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On information measures and prior distributions:
a synthesis

Francisco Venegas-Martinez

Abstract

This paper suggests a new approach to reconciling, in a sys-
tematic way, all inferential methods that maximize a specific crite-
rion functional to produce non-informative and informative priors.
In particular, Good’s (1968) Minimax Evidence Priors (MEP),
Zellner’s (1971) Maximal Data Information Priors (MDIP) and
Bernardo’s (1979) Reference Priors (RP) are seen as special cases
of maximizing a more general criterion functional. In a unifying
approach Good-Bernardo-Zellner’s priors are introduced and ap-
plied to a number of Bayesian inference problems, including the
Kalman filter and Normal linear model. Moreover, the paper fo-
cuses, under plausible conditions, on the existence and uniqueness
of the solutions of the derived optimization problems.
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1 Introduction

The distinctive task in Bayesian inference of deriving priors, in such a
way that the inferential content of the data is minimally affected in the
posterior, has been of great interest for more than two centuries since
the early work of Bayes (1763). More current approaches to this prob-
lem, based on the maximization of a specific criterion functional, have
been suggested by Good (1968), Zellner (1971) and Bernardo (1979),
among others. It is also important to mention that recent literature
has included inference procedures to provide a posterior without having
a prior, like the Bayesian method of moments (BMOM) introduced by
Zellner (1996) and (1998).
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In Good’s (1968) principle of maximum invariantized negative cross-
entropy, the minimax evidence method of deriving priors was presented
for the first time. In this approach the initial density is taken as the
square root of Fisher’s information. Zellner’s (1971) book introduced
a method to obtain priors through the maximization of the total in-
formation about the parameters provided by independent replications
of an experiment (prior average information in the data minus the in-
formation in the prior). In Bernardo (1979) a procedure was proposed
to produce reference priors by maximizing the expected information
about the parameters provided by independent replications of an ex-
periment (average information in the posterior minus the information
in the prior). All of the above methods have comparative and absolute
advantages in several respects and have been applied to a large number
of inference problems:

(i) While Zellner’s method is based on an exact finite sample criterion
functional, Good’s approach uses a limiting criterion functional,
and Bernardo’s procedure lies in asymptotic results. In Bernardo’s
proposal a reference prior (posterior) is defined as the limit of a
sequence of priors (posteriors) that maximize finite-sample crite-
ria. In a pragmatic approach in which results are most important,
many reference prior algorithms have been developed. For in-
stance, Berger, Bernardo and Mendoza (1989), and Berger and
Bernardo (1989), (1992a), (1992b), Bernardo and Smith (1994 ,
ch. 5), and Bernardo and Ramén (1997).

(i1) The criterion functional used by Bernardo is a cross-entropy, which
satisfies a number of remarkable properties, in particular, invari-
ance with respect to one-to-one transformations of the parameters
(Lindley 1956). In contrast, the total information functional em-
ployed by Zellner is invariant only for the location-scale family
and under linear transformations of the parameters. To generate
invariance under other relevant transformations, not necessarily
one-to-one, side conditions could be needed, as suggested by Zell-
ner (1971).

(7ii) These methods have been tested by seeing how well they per-
form in particular examples. The evaluation is often based on
contrasting the derived priors with Jeffreys’ (1961) priors, usu-
ally improper. Even though improper priors can be associated
with unbounded measures consistent with Renyi’s (1970) axioms
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on probability measures, some technical difficulties remain, see:
Box and Tiao (1973), p. 314; Akaike (1978), p. 58; and Berger
and Bernardo (1992a), p. 37. It is also important to mention that
Jeffreys’ priors can lead to singularities producing inadequate re-
sults at certain values of the parameters; see Jeffreys (1967, p.
359). Of course, if MEP, MDIP, and RP priors were to be used to
contrast the performance of other priors, the former priors could
also produce unsatisfactory results under certain circumstances.

In this paper, we attempt to reconcile all inferential methods that
maximize a criterion functional to produce non-informative and infor-
mative priors. In our general approach, Good’s Minimax Evidence Pri-
ors (1968 and 1969), Zellner’s Maximal Data Information Priors (1971,
1977, 1991, 1993, 1995, 1996a and 1996b) and Bernardo’s Reference Pri-
ors (1979 and 1997) are seen as special cases of maximizing a more gen-
eral indexed criterion functional. Thus, properties of the derived priors
will depend on the choice of indexes from a wide range of possibilities,
instead of on a few personal points of view with ad hoc modifications.
In the spirit of Akaike (1978) and Smith (1979), we can say that this
will look more like Mathematics than Psychology—without underesti-
mating the importance of the latter in the Bayesian framework. This
unified approach will enable us to explore a vast range of possibilities for
constructing priors. It is worthwhile to note that our general method
extends in a natural way Soofi’s (1994) pyramid by adding more ver-
tices and including their convex hull. In any event, a good choice will
depend on the specific characteristics of the problem we are concerned
with. Needless to say, the chosen method should also provide good
predictions.

