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Abstract: We introduce mixtures of species sampling sequences (mSSS) and discuss how these
sequences are related to various types of Bayesian models. As a particular case, we recover species
sampling sequences with general (not necessarily diffuse) base measures. These models include
some “spike-and-slab” non-parametric priors recently introduced to provide sparsity. Furthermore,
we show how mSSS arise while considering hierarchical species sampling random probabilities (e.g.,
the hierarchical Dirichlet process). Extending previous results, we prove that mSSS are obtained by
assigning the values of an exchangeable sequence to the classes of a latent exchangeable random
partition. Using this representation, we give an explicit expression of the Exchangeable Partition
Probability Function of the partition generated by an mSSS. Some special cases are discussed in
detail—in particular, species sampling sequences with general base measures and a mixture of species
sampling sequences with Gibbs-type latent partition. Finally, we give explicit expressions of the
predictive distributions of an mSSS.

Keywords: species sampling models; exchangeable random partitions; exchangeable sequences;
predictive distributions

1. Introduction

Discrete random measures have been widely used in Bayesian nonparametrics. Note-
worthy examples of such random measures are the Dirichlet process [1], the Pitman—Yor
process [2,3], (homogeneous) normalized random measures with independent increments
(see, e.g., [4-7]), Poisson-Kingman random measures [8] and stick-breaking priors [9]. All
the previous random measures are of the form

_ 1
P =3 pjdz, 1)
j21

where (Z;);>1 are i.i.d. random variables taking values in a Polish space (X, &) with

common distribution H, and (p]i) j>1 are random positive weights in [0, 1], independent of

(Z]')]»Zl, such that pf > p% > pé > ..

With a few exceptions—see, e.g., [1,4,10-14]—the base measure H of a random measure
P in (1) is usually assumed to be diffuse, since this simplifies the derivation of various
analytical results.

The diffuseness of H is assumed also to define the so-called species sampling sequences [15],
exchangeable sequences whose directing measure is a discrete random probability of type (1).
In this case, the diffuseness of H is motivated by the interpretation of species sampling
sequences as sequences describing a sampling mechanism in discovering species from an
unknown population. In this context, the Z;s are the possible infinite different species, and
the diffuseness of H ensures that there is no redundancy in this description.

On the other hand, from a Bayesian point of view, the diffuseness of H is not always
reasonable and there are situations in which a discrete (or mixed) H is indeed natural. For
example, recent interest in species sampling models with a spike-and-slab base measure
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emerged in [16-21] in order to induce sparsity and facilitate variable selection. Other
models, which are implicitly related to species sampling sequences with non-diffused base
measures, are mixtures of Dirichlet processes [10] and hierarchical random measures; see,
e.g., [22-25].

The combinatorial structure of species sampling sequences derived from random
measure (1) with general H have been recently studied in [14].

In this paper, we discuss some relevant properties of species sampling sequences with
general base measures, as well as some further generalizations, namely mixtures of species
sampling sequences with general base measures (mSSS).

An mSSS is an exchangeable sequence whose directing random measure is of type (1),
where (Z,,),>1 is a sequence of exchangeable random variables and (p};),>1 are random
positive weights in [0, 1] with p% > p% > pé > ..., independent of (Z;)>1.

The core of the results that we prove in this paper is that all the mSSS can be obtained
by assigning the values of an exchangeable sequence to the classes of a latent exchangeable
random partition. We summarize the results of Section 3 in the next statement.

The following are equivalent:

1. &= (Cn)u>1is an mSSS;

2. with probability one (&n)p>1 = (Z1,)n>1, where (1,),>1 is a sequence of integer-valued
random variables independent of the Zs such that, conditionally on p* := (p%, p%, ...), the
I, are independent and P{I,, = i|p‘} = pii.

3. with probability one (&n)p>1 1= (Z%H(H))nzl, where (Z),)>1 is an exchangeable sequence
with the same law of (Zy)n>1, I1 is an exchangeable partition, independent of (Z),),>1,
obtained by sampling from (pﬁ)nzl, and €, (I1) is the index of the block in I1 containing n.

The partition IT obtained from p* = ( p%, p%,. .. ) is the so-called paint-box process
associated with pi. In general, this partition, called the latent partition, does not coincide
with the partition induced by the (&, ),>1. Note that also the sequence (Z;,),>1 is latent, in
the sense that it cannot be obtained if only (),>1 is known. On the other hand, combining
the information contained in (Z},),,>1 and in I, one obtains complete knowledge of (& ),>1,
and, in particular, of its clustering behavior. This last observation is essential for the
development of all the other results presented in our paper.

The rest of the paper is organized as follows. Section 2 reviews some important results
on species sampling models and exchangeable random partitions. Section 3 introduces
mixtures of species sampling sequences and discusses how these sequences are related
to various types of Bayesian models. In the same section, the stochastic representations
for mixtures of species sampling sequences sketched above are proven. In Section 4, we
provide an explicit expression of the Exchangeable Partition Probability Function (EPPF) of
the partition generated by such sequences. This result is achieved considering two EPPFs
arising from a suitable latent partition structure. Some special cases are further detailed.
Finally, Section 5 deals with the predictive distributions of mixtures of species sampling
sequences.

2. Background Materials

In this section, we briefly review some basic notions of exchangeable random partitions
and species sampling models.

2.1. Exchangeable Random Partitions

A partition 77, of [n] := {1,...,n} is an unordered collection {71y, . . ., 77y , } Of disjoint
non-empty subsets (blocks) of {1,...,n} such that U;?:l i, = [n]. A partition 7, =
{710, 2, -, Ty } has |7, | := k blocks (with 1 < |mr,| < n) and |71 4|, withe =1,...,k,
is the number of elements of the block c. We denote by P, the collection of all partitions of
[n] and, given a partition, we list its blocks in ascending order of their smallest element, i.e.,
in order of their appearance. For instance, we write [(1,3), (2,4), (5)] and not [(2,4), (3,1), (5)].
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A sequence of random partitions, IT = (I1,),>1, defined on a common probability
space, is called a random partition of N if, for each 1, the random variable I, takes values in
Pn and, for m < n, the restriction of 11, to P, is 11, (consistency property).

In order to define an exchangeable random partition, given a permutation p of [1n] and
a partition 77, in P,, we denote by p(71,) the partition with blocks {p(j) : j € m;,} for
i=1,...,|m,|. Arandom partition of N is said to be exchangeable if IT, has the same
distribution of p(I1,) for every n and every permutation p of [1]. In other words, its law is
invariant under the action of all permutations (acting on I, in the natural way).

The law of any exchangeable random partition on N is completely characterized by
its Exchangeable Partition Probability Function (EPPF); in other words, there exists a unique
symmetric function g on the integers such that, for any partition 7, in P,

P{IT, = mmn} = q(|711,0 ) )

,...,|7Tk’n

where k is the number of blocks in 7. In the following, we shall write I ~ q to denote
an exchangeable partition of N with EPPF q. Note that an EPPF is indeed a family of
symmetric functions g} (-) defined on C,, = {(n1,..., 1) € NFK Zi-‘:l n; = n}. To simplify
the notation, we write g instead of q;. Alternatively, one can assume that q is a function on
UneN UZ:1 Cn,k- See [26].

Given a sequence of random variables X = (X;);>1 taking values in some measurable
space, the random partition IT*(X) induced by X is defined as the random partition
obtained by the equivalence classes under the random equivalence relation i(w) ~ j(w) if
and only if X;(w) = X;j(w). One can check that a partition induced by an exchangeable
random sequence is an exchangeable random partition.

Recall that, by de Finetti’s theorem, a sequence X = (X}, ),,>1 taking values in a Polish
space (X, X) is exchangeable if and only if the X,s, given some random probability measure
Q on X, are conditionally independent with common distribution Q. Moreover, the random
probability Q, known as the directing random measure of X, is the almost sure limit (with
respect to weak convergence) of the empirical process % 10x,

Based on de Finetti’s theorem, Kingman'’s correspondence theorem sets up a one-to-
one map between the law of an exchangeable random partition on N (i.e., its EPPF) and

the law of random ranked weights p* = (p}) j>1 satisfying 1 > P% > P% > -+ > 0and
Y pjl < 1 (with probability one). To state the theorem, recall that a partition I1 is said to

be generated by a (possibly random) p*, if it is generated by a sequence (I;),,>1 of integer-
valued random variables that are conditionally independent given p' with conditional
distribution .
. 1=Yispr ifi=—n
P{I, = i|p*} := 1217 €))
{In = i[p*} { ! i1
Note that 1 —3 ;>4 p} is the magnitude of the so-called “dust” component; indeed, each
I, sampled from this part, i.e., I, = —n, contributes to a singleton 7 in the partition I1.

