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Abstract

Hierarchical models enjoy great popularity due to their ability to handle heterogeneous
groups of observations by leveraging on their underlying common structure. In a Bayesian
nonparametric framework, the hierarchy is introduced at the level of group-specific random
measures, and then translated to the observations’ level via suitable transformations. In
this work, we propose a new strategy to derive closed-form expressions for the marginal
and posterior distributions of each group. Indeed, by directly inserting a suitable set of
latent variables into the generative model for the data, we unravel a common core shared by
the different hierarchical constructions proposed in the Bayesian nonparametric literature.
Specifically, we identify a key identity that underlies these models and highlight its role in
the derivation of quantities of interest.

Keywords: Completely random measure; Dependence structure; Hierarchical process; Mixture
hazard; Normalized random measure; Partial exchangeability.

1 Introduction

In a Bayesian framework, X—valued observations from a homogeneous population are modeled as
an (infinitely extendable) exchangeable sequence, which means that their distribution does not
depend on the order of appearance (de Finetti, 1937). By de Finetti’s representation Theorem,
this is equivalent to stating that the observations (X, ),>1 are conditionally independent and
identically distributed (i.i.d.) given a random probability measure P, taking values in the space
of probability measures on X denoted as &. Hence, one has

Xi,...,X; | PR P
P ~ Q,

; i 21,

where Q is known as the de Finetti measure and acts as prior distribution for Bayesian inference.
If @ does not degenerate on a subset of & indexed by a finite-dimensional parameter, we
are considering a nonparametric setting, the one of interest to the present paper. The model
choice then reduces to identifying a suitable distribution for the random probability measure P.
Probability measures may be characterized in many different ways, including their probability
mass or density function, cumulative distribution function or survival function, cumulative hazard,
and hazard rate function. Each representation highlights different features of the distribution,
and may be preferred to the others depending on the main target of the analysis. For this reason,
different Bayesian nonparametric models have focused on each of these representations (with
seminal contributions in Ferguson (1973, 1974); Doksum (1974); Dykstra and Laud (1981); Lo
(1984); Hjort (1990); Walker and Muliere (1997)) which share one common feature: the random



probability measure P is modeled as a suitable transformation of a completely random measure n
Indeed, completely random measures (Kingman, 1967) are a remarkable class of discrete random
measures that lends itself to modeling both discrete functions, thanks to their almost-sure discrete
nature, and continuous ones, typically through kernel smoothing. Moreover, completely random
measures feature an infinite number of random atoms and random weights, which guarantees
full-modeling flexibility of many quantities of interest; see Lijoi and Priinster (2010) for a review
using completely random measures as unifying concept. We will consider almost surely finite
completely random measures without drift and fixed atoms, which can be conveniently represented
as
fi(dz) = Ji 6, (dx),
i>1

where (J;)i>1 is a sequence of random jumps and (6;);>1 is a sequence of i.i.d. atoms (points of
discontinuity), whose common distribution is termed base probability measure. In view of the
upcoming discussion, it is relevant to point out that, when such a measure is diffuse, the atoms
are distinct almost surely.

Recent developments in Bayesian nonparametrics are focused on flexible ways to account
for different forms of heterogeneity across observations; see Cifarelli and Regazzini (1978) and
MacEachern (1999, 2000) for pioneering works and Quintana et al. (2022) for a recent review. A
particularly relevant framework is that of partial exchangeability (de Finetti, 1938), which allows to
model multiple groups of observations sharing similar features with homogeneity (exchangeability)
holding only within each group but not across groups. Typical instances include patients with the
same disease treated in different hospitals, or children of the same age raised in different countries.
In this setting, the distribution in each group can be modeled by means of a group-specific
completely random measure, and since the groups share similar features, it is important to
incorporate borrowing of information across different groups. This objective is naturally met
by the Bayesian paradigm: if dependence among the random measures is introduced a priori,
the posterior distribution for each group will also make use of the information contained in the
other groups. This typically induces a shrinkage effect that makes the estimates more reliable
and disappears as the number of observations diverges.

The previous discussion raises the fundamental question of how to introduce dependence
among random measures, which has been addressed from several different perspectives in the vast
literature on the topic. De Iorio et al. (2004) develop the dependent Dirichlet process framework of
MacEachern (1999, 2000) by imposing an ANOVA-type structure on the atoms, while Dunson and
Park (2008) and Rodriguez and Dunson (2011) model predictor-dependent weights via kernel and
probit transformations. As for the partially exchangeable setting, proposals inducing dependence
across different groups of observations include additive (Miiller et al., 2004; Lijoi et al., 2014),
nested (Rodriguez et al., 2008; Camerlenghi et al., 2019a; Lijoi et al., 2023) and hierarchical
structures (Teh et al., 2006; Camerlenghi et al., 2019b, 2021). Further interesting constructions
of dependent completely random measures, based on multivariate Lévy intensities, can be found
in Epifani and Lijoi (2010); Griffin and Leisen (2017); Riva-Palacio and Leisen (2021); Lau and
Cripps (2022). See also the recent review by Quintana et al. (2022) and references therein.

Among these constructions, hierarchical forms of dependence are arguably the most natural
ones for a Bayesian statistician: being used to introduce dependence among the observations
through conditional independence, it is conceptually straightforward to introduce dependence
among the random measures through conditional independence as well. Thanks to de Finetti’s
representation theorem, this leads to an (infinitely extendable) exchangeable sequence of random
measures. A compelling strategy to define conditionally independent completely random measures
consists in assuming a random base measure, which is modeled either through a normalized
completely random measure or directly through a completely random measure. The first approach
has been mainly used to model dependent random discrete probability measures (Teh et al., 2006;
Camerlenghi et al., 2019b), whereas the second has been used to provide the main ingredients



to model dependent random hazard functions (Camerlenghi et al., 2021), though it is probably
interesting to remark that, in principle, they could both be used to model both quantities.

These two classes of hierarchical models entail different dependence assumptions on the
random measures; however, they also present significant conceptual and mathematical similarities.
In this paper, we investigate these similarities and propose a unifying framework that sheds
light on their common structure and on intriguing analogies in their posterior and predictive
representations. Indeed, even if dealing with hierarchical models may appear more challenging
than treating simpler exchangeable ones, they both rely on the same identity, which can be
applied recursively to reduce the analysis of the multi-group framework to the easier single-group
scenario. Specifically, consider a completely random measure fi with a diffuse base probability
measure, i.e. whose atoms are distinct almost surely. For any non-negative measurable function
f, and mutually disjoint balls B. (xj) ={z:d(z, x;) < g}, one can explicitly characterize the
limiting behavior of

B e {- [ f(w)ﬂ(dw)}ﬁﬂ(35($§))”j , 1)
j=1

as € — 0, as recalled in (14) of Section 5. From this identity, one can derive the law of the random
partition of the exchangeable observations according to their ties, which in turn determines both
the predictive and posterior distributions, as shown in James et al. (2006, 2009).

