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Preface

This book is an expanded up-to-date version of our Lecture Notes in Statis-
tics monograph entitled Conditionally Specified Distributions. Chapters
in that monograph have been edited, expanded, and brought up-to-date
(1998).

The concept of conditional specification of distributions is not new but,
except in normal families, it has not been well developed in the litera-
ture. Computational difficulties undoubtedly hindered or discouraged de-
velopments in this direction. However, such roadblocks are of diminished
importance today. Questions of compatibility of conditional and marginal
specifications of distributions are of fundamental importance in modeling
scenarios. Such issues are carefully analyzed in this book. Building on a
normal conditionals model, which dates back at least to Bhattacharyya
(1943), a broad spectrum of conditionally specified models is developed.
Models with conditionals in exponential families are particularly tractable
and provide useful models in a broad variety of settings.

Chapter 1 covers basic results on characterization of compatibility of
conditional distributions and uniqueness of the corresponding joint distri-
bution in a variety of settings. In addition, important functional equation
results are presented. These prove to be basic tools in subsequent develop-
ment of families of distributions with conditionals in specified parametric
families. Chapter 2 is focussed on the finite discrete case. In it, a variety of
compatibility and near-compatibility results are described.

Especially in Bayesian prior elicitation contexts, inconsistent conditional
specifications are to be expected. In such situations, interest will center on
most nearly compatible distributions. That is, distributions whose condi-
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tionals differ minimally from those given by the informed expert providing
prior information. Progress in this area is also discussed in Chapter 2.

Chapter 3 includes a careful development of the normal conditionals
model. Chapter 4 treats conditionals in prescribed exponential familes. A
spectrum of conditionally specified distributions not involving exponential
families is studied in Chapter 5. Chapter 6 focusses on the utility of certain
improper conditionally specified models which appear to have predictive
utility despite their failure to qualify as genuine joint distributions. The
situation here is somewhat analogous to cases in which Bayesians fearlessly
use nonintegrable priors and density estimators use estimates which are
sometimes negative to estimate positive quantities. Chapter 7 discusses dis-
tributional characterizations involving a mixture of regression assumptions
and conditional specifications. In certain circumstances such a mixture of
assumptions might well describe a researcher’s views on the nature of the
joint distribution and it is of interest to determine what classes of dis-
tributions are determined by such assumptions. Much of the material in
Chapters 1-7 can be extended to higher dimensions, at a price of increased
notational complexity. Details of such extensions are provided in Chapter 8.
In addition, certain characterizations of classical multivariate distributions
via conditional specification are described.

Inference procedures for conditionally specified models require creativ-
ity and/or computer intensive approaches. Nevertheless, relatively efficient
straightforward approaches are possible in some cases. Estimation tech-
niques, both classical and Bayesian, are discussed in Chapter 9. Conditional
specification provides a broad spectrum of feasible multivariate models.
Appropriate inferential techniques for these models require considerable
further development. There are still many open questions.

Simulations for conditionally specified distributions provide a tailor-made
scenario for use of the Gibbs sampler. Discussion of this and other relevant
material on simulation is gathered in Appendix A.

In Chapter 10, we discuss the general problem of specifying a multivariate
distribution using marginal and/or conditional densities. Compatibility and
uniqueness issues here are necessarily somewhat more complicated than
they are in two dimensions.

There are several alternative conditional specification routes that can
be considered. The conditional density approach has been most commonly
studied; but, for example, in reliability contexts, conditional survival func-
tion specification might be more appropriate. This and related models are
surveyed in Chapter 11. In Chapter 12, models for bivariate extremes are
discussed.

Conditionally specified distributions can often play roles as natural flexi-
ble conjugate prior families in many standard data analysis settings. In this
context, the availability of the Gibbs sampler is particularly convenient in
allowing easy simulations of posterior distributions. The development of
such flexible informative multiparameter priors is documented in detail in
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Chapter 13. The relationship between conditionally specified models and
simultaneous equations models is discussed in Chapter 14. Chapter 15 is
somewhat unstructured, containing as it does, a collection of conditional
specification topics that are either only partially developed or just didn’t
seem to fit in elsewhere.

In some sections of this book, ample references are given. The absence
of references in a particular section sometimes indicates that the material
is appearing for the first time. At other times the material may be a close
paraphrase of earlier papers of the authors and references are not explicitly
given. At the end of each chapter we provide brief bibliographic commen-
taries to help the reader put the material in context and to provide access
to references for further reading.

We are grateful to the University of Cantabria, the University of Castilla-
La Mancha, and to the Spanish CICYT for financial assistance during the
past seven years that we have worked in this area. Special thanks are given
to Iberdrola and José Antonio Garrido for their finantial support.

Several years ago, after hearing one of the authors give an introductory
talk on conditionally specified models, Mike Hidiroglou came up and said:

“Well, you seem to have found a nice sand-box to play in.”

He was right. We invite you to join us.

August 1999 Riverside, Barry C. Arnold
Santander, Enrique Castillo
Santander, José Maria Sarabia
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1

Conditional Specification:
Concepts and Theorems

1.1 Why Conditional Specified Models?

In efforts to specify bivariate probability models, the researcher is fre-
quently hindered by an inability to visualize the implications of assuming
that a given bivariate family of densities will contain a member which will
adequately describe the given phenomenon. We contend that it is often
easier to visualize conditional densities or features of conditional densities
than marginal or joint densities. Thus to cite a classical example, it is not
unreasonable to visualize that in some human population, the distribution
of heights for a given weight will be unimodal with the mode of the con-
ditional distribution varying monotonically with weight. Similarly, we may
visualize a unimodal distribution of weights for a given height, this time
with the mode varying monotonically with the height. It is not as easy to
visualize features of the appropriate joint distribution; unless we blindly
follow Galton’s assertion that a unimodal bivariate distribution with ellip-
tical contours is clearly appropriate. Actually, for some of Galton’s data
sets, the elliptical nature of the contours is far from self-evident. The point
is that, even for the height-weight data, an assumption of normality for
both sets of conditional distributions might be the most we could justify.
As we shall see, such normal conditionals distributions comprise a flexible
family which subsumes and extends the classical bivariate normal model.
In this book, we will study the concept of conditional specification of joint
densities. We consider questions of compatibility and near compatibility of
given families of conditional distributions. We also consider cases in which
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conditional densities are only assumed to be known to belong to specified
parametric families (as in the height-weight example above). The models
thus derived are called conditionally specified models. We discuss aspects
of their distributions and address the issues of parametric estimation and
simulation for such models.

Before embarking on this study, we will make a few brief comments on
alternative methods of specifying joint distributions. In addition, we will
trace a few historical precedents for the study of conditionally specified
distributions.

1.2 How May One Specify a
Bivariate Distribution?

Let (X,Y) be a two-dimensional random variable. Clearly its probabilistic
behavior for most purposes is adequately specified by knowledge of its joint
distribution function

Fxy(r,y)=P(X <z,Y <y); z,y€R. (1.1)

Naturally for Fx y(z,y) to be a legitimate distribution, it must be mono-
tone in z and in y, must satisfy F(—oo,y) = 0, F(z, —c0) = 0, F(00,0) =
1, and must assign nonnegative mass to every rectangle in R2 At a very
basic level the distribution of (X,Y") will be determined by identifying the
probability space on which X and Y are defined, say (92, F, P), and ex-
plicitly defining the mappings X :  — R and Y : Q@ — R. Of course, we
usually don’t get down to basics like that very often. More likely we will
specify Fx y(z,y) by defining it in terms of some joint density fx y (z,y)
with respect to some measure on R?. The density fx,y(x,y) is then re-
quired to be nonnegative and integrate to 1. An alternative is to specify a
large number of moments and mixed moments of X and Y. With luck, this
will completely determine Fx y(x,y). More exotic characterization meth-
ods exist but they are often specific to the given form of Fx y(z,y), and
cannot be viewed as general techniques for characterizing bivariate distri-
butions (the key references if one wishes to pursue such matters are Kagan,
Linnik, and Rao (1973), Galambos and Kotz (1978)), Ramachandran and
Lau (1991), and Rao and Shanbhag (1994).

A variety of transforms can be used to characterize F'x y (x,y). The joint
characteristic function

¢X7y(t1,t2) = E(exp[l(th + tQY)]), t1,t2 € IR,, (12)
will uniquely determine Fx y (x,y). The joint Laplace transform

\I’X,y(tl,ﬁg) = E(exp[—(th + tQY)D, ti,t0 > 0, (13)
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will characterize Fx y(x,y)’s corresponding to nonnegative random vari-
ables X and Y. The joint moment generating function, the joint mean
residual life function, and the joint hazard function, when they are well
defined, will all uniquely determine Fx y (z,y).

Knowledge of the marginal distributions F'x (x) and Fy (y) has long been
known to be inadequate to determine F'x y (x,y). A vast array of joint dis-
tributions with given marginals has developed over the years (surveys may
be found in Mardia (1970) and Ord (1972) for example, see also Hutchinson
and Lai (1990)). An extensive up-to-date catalog of discrete multivariate
distributions may be found in Johnson, Kotz, and Balakrishnan (1997).

If we incorporate conditional specification instead of, or together with,
marginal specification the picture brightens. It is sometimes possible to
characterize distributions this way.

First it is clearly enough to know one marginal distribution and the
family of corresponding conditional distributions, i.e., knowledge of Fx ()
and

Fxpy(aly) = P(X < alY =y), (1.4)

for every y, will completely determine the joint distribution of (X,Y’). Ac-
tually in some circumstances we can get away with a little less. Knowledge

of (1.4) and knowledge that X 2y will often characterize Fxy(x,y) (see
Section 15.5).

In reliability contexts other modeling approaches are sometimes used.
The “dynamic construction” prescribes the joint distribution of (X,Y") by
specifying:

(i) the distribution of min(X,Y);

(ii) the probability p(¢), that min(X,Y) = X given that min(X,Y) =
t,t > 0; and

(iii) the conditional distribution of Y given min(X,Y) = X =t and the
conditional distribution of X given min(X,Y) =Y =t¢,t > 0.

For details see Shaked and Shanthikumar (1987).

What if we are given both families of conditional distributions, Fx |y (z|y)
for every possible value y of Y and Fy|x(y|x) for every possible value x
of X7 Provided the families of conditional distributions are compatible,
in a sense to be discussed later in this chapter, and provided a related
Markov process is indecomposable, then indeed these families of conditional
distributions will uniquely determine the joint distribution of (X,Y). A
survey of results related to such characterizations is to be found in Arnold
and Press (1989b). Sections 1.5-1.7 draw heavily on this source.

Perhaps the earliest work in this area was that of Patil (1965). He consid-
ered the discrete case and under a mild regularity condition showed that
the conditional distributions of X given Y and one conditional distribu-
tion of Y given X = xg will uniquely determine the joint distribution of
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(X,Y). As a corollary he concludes that, in the discrete case under a mild
regularity condition, both sets of conditionals will determine the joint dis-
tribution. The next contribution to this area was that of Amemiya (1975),
augmented by Nerlove and Press (1986) (based in part on a working paper
dated 1976). They discussed conditions sufficient for compatibility in the
discrete case. Sufficient conditions in a more general setting were presented
by Gourieroux and Montfort (1979) who also showed by a counterexample
that some regularity conditions were needed to guarantee the uniqueness of
a joint distribution corresponding to given compatible conditionals. Abra-
hams and Thomas (1984) essentially stated the compatibility condition
(Theorem 1.2 in the present work) correctly, but overlooked the possible
lack of uniqueness indicated in Gourieroux and Montfort’s work. A synthe-
sis of their results was presented in Arnold and Press (1989b). They also
dealt with more abstract settings and considered multivariate extensions
of the results.

Rather than specify completely the conditional distributions of X given
Y and of Y given X, we may wish to specify only that these conditional
distributions are members of some well-defined parametric families of dis-
tributions. This is the conditional specification paradigm which is a major
theme of this book. A brief review of early contributions to this area is
provided in the next section.

1.3 Early Work on Conditionally Specified Models

A conditionally specified bivariate distribution is associated with two para-
metric families of distributions F; = {Fi(x;0) : 8 € ©} and Fo = {Fs(y :
7): 7 € T'}. The joint distribution of (X,Y") is required to have the prop-
erty that for each possible value y of Y, the conditional distribution of
X given Y = y is a member of F; with parameter § possibly dependent
on y. In addition, each conditional distribution of Y given X = x must
be a member of Fy for some choice of 7 which may depend on x. One
of the earliest contributions to the study of such models was the work of
Patil (1965). He showed that if every distribution of X given Y = y was a
power series distribution and if every distribution of Y given X = x was
a power series distribution, then the joint distribution was a power series
distribution. Besag (1974), in the context of spatial processes, discussed
conditional specification. Several of the models he introduced reduce in the
bivariate case to models involving conditionals in exponential families to
be discussed in Chapter 4. A major breakthrough, in which the impor-
tant role of functional equations was brought into focus, was provided by
Castillo and Galambos (1987a). They completely characterized the class
of distributions with normal conditionals. Abrahams and Thomas (1984),
Besag (1974), and Bhattacharyya (1943) had actually described normal
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conditionals models with nonlinear regressions but had not attempted to
determine explicitly the class of all distributions with normal conditionals.
Incidently, Brucker (1979) did show that if we require normal conditionals
with linear regression and constant conditional variance, then we are led
to the classical bivariate normal distribution, independently verifying one
of Bhattacharyya’s observations.

Mimicking the work of Castillo and Galambos, Arnold (1987) described
and studied the class of all distributions with Pareto conditionals. Subse-
quently, Arnold and Strauss (1988a) dealt with exponential conditionals.
This was followed by their paper (Arnold and Strauss (1991)) which dis-
cussed conditionals in prescribed exponential families. Chapter 4 is based
on this work which unified and extended several earlier papers. Much of the
material in Chapter 5 is based on a series of papers by Castillo and Sara-
bia using functional equations to treat a variety of conditional specification
models not involving exponential families.

1.4 The Conditional Specification Paradigm

Our goal is to discuss general conditions under which candidate families of
conditional distributions for X given Y and for Y given X are compatible.
When we say they are compatible, we mean that there will exist at least
one joint distribution for (X,Y’) with the given families as its conditional
distributions.

In cases in which compatibility is confirmed the question of the possi-
ble uniqueness of the compatible distribution must be addressed. These
concepts lead naturally to what will be a central focus of this book, the
study of distributions with conditionals in prescribed parametric families.
A pivotal role in the development of such models will be played by a clas-
sical theorem dealing with the solutions of a particular kind of functional
equation (Theorem 1.3 below). It dates back to 1904, though special cases
of it may have been resolved even earlier.

In discussions of the compatibility of families of conditional distributions,
the concepts are most easily described and visualized when densities exist.
In particular, the discussion is most transparent when XY are discrete
and each has only a finite set of possible values. Our discussion begins in
such settings.

1.5 Compatible Conditionals: Finite Discrete Case

Consider X and Y to be discrete random variables with possible values
T1,%2,...,2x7 and y1,¥ya, ..., Y, respectively. A putative conditional model
for the joint distribution of (X, Y") can be associated with two I x J matrices
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A and B with elements a;; and b;;. It is assumed that the a;;’s and b;;’s
are nonnegative. Our question is: What further conditions must A and B
satisfy in order that there might exist a random vector (X,Y’) with the
property that Vi, j

a;; = P(X = zY =y;) (1.5)

and
bij = P(Y = yle = {EZ)r? (16)

In addition we may address the question of the possible uniqueness of the
distribution of (X,Y") satisfying (1.5) and (1.6). Two obvious constraints
that we must require are

I
Zaij = 1, V], (17)
i=1

and
J
> by =1, Vi (1.8)
=1
Another obvious constraint is that A and B must have a common incidence
set.

Definition 1.1 (Incidence set of a matrix). Given a matrix A the set
{(i,7) : a;; > 0} is called the incidence set of A and is denoted by N4. O

If a bivariate random variable (X,Y) is to exist with conditionals (1.5)
and (1.6) then its corresponding marginal distributions will be severely
constrained. Let us introduce the following notation for these marginal
distributions, if they exist,

n=PX=u1), i=12...,1, (1.9)

n=PY =y;), j=12...,J. (1.10)

Since P(X = x;,Y = y;) can be written in two ways by conditioning on
either X or Y, A, B,7, and 1 must satisfy

Tibij = njai;, Vi,j € N4 (1.11)
These observations lead immediately to the following theorem:
Theorem 1.1 A and B, satisfying (1.7) and (1.8), are compatible iff:
(i) N4 = NB = N say; and
(ii) there exist vectors u and v of appropriate dimensions for which

Cij = aij/bij = U;Vj, V(Z,j) € N. (112)
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Proof. If A and B are compatible, then from (1.11) we have ¢;; = 7;/n;
so (1.12) holds. Conversely, if (1.12) holds, an appropriate choice for 7 is

provided by 7; = u;/ 25:1 u; and an appropriate choice for 7 is provided
-1 Jooo -1
by nj =7/ X vy =

Note that the condition (1.12) is intimately related to the concept of
quasi-independence as encountered in the study of contingency tables. It
is convenient to define an I x J matrix C' with elements ¢;; = a;;/b;j
when (4, j) € N and with ¢;; = 0 when (4,5) ¢ N. To get a feeling for the
implications of the theorem, the reader is invited to verify that the following
pair of candidate conditionals distribution arrays A, B are compatible:

1/6 0 3/14
A= 0 1/4 4/14 ], (1.13)
5/6 3/4 7/14

1/4 0  3/4
B=| 0 1/3 2/3|. (1.14)
5/18 6/18 7/18

Acceptable choices for u and v are provided by u = (8,12,36) and v =
(%, %, %) If B is replaced by B, as follows,

3/4 0 1/4

0 1/3  2/3 |, (1.15)
5/18 6/18 7/18

B

then we may verify that A and B, (1.13) and (1.15), are not compati-
ble. Note that in order to show incompatibility, i.e., that (1.12) fails, it is
enough to identify a “rectangle” of four nonzero entries in C' = (¢;;), say
Ciy,515 Civ,j2s Cia,j1s Cig,ja>s for which

Ciy,j1Cizja 7é Ciy,j2Ciz,j1+

If all entries in A and B are positive so that ¢;; > 0,Vi =1,2,...,1, and
j=1,2,...,J, then the condition for compatibility is simply expressible
as
.. = Ci.Cy, V(Z7.])7

where ¢;. = Zj Cij,cj = ¢Cjand c. =), Zj Cij-

In Section 2.2 we will catalog a variety of alternative compatibility spec-
ifications in the finite discrete case. In addition, in that section we will
discuss “approximately” or “almost” compatible cases. For the moment,
we will stick with the compatibility criterion provided in Theorem 1.1 and
move on to consider cases where X and Y no longer have a finite list of
possible values.

CijC
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1.6 Compatibility in More General Settings

When we relax the condition that (X,Y) be discrete random variables
with only a finite number of possible values, most of our observations of
Section 1.4 will carry over with only notational changes. The only compli-
cating factor is that, whereas in the finite case we could sum over rows and
columns without concern, now we may need to postulate suitable summa-
bility and /or integrability conditions to justify such operations. We assume
that (X,Y") is a random vector which is absolutely continuous with respect
to some product measure f11 X g on S(X) x S(Y) where S(X) (respectively
S(Y)) denotes the support of X(Y). Note that this allows one variable
to be discrete and the other continuous, an important special case. The
joint, marginal, and conditional densities of X and Y will be denoted by
fxy (@), fx (@), fr (y), fx)v(z|y), and fy|x (y|z). The support sets S(X)
and S(Y) can be finite, countable, or uncountable.

We will denote the families of candidate conditional densities (with re-
spect to pup and ps) by

a(xay):fX\Y(zW)v xES(X)v yES(Y), (116)

and
b(z,y) = frix(ylz), =€ S5(X), yeSY). (1.17)

It is convenient to introduce the notation
No ={(z,y) : a(z,y) > 0}, (1.18)

Ny = {(z,y) : b(z,y) > 0}. (1.19)

The discussion in Section 1.4, allows us to immediately enunciate the
appropriate compatibility theorem.

Theorem 1.2 A joint density f(x,y), with a(x,y) and b(x,y) as its con-
ditional densities, will exist iff (i) N, = Ny = N, and (ii) there exist
functions u and v such that for all xz,y € N

a(z,y)/b(x,y) = u(x)v(y), (1.20)
where [ xyu(@) dp(z) < oo. 0

Proof. In order for a(z,y) and b(x, y) to be compatible, suitable marginal
densities f(z) and g(y) must exist. Clearly (1.20) must hold with f(x) x
u(z) and g(y) o< 1/v(y). The condition [w(z) dui(z) < oo is equivalent
(via Tonelli’s theorem) to the condition [[1/v(y)] du2(y) < co and only
one needs to be checked in practice. These integrability conditions reflect
the fact that the marginal densities must be integrable and indeed must
integrate to 1. O
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An example of the application of Theorem 1.2 follows. Consider the fol-
lowing candidate family of conditional densities (with respect to Lebesgue
measure):

fxiy(zly) = a(z,y) = (y +2)e" T2 I(z > 0),

and
Frix@le) =b(z,y) = (z +3)e” @ I(y > 0).

Here S(X) = S(Y) = (0,00) and to confirm compatibility we must verify
that (1.20) holds. In this example we have

a(e,y)  (y+2)e 42
bay)  (at3)e @

() (22)

and clearly (1.20) holds with
u(w) = e /(x +3)

and
v(y) = (y +2)e.

For this choice of u(z) we have [;~u(z) dz < oo and compatibility of
the two families of conditional densities is confirmed. The marginal density
of X is proportional to u(z). Such densities will be discussed further in
Chapter 4.

The crucial nature of the integrability condition may be seen in the
following simple example in which certain uniform conditional distributions
are candidates. The putative conditional densities are given by

fxiy(@ly) =alz,y) =y 10 <z <y "Iy >0),

and
Fyix(yle) = b(e,y) =2 10 <y <27 H)I(z > 0).
Here S(X) = S(Y) = (0,00) and N = N, = Ny = {(z,y) : = > 0,y >
0,zy < 1}. The ratio
alr,y) _y

b(x,y) =

factors nicely. Unfortunately, the function u(x) = z~! is not integrable

so that the two families are not compatible. No joint distribution exists
with such conditional distributions. This example will be discussed again
in Chapter 6.

Returning to the general Theorem 1.2, if we define ¢(z,y) = a(x,y)/b(z,y)
our goal is to factor this expression into a function of x and a function of y.
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We need to show that for any (z1,z2,y1,y2) with (z1,y1) € N, (z1,y2) €
N, (z2,y1) € N, and (x2,y2) € N we have
c(w1,y1)c(za, y2) = c(z1,y2)c(2, Y1)

Perhaps the simplest situation involves the case in which N is a Cartesian
product S(X) x S(Y) and in which serendipitously c(x, y) is integrable over
S(X) x S(Y) (a condition which may well not obtain even for perfectly
compatible a(x,y) and b(x,y)). In this case we would only check to see if

fs(X) c(z,y) dp(x) fs(y) c(z,y) dpz(y)
fS(X) fS(Y) c(z,y) dpa(z) duz(y)

c(xvy) =

holds for every z € S(X) and y € S(Y). Integrability of c¢(z,y) over N is
equivalent to integrability of both u(x) and v(y). The former u(z) must be
integrable for compatibility, the latter v(y) may well fail to be integrable
and factorization cannot in such cases be verified by simple integration.

If @ and b are compatible, the following straightforward algorithm can
be used to obtain the corresponding joint density of (X,Y):

Algorithm 1.1 (Obtaining a compatible joint distribution of (X,Y")
given the conditionals X|Y and Y|X).

Input. Two conditional probability density functions a(z,y) = fxy (z|y)
and b(z,y) = fy|x(ylz), and an Error.

Output. The corresponding compatible Y -marginal density function fy (y)
and the joint probability density function fx y(x,y) or a close alter-
native.

Step 1. Make Errorl =1 and choose an arbitrary Y -marginal probability
density function fo(y).

Step 2. Make fy(y) = fo(y).

Step 3. Calculate the joint density fx v (z,y) using
fX,Y(xvy) = fy(y)a(iﬂ, y)
Step 4. Calculate the X -marginal density fx(x) using

B fxy(z,y)
fx(x) = Toomy Fovo (o) 4

Step 5. Calculate the updated Y -marginal probability density function fo(y)
using

foly) = /S P )
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Step 6. Calculate the error by

Errorl = /S(Y) |fy (y) — fo(y)| dy.

Step 7. If Errorl > Error, go to Step 2; otherwise return the marginal
probability density fo(y) and the joint probability density function
fxy(z,y) and exit.

1.7 Uniqueness

Once we have determined that a(x,y) and b(z,y) are compatible, we may
reasonably ask whether the associated joint density fx y(x,y) is unique.
A negative answer is sometimes appropriate. Perhaps the most transpar-
ent case in which nonuniqueness occurs is the following. Focus on discrete
random variables (X,Y’) with Sx = Sy = {0,1,2,...}. Now consider the
family of conditional densities.

1; =Y,

a(@,y) = b(z,y) = { 0, otherwise. (1.21)
Thus we are postulating X = Y with probability 1. Evidently (1.21) de-
scribes compatible conditionals but there is no uniqueness in sight. Any
marginal distribution for X may be paired with such a family of conditional
distributions. The corresponding family of joint distributions for (X,Y)
with conditionals given by (1.21) is

. . pi, i=7=0,1,2,...,
P(X—Z,Y—])—{O7 i g, (1.22)
in which {po,p1,...} is any sequence of positive numbers summing to 1.

Necessary and sufficient conditions for uniqueness may be described by
recasting the problem in a Markov chain setting. Suppose (X,Y’) is abso-
lutely continuous with respect to py X pe with supports S(X) and S(Y).
Suppose that a(z,y) and b(x,y) (defined by (1.16) and (1.17)) are compat-
ible with a marginal density 7(x) for X. When is 7(z) unique? Define a
stochastic kernel ba by

ba(z]z) = / oz, 9)b(z.y) dpa(y). (1.23)
S(Y)

Now consider a Markov chain with state space S(X) and transition kernel
ba. For such a chain, 7 is a stationary distribution. It will be unique iff
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the chain is indecomposable. Note that the chain associated with a and b
defined by (1.21) is far from being indecomposable! One situation in which
indecomposability (and hence uniqueness) is readily verified corresponds
to the case in which N, = N, = S(X) x S(Y) (in such a case ba(z|z) > 0
for every z and z).

1.8 Conditionals in Prescribed Families

With the question of compatibility now completely resolved, it is time to
turn to a related but clearly distinct question regarding conditional specifi-
cation of bivariate distributions. We may conveniently recall the motivating
example described in Chapter 1. In that example we asked (i) is it possible
to have a bivariate distribution with X|Y =y ~ normal (u(y),o?(y)), Vy
and Y|X =z ~ normal (v(z),72%(x)), Va, and (ii) if such models exist, can
we characterize the complete class of such distributions? In this scenario,
the conditional densities of X given Y are required only to belong to some
parametric family and the conditionals of Y given X are required only to
belong to some (possibly different) parametric family. Such conditionally
specified distributions, subject of course to compatibility conditions, will
be the major focus of this book.