A consequence is that if } ;> p} = 1 a.s., the partition IT has no singleton. The partition

IT*(I) is sometimes referred to as the p*-paintbox process; see [27].
Let V := {p]i € 10,1] : p% > p% > Y p} < 1}. We are now ready to state
Kingman'’s theorem.

Theorem 1 ([28]). Given any exchangeable random partition I1 with EPPF q, denote by H}n the
blocks of the partition rearranged in decreasing order with respect to the number of elements in the
blocks of I1;,. Then,

A
: Jn — (o).
lim (1) = ()1 as )

n n
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for some random p* = (p]i) j>1 taking values in V. Moreover, on a possibly enlarged probability

space, there is a sequence of integer-valued random variables I = (I,),>1, conditionally independent
given p*, such that (3) holds and the partition induced by I is equal to T1 a.s.

Kingman’s theorem is usually stated in a slightly weaker form (see, e.g., Theorem 2.2
in [26]) and the equality between IT*(I) and IT is given in law. The previous “almost sure”
version can be easily derived by inspecting the proof of Kingman’s theorem given in [29].

A consequence of the previous theorem is that q — Law(p*) for p* in (4) defines a
bijection from the set of the EPPF and the laws on V.

If p* is proper, i.e., Yi>1 p} = 1 a.s., then Kingman's correspondence between p* and
the EPPF g can be made explicit by

k
q(ny, ..., ng) = Z E[H(Pi)n’} 5
(f17-jk) ENg i=1

where Ny is the set of all ordered k-tuples of distinct positive integers. See Chapter 2 [26].
Given an EPPF g, one deduces the corresponding sequence of predictive distributions,
which is the sequence of conditional distributions

P{Hn+1 = 7Tn+l|Hn = nn}

when IT ~ q. Starting with ITy = {1}, given Il, = m, (with |m,| = k), the conditional
probability of adding a new block (containing n + 1) to I, is

; (6)

L q(|7t1,n ,...,|7'L'k,n ,1)
)= )

e, | 7T
e mal) = S T T

Vn(nn) = Vn(lnl,n

while the conditional probability of adding 7 + 1 to the /-th block of I, (for £ =1, ...,k) is

q(|771,n|/---r|7'[[,n| +1/'~'/|7Tk,n|)

w, () = w T1al, .., |70 = 7
n,é( n) n,K(‘ 1,n| | k,n|) q(|7Tl,n;-~-/|7Tk,n ) @)
2.2. Species Sampling Models
A species sampling random probability (SSrp) is a random probability of the form
P=Y pjz;+(1—-) p)H ®)

jz1 jz1

where (Z;);>1 are ii.d. random variables taking values in a Polish space (X, X') with
common distribution H, and (p;);>1 are random positive weights in [0, 1], independent of
(Zj)j>1, such that };~1 p; < 1 with probability one. These random probability measures
are also known as Type II] random probability measures; see [30].

Given the SSrp in (8), let (p]i) j>1 be the ranked sequence obtained from (p;);>1 rear-
ranging the p;s in decreasing order. One can always write

P=Y pioy +(1- Y p)H ©

j=1 j=1
where (Z;);>1 is a suitable random reordering of the original sequence (Z;);>1. It is easy to
check that (Z;);>1 are ii.d. random variables with law H independent of ( p}) j>1- Hence, H

and the EPPF q associated via Kingman'’s correspondence with (p]i) j>1 completely charac-
terize the law of P, from now on denoted by SSrp(q, H).
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SSrp with H diffuse are also characterized as directing random measures of a partic-
ular type of exchangeable sequences, known as species sampling sequences. Let q be an
EPPF and H a diffuse probability measure on a Polish space X. An exchangeable sequence
¢ := (&n)n taking values in X is a species sampling sequence, SSS(q, H), if the law of (&), is
characterized by the predictive system:

e (PS1)P{& € dx} = H(dx);
e (PS2) the conditional distribution of &1 given (&1, ...,&n) is

K
P{&,41 € dx|C1,...,Cn} = 2 wn,cOg: (dx) + vy H(dx),
c=1

where (3, ...,Cx) is the sequence of distinct observations in order of appearance, wy, =
Wne(1TIypl, oo Mnl), v = va((TTaul, - - ., [Tk n|), K = ||, I1, is the random parti-
tion induced by (&1, ...,En) and wy c and vy, are related to the g by (6) and (7).

We summarize here some results proven in [15].

Proposition 1 ([15]). Let H be a diffuse probability measure; then, an exchangeable sequence
(Cn)n is characterized by (PS1)—(PS2) if and only if its directing random measure is an SSrp(q, H).

As noted in [29], the partition induced by any exchangeable sequence taking values
in X with directing measure fi depends only on the sequence fi(%;), where %; are the
random atoms forming the discrete component of ji and ordered in such a way that
fi(%1) > ji(X2) > .... Combining this observation with the previous proposition, one can
see that, when H is diffuse and ¢ is an S55(q, H), the partition IT*(¢) is equal (a.s.) to
IT*(I) (where I is defined as in Kingman's theorem) and IT*(&) has EPPF q. Note that [29]
defines the p*-paintbox process as any random partition IT*(&) where ¢ is an exchangeable
sequence with directing random measure (9) and H is a diffuse measure.

One can show (see the proof of Proposition 13 in [15]) that an SSS(q, H) can be obtained
by assigning the values of an i.i.d. sequence (Z,), with distribution H to the classes of an
independent exchangeable random partition with EPPF q. More formally, for a random
partition IT, let €, (II) be the random index denoting the block containing 7, i.e.,

(gn(l—[) =cC ifﬂ S Hc,n

or equivalently if n € TI; for some (and hence all) j > n. If Z' = (Z}), is an iid.
sequence with law H (diffuse), IT is an exchangeable partition with IT ~ g, and Z" and IT
are stochastically independent, then

(gn)nzl = (ngn(n))nzl (10)

is an SSS(q, H). Note that the Z/;s appearing in (10) are not the same Zs of (8), although
they have the same law.

It is worth mentioning that the original characterization given in [15] of species sampling
sequences is stronger than the one summarized here. Indeed, the original definition of SSS is
given using a slightly weaker predictive assumption. For details, see Proposition 13 and the
discussion following Proposition 11 in [15].

In summary, when H is diffuse, one can build a species sampling sequence (), by
one of the following equivalent constructions:

*  using the system of predictive distributions (PS1)—-(PS2);
e sampling (conditionally) i.i.d. variables from (8);
*  combining an i.i.d. sequence from H with an exchangeable random partition by (10).
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3. Mixture of Species Sampling Models

We now discuss some possible generalizations of the notion of species sampling
sequences and we show that the three constructions presented above are no more equivalent
in this setting.

3.1. Definitions and Relation to Other Models

Exchangeable sequences sampled from an SSrm with a general base measure, also
known as generalized species sampling sequences (§SSS), have been introduced and studied
in [14,25].

Definition 1 (§SSS(q, H)). (&n)n>1 is a §SSS(q, H) if it is an exchangeable sequence with
directing random measure P, where P ~ SSrp(q,H), H being any measure on (X, X') (not
necessarily diffuse).

Clearly, a §SSS(q, H) with H diffuse is an S55(q, H). On the contrary, if § isa gSSS(q, H)
with H non-diffuse, (PS1)-(PS2) are no longer true. Moreover, the EPPF of the random partition
induced by ¢ with H non-diffuse is not q. The relation between the partition induced by ¢ and
q has been studied in [14].

In [25], the definition of §SSS(q, H) with H not necessarily diffuse was motivated by an
interest in defining the class of the so-called hierarchical species sampling models. If ¢y, 8>, . ..
are exchangeable random variables with a directing random measure of hierarchical type,
one has that

S
Pl |P0NSSFP(C|, Po)
Py ~ SSrp(qo, Ho)-

In order to understand why the general definition of $5SS(q, H) is useful in this context,
note that, even if Hy is diffuse and qq is proper (i.e., the p* associated with qq by Kingman'’s
correspondence are proper), the conditional distribution of [¢,],>1 given Py is not an SSS,
since Py is a.s. a purely atomic probability measure on X'. Moreover, assuming that q is
proper, we can write

Py =) ppdz
j

where Z; are conditionally i.i.d. with common distribution Py, given Py, and (pj1); are asso-
ciated by Kingman’s correspondence with the EPPF q. In other words, in this case, () ,>1
are exchangeable with directing random measure Py = Y; pj16z;, where (pj1); and (Z;);
are independent and (Z;); are exchangeable with directing measure Py ~ SSrp(dqo, Ho)-

The previous observation suggests a further generalization of species sampling se-
quences.

