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Abstract: Random probability vectors are of great interest especially in
view of their application to statistical inference. Indeed, they can be used
for identifying the de Finetti mixing measure in the representation of the
law of a partially exchangeable array of random elements taking values
in a separable and complete metric space. In this paper we describe the
construction of a vector of Dirichlet processes based on the normalization
of an exchangeable vector of completely random measures that are jointly
infinitely divisible. After deducing the form of the multivariate Laplace
exponent associated to the vector of the gamma completely random mea-
sures, we analyze some of their distributional properties. Our attention
particularly focuses on the dependence structure and the specific partition
probability function induced by the proposed vector.
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1. Introduction

Random probability measures represent the key ingredient for the actual im-
plementation of Bayesian nonparametric procedures and the Dirichlet process
is the most celebrated example. Indeed, their probability distribution plays the
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role of a prior: this is combined with the data to yield a posterior, or a predic-
tive, distribution that is used to determine either exact or approximate Bayesian
inferences on quantities of interest. The most notable advances in the field have
been achieved under the assumption that the observations Xi,..., Xy are the
initial segment of an (ideally) infinite exzchangeable sequence of random elements
(Xi)i>1 taking values in some complete and separable metric space X endowed
with the Borel o—algebra 2 . If Px stands for the set of all probability mea-
sures on (X,.2") and Px is the o-algebra induced by the topology of weak
convergence on Px, the well-known de Finetti representation theorem leads to
a mixture representation of the finite-dimensional distributions of (X;);>1 of
the form

]P[(Xl,...,XN)EA]:/PXpN(A)Q(dp) vAe 2N, YN>1 (1)

where pV = Hiv p and @ is a probability measure on (Px, %x) that takes on the
name of de Finetti measure of the sequence (X;);>1. This is equivalent to stating
that the X;’s are conditionally independent, namely P[X; € A;,..., Xy €
Ay ) = [T, B(A;) with §~ Q.

One of the most popular applications of nonparametric priors to statistical
inference concerns density estimation and is based on hierarchical mixture mod-
els where the X;’s are latent variables and @ is the law of a Dirichlet process.
See [21]. The dramatic advances in the implementation of Markov Chain Monte
Carlo simulation algorithms in the last two decades have, then, made Bayesian
nonparametric methods directly applicable to a wide range of real world prob-
lems. Moreover, a considerable body of work has been devoted to the proposal
of alternatives to the Dirichlet process, i.e. different @’s in (1), for modelling
exchangeable random elements. See [20] for a recent review.

1.1. Partial exchangeability

The notion of exchangeability characterized through (1) corresponds to a more
intuitive idea of homogeneity among the observations. While this seems to be a
natural assumption if one aims at prediction, it does not typically correspond to
many situations of practical interest where data are originated under different
experimental conditions or are, more generally, indexed by a collection of covari-
ates that are relevant for statistical inference. This is the case of data related
to different studies for which it is reasonable to assume exchangeability within
and not between studies. For example, when comparing the survival time of two
groups of patients displaying the same pathology and treated with two different
therapies, the data can be thought of as labeled by a binary covariate identifying
the specific treatment a patient is subject to. In this case, it is not realistic to
assume that any two observations labeled by distinct covariate values, i.e. origi-
nating from different groups, are “homogeneous”. At the same time, one might
be interested in clustering patients subject to a therapy and borrow information
from the outcomes on patients in the other group. Similar issues arise in more
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general regression problems where data are labeled by a collection of covariates
taking values in a general space, and exchangeability can be assumed only for
observations associated to the same covariate realization.

There clearly is a wide range of applied problems which motivate the great
interest that has recently emerged for the definition of nonparametric priors
accommodating for forms of dependence more general than exchangeability and
able to capture the “heterogeneity” featured by the data. Here we shall focus
on a proposal that is suited for handling inferential problems involving partially
exchangeable data. In this setting, if z denotes a set of covariates taking values
in Z, the observations are elements from a collection of sequences {(X;(2))i>1 :
z € Z} such that for any n > 1, positive integers q1, ..., qn

P( X% (z1),..., X9 (z,)) € 4]

2
:/Pm(l)gi X oo xpin)(A) Qz(dp.,, . .., dp.,) (2)

for any A € 219!, where X% (2;) = (X1(z)), ..., X4, (%)), = (q1,- .., qn) and
lg| = ¢1+ -+ +¢n. Here Qz is the probability distribution of a collection of pos-
sibly dependent random probability measures p := {p, : z € Z} and plays the
role of prior distribution in a similar fashion as @ does in the exchangeable case
(1). Indeed, note that the mixture representation in (2) is due to de Finetti in
[5] and it amounts to assuming exchangeability for the sequence of observations
(Xi(2))i>1 corresponding to the same covariate value z in Z and conditional
independence among observations corresponding to different covariate values.
Hence, data corresponding to different covariate realizations are not condition-
ally identically distributed. The model can be equivalently summarized in a
hierarchical form as follows

~ iid ~ .
Xi(z)|P ~ s, i=1,...,qn,
~ iid ~ - .
(Xl(zj)7X€(Zﬁ))|p lflv ij szN_ 1217"'7(]71]'; ezla"'u‘]nm-
P~ Qz

When @z is degenerate on Px so that p, = p,/ (almost surely) for any z # 2/,
there is no heterogeneity among the data and exchangeability is recovered.

To our knowledge, the first proposal of a nonparametric prior in this frame-
work has been provided in [2], where Z is a finite set and @ z is the distribution
of a mixture of products of Dirichlet processes. However, the most recent liter-
ature has been spurred by S.N. MacEachern’s seminal papers [22, 23] where a
dependent Dirichlet process is defined by means of a series representation. The
main idea is to rely on the stick—breaking construction of the Dirichlet process
and define, for each z in Z,

Pr= Y widy,. (3)

i>1
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where w1, = Vi, wie = Vi [I'21(1 = Vji), for i > 2, and V;,. % Beta(1,6s)
for i > 1. Moreover, (Y; »)i>1 are independent and identically distributed (i.i.d.)
from some probability distribution P, .. For any z, p, is a Dirichlet process with
base measure o, = 0. F, . and dependence between any two random probabili-
ties p, and p,/, for z # 2/, is induced by possible dependence between V; ., and
Vi.»» and/or between Y; , and Y; ... Later developments that build on MacEach-
ern’s idea can be found, e.g., in [6, 12, 28, 7, 8]. A more complete and stimulating
picture of the recent state of the art in the field, including a variety of interest-
ing applications, is provided in [13]. The practical use of these models has been
eased by the developments of suitable MCMC sampling algorithms, that make
use of the stick—breaking representation of p, in (3) and lead to an approximate
evaluation of Bayesian inferences. As a matter of fact, the availability of an
R package, named DPpackage, that allows for an automatic implementation of
MCMC samplers with dependent processes, has made these models accessible
to interested practitioners as well. See [15] for details.

