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1 Introduction

Random partitions occur in a variety of probabilistic and statistical
problems. In applied probability, for example, they define models for
population genetics, species sampling and processes of coagulation and
fragmentation. See Pitman (2006) and references therein. They also rep-
resent a key ingredient for various inferential methods arising in Bayesian
nonparametric statistics, machine learning and for Markov Chain Monte
Carlo algorithms that are used for clustering and density estimation. See
the monograph edited by Hjort et al. (2010) for a comprehensive review.
Recently random partitions have been exploited also in macroeconomic
modelling as a tool for describing the clustering dynamics of economic
agents according to their decision strategies. This approach has been
introduced by M. Aoki in a series of papers and is effectively summa-
rized in Aoki and Yoshikawa (2007). The illustrations we focus on in the
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present, review concern Bayesian nonparametric inference and macroe-
conomic modelling.

To sum up the main theoretical framework, suppose X () = (Xn)n>1
is a sequence of observations or types of economic agents, defined on
some probability space (2,.%#,P) with each X; taking values in a com-
plete and separable metric space X endowed with the Borel o—algebra
2 . Tt will be assumed that X(*) is exchangeable which implies that for
any n > 1 and any permutation 7 of the indices 1, ..., n, the probability
distribution (p.d.) of the random vector (X1, ..., X,,) coincides with the
p-d. of (Xr(1),- -+, Xr(n))- An important characterization is provided by
the celebrated de Finetti’s representation theorem: it states that a se-
quence X () is exchangeable if and only if there exists a probability
measure () on the space Px of all probability measures on X such that,
foranyn >1and A= A; X -+ x A, x X*°, one has

n
plxcal = [ Tpta) ) (1
Px =1

where A; € 2 for any i = 1,...,n and X*® = X x X x ---. The
probability ) is also termed the de Finetti measure of the sequence
X (°°) " This particular form of the representation theorem can be found
in de Finetti (1937), an article that contains a series of lectures delivered
by de Finetti in Paris, at the Institut Henri Poincaré, in 1935.

The implication of (1) is apparent: conditional on a random probabil-
ity measure p from @, the first n elements of the exchangeable sequence
X () are independent and identically distributed and their common p.d.
is p. When @ is concentrated on a set of elements in &x that are dis-
crete, one can show that there might be ties among Xi,...,X,, i.e.
P[X; = X;] > 0 for ¢ # j. Correspondingly, define ¥,, to be a random
partition of the integers {1,...,n} such that any two integers i and j be-
long to the same set in ¥, if and only if X; = X;. Let k € {1,...,n} and
suppose {C1,...,Ck} is a partition of {1,...,n} into k sets C;. Hence,
{C1,...,Ck} is a possible realization of ¥,,. A common and sensible
specification for the probability distribution of ¥,, consists in assum-
ing that it depends on the frequencies of each set in the partition. To
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illustrate this point, introduce the set

k
Apji= {(nl,...,nk): n; > 1, an —n}.
i=1

Set n; = card(C;), then (nq,...,ng) € Ay and
Plw, = {C1,...,Ck}] = T{" (n,...,mp) (2)

A useful and intuitive metaphor is that of species sampling: one is not
much interested into the realizations of the X;’s, which stand as species
labels thus being arbitrary, but rather in the probability of observing
k distinct species with frequencies (n1,...,n) in n > k draws from a
population. This leads us to state the following

Definition 1. Let (X,,),>1 be an exchangeable sequence. Then, {H,(Cn) :
1<k <n n>1} with H,in) defined in (2) is termed exchangeable
partition probability function (EPPF).

Indeed, the EPPF defines an important tool which has been intro-
duced in Pitman (1995) and it determines the distribution of a ran-
dom partition of IN. From the above definition it follows that, for any
n>k>1and any (ni,...,n;) € Ay, H,g") is a symmetric function of
its arguments, namely

H,gn)(nl, cey ) = chn) (Nr(1)s -+ o> M)

for any permutation 7 of (1,..., k), and it satisfies the consistency prop-
erty

Hén)(nl, e ,nk) = Hgfil)(nl, ey Ny 1)
k
I g L), (3)
j=1
corresponding to the fact that the partition of Xi,...,X,, can be re-
covered from the partition of Xi,..., X,,4+1 by dropping X, +1. On the
other hand, as shown in Pitman (1995), every non—negative symmetric
function satisfying (3) is the EPPF of some exchangeable sequence. See
Pitman (1995, 2006) for a thorough and useful analysis of EPPFs.
In the following sections we will emphasize the role played by EPPFs
in two different contexts: Bayesian nonparametric inference and eco-
nomic modelling,.
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2 Bayesian nonparametric modelling

Bayesian nonparametric inference is a relatively young area of research
that has recently undergone a strong development. Most of its success
can be explained by the considerable degree of flexibility it ensures in
statistical modelling, if compared to parametric alternatives, and by the
emergence of new and efficient simulation techniques that make non-
parametric models amenable to concrete use in a number of applied
statistical problems.

2.1 The Dirichlet process

Even if the formal setting for Bayesian nonparametric inference had
been laid out by de Finetti during the 30’s, no tractable examples were
given on how to construct a prior () on %x so to make the nonpara-
metric approach feasible in applied statistical problems. Such a task has
been completed only 40 years later by T.S. Ferguson who defined in his
1973 paper, on the Annals of Statistics, the Dirichlet process. Nowa-
days it represents one of the most commonly used priors in Bayesian
nonparametrics and its popularity can be explained by its mathemati-
cal tractability and by the recent development of Markov chain Monte
Carlo (MCMC) techniques whose implementation allows a full Bayesian
analysis of complex statistical models based on the Dirichlet process
prior.

