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Abstract

Consider the problem of consistent Bayesian estimation of a stationary “k’th-order
Markov process” on a finite state space, when the parameter £ is itself unknown, as
well as the transition probabilities for each value of k. First, I show that if k£ has a
known upper bound, then on a single realization of the process the posterior probabil-

ity measures on the parameter space converge weakly to a probability measure with
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mass 1 concentrated on the true process, provided that the prior probability measure
has full support and the true process is irreducible. Second, I extend this result to the
case in which k is unbounded (but finite), which requires that the Bayesian decision-
maker (DM) construct a prior on an infinite-dimensional parameter space. Finally, in
an alternative approach to this case, I suppose that the DM considers a succession of
models corresponding to larger and larger values of k. Each time the DM revises his
model he extends his prior probability measure to the new - and larger - parameter
space in a way that is "consistent" with the previous prior, and recomputes his pos-
terior probability measures. I show that, roughly speaking, if the DM does not revise
his model “too frequently,” then he will be increasingly confident that the current
posterior is increasingly concentrated on the true process. I motivate the procedure

of model revision by considerations of bounded rationality.

1 Introduction

In these notes I consider the problem of consistent Bayesian estimation of a stationary
“k’th-order Markov process” on a finite state space, from a single realization of the
process, when the parameter k is itself unknown, as well as the transition probabilities
for each value of k. (Recall that, roughly speaking, a k’th-order Markov process is a
stochastic process such that, for each date, the conditional probability distribution of

the future given the past depends at most on the last k observations. A more precise



definition is given below.) Since the parameter space for this problem is infinite-
dimensional, consistent Bayesian estimation may be problematic. At least, such a
concern is suggested by the analogous case of estimating an infinite-dimensional pa-
rameter vector from a sequence of independent and identically distributed random
variables (see Freedman, 1963, and Diaconis and Freedman, 1986). The case con-
sidered here differs from the latter in two respects. On the one hand, the successive
observations are assumed to take values in a finite set. On the other hand, the suc-
cessive observations are not assumed to be mutually independent.

Let M (k) denote the space of stationary k’th-order Markov processes on a given
finite state space. Note that if & < k, then M (k") can be identified with a subset
of M(k) in a natural way. I first consider the case in which k& has a known upper
bound. In this case the parameter space of the process is finite-dimensional, and one
can use Freedman’s method to show that the posterior probability measure on the
parameter space converges weakly to a probability measure with mass 1 concentrated
on the true process, provided that the prior probability measure has full support and
the true process is irreducible (Theorem 6).

I next consider the case in which k is unbounded (but finite). Let M denote the
union of the sets M (k). I show that the conclusion of Theorem 6 remains true if the
prior on M is a convex combination of priors on M (k) for which the assumptions of

Theorem 6 are satisfied for all sufficiently large & (Theorem 9).



In the case covered by Theorem 9, in which an upper bound on the parameter k
is not known, the Bayesian must construct a prior on the entire space M. Since M is
infinite dimensional, it might be difficult for an individual to formulate beliefs about
such a large space that are sufficiently precise to yield a meaningful prior. In the
last section I outline an alternative approach, which is a process of model revision.
Suppose that the Bayesian decision-maker (DM) considers a succession of models
corresponding to larger and larger values of k. Each time the DM revises his model
he extends his prior probability measure to the new - and larger - parameter space
in a way that is "consistent" (in a way to be specified) with the previous prior, and
recomputes his posterior probability measures. I show that, roughly speaking, if the
DM does not revise his model “too frequently,” then he will be increasingly confident
that the current posterior is increasingly concentrated on the true process. Indeed,
since the dimension of the parameter space increases geometrically with k, the time
intervals between successive model revisions must be increasingly long.

The procedure of model revision studied here can be motivated by considerations
of bounded rationality. At the beginning of an empirical investigation, a DM will
typically find it difficult to formulate beliefs about a very large parameter space that
are sufficiently precise to yield a meaningful prior probability measure on the space.
Savage (1954, pp. 59, 168, 169) refers to this as the “problem of vagueness.” (See also

Radner, 1996, 1999). However, as he gains experience with the investigation the DM



may explore increasingly complex models with increasingly large parameter spaces.
In this context, a natural question is whether there is a “rational” way to do this.

The present analysis can be seen as a step in trying to answer this question.
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2 Preliminaries

In this section I formulate the model and present some preliminalry results that will
be useful tools for the analysis of the following sections. These results are standard
and/or can be derived using standard methods, but are gathered here for the conve-
nience of the reader. With an eye to possible generalizations and extensions of the
main results, I have presented a formulation that is somewhat more general than is
strictly required for what follows.