The present paper relies on a different approach and defines each dependent
random probability measure p. by normalizing a completely random measure
(CRM) defined by

fiz = Z Jiz 5Yi,z (4)

i>1

where (J; »)i>1 is a sequence of non-negative independent random variables such
that ) .., Ji» < oo, almost surely, and (Y;.);>1 is a sequence of i.i.d random
variables taking values in X. Hence, in (3) one defines w; . = J; ./ > 5, Ji-. In
view of this definition, dependence between p, and p.. will be induced by the
dependence between i, and [i,» and this is summarized through a multivariate
Lévy intensity. In our proposal (Y; .)i>1 = (¥;)i>1 and more importantly fi, is,
for any z € Z, a gamma CRM which yields, through normalization, a Dirichlet
process. Hence, the model discussed in this paper can be seen as a dependent
Dirichlet process as in (3), with Z being a finite set. However, we are not able
to establish which form of dependence among the stick-breaking weights V; .
leads to the dependent Dirichlet process prior that will be discussed in the next
sections.

The use of dependent CRMs in the construction of dependent random prob-
ability measures has been considered in other work, as well. For example, in [9]
and [17] dependence is induced through Lévy copulas that allow to define multi-
variate Lévy intensities with fixed marginals, thus operating in a similar fashion
as traditional copulas do for probability distributions. More specifically, in [9]
a class of dependent neutral to the right processes for the analysis of partially
exchangeable survival data is constructed, whereas in [17] a bivariate vector of
two—parameter Poisson—Dirichlet processes is introduced. Note that the latter is
closer in spirit to the present work, the main distinctive feature being that it re-
lies on the normalization of a random measure which is not completely random.
As to our knowledge, before these two contributions the use of Lévy copulas
has been mostly confined to applications in Finance as well detailed, e.g., in [3].
Furthermore, a construction that does not rely on Lévy copulas can be found
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in [19]: here the authors define dependent CRMs by means of the superposition
of independent completely random measures some of which are shared. See also
[26] for a similar approach aimed at applications to spatial statistics. An allied
contribution that, similarly to ours, applies to the case where Z is a finite set
is in [24] where the authors model each p, as a convex linear combination of
Dirichlet processes one of which is shared through different z’s thus inducing
dependence.

1.2. Main results and outline of the paper

As already anticipated, the present paper introduces a new vector of gamma
CRMs i = (fu1, ..., fin), which is characterized in terms of a Lévy intensity v

n (RT)" x X. Each ji; has the same marginal distribution and is such that
f;(A) is gamma distributed with

E {e—,\m(A)} = (14 )@ YA >0, (5)

for probability measure Py on X, for any set A in 2" such that Py(A) > 0
and for some constant ¢ > 0. This construction has two merits. On one side it
ensures mutual independence of vectors (fi1(A;), ..., f4n(4;)), asi = 1,...,k,
for any collection of pairwise disjoint sets Aq,..., Ax in 2" and for any k£ > 1.
On the other, it allows one to evaluate exactly the Laplace transform of the
vector (fi1, ..., fin) through

E [e—<>\,ﬂ(A)>} = exp {_/ . [1 _ e_<)"y>} V(dy,dx)} (6)
(RT)"x A

where A = (A1,...,\,) € (0,00)", Aisany set in 27, i(A) = (11 (A4), ..., fin(A4))
and (s, t) = > | s;t; for any s and ¢ in R". Moreover, v is such that

—Yi

[ vty =
(R#»)nfl Yi

with dy_; denoting integration with respect to all y coordinates but the i—th.
In the special case where A is such that Ay # -+ # A\, we show that

cPy(dz) (7)

n—1
E {ef(k,ﬁ(f‘))} =exp{ —cPy(A Z /\Hlo%l—t\/\)) . o
] (A =

A more elaborated expression, still available in closed form, is recovered if any
two of the \;’s coincide. This will be detailed in one of the next sections. In
particular, if A; = 0 for any j # ¢ and A; > 0, one obtains (5) so that f; is,
indeed, a gamma completely random measure whose intensity is displayed on
the right hand side of (7). Notice that the expression (8) is invariant with respect
to permutations of the \;’s, a property which remains valid even for the general
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case allowing for ties in (A1, ..., A,) as it can be noted from (25). Therefore the
vector fi is exchangeable. This is per se an interesting distinctive feature since
the model still preserves analytical tractability despite a non-Markovian form
of dependence.

Both the availability of the Laplace transform and the independence of the
increments of i are key tools for determining, e.g., the mixed moments of f. If
we confine here to the simple case where n = 2, we show that for any set A in

X

q1+q2 q1+q2 J

EMW@%%Mzm@ﬂgj&mm>gjzjjr@;%?w (9)
k=1 J=1 (x) i=1 1:\21,2 2,1)-

*

where (*) denotes the set where the vectors A = (A1, ..., ;) and 8; = (81,4, 52,1),
fori=1,...,7, vary in the sum. This result, that can be extended to the case
of gamma CRM vectors of dimension n > 2, is relevant for analyzing some
distributional properties useful for Bayesian nonparametric inference. Indeed, if
one is willing to analyze data for which partial exchangeability is a suitable form
of dependence, one can set Qz as the probability distribution of (p1,...,pn)
where p; = f1;/f:(X), for ¢ = 1,...,n. This induces a vector of dependent
Dirichlet processes, i.e. a vector such that each p; is a Dirichlet process with
base measure c¢Py. Moreover, Z = {1,...,n}. Making use of the same technique
that leads to proving (9) one can evaluate the correlation coefficient between
pi(A) and p;(B), for any i # j and A, B € £". In particular, it is shown that
for any A in Z°

1
cm@mmmm:mﬁéme (10)

for some constant K. that depends on the total mass ¢ > 0, for some function
&, that can be represented in terms of hypergeometric functions 1 F; and oF}.
The integral in (10) can be evaluated numerically and, more importantly, the
right-hand side is independent from set A: this fact typically motivates the use
of (10) as a measure of overall dependence between p; and ps.

The illustration of the properties of (pi,...,pn) is completed by the deter-
mination of the associated partition probability function. Indeed, notice that
each p; is discrete with probability 1 so that ties may occur among the data:
this induces a partition with any two observations belonging to the same cluster
if and only if they coincide. The analysis of the random partition associated
to a random discrete distribution is important for computational purposes. For
example, when the observations are exchangeable as in (1), the so—called ex-
changeable partition probability function (EPPF) is a key tool for devising a
MCMC sampler for density estimation in mixture models. See, e.g., [20]. This
also motivates a similar investigation in the partially exchangeable case as em-
phasized in [19]. We shall be able to determine a closed form expression of
the partially exchangeable partition probability function (pEPPF) associated
to (p1,p2). The extension to the case n > 2, though feasible analytically, leads
to complicated expressions that are not displayed here.
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The outline of the paper is as follows. In Section 2 we shall introduce some ba-
sic facts on CRMs that are necessary for an understanding of the main results
we have obtained. In Section 3 some known examples of multivariate vectors
of CRMs are provided and a new vector of dependent gamma CRMs is in-
troduced. Section 4 is devoted to a detailed description of Lévy copulas and of
their connection with our vector of dependent gamma CRMs. As already pointed
out, attention will be focused in Section 5 on the determination of the Laplace
transform of the vector since it is a key quantity for the evaluation of posterior
inferences in a Bayesian nonparametric framework. Finally, a normalization pro-
cedure is adopted to yield a collection of dependent Dirichlet processes which
correspond to a covariate space Z = {1,...,n}, for some positive integer n:
we shall examine their dependence structure and state a result concerning the
partially exchangeable partition probability function in Section 6.

