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Abstract: Under mild conditions, strong consistency of the Bayes estimator of the density is proved.
Moreover, the Bayes risk (for some common loss functions) of the Bayes estimator of the density
(i.e., the posterior predictive density) goes to zero as the sample size goes to co. In passing, a similar
result is obtained for the estimation of the sampling distribution.
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1. Introduction

In a statistical context, since the expression the probability of an event A (usually denoted
Py(A)) depends on the unknown parameter, it is really a misuse of language. Before
performing the experiment, this expression can be assigned a natural meaning from a
Bayesian perspective as the prior predictive probability of A since it is the prior mean
of the probabilities Py(A). However, in accordance with Bayesian philosophy, once the
experiment has been carried out and the value w has been observed, a more appropriate
estimate of Py(A) is the posterior predictive probability given w of A. The author has
recently proved ([1]) that not only is this the Bayes estimator of Py(A) but that the posterior
predictive distribution (resp. the posterior predictive density) is the Bayes estimator of the
sampling distribution Py (resp. the density pg) for the squared variation total (resp. the
squared L!) loss function in the Bayesian experiment corresponding to an n-sized sample
of the unknown distribution. It should be noted that the loss functions considered derive
in a natural way from the commonly used squared error loss function when estimating a
real function of the parameter.

The posterior predictive distribution is the cornerstone of Predictive Inference, which
seeks to make inferences about a new unknown observation from a preceding random
sample (see [2,3]). With that idea in mind, it has also been used in other areas such as model
selection, testing for discordancy, goodness of fit, perturbation analysis, and classification
(see additional fields of application in [1-5]). Furthermore, in [1], it has been presented as a
solution for the Bayesian density estimation problem, giving several examples to illustrate
the results and, in particular, to calculate a posterior predictive density. [3] provide many
other examples of determining the posterior predictive distribution. But in practice, explicit
evaluation of the posterior predictive distribution may be cumbersome, and its simulation
may become preferable. The aforementioned work of [3] also constitutes a good reference
for such simulation methods, and hence for the computation of the Bayes estimators of the
density and the sampling distribution.

We would refer to the references cited in [1] for other statistical uses of the posterior
predictive distribution and some useful ways to calculate it.

In this communication, we shall explore the asymptotic behaviour of the posterior
predictive density as the Bayes estimator of the density, showing its strong consistency and
that the Bayes risk goes to 0 as 1 goes to cc.
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2. The Framework

Let
(Q,AA{Py:0€(O,7T,Q)1})

be a Bayesian experiment (where Q denotes de prior distribution on the parameter space
(®, 7)), and consider the infinite product Bayesian experiment
(N, AN, {Py': 6 € (©,7T,Q)})
corresponding to an infinite sample of the unknown distribution Py. Let us write
Hw,0) =w, J(w,0):=0, I(w,0):=w, and I, (w):=wy) = (wi,..., wp)

for integer n.
We suppose that PN(6, A) := P)(A) is a Markov kernel. Let

Iy:=PV®Q

be the joint distribution of the parameter and the observations, i.e.,
TIy(A x T) = /Tpg(A)dQ(e), Ac AV, TeT.

As Q:= HI]\I (i.e., the probability distribution of | with respect to Ily), PGN is a version
of the conditional distribution (regular conditional probability) HII\;] =, Analogously, Py is

I =0
a version of the conditional distribution HI\({') I .

Let By := I1L, the prior predictive distribution in QY (so that Bon(A) is the prior
mean of the probabilities Pé\] (A)). Similarly, write Bon = HII\(I”) for the prior predictive

distribution in ()". So, the posterior distribution P}, ; := H{\;I:w given w € ON satisfies

Ty(A X T) = /TP§(A)dQ(0) - /AP(T),N(T)d[SaN(w), Ac AV, TeT,
I \=
Denote by P, = HQ 70 for w(yy € Q" the posterior distribution given w(,,) € Q.
Write P}, (15,,1 for the posterior predictive distribution given w(,) € ()" defined for
Aec Aas
P
Bob &) = [ Po(A)RS 0 (6).

So P, ( S,H(A) is nothing but the posterior mean given w(,) € ()" of the probabilities
Py(A).