At first sight, it seems difficult to extend this strategy to the multi-group hierarchical
framework. Indeed, the base probability measure of each exchangeable completely random
measure is modeled as an almost-surely discrete random measure itself. This implies that
the atoms of such measures display ties with positive probability and thus do not fit into the
above framework. Camerlenghi et al. (2019b, 2021) work around this issue by exploiting the
celebrated Faa di Bruno’s formula, expressing higher order derivatives of compositions of functions:
eventually, the inherent combinatorial structure induced by this formula turns out to be effectively
represented by introducing suitable latent variables. Leveraging on this observation, here we
propose an alternative approach that bypasses the Faa di Bruno formula by directly inserting the
latent variables into the data generative model. From an analytical point of view, this strategy
substantially mitigates the combinatorial burden connected to the Faa di Bruno’s formula, at
the negligible cost of an augmented Lévy intensity measure. In addition, the description of the
induced random partition structure becomes more transparent, as it can be considered a mere
consequence of the ties within sequences of latent (unobserved) variables.

The intuition behind our proposal is the following: by adding a diffuse independent mark to
each atom of the exchangeable random measure, one derives a completely random measure on
the joint space of the atoms and the marks with the compelling property of not displaying ties
almost surely. One can, then, use (1) on the augmented random measure and possibly remove
the auxiliary latent marks through marginalization. Remarkably, this strategy leads to posterior
and predictive representations for both classes of hierarchical models, thanks to a fundamental
identity that extends (1) to hierarchical random measures. In Basu and Tiwari (1982), which
stands out as an insightful contribution to the foundations of the Dirichlet process, the authors
state a crucial desirable property for nonparametric models: “If a prior is selected from this class,
then the posterior distribution given a sample of observations from P is manageable analytically,
and it belongs to the class, i.e. the class is closed under ‘Bayesian operation’.” Our paper shows
that the two considered classes of hierarchical nonparametric priors meet this desideratum by
developing the necessary analytical tools and suitably extending the notion of closure to fit the
more complex partially exchangeable framework.

The paper is structured as follows. Section 2 recalls the definition of completely random
measure (CRM), along with two transformations that are important for the following developments,
namely, normalization of CRMs to model discrete random probability measures and kernel mixtures



of CRMs to model random hazards. Section 3 introduces dependence between CRMs through two
related hierarchical constructions. Section 4 provides some intuition on the partition structure
and introduces a convenient set of latent variables, representing the marks of the atoms in the
previous discussion. Its formal treatment can be found in Section 5, together with the key
identity for closed-form computations involving CRMs, which is then exploited to derive marginal
distributions. The posterior characterization of CRMs is described in Section 6 for both classes of
hierarchical models. In light of these results, the generalized gamma CRM arises as the natural
conjugate prior, as discussed in Section 7. Section 8 provides further insights on the dependence
structure between hierarchical random measures, together with some intuition on how to enhance
its flexibility.

2 Background on Completely Random Measures

Let (X, X) be a complete and separable metric space. Denote by M be the space of boundedly
finite measures on (X, &) equipped with the corresponding Borel o-algebra M, that is, the
smallest o-algebra that makes the projections A — p(A) measurable for every measure p and
every bounded set A; see Daley and Vere-Jones (2007) for details. A random element /i defined
on some probability space (€2, F,P) taking values in (M, M) is termed random measure.

A Completely Random Measure (CRM) fi is a random measure on (X, X’) such that, for any
collection of n > 1 bounded and pairwise disjoint sets A1,..., A, € X, the random variables
(A, ..., 1(A,) are mutually independent (Kingman, 1967). CRMs represent a very natural
and convenient choice of discrete random measures: their key role in Bayesian nonparametrics is
extensively discussed in Lijoi and Priinster (2010).

In this work, we consider CRMs without fixed points of discontinuity and without deterministic

drift: a CRM belonging to this class can be represented as a linear functional of a Poisson Random
Measure (PRM) N on RT x X as

a(dx) 4 /R+ s N(ds,dx). (2)

Therefore, its realizations are almost surely discrete, and its law is characterized by the Laplace
functional transform at any non-negative measurable function f: X — RT, namely

E [exp{—/xf(x)g(dx)H :exp{—/RJrXX(l—eSf(x))l/(ds,dx)}, (3)

where v is the Lévy intensity measure uniquely identifying fi. Note that v is the mean intensity
measure of the PRM N in (2), and must satisfy the condition

/ min(s, 1) v(ds, dx) < oc.
R+t xX

This characterization motivates the notation i ~ CRM(v). The Lévy intensity measure v can be
always disintegrated as
v(ds, dz) = p(ds|z) a(dx), (4)

where p: B(RT) x X — R is a transition kernel and « is a diffuse o-finite measure on (X, X).
Lévy intensities, and the corresponding CRMs, are termed homogeneous if p(-|x) = p(:) is a
measure not depending on x € X, and non-homogeneous otherwise. An exhaustive account on
CRMs can be found in Kingman (1993).

In the following, homogeneous CRMs are considered for their simplicity and tractability.
Intuitively, this is equivalent to the independence between atoms and jumps of the corresponding
random measure. Moreover, the measure o appearing in (4) is assumed to be finite, which ensures



that the random measure is finite almost surely. This implies that the total mass of a can be
included into the transition kernel p, and the Lévy intensity measure is uniquely disintegrated as

v(ds,dx) = p(ds) Py(dx),

with Py a diffuse probability measure on (X, X') termed base probability measure; later on, it
will be sometimes useful to rely on this representation rather than on (4). The infinite activity
property of the Lévy intensity measure is also assumed, namely p(R™) = oo, which implies that
the corresponding random measure has an infinite number of jumps on any bounded set, and
thus ensures it is non-zero almost surely. Further details can be found in Regazzini et al. (2003).

In Bayesian Nonparametrics, (completely) random measures can be effectively used as the
basic building block for the construction of discrete nonparametric priors. This work focuses on
random probability measures and random hazards obtained from two suitable transformations of
random measures: normalization and kernel mixtures.