As highlighted in Ferguson (1973), the Dirichlet process can be de-
fined in various ways. Here we will point out three different definitions
in terms of the family of its finite-dimensional distributions, by means
of a series representation and through its representation as a normalized
completely random measure.

Definition 2. (Ferguson, 1973). Let ¢ > 0 be a constant and Py some
probability measure on (X, Z"). Moreover, to any measurable parti-
tion {Ai,..., Ag+1} of X, associate the vector (pi,...,pr+1) with p; =
Py(A;). Then, we say that p is a Dirichlet process with parameter mea-
sure cPy if the vector (p(A1),...,p(Ax)) has density

k
F(C) cpi—1 cpra1—1
ﬁ”x (I—zy— —zp)P 7 g, (21, ..., 2k)
Hiil L(cp:) i=1 '
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where S := {(x1,...,2) s x; >0, Zf:l x; < 1} is the k—dimensional
simplex.

An alternative characterization of the Dirichlet process can be given
in terms of a normalized completely random measure fi. This is a random
element defined on (2, .#,P) and taking values in the space of boundedly
finite measures Mx with the property that if A and B are two sets in
Z such that AN B = @, then the random variables i(A) and fi(B)
are independent. See the Appendix for a short review on completely
random measures.

Theorem 1. (Ferguson, 1973). Suppose i is a gamma completely ran-
dom measure with parameter cPy, namely for any set A € &

Pla(A) < 2]

Yoo (Bo(A) [T a1 s
= {F(cPO(A)) /0 sePo(A)—1 ds-l-]l{o}(Po(A))} ]1[0700)(;1;),

If p is a Dirichlet process with parameter measure cPy, then

B d -
i) " W
It is worth noting that f is a jump process. If Py is non—atomic, this
entails that i = ) ;- Jidx, where the J;’s are independent and non-
negative random variables and the X;’s are i.i.d from Py. This suggests
an important feature of the Dirichlet process that was first shown by
Blackwell (1973): the Dirichlet process selects, almost surely, discrete
probability distributions on (X, .2"). This property becomes even more
apparent if one considers an alternative definition of the Dirichlet process
that can be given in terms of the so—called stick—breaking construction.

Theorem 2. (Sethuraman, 1994). Let (V;)i>1 be a sequence of i.i.d.
random variables with V; ~ Beta(1,c) and define

k—1
wy = Vi, wk:VkH(l—V;) k=2,3,... (5)
=1

Then ) ysq wi =1, almost surely, and if (X, )n>1 is a sequence of i.i.d.
random wvariables whose common p.d. Py is non—atomic, the random
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probability measure

=) wydx, (6)
coincides, in distribution, with the Dirichlet process with parameter mea-
sure cPy.

The representation in (6) highlights an interpretation of the Dirichlet
process p as a species sampling model. This entails that the population
can be thought of as split into an infinite number of species, wy be-
ing the unknown proportion of the k—th species. As pointed out in the
introduction, the discreteness of p naturally leads one to analyze the
partition structure it induces on a set Xi,...,X,, of the first n obser-
vations extracted from an infinite exchangeable sequence (Xy,)p>1. The
EPPF associated to the Dirichlet process is

(n; —1)! (7)

k
n C
H;C )(n17...,nk) = @
1

k
i=
where (¢), = I'(c + n)/T'(c) is the n-th ascending factorial of c. See
Antoniak (1974). It is worth noting that (7) is an equivalent form of the
well-known Ewens sampling formula widely used in population genetics.
Indeed, the formula introduced by Ewens (1972) represents the p.d. of
the vector (mq,...,m,) of counts, where m; is the number of clusters
of size 7, and it is given by

nlcd & 1
* o(my,...,mp) = H
k,n( 1s ) n) (C)n P imim;)

for any vector of non-negative integers (mi, ..., my) such that 7" ; m; =
k and Zle im; = n. When the EPPF is known, the determination of
the corresponding predictive distribution is straightforward. Indeed, if
one adheres to the species sampling interpretation for p, the probability

of observing a new species, conditional on a sample X1, ..., X, featuring
k distinct species X7, ..., X} with frequencies n,...,ng, is
1
H(n+ )(nl,...,nk,l) C

P[Xpt1 = new | X1, ..., X,] = —+L =
H,(fn)(nl,...,nk) ctn
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On the other hand, the probability that X,y is from any of the species
observed in the conditioning sample is
P[Xn—H = new | Xl, ey Xn]

B Z?:1H£n+1)(n1,...,nj—|—1,...,nk) n

ngn)(nl,...,nk) ctn
for any j = 1,...,n. These can be summarized in the following expres-

sion, known as predictive distribution,

© Ry(A) + —— B(4) VAe &

P[Xn+1€A|X1,...,Xn]:c+n 0 et n
(8)

where P, = > j—10x,/n is the empirical distribution.

Besides prediction, the EPPF is also a useful tool for studying dis-
tributional properties of the number K, of clusters generated by an
exchangeable sample of size n. If one marignalizes with respect to the
frequencies (nq,...,ng) in (7), one obtains the p.d. of K,

o
PlEn = k] = ——[s(n, k)| L1,y (K) (9)
(©)n
where |s(n, k)| is the signless Stirling number of the first kind. Moreover,
the asymptotic behaviour is readily available from results in Korwar and
Hollander (1973), which state that

Kn  as
— C

1
logn (10)

as n T 0co. The rate of increase of K,,, as n increases, is an important
quantity for assessing the implications of the use of the Dirichlet process
in macroeconomic modelling and it will be compared to the behaviour
associated to random probability measures that generalize the Dirichlet
process.

