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The study of properties of mean functionals of random probability measures is an important area of research
in the theory of Bayesian nonparametric statistics. Many results are now known for random Dirichlet means,
but little is known, especially in terms of posterior distributions, for classes of priors beyond the Dirichlet
process. In this paper, we consider normalized random measures with independent increments (NRMI’s)
and mixtures of NRMI. In both cases, we are able to provide exact expressions for the posterior distribution
of their means. These general results are then specialized, leading to distributional results for means of two
important particular cases of NRMI’s and also of the two-parameter Poisson—Dirichlet process.
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1. Introduction

Bayesian nonparametrics has recently undergone major development which has led to the pro-
posal of a variety of new classes of prior distributions, as well as allowing the concrete appli-
cation of nonparametric models to problems in, for example, biology, medicine, economics and
ecology. While there is a vast literature on computational issues related to Bayesian nonparamet-
ric procedures, there is a dearth of analytical results, mainly due to the difficulties of studying
distributions on infinite-dimensional spaces. Indeed, given a nonparametric prior, a natural sta-
tistical object to analyze is the mean functional: for instance, in the context of survival analysis,
the mean takes on the interpretation of (random) expected lifetime. However, such an analysis
seemed to be prohibitive until the pioneering contributions of Cifarelli and Regazzini [4,5] who
set up a general theory for the study of Dirichlet process means and also derived the remarkable
Markov—Krein or Cifarelli-Regazzini identity. Since then, much attention has been focused on
means of the Dirichlet process. Among other contributions, we mention [7,8,11,13,16,17,19,31,
39,43]. Recently the first results concerning nonlinear functionals of the Dirichlet process, such
as the variance functional, have appeared in the literature (see [6,34,39]). Another line of research
has dealt with mean functionals for priors different from the Dirichlet process (see [10,14,22,33,
40,42]). The study of means also highlights the interplay with other areas of mathematics, such
as special functions [31], excursion theory [22,42] and mathematical physics [38].
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While some results concerning the prior distribution of means for classes of priors more gen-
eral than the Dirichlet process are known, no exact result is known for their posterior distribution.
Indeed, in [40], normalized random measures with independent increments (NRMI’s), whose
construction is recalled in Definition 2.1, were considered: in addition to results for the existence
and the exact prior distribution of their means, an approximation for their posterior density were
achieved. These results were then extended in [33] to mixtures of NRMI, leading to an approx-
imation of the posterior mean of mixtures of NRMI and to the exact expression for the special
case of the mixture of Dirichlet process. These two papers [33,40] represent the starting point of
our work and we aim to develop and complete these results: indeed, we are able to provide exact
expressions for the posterior distributions of both means of NRMI’s and means of mixtures of
NRMI.

The outline of the paper is as follows. In Section 2, the basic concepts are introduced and
preliminary results recalled. In Section 3.1, we determine exact expressions for the posterior
distribution of means of NRMI’s, whereas in Section 3.2, general formulae for posterior means
of mixtures of NRMI are obtained. Section 4 is devoted to the study of means of particular
NRMTI’s of statistical relevance, namely the extended gamma NRMI and the generalized gamma
NRMI, and the main result of [33] is recovered as a corollary. Moreover, our results for the
generalized gamma NRMI are exploited to derive a new expression for the distribution of a mean
of the two-parameter Poisson—Dirichlet process. Proofs are deferred to the Appendix.

2. Preliminaries and basic definitions

We first recall the concept of completely random measure, due to Kingman [26]. Let (X, X) be
a Polish space endowed with the Borel o-field and (M, 8(M)) be the space of boundedly finite
measures on X, with 8(M) denoting the corresponding Borel o -algebra. Let fi be a random ele-
ment defined on (2, ¥, P) and with values in (M, 8(M)) such that for any collection of disjoint
sets in X, Ay, Az, ..., the random variables (i1(A1), (t(A2), ... are mutually independent. Then,
[ is a completely random measure (CRM) on (X, X). A CRM can always be represented as a
linear functional of a Poisson random measure. In particular, define #¢, to be the space of mea-
surable functions /4 : X — R such that fR+XX[1 — e M@y (dv, dx) < oo, where v stands for
the intensity of the Poisson random measure underlying ft, which must satisfy the integrability
condition f]R+ min{v, 1}v(dv, dx) < 400 for almost all x € X. Then, & is uniquely characterized
by its Laplace functional which, for any & in #,, is given by

~ —vh(x
E[efth(x)u(dw] — o Jrtxx[l=e""v(dv.dx) 1)

Throughout the paper, we define, for any real- or complex-valued function g defined on X, the
functional ¥ (g) := fwxx[l — e Y8y (dv, dx). Moreover, let 1: X — R be the function iden-
tically equal to 1, namely 1(x) = 1 for any x in X. See [28] for an exhaustive account on CRM’s.
The representation in (1) establishes that & is characterized by the corresponding intensity v.
Letting o be a o-finite measure on X, we can always write

v(dv, dx) = p(dv|x)a(dx), 2)
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where p is a measurable kernel such that o (-|x) is a o-finite measure on 8 (R™) for any x in X.
Such a disintegration is ensured by [25], Theorem 15.3.3. If (2) simplifies to

v(dv, dx) = p(dv)a(dx), 3)

then we say that i is a homogeneous CRM, whereas if this is not the case, then & will be termed
a non-homogeneous CRM. In the following, we will assume « is non-atomic.

Since the aim is to define random probability measures by means of normalization of com-
pletely random measures, the total mass /t(X) needs to be finite and positive, almost surely. As
shown in [40], this happens if v(R™ x X) = 400 and the Laplace exponent 1/ (1) < 400 for any
A > 0, respectively.

Definition 2.1. Let ji be a CRM on (X, X) such that v(RT x X) = 400 and ¥ ().) < +oo for
any A > 0. The random probability measure

POy =—= @)
is then termed an NRMI.

Strictly speaking, the random probability measure in (4) is a normalized CRM and re-
duces to an NRMI when X = R. Nonetheless, we prefer to keep the acronym NRMI intro-
duced in [40]. According to the decomposition of the intensity v described in (2) and (3), we
will distinguish between non-homogeneous and homogeneous NRMI’s. Several priors used in
Bayesian nonparametric inference can be defined as in (4). For instance, as already noted by
[12], the Dirichlet process can be recovered as an NRMI based on the gamma CRM for which
v(dv, dx) = v-le "V dv a(dx). Other examples include the normalized stable process [27] and
the normalized inverse Gaussian process [29].