Definition 2 (mSSS). We say that ($),>1 is a mixture of species sampling sequences (mSSS) if
it is an exchangeable sequence with directing random measure

P=Y pioz+(1-) p)H (11)
=1 =1
where Z := (Zy)y>1 is an exchangeable sequence with directing random measure H, p* a se-

quence of random weight in ¥V with EPPF q such that P{} ;> p} >0} >0, (Z,H) and p* are
stochastically independent.



Mathematics 2021, 9, 3127

7 of 27

First of all, note that ¢SSS(q, H) is a particular case of Definition 2, obtained from a
deterministic H = H. Moreover, Definition 2 can be seen as a mixture of gSSS. Indeed, if
& = (&n)u>1 is as in Definition 2 and H is the directing random measure of (Z,),, then the
conditional distribution of & given H is a ¢SSS(q, H). This motivates the name “mixture of
species sampling sequences”.

It is worth noticing that one can also consider more general mixtures of SSS. The most
general mixture one can take into consideration leads to a random probability measure
of the form (11), where Z := (Z,),>1 are exchangeable random variables with directing

random measure H, p* is a sequence of random weight in V such that P {Xi>1 p} >0} >0,

where [Z, H], and p* are not necessarily stochastically independent.

As an example of this more general situation, we describe the so-called mixtures of
Dirichlet processes as defined in [10]. Recall that a Dirichlet process P ~ Dir(«) is defined
as a random probability measure characterized by the system of finite n-dimensional
distributions

P{(P(A1),...,P(Ay)) € -} = Dz’r(~ ;a(Al),...,a(An)) Vn > 1,YA; € X

where Dir(-;ay,...,a,) is the Dirichlet measure (on the n — 1 simplex) of parameters
ai,...,a, and « is a finite o-additive measure on X. It is well known that a Dirichlet
process is an SSrp(q, H) for H(-) = a(-) /a(X) and

_ o a(X)f
q(nl,.-.,i’lk) - (&(X))n

k
[T —1)1, (12)

c=1

where (x), = x(x+1)...(x +n — 1) is the rising factorial (or Pochhammer polynomial);
see [2,31]. A mixture of Dirichlet processes is defined in [10] as a random probability
measure P characterized by the n-dimensional distributions

P{(P(A1),...,P(Ay)) € -} = /uDir(-; &A1), -, (An) ) Qdn) (13)

where, now, (1, A) — a,(A) is a kernel measure on U x X (in particular, A — a,(A) isa
finte o-additive measure on X for every u € U), (U,U) is a (Borel) regular space (e.g., a
Polish space) and Q is a probability measure on U{.

Using the fact that a Dirichlet process is the SSrp described above, one can prove that
any mixture of Dirichlet processes has a representation of the form (11), where ((Z,),>1H)
and p* are stochastically dependent. More precisely, the joint law of (H, (Z,),>1, p*) is
characterized by the law of the (augmented) random element

(I:I/ (Zn)n21r pil 1:[)

given by the following:

¢ ilis arandom variable taking values in U with law Q;

o Q) = aa()/an(X); )

*  (Zu)n>1 are exchangeable random variables with directing random measure H;

e p'issequence of random weight in V such that P{Yi>1 p} =1} = 1 and the condi-

tional distribution of p* given # depends only on a;(X). In particular, the (conditional)
EPPF associated with the law of p* given 7 has the form

@ EX) - [T —1)! (14)

c=1

- K
q(ny, ..., ngli) = l_‘
1

X)k k
)
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Note that the marginal EPPF of the pt, obtained by integrating (14) with respect to the law
of i, is
k o (X)k
— _ 1) u
a0ms o) = [0 = 1)t 20555 Qe (15)

Without further assumptions, a mixture of Dirichlet processes is a mixture of SSrp
with pt and H(-) possibly dependent. Nevertheless, with this representation at hand, one
can easily deduce that if ({,),>1 is sampled from a mixture of Dirichlet processes under
the additional hypothesis that Q is such that a;;(X) and a;(-) /a3 (X) are independent, then
(&n)n>1 satisfies Definition 2, with H = a;(+) /a(X) and q given by (15).

In the rest of the paper, we focus our attention on mSSS for which [Z, H] and p* are
independent.

3.2. Representation Theorems for mSSS

In this section, we give two alternative representations for exchangeable sequences as
in Definition 2, which generalize Proposition 1 in [14].

Proposition 2. An exchangeable sequence & = (Gy)n>1 is an mSSS as in Definition 2 if and
only if
Cn =21, as.

where Z+ = (Zy)y>1, H and p* are as in Definition 2, Z~ = (Z,),<_1 are further conditionally
(given H) i.i.d. random variables with conditional distribution H, and (I,),>1 is a sequence of
integer-valued random variables independent of the Zs and H, such that, conditionally on p*,
the I, are independent and (3) holds. All the random elements are defined on a possibly enlarged
probability space.

Proof. Let o = [Z+, H, p'], where Z*, H, p* are defined as in Definition 2 (mSSS). Set
w=1-Y p]f On a possibly enlarged probability space, let (Z')” = (Z},),<—1 be a
sequence of random variables conditionally i.i.d. given H with conditional distribution
H and let I’ = (I},),,>1 be a sequence of integer-valued random variables conditionally
independent given p* with conditional distribution (3) with I, in place of I,,. One can also

assume that I’ and Z = [Z7, (Z')~] are independent given [p*, H]; see Lemma A1 in the
Appendix A. Set 1y = [I', (Z')~] and define

(Cnz1 = @(11,02) == (Zp{L, = 1} + 21, 1{I; = —n})p=1.

Let us show that the law of &’ := ({},),>1 given 07 is the same as the law of { given 0. Take
n Borel sets Ay, ..., Ay and non-zero integer numbers iy, ..., i;. One has

]P’{@’l €AL& €A =iy, I =iy

H, pi,Z}
=1 |0z, (A)pia{i; > 0} +wdy (414 = -} .
j=1

Conditionally on H, the (Z},),<_1 are i.i.d. with law H so that
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P{Zl € Ay,..., 8 € AT, =iy,..., I\ =iy

— =

H, pi,Z*'}

E[P{gg €A, & €Al =iy, I =i,

A, p', Z} ’H, pt, Zﬂ

E{ Inll [5zi], (Aj)piljl{ij >0} + ’X‘SZL].(Aj)l{ij - 7]}} ‘H~,p¢l Zﬂ
j=
n

E 6z, (AP} 1{i; > 0} +adyr (A)1{i; = —j}|H,p", 2"

~.
Il
—

n

=TT [0z, (A)pia{i; > 0} + A (A1) = =}

]

Marginalizing with respect to iy, . .., iy,

A, v, z+} = f[ P(A)).

P{gg €Ay,...,E €A,
=1

Recalling that P = } ;>4 p]%z/. + aH,
n
P{& € Ay,..., & € AuP} = P(4))
=1

almost surely. Since X is Polish, we have proven that, given P, ({},),>1 are i.i.d. with
common distribution P. In particular, we have proven that &’ := ({},),>1 given 0y is
the same as the law of ¢ given 0. This concludes the proof of the “if part”, since, by
the previous argument, any sequence of the form (¢’) is of type (mSSS). To complete
the proof, it remains to conclude the “only if part”. Setting oy = ¢, we have proven
that the conditional distribution of 07 given o3 is the same as the conditional distribution
of ¢(11,02) given 0y. At this stage, Lemma A3 in the Appendix A yields that there is
T = [(In)n>1, (Zn)n<-1] such that ($n)n = ¢(7,02) as., ie., ($n)n = (Z1,)n as. In addition,
L(t,02) = L(11,02); hence, the (Z,),<_1 are conditionally i.i.d. given H and the I,;s are
conditionally independent given [ZF, Z~, H, p*] with the conditional distribution defined
by (3). O

Proposition 3. An exchangeable sequence & = (Gy),>1 is an mSSS as defined in Definition 2 if
and only if

(Cn)n>1 1= (Zié‘,,(n))nZl a.s. (16)

where Z' 1= (Z;,),>1 is an exchangeable sequence with the same law of Z, I1 is an exchangeable
partition with EPPF q and I1 and Z' are independent.

Remark 1. Note that the Z);s appearing in (16) are not the same Z,s appearing in Definition 2,
although they have the same law.