Normalized random measures. An almost surely discrete random probability measure p can
be defined via normalization of a random measure i as

)

plar) = 55 5)
provided that 0 < 1(X) < oo almost surely. In case fi is a homogeneous CRM, these conditions
are guaranteed by the finiteness of a and the infinite activity property, as proved in Regazzini et al.
(2003), where this normalization procedure has first been introduced. A posterior characterization
of normalized CRMs has been derived in James et al. (2009) for the exchangeable setting. Popular
special instances include the Dirichlet process (Ferguson, 1973), which arises from normalization of
gamma CRMs (Ferguson, 1974), the normalized o—stable process (Kingman, 1975), the normalized
inverse Gaussian process (Lijoi et al., 2005) and the normalized generalized gamma process (Lijoi
et al., 2007). Their use in mixture models is reviewed in Barrios et al. (2013). Henceforth,
whenever i ~ CRM(v), its normalization p in (5) is denoted by p ~ NCRM(v).

Random mixture hazards. In survival analysis, the time to failure is usually modeled by
a random variable T, taking values on R™, whose probability distribution is here assumed to
be absolutely continuous with respect to the Lebesgue measure. The hazard rate function of T’
represents the instantaneous risk of failure, and is defined as

_f®)

h(t) == S@) teR,

where f is the density function of T and § is its survival function. A random hazard rate h can
be defined mixing a non-negative kernel k over a random measure [i as

A(t) = /X k(t: ) fi(da). (6)

Such mixture structure was introduced in the pioneering papers Dykstra and Laud (1981) and
Lo and Weng (1989), and developed in full generality by James (2005), where the posterior
characterization is derived for exchangeable data.

The random survival function associated to this random hazard rate is

5= e {- [ [ st s}, )



which is a proper survival function whenever lim;_, S(t) = 0 almost surely. In case fi is a
homogeneous CRM, this condition is guaranteed by infinite activity and requiring

/ k(s;x) ds = o0, Py —as.
R+

The most popular kernel was proposed in Dykstra and Laud (1981), where the authors assume
X = RT and define k(t;z) = B(x) 14>, for B positive and right-continuous function. Such
kernel satisfies the condition above and represents the reference model for increasing hazard rates.
Further methodological, computational and asymptotic investigations with different kernels and
choices of CRMs can be found, e.g., in Ishwaran and James (2004); Nieto-Barajas and Walker
(2004); Peccati and Priinster (2008); De Blasi et al. (2009); Donnet et al. (2017); Catalano et al.
(2020).

3 Hierarchical random measures

Hierarchical structures represent a natural way to construct vectors of dependent random measures.
Indeed, dependence in a vector of random measures fi can be induced through the following

hierarchical scheme:
iid.

p=(fi1,....ip) | o "X G, (8)
IELO ~ gOa
where G is the (random) conditional distribution of each fig, for d = 1,..., D, given the random

measure fig, which represents the root of the hierarchy and is distributed according to Gy.

Completely random measures are particularly well-suited to this hierarchical structure, as the
random measure [ig at the root of the hierarchy can be easily incorporated into the Lévy intensity
measure characterizing the distribution G of the vector at the lower level of the hierarchy. We
distinguish two different hierarchical constructions that are commonly used to model dependent
random probabilities and dependent hazards, respectively.

A vector of dependent discrete random probability measures can be defined through the
hierarchical structure -
p=p1,---.pp) | Po "= NCRM(¥),

s 9)
po ~ NCRM(rp),

where p1,...,pp are conditionally independent normalized CRMs with random Lévy intensity
measure

v(ds,dx) = p(ds) po(dz),

and po is a normalized CRM with Lévy intensity measure vy(ds,dx) = po(ds) Po(dx). This
hierarchical nonparametric construction was first introduced in Teh et al. (2006) for the special
case of hierarchical Dirichlet processes, and extensively studied in Camerlenghi et al. (2019b) for
the more general class of processes considered here. Further investigations beyond the Dirichlet
setup can be found, e.g., in Teh and Jordan (2010); Camerlenghi et al. (2017, 2018); Catalano
et al. (2022).

In the case of random mixture hazard models, normalization of random measures is not
needed to define the nonparametric prior, since it results from the combination of dependent
non-normalized random measures with suitable kernels. The hierarchical structure defining the
vector of underlying dependent random measures is

fi= (i, o fip) | fio "5 CRM(®), 10)
/10 ~ CRM(V0)>



where fi1, ..., fip are conditionally independent CRMs with random Lévy intensity measure
Ij(dsv d$) = p(ds) ﬂo(d$),

and fig is a CRM with Lévy intensity measure vy(ds, dz) = po(ds) Po(dx). This class of mixture
hazard rates based on a hierarchical dependence structure of the underlying random measures was
introduced in Camerlenghi et al. (2021). An alternative approach to define dependent mixture
hazards can be found in Lijoi and Nipoti (2014).

4 Random partitions and latent variables

Consider an array of partially exchangeable sequences with de Finetti measure featuring the
hierarchically dependent specification discussed in the previous section. The almost-sure dis-
creteness of (normalized) CRMs naturally induces a random partition structure, with groups
including elements both within and across such partially exchangeable sequences. We illustrate
this partition structure through the hierarchical prior specification in (9), based on normalized
random measures. However, it characterizes every Bayesian nonparametric model built upon
hierarchical CRMs priors, being a property of the hierarchical structure itself rather than of the
specific model.

Consider the array of D partially exchangeable samples

.~ Lid. .
Xd:(Xd1>"'aXde)|pd ~ Pd, dzlv"'aDv

i (11)
p:(ﬁlv"'aﬁD) ~ QDa

for integers Ny, ..., Np > 1, where Qp is the hierarchical prior in (9). The almost-sure discreteness
and dependence of the random probability measures in p imply that tied values occur with positive
probability both within and across samples, that is P(X, = X,;) > 0 for any ¢ and . Therefore,
a random partition of the observations is naturally induced, whereby two elements are in the same
partition group if and only if they have the same value. Denote by X7,..., X} the k distinct
values assumed in the D partially exchangeable samples, with respective multiplicities nq, ..., ng.

As a consequence, elements belonging to the same partition group may or may not belong
to the same sample, which means that there is no structural relationship between the random
partition induced by tied values and the natural one determined by the D samples. Let ng be
the number of elements in sample d belonging to group j,

Ny

nd]:Z(Xd’L:X]*)’ d:]-a"'aDaj:]-a"'vk'
i=1

However, given the two-fold nature of the partition structure, observed values are not enough to
fully characterize its complexity. It is therefore convenient to introduce corresponding sequences
of latent variables

Zi= (Za1,s- - Zan,), d=1,...,D,

taking values on a complete and separable metric space (T, 7)), which themselves admit ties
with positive probability. These latent variables are formally introduced in the next section for
both normalized random measures and random mixture hazards models, and allow to describe a
finer partition structure, featuring ties within each sample (but not across samples); this greatly
simplifies the learning scheme. In particular, for each sample d and each group j, consider the ngy;
elements in X for which X4 = X ]* holds. The corresponding elements in Z; may themselves show
ties: denote by Z;‘l‘jl, cee Z;jrdj their rg; distinet values, with multiplicities ggj1 + - - - + qgjry, = naj-
Notice that, whenever Zy; = Zg then X4 = Xy, 1.e. a tie among values in Zg4 implies a tie



among the corresponding elements in X, while the converse is not necessarily true. Moreover,
let 7; be the partial sum of elements in (74;)q; with respect to d, and let r be their total sum.