2.2 The two—parameter Poisson—Dirichlet process

Despite the Dirichlet process has been a cornerstone in Bayesian non-
parametrics, in some cases of interest for statistical applications it is not
an adequate prior choice and alternative nonparametric models need to
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be devised. An example is represented by survival analysis: if a Dirichlet
prior is used for the survival time distribution, then the posterior, con-
ditional on a sample containing censored observations, is not Dirichlet.
It is, then, of interest to find an appropriate class of random distri-
butions which contain, as a special case, the posterior distribution of
the Dirichlet process given censored observations. Moreover, in survival
problems one might be interested in modelling hazard rate functions or
cumulative hazards and the Dirichlet process cannot be used in these
situations. Also in clustering and prediction problems, which are of in-
terest to the present paper, the predictive structure (8) induced by the
Dirichlet process is sometimes not flexible enough to capture important
aspects featured by the data. Indeed, the probabilities of generating
a new observations and of re-observing one of the species that have
appeared in the conditioning sample, ¢/(c + n) and n/(c + n), respec-
tively, depend neither on the number k of clusters into which the data
are grouped nor on the individual frequencies n1,...,nt. An important
piece of information for prediction is, then, neglected. This, and allied
applied problems, have recently stimulated a number of contributions
aiming at the definition of generalizations of the Dirichlet process that
still preserve a reasonable amount of analytical tractability and that
overcome some of the drawbacks inherent to modelling real phenomena
with the Dirichlet process. Among these generalizations, a special role
is played by the two—parameter Poisson—Dirichlet process introduced by
Pitman (1995).

Definition 3. Let («,0) be parameters such that either a € [0,1] and
0> —aora=—x <0 and = mz for somem =1,2,.... Moreover,
(Vi)i>1 is a sequence of independent random variables with V; ~ Beta(1—
a,0 +ia) and (w;)i>1 are random weights defined as

i—1
wy = Vi, wi:Vz'H(l—Vj) i>2.
=1

If (Xi)i>1 is a sequence of i.i.d. random wvariables with non-atomic
p.d. Py, the random probability measure Zi21 w; O, s a two-parameter
Poisson—Dirichlet process.

This definition points out an analogy to the Dirichlet process, namely
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the realizations of a two—parameter Poisson—Dirichlet process are almost
surely discrete. Note also that the Dirichlet process stands as a partic-
ular case for which @ = 0. Another useful definition can be given in
terms of completely random measures as pointed out in Pitman and Yor
(1997) for the case where av € (0,1). Let fi, be a a—stable completely
random measure with parameter measure Fy. This means that

Mx

Let fiqp be a random measure on My with law P, ¢ such that P, g is
absolutely continuous with respect to P, and

dPa,&

. = {u(x)}7.

Theorem 3. (Pitman and Yor, 1997). The normalized random measure
fia0/ la,0(X) coincides in distribution with a two-parameter Poisson—
Dirichlet process.

Among all generalizations of the Dirichlet process, the PD(«, #) pro-
cess stands out for its tractability. The EPPF, which characterizes the
induced random partition, of a PD(«, #) process is

k—1 , k
(0 +1ia)
0y, = L= 000 g ) 11
et = S jl;ll( s -
Now, denote by m; > 0, j = 1,...,n, the number of sets in the partition

which contain j objects or, using again the species metaphor, the number
of species appearing j—times in a sample of size n. Then, an alternative
equivalent formulation of (11), known as Pitman’s sampling formula, is

given by
k—1 . n i
rn(mi,...,my) =n! ILicy (G—I—szoz) [(1—9%_1]7”
’ (9 + 1)n—1 Hi:l m;! paie] 1!
for any n > 1 and mq,...,m, such that m; > 0, Z?zlimi = n and

Yoy m; = k. The above expression represents a two parameter gen-
eralization of the Ewens’ sampling formula that can be recovered by
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letting v — 0. The availability of the EPPF in (11) allows one to deter-
mine the system of predictive distributions associated with the PD(a, 6)
process. Indeed, if X1, ..., X, is a sample consisting of k distinct values
X{,..., X} and n; of them are equal to X7, then

k
1
P[Xps1 € de| X1, Xo] = == Po(da) + 5—— > (nj—a)dx:(dz)

Jj=1

It can be noted that, unlike the Dirichlet process, the probability of
observing a new species depends also on the number k of distinct ob-
servations. This is not the only remarkable difference from the Dirichlet
process. Another important distinctive feature concerns the asymptotic
behaviour of the number of distinct observations K,, detected in a sam-
ple of size n. For any n one has that

] Hf;ll(ﬁ—i—ioz) ) _
P[Kn_k]_ak(0+l)n_1 € (n, k;a) k=1,...,n,

where
k
€(n,k;a) = %Z(—l)j (l;:)(—ja)n
7=0

is the generalized factorial coefficient. See Gnedin and Pitman (2005).
In order to derive the asymptotic behaviour of K, as n diverges, it is
useful to first introduce a class of random variables, which will appear
throughout the following developments. This class of random variables,
which we term generalized Mittag-Lefler random variables, is defined
as follows. Let f, be the density function of a positive a—stable random
variable and define Z; to be, for any ¢ > 0, a positive random variable
with density function

Dlga+1) 14y ( -1/ )
_ a a) . 12
J2,(2) al(g+1) : Ja (2 (12)
Then, by Theorem 3.8 in Pitman (2006), one has that
Ky as,
— = Zy/0 13
n 0/a ( )

Therefore, in the two—parameter case, one has that K, increases at a
rate of n® (rather than the logarithmic rate of the Dirichlet process) and,
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moreover, the normalized version of K, converges to a strictly positive
random variable (in contrast to the convergence to a constant of the
Dirichlet case).