Proof of Proposition 3. If ¢ is mSSS, then, by Proposition 2, we know that { = (Zj, ),>1.
Let IT = IT*(I) be the partition induced by (I,;),>1; then, IT has EPPF q by Kingman'’s
theorem 1. Denote by I = I, I3, ..., I{ (with K < 400) the distinct values of (I;),>1 in
order of appearance, and set

Z;:ZI;; lel,...,K.

When K < +o00, set Il’gﬂ. = D +j, where D = max{i : i = [} for n < K}, and define the
remaining Z;, for m > K accordingly as Z;, = Z;:. Let {i1,..., iy} be integers in Z \ {0},
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and denote the distinct values in (iy,...,ip) in order of appearance by (ij,...,i},). Let
Aq,..., A, be measurable sets in X, if n > m, then

P{Zi € Ay,...,Z € Ay, 1 =i1,..., Iy = im}
= Z P{Zq S Al,...,Zi;ﬁ” € Am,Zgl € Am+1---/

Zl/---/&t—m

an—m €Ay, L :il,...,IM:iM,I;ZJrl :él,...,I;; :fn,m}

where the sum runs over all the non-zero distinct integers ¢y, ..., ¢,_y different from
iy,...,iy. Since I"* is a function of I and I and Z are independent, it follows that

P{zi; €A, Zis € A Zy, € Apia .-,
Zy € AL =iy, Iy =i Iy = b, I = en,m}
= P{Zi;f €Ay, Zis € Am, 2y, € Apsts - 2y, € An}
P{L =i1,..., I =i, Doy = €1, I = L}
=P{ZicAy,....Zn c Ap}P{ly =i1,..., I =im, Iy =1, Iy = by}
where the second equality follows by exchangeability. Summing in ¢, one obtains

P{Z{ €A1,...,Z,,1 €Ay I Zil,...,IMIiM}
:P{Zl c€A,...,2Zy EA}P{Il :ll,,IM:lM}

For m > n, the sum is not needed and the same result follows. This shows that (Z,’1)n is an
exchangeable sequence with the same law of Z, and (Z},), and (I,;),>1 are independent.
To conclude, note that, with probability one, L}n(H) = I, and hence

_ _ _ !
Cn=121, = Zl%n(m = Ze, ()

Conversely, let us assume that &, = Z%n(n) and let (p]i) j>1 be the weights obtained

from Il by (4). Let I1, I, . . . be the integer-valued random variables appearing in Theorem 1
such that IT = IT*(I) a.s. It follows that ¢, (IT) = €, (IT*(I)) and I(Z’,Z(H) = I, where the I}
are defined as above for n < K. Setting

s 7 if=m
" Zl I #mvk,

with ZJi, m € Z conditionally i.i.d. given H with law H, independent of everything else.
Arguing as above, one can check that the (Z;)cz,m-0 are exchangeable random variables
with the same law of Z’ independent of (I, p*). To conclude, note that, in particular,

Zyy=Zr, = Zig n) A5
The conclusion follows by Proposition 2. [J
A simple consequence of the previous proposition is the following.
Corollary 1. Let (¢n)y>1 be an mSSS as defined in Definition 2. For every Ay, ..., A, Borel set

inX,

P{&1 € Ar,....en€ A} =) a(lmn

T €Pn

|7Tn ] 5
o | DE] TT A, A7)
c=1
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4. Random Partitions Induced by mSSS

Let [T = IT*(&) be the random partition induced by an exchangeable sequence ¢
defined as in Definition 2, and let IT(0) := IT*(Z’) be the partition induced by the corre-
sponding exchangeable sequence (Z},), (see Proposition 3). Finally, let IT be the partition
with EPPF g appearing in Proposition 3. As already observed, if Z’ is an i.i.d. sequence
from a diffuse H, then IT®) = [(1),(2),(3),...] a.s. and hence IT*(¢) = II. The same
result follows if Z’ is exchangeable without ties (see Corollary 2). When IT(%) is not the
trivial partition, it is clear by construction that different blocks in IT can merge in the final
clustering configuration (i.e., IT*(¢)). In other words, two observations can share the same
value because either they belong to the same block in the latent partition I1 or they are in
different blocks but they share the same value (from Z’). This simple observation leads us
to write the EPPF of the random partition IT* (&) using the EPPF of T1(°) and of IT.

4.1. Explicit Expression of the EPPF

If 7ty = {f1,n..., A p} is a partition of [n] with |7;,| = n; (i = 1,...,k)and n =
(n1,...,ng), we can easily describe all the partitions 7, more finely than 77, which are
compatible with 77, in the merging process described above. To do this, first of all, note
that any block 7; ,, can arise from the union of 1 < m; < n; blocks in the latent partition.
Hence, givenn = (ny,...,ny), where n = Zi«‘:l n;, we define the set

M(n) = {m: (my,...,mg) € NE: 1 <m; Sni}-

See Figure 1 for an example. Once a specific configuration m in M (n) is considered, the m;
blocks of the latent partition contributing to the block 7; ,,, are characterized by the sufficient
statistics A; = (Aj1, ..., Aiy,) € N, where Ajj is the number of blocks of j elements among
the m; blocks above. This leads, for m in M (n), to the definition of

A o A=Ay, ..., A where A = (Ajq, ..., Ajy,) € N
(n' m) T E?l:l ]/\1] = n;, E]nlzl /\,‘j = m; fori = 1,.. .,k )

In summary, the set of partitions 77, which are compatible with 7%, in the merging process
described above, can be written as

Py = UmeM(n) Yrea(nm) Pra(A) (17)

where Pz, (A) is the set of all the partitions in P, with my + - - - + my =: |m| blocks such
that

*  itis possible to determine k subset containing m;, . .., my of these blocks;

e the union of the blocks in the i-th subset coincides with the i-th block of 7, for
i=1,...,k

. in the i-th block, there are /\z‘j blocks with j elements, for j =1,...,n;.

Given the EPPF g, let

q(A) = q(nlll <o Mg, M21, 444, nkmk)r

where (111, ..., 1y, - - -, Mgy, ) is any sequence of integer numbers such that 221:"1 nje =
Yj jAij for every i and #{c : n;. = j} = A;; for every i and j. Note that since the value of
q(n11, -+ My, M21, -, ”kmk) depends only on the statistics A, §(A) is well-defined. See,
e.g., [26].
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(0) 1,3 2 4,5 n=3y
i,

np=4ny=1n3=3

N p m1=27m2:17m3=2
I, | [1.347 2 5,6,8 A =002 =2,
) L A3 =0, 14 =0
i 3 3 A1 =1
L=86=¢& £ =32 & =6 A31 =1,A30=1,A33=0
=& =14 =8 =5

Figure 1. Pictorial representation of the latent partition structure of an mSSS. In the example, the
partition induced by (&y,...,&) forn = 8is 1, = {[1,3,4,7],[2],[5,6,8]}, and it is represented
using rounded squares (left bottom). Circles at the top left represent a compatible latent partition,
namely IT, = {[1,3],[2],[4,7],15,8],[6]}. The partition on {1,...,5} induced by the latent Z}, i.e.,

H\<19[) = {[1,3],[2], [4,5]}, is represented with squares in the middle of the figure. Combining IT, and
H‘(IOT) , one obtains IT,,. The statistics n, m and A corresponding to this particular configuration are

shown in the box at the bottom right.

Finally, recall that the cardinality of Pz, (A) is

c(h) = ﬁ (X 7A)! H

i=1 H;ll 1/\1] (] 1 1)\1] (]') i

7

See Equation (39) in [15].

Proposition 4. Let & = (&,),>1 be an (mSSS). Denote by I1 = I1*(¢) the random partition
induced by & and by q'°) the EPPF of the partition induced by (Z})y>1. If 7tn = {1+, A}
is a partition of [n| with |7t; ,| =n; (i=1,...,k)andn = (ny,...,ny), then

P{T =)= Y, a@0m) Y e(d)a). (18)

meM(n) AeA(n,m)
Proof. Start by writing
P{Il, = 7tn} = IP}(Ume/\/l(n) UreA(nm) Y, ePsr, (A){Hn = 7, Ty = 7n}), (19)
which gives

P{IL, = /t,} = ) Y. Y P{I1, = |11, = 7, } P{IL, = 7, } (20)

meM(n) AeA(n,m) 71,€Pz, (A)

Whenever 7, € Pz, (A),
P{TT, = 7y} = §(A).