This work is organized as follows. In section 2, we will introduce an
indexed family of information functionals. In section 3, on the basis of
asymptotic normality, we will state a relationship between Bernardo’s
(1979) criterion functional and some members of the indexed family. In
section 4, we will study a Bayesian inference problem associated with
convex combinations of relevant members of the proposed indexed fam-
ily. Here, we will introduce Good-Bernardo-Zellner’s priors as well as
their controlled versions as solutions of maximizing discounted entropy.
We will pay special attention to the existence and uniqueness of the so-
lution of the corresponding optimization problems. In section 5, we will
study Good-Bernardo-Zellner’s priors as Kalman Filtering priors. In
section 6, we examine the relationship between Good-Bernardo-Zellner’s
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priors and the Normal linear model. Finally, in section 7, we will draw
conclusions, acknowledge limitations, and make suggestions for further
research.

2 An indexed family of information functionals

In this section, we define an indexed family of information functionals
and study some distinguished members. For the sake of simplicity, we
will remain in the single parameter case. The extension to the multi-
dimensional parameter case will lead to conceptual complications. This
is not surprising when dealing with information measures and priors;
see Jeffreys (1961), Zellner (1971), Box and Tiao (1973), and Berger
and Bernardo (1992a).

Suppose that we wish to make inferences about an unknown param-
eter # € © C R of a distribution Py, from which there is available an
observation, say, X. Assume that P has density f(z|f) (Radon-Nikodym
derivative) with respect to some fixed dominating o-finite measure \ on
R for all # € © C R, that is, dPy/d\ = f(x|f) for all § € © C R, thus
Py(A) = [, f(x|0)d\(x) for all Borel sets A C R.

The Bayesian approach is to assume that there is a prior density,
m(0), describing initial knowledge about the likelihood of the values of
the parameter, §. We will assume that 7(6) is a density with respect
to some o-finite measure g on R. Once a prior distribution, 7(6), has
been prescribed, then the information provided by the data, z, about
the parameter is used to modify the initial knowledge, as expressed in
(), via Bayes’ theorem to obtain a posterior distribution of 6, namely,
f(O)z) o< f(x]|0)m(0) for every z € R (using f generically to represent
densities). The normalized posterior distribution is then used to make
inferences about 6. Let us define an infinite system of nested functionals:

() Vows(m) = = [ #OGEO).F0).7,0.8)du(0)

where
G(Z(0), F(0),7, . 0)

=log {‘*‘pﬂf O)/TO] O] - T} }
m(6)1— ,
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0<~vy<1, ae{0,1}, 6 € {0,1}, and

2
® 10) = [ (g 108510)) SGal0)ix)

is Fisher’s information about 6 provided by an observation X with den-
sity f(z|6), and

3) F(0) = / F(218) log f(2]0)dA(z)

is the negative Shannon’s information of f(z|0), provided Z(6) and F(6)
exist. In the case that n independent observations of X are drawn from
Py, say, (X1,X2,...,Xp), then Z(0) and F(0) will still stand for the
average Fisher’s information and the average negative Shannon’s infor-
mation of f(x|6) respectively. It is not unsual to deal with indexed func-
tionals in inference problems about a distribution, as in Good (1968). It
is worthwhile pointing out that for each triad (v, «, ) taking values in
0<v<1, ae{0,1}, 4 € {0,1}, then V, , 5() is a criterion functional
that can be used to derive a prior m(#), # € O, belonging to a feasible
set C. Usually, C is defined by constraints in terms of potential values
of 4.

Note now that for the location parameter family f(z|0) = f(x —
), 6 € R, with the properties

/ @)/ () d\(z) < oo
and
/ f(@)log f(z) dA(z) < oo,

where A\ = u stands for the Lebesgue measure, we have that both Z(6)
and F(0) are constant. Observe also that the scale parameter family
f(z]0) = (1/0)f(x/0), 6 > 0, with the above properties, satisfies the
following relationship:

(4) F(0) = $1ogZ(0) + constant.
The indexed family in which we will be concerned with is given by:

A = conv[ {Vy a,5(m)} ]
=convex hull of the closure of the family{V, o s(7)}.