An intuitive description of the partition structure introduced in this section is provided by
the well-known Chinese restaurant franchise metaphor, first presented in Teh et al. (2006) for the
hierarchical Dirichlet process. According to this scheme, a franchise consists of D restaurants
sharing the same menu, which includes an infinite number of dishes; each restaurant has infinitely
many tables and the customers seated at the same table eat the same dish. Customers arriving
at each restaurant may choose to either sit at a table with other customers, thus eating the dish
already served at that table, or sit at an empty table, either eating a dish already served at other
tables in the franchise or eating a new dish from the menu. Notice that, in contrast to the simple
Chinese restaurant metaphor, the same dish can be served at different tables within the same
restaurant and across different restaurants. Embedding the partition structure described above
in the metaphor, element Xy; represents the dish served in restaurant d to customer ¢, and the
distinct values X7, ..., X} represent the £ distinct dishes served in the franchise, with ng4 being
the number of customers eating dish j at restaurant d. Likewise, the latent variable Z4 represents
the table in restaurant d at which customer i is seated, with r4 being the number of tables in
restaurant d at which dish j is served, and qgj;, being the number of customers in restaurant d
eating dish j at table h.

The sequences of latent variables introduced above can be explicitly included in the hierarchical
prior specifications by extending the random measures at the lower level of the hierarchies to a
larger space (as clarified in the next section). Specifically, given the root of the hierarchy, the
conditionally independent (normalized) CRMs appearing in (9) and (10), namely p1,...,pp and
fi1, .., D, can be extended as random measures on T x X, and characterized, respectively, by
the random Lévy intensity measures

v(ds,dz,dx) = p(ds) H(dz) po(dz), v(ds,dz,dx) = p(ds) H(dz) fip(dz),
where H is an arbitrary diffuse probability measure on (T, 7). The random measures on (X, X)
introduced in the original definition are easily recovered via marginalization.

An interesting feature of this analytical device is the extension of the (random) discrete
components, defined on X, of the Lévy intensity measures characterizing CRMs at the lower level
of the hierarchies, to diffuse components, defined on T x X, as a consequence of H being diffuse.
Such property turns out to be fundamental for the recursive application of the result in (14) in
presence of hierarchical schemes, as discussed in the following section.

5 The key identity for random measures

The availability of a framework to describe the random partition structure induced by discrete
hierarchical priors is a prerequisite for the determination of marginal and posterior distributions.
In this respect, the possibility to marginalize quantities of interest with respect to the prior
represents the cornerstone of computations with CRMs, and relies on a specific core structure,
which leads to closed-form and tractable expressions.

Let fi be a homogeneous CRM with Lévy intensity measure v(ds, dz) = p(ds)a(dx), where o
is a finite diffuse measure on X; both its Laplace exponent and cumulants, defined respectively by

P(u) = /RJr (1 — e_“s) p(ds), T(m;u) = /R+ s"e " p(ds), (12)

play a crucial role in the investigation of the distributional properties of fi. The core quantity
representing the building block for every computation with CRMs is

exp {— / f(w)ﬂ(dm)} f[lws(a:;f»”j (13)
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where B:(z}) = {z € X:d(z,2}) <e}, for j=1,...,k, are e-balls centered at distinct values
xy,...,r; € X, with multiplicities n1,...,n; > 1 such that Z;?:l nj =n, and f: X — R is any
non-negative measurable function. Computing the expectation of the quantity in (13), one can
show that

e {- [ f(a:)ﬁ(d:v)}ljlﬂ(Bs(x}f))"f

lim
e—0

= exp {— Xw(f(x))a(da:)} HT(nj,f(a:j)) a(dac;-). (14)

Formally, we can interpret the left-hand side of (14) as the (first) moment measure of an
exponentially tilted n-fold product random measure of the CRM [i, restricted to a specific subset
of X". Indeed, fi(-)™ may be regarded as the restriction of the n;-fold product measure of fi to
the diagonal A, = { (v1,...,2pn;) € X" : 21 = --- = z,, }, through the correspondence

a(A) =@ ({(z,. .., x) e e AY) =" ((Ax - x AYNA,,),

n; n;

which is non-zero due to the almost-sure discreteness of fi. Similarly, H?Zl fi(dx})™ may be
identified with the restriction of the n-fold product measure of i to a particular subspace of X".
Specifically, for any 1 < k < n, consider the linear subspaces of X" of dimension k£ for which the
n coordinates can be partitioned into k groups with multiplicities ni, ..., ng, where coordinates
in the same group take on the same value. The moment measure introduced above, restricted to
each of such k-dimensional subspaces, is shown in (14) to be absolutely continuous with respect to
the product measure o, i.e. the k-fold product of o with itself, with Radon-Nikodym derivative

eXp{—/Xw(f(x))a(dw)} lf[f(nj;f(@“}f)),

where z7,...,2; € X are the k distinct values assumed by coordinates belonging to the same
group. Note that this density only depends on the groups’ multiplicities n1, ..., n; and distinct
values z7,..., ), while the coordinates’ ordering identifies the specific k-dimensional subspace

where the measure in (14) is concentrated. Moreover, such measure can be decomposed into
the product of a constant exponential term and k independent measures on X, each absolutely
continuous with respect to the diffuse measure .

This result is particularly suited to hierarchical structures of random measures. Indeed, if [i
is defined through a hierarchical scheme and « is itself a random measure, the same result can be
applied recursively, since the structure in (13) reappears for measure « in the right-hand side
of (14). Note that the equality above holds true only for diffuse choices of the finite measure



a, making it potentially useless if o is a CRM (thus having almost surely discrete realizations).
However, this issue is successfully addressed by replacing the random measure i with its extended
counterpart, as formally described hereunder.