Therefore, we can write (20) as

P{Il, = 7tn} = ) Y Y P{I, = |11, = 7} (A). (21)

meM(n) AcA(nm) 1,€Px, (A)
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Define now the function Mz, =, : {1,...,|m|} — {1,...,|7u|} as M(j) = iif 7;,, is in the
i-th subset of blocks, i.e., if 77j, C 7; ;. Recalling that k is the number of blocks in 77,, define
now a partition 7w(Mz, x,) on {1,..., |m|} with k block where the i-th block is

{] : Mf[n,ﬂn (]) = l}
Recalling that 11 is the partition induced by the Z's, one has
{I1, = 7y, 1, = 1} = {H | = =Mz, ), I = 114}
which gives
~ - 0
P, = 7|1, = 71,} = P{IT[y) = m(My, )T = 7}
0
= P{I1},) = 7(My, )}

since T1(°) and IT are independent. To conclude, note that the vector of the cardinalities of the
blocks in 71(Mz, ) is m; hence, if %) is the EPPF of T1(9), one has P{H‘(Si)‘ =1(Msn, n,)} =
(9 (m). Since the cardinality of Pz, (A) is ¢(A), one obtains the thesis. [

Corollary 2. Let § = (&u)n be defined according to (mSSS). IFP{Z} = Z} = 0, then IT*({) =
IT with probability one.

Proof. If P{Z] = Z;} = 0, by exchangeability, P{Z; = Z; = --- = Z; } < P{Z] =
Z5} = 0. Hence, the Z/s are distinct with probability one. Since (&y,...,¢,) = (ngl (11"
., Zﬁgn (H)) by Proposition 3, it follows that I, =11,. O

Remark 2. Note that, as a special case, we recover the fact that if & is a gSSS(q, H) with H diffuse
(ie., itisa SSS(q, H)), then the random partition induced by ¢ is a.s. IL

Remark 3. The fact that the EPPF of I1,, is q when P{Z} = Z}} = 0 can be deduced from (18).
Indeed, if P{Z] = Z}} = O, then the partition induced by Z' is a.s. the trivial partition
[(1),(2),(3),...], so that O (m) = 0 for every m # (1,1,...,1). Form = (1,1,...,1),
fin = {fin..., Mn} with || =n; (i =1,.. ) and n = (nl,...,nk), the set A(n, m)
reduces to the singleton A= A1, .., Ak, wher = (0,0,...,1) with A; of length n;. Hence,
AAD) = q(n) and (18) gioes P{TT, = 710} = AD) = a(n).

4.2. EPPF When 11 Is of Gibbs Type

An important class of exchangeable random partitions is that of Gibbs-type partitions,
introduced in [32] and characterized by the EPPF

k
q(nlr-"rnk) = n,kH(l _U)njflr (22)
=1
where (x), = x(x+1)...(x+n—1),0 <1and V, are positive real numbers such that

V1,1 =1land
(n—0k)Vyrik+ Vigrp1 = Vg, n21,1<k<n

A noteworthy example of Gibbs-type EPPF is the so-called Pitman-Yor two-parameter
family. It is defined by

H 6+z(f

k
Cl(nl,--.,nk) = (9+1 H ngflr (23)
c=1

where 0 <o < land 6 > —c; or o < 0and 6 = |o|m for some integer m; see [2,31].
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In order to state the next result, we recall that
|n| n!
1-0)ja)i———— = S,(n,k o4
(A1 An) ]':1[( il ?:1 Ai!(]'!)Af o(n,k) (24)

where S, (1, k) is the generalized Stirling number of the first kind; see (3.12) in [26]. In the
same book, various equivalent definitions of generalized Stirling numbers are presented.

Corollary 3. Let IT = IT*(&) be defined as in Proposition 4 with q of Gibbs type defined in (22).
Iffty = {tin - .., My } is a partition of [n) with |7t | =n; (i=1,...,k)andn = (ny,...,ny),
then

k
P, =} = Y. aQ(m)V, T Se(ni,my).
=1

meM(n)

Proof. Combining Proposition 4 with (22), one obtains

_ B ;!
P =)= ¥ 0OV ¥ HH (1= o)) e

meM(n) AEA(nm)i=1j=1 Hj:1 )\ij!(j!) i
= Y dOmv,,,
meM(n)
1 D SR § (.
X —0)j |
i=1 (Aitrrin) =1 ! ITiZq A i ()

n; . n;
Yty jhi=ni ity Aij=m;

k
= Y d9m)V, TS (ni,my).
i=1

meM(n)
O

4.3. The EPPF of a gSSS(q, H)

As a special case, we now consider the partition induced by a ¢SSS(q, H) with general
base measure H. For the rest of the section, it is useful to decompose H as

dx) =Y _ ;b (dx) + (1 — a)H (dx) (25)

i>1
where X := {%1, X, ... } is the collection of points with positive H probability, a; = H(X;),
= H(Xp) € [0,1] and H*(-) = H(- N X{)/H(X]) is a diffuse probability measure on X.
The sum is assumed taken overi € {1,...,|X|}.
We now describe q(9), i.e., the EPPF of the partition induced by (Z},),,>1. Let m in
M(n), where n = (nq,...,n;), and assume that the realization of H‘(m)‘ has k blocks of

cardinality my, ..., my. Set z; = 0 if the Z}, corresponding to the i-th block of HI(SBI comes

from the diffuse component H¢, while z; = / if it is equal to %,. Since the blocks in TT(")
need to be associated with different values of the Zj,, one has that necessarily z; = z; = 0 if
zj = zj for i # j. In this case, the block is a singleton, which is m; = m; = 1. On the other
hand, if m; > 2, i.e., a merging occurred, necessarily, z; > 0. Note that it is also possible
that m; = 1 but z; > 0. This motivates the definition of the set

Z(m): = {(zl,...,zk) €{0,1,...,|Xo[}f 1 if z; =zjfori# jthenz; =z; =0

andm,-:mjzl;ifmiEZthenzi>0}
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for m in M(n) where n = (ny,...,n;). The probability of obtaining, in an i.i.d. sample
of length |m| from H, exactly k ordered blocks with cardinality my, ..., my, such that
observations in each block are equal and observations in distinct blocks are different, is

H*(m) = Y a-a)fUE I

(21,--2k) €Z (m) jizj>0

By exchangeability, H* (m) turns out to be q(*) (m). Note also that if 2 = 1, H* (m) reduces to

k

r Ile

(z1,-02g) J=1
where z1, ...,z runs over all distinct positive integers (less than or equal to |Xp| if X is
finite), which is nothing else (5) for deterministic weights.
To rewrite H* (m) in a different way, given m = (my,...,my) in M(n), let m* be the
vector containing all the elements m; > 1 and let r be its length, with possibly r = 0 if
m=(1,1,...,1), and define for ¢ > 0

_ my omyo .
Ame = Z ...,
NFEFErre

with the convention that A,, 0 = 1 when r = 0. A simple combinatorial argument shows
that

H* (m) = :;:(1 _ gyt (k , ’) A

Proposition 4 gives immediately the next proposition.

Proposition 5. Let & be a §SSS(q, H) and let T1 = T1*(¢) be the random partition induced by .
If 7ty = [fan - - -, i ) i a partition of [n| with |7t ,| =n; (i=1,...,k)andn = (ny,...,ny),

then 5
P{T, =} = ) H*(m) Y. e(Ma(r).
meM (n) AEA(n,m)

Remark 4. Once again, if H is diffuse, then H* (m) = 0 for every m # (1,1,...,1). Hence, the
above formula reduces to the familiar

P{I1, = tn} = q(|tnal, .., [Fnk]) = P{I1, = 7, }.

4.4. EPPF for gSSS with Spike-and-Slab Base Measure

We now consider the special case of ¢SSS with a spike-and-slab base measure. A
spike-and-slab measure is defined as

H(dx) = ady,(dx) + (1 —a)H (dx) (26)

where a € (0,1), x¢ is a point of X and H¢ is a diffuse measure on X. This type of measure
has been used as a base measure in the Dirichlet process by [16-20] and in the Pitman—Yor
process by [21].

Here, we deduce by Proposition 5 the explicit form of the EPPF of the random partition
induced by a sequence sampled from a species sampling random probability with such a
base measure.
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Proposition 6. Let H be as in (26), I1 be the random partition induced by a ¢SSS(q, H) and 11
be an exchangeable random partition with EPPF q. If 7ty = {71, ..., T, } is a partition of [n]
with |7 | =n; (i=1,...,k), then

P{IT, = 7} = (1 —a)*q(ny, ..., ng)
k i (27)
+(1—a)! Y oa(ny, .. misy,niga, ) Y a qu(rlng, . nisq, iy, )
i=1
where, conditionally on the fact that I1,,_,,, has k — 1 blocks with sizes ny,...,1n;_1,Mi41,..., Nk,
the probability that I1, has k — 1 + r blocks is denoted by q,(r|ny, ..., nj_1, M1, ..., 1n). If, in
addition, q is of Gibbs type (22), then

P{I1, = 1y} = (1 —a) nkHl—
k k
+(1—a Z H (1—0)n lZaVnk 14+Se (13, 7).
i=1 :l r=1

Proof. In this case, H*(m) = 0if m; > 2 and m; > 2 for some i # jbecause H has only one
atom. Moreover, H*(m) is clearly symmetric and

H'(1,1,1,...,1) = 1 —a) + k(1 —a)* 1a

H*(m,1,...,1) =a"(1—a)*'  form>1.