We readily identify a number of distinguished members of A:
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Criterion for Maximum Entropy Priors (MAXENTP):

Voo (m) = - / 7(6) log n(8)dju(6),

which is just Shannon’s information measure of a density m(6),
or Jaynes’ (1957) criterion functional to derive maximum entropy
priors. Notice also that (3) can be rewritten in a simpler way as

F(0) = =Voo(f(xl0)).
Criterion for Minimax Evidence Priors (MEP):

(5) V1,1,1(W)d:ef$LHiVy,1,1(W) = —/ () log ((z))du(e) —log C,

which is Good’s 1nvar1antlzed negative cross- entropy, taking as
initial density p(6) = C[I(H)P with C' = { [[Z( 2du( )} 7L, pro-

vided that f[I(@)]%du(G) < 00. We can also write (5) as
(6) Vi11(m) = Vo, (m) = /7?(9) log Z(0)]Zdu(0).

Criterion for Maximal Data Information Priors (MDIP):

@ Voo = [ [ 1@)s61e) 108 ”(';)du(e)dA(x),

which is Zellner’s criterion functional in his MDIP approach. Here,
as usual,

F(0l) = JW f@) = [ sl @)dno)

and ((0|x) = f(x|0) is the likelihood function. An alternative
formulation of (7), which is often useful, is given by

(®) Vooo(m) — Voo (m) = / 7(6)F(6)du(6).

Some members of A define new criterion functionals in which the
information provided by the sampling model, Z(#), plays a role:
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(iv) Criterion for Maximal Modified Data Information Priors
(MMDIP):

PZO)2
©) Voso = [ [ 1) mxméaiiodmmwm»

which is the prior average information in the data modified by
Fisher’s information minus the information in the prior. Note that
when Z(0) is constant, (9) reduces to Zellner’s criterion functional
(up to a constant factor).

(v) Criterion for Maximal Fisher Information Priors (MFIP):

(10) %@mﬂz—/ﬂﬁbamﬁg%ﬁﬂMﬂ—L

which is the prior average Fisher’s information minus the infor-
mation in the prior.

3 Revisiting Bernardo’s reference priors

The maximization of Bernardo’s (1979) criterion is usually a difficult
problem to deal with. In order to get a simpler alternative procedure
under specific conditions, we will derive a useful asymptotic approxima-
tion between Bernardo’s criterion functional (or Lindley’s information
measure, 1956) and some members of the class .A. As stated in Bernardo
(1979), the concept of reference prior is very general. However, in order
to keep the analysis tractable, we will restrict ourselves to the continu-
ous one-dimensional parameter case.

Suppose that there are available n independent observations, say,
(X1, Xo,...,X,), of a distribution Py, # € © C R. Accordingly, the
random vector (X1, Xo,...,X,) has density

dPg/dv = f(£]0) = fok\e

for all £ = (z1,z2,...,x,) and all € © C R, where

Por=PhyRQFPp® - P andr=AQ@A®Q---Q \.
—

n n




34 Francisco Venegas-Martinez

Following Lindley (1956), a measure of the expected information about
0 of a sampling model f(x|f) provided by a random sample of size n
when the prior distribution of 6 is 7(6), is defined to be

w16 [ 1090 doae.

In order to obtain an asymptotic approximation of (11) in terms of
V11,1 and V0.1, we state a limit theorem which justifies the passage of
the limit under the integral signs in (11). The theorem rules out the
possibility that the essentials of the statistical model, f(£|6), change
when samples grow in size. Let us rewrite (11) as:

LM () =Vy0.1(7) +log v/n

a2 [ [ ( [ )du(w)>f(£|9)7r(9)dV(£)du(9),

where
F(X1, Ko, X0+ 25)
(13) Tnlw) = f(X1, Xa, ., X, 10)
and
(0 + ﬁ)
(14) Wi (w) = a0

Throughout the paper, both A and y will stand for the Lebesgue measure
on R. Also, we will assume that all densities involved are Lebesgue
measurable in both arguments, x and 6.