Let X denote the set of all infinite sequences, {z(t)}, where ¢ ranges over N, the
nonnegative integers, and x(t) takes values in some finite set, I, the same for all
t. Call I the state space. For concreteness, think of ¢ as time (discrete), and I as
a finite set of integers. Let every subset of I be measurable, and let H denote the
product sigma-field of measurable subsets of X. For each integer ¢, let H(t) denote the

subsigma-field generated by “histories” up through date t. For short, the measurable



space (X, H) will be denoted by X. The space X can also be metrized in a compatible
way. Take the distance between two integers in I to be the absolute value of their
difference, and endow X with the corresponding product topology. This is also the

metric topology with the metric ,

oley) =3 (%) 2(t) — y(®)|, for 2,y in X. (1)

t=0

For this topology, X is a compact metric space, and the Borel sets of X are the sets

in H. Note that, since I is finite,

lim z,, = v <= for every t, eventually z,(t) = z(t). (2)

n—oo

Let P(X) denote the set of (countably additive) probability measures on X, or, in
a different language, the set of stochastic processes with state space I. [More generally,
if (Y,)) is a measurable space, let P(Y') denote the set of probability measures on
(Y,Y).] Let C'(X) denote the set of bounded continuous real-valued functions on X.
Endow P(X) with the topology of weak* convergence, namely, for {m,} and m in

P(X):
my, — m = /c(m)dmn(x) — /c(x)dm(x), for every ¢ € C'(X).

Since X is a compact metric space, so is P(X) (see Parthasarathy, 1967, Ch. II,
Theorem 6.4, p. 45).

Proposition 2 below gives another characterization of weak™ convergence in P(X).
Proposition 3 describes a base for the open sets in P(X). Endow C(X) with the sup
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norm topology. The first step in this analysis is to construct a countable dense subset
of C(X). For each n > 0 let F), denote the set of all real-valued functions on X that
depend only on the first n + 1 coordinates, z(0), ..., z(n). Note that, by (2), every
element of F,, is in C'(X). Also, F,, is essentially RMDI Tt T, be a countable dense

subset of F},, and define the countable set I' by:

I = Upsoln. (3)

Proposition 1 I' is dense in C(X).

Proof. Fix an element of I; call it 0. For each nonnegative integer n define the

mapping ¢,, from X into itself by:

o)) = a(t), for 0 <t <m, (4)
= 0, fort > n.
By (2),
lim ¢,(x) = x, uniformly in z. (5)

Consider an f € C(X), and define f, € F,, by

Since f is uniformly continuous, for every € > 0 there is an n such that

|fu(z) — f(x)] < €/2, forall z € X.

7



Also, there exists g € I, such that
19(x) — fa(2)] < €/2, forall z € X.

Putting the last two statements together, we have: for every ¢ > 0 there exists an n

and a g € I, such that
lg(z) — f(z)| <€ forall x € X.

Hence I' is dense in C'(X), which completes the proof.

The next proposition provides an alternative characterization of weak* conver-

gence in P(X). For any nonnegative integer h and any subset of A’ of I", the set
A=A xTI* (6)

is called a finite-dimensional cylinder set (of dimension h + 1). Thus whether x € A

depends only on the first A coordinates, x(0), ...,z(h — 1).

Proposition 2 my, — m in P(X) if and only if m,(A) converges to m(A) for

every finite-dimensional cylinder set A.

Proof. First suppose that m,, — m. Let A be a finite-dimensional cylinder set,
and let f be its indicator function, i.e., f(z) = 1 if z € A and 0 otherwise. Then
f € F), for some h (see the paragraph preceding Proposition 1), and hence is also in

C(X), so that

mald) = [ fam, [ gam = m(a).
8



Conversely, suppose that m,(A) — m(A) for every finite-dimensional cylinder set A.
By Proposition 1, for any f € C(X) there exists a sequence {f;} of functions in I'
such that

15 = Nl = 0as j — oo
Fix j, and observe that j € I'j, for some h. For the purpose of this proof, let Z = I"*!,
and for any a € 7 define
Ala) = {ze X :z(t)=a(t)} for 0 <t <h,
Pla) = fi(x) for x € Afa);

then

[ fidm, = S btamalA@] = X v@mlA@)] = [ fam @)

acl acl

For any u € P(X),

/deu—/xfjdu‘S/X|f—fj|du§||f—fjll> ®)

where |f — f;| denotes the function with values |f(x) — f;(x)|. For every e > 0 there

exists a j(€)such that

> jle)=[f-fil <e=

/ fam, — / fydim, | + / fydim, — / fjdm‘
o o

/ fjdmn—/ fjdm‘ + 2e.
X X

IN

o

IN




Hence, by (8), for every € > 0,

[ gam,~ [ fdm‘ <2,
/X Fam, — /X fdm‘ZO,

lim sup

m—0o0

and hence

lim
m—0o0

which completes the proof.