Nowadays, the most common use of Bayesian nonparametric procedures is within hierarchical
mixtures: letting Y be a Polish space equipped with the Borel o -algebra Y, one defines a random
density (absolutely continuous with respect to some o -finite measure A on Y) driven by a random
discrete distribution, that is,

fo= /X k(y,x)P(dx), Q)

where k is a density function on Y indexed by some parameter with values in X. A typical choice
for k is represented by the density function of the normal distribution: in such a case, P controls
the means (and possibly also the variances) of the random mixture density. This approach is due
to Lo [32], who defined a random density as in (5) with P being the Dirichlet process; this model
is now commonly referred to as mixture of Dirichlet process (MDP). Recently, various contribu-
tions have focused on replacing the Dirichlet process in (5) with alternative random probability
measures, which yield interesting behaviors, especially in terms of the induced clustering mech-
anism; see, for example, [18,20,29].
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The present paper is focused on linear functionals of NRMI’s, namely on random quantities
of the type P(g) := fx g(x)P(dx), where g : X — R is any measurable function such that

w(t|g|)=/ (1—e "W p(dvra(dr) < +00 Vi >0. ©6)
XxR+

By [40], Proposition 1, condition (6) is necessary and sufficient for 13(| gl) to be a.s. finite. In the
sequel, we always assume that (6) holds true. An exact analytic expression for F, the distribution
function of f’(g), is given in [40], Proposition 2. We will also examine means of a mixture of
NRMLI, that is

0(g) == fY g fMrdy) = fx h(x)P(dx) = P(h), @)

where Q stands for the random probability measure associated with f , defined as in (5), and
h(x) = fy g(»)k(y, x)A(dy). Hence, as shown in [33], the necessary and sufficient condition for

Q(g) being a.s. finite becomes
v (th*) :/ (1 —e ") p(dvx)a(dx) < +00 V>0, (®)
XxR+

with A*(x) = fY lg(»)|k(y, x)A(dy). The evaluation of the prior distribution of the mean then
follows in a straightforward way [33], Proposition 2. In the following, when we consider means
of mixtures of NRMI, as in (7), we will tacitly suppose that g verifies condition (8).

3. Posterior distribution of means

3.1. Means of NRMTI’s

We first focus attention on posterior distributions of means of NRMI'’s. Let (X,),>1 be a se-
quence of exchaqgeable observations, defined on (€2, f": ,P) and with values in X, such that,
given an NRMI P, the X;’s are i.i.d. with distribution P, that is, forany B; € X,i=1,...,n
andn > 1,

n
IP’[XleBl,...,X,,eB,,|P]=1_[P(Bi). ®

i=1
Moreover, let X = (X 1,... X,). It is clear that one can always represent X as (X*, ]l’)
where X* = (X%, ... n(n ) denotes the distinct observations within the sample and & =
{C1,...,Chim)} stands for the corresponding partition of the integers {1, ..., n} recording which
observatlons within the sample are equal, thatis, C; ={i: X; = X *} The number of elements in

the jth set of the partition is indicated by n;, for j =1, ...,n(x), so that Z n(x) _nj=n.

At this point, it is useful to recall the posterior characterlzatlon of NRMI s given in [23].
For any pair of random elements Z and W defined on (2, F,P), we use the symbol Z") to
denote a random element on (2, ¥, P) whose distribution coincides with a regular conditional
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distribution of Z, given W. Now, introduce a latent variable, denoted by U,,, whose conditional
distribution, given X, admits a density function (with respect to the Lebesgue measure on R)
coinciding with

n(m)
£ @y ocu T o (] XV, (10)
i=1
where
T, (| XF) = / s"e p(ds X)) (n
R+

fori =1,...,n(x). Indeed, the posterior distribution, given X, of the CRM f defining an NRMI

(4) is a mixture with respect to the distribution of the latent variable U, . Specifically, jV»X) 4
a0 4+ 30 g U X5y where: 71Un) is a CRM with intensity
vWUn) (ds, dx) = e~ p(ds|x)a(dx); (12)

the X*’s are the fixed points of discontinuity; the Ji(U"’X) ’s are the corresponding jumps, which
are mutually independent and independent from /1Y), and whose density is given by

£377% (5) o se=Uns p(ds| X7). (13)

See [23], Theorem 1, for details.

We are now in a position to provide the exact posterior distribution of means of an NRMI.
Note that the results hold for any function g and any NRMI (identified by means of its Poisson
intensity (2)) which lead to an a.s. finite mean (6). In what follows, we agree to denote by Im(z)
and Re(z) the imaginary and real parts, respectively, of the complex number z. Moreover, v )
and Jr(”’X) are the Laplace exponent of the CRM defined by (12) and the jumps whose density is
given by (13), respectively, with U, = u.

Theorem 3.1. Let P be an NRMI. The posterior distribution of P(g), given X, is then absolutely
continuous with respect to the Lebesgue measure on R and a posterior density function is given
by

| Retxetr.n ifn=1,
0
pX(0;8) =1 (=DPT! f / [0 — )" 'Im{x(t,2)}drdz,  ifn=2p, (14)
—00 J0
(—1)p/ / [(U—Z)t]"flRe{xg(t,z)}dtdz, ifn=2p+1,
—o00 JO

where p > 1,
e—w(—it(g—zl)) 1_[’;(:771) Knj (lt[g(X;k) _ Z]|X7)

+00 17 * 1 ’ (15)
Ty u' [1_[.,-:1 T”j(u|Xj)]e_]//(u ) du

Xg(t» 7)=
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i, Gt [g(X%) — 21|X%) = [ v XD p(dv|X%) and T, (u|X?) is as in (1), for j =
1,...,n(x). Moreover, the posterior cumulative distribution function of f’(g), given X, admits
the representation

X 1 1 ) T 1 +00 X
Poig=gy- i | [ G wdud, (16)

where

n(m)

Co(osu, 1) = Im{e*'/’(")(*i’(g*”l))E[ei’ L= (g(X:)f”)Jr(u’X)]} a7)

and f()fn is the density of the latent variable U,, given in (10).

3.2. Means of mixtures of NRMI

Before dealing with the posterior distribution of means of mixtures of NRMLI, it is worth recalling
that a popular way of representing (5) is as a hierarchical mixture:

i.n.d.
YilXi "Nk X),  i=1,....n,

Xi|P P, (18)

P

o
¢

9

where (X;);>1 is a sequence of latent variables with values in X and J is the law of the NRMI
P. The notation adopted in the description of model (18) is standard in Bayesian statistics and
means that, given P, the observations Y; are independent and identically distributed with random
density f(y) = ka(y, x) P (dx). Now, since the background driving NRMI is a.s. discrete, it

will induce ties among the latent variables, which are denoted, as previously, by X T, e, XZ(;:)
and m = {Cq, ..., Cy)} indicates the corresponding partition of the integers {1,...,n} with
Ci={i:X;i=X ’;}. This notation allows us, given a partition, to keep a record of which latent
variable each of the observations Y;, fori =1, ..., n, is assigned to.

Here, we aim to derive the posterior distribution of Q(g), given Y. By virtue of (7), this can
also be seen as the distribution of th(x)ﬁ(dx), given Y. The next theorem yields an exact
expression for a density of such a posterior distribution. It is worth noting that the results hold
for any function g, k and NRMI which lead to a finite mean (8): the expressions are given in
terms of / (which is in turn, defined as in (7)), k and the Poisson intensity (2) corresponding to
any NRMI.