In the dominated case, we can assume without loss of generality that the dominating
measure y is a probability measure (because of (1) below). We write pg = dPy/du. The
likelihood function £(w, 0) := py(w) is assumed to be A x T-measurable.

We have that, for all n and every event A € A4,

Pob ) = [ PoA)as, a(0) = [ [ polc)dp(@)dps, 1(6)

n)’
= [, [ po(@)ars, o (@)du(w),

which proves that
Pl @) 1= [ po( )R, 1 (6)



Mathematics 2022, 10, 636

30f6

is a p-density of P}, ( f),n that we recognize as the posterior predictive density on () given
w(n) .
In the same way,

pr / po(w (6)

is a y-density of P, 15 , the posterior predictive density on Q given w € Q.
In the following, we will assume the following additional regularity conditions:
(i) (Q,.A)isastandard Borel space;
(ii) ©isa Borel subset of a Polish space and T is its Borel o-field;
(iii) {Py: 0 € O} is identifiable.
According to [1], the posterior predictive distribution P:] o (resp. the posterior
predictive density pw n) is the Bayes estimator of the samphng distribution P, (resp.

the density py) for the squared variation total (resp. the squared L) loss function in the
product experiment Q" A", {Py: 6 € (0,T,Q)}). Analogously, the posterior predictive
distribution P* [ o, (resp. the posterior predictive density p;, § ) is the Bayes estimator of the
sampling dlstrlbutlon Py (resp. the density pg) for the squared variation total (resp. the
squared L!) loss function in the product experiment (QN, AN, {P}¥: 6 € (©,T,Q)}).

As a particular case of a well known result about the total variation distance between
two probability measures and the L!-distance between their densities, we have that

sup P* (A) — Py(A
AeA

— po|d. M

3. The Main Result

We ask whether the Bayes risk of the Bayes estimator P* o of the sampling distribu-
tion Py goes to zero when n — o, i.e., whether
lim [ Py, D (A) — Po(A) 2Ty (w, 0) = 0
im su - w,f) =0.
n JONx® Aeg 6 N

In terms of densities, the question is whether the Bayes risk of the Bayes estimator
128 ( f),n of the density pg goes to zero when n — oo, i.e., whether

lim </
n JoNxe \Ja

Let us consider the auxiliary Bayesian experiment

oD () = pole)|du(e ) ATly(w,0) = 0.

QxON, Ax AN {uxPY:0€(0,7T,Q)}).

For w’ € O, w € O" and 6 € O, we will continue to write I(«w’,w,0) = w and
J(w',w,0) = 6, and now we write I'(«w', w,0) = «'.
The new prior predictive distribution is y x ¢, , since

(e x Th) 10 (A7 Ay = (AT) - B (Ag) = (1 % Bgn) (A X Agy)):
To compute the new posterior distributions, notice that

(% Thyg) (A" X I} (Agy) x T) =

« T1 )]‘(1//1(11)):(w//w(;z)) T)d(u x I1 (I’J(n))(w//wn )
Jrty a1 (T)d(p x T1y) )
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On the other hand,
(4 X T (A % I} (Agy) X T) = p(A') - Th(I;} (Ag) X T) =
A, Pl (DB (w0) = [ Bl (TG By o)
So, ) )
sz(n)r" = (ux HN)]\(I,I(H)):(W Winy)
It follows that if f € L'(Q) then
Erz (f) = Epxrig Lf | (I') 1)) = (@', wiy)]-
when A’ = (I', Iy)) "1 (A x A"), we have that (A’(n))n is an increasing sequence of sub-c-

fields of .A X AN such that A x AN = o (U, A( )) According to the martingale convergence
theorem of Lévy, if Y is (A x AN x T )-measurable and y x ITy-integrable then

E}lXHN(Y|A/(n))

converges (y x Ily)-a.e. and in L!(p x ITy) to Y = Eyr, (Y] A" x AY).
Let us consider the p x Ily-integrable function

Y(w',w,0) := pg(«').
We shall see that
pon (@) = Bty (Y | (I')1) = (', @)). k)