I next describe a base for the open sets of P(X). Following Parthasarathy,
1967, Ch. 6, Theorem 6.2, p. 43, I shall construct a metric on P(X) that generates
the topology of weak* convergence. Let {g’} be a (countably infinite) listing of the
elements of I'. (Every ¢’ is a real-valued function on X that depends only on a finite
number of coordinates; see Proposition 1.). Define the map J from P(X) x N into
R*> by

J(m, j) :/gjdm, §=0,1,2,..;

then J is a homeomorphism. Recall that convergence in R* is pointwise convergence.

Hence:

Proposition 3 A base for the open sets of P(X) is the family of all sets of the
form

B(E,A)={m e P(X):J(m,j) € A;, j€E} 9)
where E is a finite set of integers, for each j, A; is an open subset of reals, and A is
the family of sets {A; : j € E}.
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I now consider P = P[P(X)], again with the topology of weak™ convergence.
In particular, I shall be interested in when a sequence {p,} in P converges to a
probability measure concentrated on a single point, say m, in P(X). The latter is
sometimes called the Dirac measure at m, and will be denoted by D(m). In the
application, {p,} will be a sequence of “posterior probability measures” on P(X),

and m will be the “true” probability measure on X.
Proposition 4 For m € P(X),

nhi{)lo pn(A) =1 for every open set A containing m
implies that

pn — D(m) in P.

Proof. Fix m € P(X), and for the purpose of the proof let D = D(m). Let f be
a real-valued, bounded, continous function on P(X) (i.e., in C(P(X))), with bound

b. First note that

[ sdp = fom)
P(X)

Next, for any € > 0 there exists an open neighborhood A of m such that ¢ € A =

|f(q) — f(m)| < e. Also, by the hypothesis, there exists an N such that

n>N=pu(d)>1—c

11



Hence, for n > N,

/ fdpn ND‘I fwwﬁwﬂ
P(X) P(X)

P(X)

_ f@m—fmw/‘ ap,

P(X) P(X)

- | [l - st

= [ - s | +
P(X)\A

/ [f(q) — f(m)]dpa(q)
A

< 2be +e.
Hence, for every € > 0,

lim sup

n—oo

fdp, — de‘ < 2be + €.
P(X) P(X)

It follows that

lim fdp, = / fdD.
P(X)

Since this is true for every such f, the conclusion of the proposition follows.
Now consider a particular m’ € P(X), and let D' = D(m') be the Dirac
measure at m’. Let {p,} be a sequence of measures in P. By Proposition 4, p,, — D’

if

lim p,[B(E, A)] =1 for every set B(E, A) of the form (9) containing m’.  (10)

n—oo

In these notes, I shall concentrate on a particular subset of P(X). For a positive

integer k, a k’th-order Markov process is a stochastic process on X such that, for each
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date t > k — 1, the conditional probability distribution of the “future” after date t,
conditioned on H (t), depends only on the last k coordinates, x(t), z(t—1),, z(t—k+1).

Recall that a stochastic process on X (i.e., a measure in P(X) ) is stationary if it
is invariant under translations in X (see, e.g., Doob, 1953, Ch. X). The corresponding
measure in P(X) is also called stationary. For each positive integer k, let M (k) denote
the set of stationary k’th-order Markov processes. Make the convention that M (0) is
the set of independent and identically distributed sequences taking values in I. Let
M denote the union of all of the sets M (k), for k nonnegative.

The following proposition is not used directly in the analysis of Bayesian inference
in M, but it gives some perspective on how “large” M is. Let S denote the set of all

stationary stochastic processes with state space I, i.e., the set of stationary measures

in P(X).

Proposition 5 M is dense in S in the topology of weak™® convergence in P(X).

(Proof omitted.)

It will be useful to parametrize M. For the moment, fix k. A k’th-order Markov
process can be parametrized by a transition matrix, (), and an initial probability
vector, s, as follows. Any sequence [z(t),...,z(t + k — 1)] takes values in the k-fold
product of I with itself. A transition matriz, () = ((qs;)), describes the conditional

probability that the next state is j, given that the immediately preceding history of
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k observations is h. Thus,

Q = ((a)), hel’ jeL
thj = 1, for every h € I*; (11)
jel
Pr{X(t+1) = j|[X(@®),...X({t+k—1)]=h}=gq, forallt>k—1.
An initial probabiity vector, (sy), describes the joint probability distribution of [ X (0), ..., X (k—

1)]. Thus,

s = (Sh)7h S Ika

dosn o= 1 (12)

h
Pr{[X(0),...,X(k—1)] = h}=sp.

