitman’s result. It is worth noting
that from (20) one can deduce an expression for the marginal distributions of the jumps,
conditional on (S,7) and on D. Resorting to (3.383.4) and (7.621.3) in [8] one finds out
that the density function of M, conditional on (S,T") and on D, is

(3, + 1) Pt 1o
fMj,l(m):nA (7 — o1 "
g1t (nj U) 2F1(nj71+1,0+2,n]+2,1—g)

nji+-2277% 1 _(s—L)z
Xz 2 e 2P W njatot2  mja-1-o (tx)
7 2

where n; := nj1+n;2, W), is the Whittaker function and 2 Fi (a, b; ¢; ) is to be interpreted
as the analytic continuation of the series representation of the hypergeometric function for
z in the complex plane cut along [1, c0).

Example 1. A possible use of previous result is the determination of the predictive
distribution with a bivariate two parameter Poisson—Dirichlet process. For the ease of
exposition, here we confine ourselves to considering a sample of size n; = 1 and no = 0
and will determine P[Y; € A|X;,S5,T] and P[Xy € A|X;,S,T]. In this case, conditional

on (X1,5,T), by virtue of Theorem 4 one has (fi1,5.0, [i2,0,0) 4 (a3, @s) + (Miox,, Madx,).
This leads to

13 (A) + Madx, (A)
13(X) + Mo

Since My is a non—negative random variable whose density, conditional on (X1,.S,7T), co-
incides with

P[Yl S A’Xl, S, T] =E

o+1

fa,(y) = 2 s yl_Ta_l e =3y 013 o (8Y)
2 I'(l1-o0) 2F1(1,0+2;3;1— %) -
Using this fact, one obtains
P[Yl € A|X1, S, T] = OL(A) wo + 5X1 (A) w1 (22)

where

102 (st
P Gl B i evtet) )/m@+MAGW@Hm
0

2 R (1,2+4033;1—¢
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><2F1<1,2—|—J;3;1—tj> 2F1<1,1—0‘;3;1 S >du
u
l-0o Tl b

S
3 oF (1,2+0;3;1— %)

o0
) 2e Gt p (224 0:4:1— —> ) d
X /) ( +u) e 247 5 +07 ) t—l—u (0

w1 =

Similarly, one can show that

P[Xs € A|X1,S5,T] = a(A)w) + 0x, (A) wy (23)
with
(JJ6 = o (J + 1) ew(57t)to-+25_2 /OO(S + u)0'72 efw(SJru,t)
2+0)T(1—0) 2F1(2,2+033;1— 1) Jo
t t
><2F1<2+0,2+0;3+0;1—> 2F1<1,1—U;3;1— )du
s+u S+ u
Wi = 2 t0+23—2 e¢(s7t) /OO(S n u)g—g efw(eru,t)
B+0)T(1—0) 2F1(2,2+033;1— 1) Jo

t
><2F1<3+a,2+0;4+0;1— >du
s+u

It should be recalled that an analogous expression could have been attained by resorting
to the partition probability function described in Section 4.
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and by the Collegio Carlo Alberto project “New approaches to stochastic modeling in Eco-
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Appendix

A Technical results

We first prove a combinatorial result that serve as a tool for proving the Proposition 7
below.

Lemma 6 Suppose h € {0,1,...,m} and let n > m. Then
h .
(h\ (n—j hl(n —h)! [m
Z( ) <]>< m > m!(n—m)! \ h (24)
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Ifhe {m+1,...,n}, then

D))= @

h . h
h n-—yj 1 am h _ 1 6m _h h
—1)) - - Y 1)) n—j _ =Y an 1
].Z_;( : <J>< m > m!ds™ ]Z_;( ) (J)S ETIEF e
1 N /m\ &, om h 1 (m |
—m'; >a e Y m<h>[” Plm—nh
and (24) follows. 0

Let us now state the main proposition which is involved in the proof of the results
stated in Theorem 2.