2. Normalized completely random measures

Among the different possibilities emerged in the literature for defining a proba-
bility distribution @ on (Px, k) in (1), we shall focus on a strategy that makes
use of completely random measures. For this reason we devote the present sec-
tion to the introduction of some preliminary material, which also serves for
clarifying the main notation that will be used henceforth.

Denote by My that space of boundedly finite measures on (X, .2"), namely
each element p in My is a measure on (X, 2") such that u(B) < oo for any
bounded set B € 2. The space My is endowed with the so—called weak® topol-
ogy (see [4] for details) and .#x stands for the corresponding Borel o—algebra.
A completely random measure (CRM) is a random element fi defined on some
probability space (2, F,P) and taking values in (Myx, .#x) such that, for any
k—tuple Ay, ..., Ay of pairwise disjoint sets in 2" and for any k& > 2, the random
variables fi(A1), ..., i(Ay) are mutually independent. If it is further assumed
that i1 does not have random masses at fixed locations, then

i>1

where {(J;, X;) : ¢ =1,2,...} are the points of a Poisson process N on Rt x X
with intensity measure v, i.e. for any A € Z(R1)® 2 such that v(A) < oo one
has N(A) = card({(J;, X;): i =1,2,...} N A) and

e (A k(A
PIN(A) =k] = G T10,1,2,....(k),

k!
where 1 4 is the indicator function of set A. Moreover, the measure v is such
that [, pmin{s, 1} v(ds,dz) < oo, for any B in 2", and is also referred to as
the intensity, or the Lévy intensity, of the CRM fi. It is important to emphasize
that it characterizes i through its Laplace functional transform representation.
Indeed, if f : X — R is any measurable function such that [ |f|dj < co almost
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surely, then

R [e, fxf(r)ﬂ(dx)} :exp{_/+ [1 _efsﬂﬂ I/(ds,dx)} (11)
R+ xX

Given its relevance, in the sequel we shall refer to

vi(f) = /1R+xx [1 - e_sf(w)] v(ds,dx) (12)

as the Laplace exponent of fi. A popular example is the so—called gamma CRM
with base measure c¢Py, where ¢ > 0 and Py is a probability measure on (X, 2Z7).
This is characterized by the Lévy intensity v(ds,dz) = s~ ! e~ *ds ¢ Py(dx) which
leads to the following form of the Laplace functional transform

E [e_ Jx f(””)ﬁ(dw)} = exp {—c /Xlog[l + f(x)] Po(d:c)} (13)

for any measurable function f : X — R such that [log(1+ |f|)dPy < oc. If one
sets f = Al 4 for any set Ain 2 and A > 0, from (13) one deduces that fi(A) has
Laplace transform as in (5) and is, thus, gamma distributed with shape and scale
parameters equal to ¢Py(A) and 1, respectively. Another noteworthy example
corresponds to v(ds,dz) = 057177 do Py(dx)/T'(1 — o), where o € (0,1), and
identifies the so—called o—stable CRM. In this case, for any measurable function
f:X = RY such that [, f7dPy < oo one has

E [e— fxfu)n(dw)] _exp{_ /X 7o (@) Po(dx)}. (14)

A choice of f = A1 4 shows that fi(A) has a positive stable distribution with
parameter o € (0, 1).

As shown in [20], CRMs are the basic building blocks for the definition of
nonparametric priors in an exchangeable framework. Indeed, suitable transfor-
mations of i lead to define random probability measures whose distribution
can be used as the mixing @ in (1). The transformation of interest for the
present paper is the normalization. Indeed, if the intensity v of i is such that
v(RT x X) = oo, it is possible to set ) as the probability distribution of

i
fi(X)’
which defines a normalized CRM or a normalized random measure with inde-
pendent increments. See [27] and [14]. For example, the Dirichlet process with
base measure cPy can be obtained through (15) if & is a gamma CRM whose
Laplace functional transform is as in (13). Analogously, a shown in [16] the
normalized o—stable CRM with base measure P, coincides with the normaliza-
tion of a CRM characterized through (14). The construction displayed in (15)
is also relevant for our proposal. Indeed, we shall consider a vector (fiy, ..., fin)

p= (15)
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of dependent CRMSs such that marginally each fi; is a gamma CRM. A vector of
dependent random probabilities will, then, be obtained by normalizing fi;, for
1 =1,...,n. The resulting dependent Dirichlet processes will represent a can-
didate for modelling partially exchangeable data as in (2) when the cardinality
of Z is n.

3. Gamma CRM and Dirichlet process vectors

The definition outlined in Section 2 can be extended to the case of CRM vectors.
These are random elements & = (fi1,..., i) defined on (2, F,P) and taking
values in (Mg, #3) such that, for any k > 2 and for any choice of pairwise
disjoint sets Ay,...,Ar in 2, the vectors (fi1(A;),...,4n(A;)) are, for i =
1,...,k, mutually independent. In a similar fashion as for the one-dimensional
case, a Poisson process type representation holds true and

(ir - fin) = > _(Jrts- oy Jrn) Ox, .

T

In the above representation, {(Jy1,...,Jrn, X)) : r=1,2,...} are points from
a Poisson process on ((R*)",X) with intensity measure v such that

/ |s]| ¥(ds,dz) < oo VBe X
(R+)"x B

where v(A;) x B) = vi(A x B) for any A in B(RY), v; is the (marginal)
intensity of fi;, Ay = (RT)"™! x Ax (R")"~* and ||z|| is the usual notation for
the Euclidean norm of vector € R™. Similarly to the one-dimensional case, v
characterizes 1 through its Laplace functional transform representation. Indeed,
for any collection of measurable functions f; : X — R such that [|f]|df; < oo,
almost surely, ¢ = 1,...,n, one has

E [ S (@] — oxp | - / [1 - 5] vy, )y (16)
(RH)" xX

where f = (fi,..., fu), ¥y = (Y1, ... yn) and (y, f(2)) = 3/, yifi(2). In order
to simplify the notation, we shall henceforth identify the Laplace exponent of i
as

wi,n(f)=/(m)n . [1—e<y’f<f>>} v(dy,dz). (17)