A generic pair (@, s) will be denoted by 6. One can identify M (k) with the space
O(k) of all possible such pairs, which is a subset of a closed, compact subset of a
Euclidean space of dimension |I|**! + |I|*, where |I| denotes the number of elements
of I. When there is no risk of confusion, I shall use the same symbol, M(k), for the
space of measures and the corresponding parameter space. Note that if &' < k, then
M (k') can be identified in a natural way with a lower dimensional manifold of M (k).

Finally, note that, since I is finite, weak™ convergence in M (k) is equivalent to

Euclidean convergence in O(k).

3 Bayesian Analysis in M

14



3.1 Bayesian Analysis in M (k)

Recall that M is the union of all the M (k),k > 0. We are interested in “prior” and
“posterior” probability distributions on M. A prior (probability distribution) on M
is a probability measure on M, i.e., an element of P(M) C P[P(X)]. A prior ;1 on
M generates a probability measure on M x X as follows. A “parameter” 6 is chosen
according to u. Conditional on 6, the stochastic process Xo, = {X(t)} is generated
according to the k’th-order Markov process corresponding to 6. Let x be a point in X,
let Xp = [X(0),...,X(T)] be the first (T'+ 1) coordinates of a particuar realization
of the stochastic process Xo, and let Ly(z,6) be the conditional probability that

Xr = [2(0), ..., z(T)], given the parameter 0, i.e.,
Ly(x,0) = Pr{Xy = [2(0), ..., z(T)]|0}. (13)

Ly is called the likelihood function corresponding to the first (7' + 1) observations.
Given a prior p on M, a (measurable) set A of parameters in M, a point z in X,

and a date T" > 0, define

_ JaLr(x,0)du(0)
— Joy Lo(x, 0)du(6°

P(x, T)(A) (14)

provided the denominator is not zero. The probability measure ¢ (z,T) on M is
called the posterior distribution corresponding to the first (7'+ 1) observations. Thus
Y (z,T)(A) is the conditional probability that § € A, given that Xr = [2(0), ..., z(T)].
(This statement is called Bayes’s Theorem.)

15



Suppose now that we are given a particular ' in M, and that the probability
law of the stochastic process X, is determined by ¢'. For fixed T" and A, the pos-
terior measure of A, namely (X, T)(A), is a random variable, whose probability
distribution is governed by #'. In other words, ¢/(X.,T) is a “random probability
measure” on the parameter space M. We are interested in conditions under which
this sequence of random measures, {1(X,T)} almost surely converges weak* to a
probability measure that is entirely concentrated on the point 8. As noted above, the
latter measure is sometimes called the Dirac measure at 0', and will be denoted by
D(¢'). In this case we shall call the pair (u,6’) consistent, or say that p is consistent
for §'. By Proposition 4, a sequence {mr} converges weak* to the Dirac measure at
g if for every open neighborhood B of # the sequence {my(B)} converges to unity.

For § € M(k), I shall say that 6 is irreducible if the k’th-order Markov chain
corresponding to @ is irreducible. Recall that, for any k, the weak* topology on M (k)

is equivalent to the the Euclidean topology on ©(k).

Theorem 6 If (1) p is a prior on M such that u[M (k)] =1, (2) 6" is in the support

of u, and (3) 0" is irreducible, then y is consistent for 6.

The proof is based on Theorem 1 of (Freedman, 1963), and relies on the fact that
M (k) is finite dimensional. Fix k, and for the purpose of this proof let K denote the k-
fold product of I with itself. Fix ' = (Q’, s) in M (k); recall that Q" = ((q;,;)), h € K,
J € I, is the matrix of transition probabities, and s’ = (s},) is the vector of probabilities

16



of the initial strings of length k. Since ¢’ is irreducible, s’ is uniquely determined by '.
In the rest of the proof (unless otherwise noted), all random variables and probabilities
refer to the stochastic process, X, generated by ¢'. For any point h in K and any
date ¢, I shall say that h occurs at t if [X(t —k+1),...,X(t)] = h. Let {T,,(h)} be
the sequence of (random) times at which h occurs. The irreducibility of 6" implies
that this sequence is a.s. infinite. For a given h, the random variables X [T, (h) + 1]
are IID, with values in I, and probability distribution given by row A of the transition
probability matrix '

Fix T', and consider the (k4 T') observations, [X(0), ..., X(k + T — 1)].Define

N, = no. of occurences of h,

Npj = no. of times an occurence of h is followed by state j. (15)