Theorem 3.2. Let f be a mixture of NRMI, as in (5). The posterior distribution of Q(g), given'Y,
is then absolutely continuous with respect to the Lebesgue measure on R and the corresponding
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posterior density function is given by

/OORG{Eh(I,G)}dt, P

0

p¥(o:8) =1 (= 1)p+1/ [ [(o — 211" M m{g&,(, z)} dr dz, ifn=2p, (19)
(- 1)P/ / / [(0 — 21" 'Re{&(r,2)}drdz,  ifn=2p+1,

where

e~V =SS TS figsen el () — 2110 [Tiee, k(Y ) ()]
th Lutle= v @Dy H"(”)fx zeCj k(Yi, x)Tn; (u]x)a(dx)] du

&(t,2) = (20)

having set h(x) = ng(y)k(y, x)A(dy) and ky; (it[h(x) — z]|x) = O+°° v"f'ei’”(’i(x)_z)p(dmx)
for j =1,...,n(). Moreover, the posterior cumulative distribution function of Q(g), given'Y,
can be represented as

T
GY(o; g) = 1—1 lim i %Im{{h(a;t)}dt, 1)

where p > 1,

;h(U; t) — / un—le—l//(—it(g—al)+ul)
R+

n(m)
[Zl_[ / e (e -a b ]_[k(Y,,x)rn,(ulx)a(dx)} 22)

T j=I ieCj

n(mw) 1
n—1 =y 1)
X(fR [ZH / Hk(Ynxm,(ulx)a(dx)} du> ,

T j=1 ieC

where the jumps J;U"’X) ’s have density given by (13).

4. Applications

Let us now consider, in detail, two specific cases of statistical relevance, involving two important
CRM'’s, namely, generalized gamma CRM [2] and extended gamma CRM [9]. Both have been
found to have many applications in survival analysis, spatial statistics, mixture models and spatio-
temporal models.
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4.1. Extended gamma NRMI

Here, we consider NRMI's derived from extended CRM’s, which are characterized by the inten-
sity
e B

v(dv,dx) = dv a(dx),

where § is a positive real-valued function. The corresponding NRMI in (4), to be termed an
extended gamma NRMI with parameters («(-), B(-)), is well defined if o and 8 are such that
Jxlog(1 4+ t[B(x)]™He(dx) < +oo for every ¢ > 0.

As for distributional properties of means of extended gamma NRMTI’s, from (6), it follows
that ﬁ(g) is finite if and only if fX log(1 + tg(x)[B(x)]"Ha(dx) < +o0 for every ¢ > 0, which
coincides, except for the factor of non-homogeneity g, with the well-known condition given in
[11] for the Dirichlet process. Moreover, the prior distribution of a mean is given by

1 1 [t>1 , -
F(o; g) = 3 ;/ ;Im(e—fxloga—n[ﬁ(x)] ‘(g(x)—a))a(dx))d,,
0

having applied Proposition 2 in [40] and shown that [ is absolutely continuous with respect to
the Lebesgue measure on R. We now provide expressions for the posterior density function and
posterior distribution function of a mean of an extended gamma NRMI.

Proposition 4.1. Let P be an extended gamma NRMI. The posterior density function of P(g),
given X, is then of the form (14) with

o= Jxlog(B(x)—it (§(x)~2))etp (dx)

T f0+oo ut—le= fx log(B(x)+u)aX (dx) du ’

Xg (tv Z) =
where oc,)f(-) =a()+ Zf‘g) n,-BX;s (+). Moreover, the posterior cumulative distribution function
is given by

FX( ) 1 fooo fooo t*lunflIm{e—fXlog(ﬂ(X)+u—it(g(x)—u))a’)f(dx)}du dr
o, = — — .
¢ 2 RIR+ u"*le_fxlog(ﬁ(x)-i-u)a,{‘(dx) du

It is worth noting that the expressions in Proposition 4.1 are surprisingly simple, given the
fact that they are exact distributions of functionals of a non-conjugate prior. Indeed, in terms of
complexity, they are no more involved than the known expressions for Dirichlet means [4,5,39].
For illustrative purposes, suppose n = 1 and let B(x) = B114(x) + B2l ac(x), where 81 > B2 >0
and A € X. In this case, it can be easily seen that the normalizing constant in x, (¢, z) coincides
with

oo | —ai(A) gl—a;(A)
f w=P_b 2F1<a1<A>,1;a<X)+1;1—@>,
o[BI+ ult@[By 4 ulen (A9 a(X) Bi
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where, for simplicity, we have set «g := af( and o F; is the Gauss hypergeometric function.
Hence, by resorting to (14), one has that a posterior density of ﬁ(g), given X1, evaluated at
z € [0, 1] coincides with

2(X) ped ﬂgnA")—l
T 2 Fi (e (A), LX)+ 1; 1 — B2/B1)
+o00 1
x/o exp{—E/log[ﬁz(x)—i—tz(g(x)—z)z]al(dx)} (23)

xcos(f arctan 1(g(x) — )oz (dx)) dr
B(x)

It is worth emphasizing that, since this is a density function, one obtains an integral representation
for the hypergeometric function ; Fj (@1 (A), 1; (X)) +1; 1 — ﬂzﬂl_l) in terms of g, that is,

1

m(al(A) LaX)+1;1— ﬁz)

a(X ey_ 1 poo 2 2 2
_ o )ﬂ?.m)ﬂglm) 1f0 / o= 1/2 i og[B2(x)+12(g ) —2) ety (d)

U
xcos(/ arctan (g,(B()) 2) (dx)> drdz.

If we further suppose that g = 1 4, then (23) provides a posterior density for P(A), given X1. In
order to obtain a simplified expression, suppose that A and « are such that «(A) = a(A°) =1
and X € A so that @1 (A) =2 =1 4+ a1 (A°). The corresponding posterior density for f’(A) is
then of the form

2% z
2F1(2, 1351 = Ba/B1) [Biz + B2(1 — 2)
Details of the determination of (24) are given in the Appendix. Also, note that 2 F1(2,1;3; 1 —
Ba/B1) =287 [y 2[Brz+B2(1 = )12 dz =287 log(B1/B2) (B1 — f2) 7 —2B1(B1 — p) . Since
the (prior) probability distribution function of P(A) is
Bio

F(o;14) = mﬂ[o,l](a) +1(1,00)(0)

B 110,11(2)- 24)

and the corresponding density is 81 B2[B10 + B2 (1 — a)]’zll[o, 17(0), one finds out that having ob-
served X| € A, the probability mass of P(A) in a neighborhood of 0 decreases, while it increases
in a neighborhood of 1. The opposite phenomenon is observed when X is notin A.