Theorem 3.1 Assume that the following conditions hold:
(I) © is an open interval in R;
(II) The function /f(x]0) is absolutely continuous on 0, and
[alf(2]6) > 0}
is independent of 0;
(III) If 0,6' € ©, then 6 # 0" implies M x| f(x|0) # f(x|0")} > 0;
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(1V) % log f(z|0) exists for all 6 € © and every x;
(V) Z(0) is a continuous and bounded function in O;

(VI) For all § >0, and all 6 € ©

[ (s 5 - Viws) ) i = o).
Bs(%)
where
Bs() = (o |\/T@l0+ ) — /T @lB) | > 6/Talf) )
(VII) There exist ¢ > 0 and T > 0 such that
l/hw+ﬂy—ﬂmumm<cwz
(VIII) For all p >0

[ (B@Walo) - T ) dutw) Do
|w|>nr
(IX) The sequence of random variables {log Uy} | where

m_/nwmmwww

satisfies

lim sup/ |log U, |dP = 0,
€700 n>1 J|log Un|>e
where
Peea 0eB)= [ =(0) [ J(el0)av(in),

for all A€ R™ and B € ©.

Then, as n — oo,
(15) LM () = Vi11(7) = —Vo.() +log Cv/n + o(1),

where ¢(z) is the density of Z ~ N(0,1), and C is taken as in (4).

35
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Some comments are in order: (I)-(IV) are standard regularity con-
ditions, (V) states desirable properties for Z(6), (VI) is a bounded vari-
ance condition, (VII) is a smoothness condition, (VIII) is a convergence
condition, and (IX) says that the sequence {logU,}>%, is uniformly
integrable with respect to P. It can be shown that (I)-(VI) lead to

(16) T ()= exp{wy/Z(0)[Z — 2w /Z(0)] ),

where Z ~ N(0,1), and (16) along with (VII)-(IX) imply

log Uy, = log / T, () Wi (w)dpa(w) 5 log /27 /Z(0) + 3 22,

from where the conclusion of the theorem follows. Notice that the right-
hand side of (3.5) is independent of 7. Thus, if conditions (I)-(IX) are
fulfilled, instead of maximizing £(>) (), which is usually a difficult prob-
lem, we have as an alternative procedure maximizing Vi 1,1(7), which is
independent of n. Notice that for maximization purposes the right-hand
side of (15) becomes a constant.

Finally, it is worthwhile to note that the location parameter fam-
ily f(z|0) = f(z — 0), with /f(z) absolutely continuous on R, and
[1f(@)]?/f(z) d\(z) < oo, fully satisfies the conditions of Theorem
3.1.

4 Good-Bernardo-Zellner priors

In this section we introduce Good-Bernardo-Zellner’s priors as solutions
of convex combination of relevant members of the class A. Very often,
there exist priors for which entropy becomes infinite, specially when
dealing with the non-informative case. In order to overcome this diffi-
culty, we suggest the concept of discounted entropy. We also introduce
Good-Bernardo-Zellner’s controlled priors as solutions of maximizing
discounted entropy. We emphasize the existence and uniqueness of the
solutions of the corresponding variational and optimal control problems.

Throughout this section, we will be studying a number of Bayesian
inferential problems related to convex combinations of distinctive ele-
ments of A. Let

My(m)EDV111(7) + (1 = ¢)Vo00(r),

0 < ¢ < 1. Plainly, My(m) € A. To see that My(m) is concave w.r.t.
7, it is enough to observe, as in Zellner (1991), that

Vo,,0(m(8)) = LO((8)) + Voo,1(m(8)) — Voo (f(2)),
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is a sum of concave functions w.r.t. © (up to the constant Vo o1(f(x))).
Since Vy,1,1(m) is concave w.r.t. m, My(m) is also concave w.r.t. .
Zellner (1996b) provides a criterion functional that agrees with Mg ()
given by

Gy[m(0)]
= [ [670)+ (1= 6)108Z )] 7(0)du(6) ~ [ 7(6) togn(O)u(0).
Indeed, from (5), (6) and (8), we get

Gy[m(0)] = Vo,00 — Vo,0,1) + (1 —0) Vi1 — Vo0,1) + Vo0,
=0Vo,00+ (1 —)Vi1,1 — V0,01 + V0,1
=Mgy(m).

Usually, in the absence of data supplementary information, in terms
of expectations about the parameter, comes from additional knowledge
of the experiment, or from the experience of the experimenter, namely,

(17) /ak(ﬁ)w(G)d,u(G) G k=12 .5

where both the functions a; and the constants ap, £k = 1,2,..., s, are
known. Hereafter, we will assume that (17) does not lead to any con-
tradiction about (). We will now concern with maximizing My()
subject to supplementary information.