3 Uncertainty in macroeconomics models

3.1 Self-averaging phenomena

Aoki (2008) introduces the interesting concept of “self-averaging” in
Economics in relation to stochastic growth models.

Definition 4. A size—dependent random variable X,, is termed self-
averaging if

Cv.(x,) = YVerXa)

B(X,) as n — 0o, (14)

where C.V. clearly denotes the coefficient of variation.

Such a property typically holds for simple economic models, where
some assumption of symmetry or homogeneity of the individuals under-
lies the whole model. The concept is best clarified by looking at an exam-
ple: consider the popular Poisson model, in which for each “individual”
an event (e.g. technical progress) occurs according to a Poisson process
with parameter A\. Then, in the whole economy, which is based on n indi-
viduals, the number of events X, follows a Poisson process with rate An.
Consequently, in a one-time period, we have E(X,) = Var(X,,) = An
and it immediately follows that C.V.(X,,) = An~%/2 — 0 as n — oo.
Hence, the Poisson model is self-averaging. The same obviously holds
for the Gaussian case.

In fact, the self-averaging condition (14) can be equivalently ex-
pressed as

Var (Eé?n)> =0 n — 0o, (15)

from which it becomes evident that for self-averaging macroeconomic

phenomena, one can focus attention on the means of the involved vari-
ables since for sufficiently large n the residual variability of the normal-

Convegno Economiae Incertezza

95



ized X,, becomes negligible. On the other hand, the model is non-self-

averaging if

Xn
Var(E(Xn)>7L>O n — oo.

In such a case, even if the number of agents diverges, the uncertainty
about the “normalized” trajectories of X, persists: clearly focusing
solely on the mean behaviour is not enough for describing the phe-
nomenon at issue. Some measure of the oscillations around the mean is
essential for providing a clear picture.

In the following we introduce a simple endogenous growth model and
show that it leads, under reasonable assumptions, to non—self-averaging
phenomena. The model represents a rigorous development of some ideas
presented in Aoki and Yoshikawa (2007). By deriving exact asymptotic
results we show how the mean can be combined with measures of un-
certainty represented by highest posterior density intervals.

3.2 A simple endogenous growth model

In this section we review the results of Lijoi, Muliere, Priinster and
Taddei (2010). In accordance with the literature on endogenous growth,
we assume that the economy grows by innovations, which are stochastic
events of two types: the first type is represented by a productivity rise in
an existing sector, whereas the second type is represented by the creation
of a new sector. By the time the n—th innovation occurs, the economy
will consist of a random number K, of sectors, the i—th sector will have
experienced n; innovations and obviously Zfi NN =mn.
Furthermore, we assume that the output of sector i is of the form

g

Y; = nynt= (16)

where v > 1, n > 0 and o € (0,1). Without loss of generality we can
assume n = 1. Moreover, we will concentrate our attention on the case
of v close to 1, which is realistic in many situations. Therefore we can

approximate (16) with
n;

Y;:1+B -0
n
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where 8 = log(y) > 0. Hence, the aggregate output of the economy,
which is the sum of the outputs of the K, sectors, is given by

Xy =Y Yi=K,+Bn° (17)
=1

which shows that K, is the contribution to the aggregate output of the
number of sectors and that n? is the contribution of the innovations
within sectors.

Finally, the stochastic innovations are governed by a two—parameter
Poisson-Dirichlet model with parameters o € (0,1) and > 0. This
means that, given an economy with K, sectors and the n innovations
distributed as (nq,...,nk, ), the probability that innovation n + 1 will
create a new sector is

0+ a K,
0+n
whereas the probability that the n 4+ 1-th innovation will happen in
sector 17 is
n; — o 3
=1,...,K,.
0 + n 7 ) b n

Before proceeding it is worth to outline the reinforcement mechanism
induced by the Poisson—Dirichlet process. The probability of having an
innovation in one of the already existing sectors is (n — aKy,)/(0 + n),
but the mass is not allocated proportional to the number of innovations
already observed in each sector. The probability of observing an inno-
vation in sector ¢ is determined by the size n; of the cluster and by a. In
fact, a reinforcement mechanism driven by a takes place. Indeed, one
can see that the ratio of the probabilities assigned to any pair of sectors
(i,7) is given by (n; — «)/(n; — ). As o — 0, the previous quantity
reduces to the ratio of the sizes of the two clusters, which characterizes
the Dirichlet case and represents exactly the case of homogeneity of the
sectors. If n; > n;, the ratio is an increasing function of a. Hence, as a
increases the mass is reallocated from sector j to i. This means that the
dynamics tends to reinforce, among the observed clusters, those having
higher frequencies. Table 1 provides an idea of the magnitude of the re-
inforcement. See Lijoi et al. (2005, 2007) for details and more discussion
on the reinforcement connected to such models.
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Table 1: Ratio of the probabilities allocated to sector i observed n; times
and sector j observed only once for different choices of a.

n,-:2 m:lO ni:50 ni:100
Dir 2 10 50 100
PD(#,a =0.25) | 2.33 13 66.33 133
PD(0, a = 0.50) 3 19 99 199
PD(#,a = 0.75) 5 37 197 397
PD(f, a0 — 1) =00 | o — 00 — 00

The following result distinguishes various cases corresponding to dif-
ferent choices of the parameters of the model: it is worth noting that
a > o (a < o) means that the contribution to aggregate output from
innovations represented by introduction of new sectors are more (less)
relevant than those within an existing sector. Hence, our result es-
sentially states that, when contributions to the economy given by the
introduction of new sectors are at least as relevant as those given by the
existing sectors, the economy presents a non—self-averaging behaviour.