Consider a k-parameter family of densities on R with respect to py
denoted by {fi(z;0) : § € ©} where © C R*. Consider a possible dif-
ferent /-parameter family of densities on IR with respect to us denoted by
{f2(y;7) : 7 € T} where T C R. We are interested in all possible bivariate
distributions which have all conditionals of X given Y in the family f; and
all conditionals of Y given X in the family fo. Thus we demand that

fX\Y(xly) :fl(x;Q(y)), V‘TES(X)7 yES(Y)7 (1'24)
and

frix(yle) = foly;z(x)), Vo e S(X), ye S(Y). (1.25)
If (1.24) and (1.25) are to hold, then there must exist marginal distributions
for X and Y denoted by fx(z) and fy (y) such that

FyW)fi(z:0() = fx (@) f2(y; m(2), Vo e S(X), yeSY). (1.26)

Whether such a functional equation can be solved for 6(y) and z(z) de-
pends crucially on the nature of the known functions f; and fs. In many
cases no solution is possible. Even in those cases in which nontrivial solu-
tions are found we must be careful to check whether the resulting solutions
correspond to valid (i.e., nonnegative and integrable) joint densities.

A remarkable number of families of conditional densities are expressible
in the form

k
f(x:0) = ¢ (Z 7;(@@) ., zeSX), (1.27)
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where ¢ is invertible. For example, multiparameter exponential families are
of this form, as are Cauchy distributions. If we are dealing with conditionals
from a family such as (1.27) then, quite often, the problem can be solved. An
important tool in obtaining the solution is the following theorem presented
in a form due to Aczél (1966) (see also Castillo and Ruiz-Cobo (1992)).
The basic idea of the theorem can be traced back to Stephanos (1904),
Levi-Civita (1913), and Suto (1914).

Theorem 1.3 All solutions of the equation
ka(x)gk(y) =0, z ¢ S(X)7 y e S(Y)a (128)
k=1

can be written in the form

M fi(z) 7] a1 a2z -+ Qir ¢1(z)
fal@) | _ Jaar a2 - az | | ¢2(x)
—fn(x)— Ldn1 AGp2 - App d’r(I)
(1.29)
(91(¥)] [t bips2 o b [¥rta(y)
92(y) | _ | b2rs1 baryz e bon || Wiga(y)
—gn(y) - L bnr+1 bnr+2 e bnn \Ijn (y)
where 1 is an integer between 0 and n, and ¢1(x), p2(x), ..., dr(x) on the
one hand and U, 1(x), V,i0(x),..., U, (z) on the other are arbitrary sys-

tems of mutually linearly independent functions and the constants a;; and
bi;j satisfy

aiy A1 v Gpl bir41 birg2 - bin
a2 aa  cc Gp2 barg1 barq2 oo bon | _ 0 (1.30)
iy 5,73 e Anpyr bnr+1 bnr+2 et bnn

O

Two simple and straightforward consequences of the Aczél theorem are
of sufficient utility to merit separate listing.

Theorem 1.4 All solutions of the equation
D fil@eiy) = 9;(m)¥5(x), =€ S(X), yeSY), (1.31)
i=1 j=1

where {¢;}i_y and {¥;}3_, are given systems of mutually linearly indepen-
dent functions, are of the form

(@) = C¥(@) (1.32)
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and

9(y) = Do(y) (1.33)
where D = C". |
Proof. Take A = (é) and B = (_DI) in Theorem 1.3. O

Theorem 1.5 If for some invertible function v we have
g(z,y) = (i filz)di(y))
= 75219 Y;(2), zeSX), yeSY),

where {¢;}i_y and {¥;}3_, are given systems of mutually linearly indepen-
dent functions, then

(1.34)

9(@,y) = (¢ (y)CL()). (1.35)
m

Theorem 1.5 will allow us to completely characterize distributions with
conditionals in given exponential families (Chapters 3 and 4). It will also
yield solutions for Cauchy conditionals, Pareto conditionals, and other non-
exponential family situations (Chapter 5). It must be remarked that, if we
use Theorem 1.5 to identify a joint density, there may be further restriction
necessary on the elements of C' in (1.35) to ensure that the density is non-
negative and integrable. Such conditions are sometimes vexingly difficult
to pin down. The final fly in the ointment involves normalization. The
joint density must integrate to 1. Frequently, as we shall see, Theorem 1.5
easily provides us with conditionally specified densities up to an awkward
normalizing constant. It is possible to simulate data from such distributions
and to estimate parameters without specifically knowing the normalizing
constant, so this does not seriously hamper our use of such conditionally
specified models.

Note that Theorem 1.5 will only be useful in situations in which the sup-
port of the joint density is a Cartesian product, i.e., in which the support
of fx|y(z]y) does not depend on y and that of fy|x(y|x) does not depend
on x. Several of the examples to be discussed in Chapter 5 do not fit this
paradigm. They can be resolved but a generally applicable theorem is lack-
ing and they are handled on a case by case basis. Examples treated include
the uniform conditionals case and the translated exponential conditionals
case.

1.9 An Example

Theorems 1.3, 1.4, and 1.5 are quite general and will be some of our basic
investigative tools, but it goes without saying that in some simple cases they
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are more powerful than necessary. Simpler arguments may well be adequate.
We can illustrate this phenomenon in the exponential conditionals case. In
this situation we assume that for each y > 0, X given Y = y is exponential
with intensity p(y) and for each © > 0, Y given X = z is exponential
with intensity v(z). It follows that, writing the joint density of (X,Y") as
a product of marginal and conditional densities in both possible manners,
we have

Fx(@p(@)e™ DY = fr(yuy)e 7, Yo >0, y>0.  (1.36)

We can of course apply Theorem 1.5 here. First rewrite (1.36) in the form
exp{hi1(z) - 1 —v(z)y} = expiha(y) - 1 — p(y)z}, (1.37)

where hi(z) = log[fx(z)v(z)] and ha(y) = log[fy (y)u(y)]. Clearly (1.37)
is of the form (1.34) so that Theorem 1.5 can be applied. The appropri-

ate identification between (1.37) and (1.34) is provided by the following
relations:

yu) = e, rs = 2,
fl(x) = hl(‘r ) ¢1(y) = 1,
f2($> = 1/(37)7 ¢2(y> = Y (138)
a(y) = ha(y), Vi(z) = 1,
9y) = wy), ¥(z) = —=

It then follows from Theorem 1.5 that the joint density must be of the form
fxy(z,y) =exp(ci1 — a1z — c12y + cooxy)I(xz > 0)I(y > 0),  (1.39)

subject to appropriate constraints on the ¢;;’s. We will (Section 4.4) meet
this density again with a slightly different parametrization. Specifically, it
will be written

Ixy(z,y) = exp(moo — miox — mo1y + muxy)I(x > 0)I(y > 0).

The same result could, in this case, have been obtained by more elemen-
tary means. Merely take logarithms on both sides of (1.36) and apply a
differencing argument with respect to x and y (mimicking a differentiation
argument without assuming differentiability). From this it follows that

wy) = ay + B

and
v(z) = ax + Ba.

We may then plug this back into (1.36) and conclude that

Ix(z) o (az + f2) " te 1o,
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From this it follows that

Ixy(z,y) < exp [—(Brz + Poy + axy)] I(x > 0)I(y > 0)

which is equivalent to (1.39). In order for (1.39) to be integrable over the
positive quadrant we must have miyp > 0 and mg; > 0. For the same rea-
son, we must have my; < 0 (the case m;; = 0 corresponds to independent
marginals). Once myg, mo1, and mq; are fixed, mog is completely deter-
mined by the requirement that the joint density integrates to 1. Specifically,
we have

1 o -t
moo = log [/ e " <1 + m11u> du] . (1.40)
mi10Mmo1 Jo miommo1

This can be evaluated numerically or, via a change of variable, can be
expressed in terms of the tabulated exponential integral function. It is
a classic instance of the kinds of awkward normalizing constants to be
encountered when distributions are conditionally specified.

1.10 Bibliographic Notes

The material in Sections 1.5, 1.6, and 1.7 draws heavily on Arnold and
Press (1989a). Versions of the general theorems in Section 1.8 were used in
several papers by Castillo and Sarabia (1990a, 1990b, 1991). Section 1.9 is
based in part on Arnold and Strauss (1988a).

Exercises

1.1 Using Theorem 1.3, obtain the most general solution of the following
functional equations, where f;(z) and g;(x),i = 1,2,3, are unknown
functions:

(a) fi(x)y+ fa(x)y® + f3(x)y® = zg1(y) + 2% g2(y) + z3g3(y).

(b) fi(z)logy+ fo(x)log(1+y) + f3(x) = g1(y)log z + ga(y) log(1 +
) + g3(y).

(¢) fi(z) +xfi(z)g2(y) = g1(y) +yg1(y) f2(2).

1.2 Find the most general surface of the form z = z(z,y) such that
its cross sections with planes z = 0 and y = 0 are second-order
polynomials, that is,

2(x,y) = a(y)z® + b(y)z + c(y),
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and
2(z,y) = d(x)y* + e(x)y + f(2).

Obtain the most general expression for z = z(z,y) and plot some
examples.

(Castillo and Ruiz-Cobo (1992).)

Let (X,Y) be a bivariate random variable with joint pdf f(z,y).
Let f(z|y) and f(y|z) be the conditional densities f(z|y) of X given
Y =y, and Y given X = =z, respectively.

Prove that:

(a) If f(zoly) > 0 for all y, then

f(xly) f(ylzo)
f(zoly)

(b) A sufficient condition for f(z|y) and f(y|z) to be compatible
with a joint density for (X,Y") is that

f(z2]y) f(y|z1)
f(@1ly) f(ylz2)

does not depend on y for any choice of (x1, x2) such that z1 # z5.

f(z,y) o<

The equation

la1(2)y + b1(x)]cl(x) = [az(y)x + bg(y)]CQ(y) ’

where a1 (z), bi(z), c1(x), az(y), ba(y), and ca(y) are the unknown
functions, y > —by(z)/a1(x) and & > —ba(y)/a2(y), and the func-
tions a1 (z), a2(y), c1(x), and ca(y) are positive, is known as the
Castillo-Galambos functional equation. Solve this functional equa-
tion, assuming that

=
~—

1 (33
a1 (x
ba(y
as(y

lim
Tr— 00

< 00,

~—

lim

Yy—oo

<.

~—

(Castillo and Galambos (1987b).)

Solve the functional equation,

a1(y) + Ay)a™ W) = ag(x) + Ba(a)y?™),

where «;(z), Bi(z), and v;(x) are unknown functions.
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Exact and Near Compatibility
in Distributions with Finite
Support Sets

2.1 Introduction

In the finite discrete case, a variety of compatibility conditions can be
derived. Such conditions provide a spectrum of alternative ways of mea-
suring discrepancy between incompatible conditionals. In addition, they
suggests alternative ways in which most nearly compatible distributions
can be defined in incompatible cases. A related concept of e-compatibility
arises naturally in the discussion of incompatible cases.

2.2 Review and Extensions of
Compatibility Results

We are interested in discrete random variables X and Y with possible val-
ues x1, T2, ..., oy and y1,Yo, ...,y , respectively. A candidate conditional
model for the joint distribution of (X,Y") consists of I x J matrices A and
B with nonnegative elements in which A has columns which sum to 1 and
B has rows which sum to 1.

A and B form a compatible conditional specification for the distribution
of (X,Y) if there exists some I x J matrix P with nonnegative entries p;;

and with Zle Z}‘le pi; = 1 such that for every i, j

aij = Ppij/p.j
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and
bij = pij/pi.,

J I
where p;. =3 5 pij and pj = > i, pij-
If such a matrix P exists then, if we assume that

pij =P X=z,Y=y;), i=12,....1, j=12,...,J
we will have

a; =PX=xY =y;), i=12,....,I, j=12,...,J
and

by =P(Y =y|X =a;), i=12...,1, j=12...J

Definition 2.1 (Compatible conditional probability matrices). Two
conditional probability matrices A and B are compatible if there exists a
joint distribution (i.e., P as described above) which has the columns and
rows, respectively, of A and B as its conditional distributions. O

As in Chapter 1, denote the incidence set of a matrix A by N4 (i.e.,
NA ={(i,5) : a;j > 0}).

As remarked earlier, compatibility of A and B can only occur if N4 =
NB. We will always assume that each row and each column of A (and B)
contains at least one positive element (otherwise we would redefine the list
of possible values to leave out the zero rows and/or columns). Our first
characterization of compatibility was given in Theorem 1.1: A and B are
compatible iff they have identical incidence sets and if there exist vectors
u and v for which

Cij = aij/bij = Uiy, V(Z,]) S NA. (21)

Equivalently, and perhaps more transparently, A and B are compatible
if they have identical incidence sets and if there exist stochastic vectors

7= (1,72,...,77) and n = (n1,72,...,17)

such that
njaij = Tibij, VZ,] (2.2)

In the case of compatibility, 7 and 1 can be readily interpreted as the
resulting marginal distributions of X and Y, respectively.

In discussing alternative compatibility criteria, it is convenient to first
consider the case where all elements of A and B are positive before consid-

ering more general cases.
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2.2.1 Compatibility of Positive Conditional Probability
Matrices

If all the elements of A and B are positive, conditions (2.1) and (2.2) can
be related to the concepts of cross-product ratios and uniform marginal
representations.

Definition 2.2 (Cross-product ratio of a 2 x 2 matrix). The cross-
product ratio of a 2 x 2 matrix D = (d;;) with positive elements is defined
to be

di1daa/diada; . (2.3)
O

Definition 2.3 (Cross-product ratios of a I x J matrix). The set
of cross-product ratios of a nonnegative I x J matrix A consists of the
cross-product ratios associated with all positive 2 x 2 submatrices of the

form
(ailh Qiy o ) (24)
Qigjr  Qiggo
where 1 <141 <ip <Tand 1< j; < jg < J. O

It is evident that if (2.2) holds (with a;; > 0,V4%,j) then every cross-
product ratio of A will be equal to the corresponding cross-product ratio of
B. Conversely, equating of the cross-product ratios guarantees the existence
of vectors 7 and 7 such that (2.2) holds.

Cross-product ratios essentially reflect and describe the dependence struc-
ture of a joint distribution or of a contingency table, or more generally, of
a matrix with nonnegative elements. Mosteller (1968) introduced the con-
cept of a uniform marginal representation of a contingency table to separate
marginal information from dependence structure information in such tables.
The concept is meaningful for any matrix with nonnegative elements.

Definition 2.4 (Uniform marginal representation of a matrix).

Given an I x J matrix with nonnegative elements (with at least one pos-
itive element in each row and column), we iteratively normalize rows and
columns to have sums 1/I and 1/.J, respectively, until the procedure con-
verges. The limiting matrix is called the uniform marginal representation
(UMR) of the original matrix. a

It is possible to interpret the UMR of a matrix P with nonnegative ele-
ments which sum to 1, as that matrix ) with nonnegative elements which
sum to 1 and with uniform marginals, which is closest to P in terms of min-
imal Kullback-Leibler information distance (see, e.g., Arnold and Gokhale
(1994)). This distance measure will be useful in our further discussion of
compatibility.



22 2. Exact and Near Compatibility

Definition 2.5 (Kullback-Leibler information pseudo-distance).
Given two matrices P and @, the Kullback-Leibler information distance
between them is defined as

I(Q,P) = ZZ% log(qsj/pij)- (2.5)

O

The following algorithm gives the UMR matrix associated with a given
nonnegative matrix A.

Algorithm 2.1 (Obtaining the UMR matrix).
Input. A matriz A;« 5 and an Error.

Output. The corresponding UMR matrix.

Step 1. Make Errorl = 1.

Step 2. If Errorl > Error, make B = A and go to Step 3; otherwise
return matriz A and ezit.

J
Step 3. Calculate i-marginals by s; = > a;j, i=1,...,1.
j=1

Step 4. Normalize rows: a;; = a;;/(Is;), i=1,....1, j=1,...,J.
I
Step 5. Calculate j-marginals by t; = > a;5, j=1,...,J.
i=1
Step 6. Normalize columns: a;; = a;;/(Jt;), i=1,...,1, j=1,...,J.
Step 7. Calculate Errorl =3, . |ai; — bij| and go to Step 2. O

It is evident from the defining algorithm for the UMR representation
that the UMR representation of A will have the same cross-product ratios
as A. Consequently, two matrices have the same UMRs if and only if they
have identical cross-product ratios. These observations are summarized in
the following theorem:

Theorem 2.1 (Compatibility of conditional probability matrices).
(Arnold and Gokhale (1994)). Suppose that A and B contain only positive
elements, then the following statements are equivalent:

(i) A and B are compatible.

(ii) For every 2 x 2 subtable of A and the corresponding subtable of B,
the cross-product ratios are equal.

(#ii) A and B have identical uniform marginal representations. a
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It is evident that if two conditional matrices are compatibles their UMR
matrices and the UMR of the compatible joint probability distribution P
coincide.

Example 2.1 (A compatible case). As an illustration consider two
candidate conditional matrices A and B as follows:

1/7 1/4 3/7 1)7
A=|2/7 172 177 2/7 (2.6)
4/7 1/4 37 47

and
1/6 1/6 1/2 1/6
B=|2/7 2/71 1/7 2/7]. (2.7)
1/3 1/12 1/4 1/3

To determine compatibility we could compute the cross-product ratios of
all 2 x 2 subtables of A and B. For example, the cross-product ratios corre-

11 2 1
sponding to the upper left 2x 2 subtables of A and B are (7 . 2) / (7 . 4)
1 2 2 1 .
and (6 7 / ) both cases equal to 1. The other 17 cross-

product ratios of A and B are also equal. Instead of considering such cross-
product ratios, we can check for consistency by computing the UMRs of A
and B. By successive row and column renormalizations a common UMR
for A and B may be found; namely

0.05478 0.08188 0.14190 0.05478
UMR(A) = UMR(B) = | 0.08489 0.12690 0.03665 0.08489 | . (2.8)
0.11030 0.04123 0.07145 0.11030

Thus, compatibility of A and B given in (2.6) and (2.7) is assured. O

It is not essential that A and B contain only positive elements for The-
orem 2.1 to hold. However, some restrictions on the common incidence set
of A and B are necessary.

Example 2.2 (Counterexample). Consider

1/2 1/2 0
A= 0 1/2 1/2 (2.9)
1/2 0 1/2
and
1/3 2/3 0
B = 0 1/3 2/3]. (2.10)

1/3 0 2/3
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It may be verified that A and B have equal cross-product ratios (there
are no positive 2 x 2 submatrices) but they do not have identical uniform
marginal representations, thus A and B are not compatible. m|

It is evident that the array of cross-product ratios of a positive I x J
matrix contains a considerable amount of redundant information. The basic
cross-product ratio information of a matrix A with positive elements can
be summarized in the form of the cross-product ratio matrix.

Definition 2.6 (Cross-product ratio matrix). The F;_1)y(s—1) ma-
trix with elements

fi= T G T, j=1,...,0 1, (2.11)
a;jag;
is called the cross-product ratio matrix corresponding to A. O

An alternative specification of compatibility of two conditional distri-
butions A and B with all elements positive is then possible, in terms of
equality of their corresponding cross-product ratio matrices. Indeed, this
may be the simplest criterion to check.

Example 2.3 (Checking compatibility by means of cross-product
ratio matrices). If

1/5 2/7 3/8
A=|3/5 2/7 1/8 (2.12)
1/5 3/7 12

and
1/6 1/3 1/2
B={(1/2 1/3 1/6 ], (2.13)
1/8 3/8 1/2

compatibility is assured since both A and B share the common cross-

product ratio matrix
_(4/3 8/9
F= ( 12 8/3> . (2.14)

O

2.2.2  Compatibility of General Conditional Probability
Matrices
To determine whether A and B (no longer assumed to have all elements

positive) are compatible it is helpful to go back to the original definition.
They will be compatible if there exists a joint distribution P which has A
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and B as its corresponding conditionals, i.e., such that, for every (i,7) €
N(= N4 = NB),

Pij = Qij Zpij (2.15)
i

and
Pij = bi; > Dij- (2.16)
J

Thus we are seeking solutions to linear equations. Additional constraints
that must be invoked are

and

Z Zpij =1 (2.18)

i=1j=1

Equation (2.18) is just one more linear equation to add to the list. The
constraint (2.17) is a lot more troublesome. A solution to (2.15), (2.16),
and (2.18) will be of no use to us unless it is nonnegative.

There are two other ways in which we can describe our search for a
compatible P in terms of linear equations subject to inequality constraints.
It seems redundant to list three ways at this juncture, but as we shall see,
all three ways will prove to be useful in noncompatibility cases when we, in
some sense, try to identify an “almost” compatible P. The second method
is based on the observation that if we could find compatible marginals we
could, using A and B, readily obtain P. The third method is based on the
fact that we really only need to find one compatible marginal, say that
corresponding to the random variable X. It combined with B will give us
P.

The three methods to determine compatibility may be summarized as
follows:

Method 1. Seek one probability matrix P satisfying

1
Pij — aij > pij =0, Vi,j,
i=1

pij — bij 22 pi; =0, Vi, j, (2.19)
j=1
jJ
Z pij =1,
i=1j=1

and
Dij > O, VZ,] (2.20)
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Method II. Seek two probability vectors 7 and 7 satisfying

njaq; — Tibij :Oa Viaj?

I
ZTi:L

i=1 (2.21)
J
n =1,
j=1
and
T > 0, U > 0, VZ,] (2.22)
Method III. Seek one probability vector r satisfying
I
CLij Z kakj — Tibij = 0, Vi,j,
k=1
! 2.23
Z T = 1, ( )
i=1
T Z O, Vi.

In Method I, P is directly sought. In Method II we seek the marginals
which combined with A and B will give us P. In Method III, we seek the
X-marginal 7 which, combined with B, will give us P.

All three methods involve linear equations to be solved subject to non-
negativity constraints.

Method I involves 2|N| 4+ 1 equations in |N| unknowns (here |N| is the
cardinality of the incidence set N4 = NB).

Method II involves | N|+2 equations in I+ .J unknowns while Method III
involves |N| + 1 equations in I unknowns. System (2.23) will probably be
the one we will try to solve in practice since it involves less equations and
less unknowns. Systems (2.19)—(2.20) and (2.21)—(2.22) will be of interest
to us in Section 2.8 in the context of e-compatibility.

To check the existence of solutions and to identify all solutions to systems
of equations under nonnegativity constraints, such as those above, we can
use the following theorems (Castillo, Cobo, Jubete, and Pruneda (1998)).

First we need some definitions.

Definition 2.7 (Cone generated by a matrix). Let A be a real matrix
of dimension m x n. The polyhedral convex cone generated by A, denoted
by m(A), is the set of all vectors in R™ which can be expressed as linear
combinations of the columns of A with nonnegative coefficients. O

Definition 2.8 (Dual or polar cone). Let m be a cone in R™. The
dual or polar cone of 7 is the set

Qr) ={ueR™:'u<0, Vven}.
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In the case in which 7 is the cone generated by A, the dual cone admits a
simple description involving the matrix A. Thus

Q(r(A) ={ueR™: ATu<0}.
O

It can be verified that Q(m(A)) itself is a polyhedral convex cone. It too
can be viewed as a cone generated by some finite set of vectors in R™.
In any cone m, there may be some vectors u such that —u € 7 and some
vectors u such that —u ¢ 7. Consequently, a cone can be represented as
the sum of a linear space and a cone. The polar cone (7(A4)) is thus of
the form

Q(n(A)) = L(V) + m(W), (2.24)

where L(V) is the linear space generated by the columns of an (m x kq)-
dimensional matrix V' and w(W) is the cone generated by the columns of
an (m X kg)-dimensional matrix W. The matrices V' and W that appear in
(2.24) are called the generators of the dual cone Q(7(A)). Details regarding
the construction of the specific matrices V and W appearing in (2.24) may
be found in Castillo et al. (1998).

Theorem 2.2 (Existence of a nonnegative solution in a linear
system). The system,

Czx =a subject to x>0, (2.25)

where C' is a m X n constant matrix, x is a column matriz of n unknowns,
and a s a m column matriz of real numbers, has a solution iff

VTa =0,
WTa<0 (2.26)
where V. and W are the generators of Q(w(C)), the dual or polar cone of the
cone generated by C (i.e., those matrices appearing in the representation

(2.24)). =

Thus, analyzing the compatibility of the system of equations Cx = a
reduces to finding the polar cone Q(m(C)) and checking whether or not
VTg=0and WTa < 0.

We will illustrate the use of this theorem for Method IIT above. In that
situation, the role of x is played by 7, a = (0,...,0,1) and the coefficients
of the matrix C can be identified from (2.23).

Due to the simple structure of a in our application, we need only check
the last component of the dual cone generators, that is, v;, = 0,Vi and
Win < O,V]
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Theorem 2.3 (Solution of a system of linear equations and in-
equalities) Consider a system of linear equations and inequalities. With-
out loss of generality, we can assume that it can be written in the following
form:

Z
T

Q w
A
o o

(2.27)

8

n

where B and C are matrices associated with the equalities and inequalities
of the system. The set X of solutions of (2.27) is

X = {z € QL(B) + 7(C))|an = 1}. (2.28)

This implies that to solve (2.27) we can find first the polar cone Q(L(B)+
w(C)) associated with the first two sets of constraints, and then impose the
condition x,, = 1. O

Example 2.4 (Compatibility using Method IIT). Consider the ma-

trices A and B:
A (1/4 W), (2.29)

3/4 1/2
(13 2/3
po (1325, -
If we use Method III, then the system (2.23) becomes
1/4  -3/20 0
1/3  -1/5 0
~1/4 3/20 |z=]0|; >0 (2.31)
~1/3  1/5 0
1 1 1

According to Theorem 2.2 we need to obtain the generators of the dual
cone Q(w(C)) = L(V) + n(W), which are given in Table 2.1. The reader
interested in the derivation of these generators is referred to Castillo, Cobo,
Jubete, and Pruneda (1998). In general it is not a trivial exercise.

Since the generators V and W do satisfy conditions (2.26), the condi-
tional probability matrices A and B are compatible. O

Example 2.5 (Incompatibility using Method IIT). Consider the ma-

trices A and B:
_(1/4 1/2
A—<3/4 1/2>, (2.32)

_[(1/6 5/6
B= <3/5 2/5). (2.33)



2.2 Review and Extensions of Compatibility Results 29
TABLE 2.1. Generators of the dual cone Q(7(C)) in Example 2.4.
wy Wy U Yy V3
-5/2  5/2 1 4/3 -4/3
0 0 0 0 1
0 0 1 0 0
0 0 0 1 0
-3/8 —5/81] 0 0 0
TABLE 2.2. Generators of the dual cone Q(7(C)) in Example 2.5.
wy Wy vy
16/3  100/9 | 148/9
-4 -10/3 | —22/3
0 0 1
Using again Method III, the system (2.23) becomes
1/8  —3/20 0
5/12  —1/5 0
-1/8 3/20 [rzr=[0], =>0. (2.34)
-5/12  1/5 0
1 1 1

At this stage, if desired, we can remove redundant rows and linearly
dependent rows before proceeding to computing the generators of the dual
cone. For example, we can remove Equations 3 and 4, because they are
exactly the same (sign changed) as Equations 1 and 2, respectively, to
obtain the new system:

1/8 —3/20 0
5/12 -1/5 |r=0], >0 (2.35)
1 1 1

Following Theorem 2.2 we obtain the generators of the dual Q(7x(C*)) =
L(V) + (W), which are given in Table 2.2.

These matrices V' and W do not satisfy (2.26), thus the conditional
probability matrices A and B are incompatible. ]

Example 2.6 (A difficult case). Consider the matrices A and B:

1/2 1/2 0
A= 0 1/2 1/2],
1/2 0 1/2

(2.36)
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TABLE 2.3. Generators of the dual cone Q(7(C)) in Example 2.6.