Indeed, given A’ € Aand A € AN we have that

Sy potex 0, = [ [ [ ol (P OBy
= [ [ moadr g @)dpan() = [ P55 w)
_// e, (W)dBn(w) = /fo P (@) (p x Ty) ') (o ),

which proves (2).
Analogously, it can be shown that

p:’(nf'" (@') = By (Y | (I', L)) = (wlrw(n)))' 3)
Hence, it follows from the aforementioned theorem of Lévy that
: x P « P
1171111 Py n (w') = PW,N(w’), (u xIly) —ae. @)
and

lim
n JOxONx®

hm / /
ONx®

Paoyn (@) = Pl ()

(n x Ty) (@', w,0) =0,

ie.,

*

() n pr( /) (w/)dHN(wrQ) =0. 5)
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On the other hand, as a consequence of a known theorem of Doob (see Theorem 6.9
and Proposition 6.10 of [4], pp. 129, 130, we have that, for every w’ € Q,

lim / por(@)dPS 1 (8) = po(w’), PY —ae.
(C] n’
for Q-almost every 6. Hence

lim p, » n(@) = po(’), Py —ae.

for Q-almost every 0, i.e., given w’ € Q) there exists T, € T such that Q(T,/) = 0 and,
Vo & T,

*

lign pw(f),n(w,) = Pe (w/)/ Pgl —ae
So, for 6 ¢ T, there exists Ny ,» € AN such that P}'(Np /) = 0 and

lim pfu(f),n(w’) =po(w'), Yw & Ny, V0 & T, V' € Q.
In particular,
lim pi L (@) = po(w'), uxPY—ae. (6)

W(nys

From (4) and (6), it follows that pg(w’) = p;‘;% (w'), p x P —ae.
From this and (5), it follows that

lim/ /
n JoNxe Jao

i.e., the risk of the Bayes estimator of the density for the L! loss function goes to 0 when
n — oo.
It follows from this and (1) that

pz(rﬁ”(w/) — po(w’)|du(w)dlIy(w,0) =0,

P, Pu(A) = Po(A)|dITy(w,6) = 0,

lim sup | Fg,

n JONXO gcq

i.e., the risk of the Bayes estimator of the sampling distribution P, for the variation total
loss function goes to 0 when n — .

We ask whether these results remain true for the squared versions of the loss functions.
The answer is affirmative because of the following general result: Let (X},) be a sequence of
r.r.v. on a probability space (Q), A, P) such that lim,, [ |X,|dP = 0. If there exists a > 0 such
that | X,| < a, for all n, then lim,, [ |X,|2dP = 0 because

0 §/|Xn|2dP < u/|Xn|dP 0 0.
In our casea =2, P :=Ilyand

Xy ::/
Q

So, we have proved the following result.

Paoyn (@) = P (@) |du(w"), or Xy := sup|P} ", (A) — Pe(A)|.

W\ M
AeA =)

Theorem 1. Let (O, A, {Py: 6 € (©,7,Q)}) be a Bayesian experiment dominated by a o-
finite measure y. Let us assume that (Q), A) is a standard Borel space, and that © is a Borel
subset of a Polish space and T is its Borel o-field. Assume also that the likelihood function
L(w,0) = pg(w) = %"(w) is A x T -measurable and the family {Py: 6 € O} is identifiable.
Then:
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(a)  The posterior predictive density p;, (’f’ . 1s the Bayes estimator of the density pg in the product

experiment (0", A", {P}: 6 € (©,T,Q)}) for the squared L' loss function. Moreover the
risk function converges to 0 for both the L' loss function and the squared L' loss function.
(b)  The posterior predictive distribution P}, (,f, ., 1s the Bayes estimator of the sampling distribution

Py in the product experiment ((0", A", {Pj': 6 € (®,T,Q)}) for the squared variation total
loss function. Moreover the risk function converges to 0 for both the variation total loss
function and the squared variation total loss function.

(c)  The posterior predictive density is a strongly consistent estimator of the density py, i.e.,

. x P
]‘lrll-rl pw(n),n(w,) = p@ (a),)’ ]/l X PGN —ae.

for Q-almost every 6 € ©.
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