Proposition 1. Under the growth model (17) with innovations following
a two parameter Poisson Dirichlet process, we have

B{X,) = ot = 2 g (18)

where (a), = ala+1)...(a+n—1) is the ascending factorial. Moreover,
(i) Ifa=0=w,
Xn
F — Z@/a + ﬂ a.s.

where Zy is a generalized Mittag—Leffler random variable defined
in (12), and X, is non—self-averaging.

(i) If a = v > o,

where Zy is a generalized Mittag—Leffler random variable defined
in (12), and X, is non—self-averaging.
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(iii) If o =v > a,
X,
— =B as

nU

and X, is self-averaging.

Proof. The proof follows by combining formula (3.13) in Pitman (2006),
the asymptotics of K, as recalled in (13) and standard limiting argu-
ments. O

From Proposition 1 it follows that the model can be described by
the mean E[X,,], given in (18), in self-averaging situations: this is in
agreement with the usual macroeconomic attitude to consider aggregate
average quantities. The question is, what one should do in non—self-
averaging cases, which as shown in Proposition 1 arise systematically
in presence in of highly dynamic economies. In such cases, it seems es-
sential to combine the study of the mean beahviour with a measure of
uncertainty and the natural tool in this framework is represented by the
asymptotic highest posterior density (HPD) intervals of the limiting ran-
dom variable, which represent the Bayesian counterpart to frequentist
confidence intervals.

As for the determination of the asymptotic HPD intervals, consider
case (ii), case (i) follows then immediately: one can take the 95% HPD
interval (21, 22) of Zyq ie. (21, 22) such that z9 — 21 is minimal under
the condition P(21 < Zy/o < 22) > 0.95. The asymptotic HPD interval
for X, is then given by (z1n", zon?).

However, the determination of the quantiles of a generalized Mittag—
Leffler random variable Z, is cumbersome and, hence, we devise a sim-
ulation algorithm for generating values of Z, by adapting arguments in
Favaro et al. (2009) and one can then use the output to evaluate quan-

tiles. The basic idea consists in setting W, = Z, Y9 5o that Wy has
density function given by
al'(qo) a * a1 -
flw) = wqo‘fw:fw/ wl® T du

Via augmentation, one then has

(07

— w) il e = f(y wu
£ Jalw) Flu)fa(wfu)

f(u>w> -
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where f(u) is the density function of ar.v. U, such that U ~Gamma(g, 1),
and

fa(wlu) = fa(w) e et
This means that, conditional on Uy, Wy is a positive tempered-stable
random variable, according to the terminology adopted in Rosiriski (2007).
In order to draw samples from it, a convenient strategy is to resort to
the series representation derived in Rosinski (2007), which, in our case,
yields

o0

W, |U, < Zmin{(airu—a))*l/“,eivj/“} (19)

i=1
where e; - Exp(Uy), v EY U(0,1) and a; > ag > -- - are the arrival times
of a Poisson process with unit intensity. Other possibilities for simulating
from a tempered stable random variable are the inverse Lévy measure
method as described in Ferguson and Klass (1972) and a compound
Poisson approximation scheme proposed in Cont and Tankov (2004).
Summarizing the above considerations, an algorithm for simulating from
the limiting random variable Zy, is as follows:

1. generate X ~ Ga(f/a, 1) and set U = X1/;

2. for a given truncation N and U sampled in step 1., generate:
{ei} ¢ Bxp(U), {vi}  U(0,1), & * Exp(1) and take a; =

> &y fori=1,.... N;
3. compute W according to (19) and set Z = W2,

Recently two alternative and more efficient algorithms for drawing sam-
ples from the limiting distribution of K, /n® has been derived by Mon-
tagna (2009), who exploits results of Devroye (2009).

With such algorithm at hand, it is straightforward to describe the
growth model via E(X,,) combined with the corresponding HPD inter-
vals, which account for the persisting uncertainty due to the non—self-
averaging nature of the phenomenon at issue.

The previous model can be seen as an unconditional model, where
the economy starts from scratch. A more realistic model, would consider
the status quo of the economy and analyze the contribution to the ag-
gregate output of sectors which will emerge only in the future. From a
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mathematical point of view this means predicting the future behaviour
conditionally on a given state of the world. Therefore, we now assume
the status quo as given (i.e. there are at present K, = k sectors where
ni, ..., N, innovations occurred) and study the aggregate output of new
future sectors. By the time the m—th innovation occurs, there will be
a random number K}Sf ) = K,, — K,, of new sectors in the economy,
where the i—th will have experienced s; innovations. In this model, not
all innovations will belong to the new sectors: in fact, Zfi’(’f) S; = Lgﬁ)
represents the number of innovations concerning the new sectors and
m — Lg,? ) innovations will concern the “old” sectors. Under the same as-
sumptions of the unconditional case, the output of the i—th new sector
is then of the form

where § > 0 and o € (0,1). The aggregate output of the KT(,?) new

sectors is then given by

Ly
ml-o

(Xn|Kn = jon1...,nj) = KM 4+ 3 (20)

Again, we model the stochastic innovations with a two—parameter Poisson—

Dirichlet model with parameters o € (0,1) and # > 0. The following
result provides a complete description of the model showing that non—
self-averaging appears under any assumption on the innovation param-
eters a and ¢ highlighting how common such phenomena arise.