Example 1. Instances of multivariate CRMs with a view to applications in
Bayesian nonparametric inference can be found, e.g., in [9] and in [17]. For exam-
ple, a vector of CRMs (fi1, fi2) with o—stable margins having Laplace transform
(14) has Lévy intensity of the form

P(1+0) 7y

dyy, dys, dz) =
v(dys, dyz, dz) r'il-o) {y?o’_i_yga'}%"r?

dy1 dy2 dx
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for any 6 > 0. The corresponding Laplace exponent coincides with

oA Ta,, A2l —A1y1—A2y2
Pro(Mla,, Ao 1a) g ke / e
Po(A) T —o0)

—— dyidye
)2 {y?o +yga}9

For further details, see [9] where this vector of dependent CRMs has been used to
define neutral to the right priors for pairs of survival functions with two—sample
data. An obvious simplification occurs when 6§ = 1/0. In this case, indeed, one
has

YoM la, Aala)  AJH — gt
17 B v e UL )

+ (0' + 1)/\‘17 ]1{0} (/\1 - /\2)

This simplifed structure has allowed the definition of a bivariate version of the
two-—parameter Poisson-Dirichlet process in [17]. O

In contrast to this example, we now wish to introduce a CRM vector fi whose
components marginally are gamma CRMs. This is accomplished by introducing
the following multivariate Lévy intensity on (R™)™ x X

— (n—1)! e l¥l
v(dy,dz) = Z T D dy ¢ Py(dz) (18)

with |y| = 3", y;. It is easy to check that

V(A x B) = cPo(B /—dy 1=1,....,n,

for any A € Z(R™), which implies that ji1, ..., /i, marginally are identically
distributed gamma CRMs. It is worth noting that (18) corresponds to the su-
perposition of n vector of CRMs

n

(Nlu'-'vﬁn) = Z(N%w-wﬂfﬂ

i=1
with the intensity of the ith summand (p; 4, ..., ,,) being

(n—1)! e~ l¥l

vi(dy, do) = cPo(de) Tt T

Moreover, one has vj((RT)" x B) = oo, whereas vf((R*)" x B) < oo for any
i=2,...,nand for any B € Z". Hence, for any i > 2 the vector (1 ,,, ..., i, ,)
has a finite number of jumps and acts as a multivariate Poisson compound
process. This structure is reminiscent of a completely random measure whose
normalization has been shown in [29] to be dense in the class of homogeneous
normalized completely random measures.



72 F. Leisen et al.

The components of the gamma CRM vector will be normalized, thus yielding
a random probability vector

~ ~ o ,[Ll ,[Ln
R N e ) 1

that we shall refer to as n—variate Dirichlet process. Indeed, since each f[i; is
a gamma process with base measure cFPy, then p; is a Dirichlet process with
base measure cPy, for any ¢ = 1,...,n. Before discussing the uses of (19) for
drawing inferences with partially exchangeable observations, we shall linger on
some important distributional properties of the un-normalized gamma CRM
vector ft.

4. Connection with Lévy copulas

A popular tool for the definition of multivariate distributions on R?, with fixed
margins, is represented by copulas. See [25] for an extensive account on the topic.
A similar approach has been recently introduced in an infinite-dimensional set-
ting for the definition of multidimensional CRM vectors with fixed marginal
CRMs. Lévy copulas have been originally employed for applications in mathe-
matical finance, with the goal of describing the dynamics of portfolios including
multiple dependent assets whose evolution in time is modeled through a Lévy
process. See [3]. Dependence among the components of a Lévy process vector
is, then, induced by means of Lévy copulas which act at the level of Lévy inten-
sities. Since increasing Lévy processes are special case of CRMs, one can easily
extend the use of Lévy copulas for defining CRM vectors, as illustrated in [9]
and [17]. In view of the definition provided in the previous section, one might
wonder whether it is possible to identify the Lévy copula that induces (18)
starting from gamma univariate margins. Note that, according to Theorem 5.4
in [3] such a copula is unique. The interest in such a result is motivated by the
fact that a possible representation of dependence through a Lévy copula allows
one to simulate approximate realizations of the trajectories of the CRM vector.
Indeed, this can be achieved by relying on an extension of the well-known Fer-
guson and Klass algorithm. For details, see Algorithm 6.5 in [3]. Besides this, it
can provide further insight into the dependence structure featured by the CRM
vector we have introduced.

Let us focus on the two—dimensional case, i.e. n = 2, and suppose each
marginal CRM is homogeneous with intensity that can be represented as follows

vi(ds,dx) = pi(s) ds cPy(dx). (20)

Note that the our proposal clearly fits this setting. A Lévy copula is, then, a
function C : [0, 00]? — [0, 00| such that

(i) C(y1,0) = C(0,y2) = 0 for any positive y; and ys,

(ii) C has uniform margins, i.e. C'(y1,00) = y1 and C(00,y2) = ya,



A wector of Dirichlet processes 73

(iii) for all y; < 21 and y2 < 22, C(y1,y2)+C (21, 22) —C(y1, 22) —C(ya2, 21) > 0.

Set y — U, (y) := fyoo pi(s) ds as the i—th marginal tail integral associated to p;.
Moreover, if
v(dsy, dse,dx) = p(s1, s2) dsy dsa cPy(dx) (21)

is the Lévy intensity of (fi1, fi2) and (y1,y2) = U(y1,y2) = f;lo f;; p(s1,82)dsy dso
is the corresponding tail integral. According to Theorem 5.4 in [3] there exists
a unique Lévy copula C such that U(y1,y2) = C(U1(y1), U2(y2)). Furthermore,
if both the copula C' and the marginal tail integrals are sufficiently smooth

9? C(ylv yQ)

991095 p1(s1) p2(s2).

y1=U1(s1), y2=U2(s2)

0(51,82) =

A wide range of dependence structures can be induced through Lévy copulas.

For example the independence case, i.e. [, pp(s1,s2)dsidsy = [, p(s1)dsi +

fB p2(s2) dss for any A and B in (R™), corresponds to the Lévy copula
CL(y1,y2) = y1l oy (Y2) + y2l (oo} (y1)-

On the other hand, the case of completely dependent CRMs corresponds to

Cy(y1,y2) = min{y1, y2}

which yields a vector (fi1, fiz) such that for any = and y in X either ;({z}) <
ai({y}) or fi({z}) > mi({y}), for i = 1,2, almost surely. Intermediate cases,
between these two extremes, can be detected, for example, by relying on the
Lévy-Clayton copula defined by

Colyr,y2) = (v +957)" % 9>0. (22)

with the parameter 0 regulating the degree of dependence. It can be seen that
limgﬁo Og = CL and limeﬁoo Ce = OH

We shall now focus on the determination of the Lévy copula that identifies the
specific gamma CRM vector characterized by the Lévy measure (18). We shall
use the notation I'(a, z) = f;o 5%~ 1 e~ ds for the incomplete gamma function,
whereas I'"!(a, z) is the inverse function of x + I'(a, z), for any a € R.