We now move on to considering posterior distributions of means of mixtures of the extended
Gamma NRMI. Recall that, in such a case, the data Y are i.i.d., given Q, where Q is the random
probability measure corresponding to the mixture density (5) driven by an extended gamma
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NRMI. As shown in [33], a mean functional Q(g) is finite if and only if for every ¢ > 0, one
has fX log(1 4 th*(x)[B(x)]” Ha(dx) < +oo, where h*(x) = fY lg(¥) 1k (y, x)A(dy). The prior
distribution function is then of the form

+

Fo:g)= L = L [ Lm(em felort=ittio—o)ipoor-Ha@ny g

g
2 T Jo t

with h(x) = fY lg(M)|k(y, x)A(dy). The next proposition provides the corresponding posterior
density and cumulative distribution function. For both, we provide two expressions: the first is in
line with Theorem 3.1, whereas the second exploits a sort of quasi-conjugacy peculiar to gamma-
like models (see also Remark 4.1 in Section 4.2).

Proposition 4.2. Let Q be the random probability measure associated with the random density
(5) driven by an extended gamma NRMI. The posterior density function of a mean Q(g), given
Y, is then of the form (19), with

En(t,2)
—e~ fX log(B(s)—it (h(s)—z))a(ds)
n(m)
x> [To; -1 / ¢ e [T k(Y. x)er(d) (25)
. X .
T =1 ieCj

X Tf/ M"ileffxlo‘g(ﬂ(S)Jru)a(ds)
R+

n(mr) -1
<> [T - 1)!/ e loelPCton; T k(Y,-,x)a(dx)du) :

T j=1 X ieC;
or, alternatively, as (19), with

&n(t,2)

_ —i _ X
TR I ) = D! faeny € S EEOGODTAI [T (1, xper(dy)

Ty, H;g(znl) (1) = D! fognier [ un e 08B0 g [Tice, k(Yi, xpa(dx)) '

(26)

where oz,)f(-) =a() + Z;(:nl) anXj and, as previously, h(x) = ng(y)k(y, x)A(dy). Moreover,
the posterior distribution function can be represented as (21), with

Cn(os 1)
— /+ un—le— fxlOg(M“ﬁB(S)—it(h(S)—O'))Ol(dS) (27)
R
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n(mr)

« Z 1_[(”] _ 1),/ e—log(u+13(x)—it(h(x)—a))nj l_[ k(Y;, x)a(dx) du

" j:1 . iECj
X (Tf/ un_le_fXIOg(ﬁ(S)-i-u)a(ds)
R+
n(m) B
<2 o= 1)!/ e PO TT k(Y )ar(dx) du |
T j=1 X ec,
= ieCj

or, alternatively, as (21) with

nlos 1)
n(m)

~S [ - 1)!/ / Ve i loglut ) =it (h(s)—o X g,

T =l xnE) JR+

x ]—[ k(Y:, xpa(dx;) (28)
ieCj
n(mr) X
o = (i — mf / e Jlog(BE) +HaX@s) g,

—1
x Hk(Yi,xj)ot(de)> )

ieCj

As a corollary of Proposition 4.2, we obtain the main result of ([33], Theorem 1), namely the
posterior density of means of the mixture of Dirichlet process model introduced in [32]. Note
that there is a slight inaccuracy in the expression for this density in Corollary 1 of [33], which
should coincide with the one below. Moreover, we also obtain a representation for its posterior
cumulative distribution function, which is new.

Corollary 4.1. Let Q be the random probability measure associated with the mixture of Dirichlet
process. The posterior density function of a mean Q(g), given 'Y, is then given by

Z]t 1_[’;(:][1)(11] — 1)!fX”(”) /On(o—ﬂ h) l_[iECj k(Y,,x])oc(de)

Y (0;9) =
2n n;l'(:nl)("/ - D! fx HieCj k(Y;, x)a(dx)

, (29)

where

pn (o1 h) = a+n—1 / Re{e_ fX log(l—it(h(s)—a))(x,),((ds) } dr (30)
LY R+
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is the posterior density of P(h), with P being the Dirichlet process and, as before, aX() =

al-) + Z;l(”l) n 0y ;. Moreover, the posterior cumulative distribution function of 0(g), given Y,
can be represented as

1 Z l_[n(n)(nj - l)va,,(n) é‘ (0 h) HlEC k(Yl’x])a(dxj)

GY(0;9) =
Y, n"(”)(n, = D! fy ice, k(¥ )ar(dx)

. @D

with £ (o3 h) = [3° %Im{e’ fx log“’i’(h(s)’”))"‘r)f(ds)} dt being the posterior cumulative distribu-
tion function of a Dirichlet mean P(h).

4.2. Generalized gamma NRMI’s

Let us now consider the generalized gamma NRMI, which is based on the CRM with intensity

—TV

y e
r{a—y)vltr

v(dv,dx) = dva(dx), (32)

where y € (0, 1) and 7 > 0. This class can be characterized as the exponential family generated
by the positive stable laws (see [2,36]). It includes the stable CRM for 7 = 0, the inverse Gaussian
CRM for y = 1/2 and the gamma CRM as y — 0. Note that the resulting NRMI, termed a
generalized gamma NRMI, is well defined if and only if « is a finite measure. Before proceeding,
recall that E[P(-)] = ? = Py(-), where a := «(X), and Py is usually referred to as the prior
guess at the shape of P.

Now, from (6), and by noting that v (g) = fX(T 4+ g(x))” a(dx) — t¥a, it follows immediately
that P(g) is finite if and only if

/ (t +tlg0)]) a(dx) <oco  forany s> 0. (33)
X

Henceforth, we consider functions g such that (33) holds true. In the following proposition, we
provide expressions for the prior distribution of P(g).

Proposition 4.3. Let P be a generalized gamma NRMI. The cumulative distribution function
can then be expressed as

1 B ptooq .
R0 )= - e; ] Im(e P e (1=t (5I=0) @)y gy (34)

where B =at? > 0, or, also, as

1 ef o1 _ .
Fog=5=% ) 7 sn@BON s (35)
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where
A, (1) = / [1+2%(g(x) — 0)°]"/? cos{y arctan[t (g (x) — 0')]} Po(dx), (36)
X
B, (1) = / [1+%(g(x) — 0)*]"/? sin{y arctan[t (g (x) — o) ]} Po(dx). 37)
X

Let us now turn our attention to posterior quantities. The next result provides both the posterior
density and the posterior cumulative distribution function of the mean of a generalized gamma
NRMI.