Proposition 7 Let g1 and g be two non—negative integers and ¢ = ¢ + q2. For any
€ (0,1) one has

q1 q2

>olo+1ia - (%)= 2y = Y0+ ala - ()@ - 2

j=0 =0
=(1- Z)ti-i—l (D)% q1!q!(—0 — 1)q+1
I'(g+2)

oFi(n+1,§—0;4+2;1—2)

Proof. Suppose that go > g. Since 27177 = > vsolo +1—34lu(=1)"(1 — 2)?/v!, then

q1

> lo - 1yta - ()i - 2y

J=0

v=0

- )° . q1 i
Z Za+1]+v —j>!<.>(1—z>ﬂ“’
Jj=0 J




X Z (_vll)v(q_h—i_v)!(h(ﬁv)

and a V b := max{a,b}. As for the first sum above, note that for any h € {0,1,...,¢1}

zh: (_Ulz)v (@ h+v)!<hq_1 U) _ ‘h;:fz! i<—1>”<ff> <q— h+ v)

v=0 v=0 42
_ Q1!QQ!(_1 hh‘(q_— h)' q2
h! q1!q2! h

where the last equality follows from (24) in Lemma A.2. When h € {q1 + 1,...,¢2} one
has

i VG- nto (hq_lv) — (—1)h(q—h)!§:(—1)j (?) (Z:‘;)

v=h—q1 =0

by virtue of (24) to show that the second sum is zero. On the other hand, for any h €
{g2+1,...,q} it can be seen that
h 1)

z @m0, ") =0 (M) slan =0

Hence, one is left just with the last sum where A > ¢+ 1. In this case, from equation
0.160.2 in [8] one has

h

Z

v=h—q1

U

oo\ hig, L(h — q2)qo!
—h = (=)' -
(G =htw) (h - v) ) S =)
Consequently, one has

q2

Sl + 1)@ ) (") - 27 = Y0t + -t ) -

J

j=0 i=0
- @'T(h — g2) N
= [0+ 1 (—1)MH = =22 (1 - 2)
h;ﬁl RIL(h — q)

oo .
: LG+ a1+ 1)g! g1
o+1] _1)ita2+l — L1 — )i Tat
;O ljan (D)7 L (=)
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_M U+J+Q)(ql+1)j Y
- T(@+2) qHZ —o—1) j!(ci+2)j( )

which yields the stated result. For the case g2 < g; one works in a similar fashion. O

B Proof of Theorem 4.

The result will be proved by evaluating the posterior Laplace transform of the vector
(f11,0,0(A), f12,5.0(A)), given D and (S, T). To this end, we resort to a technique introduced
n [20]. The idea is to evaluate an approximation of the posterior which is simpler to
handle and, then, obtain the posterior via a limiting procedure. This is better illustrated as
follows. First note that since X is separable there exists a sequence (I, ),,>1 of measurable
partitions, with II,,, = {A,; : i =1,...,kp}, such that: (a) I, is a refinement of II,,;
(b) if 4, = o(Il,,), then 2" = 0(Un>1%m); (¢) max1<z<km+1 diam(A,;) — 0 as m — oo.
Accordingly, define sequences (X!, )z>1 and (Y, ,)i>1 of X—valued random elements with

X = Zf;”lﬂ LA, (X)) and Yr/nl = kaﬂ Ym,i 0A,, (Y1), for any I > 1, where xy,;

m,l
and y,; are points in A,, ;. It follows that

P(X,,, €A, Yins € Bl (fi1,00, fi2,00)] =

km+1 ~ -
Ml,o,G(Am,i) H2,0,9(Am,j)
ﬂl,o,@(x) ,:LQ,O',G(X)

5$m,i (A) 5ym,j (B)

i,j=1

It is apparent that if JT(LT%Q = 0(X} s Yinn,) is the o-algebra generated by X, , =

m,ni? m,ng
(X1rn X and Y, . =Y. {,...,Y. .. ), then

mnl) m,na m,1» m,ng

T Ty = 0( X1, Xy, i, Vi),

ni,n2

Moreover, set § = (j1,- -, dni+ns) € {1, b + 1} and Ry, j = <" A,, 5., and note
that