Ww; Wy W3 | Uy
6 12 12 | 30
-6 6 6 |18
-3 6 -3 |12
0 0 0 1

1/3 2/3 0
B=| 0 1/3 2/3
1/3 0 2/3

We cannot resolve this case using cross-product ratio matrices (there are
no positive 2 x 2 submatrices). However, Method IIT and Theorem 2.2 may
be used without difficulty.

In this case, the system (2.23) becomes

(2.37)

1/6
1/3
0
0
~1/3
0
~1/6
0
0
1

0
~1/6
0
0
1/6
1/3
0
0
~1/3
1

~1/6
0
0
0
0
~1/3
1/6
0
1/3
1

H O OO OO oo oo

(2.38)

which by removing redundant equations can be written as:

1/6
1/3
0
1

The generators of the dual Q(7(C))

0

-1/6

1/3
1

~1/6

0

~1/3 |7
1

_ o O

N
v
1o

(2.39)

L(V)+m(W), where C is the matrix

associated with system (2.39), are given in Table 2.3.
Since V and W do not satisfy (2.26), the conditional probability matrices
A and B are incompatible.

2.3 Near Compatibility

O

Suppose that we are given two families of conditional distributions of X
given Y and of Y given X (i.e., A and B above) which are not compatible.
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How can we measure such incompatibility? And, how can we find a dis-
tribution P that is, in some sense, minimally incompatible with the given
conditional specifications? Such results will be of potential interest in the
context of elicitation of joint prior distributions in Bayesian analysis. In
the case of a two-dimensional parameter 6, the informed expert might give
conditional probabilities for 8; given particular choices of values for 65 and
conditional probabilities for 5 given values of 6;. If our expert is fallible, it
is quite possible that the collection of conditional probabilities thus elicited
might be incompatible. A suitable choice of prior to use in subsequent anal-
ysis might then be that joint distribution f(61,603) that is least at variance
with the given elicited conditional probabilities. More generally, we might
envision obtaining partial or complete conditional specification from more
than one expert. Such information would most likely lack consistency and,
again a minimally discrepant distribution might be sought. The Kullback-
Leibler information function provides a convenient discrepancy measure
in such settings. As we shall see, not only does it provide a discrepancy
measure but, using it, a straightforward algorithm can be described which
will yield the most nearly compatible distribution. We will mention alter-
natives to the Kullback-Leibler measure but, in many ways, it seems the
most attractive choice.

2.4 Minimal Incompatibility in Terms of
Kullback-Leibler Pseudo-Distance

Suppose that A and B, two families of conditional distributions, are not
compatible and perhaps do not even have identical incidence sets. We seek
a probability matrix P with nonnegative entries summing to 1, which has
conditionals as close as possible to those given by A and B. Thus, we are
seeking P = (pi;)1x. with 21‘1:1 ijl pij = 1 and with

Pij/P.j = aij, Vi, ],
and

pij/pi. = bij, Vi, j.

To measure discrepancy between distributions we will use the Kullback-

Leibler information function as a measure of (pseudo) distance. Using it,

it is reasonable to search for a matrix P that will minimize the following
objective function

Zme log < iiPi. ) + XI:ZJ:% log (“;pﬂ> . (2.40)

i=1 j=1 i=1 j=1 ij

Define
D=A+B,
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with elements d;; = a;; + b;;. In order to ensure that a unique minimizing
choice of P exists for the objective function (2.40), it is necessary to make
some assumptions about the incidence set of the matrix D. For example, D
must not be block diagonal. A reasonable requirement that we will assume
is that some power of D, perhaps D itself, have all elements strictly positive.

If we differentiate (2.40) and use a Lagrange multiplier for the constraint

I J .
D oict Zj:1 pij = 1, we may verify:

Theorem 2.4 Denote by P* the choice of P which minimizes (2.40). Then
P* must satisfy the following system of equations:

p—ij—i—p—ij:dij, i=1,2,....1, j=1,2,...,J. (2.41)
b, P

O

It is possible to solve (2.41) using a simple iterative algorithm:

ey dig//p + 105
0, - I J n n)y’
T S Y dy/ e+ 1/p%)

beginning initially with p{) = 1/1J, i = 1,2,...,1, j = 1,2,...,J. The
algorithm (2.42) does appear to usually converge. Indeed it converges quite
rapidly in all examples tried. However, a proof of this convergence is lacking.
Fortunately there is another way to seek the optimal choice P* to minimize
(2.40).

Let P* be the solution to (2.41). Introduce the notation

(2.42)

pT|2(i|j) = p;(j/pikjv
p31 (418) = p3;/pi.-
Now for each i,j we have
Pij2(ild) + p3j1 (G18) = diy.

Thus if d;; # 0, there exist numbers ¢;; and g;;, such that

pT|2(i\j) = dijQ;jlv (2.43)
pap (J11) = dijqjjas (2.44)
where
qul—kqfﬂ:l, i=1,2,...,I, 3=12,...,J, (2.45)
and indeed

qzkjk: € [07 1]a Vivja k.
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In addition, the following relations hold

I I
1= "piili) = dign, j=1.2,....J, (2.46)
=1 =1
and
J J
1= psnGili) = dijafye, i=1,2,...,1. (2.47)
j=1 j=1

We seek an [ x J x 2 array, Q" of nonnegative ¢;;,’s satisfying (2.45),
(2.46), and (2.47).

Visualizing our array as having rows, columns and “stacks,” we see that
(2.47) can be achieved by row normalizations, (2.46) by column normaliza-
tions, and (2.45) by stack normalizations. If we begin with the initial array
4 =0.5 and iteratively apply such row, column, and stack normalizations
we are guaranteed convergence to a unique @* since we are simply using a
variation of the Darroch-Ratcliff (1972) iterative scaling algorithm.

”

Algorithm 2.2 (Obtaining the matrix Q*).

Input. Matrices A and B, of dimension I x J, such that the columns of
A and the rows of B sum to 1, and DesiredErr, the desired error.

Output. Matriz Q*.

Step 1. Calculate D = A+ B.
Step 2. Initialize 4, = 0.5, Vi, j, k, and make TrueErr = DesiredErr.

Step 3. If TrueErr > DesiredErr, then make Tik = Qi V4,0 k, and
go to Step 4. Otherwise, go to Step 8.

*
Step 4. Normalize rows: Qijo = 7 %ij2 , Vi, 7.
> dijq;jQ
j=1
. e ij1 R
Step 5. Normalize columns: ¢;;; = - Vi, J.
> dijq;;
i=1

Step 6. Normalize stacks: qj;;, = qiji/ (551 + @Gj2), Vis j, k.

Step 7. Calculate TrueErr = max G55 — 775 k-
i.J, 7

Step 8. Return matriz Q*. m]
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Arnold and Gokhale (1998c) report that in cases that they have consid-
ered, the determination of P* via the Darroch-Ratcliff determination of Q*
agrees with the determination of P* based on the usually quicker iterative
scheme (2.42). This supports, but of course does not prove, the claim that
the simple scheme (2.42) may be used routinely in practice.

Example 2.7 (Obtaining a nearly compatible probability matrix).
Consider the following candidate arrays A and B:

0.3 03 0.0 0.2
02 01 02 03
A= 05 02 04 04]° (2.48)

0.0 04 04 0.1

02 0.3 04 0.1
05 0.0 0.2 0.3
B=106 01 02 01]" (2.49)

0.0 04 0.6 0.0

It is not difficult to verify that they are incompatible, they do not even
share a common coincidence matrix!

If we write the I x J x 2 array Q* as an I x 2J matrix whose first J
columns give the ¢;;,’s and whose second J columns give the ¢;;5’s, iterative
normalization of rows, columns, and stacks yields in the limit:

0.346 0.505 0.352 0.610 0.654 0.495 0.648 0.390
« | 0346 0.506 0.353 0.610 0.654 0.494 0.647 0.390
@ = 0.532 0.687 0.539 0.771 0.468 0.313 0.461 0.229
0.388 0.550 0.395 0.652 0.613 0.450 0.606 0.348

Referring to (2.43) and (2.44), we can then write the corresponding condi-
tional distributions which are closest to A and B in the sense of minimizing
(2.40). They are

0.1728 0.3032 0.1410 0.1830
0.2422 0.0506 0.1411 0.3662

Pia(ili) = | (5850 02061 0.3235 0.3854 (2.50)
0.0000 0.4402 0.3945 0.0652
and
0.3272 0.2968 0.2590 0.1170
. a [ 04578 0.0494 02580 0.2338
PanGl) = 05150 0.0930 0.2765 0.1146 (251)

0.0000 0.3598 0.6055 0.0348

The matrices displayed in (2.50) and (2.51) satisfy condition (ii) of The-
orem 1.1 and thus are compatible with some probability distribution P*.
To fully identify P*, it remains only to identify one of its marginal distri-
butions. In general, this can be accomplished by solving a system of I x J
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linear equations. However, if column j of P1*\2 contains no zeros (as is the
case with columns 2,3, and 4 in our example), we can write

_ Pip(ild)/py (G19)
Y i) /Py (1)

(2.52)

Evaluating (2.52), say for j = 2, using the figures displayed in arrays (2.50)
and (2.51) we obtain

pt =0.18701, p5 =0.18741,

Pt =0.40174, p; =0.22384. (2.53)

For completeness, if we wish we may also use an analogous approach to
obtain the other marginal distribution:

p =0.35371, p* =0.18302, (2.54)
p'3 =0.34347, p* =0.11981. :

Combining the values in (2.53) (the marginal distribution of X) with
the values in (2.51) (the conditional distributions of Y given X) we finally
obtain the following optimal distribution (i.e., that which is least discordant
with A and B):

0.0612 0.0555 0.0484 0.0219
0.0857 0.0093 0.0485 0.0439
0.2069 0.0377 0.1111 0.0461
0.0000 0.0805 0.1355 0.0078

(2.55)

O

The algorithm used to determine P* works for almost any pair of candi-
date conditional distributions A, B (we only need something like (A+B)*¥ >
0 for some k). It works even when cross-product ratios are noninformative,
as in the pathological example given in expressions (2.9) and (2.10). In
addition, the algorithm can be used to determine whether two matrices A
and B are compatible. We simply find the corresponding P* and compare
its conditional distributions (which were found in the development of P*)
with A (and/or B). If they agree, A and B are compatible; if not, A and
B are incompatible.

Example 2.8 (Checking compatibility). Recall A and B, as given in
(2.9) and (2.10):

1/2 1/2 0
A= 0 1/2 12 (2.56)
/2 0 1/2
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and 1/3 2/3 0
B=| o0 1/3 2/3]. (2.57)
1/3 0 2/3

It is perhaps not obvious whether these are incompatible or not. We apply
the above algorithm to obtain

0.5673 0.4519 0.3415| 0.4327 0.5481 0.658
Q" = 0.6758 0.5673 0.4519| 0.3242 0.4327 0.5481
0.6327 0.5200 0.4052| 0.3673 0.4800 0.5948

. (2.58)

0.4728 0.5272 0.0000
Pf|2(i|j): 0.0000 0.4728 0.5272 |, (2.59)
0.5272 0.0000 0.4728

0.3606 0.6394  0.000
Py, (jli) = | 0.000 0.3606 0.6394 |, (2.60)
0.3061  0.000 0.6939

with corresponding marginals

Pt =0.2562, pj =0.4073, pi =0.3365,
pY =0.1954, p% =0.3107, p% =0.4940.

Thus, we finally get as our most nearly compatible distribution

. 0.0924 0.1638 0.0000
P =1 0.0000 0.1468 0.2605 | . (2.61)
0.1030 0.0000 0.2335

Since (2.59) differs from (2.56) and (2.60) differs from (2.57), we confirm
the incompatibility of (2.56) and (2.57). o

The value of the criterion (2.40) can be used as a measure of incompati-
bility. If two pairs (A, B) and (C, D) of incompatible matrices of the same
order are given, the pair with the lower value of (2.40) can be ranked as
less incompatible. Indeed, if matrices (A, B) are compatible the minimal
value of (2.40) is zero and the converse also holds.

2.5 More Than One Expert

Instead of just one pair of conditional distributions, we might have several,

undoubtedly lacking in consistency, from a variety of forecasters. More gen-
(1)
ij

a different number of determinations for each pair (7, j)) and ng) determi-
nations of b;;. We might then seek a joint distribution, P, that is minimally

erally, we might have a number, say n,.’, of determinations of a;; (possibly
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discrepant from all of these conditional probabilities. If our determinations
are judged to be equally reliable than a reasonable approach would begin
by determining averages such as:

(1)

aij = (1) Za”(k) (2.62)
’L] k=1
and
@
ij (2) wa(k) (2.63)
17 k=1

Assume that the ng;)’s and nz(-j)’s are positive (i.e., at least one deter-

mination has been provided for each of the conditional probabilities). Also
assume that each row and column of A and B has at least one nonzero
entry. Next, column normalize A to make its columns sum to 1, to obtain

A. Analogously, row normalize B to obtain B. Then seek a distribution P*

that is minimally discrepant from A and B, using the techniques of Section
2.4, i.e., using criterion (2.40).

If the determination of the a;;’s and b;;’s are judged to be of unequal
reliability, then weights may be appropriately introduced to the definitions
of a;; and b;; in (2.62) and (2.63) above.

Other criteria may of course be used. The advantage of the one just de-
scribed is that it is simple and can be implemented using the same methods

as were used in the case of one expert (just replacing (A4, B) by (A B))
A modified version of the objective function (2.40) allowing multiple
determinations of the a;;’s and b;;’s can be set up as follows:

n® e

1 J i
Z Z Zaij(k) 10g< zJ(k)pJ> +Z Z ibu(k) 10g< zj(k)pi)

i=1 j=1 k=1 i=1 j=1
(2.64)
In the case in which all the ng;)’s and all the ng)’s are equal say to n
(the case of n experts each providing complete conditional distributions
(Ag, Br), k=1,2,...,n), use of criterion (2.64) will be completely equlv-

alent to use of crlterlon (2.40) applied to the average matrices A and
B.

2.6 Related Discrepancy Measures
There are, of course, a variety of distance and pseudo-distance measures

that can be applied to determine how far the conditional distributions of a
matrix P are from two given conditional probability matrices A and B.
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The Kullback-Liebler criterion (2.40) was a reasonable candidate and
turned out to be remarkably tractable. It is worth noting that, if we
switched the roles of a;j, b;; and py|2(i|j) and pa1(j]i) in (2.40) then, since
the Kullback-Liebler measure is not symmetric, we obtain a related but not
equivalent objective function:

3> () S bm (). e

a
i=1 j=1 i=1 j=1 D.j@ij

Criterion (2.65) is much more troublesome to work with than is criterion
(2.40). Absent any strong argument for using (2.65), use of (2.40) seems
preferable.

However, some tractable alternatives are available. Recall that our goal
is to choose P so that p;; is well approximated by a;;p.;, Vi, j, and so that
also p;; is well approximated by b;;p;., Vi, 5. This suggests consideration of
a quadratic measure of discrepancy such as

I J
Q= Z Z Dij — 1]pz + (pij - aijp.j)2]' (266)

i=1 j=1

which can also be written as

Q

[
M-
M~

s
Il
—

<
Il

2
> [20s = Gupi + )2 + (asip s~ bipi)* /2

(2.67)

vV
M-
M«

Il

—
<

I

[(@ips = bigpi)? /2]

7 =1

Thus, the minimizing value of P corresponding to this objective function
@ can be found by solving the following system of linear equations:

Dij = (p,jaij +pzb”)/27 1= 1,27...,1, j: 1,2,...7J7 (268)

subject to Zi[:l Z}]=1 pij = 1.

An efficient manner of solving system (2.68) involves solving first for row
and column sums of (2.68) (namely the p;.’s and p ;’s).

If we sum (2.68) over j for each fixed i, and over i for each fixed j, we
are led to the following system of I + J linear equations:

1 .
p.j = 5 p_j + szblj } J = 1327' . 'a‘]' (270)
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If we define an (I + J)-dimensional stochastic vector

1

Q: i(pl.apl;..wplvap.lap,Q,...’p_J)

we can write the system (2.69)-(2.70) in the form

q=qR, (2.71)

R:é(i, l;) (2.72)

The matrix R is stochastic and the solution to (2.71) will be a long-run
stationary distribution of a Markov chain with transitions governed by R.
The fact that the diagonal elements of R are positive, guarantees that the
chain is aperiodic. It will have a unique long-run distribution (stationary
distribution) provided that R is irreducible. Iterative application of (2.71)
will converge to a solution to (2.71) in the irreducible case.

Having found the p; ’s and p ;’s by solving (2.71), it is a straightforward
matter to obtain the p;;’s directly from (2.68).

In fact (2.68) itself can be interpreted in a Markovian context. If we
rewrite (p;;) in stacked form as an (I x J)-dimensional row vector, then
we may verify that (p;;) will be a left eigenvector corresponding to the
eigenvalue 1 normalized to sum to 1, of a somewhat complicated stochas-
tic matrix. So, in most cases (irreducibility considerations), the following
iterative scheme will converge to a solution to (2.68):

where

n 1 n n
py T = 505 i + 0y, (2.73)

Although the iterative scheme (2.71) is of smaller dimension than scheme
(2.73) (since it involves solving a system with I + J — 2 instead of IJ — 1
unknowns), the simplicity of algorithm (2.73) is appealing unless I and/or
J is large.

Example 2.9 (Iterative method). Application of algorithm (2.73) (cri-
terion (2.66)) to the matrices (2.48) and (2.49) leads to

0.0754 0.0562 0.0382 0.0213
0.0859 0.0092 0.0518 0.0466
0.2141 0.0384 0.1049 0.0435 |’
0.0000 0.0796 0.1292 0.0059

P = (2.74)

which is slightly different from the matrix

0.0612 0.0555 0.0484 0.0219
« | 0.0857 0.0093 0.0485 0.0439
P = 0.2069 0.0377 0.1111 0.0461 |° (2.75)

0.0000 0.0805 0.1355 0.0078
which was obtained in (2.55) by minimizing the KL criterion. a
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Example 2.10 (Iterative method applied to matrices with zeros).
Applying the iterative method to the matrices (2.56) and (2.57) we obtain
the matrix

0.0917 0.1583 0.0000
P** = ( 0.0000 0.1417 0.2583 | . (2.76)
0.1083 0.0000 0.2417

O

Example 2.11 (Obtaining the compatible probability matrix by
the iterative method). Consider again the matrices in (2.6) and (2.7):

17 1/4 3/7 1)7
A=|2/7 1/2 1)1 2/7 (2.77)
47 1/4 37 47

and 1/6 1/6 1/2 1/6
B=|2/7 2/1 1/7 2/7]. (2.78)
1/3 1/12 1/4 1/3

We can use the iterative method (2.73) above to obtain the probability
matrix

1/25 1/25 3/25 1/25
P =|2/25 2/25 1/25 2/25 (2.79)
4/25 1/25 3/25 4/25

which is compatible with the above A and B conditionals. O

Other criteria might be of interest. Replacing squares in (2.66) by abso-
lute values leads to

Q= Z pij — bizpi.| + |piy — aizp.jl]. (2.80)

I J
[
i=1 j=1

K3

Linear programming techniques could be useful in managing this objective
function.

It might be considered more natural to seek P so that p;;/p ; is close to
a;j, Yi,j and p;;/p;. is close to b;;, Vi,j. The price to be paid if we choose
this route is that the more natural objective functions will be more difficult
to minimize, e.g.,

Q"= ZI: ZJ: [(aij - zjy + (bij - ?)2] , (2.81)

or

’ ] . (2.82)
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2.7 Markovian Measures of Discrepancy

If we have compatible conditional specifications, then a Gibbs sampler-type
argument can be used to identify the corresponding marginal distributions
(cf. the discussion in Section 1.7). In the finite discrete case it is particularly
simple to describe. The long-run distribution of the I state chain with
transition matrix BA’ will coincide with (p1,pa.,...,pr.), the X marginal
distribution of P. Analogously, the long-run distribution of the J state
chain A’B will coincide with (p.1,p.2,...,p.s), the Y marginal of P.

If we denote the long-run distributions corresponding to BA’ and A’ B by
= (my,ma,...,m7) and n = (n1,M2,...,77), respectively, then, provided A
and B are compatible, we will have

ai]"l’}j:bijﬂ'i, ’L':1,27...7I7 J:1,2,...,J. (283)

If A and B are incompatible the left and right sides of (2.83) will not all
be equal.
This suggests use of the following index of incompatibility

I J
D= Z Z(aijnj — bijTi)z, (284)

i=1 j=1

where n and T are solutions of the system

mBA =1 (2.85)

and
nA'B =n. (2.86)

Note that in fact only one of the two systems (2.85) and (2.86) needs to
be solved since the solutions are related by

n=mxB. (2.87)

It must be emphasized that solutions to (2.85) and (2.86) which satisfy
(2.87) will almost always exist, whether or not A and B are compatible. It
is only in the compatible case however that (2.83) holds.

Liu (1996) briefly discusses the difference between the arrays (a;;n;) and
(b;;7:) in the incompatible case in the context of Gibbs sampler simulations.

Example 2.12 (Markovian measure of incompatibility; incompat-
ible case). Consider again the matrices in (2.48) and (2.49). Then we
have

0.17 0.18 0.36 0.29 0.46 0.14 0.26 0.14
;1021 023 045 0.11 ' | 023 027 042 0.08
BA"= 0.23 020 044 0.13 )’ AB = 0.34 0.20 0.36 0.10
0.12 0.16 0.32 0.40 0.43 0.14 0.28 0.15

(2.88)
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and then
= (0.191056 0.193394 0.40089 0.214659) (2.89)

and
Q=(0.375442 0.18327 0.324075 0.117213), (2.90)

which lead to a value of D = 0.019 for the Markovian measure of incom-
patibility. |

The actual value assumed by D does not appear to have a ready inter-
pretation. It can be used to order pairs (A4, B) in terms of discrepancy but
does not seem to provide an intrinsic absolute measure of discrepancy. Of
course, in the case of compatibility, D = 0.

Example 2.13 (Markovian measure of incompatibility; compat-
ible case). Consider again the matrices in (2.6) and (2.7). Then we
have

17/56  1/4  25/56
BA = | 3/14 16/49 45/98 (2.91)
25/112 15/56 57/112

and
29/98 15/98 25/98 29/98
' | 15/56 23/112 29/112 15/56
A'B = 25/98 29/196 67/196 25/98 |’ (2.92)
29/98 15/98  25/98 29/98
so that
m=(024 028 0.48) (2.93)
and
n= (0.28 0.16 0.28 0.28), (2.94)

which lead to a value of D = 0 for our Markovian measure of incompati-
bility. O

A variant measure of incompatibility is suggested by the definition of D
(i.e., (2.84)). We know that, in the compatible case and only in that case,
there will exist vectors  and 7 such that (2.83) holds. These vectors n and
7 admit interpretation as marginals of (X,Y") or as long-run distributions of
related Markov chains, and we do not have to insist on these interpretations
in the formulation of our objective function. We can instead set up the
objective function

(aijvj — bijui)Q (295)
1

D(u,v) =)

I J
=1 j=
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and seek stochastic vectors u* and v* to minimize D(g, v). The achieved
value D* = D(u*,v*) will be our index of inconsistency. If A, B are com-
patible then D* =0 and u* = m and v* = 7.

2.8 e-Compatibility

In Section 2.2.2 we described three linear equation formulations of the
search for a matrix P compatible with given conditional matrices A and
B. If, instead of precise compatibility, we are willing to accept approximate
compatibility we will need to modify our objectives only slightly. First we
postulate the existence of a weight matrix W which quantifies the relative
importance of accuracy in determining the various elements in P. Thus
if w;; is small, then quite precise determination of p;; is deemed to be
desirable. If, for some i, j, w;; is large, then we are not so worried about
precise determination of that particular element p;;. We will then say that
we can find an e-compatible matrix P corresponding to A and B if we can
approximately solve systems in Methods I, IT, and IIT of Section 2.2.2 with
an error tolerance of ew;; in all 4, . Thus our revised options in the search
for an (e, W)-compatible matrix P (for given A, B) are as follows:

Option 1. Seek a probability matrix P to satisfy

I
Ipij — aij - pij| < ewsj, Vi, ],
=1

J
pij = bij - pijl < ewsj, Vi, j, (2.96)
=1
I J
> > Dij =1,
i=15=1
and

Option 2. Seek two probability matrices 7 and 1 such that

Injai; — Tibij| < ewyj, Vi, 7,

I
T — 1,
=1

7

J
>oni=1,
j=1

(2.98)

and
T > 0, U > 0, V’L7j (299)
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Option 3. Seek one probability vector T satisfying

I
lai; 32 7ibi; — Tibj| < €wij, Vi, j,
=1 ; (2.100)
> Ti=1,
i=1

and
>0, Vi. (2.101)

Of course each of the constraints involving absolute values in (2.96)-
(2.100) can be replaced by two linear inequality constraints. So all our
constraints and equations are linear.

The above options immediately motivate three different concepts of e-
compatibility.

Definition 2.9 (e-compatible matrices). Two conditional probability
matrices A and B are said to be €;-compatible iff system (2.96) ((2.98) or
(2.100)) has a solution for € > €; and not for € < €y, i.e. iff €1 is the minimum
value of € that allows system (2.96) ((2.98) or (2.100)) to have a solution. O

Note that two matrices A and B are compatible iff they are 0-compatible,
a special case of e-compatibility.

To analyze and discuss the near-compatibility problem derived from
each of these concepts we can use, for example, any of the following three
methods:

Method 1. (Check for existence of a solution). Determine the set of
€ values that allows the system to have a solution.

Method 2. (Solving the system of inequalities). Find the most gen-
eral solution of the system considering € as one more variable. This
can be done using the methods described in Theorem 2.3.

Method 3. (Solving a linear programming problem). Use linear pro-
gramming methods to minimize the function f(e,p) = ¢, where p de-
notes the vector obtained by stacking the columns of matrix P, or
f(r,n,€) = € or f(7,e) = e subject to the appropriate constraints
(2.96)~(2.97), (2.98)~(2.99), or (2.100)—(2.101).

We of course might apply these methods and options to either compatible
or incompatible pairs A, B.

A full list of examples would then involve 3 x 3 x 2 = 18 detailed com-
putations. We content ourselves with a stratified sample of such examples.
Throughout, for simplicity, we assume w;; = 1, Vi, j. However, other values
are possible.
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Example 2.14 (A compatible example). Consider the following ma-
trices A and B:

(14 1/2
A(3/4 1/2>, (2.102)
(13 2/3
3(3/5 2/5>. (2.103)

Consider Option 1. The system (2.96) can be written as

3/4 0 —1/4 0 ¢
—-3/4 0 1/4 0 ¢
0o 12 0 —1/2 ¢
0o -1/2 0 1/2 ‘
—3/4 0 1/4 0 ¢
3/4 0 —1/4 0 ¢
0 -1/2 0 1/2 ¢
0o 12 0 —1/2 ¢
2/3 —1/3 0 0 ¢
—2/3 1/3 0 0 |
—2/3 1/3 0 o |B=[° (2.104)
2/3 —1/3 0 0 ¢
0 0 2/5 -3/5 ¢
0 0 —2/5 3/5 ¢
0 0 —2/5 3/5 ¢
0 0 2/5 -3/5 8
~1 0 0 0 0
0 -1 0 0 0
0 0 -1 0 0
0 0 0o -1 0
(1 1 1 1) p= L

We briefly describe the above three methods.

Method 1. The system (2.104) is compatible for any value of e. Thus,
matrices A and B are compatible.