Proposition 4.4. Let P be a generalized gamma NRMI. The posterior density function of P(g),
given X, is then of the form (14), with

y B ™ L=t =) WO TTHT ] —ir (g(X %) — 2)]7
T[Zn l(n 1)( l)jﬁ]/yr(n(ﬂ)_]/y ﬂ)

Xg(t,2) = ; (38)

where T (+; -) stands for the incomplete gamma function. Moreover, the posterior cumulative dis-
tribution function can be written as

FX(0; g)
1 00 o0 X i
= — — f f t—lun—l Im e—ﬁ fx(l—i-u—lt(g(x)—a))yPo(dx)
2 Jo Jo

n(mr)
x 1_[ [1+u— it(g(X;f) - a)]y_"-/ } du dt

j=1

) —1
( (v~ Z( .)(_1)J'ﬂf/yl"(n(n)—j/%ﬂ)) :

Remark 4.1. At this point, it is useful to compare the expressions arising for extended gamma
NRMTI'’s and for generalized gamma NRMI’s. As for the latter, by looking at (38) and at the
imaginary part of the distribution function of the posterior mean in Proposition 4.4, one can
easily identify the characteristic functional of the generalized gamma CRM times a product of
n(m) terms, each of these being the characteristic function of a gamma random variable. Now,
each term is clearly associated with a distinct observation X and the number of times 7 it has
been recorded. Moreover, the precise expression arises by taking the derivative of the charac-
teristic functional (which corresponds to observing a certain value for the first time) and then
by taking the (n; — 1)th derivative of the resulting expression (which corresponds to observing
repetitions of this observation). This structure is apparent in the expressions in Proposition 4.4
and, indeed, it is the idea of seeing the observations as derivatives which inspires the proof of
Theorem 3.1. Turning our attention to the extended gamma NRMI which is an extension to the



168 L.F. James, A. Lijoi and I. Priinster
Dirichlet process, one still derives the posterior as derivatives, but, then, due to the important
relation

[(n;)e~ Jxlog(+u(B0x)~Ha(dx)

(u+ B(yi)) ™"
— T(n;) B(y;)" e~ S log(lHu(BGe)™he*@v)

T, (u|yi)e V) =

(39)

one can adjoin the derivatives (observations) to the characteristic functional, getting a sort of
quasi-conjugacy, which is a proper conjugacy property if and only if the NRMI is the Dirichlet
process. By conjugacy, one usually refers to the fact that the posterior distribution is of the same
form as the prior with updated parameters. Here, by quasi-conjugacy, we refer to the fact that,
although conjugacy itself does not hold, it does hold conditionally on some latent variable.

We are now in a position to provide the posterior distribution of means of a random mixture
density (5) driven by a generalized gamma NRMI. Before stating the result, we introduce the
notation (a)p = I'(a + b)/ I'(a) for the Pochhammer symbol.

Proposition 4.5. Let Q be the random probability measure associated with the random density
(5) driven by a generalized gamma NRMI. The posterior density function of a mean Q(g), given
Y, is then of the form (19), with

é:h (t Z) _:fo(l it (h(x)—2))? Py(dx)
n(m)
<L L= / [1 —it(hCo) = 2) ] [ ki, mer(d)
" ieCj
| \ (40)
n— _ 1 . .
X <;;<n i )(_l)lﬁl/y—rz(n)l"(n(n')—i/y, ﬂ)

n(m) 1
x ]"[(1—y>n,_1/ Hk(Y,,xm(dx)) :

ieC

where h(x) = fY gk (y, x)A(dy). Moreover, the posterior distribution function can be repre-
sented as (21), with

tp(ost)
yp"™

- \/R+ tn—le—ﬂ fX(l—il(h(x)—Z)—i-u)yP()(dx) (41)

S T (U= )yt fy[l =it (h(x) = 2) + ul’ ™ [Tiec, k (¥, X)(d) du
Z Z (ﬂ 1)( 1)i ﬂz/yF(n(n)—l/)/ lg)nn(m V)nj—lfx ieCjk(Yi,x)a(dx).
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4.2.1. Connections with the two-parameter Poisson—Dirichlet process

In this section, we point out a connection between a generalized gamma NRMI and the celebrated
two-parameter Poisson—Dirichlet process due to Pitman [35]. The latter random probability mea-
sure has found interesting applications in a variety of fields such as population genetics, statis-
tical physics, excursion theory and combinatorics; for details and references, see [37]. A recent
systematic study of functionals of the two-parameter Poisson—Dirichlet process is provided in
[22]. However, some interesting new results follow from the treatment of the generalized gamma
NRMI given above.

Let us first recall the definition of a two-parameter Poisson—Dirichlet random probability mea-
sure. Suppose that fi,, is the y-stable CRM arising from (32) when t = 0. Let @,, denote its prob-
ability distribution on (M, 8(M)) and &, ¢ be another probability distribution on (M, 8 (M))
such that @, 9y < @, and (d@, /d@,) (1) = (M(X))_e, where 6 > —y . If [i,, ¢ is the random
measure whose distribution coincides with @, ¢, one then defines the two-parameter Poisson—
Dirichlet process as 15),,9 = fly,6/fly,6(X). We will now show how to exploit the fact that ﬁy’g (2)
can be obtained as a suitable mixture of means of generalized gamma NRMTI’s in order to obtain
a new representation for the distribution function of ﬁ%g (2).

Denote by Z a gamma random variable with shape parameter 6/y > 0 and scale parameter
B > 0, that is,

_ B -t —p:
fz()= l"(T/y)z € . (42)

Let iz be a CRM, independent of Z, with intensity measure obtained by multiplying the Lévy
measure corresponding to the generalized gamma CRM in (32) by Z, that is,

—TV

Zy e J d
iy va(dx),

UZ(dU, dx) = 1_‘(1—_)/) v

and define ﬁz =z/iz(X). By (34), we can set T = 1 without loss of generality. See also [36],
Section 4. It can then be shown that for any function g:X — R satisfying the integrability
condition (33), one has

+o0 5 5
/0 PlB.(g) < x1f2() dz = P[P, 4(g) < x]. 43)

The above equality in distribution follows by noting that

du=E[(w+ Isy,g(g))fl]

_ N Syl +uow—+ug ()] a(dx)
E[(+ Pz(2) ]—9/0 {1+ uo + ug (x)]7 a(dx)}O/0+!

for any w € C such that | arg(w)| < 7, where the first expected value is computed with respect to
the product measure of the vector (P, Z). Using this connection, one can exploit the representa-
tion for the distribution of Pz(g) given in Proposition 4.3 in order to deduce a new, surprisingly
simple, expression for the probability distribution of 13),,9 (g), which can be compared with alter-
native representations given in [22].
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Proposition 4.6. Let g be a function for which (33) holds true. The cumulative distribution func-
tion of the mean of a two-parameter Poisson—Dirichlet process Py, ¢(g) can then be represented
as

dr, (44)

1 1 /OO sin(f/y arctan B, () /Ay (1))
0

Foo)=5-7 1[AZ (1) + B2(n)]P/@V)

where A, and By are defined in (36) and (37), respectively.

As an interesting consequence of the representation in (43), we obtain the finite-dimensional
distributions of the two-parameter Poisson—Dirichlet process with y = 1/2 and 6 > 0, which
were first obtained in [3], Theorem 3.1. Before stating the result, it is worth noting thatif y = 1/2,
the generalized gamma CRM reduces to an inverse Gaussian CRM and that, consequently, the
finite-dimensional distributions of the two-parameter Poisson—Dirichlet process are obtained as
mixtures with respect to those of the inverse Gaussian NRMI.