Note that

Z Npj = Ny,

Jjel

>Ny = T (16)

heK

The value of the likelihood function, (13), is

Lisr—1(2,0) = s[z(0), ., x(k — V)] [T [T any”- (17)

heK jeI

Taking the logarithm of the likelihood, we have

ék—&—T—l(xa 9) = 1nLk+T_1(£L',9) =1In S[LL‘(O), ,l’(l{? — 1)] + Z ZNhj In qhj-

heK jeI
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Dividing this last by 7', we have

1

<T> Uesra(,0) = <%) In s[x(0), .., z(k—1)]+> (%) > (NW’:) Ingp;. (18)

heK jeI

As T increases without bound, the following hold a.s. with respect to '

lim Ny; = lim N, = oo,
T—o00 T—o00
71im <—> Ins[z(0),...,z(k —1)] = 0,
. Nh o /
Am — = s'(h), (19)
Nhj o
PN, T

In particular, the sums,

> (32) wa (20)

Jjel

behave asymptotically as in the case of IID random variables, and there are only
finitely many such sums. This suggests that the argument of Theorem 1 of (Freedman,
1963) can be modified to yield the desired conclusion. To carry this out, it will be

useful to have at hand an explicit proof for the IID case.

Lemma 7 (Freedman, 1963) Let {X (t)) be independently and identically distributed
(IID) with values in the finite set I. Let U denote the unit simplex in RI. A probability
measure on I is a point in U. Let i be a probability measure on the Borel sets of S
(the “prior”) with full support, and let ¢’ be a particular point in U such that ¢ >> 0
(strictly positive coordinates). Then u is consistent for ¢'.

18



Proof. For the reader’s convenience, I specialize the notation of Section 3 to this
case. Let N;(T) denote the number of dates ¢ in the sample [X(0),..., X (T — 1)] at

which X (¢) = i. Of course,

ZNi(T) =

el

the relative frequencies in the sample are given by

Fi(T) = (1/T)N:(T).

The likelihood of the sample, given the probabilty vector ¢ € U, is

=", (21)

el

and the posterior probability of a (measurable) subset B of U is

= oty

The loglikelihood of the sample, ¢(T,q), is the natural logarithm of the likelihood;

thus
UT,q) = InL(T,q) ZN )In g,
(1/TT.q) = > F(T)ng. (23)

By the Strong Law of Large Numbers, if the X (¢) have the probability distribution

q', then

T_) m (1/7)¢( ZqZ Ing; a.s. (24)

19



For y and z in U, define

Gly, z) = Z y; In 2, (25)

with the understanding that 0ln 0 = 0. Note that G is continuous on U?, and hence
uniformly continuous. Also, for each y, G(y, z) is concave in z, and strictly concave if
y >> 0. Furthermore,

max G(y, z) = G(y,y), (26)

zeU

and the maximum is attained uniquely at z = y if y >> 0. Finally, note that

(1/T)¢(T,q) = G[F(T),q], where (27)

F(T) = (F(T))ier -
Define the family of open sets, B(d,y),0 > 0,y >> 0 € U by
B(,y) ={z:2€U,G(y,y) — G(y,z) < d}. (28)

This family constitutes a base for the open sets in U. Fix § > 0 and ¢’ € U, with
¢ >> 0, and consider the sets B = B(44,q¢') and A = B(9,¢'). Write ¢ = G(¢, ¢).
For n > 0 define C(n) to be the open sphere in U with center ¢’ and (Euclidean)
diameter 7. Since G is uniformly continuous on U?, there exists n > 0 such that, for
all f,qe U,

feCm=1G(f,q9) —G(d,q)]| <o. (29)

20



On the one hand,

G(f? Q) -

On the other hand,

f € Cn),ge A= (30)

= G(f,q)—G(d,q) +G(d,q) — ¢

> —0—0=-2),

= G(f,q)>4g —26.

fe C)a¢gB= (31)

-G(f,q) = ¢ -G, q)+G(d,q)—G(f,q)

> 46—0=30

= G(f,q) <g¢ —30. (32)

As usual, let "B denote the complement of B. Together, the last two statements

imply that,
if F(T)
/ L(T, q)dp(q)
B

/ L(T, q)du(q)

J5 L(T, q)du(q)
J-5 L(T, q)dp(q)

where p(B)

€ C(n), then
> /AL(T, q)du(q) > p(A)exp((g’ — 20)T] > 0;
< [1—pu(B)lexp[(g" — 30)T7;

> p(B)exp (6T,



Hence

p(B) exp (7))
F(T)eCmn) =vy(-,T)(B) > ) 33
(T) € O = 0. T)(B) > Tt s ()
By the Strong Law of Large Numbers,
Tlim F(T) = d'as.,
and hence there is a random time, 7", such that
T>T = F(T) e C(n), (34)
which in turn implies that
lim (-, T)(B) = 1. (35)

TS0

To summarize, I have shown that for any 0 > 0, this limit holds for the set B =
B(44,q"). Hence, the limit holds for any open set B containing ¢, which completes
the proof of the lemma.