Proposition 2. Under the growth model (20) with innovations following
a two parameter Poisson Dirichlet process, we have

i : 4 (0+n+a)m 9+]Oz

ElX,, | K, = s = v WHrn+®m 4 o
Bl = o G+a>{ O+ n)m }w0+nm
(21)
Moreover:
(i) fa=0=u,
XmKn:k,n...,n
( | my ; k) - Un,j + ﬁB9+o¢j,n7aj a.S.
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where Uy, ; = < B, 40/, n/a—j Z(0+n)jar Lq 1S a generalized Mittag—
Leffler random variable with density (12), B,y is a beta random
variable with parameters (a,b) and the random variables Biig/a,nja—j
and Z(g4n)/a are independent. Hence, the model is non—self-averaging.

(i) Ifa =v > o,

(Xm|Kn = k,n1 e ,nk)
mv

— Uy, a.s.

and the model is non—self-averaging.
(ii) If o = v > «,
(Xm|Kn = k‘, niy... ,nk)

m’U

— BBytajn—aj a.5..

Proor. We start by considering the limiting behaviour of Kf,? ),
which is one of the two components the aggregate output (20) is made
of. The proof strategy is as follows: we first mimick the arguments of
Favaro et al. (2009) in order to establish that K /m® converges a.s.
and in the p—th mean for any p > 0, determine the moments of the
limiting random variable and show that the limiting random variable is
characterized by its moments. Then, the asymptotic behaviour of the
second component of the aggregate output is studied and the two bits
combined to achieved the desired result.

Let us start by computing the likelihood ratio

drly) | g KR)
dp( Lo gl

(n)

a,0m "

where 97(7?) = o(Xn+1,- -+, Xntm), P(ine) is the conditional probability
distribution of a PD(«, #) process given K, and, by virtue Proposition 1
in Lijoi, Priinster and Walker (2008), q((1 6),( k) = o (L + K/ (0+n)m

for any integer k > 1 and q(n)( 0) :=1/(6+n)p,. Hence (M(n) ,5?)),%21

a,f0,m?

is a Pc(v,[)) —martingale. By a martingale convergence theorem, M ™ has

a,0,m
P("O) almost sure limit, say M (i 9) , as m — o0o. Convergence holds in the

p-th mean as well, for any p > 0. One clearly has that E&"()) (M (")] =1,
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where Eéng denotes the expected value w.r.t. Pc%) . It can be easily seen
that

(n) 0/a
) '@+ n)T(K,) K,
Om D)l (L + K,) \ me

as m — oo. Hence (Ky(:f)/mo‘)a/o‘ converges Po%)fa.s. to a random
variable, say U, ; such that

o o] _ TEOT (2 4 Ko
Eo o [Un,j ] T T(O+n)(K,)

In order to identify the distribution of the limiting random variable U, ;

w.r.t. Po(éne), we consider the asymptotic behaviour of E[(K,(,?))T | K] as
m — oo, for any r > 1. Hence, we first need to identify the moments
E[(K{") | K,]. Indeed, one has

By =] = 3 (7w -y Bk
=0

where the unconditional moment E [K] is evaluated w.r.t. ]5a79+ja prior.
Such an expression is already available from Yamato and Sibuya (2000)
and it is given by

E[K{]

_ Sy <1 N 9+Ja> g (m/; 0+Ja> (0 +ja+rva+1)ig
=0 « v « (9+1)1_1

where S is the non—central Stirling number of the second kind. Hence,
one has

B [(K5) | Ko = )
INCES n)folw”ja’l(l —w)r el g [(K,S?))T | K = j, w} dw
'O+ ja)l'(n — ja)

D(0+m) ] o(—1)7 (14 222 5 (r; 252
T(0+ ja)l(n— ja)

sz: m\(0 + ja +va+1)i fol wiHioti=1(] — y)n—jatm=i-1 4y,
i) (0+1)i1

=0
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1 4 - 0+ ja 0+ jo 0+ jo
= —_— 717 v 1 .
(9+n)m Z( ) < + o >V S(rﬂ/v o )9+j0[+VO[

X (T) 0+ ja+va)(n—ja)m—;
i=0
1 . (0 . 0+ ja
- Sy (2 S (rv: 9 .
@5 ) VZ::O( ) <a+‘7>y (r,w " ) 0 +n+va)

(22)

where the last equality follows by an application of the Chu—Vandermonde
formula. See, e.g., Charalambides (2005). Note, that for r = 1, we have

‘ .0 O+n+a)
EIKW | K, =] = Z) T Eme 2
Now we can obtain the asymptotic moments by letting m — oo in

(22): using the Stirling formula we have

1

mra

Such a moment sequence arises by taking U, ; 4 Bjio/a,nja—j Z(04n)/as
with the beta random variable Bj g /4, n/a—; independent from Zg, ) /q,
which has density (12). Hence, we are left with showing that the distri-
bution of U, ; is uniquely characterized by the moment sequence { u&n) j
In order to establish this, one can evaluate the characteristic function of
Uy,,; which, at any t € R, coincides with

I (&) F(®+n+1)

o

(K, +9)r((2-K,) (%2 4+1)

«

R 9 o0 n
X / elt? Hntg-1 / w(w— z)a K=l g (w) dw dz
0 z

D) =

B al'(0+n) Oow w
DR Ry b

w
. ] n
X / elt? Hntg—1 (w— Z)E_K"_l dz dw
0

9
«a

_T(0+n+1) Z(it)’" (K
(

= - ), /oowT”ga(w)dw
e+ 5o (5, b

r>0
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_y (Kn+ ), T@+n+1) T (%" +r+1)
= ! (M)T F(%Tn-l-l) r@+n+1+ra)

r>0 a

it)"
-3
T

r>0

Hence, we have established that (K$)|Kn = j)/m® converges a.s. and
in p-th means to U, ;.