Proposition 4.7. For any partition of X into sets Ay, ..., Ay, € X such that Py(A;) = p;i > 0
for any i, a density function of the random vector (P1,2,9(A1), ..., P1/2,0(Ay—1)) on the simplex

Ap_1={(wy,...,wu_1) €0, 17"~ I.Zl 1wl<1}lsglwznby

Ty p) T +n/2) wy 2w, 2P = Y w32

F0 =) = 2 oD T 1 1/2) [,ztn(wl,...,wn_l)]‘)*"/2 ’

where Ap(wi, ..., Wy—1) =D i llpl w; —i—p%(l—zn 1w) 1

Remark 4.2. Two interesting distributional properties of Dirichlet means can be readily ex-
tended to means of species sampling models, which include homogeneous NRMTI’s and the two-
parameter Poisson—Dirichlet process as special cases [36]. Recall that a species sampling model
is defined as an a.s. discrete random probability measure I3(~) = ;- Pidx, (-) such that the
pi’s (weights) are independent from the X;’s (locations), which are i.i.d. from some non-atomic
distribution Py. The first property we consider is related to the symmetry of the distribution of
P(g). If P is a Dirichlet process, conditions for symmetry have been investigated, for example,
in [13,39]. If P is a species sampling model, it can be shown that, analogously to the Dirichlet
case, ﬁ(g) is symmetric if the distribution of g(X), where X is a random variable with distri-
bution Py, is symmetric. Another distributional property of a mean of a Dirichlet process was
considered in [43], where the author proves that Py o g~! has the same distribution as f’(g) if
Py o g~ ! is Cauchy distributed. By mimicking the proof of [43], one can easily show that such a
property holds true when P is any species sampling model.

5. Concluding remarks

In this final section, we briefly discuss two further issues, namely the concrete implementation
of the results provided in the paper (also in relation to simulation schemes) and frequentist as-
ymptotics. As for the former, we note that in the numerical computation of the integrals involved
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in the distributional formulae for means of NRMI’s, the integrands are typically well behaved,
which, in some sense, is quite natural, given the “mean-operation” has a smoothing effect: hence,
for specific cases, exact expressions are computable with numerical double-integration packages;
see, for example, [39,40]. For mixtures of NRMI, numerical computation becomes problematic
since sums over partitions are involved, which increase the computing time at an exponential
rate. As an alternative, one could also resort to simulation schemes to obtain an approximation
of the distribution of interest. However, the simulation of realizations of an NRMI is a delicate
task, since it is based on CRM’s which jump infinitely often on any bounded interval. Conse-
quently, a simulation algorithm is necessarily based on some truncation, which, in some cases,
may compromise posterior inferences; see, for example, [10]. This implies that the availability of
exactly computable expressions for distributions of means is also useful for practical purposes as
a benchmark for testing the accuracy of a simulation algorithm: one simulates trajectories of the
process (by tuning the number of jumps and the number of trajectories) until a suitable distance
between the exact and the simulated distribution of the mean is less than a prescribed error. If
this is the case, the numerical output can then be exploited to compute any quantity of interest
(not just means).

In order to evaluate frequentist asymptotic properties of Bayesian procedures, the data are
assumed to be independently generated by a “true” distribution Py. As far as consistency is
concerned, one essentially has that NRMI’s are consistent if Py is discrete and inconsistent if Py,
is non-atomic (with the exception of the Dirichlet process). This can be informally illustrated by
looking at, for instance, the y -stable NRMI: the predictive distributions associated with such an
NRMI are of the form

n(m)

1
Po()+— D (i = )by () (45)

i=1

yn(w)

P(Xns1 €-1X], .. X)) = .

> Y n(r)

If the data are generated independently from a non-atomic Py, all observations are distinct,
which implies that n() = n almost surely. Hence, as the sample size diverges, the predictive
distribution converges weakly, almost surely, to y Py + (1 — y) Py and E[ﬁ(g)lX] converges to
y Po(g) + (1 — y) Py(g). Consequently, the posterior distribution of f’(g) is inconsistent unless
Py = Pg. On the other hand, if Py is discrete, then lim#n (xr)/n = 0 almost surely and ]E[13(g) 1X]
converges to the “true” value P (g); see [21,24] for general results in this direction. Inconsis-
tency with respect to a continuous Py is not really problematic since, for modelling continuous
data, one would naturally use an NRMI mixture rather than an NRMI itself and, in such a case,
we have consistency under mild assumptions [30]. A related issue of interest is the validity of
Bernstein—von Mises theorems, which provide information about asymptotic normality of the
posterior distribution and asymptotic equivalence with respect to MLE estimation. For the non-
parametric case, only a few results, both positive and negative, are currently known; see [16]
for a stimulating account of the topic. The derivation of such results can be a formidable task
since the posterior representation of the random probability measure is explicitly involved. This
implies that no result is known, even for the mixture of Dirichlet process. Recently, in [21],
a Bernstein—von Mises-type theorem has been obtained for the two-parameter Poisson—Dirichlet
process in the case of continuous P;.. Under the same assumptions as in Theorem 3.1 of [21], we
can then deduce the asymptotic behavior for the posterior distribution of a mean functional of
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the two-parameter Poisson—Dirichlet process, denoted by 15;(9 (g). Indeed, we obtain that as the
number of observations generated by an absolutely continuous Py diverges,

n'?{PX,(g) — E[P)4(2)])

N N(0, (1 = )[Pe(g?) — [Pu(@)T*] + v (1 — »)[ Po(g?) — [Po()1?]

+7(Pe() — Po(2))) s,

where N(u, o 2y stands for a Gaussian random variable with mean  and variance 2. In par-
ticular, if g = 14, then the asymptotic behavior of PX0 (A) is obtained, that is, the centered
and rescaled distribution of P;E(e (A) converges to a mean zero Gaussian random variable with
variance (1 — y)[p(1 — p)]+ y(1 — »)lg(1 — @)1 + ¥ (p — q)*, having set p := P(A) and
q := Py(A). In order to derive such results for general NRMI’s, an approach similar to [21]
seems advisable, although the technicalities may become overwhelming. This may well repre-
sent a topic for future research.

Appendix

Proof of Theorem 3.1. In order to derive a representation of the posterior density, we start by
discretizing P according to the procedure of Regazzini and Sazonov [41]. It essentially consists
of discretizing the random probability measure and the sample along a tree of nested partitions
of X which, at level m, is made up of sets By, 1, ..., By k,+1 With By, ¢, +1 = X'\ (Ufﬁl Bp.i)
such that B, t,+1 4 @ and maxi<;<k, diam(B, ;) — 0 as m tends 400, where diam(B) is
the diameter of B. The discretized random mean, at level m of the tree, will be of the form
13,,, (g)= kaﬂ g(bm, j)P(Bm i), where by, ; is any pointin By, ; for j =1, ..., k; + 1. More-

over, denote by M, the marginal distribution of X with respect to P,,. Whenever the jth distinct
element, xjf, lies in By, ;, itis as if we had observed b, ;; see [41] for details. Note that whatever
tree of partitions has been chosen, there always exists an m* such that for every m > m*, the n ()
distinct observations within the sample fall in n () distinct sets of the partition. Given such a dis-
cretization, Propositions 3 and 4 in [40] easily extend to the case of NRMI’s over Polish spaces.
Thus, the discretized posterior mean converges, in the sense of almost sure weak convergence,
to the actual posterior mean. If the observations X are such that ny; of them lie in By, ;, for

j=1,...,n(m), an expression of the posterior density function of the discretized mean P,,(g)
is given by
(=" 0"
ng e
Mo (X) arm,lsl <- 0 m,s(,,(l)
(46)
X IZ:I]F(G; 1,05« > P kg +1) )