Let i be a homogeneous CRM with random Lévy intensity measure
v(ds, dz, dx) = p(ds) H(d=) fio(da)

where H is a diffuse probability measure on T and jig is itself a homogeneous CRM with Lévy
intensity measure vy(ds, dx) = po(ds) Py(dx), for Py a diffuse probability measure on X. The core
quantity of interest, playing the role of (13) for hierarchical schemes, is

exp{— f(z) a(dz, dx) } H H f(dzjy,, dx)%n, (15)
TxX

7j=1 h=1

3
where 7, ..., 27 € X are distinct values, 2317 R ]r

€ T are the r; > 1 distinct values corre-
sponding to the same
f: X — RT is any non-negative measurable function. The expectation of such quantity with
respect to the random measure i is computed by recursive application of (14), first at the lower

level and then at the root of the hierarchy, obtaining

with multiplicities gj1,..., ¢, > 1 and such that ijl r; =r, and

E exp{— mgf( fi(dz, dz) } 1;[ 1;[ 2y, daf)
_ exp{ /% ) Po(da) }HTO rip(f (@) Po(da?)

"5

k
< TT L (o ) Hd=3), (1)
j=1 h=1

where 19 and 1)y are defined as in (12) replacing p with py. Similarly to the non-hierarchical
case, (16) defines a (first) moment measure of an exponentially tilted n-fold product measure of
the random measure fi with itself, which is here a measure on the space (T x X)" = T™ x X".
Specifically, consider the linear subspaces of T™ x X" of dimension r x k for which the 2n
coordinates can be grouped according to the partition structure encoded into elements (g;) ;-
This moment measure, restricted to each of such subspaces, is shown in (16) to be absolutely
continuous with respect to the product measure H" x Pé“, with Radon-Nikodym derivative

“ﬁ.ﬂ% %M}Hmm $W%ﬁﬂ%#@®,

where 7, ..., 2} € X are the £ distinct values assumed by X-valued coordinates belonging to the
same group. Again, this measure can be decomposed into the product of a constant exponential
term, the r-fold product of H with itself, and k£ independent measures on X, each absolutely
continuous with respect to the diffuse probability measure F.

The rest of this section is devoted to the analysis of the likelihood functions associated to
normalized random measures and random mixture hazards, assuming partially exchangeable
models with a hierarchical prior specification. In particular, the introduction of latent variables
specific to each model, together with suitable analytical manipulations, recovers the core structure
introduced in (15), which in turn allows one to compute marginal distributions explicitly via the
recursive application of (14).
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Normalized random measures. Consider the array of D partially exchangeable samples
ii.d.

Xa= (Xat,---» Xang) | Pa "~ pa, d=1,...,D,
~ ~ iid. ~
p=(p1,...,0p) | po ~ NCRM(D), (17)

po ~ NCRM(vp),

for integers Ni,...,Np > 1 and hierarchical prior (9). Introducing the corresponding latent
variables, which represent the tables in the restaurant franchise metaphor, the likelihood function
associated to the augmented sample (X4, Zy) is
Ny k Tdj
L(jig; Xa, Za) = | | Pa(dZai, dX i) = jra(T, X)~ H 11 fatdzy,, dx;)ysen.
i=1 j=1 h=1
By using a simple analytical manipulation based on the density of a gamma random variable,
this can be rewritten as
. 1 Ng—1 . ST x *\ddjh
L(fg; Xy, Zq) = 7F(Nd) /R+ uy exp {— /]I‘XX Ug ud(dz,d;r)} jl—Il }Hud(dZdjh,de) dug,
where uy is an additional latent variable, thanks to which the core structure in (15) is successfully
recovered in the likelihood. Therefore, the result in (14) can be applied to marginalize the
expression with respect to the lower level of the hierarchical prior, i.e. conditionally on py,
obtaining
Tdj Tdj

~ 1 —1 _¢ *
P(Xg,Zq| o) = TNy /IR+ ua) 31_11 hl_[lT qdjn; uq) dug - Hpo (dX7)" hl:IlH(dZdjh)-

Note that only the random partition induced by ties in the sequence Z4, which is encoded into
groups multiplicities (qgjn);jn, is relevant in the expression above, while their specific values are
sampled independently from the measure H. Since these values are not even observed in the
model, they can be safely ignored, and Z] can be written instead of Zy to indicate that results
depend on the partition induced by latent variables, rather than on their values.

The same analytical manipulation can be performed recursively for the random probability
measure pg, considering the likelihood associated to the D partially exchangeable samples. The
joint marginal distribution of the observations X and the latent variables Z can be effectively
expressed in terms of the random partitions they induce, respectively denoted by X™ and Z™,
and of the vectors of their distinct values, denoted by X* and Z*, as

D k Tdj kT4
IS * T xR\ 1 N, 1 - . *
roc 22 = 1] | oy [t e T 1L lawss - T] T] #0230
d=1 j=1 h=1 j=1 h=1
k k
1 / —o(

X —— 0(uo) rjiug) dug - | | Po(dX7).

00 Je- L bz - TLR

(18)
In analogy with the comment above, the distinct values in X* do not enter the partition function
as well, and are sampled independently from the base probability measure Py. Therefore,
marginalizing out the contribution of the distinct values (X*,Z*) in (18), one obtains the partially
exchangeable partition probability function (pEPPF):

k Tdj
d=1 j=1 h=1
X —— Tl_wouo To(7j; up) dug.

Jj=1
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This expression clearly highlights the way random partitions are composed at the two levels of the
hierarchy. At the level of single samples (i.e. restaurant level), the partition function depends on
the number of customers seated at each table, that is on the partition induced by each sequence
Z,. On the other hand, at the root level (i.e. franchise level), the partition function depends on
the number of tables eating each dish, which describes how the finer partition induced by latent
variables Z is related to the coarser partition induced by observations X.

According to the interpretation discussed in the previous section, the joint marginal distribution
in (18) represents a moment measure on the joint space T" x X", restricted to the linear subspace
of dimension r x k which reflects the partition structure induced by observations and latent
variables and encoded into elements (deh)djh- Specifically, this restricted measure is absolutely
continuous with respect to the product measure H" x Pé“, and has constant Radon-Nikodym
derivative expressed by the pEPPF in (19).

The structure of the pEPPF represents the cornerstone of computational developments: indeed,
full conditional distributions derived from it can be exploited to devise marginal Gibbs sampling
schemes, as extensively discussed in Camerlenghi et al. (2019b) (Section 6.1).

Random mixture hazards. Consider the array of D partially exchangeable samples

d.
Ta= Ta,-- Tan,) | Pa = Pa,  d=1,...,D,
~ ~ id. ~
H’:(le-'auD)’MO IN CRM(V)7 (20)

fo ~ CRM<V0)7

for integers Np,..., Np > 1 and hierarchical prior (10). The random probability measure py is
recovered from the expression of the random hazard rate in (6) and is expressed in terms of the
random measures fig as

Paldt) :/Xk(t;x)ﬂd(da:) exp{—/ot/xkz(s;x)/ld(da:) ds}dt.