Proposition 4.1 Consider the Good-Bernardo-Zellner problem:

Mazimize My(m) (with respect to )

Then a necessary condition for a mazximum is

¢
2

(18) m5(0) o< [Z(0)] 2 exp{(1 = $)F(0) + D> Aax(6)},
k=0

where A\, k = 0,1,...,s, are the Lagrange multipliers associated with
the constraints C (cf. Zellner 1995).
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Notice that when no supplementary information is available, 77(*;(9)
is appropiate for an unprejudiced experimenter, otherwise it will be
suitable for an informed experimenter who is in favor of C. Observe
also that 77 (6) is Good-Bernardo’s prior, and 7j(¢) is Zellner’s prior.
Consider the binomial distribution for a single observation, f(z|f) =
6%(1 —0)1=*, 0 < 6 < 1. In such a case, 7} () x 0_%(1 - 9)_% and
75(0) o< 09(1—6)'=? for 6 € [0, 1], which are quite different. Notice that
77 (0) becomes infinite at # = 0 and # = 1. On the other hand 7(6)
rises monotonically to 1.6186 at § = 0 and § = 1. Yet, another view
in this regard (Geisser, 1993) states that when the sample size is fairly
large it does not matter which prior is employed, and the uniform prior
may as well be used for 6.

Corolary 4.1 Consider the location and scale parameter families,
f(x|0) = f(z —0), 6 €R,

and
f(x]0) = (1/0) f(x/0), 6 >0,
respectively, both satisfying

/ (@02 () d\(z) < oo

and [ f(z)log f(xz) d\(z) < co. Then, Good-Bernardo’s and Zellner’s
priors agree regardless of the value of ¢ € (0,1).

The proof of the above corollary for the scale parameter case follows
from (4). It is important to point out that when there is no supplemen-
tary information, we require ;(©) < co. Of course, the parameter space
O can have bounds as large as needed to consider where the likelihood
for 6 is appreciable.

Notice that Proposition 4.1 can be used recursively when there is
more supplementary information to be added, say,

(19) /ak(ﬁ)w(e)duw) G k— st 1842t

In such a case, in a cross-entropy formulation (Kullback 1959), we take
(18) as the initial density, and (19) as the additional information. Hence,
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e

Ty (0) o< [Z(0)]2 exp{(1 — +Z>\kak )} exp{ Z Arag (0

k=s+1

RS-

= [Z(0)]2 exp{(1 — )+ Z Arag (0

To deal with the (local) uniqueness of the solution of the problem
stated in Proposition 4.1, we rewrite the constraints C, as a function of
the multipliers in the form A(A) = [[ ax(0)7%(0)du(0)];_, = A, where

AT = (ag, a1, ...,as), and AT = ()\0, Ay A ) (the superindex T' denotes
the usual vector or matrix transposing operation).

Proposition 4.2 Let W%‘Z(@) be as in (4.2), and suppose that ay, k =
0,1,...,s, are linearly independent continuous functions in L?[0O, W;du]
(the space of all Tjdp-measurable functions a(¢) defined on © such that
la(0)? is mydp-integrable). Suppose that A(A) is defined on an open set
A C R**L, and let A, be a solution of A(A) = A for a fived value of
A = A,. Then, there exists a neighborhood of A,, N(A,), in which A,
is the unique solution of A(A) = A, in N(A,).

The proof follows from the fact that A(A) is continuously differen-
tiable on A, with nonsingular derivative

A W) = [ [ a,6)ac(O)m3(O)dn(®oc <

and from a straightforward application of inverse function theorem.
From (4.1) we may derive the following necessary condition, which
is useful in practical situations.

Proposition 4.3 The multipliers AT = (o, A1, ..., \s) appearing in
(18) satisfy the following non-linear system of s + 1 equations:

1=+ log{/[l’(@)]g e(1=¢)F(0) H e/\kak(e)dlu(e)},

1= Xy —log ap, + log{/ak(H)[I(G) % 1-¢)F(6) H Auay (0 dM }
k=1,2,...,s.

Moreover,
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(i) if the integral in the first equality has a closed-form solution, then
the rest of the multipliers can be found from the relations:

0o
— =a k=1,2,..
8)\k ag, y 4y ey S

(ii) the formula

WV111(m5) + (1= ) Mooo(mh) — V001 ()] = 1= Aeay,
k=0

holds for all 0 < ¢ < 1.