To complete the proof of the theorem, corresponding to each of the sums (21),

define

)

Fo(T) = (Fi(T))jer

. (36)

[Note that I show explicitly that N,; and N, depend on T'.] Thus each F,(T) is a

vector in the simplex U. Let ¢, denote row h of the true transition matrix, @'. For
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each § > 0 and each h € K, define the (open) neighborhood B(44, q;,) of ¢;, in U as

in the proof of the lemma, and let B be the Cartesian product of these sets, i.e.,

B = x,B(45, ). (37)

As one varies 0 the family of sets B forms a basis for the neighborhoods of @'
Similarly, let

A= x,B(d,q3). (38)

For each h let Ci(n, ¢},) be the set corresponding to C'(n) in the Lemma. By (20),

for each h € K there is a random time 7} such that

T > Ty, = Fu(T) € Ch(n,q,)- (39)

Hence

T >T =maxT, = forevery h € K, F,(T) € Cn(n,q,)- (40)

heK
I shall now show that a calculation parallel to that in the proof of the lemma

completes the proof of the theorem. Recall from (19),

<%) Cosr1(z,0) = <%) I s[2(0), ...,x(k = 1)) + {N"T(T)} G [Fu(T), qn] ,

heK

where Fj,(T') is the vector with coordinates

Ni; (T)
Nu(T)’

jel.
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To simplify the notation, let

C,, = a sphere with center ¢j, such that for all ¢ € U,
e Cu=|G(f.q) = Glgh q)| <6;
C = x0C,.
Also, let
F(T) = [Fu(T)] ek -
On the one hand, F(T') € C and @ € A imply that, for every h,
GIEW(T),qn] = GIFW(T), ] — G(dh, an) + G(dh, an)
> —0+g), —0 =g, — 20, where
gh = Gl ).
On the other hand, F(T') € C and @ ¢ B imply that, for every h,
GIEW(T),an] = GIFW(T), ] — G(dh, an) + G(dh an)
< d+4g, —40 =g, — 30.

Let

B = {0:Q € B,s invariant for Q},
A = {0:Q € A, s invariant for Q},
S(x,k,0) = s[x(0),...2(k— 1)
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Then F(T') € C and 6 € A imply that

<%) borra(2,0) > (%) I S(a, k,0) + 3 [NhT(T)} g) — 26,

heK

and F(T) € C and 0 ¢ B imply that

<%> Cerra(x,0) < (%) In S(a, k,0) + 3 {N hT(T)} g — 36.

heK

Since ' is irreducible, for every h,

NW(T
fim M,
lim F(T) = Q'

T—o00

Hence, eventually (a.s.)

and so, eventually,

1 1 o 75
0 € A= <?> Ceyr-1(X,0) > <T> In S(X, k, 9>+hZ€Kshgh_ 3’
0 ¢ B (=) bura(X.0) < (=) mS(X 50+ 3 shol - o
7 ) ber-(X0) < | 7 | In % hdh " 3

heK

Note that

H(T)B) _ P(T)(A)
H(T)("B) — »(T)("B)
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Hence, eventually,

H(T)(B) [ S(X, k,0) exp{T [3, 51,9, — 5 }du(9)
H(T)(B) =[5 S(X,k,0)exp{T [ZheK shgh 51 }dp(0)
[, S(X, &, 6)dp(6)
~ [, S(X K, 0)du(6) eXp{?}

— oo asT — oo,

and so

7 lim o(T)(B) = 1.

TS0
which completes the proof of the theorem.

Suppose that the true p’ € S is stationary, but the DM’s prior assigns probability
one to M(k), and p’ is not in M (k). What will happen to the DM’s posteriors? The

following corollary, which is stated without proof, provides an answer this question.

Corollary 8 Suppose that

(1) p’ determines the stochastic process { X (t)};

(2) uIM(k)] = 1;

(8) Q(k,p), the conditional k’th-order transition probability matriz implied by p',
is irreducible, with stationary probability vector s(k,p’); and define

(4) 00, 1) = [QUs, ), 50k, 1)

then the sequence of posteriors converges to the Dirac measure D[0(k,p')] a.s. with

respect to the measure p'.
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3.2 Bayesian Analysis in M

In this subsection I show that consistent Bayesian analysis is possible for a large class
of priors on the entire space M. For each k, let y,, be a prior such that p, [M (k)] =1,
and that has full support on M (k). Let {ax} be a sequence of strictly positive numbers

whose sum is unity, and define

o= Z Q.
k=0

From (15), the posterior distribution is

Y, Lrle,0)du,(0)
- ZZO:O Qg fM Lp(x,0)du, (0

(z,T)(A)
Recall that ¢'denotes the value of § that generates X .
Theorem 9 Suppose that §' € M(K') is irreducible; then u is consistent for ¢'.