Method 2. Solving system (2.104), considering e as one more variable,
leads to a general solution that involves 25 extreme points but is too long
to be included here. However, from it we can determine that the minimum
value of € is € = 0 and the corresponding unique solution is

1/8 1/4
P = <3§8 1§4>. (2.105)

Method 3. Minimizing the function

f(67p11ap12>p21ap22> =€,
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subject to the constraints in (2.104), leads to a zero (minimum) value of

the objective function that is attained at the P given in (2.105). O
Example 2.15 (An incompatible example). Consider the matrices A
and B: / /
1/4 1/2
A(3/4 1/2>, (2.106)
_(1/6 5/6
B= (3/5 2/5>. (2.107)
Consider Option 2. The system (2.98) can be written as
-1/6 0 1/4 0 €
1/6 0 -1/4 0 €
-5/6 0 0 1/2 €
5/6 0 0 —1/2 ¢
0 -3/5 3/4 0 ¢
0 3/5 -=3/4 0 Y| €
0 -2/5 0 1/2 n)~|el’
0 25 0 —1/2 € (2.108)
-1 0 0 0 0
0 -1 0 0 0
0 0 -1 0 0
0 0 0 -1 0

11 00 T\ _ (1
00 1 1 n) \1)°
We briefly describe the above three methods.

Method 1. It can be shown, using Theorem 2.2, that system (2.108) is
compatible for e > 9/214. Thus, matrices A and B are incompatible but
(9/214)-compatible.

Method 2. The solution of system (2.108), considering € as one more
variable, is

M 0
m 0
T1 =171 0 +HA7
T2 0
€ 1
1 207
13
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where

A=A A A3 M\

>
a
>
[=2]
>
3
>
oo
>
<o

Ao A A2 )\13)T-

and
é—%%%001%01§%01
2 B 5 1 1 0 3 1 0 2 2 10
=% B W s 2 1 5 50 1 T 11
T B ® s g g0
¥ o4 % % 3 8 3 3 1 3 15 2 5
74 82 214 5 10 12 10 5 2 10 28 5 6

From this it is clear that the minimum value of € leading to a solution is
e =9/214, and then

_ [ 42/107 [ 46/107
o (65/107) 1= (61/107) : (2.109)
With these values of 7 and T we obtain two probability matrices:
1 [ 23/214 61/214 .
"= <69/214 61/214 )° (pij = aijn;), (2.110)
o (14/214 70/214 9
P= <78/214 52214 ) Pis = bigTi), (2.111)

such that the maximum absolute error is 9/214, since

L [ 9/214 —9/214
P P‘(—g/zm 9/214 )

Method 3. Minimizing the function
flen, ) =c¢

subject to the constraints in (2.108) leads to a minimum value of the ob-
jective function of 9/214, which is attained at the (1, 7) given in (2.109). O

Example 2.16 (Incompatible, once more). Again consider A and B
as in (2.106) and (2.107). However now we will use Option 3. The system
of inequalities (2.100) can be written as:

18 —3/20 :
5/12  —1/5 )
—1/8  3/20 ;
_5/12 1/5 ;

—18 3/20 | TS| €| )11

512 1/5 ) (2.112)
18 —3/20 ;
5/12  —1/5 )
(1 1) = 1,
p=> 0.
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TABLE 2.4. Generators of the dual cone Q(7(C)) in Example 2.16.

Wy Wy W3 Wy W5 Wg Wy Wg Wy
0 -148 0 0 0o 20 -1 O 0
0 0 -1 0 0 0 0 -5 -66
0 0 0 0 -8 0 -1 0 -148
-12 66 -1 0 0 0 0 0 0
-5 -9 o -1 -1 -3 0 -1 9

Method 1. Removing redundant constraints and using a set of four non-

negative slackness variables y = (y1,¥2,¥3,v4), (2.112) can be written
as
1/8 -3/20 1 0 0 0 e
/12 —1/5 010 0) ¢
-1/8 3/20 0 0 1 O ()z €,
5/12 15 0 0 0 1| \Y ) (2.113)
1 1 00 00 1
T,y =2 0

According to Theorem 2.2, we need to calculate the dual of the cone
generated by the columns of the matrix C' of coefficients in (2.113). A
minimal set of generators of this dual is given in Table 2.4.

For the system (2.113) to have a solution we must have Wa < 0. This
implies

(—66 — 148)e + 9 < 0 < ¢>9/214. (2.114)

Thus the value 9/214 is a measure of compatibility for this case, which
has a clear interpretation (the maximum deviation in the alternative eval-
uations of p;;). Thus if we define matrices

P1 = (szTz) (2115)

and
I
Py = <aij Zbij7i> ; (2.116)
i=1

then by judicious choice of 7 we can make the maximal deviation between
elements of P; and P, as small as 9/214.



2.8 e-Compatibility 49

Method 2. Solving the system of inequalities (2.112) considering € as one
more variable. This leads to the solution

€ 1 9/214 9/82 1/5 5/12 il
| =107 +|42/107 6/41 0 1 AQ ,
P 0 65/107 35/41 1 0 AB
4
4
S =1 (2.117)

i=1
X >0, i=1,23,4,
1 ZO

It is obvious from (2.117) that the minimum value of € is obtained for
m = 0,21 = 1,\; = 0,7 # 1, leading to 9/214, as found before. The
corresponding values of the X-marginal are 7 = 42/107 and 72 = 65/107.

From (2.115) and (2.116) we get

M (T35 X (1 5 A3 (12 A (15
P1_1o7<39 26>+41<21 14>+3<0 o)+6(0 0)’

A1 (23 61 A2 (11 19 A3 (3 4 A (110
P2_214<69 61>+82<33 19>+20<9 4)*24(3 10)’
(2.118)
which for the optimum case € = 9/214 leads to

1 (7 35
Pl_m7<39 26)’

1 23 61
Pe=ou (69 61)'
Method 3. Solving the linear programming problem, we get the same
solution for 7 and € above. O

We can use the concepts of e-compatibility to give us yet more definitions
of a most nearly compatible matrix P for a given pair A, B. If we use Option
1, and if A, B are e-compatible, then the matrix P* which satisfies (2.96)
with € = €; will be judged to be most nearly compatible. If we use Option
2 and if A, B are e;-compatible, then a reasonable choice for a most nearly
compatible matrix P* will be

* 1 * *
P = i(nja”—f—’f('lb”),
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where 7%, 7" satisfy (2.98) with € = ¢;. Finally, if we use Option 3 and if
A, B are e;-compatible, then a plausible choice for a most nearly compatible
matrix P* will be

P* = (7}bij),

where m* satisfies (2.100) with € = ¢;.

2.9 Extensions to More General Settings

Some of the material in this chapter extends readily to cases where (X,Y)
has a joint density that is absolutely continuous with respect to a convenient
product measure py X g on S(X) x S(Y) (where S(X) denotes the support
of X). Integrals will replace sums in the discussion and, provided we check
the integrability of solutions, few technical difficulties will be encountered.
Thus compatibility, as described in Theorem 1.2, can be defined in terms
of a cross-product ratio function

f(x1,y1) f (w2, y2)
f(z1,92) f(z2,91)

(2.119)

to obtain an extended version of the equivalence of conditions (i) and (ii)
in Theorem 2.1. The concepts of near compatibility discussed in the lat-
ter section do indeed continue to be meaningful in more abstract settings
(with integrals instead of sums), however we will encounter difficulties in
implementing the iterative algorithms if the support sets of X and Y are
infinite. Concepts of e-compatibility can also be developed in more general
settings but they will be technically difficult to deal with.

2.10 Bibliographic Notes

Material on compatibility using cross-product ratios and uniform marginal
representations may be found in Arnold and Gokhale (1994, 1998b). The
discussion of compatibility via solution of linear equations subject to con-
straints is based on Arnold, Castillo, and Sarabia (1999a). The concept of e-
compatibility is introduced in Arnold, Castillo and Sarabia (1999a). Marko-
vian discrepancy measures are discussed in Arnold and Gokhale (1998a).
Sections 2.4, 2.5, and 2.6 are based on Arnold and Gokhale (1998b).
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Exercises

2.1 Consider the conditional probability matrices in Example 2.15. In-
stead of uniform weights, assume the following weight matrix:

wo (L),

(a) Determine the nearest compatible conditional probability ma-
trices to A and B.

(b) Compare the results with those in Example 2.15.

(¢) Determine which of the error conditions are active and which
are not.

(d) Decrease the values of the elements in the above weight matrix
W as much as possible, without altering the nearest compatible
matrices.

2.2 Consider again matrices A and B in Example 2.15. Assume that
e = 0.1 and that a weight matrix of the form

W= (2aa b(/)Q) ’

where a and b are constants, has been selected.

(a) Determine the conditions to be satisfied by a and b for the near
compatibility problem to have a solution.

(b) Determine the extra conditions for having a maximum set of
active constraints.

2.3 Given the two conditional probability matrices

0.2 0.3 0.1 0.2 0.1 0.7
A=1(01 04 04 and B=| 03 04 0.3,
0.7 03 0.5 0.1 04 0.5

determine whether or not they are compatible by:

(a) The cross-product ratio method.

) The uniform marginal representation method.

(¢) One of Methods I, II, or III, together with Theorem 2.2.
)

The iterative algorithm in (2.42) to obtain Q*, A*, B*, and the
associated P*.

(e) The iterative method in (2.73).

(f) The Markovian measure of discrepancy method.
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(g) The e-compatibility approach with one of the options 1, 2, or 3.

(h) Linear programming techniques.

2.4 Given the following conditional probability matrices:

0.2 0.3 0.1 02+b 01 07-b
A=101 04—a 04 and B = 0.3 0.4 0.3 ,
0.7 03+a 0.5 0.1 0.4 0.5

determine whether or not there are values a and b such that they are
compatible.

If the above answer is positive, determine such values.

2.5 In Option 2, Section 2.8, force the P! and P? probability matrices
in (2.110) and (2.111) to have the same Y-marginals. Compare the
resulting solution with that of Option 3.

2.6 Consider the conditional probability matrices

0 1/3 0 0 1 0
A=|1 1/3 12|, B=|1/4 1/2 1/4
0 1/3 1/2 0 1/5 4/5

Verify that A and B are not compatible even though UMR(A) =
UMR/(B).

2.7 Consider the following conditional probability matrices:

0 0 1/10 0 0 o 0 1 0 0
0 1/3 3/10 4/7 0 0 1/5 1/5 3/5 0
Ay=|1 1/3 2/10 2/7 1|, B =|1/9 2/9 3/9 2/9 1/9
0 1/3 3/10 1/7 0 0 2/5 1/5 2/5 0
0 0 1/10 0 0 o 0 1 0 0

0 1/3 0 0 1 0

Ay=[1 0 1], Bo=|1/5 0 4/5

0 2/3 0 0 1 0

(a) Verify that A, By are incompatible while A, By are compatible.

(b) Show that UMRs do not exist for any of the matrices Ay, By, Aa,
or Bs.
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Distributions with Normal
Conditionals

3.1 Introduction

At first glance, it is surprising that there can exist bivariate distributions
with all their conditional densities of the normal form, which are not the
classical bell-shaped bivariate normal that we are so familiar with. But such
distributions do exist and have actually been at least partially known and
understood for more than 50 years. After reviewing the history of such dis-
tributions we focus on developing a convenient parametric representation
of all such normal conditionals distributions. The role of the classical bi-
variate normal distribution as a special case is investigated in some detail.
In fact we begin our discussion with this topic.

3.2 Variations on the Classical Bivariate
Normal Theme

If (X,Y) has a classical bivariate normal distribution with density

1

2mo1094/ 1 — p?

ol () () () ()
3

fX,Y(xay) =
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then it is well known that both marginal densities are univariate normal and
all conditional densities are univariate normal. In addition, the regression
functions are linear and the conditional variances do not depend on the
value of the conditioned variable. Moreover the contours of the joint density
are ellipses. Individually none of the above properties is restrictive enough
to characterize the bivariate normal. Collectively they do characterize the
bivariate normal distribution but, in fact, far less than the complete list
is sufficient to provide such a characterization. Marginal normality is of
course not enough. It is easy to construct examples of distributions not of
the form (3.1) which have normal marginals. Perhaps the simplest example
is

]. 2 2
Ze—(@T+y)/2

fxy(@y) =3 7° 2y >0, (3.2)
0, zy < 0.

which has standard normal marginals but has possible values only in two
quadrants of the plane. Some reference to conditional distributions or con-
ditional moments seems necessary to characterize the bivariate normal. An
indication of the difficulties is provided by the following putative charac-
terization. If the marginal density of X is normal and if the conditional
density of Y given X = z is normal for every x, can we conclude that
(X,Y) is bivariate normal? Clearly the answer is no unless we assume in
addition that E(Y|X = z) is linear in « and that var(Y|X = z) does not
depend on x. With these two additional assumptions bivariate normality
is guaranteed, otherwise we would have quite an arbitrary regression of Y
on X and an equally arbitrary conditional variance function of Y given
X = z; neither of which is permitted in the bivariate normal model.

In a ground-breaking paper Bhattacharyya (1943) provided the following
interesting array of characterizations involving normal conditionals:

1. If for each fixed y, the conditional distribution of X given ¥ = y
is normal and the equiprobable contours of fx y(x,y) are similar
concentric ellipses, then the bivariate density is normal.

2. If the regression of X on Y is linear, if the conditional distribution
of X given Y = y is normal and homoscedastic for each y, and if
the marginal distribution of Y is normal, then fx y (z,y) must be
bivariate normal.

3. If the conditional distributions of X given Y = y for each y, and of
Y given X = z for each z are normal and one of these conditional
distributions is homoscedastic, then (X, Y) is bivariate normal.

4. If the regressions, of X on Y and of Y on X, are both linear, and
the conditional distribution of each variable for every fixed value of
the other variable is normal, then fx y (x,y) is either normal or may
(with suitable choice of origin and scale) be written in the form
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fxy(z,y) o< exp{—(2® +a®)(y* + b°)}. (3.3)

Example 4 in Bhattacharyya’s list tells us there exist joint distribu-
tions with normal conditionals and even with linear regressions which are
not bivariate normal. As we shall see, Bhattacharyya is not too far away
from identifying all possible normal conditionals distributions. Much later,
Brucker (1979) verified that normal conditionals (of X given Y and of Y
given X) with linear regressions and constant conditional variances are
enough to characterize the bivariate normal distribution. Variations on
this theme were described by Fraser and Streit (1980) and Ahsanullah
(1985). Stoyanov ((1987), pp. 85-86) also considers (3.3) and an analogous
trivariate density.

It may be instructive to view some distributions with normal conditionals
which are not bivariate normal. For our first example, as in Castillo and
Galambos (1989), consider

fxy(@,y) = Cexp{—[2* + y* + 2zy(z + y + zy)]}; Va,v, (3.4)

where C' > 0 is a constant such that fx y (z, y) integrates to 1. Even though
both conditionals are normal, fx y(z,y) is not bivariate normal, because
for this density the conditional variance of Y, given X = z is o?(Y|X =
r) = 1/(2+ 42 + 422) (nonconstant) and the conditional expectation of Y,
given X =z, is (—22)/(1 + 2z + 222) (nonlinear). A perhaps more striking
example is provided by

9 9, 1
fx,y(z,y)= Cexp {—z—2y— —z?— §y2 —day—4a”y—zy® —x2y2} vz, y.

2 2
(3.5)
In this case both conditional densities are normal and the conditional
expectation of Y given X = z (u(Y|X = z) = —2) and the condi-
tional expectations of X given ¥ = y (u(X|Y = y) = —1/2) are con-

stant. Clearly, however, this bivariate density is not normal, since the vari-
ances of the conditional distributions are not constant [0?(Y|X = ) =
1/(1 42z + 222),0%(X|Y =y) = 1/(9 + 8y + 2y?)].

Looking at (3.4) and (3.5) it is easy to verify that the corresponding con-
ditional densities are indeed normal and with a little algebra it is possible
to write down the correct expressions for the conditional means and vari-
ances. What is perhaps not obvious is how one dreams up such examples.
The picture will clear in the next section.

3.3 Normal Conditionals

As in Castillo and Galambos (1987a, 1989) we begin with a joint density
fx,v(x,y) assumed to have all conditionals in the univariate normal family.
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Specifically we assume the existence of functions us(z), o2(z), 01(y), and
11 (y) such that

i laly) = s [—; () ] (3.6

and

(3.7)

1 1 (y— pa(z) ?
frix(ylz) = Varoa@) P [_2 (@(:c))

Denote the corresponding marginal densities of X and Y by fi(z) and
f2(y), respectively. Note that

fix) >0, foly) >0, o2(x) >0, andoy(y)>0.

If we write the joint density as a product of a marginal and a conditional
density in both ways we find

fi(@) 1 (y—pm@)\?| LW [ rem 2
02($)exp[ 2( o2(z) )]_01@) p[ 2( a1 (y) )1 (3.8)

If we define

u(r) = log(fi(z)/o2(x)) (3.9)
and

v(y) = log(f2(y)/o1(y)), (3.10)

then (3.8) assumes a form appropriate for direct application of Theorem

2.5 using the function ~(¢) = e'. Rather than quote Theorem 2.5 we shall

use our basic result, Theorem 2.3, to characterize our distributions.
Taking logarithms of both sides of (3.8) we obtain

which can be rearranged to yield

[2u(2)o3(x) = u3(0)]o} (y) + o5(2) [k () — (oiW)] ~1*ot W) (4 o)
+a?03(x) + 2u2(2)yoi(y) — 2zo3 (x)pa (y) = 0.

This is an equation of the form (2.24). The sets {03 (z), z03(z), 2%03(x)}

and {0%(y),yoi(y),y?0%(y)} are sets of linearly independent functions.

They can play the roles of the ¢;’s and ;’s in (2.25). Thus from (2.25) we

obtain

2u(@)od(@) ~ pd)\ (A B C
o3 (x 1 0 0
2§ ) D E F o3(2)
1,20,2 I) = 0 0 1 3302(33) ’ (313)
2 2203(x)
pa(z G H J 2
zo3(z) 0 1 0
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o1 (y) 1 0 0
Hi(y) = 20(y)o3(y) fof g M1 2(y)
—y Zl(y) =y p 22 <y20%2(y) ) 7 (3.14)
2403(y) 0 2 o | \FI)
=241 (y) R S T
where
1 0 0
a1 pocoy|y oM
B O EOH LIl p o|=0 (3.15)
cC 0 F 1 J 0 0 2 o0
R S T

and A, B,C,D,E,F,G,H, and J are constants. Equation (3.15) is equiv-
alent to

A=-K, L =-2G, M= D, B=-R, 2H=-5,

Substitution of (3.16) into (3.13) and (3.14) leads to the following expres-
sions for the functions involved in (3.8) :

 B/2+ Hy - By*/2

p(y) = oy —Fg? (3.17)
-1
2 _
oi(y) = Cody Fp (3.18)
G+ Hz + J2?
pe(@) = pop e (3.19)
1
2 —
o3(x) = DT Bt Fa?’ (3.20)
1 5  (G+ Hz+ Jx?)?
u(z) = 2[A+Bx+0x + DiEssFe | (3.21)
_ 1 2 (B/2+ Hy— Ey?/2)?
v(y) = 5 {A+2Gy Dy CES YR , (3.22)
H 2\2
exp % A+Bm+0m2+(G+ 2+ Jz°)
D+ Ex + Fa?
fi(z) = . (3.23)
V(D + Ez + Fa2)
B/2+ Hy — Ey*/2)?
exps + |A+2Gy—Dy? (B/2+ Hy y"/2)
2 C+2Jy — Fy?
faly) = , (3.24)

V(=C —2Jy + Fy?)
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and for the joint density fx y(x,y):

1

fxy(z,y) = Nor:

x exp{3[A + Bx+2Gy+Ca? — Dy*+2Hzy+2Jx*y— Exy® — Fx?y?]}.
(3.25)
At this point it is convenient to introduce a new parametrization which
will extend naturally to higher dimensions and will be consistent with the
notation used for more general exponential families in Chapter 4. Thus,
instead of expression (3.25), we write

Mmoo M1 M2 1
fX,Y(fU,y):eXP (1793,552) mip Mi11 Mi2 Y . (3.26)
Moo M21 M22 3/2

where
moo = A/2, mor =G, mez=—-D/2,
mio = B/2, mi1 = ];I7 mio = —E‘/Q7 (327)
maog = C/2, mgy =J, may = —F/2,

and (3.17)—(3.24) transform to

mi2y? + mi1y + mig

E(X|Y =y) = - . (3.28
( | y) :u’l(y) 2(m22y2 + mory + m20) ( )

-1
var(X|Y =vy) = o2(y) = , 3.29
(KIY =9) = oH0) = g (320

2
mo1X° + mi11T + Moy

EY|X = = = — 3.30
( | l') ,U2($) 2(m22m2 T mygx + m02)a ( )

-1
var(Y|X =) = o3(x) = (3.31)

2(m229:2 —+ 12X + mog) ’

2 2 7
1 2 (ma12® + mu1x + mo1) }
exps 5 |2(mogx® + myigx + mog) —
f (:E) _ p{ 2 [ ( 20 0 00) 2(77@22332 + +miox + m02)_
! \/72(m22x2 + mi2T —+ TH,QQ) ’
(3.32)
miay? + mi1y + mag)? |
exp {é {2(m02y2 + 2mo1y + moo) — é 12y 3 1Y 10) }
faly) = (ma2y? + mory + mao) |

vV =2(ma2y? + mary + mao)

(3.33)

It remains only to determine appropriate conditions on the constants

myj, 4,7 = 0,1,2, in (3.26) to ensure nonnegativity of fx y(z,y) and its

marginals and the integrability of those marginals. In all cases the constant

mop will be a function of the other parameters chosen so that one (and hence
all) of the densities (3.23), (3.24), (3.25), and (3.26) integrate to 1.
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In order to guarantee that the marginals in (3.32) and (3.33) are non-
negative (or, equivalently, to guarantee that for each fixed x, fx y(z,y)
is integrable with respect to y and for each fixed y it is integrable with
respect to x), the coefficients in (3.26) must satisfy one of the two sets of
conditions

Moo = M2 = Mol = 0, mog < 0, Mmoo < 0, (334)

mog < 0, 4dmaoamgy > m%27 dmogmag > m%l. (335)

If (3.34) holds then we need to assume in addition that
mi; < 4mogmao, (3.36)

in order to guarantee that (3.23) and (3.24) and hence (3.25) and (3.26) are
integrable. Note that (3.34) and (3.36) yield the classical bivariate normal
model.

If (3.35) holds then (mag22? + mi2x + moz) is bounded away from zero
and the function within square brackets in (3.32) will, for large values of
|z|, behave like 22 (4magmag + m3;)/2mas and consequently (3.32) will be
integrable.

It is interesting to note that in his paper in which he sought charac-
terizations of the classical bivariate normal, Bhattacharyya (1943) derived
an equation essentially equivalent to (3.26). He assumed differentiability
of fx y(z,y) in his derivation and he did not completely determine what
conditions on the parameters were needed to guarantee integrability. He
did express interest in making a detailed study of the density equivalent to
(3.26) at some future time.

3.4 Properties of the Normal Conditionals
Distribution

The normal conditionals distribution has joint density of the form (3.26)
where the constants, the m;;’s, satisfy one of the two sets of conditions:

: _ _ _ 2 .
(l) Moo = M2 = Mol = 0, mog < 07 moz2 < 0, mi < 4m02m20,
.o 2 2

(i1) mag < 0, 4dmaoomoz > Mmiq, 4magmas > m3,.

Models satisfying conditions (i) are classic bivariate normal with normal
marginals, normal conditionals, linear regressions, and constant conditional
variances (see Figures 3.1 and 3.2).

More interesting are the models satisfying conditions (ii). These mod-
els have normal conditionals distributions but have distinctly nonnormal
marginal densities (see (3.32) and (3.33)). The regression functions are
given by (3.28) and (3.30). These are either constant or nonlinear. Each



60 3. Distributions with Normal Conditionals
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FIGURE 3.1. Density function of a bivariate normal (1.27324¢%241564=#>/2—xy—y*)
showing its regression lines (top projections) and its marginal densities (right and
left projections).

-4 -2 0 2 4

FIGURE 3.2. Contour plot of the bivariate normal in Figure 3.1.

regression function is bounded (a distinct contrast to the classical bivariate
normal model). The conditional variance functions are also bounded. They
are given by (3.29) and (3.31).

The point or points of intersection of the two regression curves determine
the mode(s) of the bivariate distribution in both cases (i) and (ii). The bell-
shape of the classical bivariate normal is well known. The form of typical
normal conditionals densities satisfying conditions (ii) is not as familiar nor
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FIGURE 3.3. Example of a normal conditionals density showing its regression
lines (top projection) and its marginal densities (right and left projections).

-1

-2
-2 -1 0 1 2 3 4

FIGURE 3.4. Contour plot of the normal conditionals density in Figure 3.3.

as easy to visualize. Figures 3.3 and 3.4 illustrate a representative density
satisfying conditions (ii). The nonnormal marginals are shown in the back-
drop of the figure. Their nonnormal character is evident. The picture is
somewhat akin to what we might find if we left a classical Gaussian heap
of sand out in the wind overnight. Three other illustrative cases of densi-
ties satisfying (ii) are provided by Gelman and Meng (1991), including one
which is bimodal (see Figures 3.5 and 3.6 below and the reparametrization
discussion immediately preceding them).

What if we require normal conditionals and independent marginals? Re-
ferring to (3.26) the requirement of independence translates to the following
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functional equation:

Mmoo M1 o2 1
(1, T, a:z) mig Mi1  Mi2 y | =r(z)+s(y), (3.37)
mgo M21 M22 y2

which is of the form (2.24). Its solution using Theorem 2.3 eventually leads
us to the conclusion that, for independence, we must have
11 = Mo = M12 = Mgy = 0 (338)

This shows that independence is only possible within the classical bivariate
normal model.

As consequences of the above discussion, Castillo and Galambos (1989)
derive the following interesting conditional characterizations of the classical
bivariate normal distribution:

Theorem 3.1 fx y(z,y) is a classical bivariate normal density if and
only if all conditional distributions, both of X given Y and of Y given X,
are normal and any one of the following properties hold:

(i) o3(x) = var(Y|X = x) or o3(y) = var(X|Y = y) is constant;
(i) limy 00 Y203 (y) = 00 or limy o0 2203 (z) = 00;
(iii) lim,_, o1(y) # 0 or lim,_  o2(z) # 0; and
(iv) E(Y|X =x) or E(X|Y =y) is linear and nonconstant.

Proof.
(i) If o2(z) is constant, from (3.29) we get mg; = Mmoo = 0 which implies

classical bivariate normality.

(i) If y?02(y) — oo, from (3.29) we get mae = 0 which implies classical
bivariate normality.

(iii) If lim o1(y) # 0, then from (3.29) we get mo; = mos = 0 which
implies classical bivariate normality.

(iv) If E(Y|X = z) is linear, from (3.30) we get mqo2 = 0 which implies
classical bivariate normality. |

One final reparametrization merits mention. Following Gelman and Meng
(1991), if in (3.26) we make the following linear change of variables:

Tr—a

(3.39)
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where
a = 72”7;‘11222, (3.40)
b = 2 W;imél’ (3.41)
c = 72”;12212, (3.42)
d=2/— "2 (3.43)

4mpamag — miy

and we rename u and v as x and y, respectively, we obtain the density
function

f(z,y) xexp(az®y® — 2 — y* + Bay + vz + y) , (3.44)

where «, 3,7, and § are the new parameters which are functions of the old
my; parameters.
In this parametrization, the conditional distributions are

_ By +~ 1
X =y N (g ) 6

Bxr+6 1
Y X=2x~N|- — . 3.46
| “ < 2(ax? - 1) 2(ax?—1) (3.46)

The only constraints for this parametrization are
a<0 and ifa=0 then |f]<2. (3.47)

An advantage of this Gelman and Meng parametrization is that in some
cases it renders it easy to recognize multimodality. Bimodality of a distri-
bution with normal conditionals is perhaps a surprising development. It is,
of course, retrospectively obvious that the conditional mode curves (which
correspond to the conditional mean curves (3.28) and (3.30)) can intersect
at more than one point.