The further level of complexity represented by the kernel mixture requires the introduction of
additional latent variables, namely the ones representing the latent samples from the random
measures, i.e. the dishes in the restaurant franchise metaphor, which instead are directly observed
in the previously discussed case of normalized random measures. The augmented random
probability measure takes the more tractable form

Paldt, dz) = k(t;z) fia(dz) exp{— /0 t /X k(s; ) fia(dx) ds}dt.

Introducing the latent variables representing the tables in the restaurant franchise metaphor, the
likelihood function associated to the augmented sample (T4, Xy, Zg) is

sz
£(fia Ty X4, Za) = Hk Tis; Xag) falAZas, dX 1) exp{ [ ko)t da) ds} ATy
TxX

= Q(T4,X ) exp {—

k T4
K)o, do) b TT TT iz, ;)00
TxX J=1 h=1

where, in order to ease the notation, the following quantities have been defined:

Nd Nd Td’L
Q(Tq, Xq) = [ [ #(Tui: Xai) dTii,  Ka(z) = Z/ k(s; ) ds.
i=1 i=1 0

12



Again, the structure in (15) is recovered in the likelihood, with the constant term w4 for normalized
random measures replaced by the function K,. Therefore, the result in (14) can be applied
recursively at the lower and root levels of the hierarchical prior, so that the joint marginal
distribution of both the observations T and the latent variables X and Z becomes

D
P(T7XW7X*7 Zﬂa Z*) = Q(T7X) €xp {—/Xwo (Z ¢(Kd(X]*))> PO(d:C)}
b i g IS ()
< TT I T 7(aam; Ka(X7) H(dZg) - T[] 70 (Tj; w(Kd(X}‘))> Po(dX75).
d=1 j=1 h=1 j=1 d=1

The similarities with the joint distribution derived in (18) are apparent, as the composition of
random partitions at the two levels of the hierarchy follows the same structure. An important
difference is represented by the dependence of the partition function from the specific distinct
values X* through the functions K, ..., Kp, so that their contribution cannot be marginalized
out, and a proper pEPPF cannot be defined. This dependence on the specific values is reflected
by a non-constant Radon-Nikodym derivative, when (21) is regarded as a moment measure.

The lack of a proper pEPPF also represents a computational drawback in this context, as the
Gibbs resampling step for the latent distinct values X* involves both the kernel term Q(T, X)
and the value of the partition function. On the other hand, analytical tractability greatly benefits
from the absence of the integrals with respect to ui,...,up and ug appearing in the expression
(19) for normalized random measures, which are merely a byproduct of analytical manipulations
and need to be treated as additional latent variables.

6 Posterior characterizations

Another essential result which leverages on the random partition structure is the posterior
characterization of the random measures [i1,..., fip and fig. Specifically, posterior distributions
of CRMs are recovered via the determination of their conditional Laplace functional transforms:
in these expressions, one identifies the distributions of jumps at fixed locations and the Lévy
intensities of CRMs without fixed jump points. A structural conjugacy property is shown to hold,
that is, a posteriori, the vector of random measures fi retains its hierarchical form, with random
measures at the lower level of the hierarchy being conditionally independent given the random
measure at the root.

In the following, posterior updates of hierarchical CRMs priors are explicitly described for the
partially exchangeable models based on both normalized random measures and random mixture
hazards. For convenience of presentation, the intensities of the jump components p and pg at
both levels of the hierarchy are assumed to be absolutely continuous with respect to the Lebesgue
measure on R*, and suitably written as p(ds) = p(s)ds and po(ds) = po(s) ds, respectively.
Moreover, the results in this section consider the original definitions of random measures at the
lower level of the hierarchies, as introduced in (9) and (10): the adaptation to their extended
versions is straightforward.

Normalized random measures. Consider the partially exchangeable model described in
(17). The posterior distributions of the non-normalized random measures fi1, ..., ip and fig are
characterized conditionally on the observations X, the latent variables Z, and the additional
latent variables Uy, ...,Up and Uy. As already mentioned, such latent variables are a byproduct
of analytical manipulations in the likelihood, and are needed to recover a (conditional) structural
conjugacy.
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Let Uy, ...,Up and Uy be conditionally independent positive random variables with density
functions

where we recall that X™ and Z™ denote the random partitions induced by ties in the sequences X
and Z, respectively, which are encoded into groups multiplicities r;’s (coarser partition) and qqg;p’s
(finer partition). At the lower level of the hierarchy, the posterior distribution of each random
measure [iq, given the observations X, the latent variables Z,; and Uy, and the root random
measure [ig is

k Tdj

fia(dz) | X3, X5, 25, Us, i ~ fig(dz) + YD Jajn bx: (dz),
j=1h=1

where the random elements in the sum are mutually independent, fi; ~ CRM(v}) with homoge-
neous Lévy intensity measure

vi(ds,dz) = e”Ya% u(ds, dz) = eY4® p(ds) po(dx),

and each Jg;;, is a non-negative random variable with density function

Jajn(s) oc sddit e*UdSp(s), j=1,...,k, h=1,...14.
Therefore, a posteriori and conditionally on fig, each random measure fiq is still a CRM, resulting
from the sum of random jumps at fixed points of discontinuity and a CRM without fixed points
of discontinuity. The latter is characterized by the Lévy intensity measure of the prior with an
exponential updating term, while the fixed points of discontinuity correspond to the distinct
values of the observations. Moreover, the random measures fi, ..., fig preserve their conditional
independence, given fig.

Similarly, the posterior distribution of the random measure fig at the root of the hierarchy,
given the observations X, the latent variables Z and Uy, is

k
fio(dz) | X™,X*, 27, Uy ~ fi(dw) + Y I dx:(dx),
j=1

where the random elements in the sum are mutually independent, fif ~ CRM(v{) with homoge-
neous Lévy intensity measure

vi(ds,dz) = e7U0% vy(ds, dz) = e~V % po(ds) Py(dx),

and each I; is a non-negative random variable with density function

—Up s

fi(s) o< s e 0% po(s),  j=1,...,k.

Again, the random measure fig is still a CRM a posteriori, given by the sum of random jumps at
fixed points of discontinuity, corresponding to the distinct observed values, and an exponentially
updated CRM without fixed points of discontinuity.

An interesting feature of this result is that the prior-posterior updating mechanism preserves
the homogeneity of the random measures. Indeed, the density functions of additional latent
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variables Uy, ...,Up and Uy, the exponential update of the Lévy intensity and the distributions
of random jumps at the fixed points of discontinuity depend only on the partition structure
induced by the observations and the latent variables, encoded into X™ and Z™, while observed
distinct values X* only determine the fixed locations of discontinuity points. This property clearly
parallels the factorization property of the marginal distribution into pEPPF and independent
sampling of distinct values, and it represents a fundamental computational advantage when one
needs to sample directly from the posterior distribution of hierarchical CRMs.