Proposition 1. The measure v defined in (18) with n = 2 can be recovered by
applying the Lévy Copula

C(y1,y2) =T(0,071(0,51) +T7(0,12)) (23)

to a pair of gamma CRMs.
Proof. The tail integral of each marginal gamma CRM is

+oo
Ui(z) = / y le Vdy =T(0,2) i=1,2
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On the other hand, the tail integral associated to (18) with n = 2 is

+oo +oo
Uz, z2) :/ / [ : ze T : _e_yl_yz} dy1 dy»
T T2 (yl =+ y2) (yl + yQ)

After the change of variable s = y; + y2 and ¢ = y; we obtain

—+o0 1 1 S§—T2
U(x1,x2) = e | =+ - dt ds
2
T1+T2 s s x1

_/:00 es(s—(xl—l—xg)_'_s—(xl—l—xg)) &

2
1+x2 S S

=T(0,21 +22) — (v1 + 22)T (1,21 + 22) + =1 7%2
— (21 + 22)T(0, 21 + 22)
Since I'(a + 1, z) = al'(a,z) + % =" one has
o T1— 2

U(x1,22) =T(0,21 + z2) — (21 + x2) {m

—T(0,z1 + 3:2)}
+e 7" — (1 + 29)T(0, 21 + 22)
=T(0,21 + x2)
From Theorem 5.3 in [3], the copula C for this process is characterized by
Uz, x2) = CU(T1), U(x2))
which in this case reduces to
T(0,21 + x2) = C(T'(0,21),T(0,22))

Setting y; = I'(0, z;), for i = 1,2, completes the proof.

5. The Laplace exponent

As already mentioned, the Laplace exponent (12) of a CRM [ is an important
tool for its possible uses in Bayesian nonparametric inference as pointed out, e.g.,
in [20]. For example, it may help to determine, via differentiation, a formula for
the so-called exchangeable partition probability function (EPPF) corresponding
to the distribution of a sample of exchangeable observations (X,,)n,>1 as in (1)
with @ being the probability distribution of a normalized CRM p := i/i(X).
The EPPF is also a key quantity needed for the posterior calculus of p, given
the data. Similarly, the availability of an exact expression of v} is decisive for
evaluating posterior inferences, either exact or approximated, with exchangeable
survival data when X = R™ and /i is both taken to define a neutral to the right

prior for the survival function as

]P)[Xl > t|/jL] = g(t) = e_ﬁ(ovt]
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and as the mixing measure in a prior representation for the hazard rate function

through .
S(t) —eXp{—/O /Xk(s,x)ﬂ(dx)ds}

for some kernel function k(-; -) on Rt x X.

All these arguments are still relevant when working in a multivariate frame-
work, where a multidimensional analogue of v can be similarly applied to a
Bayesian nonparametric model with partially exchangeable observations: this
motivates the focus we are reserving in this Section to the determination of the
Laplace exponent induced by (18).

Before getting started, it is worth noting that, since (fi1, ..., fin) has inde-
pendent increments, its distribution is characterized by a choice of f1,..., f, in
(16) such that f; = \; 14 for any set A in 27, \; e R* and i =1,...,n. In this
case

5 () = H(A) y,n(N)
where X = (A1,...,\,) and

e_ly‘

-1
Yun(X) = /(]R+)n { S } Z nﬁz— D!yl dy (24)

Our goal is to prove the following

Proposition 2. Let A € (R*)" be such that it consists of | <n distinct values
denoted as A1, ..., N\ with respective multiplicities (ny,...,n;). Then

T ln,l
Yo (A ( T am—u><¢“\1’”" 1;[ ) (25)

n

where .
ne
onlw) =S Lo BT g ), (26)
=1 Hj:l,j;ﬁi(xi - zj)
To prove Proposition 2, we first show in detail how to deal with the case
n = 2 and, then, deduce the result for an arbitrary n by induction. A recursive
formula provided in Lemma 1 will be the engine for the induction. For general
n a delicate aspect we will encounter is related to deriving a form for v, ., (X)
when not all the coordinates in A are distinct. For n > 2 for the sake of clarity it
will be convenient to deal separately with a derivation when there are no ties in
A (Proposition 4) and then eventually to extend the proof to the case of general
A € R™. For the case n = 2, the joint Laplace functional transform is given as
follows.

Proposition 3. Let v be the Lévy intensity introduced in (18) with n = 2. The
corresponding Laplace exponent has the following form:

[)\1 log(l + )\1) — A log(l + /\2)]/()\1 — /\2) A1 # Ao

va(hs Ag) =
Yra(ha, Ae) {log(l—l—/\l)—i-/\l/()\l—i-l) A= Ao
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Proof. Suppose A1 # Aa. Correspondingly one has
Uu2(A1, A2) = T1 (A1, A2) + Ia(A1, A2)

where

e Y1—Y2

Li(A1, A2 =/ / 1—e im2u2) dyy dy,
( ) o Jo ( ) Y1+ Y2

[e'e) [e’e} e Y1792
Bwde) = [ [ (e ay, ¢
0 0

Y1+ y2)?

The change of variable y; + yo = w and y1/(y1 + y2) = 2 leads to

1 oo
Ii(s,t) = / dz/ (1 _ e—w()qz-i—)\z(l—z))) e dw
0 0

_log(1+ A1) —log(1+ A2)
A1l — A2

=1

and, similarly
1 o0 —w
Iy(Ai, A2) = / dz / (1 - 67“’()‘1”)‘2(1%))) ¢ dw
0 0 w

1+)\1 1+)\2
= log(1 -
)\1 — )\2 Og( + /\1) )\1 - )\2

log(1+ A2) —1

and combining these two expression one obtains v,,. Proceeding in a similar
fashion, and with some useful simplifications, one also obtains ¥, 2 (A1, A1) when
A1 = Ao, O

The statement of Proposition 2 points out that one needs to take into account
possible ties in the vector A when determining an expression, in closed form, of
Yy n. Hence, when dealing with the case n > 2 we shall first assume that A has
no ties and, then, move on to the case where any two A; and A;, with i # 7,
may coincide.

Set B, = {x € (R")": 21 # x5 # -+ # x,}. A preliminary Lemma provides
a useful recursive formula for v, , on E,, with n > 1.

Lemma 1. Suppose that A € E, 11, for any n > 1, and denote as A_; the
original X vector with the i—th component removed. Then the following recursive
equation holds true

An
)\n - )\n—i- 1

An
1/)l/,nJrl()‘) = ot 1Z)u,n()\fn) +

Proof. 1f A7 ={k € {0,1,...,j}" : |k| = j}, then

1—e ) =3 (1) (A y))?

r|
=1 J:
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—1)it+1 ]'
:Z( ) D R MR (RN

|
j>1 J: keA? 1
and
n—1 : .
n—1)! (—1*! J! k k
2 Zn—l—z' 4! Zkl kp! (k)
i=0 j>1 kGA}‘
where
Lk = [ gk © e dy
(k) = ceypr ———dyy - dy,
B+ [yt
A simple change of variable, namely z; = y; /s fori =1,...,n— 1 and s = |y|,
yields
kil k! o
Ii'k)y=———n—-2—i+j)

This in turn leads to

n—1

— +1 92 _
1/)l,n Z TL 1 'Z Z J j:n 21)’L+]) Akl Ain

i=0 i1 keA?