Since modes are at the intersection of regression lines, from (3.45) and
(3.46) the coordinates of the modes satisfy the system of equations

By +
2 _ b
2%2 Y (3.48)
e 1)

Substituting the first into the second we get

40*y°® —20°6y" —8ay® +a (46— By)y* + (4— 2 —ar®)y =26 — By = 0, (3.49)
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0.00002¢
0.000015

FIGURE 3.5. Example of a normal conditionals density with two modes showing
its regression lines and its marginal densities.

FIGURE 3.6. Contour plot of the normal conditionals density in Figure 3.5 (the
mask of Zorro?).
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which is a polynomial of degree 5. When this polynomial has a unique real
root, the density is unimodal, if it has three distinct real roots the density
is bimodal.

But can life get even more complicated? Can there exist three modes?
It turns out that (3.49) can have five distinct real roots, though diligent
searching of the parameter space is required before encountering such cases.
In addition, one mode may be a molehill while the others are mountains.
Such is the case in the example described below. But modes they all three
are, even though we have to resort to graphing £1/20°(z, y) in order to make
them more evident in our picture.

Example 3.1 (Two-modes). Figures 3.5 and 3.6 show one example of a
density satisfying conditions (ii) with two modes. Its marginals (plotted on
the right and left projections), which are not normal and the correspond-
ing nonlinear regression lines (plotted on top of the joint density), clearly
indicate that the model is nonclassical. Observe that in this example the
regression curves intersect three times, corresponding to two modes and
a saddle point. Note also the unexpected bimodality of the corresponding
marginal densities. ]

Example 3.2 (Three modes). Consider the model in (3.44) with pa-
rameters

a=-30, B=-100, v=-22, 6=20.
For this case the fifth degree polynomial (3.49) becomes
—2240 + 4524y + 63600y 4 240> — 36000y + 3600y° (3.50)
with roots
y=-1199, y=-0.231, y=0.1563, y=1.466, y=9.808,

which correspond to three relativa maxima (modes) and two saddle points.
Figure 3.7 shows the 200th root of the corresponding probability density
function (i.e., [f(z,)]'/?°°) and Figure 3.8 shows its associated contour
plot together with the two regression lines and the five critical points
identified above. |

3.5 The Centered Model

Consider the bivariate random variable (X,Y") with joint density function

Fror (@.9) = kO p{~3l(a/o0)? + (foa)? + clnfon) /")

(3.51)

2mo109
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FIGURE 3.7. Transformed probability density of the three modes example.

-12.510-7.5-5-2.5 0 2.5 5

FIGURE 3.8. Contour plot of the transformed probability density of the three
modes example in Figure 3.7. The regression curves are also shown in the diagram
as are the three modes (marked by solid dots) and the two other critical points
(marked by open dots).
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i
A
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FIGURE 3.9. Bivariate centered model density plot for o7 = o3 = 10 and ¢ = 20.
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FIGURE 3.10. Contour plot of the centered normal conditionals density for 0% =
02 =10 and ¢ = 20.

defined on the whole plane, where o1, o3 > 0, ¢ > 0, and k(c) is a nor-
malizing constant. With different parameters, the density function (3.51)
may be recognized as one of those which Bhattacharyya (1943) identified
as nonstandard models with normal conditional distributions. More par-
ticularly, (3.51) corresponds to the most general density function which
has normal conditional distributions with zero means. Consider (X,Y), a
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bivariate random variable, such that
XY =y~ N(0,01(y)), (3.52)

Y|X =z~ N(0,03(z)), (3.53)

where 02(y), 02(x) are unknown functions such that o?(y) > 0, o2(z) > 0
for all x, y. Then, it can be proved that (Castillo and Galambos (1989)):
o2 (y) = 02 /(1+c(y/0o2)?), 03(z) = 03 /(1+c(x/0o1)?), and the density func-
tion of (X,Y) is given by (3.51). Equivalently, the density can be identified
as that obtainable from (3.26) upon setting mg; = mip = ma; = my; = 0.
A typical representation of the form of such densities is provided in Figures
3.9 and 3.10. The centered distribution can be used to model bivariate data
which are uncorrelated yet nonindependent. An example of this, provided
by Arnold and Strauss (1991), involves 30 shots at a target, under slow
firing conditions, in a pistol training session.

By integrating (3.51) with respect to y, using the normal density func-
tion, we obtain the marginal density of X,

_ 1 21-1/2 1 2
Ix(x) =k(c) = 1+ c(z/o1)?] exp [—2(95/01) } (3.54)
and, similarly,
B e e I B

Except when ¢ = 0, (3.54) and (3.55) are not normal.

The normalizing constant k(c) in (3.51) can be obtained by the repre-
sentation of the integral of the confluent hypergeometric function given by
(a>0,z>0),

1
I'(a)

Ula,b, 2) = / T B L (3.56)
0

(Abramowitz and Stegun (1964), eq. 13.2.5). Now, integrating (3.54) and
making the indicated change of variables we have

oo —1/2 2
1+ c(z/oq)? e~ @/a1)7/2 gy
| = O ctafon)

oo 1 —1/2 2
=2 —— (1 +c(z/o1)? e~ @/ /2 gy
| o G etafony)

1 /-‘rOO t_1/2(1 + t)_1/2 —t/2c¢ dt 1 U 1 1 1
= e = — —_ _— .
2¢r Jo V2¢ 2" 2¢
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where we have made [c(z/01)? = t]. Therefore, the value of k is given by

or:

RO Y]

(3.57)

3.5.1 Distribution Theory

Suppose that (X,Y) is a bivariate random variable with a centered normal
conditionals distribution (CNC) with density function (3.51). The param-
eters o1 and o9 are scale parameters, and c is the dependence parameter,
where ¢ = 0 corresponds to independence between X and Y. Notice that the
correlation coefficient is always zero. From (3.54) and (3.55) the following
unconditional associations between X and Y may be verified:

(X/o1)[1+ c(Y/o2)?]"* ~ N(0,1), (3.58)

1/2

(Y/o2)[1 + c(X/01)?] '™ ~ N(0,1). (3.59)

Notice that the variable defined in (3.58) is independent of Y and the
variable in (3.59) is independent of X. Using (3.58) and (3.59), the following
relations among the moments of X and Y can be obtained:

E{(X/o)" [+ e(v/02)*]"* } = E{ (V/o2)"[1 + e(X/o)?] "} = B(2"),

(3.60)
where for n even E(Z") = (n —1)(n —3)---1, since Z denotes an N(0,1)
random variable. Because the random variable Z — (X/o1)(A4c(Y/02)?)1/?
is N(0,1) and independent of Y, if V = a1(1 + ¢(Y/01)?)"1/2, it follows
that E(Z"V™) = E(Z™)E(V™) or, equivalently,

E{[L+e(v/o:)2 ) B{[1+e(X/01)7 )

E[(X/o1)"] E[(Y/02)"] = E(Z"). (3.61)

The second relation can be obtained by symmetry. From the marginal den-
sity functions (3.54) and (3.55) we can obtain some particular moments
related to X and Y,

E%ﬂmWﬁ+dWJ”U? “w@)p+dw@ﬂ”?

=k(c)E(Z™).
(3.62)
Alternatively, we can obtain the moments by using a moment generating
function. Since only the moments of even order are different from zero, we
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shall calculate the moment generating function of (X?2,Y?),
Mx> y2(s,t) = B(esX 1Y%

/+oo /+OO k —1/2[((71 —2s)x +(a;2_2t)y -&-0(61(72 ]d.’L‘ dy

27r01 09

(3.63)

(1 —20%s)"1/2(1 — 203t)~1/2k(c)
Ele(1 — 202s)=1(1 — 203t)—1]

where s < 1/(20%), t < 1/(202) in order to guarantee the convergence of
the integrand. When ¢ = 0, (3.63) is recognized as the generating function
of two independent rescaled chi-square variables. Most of the moments can
be expressed in terms of the function

_dlogk(c) K'(c)
oe) = de  k(e)’

(3.64)

From the moment generating function (3.63), in conjunction with (3.60),
we have

E(X?) =0i[1—-2c(c)], V(X?) =ot[l+26(c)—4c?6*(c)], (3.65)

E(Y?) =03[1—2c8(c)], V(Y?)=o05[1+25(c)—4c*5°(c))], (3.66)

E(X?Y?) = 20%036(c), (3.67)

1 —26(c) — 4cé(c) + 4c%52(c)
—1—26(c) + 4c%0%(c)

If we calculate E(X2Y?) by means of the generating function, and equate
the result to (3.67) which was obtained using (3.60), we find that the
function § must satisfy the following differential equation:

1— (24 8¢)d(c) + 4c¢*6%(c) — 4c%8'(c) = 0. (3.69)

p(X*,Y?) =

(3.68)

By means of (3.69), the moments of higher order can be expressed as
functions of §. As an alternative, the values of k£ and § can be expressed as

kle) = E {(1 + 022)*1/2] : (3.70)
VB[22 (14 e22) 7]

o0(c) = = ) 7
() = 3 E[(1+cz2)*1/2} (3.71)

where Z ~ N(0, 1). These expressions allow straightforward numerical ap-
proximation using draws from an N(0,1) distribution. Expression (3.70)
also makes transparent the fact that k(c) is a monotone increasing func-
tion of c¢. Representative values of k(c) and d(c) are displayed in Figures
3.11 and 3.12.
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FIGURE 3.11. Plot of k(c) versus c for the normal centered model.

0.5

FIGURE 3.12. Plot of §(c) versus ¢ for the normal centered model.

3.5.2  Marginal Distribution Theory

Now we shall take a closer look at the marginal density functions of X
and Y, given by (3.54) and (3.55). These are symmetric unimodal random
variables with less kurtosis than the normal distribution (refer to (3.61)).
The tails of these distributions are less heavy than those of the N(0,1)
distribution. The distribution function of X is not simple, since (3.54) has
no closed form integral. However, a simple approximation for small values
of ¢ is possible. If ®.(x) = P(X < z) and = > 0, when we expand in a
power series (justifiably differentiating under the integral sign) we obtain

1 1 1 1
(o) = 0la/on) + { 5 | ®(e/on) = 5] = 115, F/o) e+ ofe)
(3.72)
where I(a,z) = [} e7"t*~! dt/T'(a) represents the incomplete gamma func-
tion and ® represents the standard normal distribution function. As an
alternative to the methods used in the previous section, the moments of X
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can be expressed in terms of the confluent hypergeometric function. If n is
an even number, it may be verified that

o (/2D (n—2|—1> U<n+1 ny 1)'

B(X") = k(e) 2 27 2

(3.73)
Since the expressions for the moments seem to be complex, some kind of re-
currence relation would be useful between them. By using recurrence prop-
erties of the confluent hypergeometric function (Abramowitz and Stegun
(1964), egs. 13.4.21 and 13.5.27) we obtain

2

where n is an even number. Analogously, it may be verified that

o3(n — 1)

BT = [1 —(n— m)} E(X"Y™) + %E(X"”Ym)

¢ 1
(3.75)
from a formula similar to (3.73) for E(X"Y™).

3.6 Bibliographic Notes

The key references for material in this chapter are Bhattacharyya (1943)
and Castillo and Galambos (1987a, 1989). Gelman and Meng (1991) pro-
vide interesting illustrations and an alternative parametrization. Further
discussion of multiple modes may be found in Arnold, Castillo, Sarabia
and Gonzélez-Vega (1999b). The centered model is discussed in Sarabia
(1995).

Exercises

3.1 Solve functional equation (3.37).

3.2 Let (X,Y) be a bivariate random variable with pdf given by
fxy(z,y) < exp[-(2®y® + 2° + y* — 26z — 26y) /2]
with § a real constant.

(a) Prove that E(X|Y)/var(X|Y) = E(Y|X)/var(Y|X) = 6.
(b) Prove that fx y(x,y) is bimodal if and only if |§] > 2.

(Gelman and Meng (1991).)
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Exercises 73

Obtain the most general bivariate distributions (X,Y’) with lognor-
mal conditionals X|Y =y, Vy and Y| X =z, V.

Note: A random variable X is said to be lognormal, iff log X ~
N(p,0?).

Consider the model (4.44) written in terms of the parametrization
k(a,b,c,d
fla,y) = %exp [— (az?y® + 2® + y* + bay + cx + dy) /2] .

with a > 0 and b, ¢, d real numbers.

(a) If U,V are N(0,1) and independent random variables, prove
that

k™' (a,b,¢,d) = E{exp[-(aU?V* + UV + cU + dV) /2] } .

(b) Give an expression for the correlation coefficient in terms of the
function k(a, b, ¢, d) and its partial derivatives.

Compute the coefficient of linear correlation (3.68) for some values of
c>0.

Let (X,Y) be a bivariate random variable such that X|Y = y is

normal for all y and Y|X = z is normal for all x and X 2 Y. Does
X, Y have a classical bivariate normal distribution?

Let (X,Y) be a bivariate random variable such that X and Y| X =«
for all 2 are normal distributions. Does X, Y have a classical bivariate
normal distribution?

Hint: Consider the joint pdf:

f(z,y) x 1+ z2exp[- (m2y2 + 2%+ y2)/2} .

(Hamedani (1992).)

Is it possible to have (X7, X2) with a normal conditionals distribution
such that

E(X1|X2 = xz) = VaI'(Xl‘XQ = .’172), Vl‘g,

and
E(X2|X1 = .131) = Var(XQ‘Xl = 371), V.Z‘17

(Gelman and Meng (1991).)

If (X1,X5) has a normal conditionals distribution then any one of
the following conditions is sufficient to ensure that (X7, X3) has a
classical bivariate normal distribution:
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(a) X is normally distributed.

(b) The contours of the joint density are similar concentric ellipses.



4

Conditionals in Exponential
Families

4.1 Introduction

Following our careful analysis of the normal conditionals example in Chap-
ter 3 and our brief mention of the exponential conditionals distribution
in Chapter 1, it is natural to seek out more general results regarding dis-
tributions whose conditionals are posited to be members of quite general
exponential families. Indeed the discussion leading up to Theorem 1.3, sug-
gests that things should work well when conditionals are from exponential
families. The key reference for the present chapter is Arnold and Strauss
(1991). However it should be mentioned that results due to Besag (1974),
in a stochastic process setting, anticipate some of the observations in this
chapter.

4.2 Distributions with Conditionals in Given
Exponential Families

In this section we consider the important case of exponential families.

Definition 4.1 (Exponential family). An ¢;-parameter family of den-
sities {f1(z;8) : € ©}, with respect to p; on Dy, of the form

4
fi(x;0) = ri(z)51(8) exp {Z gifhi(x)} ) (4.1)
i=1
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is called an exponential family of distributons.

Here O is the natural parameter space and the gi;(x)’s are assumed
to be linearly independent. Frequently, p; is Lebesgue measure or count-
ing measure and often D; is some subset of Euclidean space of finite
dimension. a

Consider the exponential family in (4.1) and let { f2(y;7) : 7 € T} denote
another fo-parameter exponential family of densities with respect to us on
D, of the form

Lo
fa(y; ) = r2(y)Ba(T) exp ZTjQQj(Z/) ; (4.2)

where T is the natural parameter space and as is customarily done, the
¢2;(y)’s are assumed to be linearly independent.

Our goal is the identification of the class of bivariate densities f(z,y)
with respect to p; X pe on Dy x Do for which conditional densities f(x|y)
and f(y|x) are well defined and satisfy:

(i) for every y for which f(z|y) is defined, this conditional density belongs
to the family (4.1) for some 6 which may depend on y; and

(ii) for every z for which f(y|x) is defined, this conditional density belongs
to the family (4.2) for some 7 which may depend on z.

The general class of such bivariate distributions is described in the following
result:

Theorem 4.1 Let f(x,y) be a bivariate density whose conditional densi-
ties satisfy

f(zly) = fi(z;0(y)) (4.3)
and
flz) = f2(y;7(z)) (4.4)

for some function 0(y) and 7(x) where f1 and fo are defined in (4.1) and
(4.2). It follows that f(x,y) is of the form

f(z,y) = ri(@)r2(y) exp{g™ (z) Mq@ (y)}, (4.5)

where
V(@) = (q10(2), 11 (2), qu2(@), - . ., que, (2)),

P () = (g20(1) 421(1); 422 (1), - -, G20, (1))

where qio(x) = ga0(y) = 1 and M is a matriz of constants parameters of
appropriate dimensions (i.e., ({1 + 1) x (b2 4+ 1) subject to the requirement
that

[ [ s dimte) duat) = 1.
Dy J D>
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For convenience we can partition the matriz M as follows:

moo \ mo1 0 Mo,

- + - - -

M = mio ‘ _ (46)
|
|

M
mflo

Note that the case of independence is included; il corresponds to the
choice M = 0. |

Proof. Consider a joint density with conditionals in the given exponential
families. Denote the marginal densities by g(z),z € S(X) = {x : r1(z) > 0}
and h(y),y € S(Y) = {y : r2(y) > 0}, respectively. Write the joint density
as a product of a marginal and a conditional density in two ways to obtain
the relation

9(x)r2(y) B2 (z(x)) explz(z)'§? ()] = h(y)r1(x)B1(0(y)) exp{t‘)(y)'d(”((ﬁ)%
for (z,y) € S(X) x S(Y) where .

q(l)(x) = (QH(J;)v qlg(l‘), <o q1e ('T))v

Q(Q) (y) = (q21(y)7 q22 (y)a s q2e, (y))

Now define
To(z) = loglg(z)Ba(z(x)) /1 ()],

0o(y) = log[h(y)B1(0(y))/r2(v)],

and then (4.7) can be written in the form

Y) exp ZTJ x)q2;(y) | = r1(x)r2(y) exp [ZO Yq1i(x ]

(4.8)
Note both sides of (4.8) represent f(z,y). If we cancel r1(z)ra(y) in (4.8) we
are left with a functional equation to which Theorem 2.4 applies directly.
It follows that

ZTJ )2 (y ze Jari(@) = ¢ (@) Mg (y).  (4.9)

We then obtain (4.5) by substituting (4.9) in (4.8). O

An alternative perhaps more elementary proof involves taking logarithms
on both sides of (4.8) and then taking differences with respect to = and y
(see Arnold and Strauss (1991).)
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The factor €™ in (4.5) is a normalizing constant. The other elements
of M are constrained to be such that

B(M) = / /D e (o) dpn (o) diaty) < . (4.10)

The normalizing constant is then necessarily given by 1/¢ (M), so that the
joint density integrates to 1. The normalizing constant frequently must be
evaluated numerically. As a consequence, the likelihood function associated
with samples from conditionals in exponential families distributions are of-
ten intractably complicated. Standard maximum likelihood techniques are,
at best, difficult to implement. The picture is not completely bleak however.
As we shall see in Chapter 9, pseudo-likelihood and method of moments
approaches are feasible and often prove to be quite efficient. We remark also
that a lack of explicit knowledge of the normalizing factor does not prevent
us from simulating samples from distributions with conditionals in expo-
nential families of distributions (see Appendix A). It will be convenient to
introduce the acronym CEF to avoid the necessity of repeating the mouth-
ful “conditionals in exponential families.” Thus CEF distributions are those
whose densities are of the form (4.5).

We have already met two important classes of CEF distributions; the
exponential conditionals class (introduced in Chapter 1) and the normal
conditionals class discussed in detail in Chapter 3. In the subsequent cat-
alog of CEF distributions in Sections 4.4 and 4.5, these old friends will be
only briefly described. Essentially we will just verify how they need to be
reparametrized in order to fit in the formulation given by (4.5).

We remark in passing that the requirement for the density to be inte-
grable may be so restrictive as to rule out any possible model except an
independent marginals model. See, for example, the discussion of Planck
conditionals in Section 4.9.

4.3 Dependence in CEF Distributions

The exponential conditionals distribution described in Chapter 1 has the
following joint density (repeating (1.39))

f(xa y) = eXP(moo — Miox — MorY + mllxy) ) T > Oa Yy > Oa

where mi1g > 0,mg1 > 0, and mq; < 0. For such a joint distribution it is
readily verified that

P(X > z|Y =y) = exp[—(m1o — m11y)x] . (4.11)

It follows that X is stochastically decreasing in Y. Consequently, applying
Theorem 5.4.2 of Barlow and Proschan (1981), X and Y are negatively
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quadrant dependent and consequently have nonpositive correlation, i.e.,
p(X,Y) < 0. It is reasonable to ask whether this negative dependence is
characteristic of the CEF distributions. As we shall see, in certain families
negative dependence is assured, in others positive dependence and in some
families a unrestrained spectrum of correlations is encountered. It is valu-
able to know about any correlation restraints in CEF models since those
constraints may help justify or countermand use of a particular model in
specific practical applications.

It remains a surprising fact that we cannot have X|Y = y exponential
with parameter dependent on y,Y|X = x exponential with parameter de-
pendent on x, and (X,Y") positively correlated. But such is the case, and in
any given situation we must sacrifice either exponential conditionals or pos-
itive correlation in order to have a proper model. Of course with a normal
conditionals model, correlations of either sign are possible.

Let us now focus on CEF distributions given by (4.5). Under what con-
ditions can we assert that positive quadrant dependence obtains and hence
that, provided adequate moments exist, nonnegative correlation will be en-
countered? A convenient sufficient condition for such positive dependence
is that the density be totally positive of order 2, i.e., that

flzi,y1)  flz1,y2)
f(xa,91)  f(w2,92) 20 (4.12)

for every x1 < xa,y1 < y2 in S(X) and S(Y), respectively. (See Barlow
and Proschan’s (1981), Theorem 5.4.2.) The determinant (4.12) assumes a
particularly simple form if the joint density is of the form (4.5). Substitution
into (4.12) yields the following sufficient condition for total positivity of
order 2 (abbreviated as TP2):

(@0 (1) = 3 @) M[T® (1) = 7% (52)] 2 0 (4.13)

for every z1 < zo in S(X) and y1 < yo in S(Y). Thus, for example, if
the ¢1;(z)’s and the ¢2;(y)’s are all increasing functions, then a sufficient
condition for TP2 and hence for nonnegative correlation is that M >0
(i.e., if my; > 0,Vi = 1,2,...,41, j =1,2,...,6y). If M < 0 then negative
correlation is assured (as was encountered in the exponential conditionals
example). If the ¢1;’s and go;’s are not monotone then it is unlikely that
any choice for M will lead to a TP2 density, and in such settings it is
quite possible to encounter both positive and negative correlations (as in
the normal conditionals example).
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4.4 Exponential Conditionals

In this case, {1 =l = 1,71(t) = ro(t) = I(t > 0), and q11(t) = ¢21(¢) = —t.
The resulting densities are of the form

f(z,y) = exp(mog — miox — mory + mi1zy), = >0, y>0. (4.14)

For convergence we must have mig > 0,mg; > 0, and my; < 0. It fol-
lows from the discussion in Section 4.3, that only nonpositive correlation
will be encountered. With different parametrization, this density has been
discussed extensively in Arnold and Strauss (1988a). It was also treated
by Besag (1974), Abrahams and Thomas (1984), and Inaba and Shirahata
(1986).

A more convenient parametrization is the following (see Arnold and
Strauss (1988a)):

F) = 2 explafor —yfos - cayf(orer)) . (419

The conditional densities are exponential, that is,
X|Y =y~ Exp[(1 + cy/o2)/o1], (4.16)

Y|X =z ~ Exp[(1+ cz/o1)/o2]. (4.17)

The marginal densities are

k(e)

fx(w) =201+ cxfoy) e x>0, (4.18)
1
fy(y) = %(1 + Cy/0'2)*1e*y/02’ y > 0. (4’19)

Observe that from (4.16) and (4.17) we have unconditionally
X(1+cY/o3)/o1 ~ Exp(1), (4.20)

Y(1+4c¢X/o1)/o2 ~ Exp(1). (4.21)

Note that the variable defined in (4.20) is independent of Y and the variable
defined in (4.21) is independent of X.

Example 4.1 (Exponential conditionals). Figure 4.1 shows an ex-
ample of an exponential conditionals distribution of the type in (4.15)
corresponding to ¢ = 2,01 = o9 = 1. The left figure corresponds to the
probability density function, and the right figure to the contours. O
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FIGURE 4.1. Example of an exponential conditionals with ¢ = 2,01 = 2,00 =1
showing (left side) the probability density function, and (right side) the contour
plot.

The normalizing constant can be obtained in terms of the classical ex-
ponential integral function. More precisely, we have

ce1/e
k(c) = CE/] (4.22)

where o w
— Ei(u) = / %dw. (4.23)

The joint moment generating function is given by

— 018 (1 —oot) k(e
Myy(o) = BESH) = e LS, o

where s < 1/01 and t < 1/03. Thus, we have

E(X) = o1[k(c) —1]/c, (4.25)
EY) = os[k(c) —1]/c, (4.26)
var(X) = otk(c)[l +c— k(c)]/c?, (4.27)
var(Y) = osk(c)[1 4 c— k(c)]/c?, (4.28)
cov(X,Y) = or0a[k(c) — k*(c) + ] /2. (4.29)
Consequently, the coefficient of correlation is
p(XY) = c+k(e) — k*(c) (4.30)

k()1 +c— k()]
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FIGURE 4.2. Coefficient of correlation p as a function of ¢ for an exponential
conditionals density.

Figure 4.2 shows the coefficient of correlation p as a function of ¢ for
the exponential conditionals family. Note that it is always negative and
bounded from below by the value —0.32.

4.5 Normal Conditionals

Assuming unknown mean and variance, we are dealing with two-parameter
exponential families here, i.e., {1 = ¢ = 2. We have ri(t) = ro(t) = 1 and
we may parametrize in such a fashion that

1
aV)=gP® =11 |,
t2
yielding a bivariate density of the form

1
fla,y) = exp {q’(l)(x)Mq(z)(y)} =expd (1 2 )M | y
- - 2
Yy

(4.31)
This is a reparametrized version of the density discussed in detail in Chap-
ter 3. Necessary conditions on M to ensure a valid density are found in
that chapter. The choice mos = mis = ma; = 0 yields the classic bivariate
normal provided that

2
mog < 0, mge <0, mi < 4mgamag.