Random mixture hazards. Consider the partially exchangeable model described in (20). In
this case, the posterior distributions of random measures fi1, ..., ip and [ig are characterized
conditionally on the observations T and the latent variables X and Z, featuring a proper
structural conjugacy. Specifically, the posterior distribution of each random measure [ig, given
the observations T, the latent variables X; and Zg4, and the root measure fig is

k Tdj

[Ld(d-r) | Td7 Xd’ ~0 ~ Md dl‘ +ZZdeh(5X*(dg;)
j=1h=1

where the random elements in the sum are mutually independent, i ~ CRM(v}) with non-
homogeneous Lévy intensity measure

vi(ds,dz) = e 4% p(ds) fig(da),
and each Jg;;, is a non-negative random variable with density function
fajn(s) o< stdit e KalX7)s p(s), j=1...,k, h=1,... 14

Similarly, the posterior distribution of the random measure fig at the root of the hierarchy, given
the observations T and the latent variables X and Z, is

k
fio(dz) | T,X™, X", Z" ~ fi5(dw) + Y I; 0x+(dz),
j=1

where the random elements in the sum are mutually independent, i ~ CRM(1) with non-
homogeneous Lévy intensity measure

v (ds, dz) = eXP{ Z@/J Kq(x }po(dé’) Po(dz),
and each I; is a non-negative random variable with density function
D
fi(s) o< 8™ exp {— > Ww(Ka(X7)) s} po(s),  j=1,... .k
d=1

As already highlighted for marginal distributions, the structural analogies with the posterior
characterization for normalized random measures are apparent, and similar considerations apply.

In particular, here the role of the random variables Uj,...,Up is played by the non-random
functions K1, ..., Kp, which summarize the contribution of the observations T to the posterior
update.

However, the analytical and computational advantage represented by the absence of additional
latent variables is partially overturned by the non-homogeneity of the Lévy intensity measures
characterizing, a posteriori, the continuous part of the hierarchical CRMs. The challenges
represented by non-homogeneous CRMs in conditional sampling algorithms are discussed in
Camerlenghi et al. (2021) (Section 6.2), where a novel general-purpose approach is proposed.
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7 Generalized gamma CRMs as natural conjugate priors

The practical implementation of Bayesian procedures involving hierarchical CRMs priors requires
the specification of their Lévy intensity measures. In particular, a fundamental role is played
by measures p and pg, which characterize the jump component and deeply affect the induced
partition structure. Indeed, such measures directly impact the distributions of random jumps at
fixed points of discontinuity in the posterior characterizations of hierarchical CRMs, and also
enter the definition of key quantities in (12), which constitute the core structure of the marginal
distributions (18) and (21). The availability of closed-form and tractable expressions represents a
computational advantage for both marginal and conditional algorithms. On the contrary, the
specification of Py has a far lower impact from both analytical and computational points of view.

A natural choice of p and pg for hierarchical constructions is represented by the generalized

gammea hierarchical CRM, corresponding to the specifications

1
I'(1-o)

1

—oo—1 —ﬂosd
T —o0) s e s,

p(ds) = sT7te P ds,  po(ds) =

with parameters 3,39 € R* and 0,00 € [0,1). Notable special cases are obtained setting
o = o9 = 0, which corresponds to the gamma hierarchical CRM, and § = By = 0, characterizing
the o—stable hierarchical CRM.

The generalized gamma hierarchical CRM allows for the explicit computation of the integrals
defining the Laplace exponent and its cumulants in (12), namely,

L (1 n g) ,

T(m;u) = /R+ sMe " p(ds) = EH (B + u)fm+a‘

These quantities can be directly substituted into the expressions of the marginal distributions,
from which full conditional distributions and predictive urn schemes are easily derived.

Moreover, the generalized gamma choice acts as the (conditionally) conjugate prior with
respect to the posterior characterization of hierarchical CRMs for the partially exchangeable
models discussed in this work. For example, considering the model in (17) based on normalized
random measures, the posterior distribution of each random measure jig at the lower level of the
hierarchy consists of the sum of random jumps at fixed points of discontinuity having gamma
distribution, namely,

deh ~ Gamma(qdjh —o,B+ Ud),

and a CRM without fixed points of discontinuity, which still has the Lévy intensity measure
of a generalized gamma CRM, with the exponential term resulting in the parameter update
B — B+ Ug. The same structure is observed for the root measure fip, and for the model in (20)
based on random mixture hazards, with the usual roles swap of the variables Uy,...,Up and
the functions K, ..., Kp, converting real parameters 8 and (j into functional parameters and
making the Lévy intensity non-homogeneous.

8 Eliciting the induced dependence structure

In the previous sections, we have described two different hierarchical models that provide an
intuitive and effective way to introduce dependence among the components of a vector of random
measures. The amount of dependence regulates the borrowing of information across groups, that
is, how much inference and prediction for each group are influenced by the observations in other
groups. In an ideal setting where infinite observations for each group are available, one would
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not need to leverage on the information contained in the other groups of observations, and the
borrowing of information would be useless (if not harmful). However, in real situations with
only few observations per group available or strongly unbalanced datasets, the borrowing of
information can lead to crucial improvements in the estimates and meaningful reduction of their
uncertainty.

Let o = (f1,...,/ap) be a vector of random measures. Two extreme situations can be
identified: (i) when the random measures are equal almost surely, i.e., fiy = --- = fip a.s., there is
maximal dependence and, since all observations are treated as belonging to the same group, full
borrowing of information; (ii) when the random measures are mutually independent, there is no
borrowing of information, since the inference for each group is not affected by the observations in
other groups. In the elicitation of the prior, it is crucial to understand how much dependence
is introduced in the model, as this has major consequences on the learning mechanism. In this
respect, it is sufficient to remark that if (i) is assumed a priori, the estimates for each group are
exactly the same, without taking into account possible differences across the groups, while if (ii)
is imposed a priori, the estimate for each group does not take into account the observations in
other groups, with potential loss of information.