Proof. Let A C M be open and containing ', such that A is disjoint from M (k)

for £ < k’. Then we want to show that
Tlim Y(Xoo, T)(A) =1 aus.

For every k, the posterior probability measure corresponding to the prior p; is

_ Ju Lr(Xs, 0)dpg (9)
 Ju Lr(X oo, 0)dpy, (6

(Xoo, T)(A)

By Theorem 6, for each k& > k', this posterior probability converges a.s. to one
as T increases without bound. Hence there is a (measurable) subset C' of X with
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¢’-probability one such that for every = € C,
for all k, 71im Yp(x, T)(A) = 1.
Fix x € C, and for the purposes of this proof define

Yr(k) = /A Lr(z, 0)dp,(6),
Zr(k) = /MLT(x,H)duk(H);

then

_ > o Y7 (k)
> o wZr (k)

Note that 0 < Yr(k) < Zrp(k) <1, and Yr(k) = 0 for k < k’. Define

P(x, T)(A)

(6
By = ———— fork>Fk,
ZmZk’ Qm

= 0, for k <k;

then

P, T)(4) = 2 DrlE)

B Zk BkZT(k) '
Define

Ze(k) |1 - 24

Zm B Zp(m) , for k> K.

fT(k’) =

Observe that

By Theorem 6,

lim fr(k) =0, for k > k'.

T—o00
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Think of {5,} as a finite measure on the integers > k’; then by the Dominated

Convergence Theorem (or use an elementary argument),

T—o0

lim >~ B, fr(k) = 0.
k

From the definition of fr(k),

S B Zr(k) |1 - 28]

Zﬁka(@ =
k

ZmBmZT(m)
_ 2Bl Ze(k) = Yo (k)]

> BnZr(m)
IR SN AT(D

> BmZr(m)
= 1—9(z,T)(A).

Hence

lim [1 — (2, T)(A)] = 0,

T—o0
which completes the proof.
It is not known to me whether the last theorem can be generalized to cover, S, the

class of all stationary processes in this setting. (For related work, see Sims, 1971.)

4 A “Bayesian” Analysis of Model Revision

Suppose now that the parameter £ is not known. If an upper bound on k, were known,
say k", then a Bayesian could estimate 6 consistently by taking a suitable prior on

M (K"). However, if an upper bound is not known, then the Bayesian must take a
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prior on M, which is infinite dimensional. As noted in the Introduction, it might
be difficult for an individual to formulate beliefs about such a large space that are
sufficiently precise to yield a meaningful prior. In this section I outline an alternative
approach, which is a process of model revision suggested by considerations of bounded
rationality. This process yields estimates of € in M that are “consistent” in a sense
to be defined below.

In decision-making in the economic sphere, the decision-maker (henceforth DM)
usually starts with a model of behavior of the relevant agents (consumers, firms,
traders), but the model has unknown parameters. Suppose that the DM’s model
implies that the process, {X(t)}, is a stationary k’th-order Markov process, i.e., the
DM assumes that the probability measure p in P(X) is in M(k), for a particular value
of k, say k1. Let p’ denote the true probability measure, and assume that p’ is in M
but not necessarily in M (ky). Assume, also, that p’ is irreducible. Finally, assume
that the DM’s prior probability measure on M (ky), say p', has full support.

According to Corollary 8, in this situation the DM’s posterior distributions will

converge to a distribution concentrated on a point in M (k1), namely

P (k1) = D[Q(k1, 1), s(k1, D).

If p' is in M(ky), then p'(k1) = p’. However, if p’ is not in M (k;), then p’(k;) will not
equal p/, although it will be consistent with p’ on cylinder sets in X of length (k4 1).
If the DM uses only Bayes’s Theorem to make inferences about p, then he will only
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calculate statistics about cylinder set of length (ki + 1), and he will never learn that
the true probability measure is not in M (ky).

Suppose now that the DM starts to consider a different model. There are various
reasons that this might happen. For example, new developments in economics or
other social sciences might lead him to suspect that his original model is not adequate.
The DM might also engage in some “data mining” and simply explore the statistics of
cylinder sets of length greater than (k; +1). Suppose that the new model implies that
the process p is in M (k2) with ko > k;. This last inequality is more of a convention
than an assumption. If &y were less than or equal to k; then the DM would suffer
no loss by continuing with the hypothesis that p € M (k;), except possibly a loss of
efficiency of estimation from using a larger parameter space than necessary.