(1)
—o-n L 3 G L

j>1 keA" 1=0
i+1
_ Z Z AR\ (28)
j>1 kEA"
since
n—1 . .
l —1)! 1 —1)!
U+j—t _1G+n—1) (29)
— 1! j (n=1)!

Hence, if one resorts to (28)

() &
wum-‘rl()‘) = Z Z )‘ ! Z )‘
j>1 J k1=0 ka=0

J—(ki4-4kn_1)
kp \J—(K1t+-+kn)
s g
kyn,=0

Afer some algebra, the last sum above can be rewritten as

j—(kit+-+kn_1) j—(k1+Akn_1) ( A )kn

Z )\k )‘fz+(1k1+ Ahn) _ /\il+1k1+---+kn71) Z

A
Fen—0 k=0 n+l1
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/\J (b1t thkn—1)+1 )\jf(k1+~~~+kn71)+1
n

_ n+1
/\n+1 - )\n
Hence
L Jj—k1
n+ k k
b= 2 S S S
k1=0 ko=0
(k1A kn_z) . .
Z )\n 1)\.Zl+(11+ +n1)
k}n71:0
I Y
+ n )\kl )\k2 e
An = Ant1 i>1 J k=0  ka=0
j—(k1++kn_2)
Z /\inifll)\z;(kﬂr“drknfl)
kpn_1=0
which shows the validity of (27). O

We are now in a position to state and prove the following representation of
the Laplace exponent of our multivariate gamma CRM vector, when there are
no ties in its argument A.

Proposition 4. For any A € E,, and n > 1 one has

Yun(A) = dn(A) (30)
where ¢y, is as in (26).

Proof. Suppose (30) holds true for n and we shall show that this implies the
validity of (30) for n+ 1. By virtue of Proposition 3 the proof is thus completed
by induction. Since (30) holds true for n, for any XA € (R*)"*! one has

AT Hog(1 + Ang) "Z‘:l AP log (1 + Ay)
H;—lzll()\n-i-l - )\j) i=1 ()‘i - /\n-l-l) H;‘lz_ll,j;éi()‘i - )‘j)

"N og(1 4+ \)
1/}1/71 n
+1) ZH] 1]751( /\j)

wu,n ()\—n) =

_ Antlog(1 + ) "Z‘:l AP Mog(1 4 Ay)
=1

H;l 11 ()‘ - J Ai — )\n) H;'lz_ll,j;éi()\i — )\])

If these two expressions are plugged in the recursive relation (27) one has

An L log(1+ A1) A log(1 + An)
H?:l(/\nJrl - )‘j) H?ill,j¢n(/\n - )\j)

1/)u,nJrl ()‘) =
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”z’:l [ At An A" log(1 4 ) |
AN = A A=) Qs = A TT2L (i — Ay)

After some algebra, one shows that 1, ,41 satisfies (30) and the proof is com-
pleted. O

To achieve a complete proof of Proposition 2, it only remains to extend the
technique used for the proof of Proposition 4, by taking this time into account
possible ties in A € (RT)™.

Proof of Proposition 2. 1f B; = {i: X\; = A}, for any j =1,...,l, and

lyl; = Z Yi

i€B;

for any y € (R1)", one has, similarly to (28),

= ’I’L B 1 J+1 1 k1 Nkp px
wun Z ’n—l—l' Z kl )\ ’ '/\l In (k)
=0 j>1 ke AL

where

" X eyl
I (k) :/ Yl Yl e dyn - dyn
(B+)n [y[i+T

= % (n1)ky =+ (),

This implies that

(A "i (n —1)! (1) (n—2— i+ 5)!

g n—l_l o (TL+]—1)'
Y O mag
keAl
(—1)i+ (n1)ky - (),
= (-1 : >
i>1 (n+j—1) keAl fal- k!
(45— 1)
L <k —
XA N l!
=
B (_1?]'4-1 (n1)k, - (N1 5\1161 o ng
j>1 keAj
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where the last equality follows from (29). Now note that

(i) i _ (ki d Dnim1 5p _ 1 -1 i1k
kil I'(n;) fo T aamt

and from this deduce

(-1t 1 O Sni— itk
Vyn(A) = Z H - /\iz ;
j>1 '7 kcAl i=1 F )\ ‘
_ 1 o
[T Tns) OAPH - oN !

- - —1)i+1 - -
x )\?1’1---/\?1’127( ) PRV

which, from (28) and by virtue of the definition of the function ¢; in (30),
completes the proof of (25). O

6. Investigating the dependence structure

The determination of the Laplace exponent discussed in the previous section
is preliminary to an investigation of the dependence structure among the ran-
dom probabilities of the vector p = (p1, ..., Pn) of dependent Dirichlet processes
defined by (19). Given p is an infinite-dimensional object, some hints on the de-
pendence between any pair p; and pj, for i # j, are conveyed by the correlation
coefficient between p;(A) and p;(A), for any A € Z. For this reason, we shall
first provide an expression for such a coefficient and, then, rely on the same tech-
nique for determining the partially exchangeable partition probability function
of the sample X9 (z1),..., X% (z,) characterized through (2). Indeed, almost
sure discreteness p; implies that P[X;(z.) = X,(z¢)] > 0 for any i, j, x and /.
In other terms, ties may appear both within each sample and between different
samples X (9)(z,) and X (4)(z,). Hence, the ¢ + - - - + ¢, data consist of k dis-
tinct values forming clusters of sizes Ni, ..., N, Moreover, N; = Y " qj; > 1
with ¢;; denoting the number of observations from X% (z;) coinciding with the
j—th distinct value in the sample. In the following, we confine our treatment to
the case n = 2.