By Proposition 5,

P{Ily = 7ta} = [(1 = a)* + k(1 —a)*aa(n, ..., ny)
koo

1-a) 1Y Z i)Y c(Mar)

i=lm=2  AeA(m)
= [(1—a) + k(1 —a)Na(m, ..., m)+

k n .
Z Y a Y c(A)q(ny, .. .,ni,l,ngl),niﬂ,. ., 1)
i=1r=2  AeA(m)for m:

mi=r, mi=1,j#i

=(1- a)kq(nl, )

k ni )
)Y Y ar Y. cMq(n, . iy, 0 min, )
i=lr=1  AeA(m)for m:
m;=r, mjzl,jyéi

where ngi) is any vector of r positive integers with sum 7; such that A;; of them are equal to
j. In view of the definition of c(A), formula (27) is immediately obtained.
If q is of Gibbs type, taking into account (24), then

V,
nk—1+r Sg’(

nl/ )
Vi n;k—1

qn(7|n11- <o i1, Mg, - .,le) =

and the second part of the thesis follows by simple algebra. []

Applying Proposition 6 to the Pitman—Yor EPPF defined in (23), one immediately
recovers the results stated in Theorem 1 and Corollary 1 of [21].
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5. Predictive Distributions

In this section, we provide some expressions for the predictive distributions of mix-
tures of species sampling sequences.

5.1. Some General Results

Let ¢ be as in Definition 2 and let (Z},), and IT, be the sequence of exchangeable
random variables and the exchangeable random partition appearing in Proposition 3. Let

Gn=0(Z],. “’ZI/Hn\’H”)

be the o-field generated by (Z, ..., Z\/Hnl’ I1,). By Proposition 3, one has ¢, = Z%@(H) a.s.;
hence, §, is G, measurable. Note that, in general, 0(&, ..., §,) can be strictly contained
in G,. Set &, := |I1,| and, for any k > 1, let K, 1(+|-) be a kernel corresponding to the
conditional distribution of Z; 1 given Zi,...,Z; (ie., the k + 1-predictive distribution of
the exchangeable sequence Z'). Finally, recall that IT = IT*(¢) is the partition induced
by ¢ and define ‘:T:K,, = (&5, g;gn) as the distinct values in order of appearance of

gl:n = (61/-“/61’!) WithKn = ‘ﬁn‘

Proposition 7. Let ¢ as in Definition 2. Then,

=n

P{Cu+1 € |Gn} = Y wne(T1n)dz () +vu(I1n)Kg, 41 (121, Z5,) (28)
=1 '

where v, and wy, ¢ are defined by (6) and (7). If P{Z] = Z}} =0, then

P{gn—H S '|€1/---r§n} = P{gn—l—l € '|€Tf"-/€[§nrﬁn}

Ky 3 3 (29)
= ; Wit (M) () + va (1) Ky 1 (187, -+, Ok )-
=1

Proof. Set
Enew = {Ent1 = En + 1}

. . / .
Since ¢, = Z%(H), one can write

P{gnJrl € A|gﬂ} = 2 ]P){‘:n+1 €eAn+le Hé,n|gn} +P{gn+1 €A, EZewlgn}
=1

=

P{Z, € An+1€T1,,|Gu} +P{ZL € A E}u|Gn}

=n+1

I
~
(Ragt

11

S

flaf

5Z2(A)P{n +1e Hf,n|gn} + P{ZIWHH €A EZew‘gn}

~
Il
=

Now, since ITand (Zj,), are independent, it follows that P{n+1 € I1; ,|G,} = P{n+1 €
Iy, |11, } = wy, ¢(IT,) and also

IP{Z/EnJrl € A/ E:ew|gn}
=P{ZL, 1 € AlZ}, .., Zk, }P{E ) TT )
= ,CEH+1 (A|Z{, .. ,Zé )l/n(Hn).

n

Combining all the claims, one obtains (28). The second part of the proof follows since,
if P{Z] = Z)} = 0, the Z!s are distinct with probability one. Since ({3,...,{n) =
(Zéﬁ](n)""'z%,,(n))' it follows that I'1,, = I1,, &, = K,, and (@'T,...,@'I*Zn) =(z,.. .,Z’En)
with probability one and G, = (&1, ..., {n). Hence, (29) follows from (28). O
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Remark 5. Note that (29) can be also derived as follows. IE”{Z’ =7Z)} =0is - equivalent to the
fact that H is almost sure diffuse. Hence, conditionally on H, we have a SSS(q, H); then, by (PS2)
in Section 2.2, one has

P{Guc1 € 180, En F} = Y e (T (1) + v () (), (30)
(=1

Taking the conditional expectation of the previous equation, given ¢1, . .., G, we obtain

Ry
P{Cur1 € Alg1, ..., Cnt = ) wie(TTn)dgs (A) +va(TL)E[H(A)[C1, ..., 80 (B1)
=

and the thesis follows since one can check (arguing as in the proof of the proposition) that
E[H(A)|¢1, ..., &) =E[H(A)|Z],.. .,Z;Zn] = }CKHH(A\Z{,...,Z%H).

Assume now that the random variables Z]’< are defined on X by a Bayesian model

with likelihood f(z;|u) and prior Q(u), where f is a density with respect to a dominating
measure A and Q is a probability measure defined on a Polish space U (the space of
parameters). In other words,

k
P{Z} eAl,...,Z,’(eAk}:/u(/A o qf(zﬂu))\(dzl)...A(dzk))Q(du).
E 1 XA X k j=

Note that this means that H(A) = [, f A(dz), where ii ~ Q. Bayes’ theorem (see, e.g.,
Theorem 1.31 in [33]) gives

P{Zfy € dzisal 2 24} = ([ FGenl)QUuIZE, .., Z))A(dzein)
where Q(du|Zy, ..., Z) is the usual posterior distribution, which is

ITj-1 f(Z]u)Q(du)

mwuﬂ”a)_hnlfzn<wy

If A is a diffuse measure, one obtains P{Z] = Z}} = 0. Hence, (29) in Proposition 7 applies
and one has
Kﬂ -
]P){Cl’l-‘rl S dx\(;*'l,. . .,(:n} = Z Wy 0 Hn)ég* (dx)
(=1 (32)

+ (11 /f x[u)Qulg], -, &, ) )dx.

For example, one can apply this result to a mixture of Dirichlet processes in the sense of [10],
as briefly described at the end of Section 3.1. Assume that az(X) and H(-) = az(+)/az(X)
are independent and that a, (A) /2, (X) = [, f A(dz) for a suitable dominating diffuse
measure A.

Under these hypotheses, a sample (&;;),>1 from a mixture of Dirichlet processes is an
mSSS with q described in (15) and, in addition, P{Z] = Z}} = 0. Combining (15) with (6)
and (7), one obtains

Ju f Q(du)

11+1

ay (X) Kn
Ju uilu XN (du)

wn/(Hi’l) - | n,l |
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and Rt
‘Xu n+

(T = Fo B3 Q)
n ay( X)Kn

fu (lxu n M)

Hence, the predictive distribution of &, 11 given (L:fl, ..., Cn) is (33) for w, ¢(I1,) and v, (IT,)
given above.

Note that the same result can be deduced by combining Lemma 1 and Corollary 3.2’
in [10].

Example 1 (Species Sampling NIG). Let Z), be defined as a mixture of normal random variables
with Normal-Inverse-Gamma prior. In other words, given pg € R, kg > 0,0 > 0, fp > 0,

Zul,0* N (1, 0?)
o ~ N (no, 0 /ko)
7% ~ InT(ag, Bo)
where N (u,0?) denotes a normal distribution of mean y and variance o> and InT (a, B) is the

inverse gamma distribution with shape o and scale B. Let Ty (-|, 0%) be the density of a Student-T
distribution with v degrees of freedom and (u, o) position/scale parameters, i.e.,

x|, ?) (*7) IRV kS
Tt 'rr@(”wﬂ( )

It is well known that, under these assumptions, Ki1(A|z1, ..., z¢) has density Ty, (z|px, 07),
where the parameters are updated

kouo +kz 1
]lk:% Z :722]- ak:ao—‘rk/z,
0 j=
kko (Zx—10)?2
(Pt AT 50+ ) Ko+ )
k= (ag +k/2) (ko + k)

Thus, in this case, if z1, . . ., zy are distinct real numbers and 11, = (711, ..., 7T |, One has

k
P{Cy+1 €dx|C] =2z1,...,C; = 2, IT°(E) = mn} = an/g(nn)ég(dx)
=1 (33)

+ U (70n) Tang (X| i, 07 ).