Very often, experimenters are concerned with assigning weights ay,
k =1,2,...,8 to regions Ag, k = 1,2,...,s, to express, according to
experience, how likely it is that 6 belongs to each region. The following
result, based on Proposition 4.3, characterizes Good-Bernardo-Zellner’s
priors when such a supplementary information comes in the form of
quantiles, and both Z(¢) and F(f) are constant. Under such assump-
tions, the non-linear system of s + 1 equations given in Proposition 4.3
is transformed into a homogeneous linear system of the same dimension
as shown below:

Proposition 4.4 Suppose that the sets Ay = (bg, bg+1], k=1,2,...,5s—
1 and As = (bs,bs1) with by < by < --+ < bsy1, s > 2, constitute a
partition of ©, 0 < u(©) < co. Suppose also that both Z(0) and F(0)
are constant. Let ay,as,...,as > 0 be such that Y ,_jar = 1, and
[ 14, 0)7(0)du() = a, k =1,2,....s. If we define new multipliers:
wo = e'7/D where D = [Z(G)]% =070 and w, = M, k =
1,2,...;s. Then, 2 = (wg,w1,...,ws) can be found from the following
homogeneous linear system:

=1 up ug ... ug wo 0

-1 v 0 ... O w1 0
(20) -1 0 wy ... O wo — 0 7

-1 0 0 ... wg Ws 0

where u = u(Ag), and vy, = d,;luk, k=1,2,..,s.
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Observe that the determinant, A, of the matrix in (20) is given by

szl ag — 1 s
A = ==L v
( szl a Hk:l o

which guarantees that there exists a unique nontrivial solution since
> i_iar = 1. In this case, the solution is 2*7 = (1,111_1,1)2_1, aovg ),
and 75 = Y7 v,

The following proposition extends Good-Bernardo-Zellner’s priors
to a richer family by using the MMDIP and MFIP criteria:

Proposition 4.5 Let
d
N () V1 1.1 () + (1 6) (1= ) Vo0 o(m)+ (1~ 6) /2) Vo114 Vo 0],
0< ¢, <1. Then
(i) Ngy(m) € A and is concave w.r.t. .
(i) A necessary condition for  to be a mazimum of the problem

Mazimize Ny ()

subject to C: /ak(H)ﬂ'(H)du(G) =a,, k=0,1,2,..,s,
where ag = 1 = ay, is given by

@
2

o, (0) <[Z(0)]> exp {(1 — ¢)(1 =) F(0)

P(1 — o) 1 F(0)
21 + ———[Z(9)]2 + —
(21) 5 [[ (0)] o)}

+ ZM%(Q)},

k=0

where A\, k = 0,1,....s, are the Lagrange multipliers associated
with the constraints C.

The second term inside the exponential of (21) is the average be-
tween Fisher’s information and the negative relative Shannon-Fisher’s
information. Notice that 7} ((¢) is just Good-Bernardo-Zellner’s prior.

In the following proposition, Good-Bernardo-Zellner type priors are
derived as MAXENTP solutions by treating (5) and (8) as constraints
(for the rationale of MAXENTP methods see Jaynes’ 1982 seminal pa-

per).
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Proposition 4.6 Consider the Jaynes—Good-Bernardo—Zellner prob-

lem:
Mazimize Voo1(m)
Via(m) = Voou(m) = b,
subject to:4  Y000(T) = Voo,1(m) = by,

/ak<9)7r(0)dﬂ(9) :aky k:0,1,27...73’ a,O = 1:60
Then a necessary condition for a mazximum is

Pl

(22) ©(0) o [Z(0)]) 7 exp{paF(0) + Y Arax(6)},
k=0

where p;, j=1,2, and A\, k =0,1,..., s, are the Lagrange multipliers
associated with the constraints.

Unlike the coefficients ¢ and 1— ¢ appearing in (4.6), the multipliers
pj» j = 1,2, do not necessarily add up to 1.

There typically exist priors for which Shannon-Jaynes entropy be-
comes infinite. One way to overcome this problem consists of discount-
ing entropy at a constant rate v > 0. The following proposition intro-
duces Good-Bernardo-Zellner’s controlled priors as solutions of maxi-
mizing discounted entropy:

Proposition 4.7 Consider the discounted version of the problem stated
in the preceding proposition:

Mazimize —/e—”%(e) log 7(0)du(0),

subject to:

LI 160(7(0)]7, hi(—o0) =0,
hl(oo) = V171,1(7T) — V07071(7T) < 00,

=y @y = F(0), ha(=00) =0,
hQ(OO) = V07070(7T) — V07071(7T) < 00,

_1 dgi(0) _ ak(g)’ gr(—00) =0, gr(c0) < o0, k=0,1,2,...;8
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where ag = 1 = ag. Then, a necessary condition for 7 (6) to be an
optimal control is given by