Correlations of both signs are possible. The nonclassical normal condition-
als models are governed by the following parametric constraints (equivalent
to (3.35)):

2 2
Moo < 0, 4m22m02 > mfisy, 4m22m20 > ms3q.
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4.6 Gamma Conditionals

The family of gamma distributions with scale and shape parameters forms
a two-parameter exponential family of the form

Flx:01,00) = x— el o8 e=022000 [1(9))] 7 [ (2 > 0). (4.32)

If X has its density of the form (4.32) then we write X ~ I'(61,62). If we
require all conditionals to be in the family (4.32) then Theorem 4.1 may
be invoked. In this example, £; = l5 = 2,71 (t) = ro(t) = t~1I(t > 0), and

1
aV) =g® (1) = | —t
logt

Consequently, the general gamma conditionals class of densities is given by

1
flz,y) = (zy) texp (1 —z logz)M | —y , x>0, y>0.
logy

(4.33)
It remains only to determine appropriate values of the parameters M to
ensure integrability of this joint density. Such conditions were provided by
Castillo, Galambos, and Sarabia (1990) using a different parametrization.
For fixed y, the density f(x,y) is of the form ¢(y)z®® e~ for suit-
able a(y) and B(y). For this to be integrable a(y) and £(y) must both be
positive. The conditional distributions corresponding to (4.33) are of the
form

XY =y ~T(mgo + mazlogy — mary,mig — mi1y + mizlogy) (4.34)
and
Y|X = a ~ T'(mo2 + maglogx — misx, mo1 — mirx + moy logx). (4.35)

Thus, our parameters must be such that all the expressions on the right-
hand sides of (4.34) and (4.35) are positive. In addition, we must verify
that the marginal densities thus obtained are themselves integrable. We
have

_1 T(mo2 + mag log z — myax)emoo~mostmaologz

= ? > 07
Ix(@) == (mo1 — my1x + Moy log x)mo2tmazlogz—misz *
(4.36)

and an analogous expression for fy (y). It turns out that under the para-
metric conditions sufficient to ensure positivity of the gamma parameters
in (4.34) and (4.35), the function fx(x) is bounded in a neighborhood of
the origin and, for large x, is bounded by z'/2e=%% for some ¢ > 0. Conse-
quently it is integrable. The requisite conditions for a proper density f(z,y)
in (4.33) may be summarized as follows:
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MODEL I (in this case, X and Y are independent):

my1 =0, miz =0, ma1 =0, ma =0,
myg > 0, mog >0, mgy >0, mez > 0.

MODEL II:
mi11 <0, mi2 =0, ma1 =0, mgy =0,
myg >0, mog >0, mo1 >0, mez > 0.

MODEL IITA:

mi1 <0, mia =0, mo; <0, mgy =0,

m
mig >0, mog >0, moz >0, mo1 > mas <1 — log 21) .
mii

MODEL IIIB:

mi1 <0, miz <0, mor =0, moa =0,

mi2
mzo >0, mo1 >0, me2 >0, mig > mi2 <1 — log ) .

mii
MODEL IV:
ma1
mo1 > moy | 1 —log—— ], mi11 <0, mz <0, ma; <O,
mii
mi2
mip > mie (1 —log —=), mg >0, moz2 >0, mg =0.
mii
and finally MODEL V:
m
mi11 <0, mig > mia 1—10g£ R
mi1
m
mi2 < 0, mogg > Mmoo 1—10g£ R
mai
mai1
moq <07 mo1 > Moy l—log— s
mi1
m
Moo < 0, Mmoo > mog [ 1 — logﬁ
mi2

(4.37)

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

The regression functions for the gamma conditionals distribution are of

course generally nonlinear. We have

Mmao + maz logy — ma1y

EX|)Y =y) =
(X] v) mio + mizlogy — my1y

and

1 _
E(Y|X =2) = Mo2 + Mag logx — miox

b
mo1 + Moy IOgI — mi1x

(4.43)

(4.44)
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obtained using (4.34) and (4.35). Expressions for the conditional variances
can also be written by referring to (4.34) and (4.35). As a curiosity, we
may note that certain fortuitous parametric choices can lead to E(X|Y =
y) = C1 and E(Y|X = .Z‘) = C2, i.e., mgo/mu) = ng/mlz = m21/m11,
etc. These will generally not correspond to independent marginals since
the corresponding conditional variances will not be constant.

The modes of this distribution are at the intersection of the conditional
mode curves, that is, they are the solution of the system

M0 +mazlogy —ma1y — 1
mio +mizlogy — mi1y

Moz + Mmog logx — migx — 1

mo1 + Moy logw — my

where we assume that mog > 1 and mgy > 1.

4.6.1 Model IT

In this section we give a more detailed analysis of Model II, which can be
reparametrized as

krs(c)  ro1 s Y
ojosl(r)T(s) o1 02 0102

P y) = )I(x S0,y > 0)

(4.45)
withr, s > 0, 01,09 > 0, and ¢ > 0. Note that r and s are shape parameters,
o1 and o9 scale parameters, and ¢ is a dependence parameter, such that
¢ = 0 corresponds to the case of independence.

If a random variable (X,Y) has probability density function (4.45),
then we write (X,Y) ~ GCD(r, s;01, 02,¢). It is obvious that (X,Y’) has
conditionals

XY =y~T(r,(1+cy/o2)/o1) (4.46)
and
Y| X =2 ~T(s,(14cx/o1)/02) (4.47)
and marginals
o kr,s(c) —s,r—1_—x/01
fx(z) = a{I‘(r)(l +ecx/o1) %z e , x>0, (4.48)
and Foa()
c
= (1 gt Tlemv/o : 4.4
fx(x) JET(S)( +ecy/oa) " e , x>0 (4.49)

It is worthwhile mentioning that only in the case ¢ = 0 are these marginals
of the gamma form.
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From (4.46) and (4.47) we get the relations

X Y

— (1 — | ~T(r,1 4.

U1< +002) (r,1) (4.50)
and

Y X

— 1 — | ~T'(s,1 4.51

p ( +CU1) (s,1), (4.51)

where the random variable in (4.50) is independent of ¥ and the random
variable in (4.51) is independent of X. Many of the moments of (4.45) can
be written in terms of

Bral) = o log k(). (4.52)

One first observation is that the condition E(9log f(x,y)/0c) = 0 becomes
E(XY) = 010'2(57«’5(6). (453)
The moment generating function of (X,Y) is

Guxy () = () = Lol Lo FalQ a5

where u < 1/07 and v < 1/03 to ensure the convergence of the integrand.
If we make use of the moment generating function to calculate F(XY") and
set the result equal to (4.53) we obtain the differential equation

rs —c(r + s+ 1)3,.5(c) + 262 ,(c) — 23, ,(c) = b,,5(c), (4.55)

where 5;75(0) = 06, s(c)/0c. Using this differential equation we can con-
clude that all high-order moments of (X,Y’) can be expressed in terms of
(4.52). Now, making use of (4.50), (4.51), (4.52), and (4.55), we obtain the
moments

E(X) = o1|r —cdrs(c)], (4.56)
E(Y) = o3[s —cors(c)], (4.57)
var(X) = oi[r(1—s)+(c(r +s—1)+1)8, s(c) —c*7 (c)], (4.58)
var(Y) = o3[s(1—r)+(c(r+ s —1)+1)d,4(c)—c*62 ()], (4.59)
cov(X,Y) = a102[(r + 8)cdy s (c) —rs+3, 5(c)—c252 (c)] (4.60)

The Normalizing Constant

The normalizing constant and the function d, s(c) play an important role
in the calculus of the GCD moments. We are interested in some expressions
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that are relatively easy to use. For example, from (4.48), the function &, s(c)

can be written as -
c

Ulr,r—s+1,1/c)’

where Ul(a, b, z) is the “Confluent Hypergeometric” function, which is de-
fined in (3.56).
Alternatively, using again (4.48), k, s and J, s can be given as

krs(c) =

(4.61)

krs(c) = El(1+cZ)™"] = E[(1+¢Z,)~"], (4.62)
_ Bz +cez) ] B2 (1 +cZ)
Ors(c) =7 B ez~ E(tez) (4.63)

where Z, ~ I'(a,1). These expressions allow us to obtain k, s, and &, s
by simulating samples from a I'(«, 1) distribution. Expression (4.62) shows
that k, s(c) is an increasing function of c.

Higher-Order Moments and Mode

Higher-order moments of X and Y can also be expressed in terms of the
function k, 4(c), that is, in terms of (4.61). Writing X,, = X/o1, Y, =
Y/o3 and taking into account the fact that E(XJ1Y?) = E[Y]2 E(X}1[Y)]
we obtain

L(r+n1)T(s + n2) " kr s (c)
L(r)I'(s) Rortni,sna(€)
Using the relations (4.61) we can then obtain recurrence formulas for the

moments. Using relations 13.4.21 and 13.4.27 in Abramowitz and Stegun
(1964) it can be shown that

B(X3Yie) = (4.64)

(k+r—1)EX"1) =~ <k +r—s5— 1) ZE(X") + 5 B(X*) (4.65)
01

c/) 01
with k& = 1,2, .... The associated recurrence relations for the random vari-

able Y are obtained by symmetry. In addition, we have

E(log X) = 4¢(r) +logo; — % log k- 5(c), (4.66)

where 9 is the digamma function.
If r,s > 1, then the mode of the density (4.45) is

xTg = % {—(1 +es—or) + /(14 cs — cr)? + de(s — 1)} ) (4.67)
Yo = ;T—z [—(1 +er—cs)+ \/(1 +cr —c¢s)? + de(r — 1)} . (4.68)

If ¢ = 0 the mode becomes (zg,yo) = (o1(r — 1),02(s — 1)) for r,s > 1.
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L5

FIGURE 4.3. Example of a gamma conditionals distribution in (4.45) with ¢ =
1,01 = 02 = 1,r = s = 3 showing (left side) the probability density function,
and (right side) the contour plot.

Example 4.2 (Gamma conditionals Model II). Figure 4.3 shows an
example of a gamma conditionals distribution of the type in (4.45) cor-
responding to ¢ = 1,07 = 09 = 1,7 = s = 3. The left figure shows the
probability density function, and the right figure the associated contours. O

4.7 Weibull Conditionals

In general, the two-parameter Weibull distribution does not form an expo-
nential family and consequently more detailed discussion of this model will
be deferred to Chapter 5. However, if the power parameter is held fixed,
the Weibull becomes a one-parameter exponential family. In fact, we may
view a Weibull random variable W as a positive power of an exponential
random variable, i.e.,

W = X°,

where X is exponential. We may introduce the notation Weibull(c) to de-
note the class of Weibull distributions with fixed power ¢ and arbitrary
scale. It follows readily, since the functions ' and z“ are invertible on
(0,00), that the class of all bivariate distributions with W1|Ws = wq ~
Weibull(c;) for every we, and Wa|W7 = wy ~ Weibull(cs) for every w; is
merely given by taking (X,Y) to have a general exponential conditionals
distribution given by (4.14) and defining

(W1, Wa) = (X, V).

Of course, analogous distributions could be generated by other invertible
functions ¢1(X) and ¢2(Y") instead of X and Y.



4.8 Gamma—Normal Conditionals 89

4.8 Gamma—Normal Conditionals

In the study of the stochastic behavior of ocean waves, Longuet-Higgins
(1975) were led to a model in which squared wave amplitude and wave
period had a joint distribution with gamma and normal marginals. How-
ever, since the theoretical derivation was performed assuming a narrow
energy spectrum, Castillo and Galambos (1987a) suggest that it is perhaps
more reasonable to assume a model with gamma and normal conditional
distributions. Such a model might be applicable even in the wide energy
spectrum case. Models of this type may be identified as CEF distributions
as follows.

The class of bivariate distributions with X|Y = y having a gamma dis-
tribution for all y and Y| X = 2 having a normal distribution for all 2 will
be given by (4.5) with the following choices for the r’s and ¢’s:

ri(z) =z (x> 0), my) =1,

q1(x) = —x, @1(y) =y, (4.69)

qi12(w) =log z, a2(y) =y°.

Then, the joint density can be written as

1
Fay) = @) e (1 -z loga)M [y | poiz>0yeR.

y2

(4.70)

Provided that the parameters are suitably constrained to yield a proper

joint density, the specific forms of the conditional distributions will be as
follows:

XY =y ~ T(mag + mary + mazy®, mio + mi1y + miz2y?) (4.71)

and
YIX = o ~ N(u(x), 0*(a). (4.72)
where )
mop1 — M11x —+ mo1 ogx
T) = , 4.73
uiw) 2(—moa + mi2x — mas log x) (4.73)
o?(z) = 5(—m02 + Mo — mag logz) L. (4.74)
Thus three necessary conditions for a proper joint distribution are
mao + ma1y + maay® >0, Vy € R, (4.75)

mio +miy +mizy® >0, VyeR, (4.76)
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and
—Mmog2 + M2z — moglogz >0, Va > 0. (4.77)

Provided our parameters are constrained to ensure that (4.75)—(4.77) hold,
the only further constraint is that one (and hence both) of the resulting
marginal densities be integrable. In this manner we are led to the following
set of parametric constraints for valid gamma-normal models.

MODEL I (in this case, X and Y are independent):

mi2 =0, maz =0, mez <0, my; =0,

mo1 = 0, mig > 0, mog > O, mo1 € R. <478)
MODEL II:
Mmoo =0, miz >0, mez <0, mi <4dmigmis, (4.79)
moo >0, moy =0, mo; € R. ’
MODEL III:
mio > 0, mo2 < Ma2 <1 — log Wm) ,
mi2
Mmoo > 0, m%l < 4m10m12, (480)

mo1 € R, m%l < dmogmias.

The regression function of X on Y is biquadratic, while the regression of
Y on X is a bilinear function of y and log y.

Example 4.3 (Gamma-Normal conditionals). Figure 4.4 shows an
example of a normal-gamma conditionals distribution of type II correspond-

ing to moz = —1,me1 = 1,m10 = 1.5,m12 = 2,m11 = 1,mgp = 3,ma2 =
mo; = 0. The left figure corresponds to the probability density function,
and the right figure to the contours. O

The conditional mode functions can intersect more than once (similar to
the case for normal conditionals distributions). In Figure 4.5, a bimodal
gamma-normal conditionals density is shown. It corresponds to the param-
eter values mg; = 0.7,mg2 = 1.4, m19 = 1.8, m11 = 1.3, m12 = 2.3, Moy =
3.7, mo1 = 4.8, Moo = 3.3.

4.9 Power-Function and Other Weighted
Distributions as Conditionals

The family of power-function densities

fx;0) =027, 0<ax<1, (4.81)
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FIGURE 4.4. Example of a normal-gamma conditionals distribution with mo2 =
—1,777,01 = 1,77110 = 1.5,77112 = 2,m11 = 1,m20 = 3,77122 = m21 = 0 showing (left
side) the probability density function, and (right side) the contour plot.

FIGURE 4.5. An example of a gamma-normal conditionals distributions with
two modes.
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where 6 € (0,00) is clearly an exponential family and modeling situations
might suggest use of joint densities with conditionals in this family. Rather
than describe this specific class of joint distributions it is convenient to
recognize that (4.81) is a special case of a general class of weighted distri-
butions on R™ (see, for example, Patil and Rao (1977) for a good intro-
duction to weighted distributions and their potential for applications). For
any nonnegative function A(x) on R we may define the corresponding
class of g weighted distributions (g again is a nonnegative function) by

f(2:0) = [9(x))’ A(@)B(0), x> 0. (4.82)

If we let

q(z) = log g(x),
then we see immediately that (4.82) is a one-parameter exponential family.
Denote the natural parameter space of this family by the interval

Of course different choices of g and/or A will lead to different distributions
with possibly different natural parameter spaces. We will say that X has a
(g, A) weighted distribution if (4.82) holds. We may then ask what is the
nature of all bivariate distributions for which X|Y = yisa (g1, A1) weighted
distribution for all y and Y|X = z is a (g2, A2) weighted distribution for
every x? Using (4.5) it is apparent that the form of the joint density must
be as follows:

f(z,y)=A1 () As(y)e™0 [gy ()]™10 [ga (y)] ™01 11 (g g1() (log 62(v))
z,y >0
(4.84)
where mqg, mg1, and mq; must satisfy

01(g1, A1) < mao +ma1logga(y) < O2(g1, A1), Yy with Az(y) >0,
and
01(ge, As) < mo1 + my1log g1 () < 02(g2, As), Yo with Ai(x) > 0.
In some cases we will also need to impose the additional conditions that
01(g1, A1) < mao < 02(g1, A1)

and
01(g2, A2) < mo1 < 02(g2, A2)

to ensure that the joint density is integrable. This would be necessary,
for example, in the case in which A;(z) = 1, As(y) = 1,91(x) = e~ %, and
g2(y) = e~¥. This of course is yet another representation of the exponential
conditionals distribution.
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In some cases, severe parametric restrictions are necessary in order to
have a valid distribution. An example is provided by the Planck distribu-
tion. It is a weighted distribution with g(x) = z and A(z) = (e*—1)"!, 2 >
0. Thus

F(a:0) = 2% /[(e" = DO+ DEB +1)], @ >0,

where 6 > —1 (here £ is the Riemann zeta function). If a bivariate density is
to have all conditionals in the Planck family we must have a representation
like (4.84) and for legitimate Planck conditionals of X given y we will
require

mq1 logy +me; > —1, Vy > 0.

Evidently this is only possible if my; = 0. If follows that the only Planck
conditionals model that can be constructed is the trivial one with indepen-
dent Planck marginals.

4.10 Beta Conditionals

The beta conditionals model is associated with the following choices for the
r’s and ¢’s in (4.5):

ri(z) =[z(1—2)]7 0 <2z <1),

7”2(%/ ): y(1—y)] (0 <y <1),

q11(z) =logz,

q; (y) =logy, (4.85)
q12(z) = log(1 — ),

q22(y) =log(1 —y)

This yields a joint density of the form

flz,y) =[z(1 = 2)y(1 — y)]~" exp{ma; log x logy + mi2 log zlog(1 — y)
+ ma log(l — x) log y + mag log(1l — x) log(1 — y)
+ myplogx + mag log(l — x)
+ moy logy + mez2 log(1 —y)
+ Mmoo} (0 < z,y < 1).
(4.86)
In order that the associated beta conditionals will have parameters in the
natural parameter space of the beta exponential family we require that

mio +mi1logy +mizlog(l —y) >0, Vye€ (0,1),
Mmoo + ma1 logy +mazlog(l —y) >0, Vy e (0,1),
mo1 + ma1 logz + maplog(l —x) >0, Ve (0,1),
Moz + Mg logx + maglog(l —x) >0, Va € (0,1).

(4.87)

Evidently (4.87) cannot be true if any m,; with ¢ and j > 1 is positive.
So my; < 0,4 = 1,2,5 = 1,2. In order to guarantee integrability of the
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FIGURE 4.6. Example of a beta conditionals distribution with mo1 = 1, mo2 =
1,mio = 1,mi1 = —1,m12 = —1,mo0 = 1,ma1 = —3,ma2 = —1 showing (left
side) the probability density function, and (right side) the contour plot.

marginal distributions we require myg > 0, maog > 0,mg1 > 0,mp2 > 0. Re-
ferring to (4.87) to read off the appropriate parameters for the conditional
distributions we may readily write conditional means and variances. For
example

mio + mi1 logy + miz log(l — y)
(mao + mao) + (m11 + ma1)logy + (maz + maz) log(l —y)’
) (4.88)
As usual M = 0 corresponds to independent marginals. Both negative and
positive correlations are possible in this family.

B(X|Y =y) =

Example 4.4 (Beta conditionals). Figure 4.6 shows an example of a
beta conditionals distribution corresponding to (4.86) with mg; = 1,mg2 =

1,m10 = 1,m11 = —1,m12 = —1,m20 = 1,m21 = —3,m22 = —1. The left
figure corresponds to the probability density function, and the right figure
to the contours. |

4.11 Inverse Gaussian Conditionals

We say that X has an inverse Gaussian distribution if its density is of the
form

flx) =, /@62\/7717726—?7190—’729571](37 > 0). (4.89)
7r

In such a case we write X ~ IG(n1,7n2). The parameters 7,72 are con-
strained to be positive in order to have a proper density.
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The inverse Gaussian conditionals model corresponds to the following
choices for the r’s and ¢’s in (4.5):

ri(z) =23/2I(z > 0),
ra(y) = ‘3/2I(y > 0),
qui(x) =
ny) = (4.90)
LI12(£U)
q22 (y)

The joint density is of the form

[z, y) = (fy)73/2 exp{mi1zy + miazy~t + maz~ly
+ magz Yy~ — migx — mogz ! (4.91)
— mo1y — mo2y~ L +moo}(z > 0,y > 0).

In order to have proper inverse Gaussian conditionals distributions we
require that
mig — muy —miy >0, Yy >0,
Moo — M21Y — mggy_l > 0, Vy > 0,
mop1 — M11T — mglllfil > 0, Vo > 0,
Moz — M2 — m22x71 > 0, Va > 0.

(4.92)

Clearly then, m;; <0, i =1,2, j =1,2. In addition we require that

mig > —2y/Mmi1miz, Moy > —2/Ma1M22, (4.93)
mo1 > —2y/mi1ma1, M2 > —2/M12Ma2, ’

in order to guarantee that (4.92) holds and that the resulting marginal
densities are integrable. Reference may be made to (4.92) to determine the
relevant parameter values in the conditional distributions. For example,

XY =y ~1IG(myg — mu1y — mizy ", mag — mary — m22y_1)

and, consequently,

moo — M21Y — m22y_1
EX|Y =y) = — — —- (4.94)
mio — M1y — mi2y

4.12 Three Discrete Examples (Binomial,
Geometric, and Poisson)

Definition 4.2 (Binomial distribution). A random variable has a
binomial(n, p) distribution if P(X = z) = <Z) p*(1-p)" *,2=0,1,...,n,
0<p<l.
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A two-dimensional random vector (X,Y") will have
X|Y =y ~ binomial (n1,p1(y))

for each y and Y| X = z ~ binomial(nsg, pa(z)) for each z if its joint density
is of the form

o) =k paet) () 0= e () b1 = gy,

z=0,1,...,n1, y=0,1,...,no.

(4.95)

Here p; € (0,1),p2 € (0,1), and ¢ > 0. This is merely a reparametrized

version of (4.5) with the appropriate choices of r’s and ¢’s. The case t =

1, corresponds to independence. The correlation is positive if £ > 1 and

negative if ¢ < 1. Conditional means and variances are readily written

down since X|Y =y ~ binomial(nq, [p1tY/(1 — p1 + p1t¥]) and Y| X =z ~
binomial(ng, [pat” /(1 — pa + pat®]). Thus

E(X|Y =y) =nip1t’ /(1 — p1 + p1t¥), (4.96)
etc.

Definition 4.3 (Geometric distribution). A random variable has a
geometric (¢q) distribution if P(X = z) = (1 — q)¢*,x = 0,1,2,..., where
0<g<l1. O

Since this is a one-parameter exponential family of distributions, a two-
dimensional random vector with geometric conditionals can be readily
written using (4.5). After convenient reparametrization we obtain

fX,Y(‘Tay) = kG(qla q2, q3)QngQ§ya z=0,12,..., ;y=0,12,....
(4.97)
For convergence and legitimate geometric conditionals we require that
¢1 € (0,1),92 € (0,1) while 0 < g3 < 1. The case g3 = 1 corresponds to
independent marginals. Otherwise, the correlation between X and Y is neg-
ative. Since X|Y = y ~ geometric(¢qi1¢¥) and Y|X = x ~ geometric(g2q3),
we may determine conditional moments such as

E(X|Y =y) = qq5/(1 — q145). (4.98)
Our final discrete example is the Poisson conditionals distribution.
Definition 4.4 (Poisson distribution). A random variable X has a

Poisson(A) distribution if P(X = z) = e *\%/2l,2 =0,1,2,... , A > 0. O

Since this is a one-parameter exponential family we may use (4.5) to de-
scribe the class of Poisson conditionals distributions. When reparametrized,
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we obtain R
Ixy(@,y) =kp(A, A2, As)ATAINGY /(2! y!),

z=0,1,..., y=0,1,... . (4.99)

In order to have summability in (4.99) and legitimate Poisson conditional
distributions the parameters are constrained to satisfy A; > 0, Ao > 0, and
0 < A3 < 1. The conditional distribution of X given Y = y is Poisson(A\; \})
while Y| X = x ~ Poisson(AA%). Consequently,

E(X|Y =y) = MAY, (4.100)

etc. If A3 = 1,X and Y are independent. If 0 < A3 < 1,X and Y are
negatively correlated.
We also have

kp(A1, A2, As)

E(X) =) 2 AL A% A8)
(X) "Ep(A1, Aoz, Ag)

kp(A1, A2, As)

E(Y) = M2\ A2:23)
) 2kP(>\1>\37>\2,)\3)

(4.101)
kp(A1, A2, As)

EF(XY)=XMXA\ .
(V) =M, SkP(/\l)\3,>\2/\3,)\3)

Just as we cannot have exponential conditionals with positive corre-
lation, we cannot have Poisson (or geometric) conditionals with positive
correlation.

The Poisson conditionals distribution, (4.99), is also known as Obrechkoff’s
distribution (Obrechkoff (1938)).

4.13 Poisson—Gamma Conditionals

Consider a random variable (X,Y") such that
X|Y =y ~ Poisson(y), (4.102)

where we assume that the random variable Y is a gamma variable with
density function
Y ~T(a, N). (4.103)

The resulting distribution of X is known as a compound Poisson distribu-
tion. It is well known that the unconditional distribution of X is negative
binomial with probability mass density

fx(z) = sz!mr‘z;;) (AL)Q (Ail)gg, z=0,1,....  (4.104)
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From (4.102) and (4.103) it easy to prove that the conditional density of
Y given X = z is gamma, that is,

Y X=x~T(x+a,A+1). (4.105)

As a generalization of this scenario we can ask for the most general distri-
bution of a random variable (X,Y") such that its conditional distributions
are of the Poisson and gamma type. This will be a CEF distribution as in
(4.5) with ¢; =1 and ¢ = 2 and,

¢ (@)= <i)
1

Q(Q)(y) = -y )
logy

and with 7 () = 1/2! and 72 (y) = y~*1(y > 0). In this way, we obtain the
joint density

1
1
f(x,y)zx'—yexp (1 )M | —y , x=0,1,2,..., y>0.

logy
(4.106)

which is equivalent to

1
fle,y)= oy exp(meo + M1oT — M1y — m11zy + moz log y + misxlogy),

x!
x=0,1,2,...,y > 0.
(4.107)
where
mor > 0, mg2 >0, my1 >0, mqy > 0. (4.108)

Some extra conditions are required to ensure the integrability of (4.107).

The case m1; = 0 and mq2 = 1 corresponds to the compound Poisson
distribution, and the case mi; = mi2 = 0 to the case in which X and Y
are independent. The conditional densities of the new model are

XY y ~ Poisson(emo-muytmizlogy) (4.109)
YlX = xr~ F(m02 + mi2x, Mo1 + mnx). (4.110)

The marginal density of X in (4.107) is a generalization of the negative
binomial distribution. Its density function is

T moo+miox
Fx(z)= (mo2 £ 1m127) e L w=0,1,.... (4.111)

(m01 + m11$)m02+m12$ x!
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4.14 Bibliographic Notes

Section 4.2 is based on Arnold and Strauss (1991). Section 4.3 is drawn from
Arnold (1988a). Convenient references for the examples in later sections are
as follows:

(i) Exponential: Arnold and Strauss (1988a);

(ii) Normal: Castillo and Galambos (1987a);

(iii) Gamma: Castillo, Galambos, and Sarabia (1990);

(iv) Weibull: Castillo and Galambos (1990);

(v) Gamma-Normal: Castillo and Galambos (1987a);

(vi) Power function and other weighted distributions: this material is new;
(vii) Beta: Arnold and Strauss (1991) and Castillo and Sarabia (1990a);
(viii) Inverse Gaussian: this material is new;

(ix) Binomial, geometric, Poisson: Arnold and Strauss (1991);

(x) Poisson-gamma: this material is new.

A good source of information on the various univariate exponential families
discussed in this chapter is Johnson, Kotz, and Kemp (1992) and Johnson,
Kotz, and Balakrishnan (1994, 1995).

Exercises

4.1 Consider the distribution with exponential conditionals given by (4.15).

(a) If k(c) is the normalizing constant and if we define

1
ve) = gy
prove that
1
Y€)= (o) - -

(b) Using the joint moment generating function (4.24) and (a), ob-
tain the moment expressions (4.26)—(4.29).