(rm,ls--~vrm,km+]):(f(bm,l)a---vf(b/11,km+1))
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n—1
where [F stands for the prior distribution of the discretized mean and I’ h(0) = / a" (”(;f)l)!
h(u) du is the Liouville—Weyl fractional integral, for n > 1, whereas 13+ represents the identity
operator. We now move on to the identification of the limiting density. To this end, set ay, ; =

a(Bpy,j), for j=1,..., k1, and rewrite (46) as

n(r)

1 n+1 +oo 1 _ km+1 +oo 4 ltv(rm —0) s
;M)(X) "' Im / St fa el e TT Al (yde,  (47)
=1

where A is defined as

‘xm .7

i L ng
([) _Cf Oo(liellv(rm.] G))p(dvlbm,sl)am,xl{ 8 !

e f0+00(1 76“ U(rm’j _U))p(dv‘bm,sl )am,sl } .
S]
s,

By virtue of the diffuseness of «, one has

+00 .
otm 51 )= (lt)n L0, s / v e]tv(rm'xl 7U)p(dv|bm,sl) + O(Olm,sl)
0

as m — oo. In order to complete the proof, one needs to resort to the expression of the marginal
distribution of the observations provided in Proposition 4 of [23]. Hence, if we let m tend to
~+o00 and apply Theorem 35.7 in Billingsley [1] and dominated convergence, the desired result
follows. Note that, as a by-product, we have also proven that the posterior distribution of the
means is absolutely continuous with respect to the Lebesgue measure on R.

The proof of the representation of the posterior cumulative distribution function in (16) con-
sists of the following steps. First, we use the idea suggested by [13], that is,

FX(0; g) =P{ji(g — o'1) <0X}. (48)

As in [40], we now resort to Gurland’s inversion formula, which, combined with Proposition 2
in [40], yields
Fo:g) =+ — + lim ' lhn{]E[eifﬂ(g—”U|X]} dt
2 T Tt+oo t

The conclusion can now be easily deduced from [23], Theorem 1, according to which

itfi(g—o) e it (g—o D)+ir ' % (g () —0) 1P X
E[e |X] = ]E[e r=1 r ]fUn (u)du. 0
0

Proof of Theorem 3.2. The first thing to note is that by (7), determining the distribu-
tion of (Q(g)|Y) is equivalent to determining the distribution of (f’(h)|Y) with h(x) =
ng(y)k(y,x)A(dy). Moreover, by linearity of the mean, one has (P(W)]Y) = th(x) X
(IS(dx) |Y). Thus, we need a posterior representation of the NRMI, given the data Y which come
from the mixture of NRMI in (5). To this end, one can adapt Theorem 2 in [18] to obtain the
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disintegration
~ d ~
(P1Y) = / (PIX)M(dX]Y), (49)
X}l

where M (X]|Y) stands for the marginal distribution of the latent variables X, given the ob-
servables Y. From (49) combined with Theorem 3.1, a first description of the distribution of
(Q(2)]Y) follows. Indeed, the posterior density can be represented as

CHY =/Xn pX (o ) M(AX|Y), (50)

where pX(o;h) coincides with the density function given in Theorem 3.1 with h(x) =
fY g(»)k(y, x)A(dy). Moreover, the posterior distribution function is of the form

GY(o;8) = / FX(o; h) M(dX]Y), (51)
Xn

where FX(o; h) is given in Theorem 3.1, with & defined as above. Note that the previous expres-
sions could also have been obtained by combining the discretization of the observation space
employed in [33] with the limiting arguments used in the proof of Theorem 3.1.

In order to get explicit descriptions of the posterior distributions in (50) and (51), we need to
find expressions for the marginal distribution of X given Y. From Bayes’ theorem, it follows that

[T/, k(Yi, Xi) M (dX)
S Tz K (Yi, X M(AX)

It is clear that the marginal distribution of X can be described by the joint distribution of the
distinct variables X* and the induced random partition x . In Proposition 4 of [23], an expression
for the joint distribution of (X*, ) is provided. By inserting this formula into (52), suitably
rearranging the terms and making use of the partition notation introduced at the beginning of
Section 2, one obtains

M(AX]Y) = (52)

Hl;(:nl) niec,« k(Y;, X;f)a(def)[fW wlemv 1'['}(;'1) Tnj (u|X5) du]

M(X]Y) = o
Jorut e VO T S Tiee, k(Y X)Ta; (ulx)o (dx)] du

where ) stands for the sum over partitions and the Tp,;’s are defined in (11). Inserting (53) into
(50) and carrying out suitable simplifications, one obtains the desired expression for the posterior
density. As for the posterior distribution function, insert (53) into (51) and, after some algebra,
the result follows. ([

Proof of Proposition 4.1. The proofs of both representations are based on Theorem 3.1 and
on the key relation (39) discussed in Remark 4.1 of Section 4.2. As for the posterior den-
sity function, note that t,; (u|X7) = F(nj)[,B(Xjf) +u]™" and that &y, (it[g(X}‘) — z]|X}F) =
F(nj)[B(X;f) — it (g(X;’f) —27)]7"% for j =1,...,n(x). Inserting these expression into the gen-
eral one of Theorem 3.1 and carrying out the appropriate simplifications using (39) allows
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the posterior density function of P(g) to be written as desired. With reference to the poste-
rior cumulative distribution function, one has that, given X and U, the jth jump J}U”’X) is
gamma distributed with parameters (8 (X;f) + Up,nj), for j =1,...,n(x). Hence, we have
Lo(osu,t) =exp[— fX log(1 —it(g(x) — o) [B(x) + u]~Ha*(dx)] for (17). Finally, it is easy to
verify that t’lg“g (o; u,t) is absolutely integrable in (M, +00) for any M > 0 and u > 0. Thus,
appropriate simplifications between denominator and numerator lead to the result. 0

Details for the determination of (24). Given g = 14 and «(A) = «(A°) = 1, the integral in
(23) can be written as

dr

/OO cos(2arctant (1 — z)/B; — arctantz/B7)
0 [B] + 12(1 — 2)21[85 + 1222]'/2

o 1
_/o [B7 +12(1 — 2)21[BF + 1222]1/2

X {0052 (arctan - )) cos (arctan —) — sin (arctan £ - Z)) cos (arctan t_z)
Bi Bi B2
+ 2sin <arctan td - Z)> cos (arctan (- )) sin (arctan t—Z) } dt
B1 B B2

and it can be easily seen that it reduces to

o 1
./o [B7 +12(1 — 221185 + 1222]1/2

,31 ﬁ2
{,31 24121 — )2 /ﬂ22+t2z2
-2’ B, t0-2B 1z }dt
B +12(1 — )2 |82 + 1222 B +12(1 —z2)2 |62 + 1272

_ /00 2A-20@piz=pU - +Bb
0[BT 20— 22U + 1227

1 T
=(1—-2)(2B1z2 = (1 —
(=2 (2piz = fo(1 - 2) (1 —2)*22481/(1 —2)(B1/(1 — 2) + B2/2)?
nBi B2 { z
2(1 = 2)*22 | Bo(B /(1 — 2)2 — B3 /22)?