23)  7(0) o [Z(8)]) % exp{pa(0 +Z)\k ar (0

where pj(0) = pjoe’?, § = 1,2, and \(0) = Moe”?, k = 0,1,...,s,
are the costate variables associated with the state variables hj(6), j =
1,2, and gx(0), k = 0,1, ..., s, respectively. Furthermore, the constants
pjo, J =1,2, and Ao, k=0,1,...; s, can be computed from the following
non-linear system of s + 3 equations:

1 +loghy(o0) = 10g{/log[I(e)]ém(Plo,P%,)\oo,>\10, ---,/\so;e)d/ﬁ(g)},
1 + log ha(o0 10g{/f ,010,P207)\00,)\10,'--7)\50;9)d,u(9)},

1+ log gi(o0) = log{/akw)m(pm?mo?A007A1o, o /\50;9)du(9)},
k=012, .. s

where
m(p10; £20, X005 A10; -+ As0; 0)

vo
P1

= (i) w7 o, om0 )

5 Kalman filtering priors

In this section, we will study Good-Bernardo-Zellner’s priors as Kalman
Filtering priors (Kalman 1960, and Kalman and Bucy 1961). We will
continue to work with the single parameter case, and focus our attention
on both the location and scale parameter families.

Let Y1,Ys,...,Y; be a set of indirect measurements, from a polling
system or a sample survey, of an unobserved state variable §;. The
objective is to make inferences about 8;. The relationship between Y;
and f is specified by the measurement equation, sometimes also called
the observation equation:

(24) Y = ABr + e,

where A; # 0 is known, and &; is the observation error distributed as
N(0,02) with 02, known. Notice that the main difference between the
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measurement equation and the linear model is that, in the former, the
coefficient B; changes with time. Furthermore, we suppose that g; is
driven by a first order autoregressive process, that is,

(25) Bt = ZiBr—1 + Mi—1,

where Z; # 0 is known, and 7; ~ N(0,07,) with o7, known. In what
follows, we will assume that Sy, €, and 7; are independent random
variables. We might state nonlinear versions of (24) and (25), but this
would not make any essential differences in the subsequent analysis.

§uppose now, that at time ¢t = 0, supplementary information is given
by Bo and 3(2] , the mean and variance of Gy respectively. That is,

/OO m(Bo)dBo = 1,

(26) C : /OO Bom(B0)dBo = Po,

o
| 60— Bon(aulasn = 33
—0oQ
In this case, Good-Bernardo-Zellner’s prior is given by

2]
2

(27) 73(Bo) o< [Z(Bo)]Z exp{(1 — ¢)F(Bo) + Ao+ A180 + A2(Bo — 50)?},

where \;, 7 =0,1,2, are Lagrange multipliers.

Suppose that, at time ¢, we wish to make inferences about the condi-
tional state variable 8, = §;|I;, where I; = {Y1,Y5,...,Y;_1}. To obtain
a posterior distribution of 6, the information provided by the measure-
ment Yz, with density f(Y:|0;), is used to modify the initial knowledge
in 7%(6:) according to Bayes’ theorem:

(28) J(0:Y3) o f(Y;f|0t)7T:;<6t)'

We are now in a position to state the Bayesian recursive updat-
ing procedure of the Kalman Filter (KF) for both the location and
scale parameter families f(Y;|0) = f(Y: — ), 0 € R, and f(Y;|0) =
(1/0)f(Y:/6), 0 > 0, respectively. To start off the KF procedure, we
substitute (27) in (26), obtaining that Good-Bernardo-Zellner’s prior
at time ¢t = 0, is given by N (30,3(2)), which is describing the initial
knowledge of the system. Proceeding inductively, at time ¢, Bt,l and
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o2 | become supplementary information, and therefore Good-Bernardo-
Zellner’s prior at time ¢ is represented by

(29) Or = Be|I; ~ N(Zt,/B\t—ly M),
where
(30) M, = Z}5}  + o},

The sampling model (or likelihood function) is determined by
(31) Yilt ~ N(Auf, o).