(Arnold and Strauss (1988a).)

4.2 Consider the model with Poisson conditionals given by (4.99).
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4.3

4.4

4.5

4.6

4.7

4.8

4. Conditionals in Exponential Families

(a) Obtain the marginal distributions of X and Y.
(b) If 0 < ¢ < 1, prove that

o0 o0
Obtain the modal value of the distribution with Poisson conditionals
given by (4.99).

5" ™
| |

Identify the class of bivariate distributions for which all conditional
distributions of X given Y and of Y given X are in the family of
gamma distributions with scale and shape parameters equal to each
other.

A random variable X is said to be a Laplace random variable and is
denoted by X ~ Lap(u, o), if its pdf is given by

T —p

20 o

D, —o00 < & < 00,

flxsp,0) = L exp (

with g € R and 0 € RT.

(a) Find the most general random variable (X,Y’) such that X|Y =
y ~ Lap(u1,01(y)) and Y| X = a ~ Lap(usa, 02(x)). Find their
marginal probability density functions.

(b) For the centered case (13 = pe = 0), obtain an expression for
the normalizing constant.

(c) Solve the problem in the general case, i.e., find the most general
random variable such that X|Y = y ~ Lap(ui(y),o1(y)) and
Y|X =z ~ Lap(pz2(x), o2(x)).

Discuss the sign of the correlation coefficient for the gamma-normal
conditionals model with joint pdf given by (4.70).

Consider the bivariate weighted distributions conditionals with joint
pdf given by (4.84).
(a) Consider some particular cases.
(b) Discuss the sign of the correlation coefficient.
(¢) Find the regression lines x = E(X|Y =y) andy = E(Y|X = ).
(d) Characterize some bivariate distributions with weighted condi-
tionals and a particular regression function.

(Sarabia and Castillo (1991).)

Characterize the bivariate distributions (X, Y') with beta conditionals
satisfying:



4.9

4.10

4.11

4.12
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(a) The conditional expectations E(X|Y = y) and E(Y|X = x) are
constant.

(b) The two conditional mode functions are constant.

(¢) The conditional variances are constant (homoscedastic).

A random variable X is said to be a negative binomial random
variable and is denoted by X ~ NB(«, p), iff

Iz + «)
P(X = = —~ %" =0,1,2,...
( ) Twrr@? 0 T=0b2

witha>0,0<p<l,andg=1—p.

(a) Obtain the most general random variable (X, Y') such that X|Y =
y ~ NB(ay,p1(y)) and Y| X =z ~ NB(az, p2(x)). Use the most

convenient parametrization.

(b) Solve the general case with nonconstant «;, i = 1, 2.

Obtain the most general bivariate distribution (X,Y’) such that the
conditional distributions of X|X + Y and X + Y|X are exponential
distributions.

Consider the gamma conditionals distribution (4.33). Determine suf-
ficient conditions on the parameters of this model to guarantee that
X has a gamma distribution and Y has a Pareto distribution.

For n =1,2,... consider the extreme order statistics Xi.,, Y1.n, Xn:n,
Y,..n based on a sample of independent random vectors (X;,Y;), i =
1,2,...,n, with common exponential conditionals distributions (4.14).

(a) Verify that Xi., and Yi., are asymptotically independent and
determine the limiting distribution of (X1.,, Y1.n)-

(b) Now consider X,,., and Y;,.,.

(Angus (1989).)






5

Other Conditionally
Specified Families

5.1 Introduction

Of course, not every conditionally specified model involves exponential fam-
ilies. The present chapter surveys a variety of conditionally specified models
not fitting into the exponential family paradigm. No general theorem anal-
ogous to Theorem 4.1 is available and results are obtained on a case by case
basis. The key tools are of course Theorems 1.3 and 1.4 which permit us to
solve the functional equations characterizing many conditionally specified
models.

We shall treat first the case of distributions with Pareto conditionals, and
two extensions involving Pearson type VI and generalized Pareto distribu-
tions. These three models, together with the Dagum type I distribution,
which can be derived from them, can be used for modeling data involv-
ing income for related individuals or income from different sources. Next
we describe distributions with Cauchy and Student-¢ conditionals, heavy
tailed alternatives to the normal conditionals model. Then, the most gen-
eral cases of distributions with uniform and exponential conditionals, in
the sense of having nonrectangular support, are analyzed. In this study
we shall use the compatibility conditions described in Chapter 1, which
are specially suited for distributions with a support depending on the pa-
rameters. Finally, we shall study the distributions with scaled (first type)
beta conditionals with nonrectangular support. In particular, those sub-
ject to the condition X + Y < 1 have applications in simulating random
proportions.
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The plot thickens a little when we turn to study Weibull and logistic
conditionals models. As we shall see, there is no trouble developing the
corresponding functional equations. The general solutions however are not
easy to obtain and even when, as is the case with Weibull conditionals, we
can solve the equations, or prove they have a solution, it is not easy to write
down the form of the resulting joint density. In fact, at the present time, we
are not able to write an explicit form for a nontrivial Weibull conditionals
density (i.e., one which does not have independent marginals and is distinct
from those obtained by power transformations of exponential conditionals
models as described in Section 4.7). Trivial logistic conditionals densities
are related to certain Pareto conditionals distributions and have constant
conditional scale parameters. Nontrivial logistic conditionals models have
evaded discovery. In this case even existence is open to question.

Our final section of this chapter deals with mixtures. A time honored
device for constructing bivariate densities with specified marginals involves
mixtures of densities with suitable independent marginals. Can mixtures
of suitable conditionally specified distributions yield useful models with
conditionals in specified families? Not quite, as it turns out, but the mix-
ture device may be useful in suggesting possible forms of well-behaved
conditionally specified models.

5.2 Bivariate Distributions with
Pareto Conditionals

Definition 5.1 (Pareto type II distribution). We say that a random
variable has a Pareto type II distribution, according to the hierarchy of
Pareto distributions described in Arnold (1983), if its probability density
function is
—(a+1)
fla,a) = % (1 + g) I(z > 0), (5.1)

where o, > 0. In the following this distribution will be denoted by
P(o,a). a

This law is closely related to the one introduced by Pareto in 1895,
in his famous polemic against the French and Italian socialists who were
pressing for institutional reforms to reduce inequality in the distribution of
income. Pareto analyzed the characteristics of regularity and permanence
in observed income distributions, which indicated that the income elasticity
of the survival distribution function was constant, that is,

dlog P(X > z)/dlogz = «, (5.2)

where X is the income variable with range (xg, 00).
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The value of « (which is called the Pareto index), is normally close to
1.5, even though it changes with time and from population to population.
It is often interpreted as an inequality measure. It may be noted that the
Gini index corresponding to (5.2) is given by (2a — 1)~!. The distribu-
tions described by (5.1) and (5.2) differ only by translation. Recently, the
Pareto laws have been applied to model stochastic phenomena from other
areas such as health care, telephone circuitry, oil explorations, queue service
disciplines, and reliability investigations. For more details about general-
izations, properties, and applications of Pareto distributions, see Arnold
(1983).

In this section, we look for all bivariate densities fx y (z,y), such that all
conditional distributions are of the type (5.1), with constant Pareto index
«. Then the conditional distributions are

XY =y~ P(o1(y), ),
Y|X =x ~ P(oz(z), ),

where o1(y), o2(z) are positive functions with positive arguments. Thus,
writing the joint density as a product of marginal and conditional densities
in both ways, we get the functional equation

gly)  _  ga(x)
ol(y) +x  oz(z) +y’

(5.3)

where

91(y) = (@ a1 (y)* fr @)V, ga(2) = (@ oa(2)* fx (2)) /. (5.4)

Equation (5.3) can be readily rearranged to be of the form (1.31) and
consequently we may find the following general solution:

Aoo + o1y Aoo + A0z
= —— =, 5.5
ouly Ao+ A1y o2(2) Aot + A1z (5:5)
1 1
f— — = —-— 5-6
gl(y) )\10 +)\11y ) 92(x) )\01 +)\11£ZZ, ( )

where the A;;’s are arbitrary constants. From (5.3)—(5.6) we get the follow-
ing joint and marginal densities:

1
| , 5.7
Ifxy(w,y) < (Moo + Ao + Aory + Arzy) ot 7
) 1
x) x ’ B |
fx (@) (Mot + A1z) (Moo + Aroz)® fy () (A10 + A1) (Aoo + Aory)®

(5.8)
It remains now to identify constraints on the A;’s to ensure that (5.7) and
(5.8) are nonnegative and integrable. Clearly for nonnegativity we must
assume all \;;’s are > 0. It turns out that to ensure integrability, we must
distinguish three cases.
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Case (i): 0 < a < 1. In this case we must have Ao > 0, 01 > 0, A;1 >0
and )\00 Z O,

Case (ii): a = 1. Then we need A\jg > 0, A\o1 > 0, A11 > 0, and Agg > 0.

Case (iii): a > 1. Here we must have A9 > 0, A1p > 0, and A\g; > 0 while
A > 0.

It will be noted that in case (iii), the choice A1; = 0 leads to a distribution
with Pareto marginals and Pareto conditionals (this special case is the
bivariate Pareto introduced by Mardia (1962)). In order to calculate the
normalizing constant in (5.7) we need to evaluate the integral

oo oo dx dy
I 5.9
/O /O ()\(]0 + )\10{E + >\01y + )‘llxy)a+1 ( )

with the above conditions. For this we shall distinguish three cases:

Case (i): A11 = 0. In this case elementary calculus yields
I =ala—1)/(A "Aoro1)- (5.10)

Case (ii): Ago = 0. In this case, define ¢ = A\11/(A10A01) and make a simple
change of variables to obtain
ﬂ.(ba—l

=—————7—. 5.11
a)\lo)\msin(aﬂ) ( )

Case (111) )\00 7& 0. Setting )\TO = ()\10/)\00), )\81 = ()\01/)\00), )\’{1 =
(AM1/X00), @* = A1/ (MigAE1), and using a technique similar to that given
by Arnold (1987), we get (5.9) in terms of hypergeometric functions:

ZOO e 1— i *

Flo,lia+1;1-1/¢*)  “*0a+k o

a2 X5 N A 0 a XG0 A A 0
1
ot sk
if ¢* > 5’

I =
Ila+k)

*a—+1 oo _ ax\k
oM P (a, o500+ 151 — ¢%) B ¢ k=0 (a—l—k)k!(l )
QQAggrlATO)‘El - a)\ggrlATo/\Blr(a)

. 1

(5.12)
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Expression (5.12) simplifies considerably in the case when o = 1 or 2. We

fud 1 —log[(haoAus)/(iodou)]
— 10g[{AooA11 10701
a=1, I= 5.13
[ ] A10Ao1 (1 _ >\00/\11) (5.13)
A10Ao1
and
1 o 1
a=2], I= — +log¢™ —1]. 5.14
| ] 2X00A 10001 (1 — ¢*)2 Li)* g¢ } (5.14)

The quantity I defined in (5.12) clearly deserves the title of an awkward
normalizing constant and parameters estimation techniques will need to be
carefully chosen to sidestep the problem of repeatedly evaluating I. Such
techniques will be discussed in Chapter 9. In order to study the dependence
between the random variables X and Y in the model (5.7), we compute

d z M Doodin — Ao
—P(X >2|Y =y) = —« <1+)

dy ( | ) o1(y) (Xoo + Aory)?

and observe that its sign depends on the sign of AggA11 — A1pAg1. Thus,
according to Barlow and Proschan (1981), we conclude that X is stochas-
tically increasing or decreasing with Y. Consequently, for values of o and
the A;’s such that the correlation coefficient exists, we have

signp(X, Y) = sign()\10/\01 — )\00)\11). (515)

In particular, the bivariate densities with A\gg = 0, or A;; = 0 always have
a positive coefficient of correlation.

By using some changes of variable in (5.7) other interesting bivariate
distributions with given conditionals can be obtained. For example, if a =
1 in (5.7) and if we let U = log X,V = logY, then (U,V) has all its
conditional distributions of the logistic form with unit scale parameters.
These are the trivial logistic conditionals distributions referred to in the
Introduction. Nontrivial logistic conditionals densities will be discussed in
Section 5.10.

5.3 Pearson Type VI Conditionals

In this section we consider a generalization of the above Pareto families.
Specifically we treat Pearson type VI laws, which are also called beta dis-
tributions of the second kind. The densities associated with Pearson VI
distributions are

flzipq) = 2P Ho +a)~ Tz >0, (5.16)

B(p,q)
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TABLE 5.1. Reciprocals of the normalizing constants for the Pearson type VI
models.

Ao = 0 g B@.dBl-q9
Ao A1 AT
Ay = 0 7 Bw.9Bp.q-p)
Ado " MoAb1
B(p, q)? 1
Moo, M1 >0 | J = ——F—F(p,pip+q,1— )
Ado " Mo Aoy 0

where p,q,0 > 0. In the following discussion, this family will be denoted
by B2(p,q,0).

We wish to determine the most general class of bivariate random vari-
ables (X,Y) such that X|Y = y ~ beta 2(p,¢,01(y)) and Y|X = z ~
beta 2(p, ¢, 02(x)). Using a similar technique to that used in the Pareto
case, we get

xp—lyp—l
oo + A10Z + Aoy + Annay)Pte’

fxy(z,y) < ( (5.17)

where Agg, A11 > 0, and Aig, Ag1 > 0. If A\gp = 0, then g < p and A\1; # 0,

and if A\j; = 0, then 1 < p < g and Agg # 0. Note that (5.17) reduces to
(5.7) when p = 1. The marginal densities corresponding to (5.17) are

-1 -1

:Ep
o1 + /\111‘)p(>\00 + )\1017)‘1

yP
(A0 + A11y)P (Moo + Aory)?

(5.18)
To determine the appropriate normalizing constant we must evaluate the
integral

) fY(y) X

fx(x) x (

[ xpflypfl o
/= / / x dy. 5.19
o Jo (Moo + A0z + o1y + Aray)Pte Y ( )

This can be accomplished by methods similar to those used in the Pareto
case. We thus obtain the entries in Table 5.1.

If A1gAo1 = AooA11, we have the trivial case of independence where X ~
beta 2(p, ¢; Aoo/A10) and Y ~ beta 2(p, ¢; Aoo/Mo1). The density (5.17) with
A11 = 0 is an extension of the bivariate Pareto distribution introduced by
Mardia (1962).
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In direct analogy to the univariate beta(2) distribution, the class of dis-
tributions (5.17) is closed under reciprocation, i.e. if we denote (5.17) by
B2C (Moo, Mo, Aots A11; 0, ), then if (X,Y) ~ B2C (oo, Ao, Ao, A1 p, ),
we have (1/X,1/Y) ~ B2C(A11, Ao1, A10, Aoo; ¢, p)- In addition, it is easy
to prove that

Blp+k,qg—k) [ Ao+ Aoy 4§
E(X*lY =vy) = ’ 2
(X7 2 B(p,q) Ao+ Ay /) (5.20)
B(p+Fk,q—Fk) (Xoo+ A1 b
EY*IX =2) = ’ 21
& 7 B(p,q) Ao+ Anz) (5.21)

provided that ¢ > k. Thus the conditional moments are rational functions
of the conditioned variable. In a similar way, it is easy to prove that if the
coefficient of correlation exists, then we have

signp(X,Y) = sign(Aodo1 — AooA11),

just as in the Pareto case.

5.4 Bivariate Distributions with Generalized
Pareto Conditionals

A hierarchy of Pareto distributions was introduced in Arnold (1983). The
generalized Pareto distribution that we are considering in the present book
was called a Pareto (IV) distribution in that monograph. Since we will
not consider other distributions in the hierarchy we will merely refer to
the distribution as generalized Pareto (it is also known as a Burr XII
distribution).

Definition 5.2 (Generalized Pareto distribution). We say that X
has a generalized Pareto distribution and write X ~ GP(c,d,a) if its
survival function is of the form

P(X >z) = {1 + (‘”)6] B I(z > 0), (5.22)

o
where o, and « are positive. O

Our goal is to identify all bivariate distributions with the property that
all of their conditional distributions are members of the family (5.22). We
will outline analogous multivariate extensions in Chapter 8.

We wish to identify the class of all bivariate random variables (X,Y)
such that for every y > 0 we have

XY =y ~GP(a(y),é(y), a(y)), (5.23)
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and for every x > 0 we have
Y|X =2~ GP(r(z),v(x), B(x)). (5.24)

If we denote the corresponding marginal densities of X and Y by f(z) and
g(y), respectively, and write the joint density of (X,Y") as the product of
marginal and conditional densities in both possible ways (i.e., fx (7) fy|x (y[z)
and fy (y)fx|y(zly)) we conclude that the following functional equation
must hold:

f@f@y@y @7 gWa@iwa @
(@)@ + [P EPEH [ O1+ [s @w
(5.25)

If we introduce the following new notation:

(z) = zf(x)Bx)y(x)/[r(x)""),
(z) = ()7,

a(z) = —[B(z)+1],
(v) = ygW)ew)d(y)/[oy)°™,
(y)
(y)

= o(y)~°W,

= —laly) + 1],
we may rewrite (5.25) in a simplified form.

ay (2)y 1 + by (2)y" @) = ag(y)a’ D1+ by (y)2® @)W,y > 0.
(5.26)

Since the functions f,~,7,0,¢9,0,0, and « in (5.25) are only constrained
to be always positive, it follows that the functions aq, b1,7, a2, by, and § in
(5.26) must be positive, while ¢; and c¢g are constrained to assume values
in the interval (—oo,—1). Subject only to these constraints we need to
solve (5.26). In principle this can be done as follows. Take the logarithm of
both sides of (5.26). Differentiate successively three times with respect to
y (or take differences if you wish to avoid assuming differentiability). Set
y = 1 in all four equations. This gives four horrendous equations to solve
for aq,b1,c1, and . Finally, constraints may need to be imposed on the
free parameters in the solution to ensure integrability of the corresponding
joint density. The situation is completely analogous to that encountered in
the search for the general class of distributions with Weibull conditionals
(as described in Arnold, Castillo, and Sarabia (1992), pp. 73-75).

Two special cases of (5.26) are tractable and will be discussed below.

Suppose that (5.23) and (5.24) hold with y(x) = v and §(y) = . The
functional equation to be solved (i.e., (5.26)) now assumes the form

a1 (2)y"[1+ b1 (z)y"] ™) = az(y)a’[1 + ba(y)z?]2 ). (5.27)
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Now make the charge of variables u = 2°, v = 3” and introduce the new
functions
ar(u) =u " ar (u'?), ax(v) =v " az(v'/),
bi(u) = b (u'?), ba(v) = ba(v'/7),
&i(u) = c1(u'’?), &2 (v) = ca(v1/7)
These functions must satisfy the equation
a1 (u)[1 4 by (w)v]* ™ = Gy (v)[1 + by (v)u]®>™). (5.28)

However, this functional equation is equivalent to one solved earlier in
Castillo and Galambos (1987a) (their equation (5.23)). The regularity con-
ditions are slightly different but this does not affect the form of the general
solution. Two families of solutions to (5.28) exist. In case 1, there exist
constants A1, As, A3, A4, and A5 such that

a1 (u)[1 + by (w)v] @ = [A; + Aou + Azv + Agun] ™ (5.29)
while in case 2, there exist constants 61, 05, 03,04, 05, and 6g such that

G (u)[1+ by (u)e]1 @
= exp [01 + 02 1og(05 + u) + O3 log(bs + v) + O41log(8s + u) log(Os + v)] .
(5.30)
Tracing these expressions back through the changes of variables and redef-
initions of functions used in the derivation, we are led to the following two
classes of joint densities with generalized Pareto marginals with constant

7(x) and 6(y).
Model I:
fxy(z,y) =Ty 7N+ Aex?® + Ay 4+ M’y @y >0, (5.31)
and
Model II:

fX,Y(‘T7 y) = zéilyFY71 exp{el + 02 IOg(95 + xé) + 03 lOg(eﬁ + y’Y) 5.32
+ 04 1og(0s + %) log(0s +y")}, =,y > 0. (5-32)
In (5.31) we require that A5 < —1 while Ay > 0,y > 0, A3 > 0, A4 > 0.
This family coincides with the family described in detail in Arnold, Castillo,
and Sarabia (1992) pp. 56-60). The common constant value for a(y) and
B(x) is [-A5s —1]. Both negative and positive correlations are possible in this
model. When second moments exist (i.e., when min(2/6,2/v)+ A5 +1 < 0)
the sign of the correlation is determined by sign (A2As — A1 A4) (cf. Arnold,
Castillo, and Sarabia (1992), p. 59 with slightly different notation).
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Densities of the form (5.25) have marginals given by

1
fX(l') = mxéil(Ag + )\41’6)71()\1 + )\2$6)A5+1, x > 07

and

1
fy(y) = myv_l()\z +Ay”) T A+ Ay, y > 0.

These marginals will be generalized Pareto distributions only if Ay = 0.

A joint density described by (5.31) will be unbounded as x or y ap-
proaches 0 if § < 1 or, respectively, v < 1. If § > 1 and v > 1, the density is
bounded and is unimodal. One representative three-dimensional example,
including the associated contour plot, of the density is displayed in Figure
5.1.

The second family, (5.32), is distinct from the family described in Arnold,
Castillo and Sarabia. The parameters 65 and g must be positive, the pa-
rameters 6o and 03 must be less than —1, and the parameter 8, must be
< 0. In this family the functions o(y) and 7(x) are constants; specifically
o(y) = Gé/é and 7(z) = Gé/ﬂy. In this family only nonpositive correlations
are possible. The fact that 6, < 0 ensures that the density of (X,Y) is
totally negative of order 2 which, when the correlation exists, determines
that its sign be nonpositive (cf. Section 4.3). The marginal density of X,
corresponding to a joint density of the form (5.32), is given by

01

T 1405+ 0410 (05 + 29)

Ix(z)

x explfr + (1 + 03) log g + (02 + 04 log 05) log(05 + 2°)], x> 0.

An analogous expression can be written for fy (y). One representative three-
dimensional example, including the associated contour plot, of the density
(5.32) is displayed in Figure 5.2.

In summary, we have identified two classes of distributions with gener-
alized Pareto conditionals with v(x) and d(y) constant: (i) those with a
common constant value for a(y) and B(x), (5.31); and (ii) those with con-
stant values for o(y) and 7(x), (5.32). It is not possible to have a model in
which v(x) and §(y) are constant and both a(y) and o(y) are nonconstant.
Nor is it possible to have y(z) and 6(y) both constant and §(x) and 7(z)
both nonconstant. Next we consider the models that can arise when we
require that a(y) and S(z) be possibly different constants.

Suppose that (5.23) and (5.24) hold with a(y) = a and (z) = . The
functional equation to be solved (i.e., (5.26)) now assumes the form

a1(2)y" L+ by (2)y" @] = az(y)2® DL + ba(y)2a’ @] (5.33)
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FIGURE 5.1. Probability density function of a generalized Pareto conditionals
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The general solution is obtainable by techniques analogous to those used
previously. The constants ¢; and ¢y must be equal to or less than —1.
Reparametrizing, the corresponding family of joint densities is of the form

(xy)~Lexplly + O2log = + O3log y + 04log = log y)
[1+4 exp{f; + O21og =+ 03 log y+ O4log x log y}|ot!

f(zvy) =

x>0, y>0
(5.34)
where o > 0. To ensure that the functions v(x) and d(y) are uniformly
positive we must set 6, = 0 in (5.34). With this modification the resulting
distribution has y(x) and §(y) constant and is thus a special case of Model
Iin (5.31) with Ay = A3 = 0.

5.4.1 Conjectures About More General Cases

In light of the results obtained above, we conjecture that there will not
exist solutions to (5.25) with more than one of the functions v(x), 7(z) and
B(x) nonconstant. If this proves to be true then the totality of generalized
Pareto conditionals models will be subsumed by Models I and II ((5.31)
and (5.32)).

5.4.2 Related Distributions

We could consider the addition of a location parameter in our generalized
Pareto model. We will write X ~ GP*(u, 0,9, a) if its survival function is

of the form

1+(x;“)61 > (5.35)

We would then seek to identify all bivariate random variables (X,Y") with

P(X >z)=

XY =y~ GP*(u(y),o(y),0(y), a(y))

for every possible value y of Y and
YVIX =2~ GP (v(z),7(x),7(z), B(x))

for every possible value  of X. The trivial case in which p(y) = p and
v(z) = v leads to translated versions of Models I and II. We conjecture
that no nontrivial solutions will be found (i.e., solutions with nonconstant
w(x) and v(y)). Compatibility conditions on the conditional distribution
will require that v(y) = u~!(y) if v and p are nonconstant functions (cf.
Section 5.8) where translated exponential conditionals are discussed.
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The family of densities (5.31) is a generalization of the bivariate Burr
type XII distribution given by Takahasi (1965). Some dependent distribu-
tions with Burr marginals exist in the family (5.31). An important advan-
tage of this family with respect to the Takahasi family is that the corre-
lation coefficient may be of either sign. Other bivariate extensions of the
Burr type XII have been given by Durling, Owen, and Drane (1970). See
also Arnold (1990).

By means of the change of variable U = 1/X,V =1/Y in (5.31) we can
obtain the most general distribution with Dagum type I conditionals, i.e.
with cumulative distribution functions of the form

0 if x <0,
F(z) = { [ +1/Qa)P ifz > 0. (5.36)

A close relative of the family (5.22) is the family of survival functions

B L 1/k
F(z;o, k) = (1 - > , O<z< (5.37)

>
a max (0, k)’

where k € R, o > 0. We will call distributions of the form (5.37), Pickands-
deHaan distributions. If X has survival function (5.37) we write X ~
PdH(k,a). The case k = 0 (evaluated by taking the limit as & — 0
in (5.37)), corresponds to the exponential distribution. The case k < 0
corresponds to (5.1).

Bivariate distributions with conditionals in the Pickands-deHaan family
are discussed in Arnold, Castillo, and Sarabia (1995a).

5.5 Bivariate Distributions with
Cauchy Conditionals

Definition 5.3 (Location-scale Cauchy distribution). A random vari-
able X has a Cauchy (i, o) distribution if its density is of the form

-1
fX(x):[ﬁa(l—&-(x_'u)Q)} , —oco<zxr<oo; 0>0, uekR.

’ (5.38)
O

The Cauchy model is usually selected when we need a density function
with tails heavier than those of the normal distribution. In the following it
will be denoted by C(u, o).