We can now imagine that this procedure is repeated indefinitely. (I shall describe
the procedure and its implications more formally below.) Roughly speaking, it will
result in a sequence { p"} of priors with larger and larger supports, M(k,). To
each prior will correspond a (stochastic) process of posteriors, 1" (X, T'), with the
properties described above. Recall that p'is the true probability measure governing
the stochastic process { X ()}, and supppose that p’ is in M (k’). Again, by Corollary
8, for each model n ,

Him " (Xoo, T) = DIp/ (n)]. (41)
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Furthermore,

lim Y"(Xoo,T) =p" if ky, > K.

T—o0

However, these last equations are not in themselves enough to characterize the
DM’s process of inference. For this, it will be necessary to specify what posterior,
say W(T'), the DM will be using at each date T. . Let n(7") denote the model that

the DM is using at date T'; then
U(T) =" (X, T). (42)

The goal is to choose successive models and priors so that, in some sense, the posteriors
U(T') eventually get “close” to p’. To achieve this, the DM needs to have enough
evidence about any given model. The larger the model, i.e., the larger the space
M (ky,), the slower will be the convergence of the corresponding posteriors. Hence the
DM must not change models too quickly.

I shall now describe the process of model revision more precisely. Let {k,} and
{t,} be strictly increasing (deterministic) sequences of integers, and suppose that the
DM switches to model M (k,) at date t,. For the moment, think of the sequence of
dates as deterministic. Corresponding to each n is a prior, u"*, on M (k,) and to each
T such that t,, <T < t,41, a posterior, " (X, T). .

I now present the main result of this section. To simplify the notation, and
without any essential loss of generality, assume that each model revision increases
k by 1, so that k, = n. In fact, I shall suppress the symbol n altogether, so that

32



the DM switches to model M (k) at date ¢(k). Accordingly, at a date T" such that
t(k) <T < t(k+1), the DM’s prior on M (k) is denoted by p* and the corresponding
posterior by ¢*(T)(z) for the particular realization x of the stochastic process X,
(see Section 3). As noted at the beginning of Section 3, the probability measure "
on M (k) induces a probability measure, say v*, on Y (k) = M (k) x X.

For § > 0 and § € M (k) let V*(0,6) denote the interior of the Euclidean ball in

M (k) with center 6 and radius §, and for any = € X define
mip(x,6,0) = ¢* (z,T)(x)V*(8, ). (43)

Note that m% (X, 0, ) is a random variable on the probability space [Y (k), v*].

Finally, let M’(k) denote the set of irreducible #s in M(k), i.e.,
M'(k) = {0 € M(k)|6 is irreducible} ,
and let
Y'(k) = M'(k) x X.
Theorem 10 Suppose that, for each k, u* [M'(k) =1]. Let {0}, {ex} be any two

sequences of strictly positive numbers converging to 0; then there exist a sequence of

times, {t(k)}, and a sequence of sets, {A(k)}, such that

Ak) < Y'(k), (44)
VPAKK)] > 1— e, and (45)
T > t(k) = mh(x,0,6,) > 1— ¢, for all (z,0) € A(k).
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Proof. The proof is a straightforward application of Egoroff’s Theorem (e.g.,
Halmos (1950), p. 88). To begin the proof, fix k£ and . By Theorem 6, conditional
on § € M'(k),

Tlim mk(z,0,6) = 1, a.s., given 6. (46)

Hence the same statement is true unconditionally on the space Y'(k). By Egoroff’s

Theorem, this convergence is “almost uniform,” i.e., for every € > 0 there exists a set

A'(d,€) C Y'(k) such that

VA0, 6)] > 11—

mk(x,0,6) — 1 uniformly in A’(6,¢).
Hence there exists T'(9, €) such that
T >T(5,€) = mh(r,0,6) >1—¢forall (z,0) € A'(5,¢).
To complete the proof, take

t(k) = T(0k €x), (47)

A(k) = A/((Sk, Ek).

The conclusion of the preceding theorem is different in a subtle but important
way from that of Theorem 6. It states that the DM 1is increasingly confident that the

current posterior is increasingly concentrated on the true 6.
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The analysis of two interesting questions lies beyond the scope of this paper. First,
it would be useful to know something about how fast ¢(k) increases with k, and how
the sequence {t(k)} depends on ¢ and e. Note that the dimension of M (k) increases
geometrically with k. Second, in the light of Proposition 5, one might conjecture that
an analogue of the preceding Theorem would be true for the entire set of stationary

processes.
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