6.1. Mixed moments and correlations

We rely on an approach used in [17] for defining a bivariate two—parameter
Poisson—Dirichlet process: this arises as the normalization of a random measure
that does not necessarily satisfy the property of independence when evaluated
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on pairwise disjoint sets as a CRM does. Accordingly, a key quantity is going
to be

o0
gp(q17q2737t):/ / Yt yd2e ST oYy o) dyy dyo (31)
0 0

where the notation corresponds to the one set forth in (20) and in (21): this is
legitimate since the case we are examining is homogeneous. See (18). Note that
one can also write

9p(q1,q2:5,t) = I (q1, 23 5,t) + 12(q1, q2; 5, 1)

where
I ) I I
1(q1, q2;5 8, ¢ :/ Yl yg e T2 ———— dy; dyo
(R+)?2 ! (Y1 + y2)?
efy17y2
Iz(Q1,Q2;87f)=/ yit yPr eyt dy; dyo
(R+)2 Y1+ Y2

when ¢; + g2 > 1. Moreover, g,(0,0;s,t) = 1. a simple change of variable into
polar coordinates yields

Il (Q17 q2, S, t) - /2 Sln(29) / pq1+q2_1 COS2q1 (9) sin2‘Z2 (0)
0 R+
w e Pl(1+s) cos®(0)+(1+t) sin2(9)]dpd9

B 5 cos2dt (0) sin292 (0) sin(20)
=D(q1 + ¢2) /o [(14 5)cos2(6) + (1 +t)sin®(f)]ar+az

B 1 Y (1 —y)e
=t +e) [ g a0 =g

1 —y)e

} q1+q2 dy

t—s

by
— L+ T+ ) [
0 {1 T

C De+)(@+1) 2Pateat+rlate+25)
(1 +q2)(q1 + g2+ 1) (1 + t)lh-i'qz

In a similar fashion one determines I5(q1, ¢2; s,t) thus yielding

(g2 + 1)(q1 + 1)
(1 +q@+1)(1+t)ntae

9p(q1, q2; 8, 1) =

y oFi(g + g0 + 1,010 + g2 + 2, 755)
Q1+ q2

+2F1(Q1 t+te+lag+lg+q+2 1+t)}
1+t
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The availability of the g, function allows us to determine an expression of the
mixed moments of the un—normalized vector (fi1(4),f2(A)), with A € 2.
This is a preliminary step towards the determination of the mixed moments
of the normalized vector (p1(A),p2(A)). In the sequel, for any two vectors

x=(x1,...,24) and y = (y1,...,yq) in IN&, one writes = < y if either |z| < |y
or || = |y| and z1 < yy or if |x| = |y| with ; = y; for i = 1,...,j and
zjp1 < yj41 for some jin {1,...,d}.

Proposition 5. Let pj(qi1,q2, k) be the set of vectors (X, s1,...,s;) such that
the coordinates of X = (M1,...,\;) are positive and such that y 1_; N\ = k.
Moreover, s; = (s1,52,) are vectors such that 0 < s1 < --- < s; and
o A1+ 52,) =k = q1 + q2. Then,

q1+4q2 q1+q2

_QIQ2'Z Z Z H)\|511+521)

J=1 p;(q1,q2,k) i=1

H{:“z }ql

Proof. Note that

2

efsﬂl(A)ft[Q(A H{ ( )}th

i=1

+
0N —H(A) gya(st)
0sd1 Otz

E — ( )q1+q2

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

q1+q2

e HAe2(oD g11gol N~ (=1)F[H(A)]F x
k=1

q1+q2 Bonitons N
g Z Z H A ' S1 1'521 (8581 i Ots2,i Q/Jp, (S t))

J=1 p;(q1,92,k) =1

By virtue of the definition of the function g, one has

q1+q2

e HA2 (D) gi1gyl 3 [H(A)F x
k=1
q1+q2

X Z Z H N 1 511'8 (gp(sl 13524y S, t))

J=1 p;(q1,92,k) =1 2%
Since ¢,2(0,0) =1 and
5171'!5271'!

gp(sl,i; 52,1',070) e —
S1,4 1+ S2,4

the conclusion follows. O



A wector of Dirichlet processes 83

The procedure described in the previous proof can be used to determine the
correlation coefficient between pq(A) and pa(B), for any A and B in 2. In
particular, when A = B, it will be seen that such a correlation does not depend
on the specific set p; and ps are evaluated at: this finding is typically used to
motivate the use of corr(p;(A4), p2(A)) as a measure of the dependence between
p1 and p2. The main difference with respect to the previous proof is the use of
a gamma integral representation of the normalizing total random masses fi1 (X)
and [i2(X). In order to make notation simpler, we set

z

hl(Z) = 2F1(2,2,4,Z) 1 Fy (0704_ 1, —C(l _ Z)M)
(3)

log(1 —
hQ(Z) = 2F1(3725472) 1F1 (C+ 1,C+ 25 _C(l - 2)¥>

where 1 F} is the confluent hypergeometric function and o F} is the Gauss hyper-
geometric function.

Proposition 6. Let A and B be any two sets in 2~ and suppose that (p1,p2)
is a Dirichlet vector defined as in (19), with n = 2. Then

- - _ [cH(ANB)—- H(A)H(B)
corr(p1(A),p2(B)) = 3\/H(A)H(B)H(AC)H(BC)

1
¢ — ce—c%lo (1—2) 1(2)dz
«flen [a-2 S0 hy () ds (34)

z—1

1
+ 2c/ (1 —z)ctle ez loell=2) o (2) dz}
0

where hy and ha are defined in (33).

Proof. Note, first, that
E [p1(A)p2(B)] = / E [[Ll(A)ﬂg(B) e M=t dudo.  (35)
(R+)?

In order to exploit the independence of the increments of (fi1, fi2) on can consider
the (measurable) partition of X generated by {A, B}. Hence, one can rewrite
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the right—hand-side of (35) as follows
/ E [,11(,4 \ B)jia(B\ A) e-sﬂ1<x>-fﬂ2<x>} dsdt
(R+)?

+ / E[gl(A\B)gz(AmB) e—sﬂﬂX)—tﬂz(X)} dsdt
(B+)?
(36)
+/ E[gl(AmB) 2(B\ A) e~ X%tﬂz@@] dsdt
(B+)?

+ / E [ﬂl(A A B)jiz( AN B) e~ s (X)~th: @ﬂ dsdt
(R+)2
Let us focus on the first summand and note that it can be rewritten as

/ E [/11 (A\ B) efsﬂl(A\B)*tﬂ2(A\B):| E [[Q (B\ A) e*Sﬂl(B\A)*tﬂz(B\A)}
(R+)2

B om0 8a0)] gt

where X* = X\ (AAB) and A stands for the symmetric difference between sets.
Each factor in the integrand can be easily evaluated. As for the first one, for
example, one has

E [/11 (A\B)e—sﬂl(A\B)—tﬂz(A\B)} = H(A\ B) e  HA\B wo2(s0) g (1 ;5 1)
and one, then, has
/ [g (A\ B)jia(B\ A) e~ X>—tﬂ2<x>] dsdt
= H(A\ B) H(B\ A) /<]R+>z e~ g (1,05 8,1) g,(0,1;5,t) ds dt

As for the last summand in (36), it should be noted that

/ E [gl(A N B)jig(AN B) e s ~th2X) | qqqy
(R+)
:H(AQB)/ 9,(1, 155, 1) e=¥r (58 ds dt
(R+)?2

+ H*(AN B) /(R+)2 9,(1,0;5,t) g,(0,1; 5,t) e~ Uo(s:) qs dt
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Combining (35) and (36) with the above integral representations, one obtains
E [p1(A) p2(B)]

= HAHB) [ 00,0:5,0)9,(0,1is,0) 7 dsc
(R+)2 (37)

H(ANB) / 9,(1,1; 5, 1) e~ e¥e(=) ds dt
(BF)?