Ele —A1fi1,0,60(A)=A2fi2,0 0 A)| f(m) Z]lng X/ Y/ ) x

nl ng m,n1’ T m,na

— )\ A=\ A ni ,U‘IO'G m]) ni+ne ﬁQ,U,G(Am,jl)
B [em ool o T, Bt S T2 Mt

/"‘1 o, 9 Ap ni1+n2 1‘2,0,6 (Am,j )
]E 74'741 -72 1 A l
[T £1,0,0(X) IT2 =1+l iz 50(X)

for any positive A; and Ay. An application of Proposition 2 in [20] implies that

E[e*)\lﬂl,a,a(A)*)\zﬁg,oe( ) | Z (:ffzm] N E[efhfn,a,e(A)*Mﬂz,a,e(f\) | Py ) (26)
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almost surely, as m — oo. Our main goal will then be the evaluation of the left hand side
of (26), so that the stated equivalence in distribution with (21) can be achieved by taking
the limit as m — oo. Let us suppose that, for m large enough, the data are gathered
into 1 <k <ny+ng sets Ay, ..., Am,, and set the frequencies nj = > 2, 14, (X;),
nj2 =y 21 14, (Y:). The left hand side of (26) reduces to

m,j(

J=1L\ U fi1,6,0(X) f2,0,6(X)
k 1,00 (Am )\ [ fi2,0,0(Am,j) |02
E [Hj:l ( Fir o0 (%) Fiz 00 (%)

By virtue of Theorem 1, the denominator coincides with

E |:e_>‘1,al,a,9(A)_)\Qﬂ2,a,9(A) 1" (ﬁl,a,e(Am,j))nj'l <ﬁ2,a,e(f4m,j))nj’2}
(27)

02 Hk Oé(A ) 00 00 k

7=1 m,] / / S@+n1—1t9+n2_1 e_w(&t) ‘ .
gu(nj1,n52;s,t)dsdt +a

L2 () [0, Jo o [Lov (51 "

J=1

as m — 0o, where a,, is such that lim,, oo = am/(H?:l a(Ap, ;) =0, and we are taking
into account that « is a non-atomic probability measure on (X,.2"). On the other hand,
one can check that the numerator of (27) is

o? H?:l a(Am,j) »
2 (8) [T (8)n,

o0 o0
/ / O —1y0na—1 (—a( A (st A A2)—a(A(s.0) o
0 0

o0 oo
H / / gMityaze=MEs)e =y, (1 0y dedy dsdt + d!,
j: ANAy, ;#2700

as m — oo, where a}, is such that lim,, oo = a;n/(]_[?:1 a(Ay, ;) = 0. When taking the
limit as m — oo one finds out that for any A € 2

E e~ MA10.0(A)=A2fiz,0.0(A)

D] = / F(s,t|D) e~ AR (stAnt+A2) = (s0)]
(RH)?

—MT—=A2Y 1N 1,,N§.2 A —ST—LY
e zMilymize v(z,y)dzdy
< 11 S dsdt

i ZieA 9v(nj,1,m52; 8, 1)

And this yields the representation in (21). O

21



References

1]

2]

G.M. Constantines, T.H. Savits (1996). A multivariate version of the Faa di Bruno
formula. Trans. Amer. Math. Soc. 348, 503-520.

R. Cont, P. Tankov (2004). Financial modelling with jump processes. Chapman &
Hall/CRC, Boca Raton, FL.

D.J. Daley, D. Vere-Jones (2003). An introduction to the theory of point processes.
Volume I. Springer, New York.

M. De Iorio, P. Miiller, G.L. Rosner, S.N. MacEachern (2004). An ANOVA model for
dependent random measures. J. Amer. Statist. Assoc. 99, 205-215.