As for the second component of the aggregate output (20), namely
BL%l)/ml_", first note that by Proposition 2 in Lijoi, Priinster and
Walker (2008), we have

0+ ay
me—

B[] = 0+n"

This, combined with (23), yields immediately (21). The law of L s
given in Eq. (22) of Lijoi, Priinster and Walker (2008), which is easily
seen to coincide with a Pélya distribution

) Be(m —s+n—joa,s+ 60+ ja)
P(L™ = s|K, =j) = ’ 25
for s = 0,...,m, where Be(a,b) denotes a beta function. Hence, the

number of innovations within the new sectors follows a Pdlya distri-
bution. Therefore, by well-known martingale convergence arguments,
it follows that L%) /m converges a.s. and in the p—th mean to a beta
random variable with parameters § + jo and n — ja.

Now, combining this limit result with the previous concerning Kfff )
the asymptotic statements in (i), (ii) and (iii) follow immediately. [

In order to associate the HPD intervals, which provide a measure of
uncertainty of predictions based on the mean behaviour, to the limiting
quantities of the conditional case one can easily extend the algorithm
set forth for the unconditional case.

Some comments are in order at this point. The previous result shows
how by complicating models so to adhere more closely to realistic as-
sumptions non-self-averaging behaviours appear even more frequently.
This represents a clear indicator that one cannot confine himself to
studying mean behaviours but has to take the associated variability
into account. This can be achieved in a quite straightforward way by
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associating HPD intervals to the mean quantities. Therefore, the in-
dication which clearly emerges from our analysis is that the usual way
of proceeding in macroeconomics is legitimate as long as it is combined
with suitable measures of uncertainty.

A Appendix: Completely random measures

In this Appendix we provide a concise account on completely random
measures, a concept introduced by Kingman (1967), which has the ad-
vantage of allowing to unify in an elegant way most classes of random
probability measures dealt with in Bayesian Nonparametrics: indeed, all
of them can be derived as suitable transformations of completely random
measures. See Lijoi and Priinster (2010)

Let (X, 27) be a Polish space equipped with the corresponding Borel
o—field and recall that a measure p on X is said to be boundedly finite if
p(A) < 400 for every bounded measurable set A. Denote by (Mx, .#x)
the space of boundedly finite measures endowed with the corresponding
Borel o-algebra. Let now ji be a measurable mapping from (Q,.#,P)
into (M, .#x) and such that for any Ai,..., A, in &, with 4;NA; =@
for 7 # j, the random variables [i(A1), ..., i(A,) are mutually indepen-
dent. Then [ is termed completely random measure (CRM).

A CRM on X can always be represented as the sum of two compo-
nents: a proper CRM fi. = >, J;dy,, where both the positive jumps
J;’s and the X—valued locations Y;’s are random, and a measure with
random masses at fixed locations in X. Accordingly

M
i =fic+ Y Vid, (26)
i=1

where the fixed jump points z1,..., 2y, with M € {1,2,..., 400}, are
in X, the (non—negative) random jumps Vi,..., Vas are mutually inde-
pendent and they are independent from ji.. Finally, fi. is characterized
by the Laplace functional

E [e* S f(@) ﬂc(dz)} = exp{/+ [1 - efsf(w)] V(ds,dx)} (27)
R+ xX
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where f : X — R is a measurable function such that [ |f|dfi. < oo
(almost surely) and v is a measure on R* x X such that

/ min{s, 1} v(ds,dz) < oo (28)
B JR+

for any B in 2. From (27), which provides a Lévy-Khintchine repre-
sentation of CRMs, it is apparent that they are closely connected to
Poisson processes. Indeed, fi. can be represented as a linear functional
of a Poisson process M on RT x X with mean measure v. To state this
precisely, M is a random subset of R* x X and if N(A) = card(M N A)
for any A C B(R") ® 2 such that v(A) < oo, then

: (r(A))F e

P[N(A):k]:T k=0,1,2,....
It can then be shown that
fie(A) = / / s N(ds,dx) VAe Z. (29)
AJR*

The measure v characterizing fi. is referred to as the Lévy or Poisson
intensity of fi.: it contains all the information about the distributions
of the jumps and locations of fi.. It is often useful to separate the jump
and location part of v by writing it as

v(ds,dx) = p(ds) y(dx) (30)

where v is a measure on (X, 2") and p a transition kernel on X x Z(R™"),
i.e. T+ pr(A)is 2 —measurable for any A in Z(R") and p, is a mea-
sure on (R*,Z(R")) for any x in X. If p, = p for any xz, then the
distribution of the jumps of fi. is independent of their location and both
v and i, are termed homogeneous. Otherwise, v and [i. are termed
non-homogeneous.

Another important property of CRMs is their almost sure discrete-
ness (Kingman, 1993), which means that their realizations are discrete
measures with probability 1. This fact essentially entails discreteness of
random probability measures obtained as transformations of CRMs.

The reader is referred to Kingman (1993) for a detailed treatment of
the subject. Two important CRM to the present treatment are gamma
CRM and the a—stable CRM, which we briefly outline here.
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A homogeneous CRM [i whose Lévy intensity is given by

e

v(ds,dz) = i ds~y(dz) (31)

S

is a gamma process with parameter measure v on X. It is characterized
by its Laplace functional which is given by

E [e— J fdﬁ} — o Jlog(1+f)dvy (32)

for any measurable function f : X — R such that [log(1+|f])dy < co.
Now set f = Alp with A > 0, B € 2 such that v(B) < oo and 1p
denoting the indicator function of set B. In this case one obtains

E [efm(m} — 1+ \B),

from which it is apparent that fi(B) has a gamma distribution with scale
and shape parameter equal to 1 and (B), respectively.