We show an application of (33) to a true dataset by choosing w,, ¢ and v, according to a
Pitman—Yor two-parameter family; see (23). The data are the relative changes in reported larcenies
between 1991 and 1995 (relative to 1991) for the 90 most populous US counties, taken from
Section 2.1 of [34]. We apply our models to both the raw data and the rounded data (approximated
to the second digit) in order to obtain ties in the ¢s. In the evaluation of the predictive CDFs, we fix
o =0,a9 = 0.1, Bo = 0.1 and kg = 0.1. In Figure 2, we report the empirical CDF of the rounded
data (solid line), the predictive CDF obtained from (33) (dotted line) and the predictive CDF of a
Pitman-Yor species sampling sequence (see PS2) with H = Tou, (-0, 03), 05 = Bo(ko + 1)/ apko
(dashed line). Similar plots are reported in Figure 3, with raw data in place of the rounded data.
Note that in all the various settings, the influence of the hyper-parameters (6, 0) is stronger in the
CDF of the simple Pitman—Yor species sampling model with respect to the corresponding predictive
CDF derived from (33).
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Figure 2. Predictive CDFs for the relative changes in larcenies between 1991 and 1995 (relative to 1991)
for the 90 most populous US counties; data taken from Section 2.1 of [34]. Data have been rounded to
the second decimal. Here, n = 90 and k = 36. Solid line: empirical CDF. Dotted line: predictive CDF
from (33). Dashed line: predictive CDF from PS2 with H = Ty, (- \yo,ag), (Tg = Bolko + 1)/ apkp.
Different plots correspond to different values of 6 and ¢. In all the plots, the predictive CDFs are
evaluated with yg =0, 29 = 0.1, Bp = 0.1 and kg = 0.1.
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Figure 3. Predictive CDFs for the relative changes in larcenies between 1991 and 1995 (relative to
1991) for the 90 most populous US counties; data taken from Section 2.1 of [34]. Raw data, without
rounding. Here, n = 90 and k = 36. Solid line: empirical CDE. Dotted line: predictive CDF from (33).
Dashed line: predictive CDF from PS2 with H = Taq, (|10, 03), 05 = Bo(ko + 1)/ apky. Different plots
correspond to different values of 6 and ¢. In all the plots, the predictive CDFs are evaluated with
Ho = 0, Xy = 0.1, ‘30 = 0.1 and kO =0.1.

5.2. Predictive Distributions for gSSS

We now deduce an explicit form for the predictive distribution of a gSSS with general
base measure H given in (25).
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Recall that we denote by I, the partition induced by &;.,,, with K, = |I1,,|, and by IT,,
the latent partition appearing in Proposition 3. We also set

7= l ifg;«k:fg
PT1 0 ifEeXS,

The variable (; is a discrete random variable that takes value 0 if 7 comes from the diffuse
component of H.

Let Pz, z,, C Pr, be the set of all the possible configurations of I'l, that are compatible
with the observed partition 11, = 77, and the additional information given by {;.z = zqy,
Ky = k. In order to describe this set, observe that if z; > 0, then the block 7; , may arise
from the union of more blocks in 77,,, while, if z; = 0, then 7; , = Tl (i) for some ¢. Note
that it may happen that ¢(i) # i.

Recalling that the elements in m = (my,...,my) in (17) are used to describe the
numbers of sub-blocks into which the blocks of 77, have been divided to form the latent
partition 77, it turns out that the set Py, »,, has the additional constraint m; = 1 whenever
z; = 0. These considerations yield that, starting from 7%, and z1.x, the set of admissible m
can also be described by resorting to the definition of Z(m) as follows:

M z1) = {m € M) : 214 € Z(m) }
:{meNk:mizlifzi:O,lgmigniifzi>0}.
With this position, one has

Pz = YmeMn)zype 2(m) Yrea(mm) Pri(A) 34)

= Ume M(nz15) YreA(mm) Pra(A),

where A(n,m) and Pz, (A) have been defined in Section 4.1.
For any m in M (n,z,¢) and any A in A(n,m), we define
/\new = [/\1,. . .,Ak, 1]
In other words, A" corresponds to the configuration obtained from A by adding one
new element as a new block. In the following, let N = (|[ITy,|, ..., [[T¢ ,|), and let N** be
obtained from N by adding 1 to its i-th component.

Proposition 8. Let ({,),>1 bea §SSS(q, H). Then, for any A in X,

1 K _
P{Eui1 € Alira} = = ( Y wide (A) + onn(A)> a.s.
noti=1
where

Ay (A) = [4% a8z (A) + (1 - a)H(A) [ H(X\ &g ),

wvi= Y 14" T e,

meM(NIZ e ViG>0 AeA(NH,m)

woi=HX\&e) Y [la) Y e(a@ar),

meM(NZ g, ) iG>0 AeANm)

Zo= Y Il X e@an.

mGM(N,Q:K")]'1§/>O AEA(N,m)
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Proof. We start by defining the following events fori =1,...,Ky:
Ei= {Cn-&-l = é';k}r Enew = {Cn-«—l ¢ (:IK,,}

Since conditioning on ¢1., is equivalent to the condition on [¢] - , I1,], one can write
<I\n

Ky
P{§n+1 € A|€1:n} = ZP{Cn+1 € A, Ei|€I:Kn/Hn} + P{€n+1 €A, Enewwignznn}
i=1

1

Now, set
Epew = {@n11(I1) = I, + 1}

and
E? = {|%y+1(I1)| < |I1,|and H‘ﬁnH(H),n - lzIi,n b

On {; = 0, one has (up to zero probability sets)
{Cni1 € A}NE ={¢f € A}NE;

while, on {; > 0 (up to zero probability sets),

{Gnr1 € AYNE = ({&7 € AYNE;) U ({8 € AY 0 {Zfry 10 = 55} N Eiewy )
Note that (up to zero probability sets)

{Zl1, 111 = %} N Enew N {0 =0} = @.
Hence,

P{Cus1 € A, Ei|‘§ilzn/ﬁn}

* ) o (35)
= 05 (AVPLE U ({21, 141 = %} 0 Ejew) [Tl Cg, }-

Similarly, using that E;;..p C Ej;,;,, One obtains

P{Zn+1 € A Enew|C1n} = P{Cut1 € A Enew, Epew|TIn, G1.¢ }
=P{Zn+1 € A Enew|C g /Enew 'PAEne| T, E1g b (36)
= Hu(A)P{E;e |11, &1 }
where

Hi(A)= Y ad5,(A)+ (1—a)H(A).
CREE

At this stage, note that, by construction,
‘C(gilzn |H”’ Z\/HnH-l’ gl:KV,' ﬁnr Hn+1) = E(grﬁn |€1:K,,)

where L(¢7 » [y, ) is characterized by

Kn
P(gf € Aq,... ’61*2,1 € AK,,|§1:IZ,,) = H (HC(Ai)l{gi = 0} -+ (5932;1_ (Ai)l{gi > 0}),
i=1

and then

ﬁ(Z\/HnHlf51:anﬁmnn+1":ik;12n|H") - E(Z\/Hn\ﬂfglzknfﬁmnwrlmn)ﬁ(f:i[zn |€1:Kn)-
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Hence,

LT, Ty g1, ann \+1"ﬁ:1€n' C1R, IT,)

- . (37)
= ﬁ(nn)ﬁ(zfnn\ﬂf51;12,1/Hnrnn+l|Hn)£@1;12n |€1:K,,)

which shows, in particular, that [IT,, 1,1, ﬁn] and 61‘: g, are conditionally inde-

!
Zi, 17

pendent given {, ¢ . Since E}, Ej,,, and {Z } N E}}, depend logically only on

/ -
= Xr.
[T, |+1 Gi
/ R .
Hn-‘r]/ Z‘Hy,|+l’ ]._In, gl:Kn, one obtains

P{E{ (T, &g, } = P{E{ 1T, 1, ),

= * B * = * B (38)
P{<Z\/HH|+1: xQ)ﬁ Enew|nﬂ' glsK,,} = P{(Z\/H,,H-l = x@')m Enew|nnr gl:Kn}

and, finally,
P{E:ew‘nﬂr C;[Zn} = P{E;ew|nn/ ?1;12,1}- 39)