D.B. Dunson, Y. Xue, L. Carin (2008). The matrix stick-breaking process: flexible
Bayes meta-analysis. J. Amer. Statist. Assoc. 103, 317-327.

I. Epifani, A. Lijoi (2010). Nonparametric priors for vectors of survival functions.
Statistica Sinica, to appear.

T.S. Ferguson (1973). A Bayesian analysis of some nonparametric problems. Ann.
Statist. 1, 209-230.

I. S. Gradshteyn, J.M. Ryzhik (2007). Table of Integrals, Series, and Products. Tth
Ed. Academic Press, New York.

H. Ishwaran, L.F. James (2001). Gibbs sampling methods for stick-breaking priors. J.
Amer. Stat. Assoc. 96, 161-173.

H. Ishwaran, M. Zarepour (2009). Series representations for multivariate generalized
gamma processes via a scale invariance principle. Statist. Sinica 19, 1665-1682.

J. Kallsen, P. Tankov (2006). Characterization of dependence of multidimensional
Lévy processes using Levy copulas. J. Multivariate Anal. 97, 1551-1572.

J.F.C. Kingman (1993). Poisson processes. Oxford University Press, Oxford.

A. Lijoi, R.H. Mena, I. Prinster (2007). Controlling the reinforcement in Bayesian
nonparametric mixture models. J. Roy. Statist. Soc. Ser. B 69, 715-740.

A. Lijoi, I. Priinster (2010). Beyond the Dirichlet process. To appear in Bayesian
Nonparametrics (Holmes, C.C., Hjort, N.L., Miiller, P. and Walker, S.G., Eds.), Cam-
bridge University Press, Cambridge.

S.N. MacEachern (1999). Dependent nonparametric processes. In ASA Proceedings
of the Section on Bayesian Statistical Science, Alexandria, VA: American Statistical
Association.

22



[16]

[17]

[23]

[24]

J. Pitman (1995). Exchangeable and partially exchangeable random partitions Probab.
Theory Related Fields. 102, 145-158.

J. Pitman (1996). Some developments of the Blackwell-MacQueen urn scheme. In
Statistics, Probability and Game Theory (T.S. Ferguson, L.S. Shapley and J.B. Mac-
Queen, Eds.). IMS Lecture Notes Monogr. Ser., Vol. 30. Inst. Math. Statist., Hayward,
245-267.

J. Pitman (2006). Combinatorial Stochastic Processes. Ecole d’Eté de Probabilités de
Saint-Flour XXXII 2002. Lecture Notes in Mathematics 1875. Springer, Berlin.

Pitman, J. and Yor, M. (1997). The two-parameter Poisson-Dirichlet distribution de-
rived from a stable subordinator. Ann. Probab. 25, 855-900.

E. Regazzini, V.V. Sazonov (2000). Approximation of distributions of random prob-
abilities by mixtures of Dirichlet distributions with applications to nonparametric
Bayesian statistical inferences. Theory Probab. Appl. 45, 93—110.

A. Rodriguez, D.B. Dunson, A. Gelfand (2008). The nested Dirichlet process. J. Amer.
Statist. Assoc. 103, 1131-1144.

D.M. Roy, Y.W. Teh (2009). The Mondrian process. In Advances in Neural Infor-
mation Processing Systems (NIPS) 21 (D. Koller, Y. Bengio, D. Schuurmans and L.
Bottou (Eds.)).

E. Sudderth, M.I. Jordan (2009). Shared segmentation of natural scenes using depen-
dent Pitman-Yor processes. In Advances in Neural Information Processing Systems
(NIPS) 21 (D. Koller, Y. Bengio, D. Schuurmans and L. Bottou (Eds.)).

Y.W. Teh, M.I. Jordan, M.J. Beal, D.M. Blei (2006). Hierarchical Dirichlet processes.
J. Amer. Statist. Assoc. 101, 1566-1581.

23