1 1—z
2082/(1 —2)2 = B3/2DB3 /(1 =23 (BE/(1—2)2 — B3/zH)2B }
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_nlBiz+ (1 —2)] | w2877 —3B87B2zE(1—2) + B3 (1 —2)°]
C4BiBiz+ B(1 - 2)]? 4B1[B7z2 — B3 (1 —2)?)?
I

T Bzt Bl -

from which (24) follows. O

Proof of Proposition 4.2. The representations in (25) and (27) are obtained by a direct appli-
cation of Theorem 3.2: one only needs to compute the quantities already exploited in the proof
of Proposition 4.1 and insert them into the relevant expressions of Theorem 3.2. In order to ob-
tain the posterior representations in (26) and (28) which make use of the quasi-conjugacy of the
extended gamma process, it is enough to apply Fubini’s theorem and use (39). |

Proof of Corollary 4.1. Recall that the Dirichlet case corresponds to the extended gamma case
with B(x) = ¢ > 0, which, without loss of generality, we can set equal to 1. We first derive
the posterior density function. To this end, consider (26) and note that in this case, within the
denominator, one has

/ ut—le—log(l+u)(atn) 4, — F(a)r(”)7 (54)
R+ I'(a+n)
having set «(X) := a. This allows (26) to be rewritten as
: X
T (a + n)e Jxlog(B@)—it (1) =) (ds)
En(t.2) =) /
— Jxntm nl' (@)l (n)
(55)

H?(znl)(nj - 1)!HieCj k(Yisxj)Ol(dx]‘)
X 9
2r H;gl)(”j = D! fx I liec, k(¥ x)er(dx)

which, combined with (20) and an application of Fubini’s theorem, leads to a posterior density
of the form

S [T @) = D! frum " 0. W) i, k(Yo x)ex(dx))

¢¥(0:8) =
S T35 @ = D fy Tlice, k(Y Dardn)

; (56)

where o" is the posterior density of 13(h), given X, as given in [23], Theorem 1. But, since the
posterior mean of a Dirichlet process is again a Dirichlet process mean with updated parameter
measure oz,i(, one can choose the simplest possible expression for such a density, which, to date,
is (30) obtained in [40]. Hence, @" can be replaced by (30) in (56), and (29) follows. Note that
(30) can also be derived from the posterior density in Proposition 4.1 by considering the case

n = 1, for which (54) yields a~!. To obtain (31), one proceeds in a similar fashion, starting from
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(28), and then simplifies the resulting expression using the representation for the cumulative
distribution function of Dirichlet process mean provided in [39]. ]

Proof of Proposition 4.3. We start by noting that
P(P(g) <o) =P(i(r[g —o1]) <0) (57)

and then apply Gurland’s inversion formula to the right-hand side of (57). Showing that F is
absolutely continuous (with respect to the Lebesgue measure on R), one has that the prior distri-
bution of 15( g) is of the form (34), with 8 = at? > 0. Note that, thanks to the reparameterization
induced by (57), the generalized gamma NRMI is completely specified by the parameters Py,
y and B. In order to make (34) completely explicit, introduce the quantities (36) and (37) and
observe that

exp{—ﬁ /X [1—ir(g(x) - o)]VPo<dx>} = exp{~[BAs (1) =B B, (1)]}.
This implies that (34) can be represented, by working out the imaginary part, as (35). (]

Proof of Proposition 4.4. In order to obtain the expressions for the posterior distribution, we
resort to Theorem 3.1, but we have to take into account the reparametrization in (57): hence,
we set, without loss of generality, t = 1 and «(dx) = BPy(dx) in (32). Consequently, we
get Ty, (u|X3) = y[1 +ul”™" (1 — y);—1 and &y, (it (g(XF) — 2DIXT) = y[1 —ir(g(X}) —
Q11 — y),,j_l, for j =1,...,n(x), where, as before, (a), stands for the Pochhammer
symbol. The explicit form of the denominator is obtained by a suitable change of variable com-
bined with the binomial theorem. Some algebra leads to an analytic representation of the pos-
terior density of l;(g) as in (14) with the function &} as in (38). This proves that first part of
the proposition. In order to derive the posterior cumulative distribution function given in (16),
first note that the jumps Jl.(U”’X) are gamma distributed with scale parameter U,, 4+ y and shape
parameter n; — y. Then, write the explicit form of the other quantities involved and carry out
some simplifications. It is then easy to see that ¢(o; u, t) is absolutely integrable in (M, 4+00)
for any M > 0 and u > 0, thus, the result follows. O

Proof of Proposition 4.5. The result is obtained by exploiting the quantities computed for de-
riving Proposition 4.4 and inserting them into the expression of Theorem 3.2. This, combined
with some algebra, leads to the formulae in (40) and (41). O

Proof of Proposition 4.6. Let FZ(-; g) denote the cumulative distribution function of the mean
Pz(g), given Z. By Proposition 4.3, FZ(-; g) coincides with (34), with z8 in place of 8. Reason-
ing as in the proof of Proposition 4.3, we obtain

2 1o [0 oy
Fo18)=5—— [ —e ¥4 UsinBB, (1)) dr,
2 T Jo !
where A, and B, are defined as in (36) and (37), respectively. We now integrate with respect
to Z in order to obtain the unconditional cumulative distribution function of the two-parameter
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Poisson—Dirichlet process, that is,

0/
B Y / / 217 =1e=#B AW gin(z8By (1)) dz

1

2 al@/y)

1 pery /00 sin(@/y arctan B, (t)/ As (1))
0

2 n 1[B2AZ(t) + B>B2(1)19/Cr)

F(o;¢) =

where the last equality follows from 3.944.5 in [15]. Simplifying with respect to 8 leads to the
desired result. ]

Proof or Proposition 4.7. From Proposition 1 in [29], the density function of the random vector
(Pz(Ay), ..., Pz(A,—1)) with y = 1/2 is given by

Zﬂ ZB)" ;
fz(wl» ey Wp—1) = én/ﬁz) 11_{:/21 b K—n/Z(Zﬂ\/An(wlv cee wn—l))

n—1

-3/2
x w7 _3/2< Zw) ((ZB)* An(wr, ..., wy—)) 4,

If one integrates the above density with respect to fz in (42) and makes use of 6.561.16 in [15],
the result easily follows. O
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