Since [fln, 1. Ry Kn] are discrete random variables, we use the elementary definition of
the conditional probability of events to evaluate the conditional distributions (38) and (39).
Specifically, assume that K,, = k, [I:In,Clan} = [7tn, z14), N = n, and, for a given event
E, write ~
P{E|ﬁn - ffn/ 51:12,1 = Zl:k} = IP{E’~H"_ ~7T”’§1:Kn_ Zl:k} .
P{Hn = Ty, €1;Kn = Zl:k}

As for the denominator in (40), letting M, = M(n,z1) and | = #{i : z; > 0}, using (34),
one obtains

P{ﬁn =TTn, 51;12,1 = Zk}
= Z ]P{ﬁn = ﬁ.’n, gl:[zn = Z1:ks Hn = 7'[n}

Ty Gfpﬁn,zl:k

Z Z Z ]P){I:I” = Ty, gl:n = z14, 11 = 77;1}

meMy A A(n,m) m,€Px, (A)

=1-" Y Tla Y X a0

meM;, jizj>0 AeA(n,m) m,€Px, (M)

=(1-a Y TJla’ Y <cAan).

meM;, jizj>0 AeA(nm)

(40)

As for the numerators in (40), when E = E},,, we start from

P{E;klewlﬁn = 7iy, gl;[Zn = Z1:ks IT, = n”}
= P{E;ew|nn = ﬂn}P{ﬁn = Ty, gl:lzn = z14, Il = 7Tn}

_ mj _
= P{E}e0|TTn = 710 } (1 — ”)k I H ”zj]qu)
Jzj>0

= (1—a)*J TT ata(ame).

Jizj>0
where, in the last equality, we used that for 71, € P, (A), one has

q(Anew)
aA) -

P{E e Ty = 70} =

Taking the sum over P, ., , gives

* B ~ — m; _
P{Enewr L1, = 7tn, Cl;Kn = Z];k} =(1- ll)k J Z H azj] Z C(A)q(Am’w),
meM; jiz;>0 AcA(nm)



Mathematics 2021, 9, 3127

24 of 27

Combining these with (39) and (40) and recalling that M}, = M (n,z1x), one obtains

Zme./\/l(n,zltk) Hj:zj>0 aZj ZAEA(n,m) C(A)q(Anew)
Zme/\/l(n,zhk) Hj:z]->0 a;V;j Z/\EA(n,m) C(A)E](A)

P{E;;ew|ﬁnr g;K” } =

Finally, it remains to consider (40) when E = E U ({ZI,Hn\ 11 = %} N Ejey). Now,

observe that
(BF U (2,10 = 70 M Eiw)) 1 (Tl = 7o G, = 210
= {I:Iﬂ-i-l = f[?—/ gl:lzn = Z1:k} = {I:IVH-l = ﬁ;+/ gl:Kn+1 = Zl:k}

where 7t;" denote the partition in P, 1 obtained from 7, by adding n + 1 to the i-th
block of 7t,. Note that, for the second equality, we used that, on I1,.1 = A}, one has
K)’l+l == K}’l == k )

Hence, using (34) with 7" in place of 7z, one concludes that

IED{I:In—i—l = ﬁ;z+/ €1;[Zn+1 = Zl:k}

= 2 Z P{Hn+l = ﬁ::r, Hn+1 = TTyp+1, gl;Kn_H = Zl:k}
meM(n'" z1) Tnt1€Px, 1 (A)
AeA(n,m)

=1-a7 Y Jle Y cnan)

meM(n't z1x) jzj>0 A€A(nm)
where 't = (ny,...,n; +1,...,1;). Hence, by (38)—(40), one can write
P{E? U ({Z\/HnHl = XCZ-} N E;ew”ﬁnr CI;KV[}

. Z:me/\/l(ni*,zl:k) Hj:Z/>0 aZj EAEA(n,m) C(/\)C](A)
( .

ZmeM(n,zltk) H]':zj>0 aZj ZAEA(n,m) C(/\)

Combining these results, one obtains the thesis. [

6. Conclusions and Discussion

We have defined a new class of exchangeable sequences, called mixtures of species
sampling sequences (mSSS). We have shown that these sequences include various well-
known Bayesian nonparametric models. In particular, the observations of many nonpara-
metric hierarchical models (e.g., hierarchical Dirichlet process, hierarchical Pitman—Yor
process and, more generally, hierarchical species sampling models [22-25]) are mSSS. We
have shown that also observations sampled from a mixture of Dirichlet processes [10]
are mSSS, under some additional assumptions. Our general class also includes species
sampling sequences with a general (not necessarily diffuse) base measure, which have
been used in various applications, e.g., in the case of “spike-and-slab”-type nonparametric
priors [16-21].

We believe that our general framework sheds light on the common structure of all the
above-mentioned models, leading to a possible unified treatment of some of their important
features. Our techniques provides unified proofs for various results that, up to now, have
been proven with ad hoc methods.

We have proven that all the mSSS are obtained by assigning the values of an exchange-
able sequence to the classes of a latent exchangeable random partition. This representation
is proven in the strong sense of an almost sure equality (see Section 3) and leads to the sim-
ple and clear derivation of an explicit expression for the EPPF of an mSSS. We believe that
our general proof simplifies the derivation of the EPPF of many of the above-mentioned
particular cases. Moreover, our results show that the clustering and the predictive structure
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of various well-known models do not depend on the relation between these models and
completely random measures, but are essentially a consequence of the simple combinatorial
structure of these sequences. Many important differences between well-known models
(such as mixtures of Dirichlet and hierarchical Dirichlet) can be explained easily by simple
differences in the latent partition and the corresponding latent exchangeable sequence.
We stress that a clear understanding of the clustering structure of mSSS is fundamental
for practical purposes, since these models are typically used to cluster observations. More-
over, we hope that the explicit expression for EPPFs in our general framework can lead to
the development of new MCMC algorithms for sampling from the posterior distribution.
Finally, we believe that some of the results we have proven here for mSSS can be
extended to the more general case of partially exchangeable arrays. In this direction, for
future works, a possible generalization of mSSS is to consider partially exchangeable arrays
with a mixture of species sampling random probability measures as directing measures.
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Appendix A

In what follows, £(X) denotes the law of a random element X. For ease of reference,
we state here Lemma 5.9 and Corollary 5.11 of [35].

Lemma A1 (Extension 1). Fix a probability kernel K between two measurable spaces S and T,
and let o be a random element defined on (Q), F,P) taking values in S. Then, there exists a
random element y in T, defined on some extension of the original probability space Q, such that
Py € -|o] = K(-|o) a.s. and, moreover, n is conditionally independent given o from any other
random element on ().

Lemma A2 (Extension 2). Fix two Borel spaces S and T, a measurable mapping f : T — S and
some random elements o in S and 7j in T with L(o) = L(f(77)). Then, there is a random element 1
defined on some extension of the original probability space, such that L(n) = L(7j) and 0 = f(n) a.s.

We need the following variant of the previous result.

Lemma A3 (Extension 3). Fix three Borel spaces S1, S and Ty, a measurable mapping ¢ :
T; X Sy — Sy and some random elements o = (01, 07) in S1 X Sp and Ty in Ty, all defined on
a probability space (Q), F, P). Assume that the conditional law of oy given o5 is the same as the
conditional law of ¢(ty,02) given oy (P-almost surely). Then, there is a random element T defined
on some extension of the original probability space (Q), F, P) taking values in Ty such that

e 0 =¢(1,0,)as.
o L(m,m) = L(T,0,).

Proof. Define f : Ty x Sp =: T — S1 X Sp =: Sby f(a,b) = (¢(a,b),b),seti] = (11,02) and
o = (01, 072). By hypothesizing, it is clear that L(f(77)) = L((¢(T1,02),02)) = L(01, 02) =
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L(c). Thus, by Lemma A2, one has that, on an enlargement of (Q), 7, P), there exists
1 := (7,0%) such that L(n) = L(7]) and (¢(7,05),05) = f(1) = 0 = (01,02) a.s. Hence,
05 = 0y a.s. butalso ¢(7,02) = ¢(7,05) = 07 a.s. It remains to show the second part of the
thesis. Since (7,02) = (7,05) = y7a.s. and L(17) = L(7), where §j = (11, 02), it follows that
L(t,03) =L(11,02). O
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