The posterior distribution, at time ¢, is then obtained by substituting
both (29) and (30) in (28), so

F(0:]Y7) o GXP{—%[(At/Bt — }/;5)20;2 + (B — Ztﬁt—l)th_l}}-

Noting that W;‘)(Ot) is a natural conjugate prior, we may complete the
squares to get

O0:|Y; ~ N[Ztgtfl + K (Y — AcZiBior), My — K AMy],
where
(32) Ky = MyAy(o?, + A7M,) ™"
This, of course, means that

(33) //B\t = Zt//B\t—l + Ky (Y — AtZtBt—l)a
3t2 == Mt - KtAtMt.

We then proceed with the next iteration. Equations (33), (30), and (32)
are known in the literature as the KF.
The above analysis can be summarized in the following proposition:

Proposition 5.1 Consider the state-space representation:

Y = AiBi + e,

Bt = ZiBr—1 + M1,

defined as in (24) and (25). Suppose that supplementary information
on the mean and variance of By is available. Let 6, = [B¢|I;, where
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I, = {Y1,Ys,....Yi1}, and consider the location and scale parameter
families f(Y1]0) = f(Y; —0), 6 € R, and f(Y1]0) = (1/6) f(Y;/0), 6 > 0,
respectively, along with the properties stated in Corollary 4.1. Then,
under Good-Bernardo-Zellner’s prior, (19,5) the posterior estimate of

B, Br, is given by
Br = wiZiBi1 + (1 —we)(Yz/Ay),

where wy = o2 (02, + AZM;)~!

6 Revisiting the normal linear model

The results on Good-Bernardo-Zellner priors given so far can be eas-
ily extended to the multi-dimensional parameter case, namely, 6§ =
(61,02, ...,0,) € © CR™, m > 1. Consider a vector of independent and
identically distributed normal random variables (Xi, Xs,..., X)) with
common and known variance o2 satisfying

(34) E(Xk) = ap101 + a2l + - - - + apmm, k=1,2,...n,

where A = (a;;) is a matrix of known coefficients for which (A7 A)~!
exists.

Let X and 0 stand for the column vectors of variables X; and pa-
rameters 6;, respectively. Then (34) can be written in matrix notation
as, E(X) = Af. In this case, we have

(35) F(E10) = (525)2 exp{—5= [|€ — A9]1*},

where ¢ = (x1,22,...,2,). Since 0 has been assumed known, only the
location parameter is unknown. The analogue of (2) is now given by
the matrix:

7,0) = ( [ (d 08 11010)) (g low 119 £(al8)r o)

1<g<m
—Lara,
o2
and so det[Z,(0)] is constant, which implies that the Good-Bernardo-
Zellner prior distribution 73(6), describing a situation of vague infor-
mation on ¢, must be a locally uniform prior distribution.
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Let 0 be the least squares estimate for ¢, then it is known that
ATA) = ATX, E(6 ) =6, and Var( ) = 0?(ATA)~!. Noting from
equation (35) that

o~

F(€10) = (522)% exp{—Ls (€ — A || + (ATA®B —6),0 -6 ))},

and applying Bayes’ theorem, we get as the posterior distribution of 6

o~

F(01€) = (2m) 7% (det[ AT A])2 exp{—2(HATA0 -6 ),0 -8 )}.

If supplementary information in mean, ¢, and variance-covariance
matrix, D, is now incorporated, then the (informative) Good-Bernardo-
Zellner prior is given by

—_m
2

75(0) = (27) % (det[D]) "2 exp{—3 (D' (6 — ¢),6 — )}

The posterior distribution is now

m
2

F(6€) = (2m)~ % (det[B])2
X exp{_%w[a — ((DB) e+ LB71AT A )],

60— (DB) e+ U%B_lATAg))},

where B= D1 + %ATA.

7 Summary and conclusions

We have presented, in a unified framework, a number of well-known
methods that maximize a criterion functional to obtain non-informative
and informative priors. Our general procedure is, by itself, capable of
dealing with a range of interesting issues in Bayesian analysis. However,
in this paper, we have limited our attention to Good-Bernardo-Zellner’s
priors as well as their application to some Bayesian inference problems,
including the Kalman filter and the Normal linear model.

There exist priors for which Shannon-Jaynes entropy becomes infi-
nite. In order to overcome this difficulty we proposed discounted en-
tropy. We introduced Good-Bernardo-Zellner’s controlled priors which
maximize discounted entropy at a constant rate. Throughout the paper,
we have emphasized the existence and uniqueness of the solutions of the
corresponding variational and optimal control problems. There are, of
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course, many other members of the class A that deserve much more at-
tention than that we have attempted here. Needless to say, more work
will be required in this direction. Results will be reported elsewhere.
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