As for the a—stable CRM, let o € (0,1), and 7y be a boundedly finite
measure on X and consider a CRM [ with Lévy intensity defined by

v(dv,dz) = % dvy(dx). (33)

r(l—a)v
The Laplace functional of such a CRM has the form

E [e_ffdﬂ} —e /I (34)

for any measurable function f : X — R such that [|f|*dy < co. For
instance, if &« = 1/2 and f = Alp with A > 0, B € 2 such that
v(B) < oo one obtains the well-known Laplace transform of a 1/2-
stable distribution

- [Q—WB)} _ o (BWVA
Acknowledgements

Antonio Lijoi and Pietro Muliere are partially supported by the Italian
Ministry of University and Research, grant 2008MK3AFZ. Igor Priinster
is supported by Regione Piemonte, “Progetto Scienze Umane e Sociali”.

Convegno Economiae Incertezza

108



References

ANTONIAK, C.E. (1974). Mixtures of Dirichlet processes with applica-
tions to Bayesian nonparametric problems. Ann. Statist. 2, 1152-1174.

Aok, M. (2008). Thermodynamic limits of macroeconomic or finan-
cial models: one- and two-parameter Poisson-Dirichlet models. J.
Econom. Dynam. Control 32, 66-84.

Aok1, M. and YosHIKAwA, H. (2007). Non-self-averaging Economic
Growth: A Criticism of Endogenous Growth Theory. Technical Re-
port, UCLA.

CHARALAMBIDES, C.A. (2005). Combinatorial Methods in Discrete Dis-
tributions. Hoboken, NJ: Wiley.

BLACKWELL, D. (1973). Discreteness of Ferguson selections. Ann.
Statist. 1, 356-358.

ConNT, R. and TaNKOV, P. (2004). Financial modelling with jump pro-
cesses. Chapman & Hall/CRC, Boca Raton, FL.

DEVROYE, L. (2009). Random variate generation for exponentially and
polynomially tilted stable distributions. ACM Transactions on Mod-
eling and Computer Simulation 19, N. 18.

EwENs, W. J. (1972). The sampling theory of selectively neutral alleles.
Theor. Popul. Biol. 3 87-112.

Favaro, S., Luor A., MENA, R. H. and PRUNSTER, I. (2009).
Bayesian nonparametric inference for species variety with a two pa-
rameter Poisson-Dirichlet process prior. J. R. Stat. Soc. Ser. B T1,
993-1008.

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

FERGUSON, T.S. and KLAss, M.J. (1972). A representation of indepen-
dent increments processes without Gaussian components. Ann. Math.
Statist. 43, 1634-1643.

GNEDIN, A. and PrTMmaN, J. (2005). Exchangeable Gibbs partitions
and Stirling triangles. Zap. Nauchn. Sem. S.-Peterburg. Otdel. Mat.

Convegno Economiae Incertezza

109



Inst. Steklov. (POMI) 325, 83-102.

DE FINETTI, B. (1937). La prévision : ses lois logiques, ses sources
subjectives. Ann. Inst. H. Poincaré 7, 1-68.

Hiorr, N.L., HoLMmEs, C.C. MULLER, P., WALKER, S.G. (Eds.)
(2010). Bayesian Nonparametrics. Cambridge University Press, Cam-
bridge.

KingmaN, J.F.C. (1967). Completely random measures. Pacific J.
Math. 21, 59-78.

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

KORWAR, R.M. and HOLLANDER, M. (1973). Contributions to the the-
ory of Dirichlet processes. Ann. Probab. 1, 705-711.

Lujo1, A., MENA, R.H. and PRUNSTER, I. (2005). Hierarchical mixture
modeling with normalized inverse-Gaussian priors. J. Amer. Statist.
Assoc. 100, 1278-1291.

Luor, A., MENA, R.H. and PRUNSTER, I. (2007). Controlling the
reinforcement in Bayesian non-parametric mixture models. J. R. Stat.
Soc. Ser. B 69, 715-740.

L1J01, MULIERE, PRUNSTER and TADDEI (2010). Economic growth and
averaging in macroeconomic models: a caveat. Working Paper.

Lujo1, A. and PRUNSTER, I. (2010). Models beyond the Dirichlet pro-
cess. In Bayesian Nonparametrics (Hjort, N.L., Holmes, C.C. Miiller,
P., Walker, S.G. Eds.), pp. 80-136. Cambridge University Press, Cam-
bridge.

Lujo1, A., PRUNSTER, I., and WALKER, S.G. (2008). Bayesian non-

parametric estimators derived from conditional Gibbs structures. Ann.
Appl. Probab. 18, 1519-1547.

MONTAGNA, S. (2009). Random probability measures and their appli-
cations to Bayesian Nonparametrics. Undergraduate thesis, University
of Torino, Torino.

Prrman, J. (1995). Exchangeable and partially exchangeable random

Convegno Economiae Incertezza

110



partitions. Probab. Theory Related Fields 102, 145-158.

PrrMmaN, J. (2006). Combinatorial stochastic processes. Lectures from
the 32nd Summer School on Probability Theory held in Saint-Flour,
July 7-24, 2002. Lecture Notes in Math., Vol. 1875. Springer, Berlin.

PitMmaN, J. and YOR, M. (1997). The two-parameter Poisson-Dirichlet
distribution derived from a stable subordinator. Ann. Probab. 25, 855—
900.

ROSINSKI, J. (2007). Tempering stable processes. Stochastic Process.
Appl. 117, 677-707.

SETHURAMAN, J. (1994). A constructive definition of the Dirichlet pro-
cess prior. Statist. Sinica 2, 639-650.

YAMATO, H. AND S1BUYA, M. (2000). Moments of some statistics of
Pitman sampling formula. Bull. Inform. Cybernet. 32, 1-10.

Convegno Economiae Incertezza

111