One of the most natural summaries of the dependence structure between two random measures
fi; and fi; is their pairwise covariance structure Cov(fi;(A), fi;(A)), for any set A € X, and its
normalized version, the pairwise correlation Corr(fi;(A), fij(A)). See Catalano et al. (2021, 2023)
for alternative approaches based on the Wasserstein distance. Note that, when the pairwise
correlation is 1, it is sufficient to consider random measures with the same marginal distribution
to prove that the random variables fi;(A),...,ip(A) are equal almost surely. Moreover, even
if a pairwise correlation equal to 0 does not imply, in general, that the random variables
f1(A),...,ap(A) are mutually independent, it actually does for many specific models. Both
these features hold for the hierarchical structures we have considered in this work, namely,

3 . N - idd. flo(d
a0 — (uﬁ”,-.-7 Mg)) | i <" CRM <p(ds) 7100((X))>’ (22)
B0 = (52, i) | o " CRM(p(ds)fo(de). )

where fip is a CRM with Lévy intensity measure vy(ds,dx) = po(ds) Py(dx). In the previous
sections, we have applied normalization to the random measures in (22) and a hazard mixture
transformation to the random measures in (23). In this section, we rather focus on the comparison
between the dependence structures at the level of the random measures, irrespective of the
particular choice of transformation. Indeed, while it would be possible to focus on the transformed
random measures as well, we believe that a direct comparison between (22) and (23) can help to
disentangle the effect of the hierarchical construction from the effects of the transformations.

A decisive advantage of the pairwise covariance is represented by its plain evaluation for

hierarchical models through the law of total covariance and Campbell’s theorem. In particular,

considering the vector of random measures (! = (ﬂgl), cee [L(D1)> in (22), for any fixed set A € X

and i # j,
) (o) o(512)
Vo (7 (4)) = Cov (), 100 + ([ #oa) (2 e

fio(X)
2 -
Sy 5D = / fio(A)
Cov (3" a1, 1)) = ( [sptas)) var (20620).
The corresponding expressions for the vector fi(?) = ([Lg2), ceey /](D2)> in (23) are obtained by

replacing the normalized random measure fig(A)/fip(X) with its non-normalized counterpart
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fio(A). At the root level of the hierarchy, the mean and the variance of both the CRM fig
and its normalization fio(-)/fi0(X) may be expressed in terms of their Lévy intensity measure
vy, exploiting Campbell’s theorem and the techniques developed in James et al. (2006). For
illustration purposes, consider the hierarchical gamma process, where ﬂgh), el ﬂgl), for h=1,2,
and fip are gamma completely random measures, obtained by choosing

ae® ape”®

ds.

p(ds) = ds,  po(ds) =

S S

This specification yields the following expressions for the quantities considered in (24), for both
hierarchical structures in (22) (left column) and (23) (right column):

E (ﬁg”(A)) — a Py(A), E (,19 (A)) — aag Py(A),
a? —
Cov (ﬁg”(A), ,zg.”(A)) _ o h O(ﬁ)(jao Hd), Cov (,1§2> (4), i (A)) = o? ag Py(A),
a? A)(1 - A
Var (ﬂE“(A)) _ @R 1)(+1QOP”( D 4 pya), Var (g§2>(A)) = a(a+ 1) ag Py(A),
a(l — A «
Corr () (4), 15" (4)) = _(1_1;0( A];;ﬁ ) o Cor (P (), @7(4)) =

In order to correctly interpret the information contained in (24), let us elaborate on two
different flexibility properties that are desirable for the dependence structure of a model that
induces positive association between the random measures. The first kind of flexibility ensures
that, for every value v € [0, 1], there exists a specification of the model parameters such that
the random measures have correlation equal to (or converging to) . This property holds for
hierarchical models in general, and can be easily checked for the hierarchical gamma process
considered above: in both cases, the values of a and, possibly, ag can be chosen so that the
correlations are equal to (or converge to) every fixed value € [0, 1]. The second, and stronger,
kind of flexibility asks that, for every marginal law of the random measures and for every value
v € [0, 1], there exists a specification of the model parameters such that the random measures
have correlation equal to (or converging to) . This kind of flexibility ensures that the marginal
law of the random measures can be modeled separately from their dependence structure, a feature
which is often desirable in practice, as they encode different aspects of the model. For simplicity,
it is usually sufficient to restrict to a weaker version, whereby one fixes only the first and second
moments of the random measures, instead of fixing their whole marginal laws.

Interestingly, most hierarchical models currently used in the literature do not achieve this
second type of flexibility. For example, consider the vector of random measures (2 with the
hierarchical gamma specification described above. As revealed by the expression of the correlation,
in order to recover perfectly correlated random measures, one needs o — +o00; however, in
such case, the expected value diverges. This suggests that a good practice for hierarchical
gamma random measures, when the root measure is not normalized, is to fix ap = 1/a, so that

]E(ﬂ(-2) (A)) = Py(A) and thus the dependence structure does not affect the mean of the random

7
measure. Nevertheless, with such choice of parameters, one obtains Var ([%(2)(/1)) = (a+1) Py(A),
which in turn implies that the only way to recover perfectly correlated random measures is to have
(marginally) infinite variance. In conclusion, the flexibility of second kind cannot be achieved for
the hierarchical structure in (23). On the other hand, such issues do not arise for the vector f(!)
described above, and the ultimate reason of this can be understood by looking at the expressions
n (24): if fip is a gamma random measure, its mean and variance coincide, whereas the variance
of the normalization fig(-)/fi0(X) can be adjusted separately from its expected value. This fact
suggests to consider other classes of random measure for fig, where a hyper-parameter can be set

to flexibly account for different values of the variance.
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Figure 1: Samples from (> (A4) = ( (2 ’3) N(Q’ﬁ) (A)), for B =1 (left) and 8 = 100 (right),
where A is a set such that PO(A) 0.5. he covariance is the same for every value of 8 > 0, that

is, Cov (P (4), g7 (4)) = 1/2.

Summing up, when resorting to hierarchical constructions to model the dependence between
random measures, particular attention has to be put in eliciting the dependence structure, as it
will also affect the marginal distributions. For the same reason, the covariance is not a reliable
measure of dependence: since changing the covariance also affects the variance, the normalization
required in the expression of the correlation is not only a way to obtain values in [0, 1], but also
provides important information about the dependence structure. In order to effectively showcase
this last reasoning, consider the bivariate vector of hierarchical random measures

B B o iid. €7Bs -
A28 = (ufﬁ) 25)) | fio " CRM <B S ds uo(dl‘)>,

(@),

where 8 > 0. Resorting to the expressions in (24), one can show that, for any A € X, the

ipc ~ CRM <es

covariance Cov(ﬂ?’ﬁ )(A), ﬂg’ﬁ )(A)) = Pyp(A) remains unchanged for every value of 3; however,
the dependence structure of (35 appears substantially different for different values of 8, as
shown in Figure 1, in the cases § =1 and 5 = 100. This difference is correctly detected by the
correlation, which equals /(1 4 /) and thus converges to 1 as  diverges.
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