If A= B =X 1n (37), the following useful identity holds true

/ gp(l,O;S,t) gP(Ovl;Sat) efcd)p(s,t) dsdt
(RH)?

1 1
=—=—- / 9,(1, 155, 1) e~ o5 ds dt
(RF)?

2 ¢
which, in turn, yields

E[p1(4) pa(B)] = =) 4 {H(AQB) _ W}

) (38)

X / gp(1,1;,t) e~ Vo3 qsdt
(RF)?
Note, now, that from (32) one has
/ e7‘21¢’(5’t)5]1,(17 1,s,t)dsdt = Jy + Jo
(RF)?

where

—vGO (1) 2, (2,2, 4 dsdt
/(R+)2e ( * ) 1+t 5

1
6
1 t—s
Jy = = (st (1 4 4)73 (3,2,4 )d dt
: 3/(R+)e (1+1) ) s

A simple change of variable yields

11—z
/ / et et log(1-2) , 1 (2,2, 4, 2) dwde

= g/ (/ Yo Lo—c(l= 2)ylosl=2) dy) (1— Z)ce—c%log(l—z) 2F1(2,2,4,2) dz
0 0

B(1 ! -
_ (37 c) / (1— Z)ce—c7llog(l—z) hi(z) dz

0
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where, for any a,b > 0, B(a,b) is the beta function. In a similar fashion one
determines Jo. Finally, if one recalls that p(A) and pa(B) are, marginally, beta
distributed with parameters (H(A),c— H(A)) and (H(B),c— H(B)), the result
follows. O

From (34) it follows that when A = B, the dependence on the set A disap-
pears, as anticipated in (10), and corr(p1(A), p2(A)) can be meant as a measure
of the dependence between p; and ps. This is a typical argument used in the
Bayesian nonparametric literature.

6.2. Partially exchangeable random partition

As already mentioned, the components of the vector (pi1,p2) are such that
ties may be detected both within and between the two samples X (%) (z;) and
X (2)(z,). Hence, the sample induces a random partition of the integers {1, ...,
¢1 + g2} that can be described through the so—called partially exchangeable
partition probability function. This is the bivariate counterpart of the marginal
exchangeable partition probability functions induced by p; and ps. Indeed, since
D1 4 p2 and are Dirichlet processes with base measure H = c¢Fy, each sample
X () (z;) characterized through (1) induces a a random partition that can be
characterized through the probability function

(a2 all
Hkl (nla-"vnk): (C) H(n.]_l)'
qi j=1

where k € {1,...,¢;} is the number of sets of the partition and the positive
integers mnq,...,n are the cardinalities of the partitions sets, thus being such
that 2521 n; = ¢;. The above displayed equation corresponds to the EPPF
of the Dirichlet process whose base measure has total mass ¢ > 0. The EPPF
characterizing discrete random probabilities, even beyond the Dirichlet case, are
a remarkable tool for addressing a variety of issues in Bayesian nonparametric
inference. Indeed, they are the key for devising Blackwell-MacQueen type al-
gorithms for density estimation (see [20] for a general discussion) and for the
exact evaluation of estimators of interest in species sampling problems (see, e.g.,
[18, 10, 11)).

Here we deal an extension to the case where one considers the partition jointly
induced by the two samples X (9)(z;) and X (%) (z,). The dependence between
p1 and po obviously introduces some further technical issues with respect to
the marginal exchangeable case. In order to examine such an extension in some
detail, for any vectors ny = (n1,1,...,nk1) and ng = (n1,2,...,nk2) of non—
negative integers in the set

Ar(q1,q2) = {(n1,m2) €INZF: mjy +njo> 1, |ng| =g}
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we shall denote by
k
" (ny,my) = /k E | ]85 (das) 537 (da:)
X .
Jj=1

the probability of detecting two specific samples X ™ (z1) and X" (z2) featuring

k distinct values with respective frequencies 11,1 + n1.2,...,nk,1 + ng, 2. Before
providing an expression for H,(cnl’M), we need to introduce some notation. In

particular, we set

» ) mzﬂ(fh+QQ,(J1+1;Q1+Q2+2;2) i=1
i\q1,492;%2) =
%2F1((J1+Q2+17Q1+1;Q1+Q2+2;2) =0

(39)
for i = 0,1 and for any z € (0,1). We are now in a position to provide an
expression of the pEPPF characterizing a bivariate Dirichlet process.

Proposition 7. For any positive integers q1, qo and k such that k < nq + no
and for any vector of cluster frequencies (ni,nz2) € Ap(ny1,ns) one has

Hz(cnl’M) (n1,m2)

1T c§<ni> P> % (") () e

=1 1€{0,1}¢ £=0 m=0

1
> / (1 _ Z)c+n1+m+k—\i|—1—cz;1
0

(40)
VPG m, 6), G m,6) 41, —c(1 — ) 2B
¢(¢,m,%)
k k
X H 91']. (TLjJ,?’Lj)Q;Z) + H eij (nj)g,an;Z) dz
Jj=1 j=1
where C(£,m,3) =c+L+m+k —|t| and |i| = i1 + -+ + ix.
Proof. The result can be deduced from
H(nl,nz)(nl n2) _ ck / +/ Snl_l tn2—1 e—cw(s,t)
’ e \Jas Jay
k
X H gv(nj1,mj9;8,t)dsdt = Iy + I
j=1
where the function g, is as in (32), A_ = {(s,t) € (R")? : s < t} and

Ay = {(s,t) € (RT)? : s > t}. We shall explicitly deal with I, which is
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associated to A_, since an expression for Iy can be similarly obtained. Resort
to the change of variable z = (t — s)/(1 +t) and w = 1/(1 + ) and note that
(z,w) is in the simplex S = {(z,w) € [0,1]? : 2 + w < 1} since (s,t) € A_.
Hence

k
Il _ _ C / wc—‘,—k—‘ﬂ—l(l P w)nl—l(l _ w)’ﬂz—l
Hi:l F(nl) li|e{0,1}* S1
1 log(1 ) k
z— og(l—=z
% efc = lOg(lfz)*C’u)_ z H eij (nj)17 nj727 Z) dz dw

j=1

T i () (e

i=1 |i‘€{011}k {=0 m=0

% / w((f,m,i)fl(l o Z)mfkeefctl log(1—z)—cwel=2)
S1

k
X H 91']. (njﬁl, nj2, Z) dzdw
J=1

(n1,
k

and the first part in the representation of IT "2) follows upon noting that

1—2 . log(1—z2)
/ w{(l,m,z)fl e~ duw
0

1
:(1_Z)<<e.,m,i>/ YCEmi) =1 gmey(1-2)E0=2)
0

) (G M, 1), (6 my i) + 1, —e(1 — 2) =)

= (1 — z)¢m,i
t= {(Em,)
A similar procedure on A, leads to an expression of I that completes the
proof. O
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