In our search for the most general Cauchy conditionals distribution we
assume Y|X = z ~ C(pa(x),02(x)), X|Y =y ~ C(u1(y),01(y)), where
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o2(x),01(x) > 0 for all z. This leads to the functional equation
x(@) e fr(y) o 69
Yy— polx x — p1ly
1+ | —F7— I+ ———
72(") ( (=) ) 7 ( (o) )
Setting
91(z) = fx(x)/o2(2), g2(y) = fr(y)/o1(y), (5.40)
equation (5.39) becomes equivalent to
o)+ one) (Y 2 ) 4 ) (L L2) s
a1(y) o2 ()

which can be easily converted to one of the form (1.31). Thus, the general
solution may be expressed as

@) 1 W)
1
g1(2) T E(y)
g1(x)2* ()
a’(z) 91(2) d?(y) 92(y)
)| =4 | gi(@)z | 1 =B | ¢2()y |
p2(x) g1 (z)z? d2(y) 92(y)y?
b2 () —92(y)
1 292(y)y
L 02(z) L —g2(y)y*
where:
1 0 0 a1 a1 az bir bar bz3r —1 0 0
A=10 1 0 a2 a2 azp |,B =[bia by bz 0 1 0 [,
0 0 1 a3 azs ass bis baz b3z 0 0 -1
with
A'B=0,
from which a;; = (—1)7*1b; (i,5 =1,2,3).
If for £ =1,2,3 we define
Pr(x) = ar1 + aror + arsz®,  Qr(y) = a1k — 2a0ky + aspy®,  (5.42)
the solution of (5.41) becomes
Py(z) Q2(y)
T)= , =— , 5.43
Py(2)Ps(z) — P§(x) 401 (y)Qs(y) — Q3(y)
o2(z) = — 2 , o3 = 2 ,(5.44
Ps(x 4Q
g1(2) = () 02(0) W) (5.45)

T 4Q1(»)Qs(y) — Q3(y)
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If we introduce the notation

Moo = @11, Mig = d12, mo1 = —2as1,
Moo = a13, Mo2 = a1, mi1 = —2ass, (5.46)
M1z = a32, M2l = —2a23, M2z = a33.

the joint density of (X,Y") finally becomes

1 -1

fxy(@y) o< |(1 = 22)M y2 , (5.47)
Yy

where M = (my;),4,7 = 0,1, 2, is a matrix of arbitrary constants. It remains
to determine constraints on these parameters to guarantee that (5.47) is
nonnegative and integrable over the plane.

We write:
fxx(@y) = [aly) +h@e+ay)®] (5.48)
. —1
- [al(x) +hi(x)y + 51(x)y2} , (5.49)
where
ai(y) = moo + mory + mozy?, (5.50)
bi(y) = mio+muy + mizy?, (5.51)
ci(y) = mao + mary + masy®, (5.52)
ar(r) = moo + mix + maoa?, (5.53)
bi(z) = mor +max + moa?, (5.54)
&(z) = moz +mipx + magz”. (5.55)
If the marginal density functions exist, they are of the form
_ ~ - ~1/2
Ix@) x [a@)a@) - B@)] (5.56)
~1/2
Friy) o« [ar(g)erly) - B)] (5.57)

First, we analyze the positivity of (5.48). We discuss different cases. If
c1(y) = 0, then b1(y) = 0 and a1(y) > 0. This case is not possible since
it leads to nonintegrability. Consequently, ¢1(y) # 0. Then, the following
three conditions must hold for all y:

ai(y) > 0, (5.58)
ci(y) > 0, (5.59)
dar(y)er(y) —bi(y) > 0. (5.60)
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From (5.58) we have two possible cases
mo2 = mo1 = 0, mgo > 0, (561)

or
mgo > 0, mge > 0, mgl — 4dmogmoz < 0. (562)

Similarly, from (5.59) we have another two cases
Moo = Moy =0, mgy > 0, (563)

or
Mmoo > 0, mog > 0, m%l — 4dmoggmog < 0. (564)

Consideration of (5.49) leads to similar relations as those in (5.58) to
(5.64).

Now we can divide the class of possible Cauchy conditionals distributions
into two classes:

(i) The class with mgs = 0. Using (5.63) and its counterpart derived
from (5.49) we have mg; = mis = 0. If there were a joint density
corresponding to such a parametric configuration, we would have

fx.v(z,y) o< (moo+mioz+mory+maor +mosy*+marzy) ', (5.65)

A natural and convenient reparametrization permits rewriting this in
the form

Fxy(@,y) o< [L+ (@ — pn,y — o)A@ — pa,y — p2)']7, (5.66)

where u1, g2 € R and A is positive definite. The condition that A be
positive definite will guarantee that (5.66) is non-negative. Unfortu-
nately, (5.66) is not integrable over the plane. Thus (5.66) is a species
of improper model of the type to be discussed further in Chapter 6.

(ii) The class with mag > 0. First, conditions (5.61), (5.64), with (5.60),
together with their counterparts derived from (5.49), are not possi-
ble because the resulting pdf is not integrable. Thus, only conditions
(5.62), (5.64), (5.60) and their counterparts are possible. Using stan-
dard results, we can easily prove the integrability. Thus, in summary,
the conditions on the parameters to ensure that for meos > 0 the joint
density of the form (5.48) be well defined with marginals (5.56) and
(5.57) are

mgo, M20, Mo2, Moo > 0 (567)

and

dmaogmag —m3; > 0, (5.68)
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dmogmag —miy > 0, (5.69)
dmogmeo —mi, > 0, (5.70)
dmagmoo —mig > 0, (5.71)
dai(y)ei(y) —biy) > 0, Yy (5.72)
4ay (x)é (x) — b2 (z) > 0, Va. (5.73)

Note that the left-hand sides of (5.72) and (5.73) are fourth degree poly-
nomials in y and z, respectively. Conditions (5.72) and (5.73) are equiv-
alent to conditions for the coefficients of a fourth degree polynomial to
be strictly positive. These conditions, though not simple, can be explicitly
given. The implementation using a personal computer is easy. The proof of
the conditions is based in the Sturm-Habicht sequence and can be found
in Gonzélez-Vega (1998). Consider a monic fourth degree polynomial

P(a,z) = ' + azx® + ax2® + ay2 + ap. (5.74)
Then, Vz, P(a,x) > 0 if and only if ag > 0 and a € Hy where
Hy = {a€R":8,<0,8 #0,5 >0}
U{Q€R4252=O,Sl §0,50>0}
U{Q€R4252>0,51 <0,So>0}
U{Q€R4:SQ>O,51:O}

and
SQ = 30% — 80,27
S1 = 2a§a§ - 8a§ + 32asa9 + 28aia2a3 — 12a§a0 — 6a1a§ — 36a%,
So = —27a} — 4a§a‘;’ + 18agaza’ — 6a§a0a% + 144asaga? + a%a%a%

—4a2a? —192azala; + 18apazaiza; — 80apaiaza; + 256a;
—27a3a2 + 144aza3a? — 128a2a? — 4a3a3ao + 16a3a.
As a final comment, we point out that the model with mos > 0 does
include, as a special case, densities with Cauchy marginals. The sufficient

condition for having Cauchy marginals is that, for some v > 0 and § > 0
with v # 1 and 0 # 1, the following hold:

4ay (2)e1 () = B2 (a),
dar(y)er(y) = 6bi(y).

One special submodel may be of interest. If we insist on null location
parameters in the conditional densities (i.e., that mip = me1 = m11 =
mi2 = Mo = 0), then the model reduces to

1

b
Mmoo + Mao? + mo2y? + masa?y?

fxy(z,y) (5.75)
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1

\/(moo + maox?)(Mmo2 + maz?) 7
1

\/(moo + mo2y?) (Mmoo + mazy?) 7

where mqg, Mag, Moz, M2z > 0. The conditional scale parameters in (5.75)

are given by
Moo + Magx? Mmoo + Moay?
00 20 Moo ¥ Mao® _ 00 021/2. (5.78)
Mo2 + MaoT Moo + Mooy

The normalizing constant in (5.75) can be obtained by evaluating the

integral
=/ P (5T9)
00 J—0o Moo + M2pT* + Mp2y* + Mooy

Without loss of generality we can assume mggmaos < Mmg2meog and then

fx(z) (5.76)

Ty (y)

(5.77)

2 /2 o 2
[=—= s = ———F (5 /a), (5:80)
Vmzomoz Jo o (1 —sin®asin® )12 /maomoz 2
where - .
sin? o = m2omo22_ 77;007%2 (5.81)
Moo Mp2

and F(7/(2a)) is the Complete Elliptic Integral of the First Kind, which
has been tabulated in Abramowitz and Stegun (1964), pp. 608-611. An
approximation is given by formula 17.3.33 in Abramowitz and Stegun:

F(r/2/a) = (ag + a1(1 — a) + az(1 — a)?)

- (bO + bl(l - Oé) + b2(1 - a)2) log(1 — a) + 6(04), (5'82)

where |e(a)| <3 x 1075, and

ao = 1.3862944, a; =0.1119723, ag =0.0725296,
bo =0.5, b1 =0.1213478, be =0.0288729.

Similarly to the Cauchy density function, the densities (5.76) and (5.77)
do not possess finite moments or cumulants.

Observe that imposition of a condition requiring constant conditional
scale parameters is equivalent to requiring Cauchy marginals. As remarked
earlier this can be achieved with both independent and dependent marginals.

The transformation u = log z,v = log y applied to the density (5.75)
leads us to the hyperbolic secant conditionals distribution with density of
the form

fov(u,v) o (ae™ 7Y + Be™ TV 4 eV 4 §ettY) L (5.83)

In (5.83), the parameters «, 3,7, and ¢ are all required to be positive.
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5.6 Bivariate Distributions with Student-¢
Conditionals

As a generalization of the models in the previous section we consider now
the most general distribution with Student-¢ conditionals.

Definition 5.4 (Student-t distribution). A random varaible U, is said
to follow a Student-¢ distribution if its pdf is given by

_ Pllat /g () w7
fUa(U)_WW(1+a> if —oo<u<oo. (5.84)

with o« > 0. O

Setting @ = 1 in (5.84), we obtain the standard Cauchy distribution. If
a > 1 then E(U,) =0, and if a > 2, then var(Uy) = o/(a — 2).

Now we are interested in the most general distribution of (X,Y") with
conditionals

XY =y~ p(y) +o1(y)Us (5.85)

and
Y|X =2~ ua(z) + 02(x)Uq, (5.86)
with o;(z) > 0,i=1,2, V.
Using similar arguments to those used for the Cauchy case, we find that
the joint pdf of the random variable (X,Y) is
—(a+1)/2
far(@y) =[(1 @ a? )My o2y
Now we will use the definitions of a1 (y), b1(y), c1(y), a1(z), bi(z), and

¢1(z) given in (5.50)—(5.55). The location and scale parameters for the
conditional densities are given by

(5.87)

m(y) = f% X o)’ (5.88)
pa(z) = —% X 28 (5.89)
e oy A @e) ~ B) o0
Jl( )* 40[0%(y) ’ ( . )
A (@) () ~ B()
2 (@) 10l (7) (5.91)
The marginals, when they exist, are of the form
& (z)] @172
fx (@) o a()] (5.92)

[a: ()21 () — b (a))/2
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and
[e1 ()] D/

[4a1(y)er(y) — b(y)]*/>

Setting o = 1 in (5.92) and (5.93) we get (5.56) and (5.57) which corre-
sponds to the Cauchy case.

Similarly to the Cauchy case, we can break the class of possible Student
t conditionals distributions into two classes:

fy(y)

(5.93)

(i) The class corresponding to maa = Moy = myz = 0. This class can be
parametrized as

—(a+1)/2
(x—p1y—p2)S w— p1 y — po)’ ;
(5.94)

where a > 1 to get integrability, and 3 must be positive definite. This
model corresponds to the classical bivariate Student-¢ distribution.

Joxyy(w,y) o |1+ a_1

(ii) The class corresponding to mag > 0. The development in this case is
essentially the same as that provided in the Cauchy case and will not
be repeated here. The conditions for integrability are (5.67)—(5.73)
together with o > 1. This model is studied in Sarabia (1994).

5.7 Bivariate Distributions with
Uniform Conditionals

Let (X,Y") be a bivariate random variable such that the conditional X|Y =
y ~ U(o1(y), p2(y)) with ¢ < y < d,¢1(y) < ¢a(y), and Y[X = z ~
U1 (x),2(x)) with a < z < b,91(x) < a(x). We assume that ¢ and
@2 are either both nondecreasing or both nonincreasing and that the two
domains

Ny ={(z,y) : ¢1(y) <z < ¢2(y), c<y<d}
and
Ny ={(z,y) : ¥1(z) <y < ¥a(x), a <z <b}

are coincident, so that the compatibility conditions are satisfied. Note that
in principle a or ¢ could be —oco and b or d could be +oco. If such unbounded
domains are considered we will have to make sure that the ¢’s and ’s are
such that the area of the support domain is finite.

Writing the joint density as products of marginals and conditionals gives
us the following functional equation:

rly)  _ fx(@)
b2(y) — d1(y)  a(x) — i ()’

(x,y) € Ny, (5.95)
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which implies that both terms must be constant, i.e.,

fX(x):k['(/Q(x)_wl(x)]v a<z<b,

fy(y) =klp2(y) — 1(y)], c<y<d, (5.96)
where
b d
k™' = Area of Ny, :/ [th2(z) — 11 (2)] dx:/ [p2(y) — #1(y)] dy < 0.
Thus, we get
N A v (5.97)
and the regression lines
EYX=x) = Yale) + ¥1(2) a<x<b, (5.98)

2 )
which are monotone. If ¥1(z) = 0 and ¢1(y) = 0 then X and Y will be
negatively correlated.

An interesting particular case arises when ¢; and ¢, are invertible; then

¢i(x) = Hw),i =1,2.

5.8 Possibly Translated Exponential Conditionals

Consider a random vector (X,Y") with the property that all conditionals
are possibly translated exponential distributions. A random variable X has
a possibly translated exponential distribution if

P(X >z)=e @9 ](z > a), (5.99)

where A > 0 and « € (—00, 00). If (5.99) holds we write X ~ exp(a, \). We
wish to identify the class of all bivariate distributions (X,Y") such that

XY =y ~exp(a(y), \y)), yeSY),

and
Y|X =2 ~exp(B(x),v(z)), =ze€S(X). (5.100)

Clearly, for compatibility, we must assume that

D ={(z,y) : aly) <} ={(z,y) : B(z) <y} (5.101)
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Consequently, a(-) must be nonincreasing and 3 = a~!. Then for (z,y) €
D, the following functional equation must hold:

Ay) exp{=A(y)[z — a@)]} fy (y) = () exp{—y(z)[y — B(z)]} fx (2),

(z,y) € D,
(5.102)
where fx(z) and fy(y) are the marginal pdf’s.
Taking logarithms and defining

u(z) = log[y(z) fx (2)] +v(2)B(x), v(y) =log[A(W)fy ()] + Ay)a(y),

we get
Y(2)y — AMy)z + v(y) — u(z) =0, (5.103)
which is a functional equation of the form (1.31), with general solution

v(z) =ax+b, u(x)=cr+d, Ay)=ay—c, v(y)=—-by+d. (5.104)

Subject to integrability constraints we obtain

Frew(,y) o< exp(d + ez — by — azy), (x,y) € D, (5.105)
and
Fx (o) = Pl ® da; ELGZ 5@ e sx), (5.106)
rly) = SO0y 5wy o

To ensure that (5.106) and (5.107) are integrable we need to assume that
inf{x : (z,y) € D} > —oo and inf{y : (z,y) € D} > —oo. To see the need
for such a condition consider the possible choice D = {(x,y) : x + y > 0}.
Everything works well except that in this case (5.105), (5.106), and (5.107)
are not integrable.

In the model (5.105), the regression curves are given by

EX|Y =y)=ay)+(ay—c)~ ", yeSY), (5.108)

and
E(Y|X =) =6(x)+ (ax+b)"', ze€S(X). (5.109)

5.9 Bivariate Distributions with
Scaled Beta Conditionals

Another interesting model where there is a condition on the range has been
given by James (1975). He looked at multivariate distributions with beta
conditionals which arise in connection with the generation of distributions
for random proportions which do not possess neutrality properties.
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Definition 5.5 (Neutrality). Let X and Y be positive continuous ran-
dom variables such that X 4+Y < 1. Then X is said to be neutral if the pairs
of random variables X, Y/(1 — X) and Y, X/(1 —Y) are independent. O

It is well known that the bivariate Dirichlet distribution with density
function

(a4 8+7)

a—-1,8-1/1 _ . . \v—1

71_‘(@)1_‘(5)1_‘(7)35 Yy (l—z—y)™, z,y>0, z+y<l,
(5.110)
(o, B,y > 0) is characterized by the neutrality character of its marginals.
With the purpose of extending the Dirichlet distribution, James assumed
first type beta distributions for the conditionals of X/(1 —Y) given Y = y,

and of Y/(1 — X) given X = z.
More precisely assume that (X,Y") are positive continuous random vari-

ables with P(X +Y < 1) = 1 such that

fxy(w,y) =

YIX=2~1-2)B(ai(x),51(x)), 0<z<1, (5.111)

and
XY =y~ (1-y)B(aa(y),f2(y)), 0<y<Ll (5.112)

Our by now familiar techniques can be used to readily determine the nature
of the corresponding joint density. Thus

fxy(@,y) = pe~ Y71 (1 — 2 — y)Y " Lexp(nlog zlog y),
(5.113)
z,y>0, z4+y <1,

fx(x) = pB(v,n log x4+ @)z (1 —z)"s 241 0 <z <1, (5.114)

where o, 3,7 > 0, n < 0, and p is a suitable normalizing factor. From
expressions (5.113) and (5.114), we conclude that the Dirichlet distribution
(n = 0) is characterized by having first kind beta conditionals X|Y = y,
and Y|X =z (with X +Y < 1) and at least one of its marginals being of
the beta kind (James (1975), pp. 683).

A slight generalization of (5.113) is possible. We can consider scaled
beta’s with support {0 < x < h(y)} instead of {0 < z < 1 — y}. See the
discussion in Section 5.7.

5.10 Weibull and Logistic Conditionals

Definition 5.6 (Weibull distribution). We say that X has a Weibull
distribution if
P(X > z) =exp[—(z/0)"], x>0, (5.115)

where o > 0 and v > 0. |
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If (5.115) holds we write X ~ Weibull(c,~y). The case v = 1, corresponds
to the exponential distribution. Our goal is to characterize all bivariate
distributions with Weibull conditionals. That is, random variables (X,Y)
such that

XY =y~ Weibull(o1(y),v1(y)), vy >0, (5.116)

and
Y|X =x ~ Weibull(oa(z),v2(x)), x> 0. (5.117)

Interest centers on nontrivial examples in which 7 (y) and v2(x) are not
constant. If they are constant, the discussion in Section 4.7 provides a
solution. Writing the joint density corresponding to (5.116) and (5.117)
as products of marginals and conditionals yields the following functional
equation, valid for x,y > 0:

) Zi Ezy/; LM o o [_ ((Ilﬂzy))“(y)]

ozl )

(5.118)
For suitably defined functions ¢1(y), ¢2(v), 1 (x) and (), (5.118) can be
written in the form

B1()a” W exp [~ga(y)a V] = i (2)y O exp [—va(a)y™ )]

(5.119)
This equation is not as easy to solve as those reducible to the form (2.24).
We may indicate the nature of solutions to (5.119) by assuming differentia-
bility (a differencing argument would lead to the same conclusions albeit
a bit more painfully). Take logarithms on both sides of (5.119) then dif-
ferentiate once with respect to y to get a new functional equation, and
then again with respect to y to get another functional equation. Now set
y = 1 in these two equations and in (5.119). This yields the following three
equations for ¥ (x), s (x) and 2 (x):

aze 2™ = gy (z)e" V2@ (5.120)
—c527 —cg(log )z +9(x) [L1—1pa ()], (5.121)
—cgz™ — cio(log x)x™ — ¢11(log x)Qx'“

— Y2(x) — Y2(2)y2(2) [y2(z) — 1]. (5.122)

These three equations may be solved to yield ya(z), %1 (x), and ¥s(x). See
Castillo and Galambos (1990) for details. A similar approach will yield
expressions for ¢1(y), ¢2(y), and v1(y). Unfortunately, it appears to be
difficult to determine appropriate values for all of the constants appearing
in the solutions to guarantee compatibility in a nontrivial situation.

c3 + cqlogax

cr+cglog
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An analogous situation is encountered when we study distributions with
logistic conditionals.

Definition 5.7 (Logistic distribution). We say that X is a logistic
(i, 0) random variable if its density is of the form

fx(z) = le(zfu)/a/[l + e(:vfu)/v]?’ (5.123)
o

where 4 € R and o > 0. ]

We seek distributions for which the conditional distribution of X given
Y =y is logistic(u1(y), 01(y)) while the distribution of Y given X = z is
logistic(pe (), o2(x)). Thus we must solve the following functional equation:

fy(y) elr—m@)/o) fx(z) eW—m(@)/o2(z)
01 (y) [1 + e(x—,in(y)/al(y)]Q - 0'2(:1}) [1 + e(y—,uz(x))/az(x)P' (5124)
If we define
o(y) =2/ o1(y)/ v (y)
and

Y(x) = 2v/02(2)/fx (x)

we may rewrite (5.124) in the form

¢(y) cosh (m) = 9(z) cosh <y205(2x(f)> . (5.125)

Despite its attractive simplicity, (5.125) appears to be difficult to solve
except in the trivial case when o1 (y) = 01 and o2(x) = o2 (as described in
Section 5.2).

5.11 Mixtures

A suitable scale mixture of exponential densities yields a Pareto («) density.
Thus
o] Caflefc 1
/ e ————dc=a(l +z)" D, (5.126)
0 I'(a)
If we try a similar scale mixture of exponential conditionals densities, we
do not get a simple expression and emphatically do not obtain a Pareto
conditionals density. However, a scale mixture of kernels of exponential con-
ditionals densities does yield the kernel of the Pareto conditionals density
since
&) o 1 e ¢
/ ce—(mioz+mory+muizy) de
0 I(«) (5.127)

= a(1 + myox + mory + myzy) @Y,
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An analogous argument involving scale mixtures of normal densities yield-
ing a Cauchy density would have allowed us to guess the form of the Cauchy
conditionals density (5.47). Other scale mixtures of exponential families can
be treated in a similar fashion.

5.12 Bibliographic Notes

Section 5.2 is based on Arnold (1987) and Castillo and Sarabia (1990a).
Section 5.3 covers material from Castillo and Sarabia (1990b). Section 5.4 is
based on Arnold, Castillo, and Sarabia (1992). The general Cauchy condi-
tionals material in Section 5.5 has not appeared elsewhere. The expressions
for the marginal densities given in Arnold, Castillo, and Sarabia (1992) have
been corrected. Section 5.7 is based on Sarabia (1994). Anderson (1990)
and Anderson and Arnold (1991) discuss the centered Cauchy conditionals
distribution. Uniform conditionals (Section 5.4) were introduced in Arnold
(1988a). Section 5.8 on possibly translated exponential conditionals is new.
The scaled beta material in Section 5.9 is based on James (1975). In Sec-
tion 5.10, the Weibull material is based on Castillo and Galambos (1990),
while the logistic material is new.

Information on the families of univariate distributions covered in this
chapter may be found in Johnson, Kotz, and Balakrishnan (1994, 1995).

Exercises

5.1 Apart from the independent case, is there a joint bivariate density
with conditionals of the form:

f@ly) = Ay)e W= x>0,

such that A(y) > 0, and

—(a+1)
f(yx)zgf;)(uy) L y>o,

with o(z) > 0 and « > 07
5.2 The joint pdf,
flzyy) =k(a, )1 —2—y+ 6xy)1/a—1’

for0<z,y<1l,and 1 —x — y + dzy > 0 with o > 0, is a particular
case of the model with conditionals in the Pickands—deHaan family.

(a) Obtain the marginal distributions.
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(b) Compute the moments and the normalizing constant.
(Arnold, Castillo, and Sarabia (1995).)

5.3 A random variable X is said to be a Bradford random variable, and
is denoted as X ~ BF(0), if its pdf is

0

Fl@;0) = log(1+0)(1 + 6z)

if0<ax<1,

where 6 > 0.

(a) Obtain the most general random variable (X, Y") such that X|Y =
y ~ BF(01(y)) and Y|X =z ~ BF(62(x)).

(b) Write the integral

1
1
/ og(1l + az) da
0 1+bx

in terms of the dilog function

“ logt
dilog(x) :/ 98" .
L 1—¢

Using this fact, obtain the normalizing constant of the bivari-
ate distribution with Bradford conditionals, in some particular
cases.

5.4 A random variable X is said to be generalized Poisson with parame-
ters A and 6, and is denoted as X ~ GP(),0), if its pdf is

1
P(X =z)=—AA+ 0x)" L exp[—~(\ +0z)],  =0,1,2,...,
x!
and P(X = z) = 0 for x > m when 6 < 0, and where A > 0,

max(—1,—-A\/m) <0 <1, m>4.

Find the bivariate distributions with conditionals of the generalized
Poisson type.

5.5 A random variable is said to be a finite mixture if its pdf is of the
form

f@)=mfi(z)+... + 7 fr(o)

where m; > 0 and 71 + ...+ 7, = 1 and fi(z),..., fr(z) are known
linearly independent pdfs.

(a) Obtain the most general pdf f(z,y) with conditionals

fly) = m@)fi(e) + ..+ my) fr(2)
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and
flylz) = 71(z)g1(y) + ... + 7 (2)gr (y),

where {fi(z),i =1,...,k} and {g;(y);¢ = 1,...,n} are sets of
linearly independent pdfs.
(b) Obtain the marginal distributions and the moments.

(c) Characterize the bivariate finite mixture conditionals distribu-
tions which are uncorrelated but not independent.

5.6 Suppose that (X1, X2) has a Cauchy conditionals distribution (5.47).
Show that (1/X,1/X3) also has a Cauchy conditionals distribution.

5.7 We say that X has a hyperbolic secant distribution if its density is
of the form
Ix (@) = (ae™/7 + Be®/7) 1.

Investigate the family of bivariate densities with hyperbolic secant
conditionals.






6
Improper and Nonstandard Models

6.1 Introduction

In our discussion of compatible conditional densities (Chapter 1) it will be
recalled that the key requirements for compatibility were:

(0) {(z,y) : fl2ly) > 0} = {(z,9) : f(ylz) > O
(i) f(zly)/f(yle) = a()b(y); and
(iii) a(x) in (ii) must be integrable.

In several potentially interesting situations compatibility fails only because
condition (iii) is not satisfied. Such “improper” models may have utility for
predictive purposes and in fact are perfectly legitimate models if we relax
the finiteness condition in our definition of probability. Many subjective
probabilists are willing to make such an adjustment (they can thus pick an
integer at random). Another well-known instance in which the finiteness
condition is relaxed with little qualm is associated with the use of improper
priors in Bayesian analysis. In that setting, both sets of conditional densities
(the likelihood and the posterior) are integrable nonnegative densities but
one marginal (the prior) and, consequently, both marginals are nonnegative
but nonintegrable. For many researchers, then, these “improper” models
are perfectly possible. All that is required is that f(z|y) and f(y|z) be
nonnegative and satisfy (i) and (ii). Integrability is not a consideration. A
simple example (mentioned in Chapter 1) will help visualize the situation.
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Suppose we ask for a joint density fx y (z,y) such that for each x > 0,

1
Y|X:x~U(0,> (6.1)
x
and for each y > 0,
1
X|Y:y~U<0,y>. (6.2)
If a corresponding joint density is to exist it clearly must be of the form
Ixy(zy)=cl(z >0,y >0,zy <1). (6.3)

Thus (X,Y) is to have a uniform distribution over a region in the plane of
infinite area.

Models such as (6.3) (and the nonintegrable Cauchy conditionals density
(5.66)) may correctly summarize our feelings about the relative likelihoods
of possible values of (X,Y) and, consequently, may have great predictive
utility despite their flawed nature. We do not propose to resolve whether
or not such models should be used. We merely provide a modest cata-
log of “improper” conditionally specified models which have arisen in the
literature.

More serious modeling inconsistencies occasionally occur. What if the
given functions f(z|y) are f(y|z) are occasionally negative? Or what if
the given families of conditional densities are incompatible? Again we will
only remark on such modeling anomalies. They do occur. The perils of
conditional specification are not always appreciated.

6.2 Logistic Regression

A logistic probability model is often used to relate a binary response vari-
able Y to several predictor variables X1, Xs,..., X;. The model is of the
form
1
{14+ exp{—[Bo + 27, B;0;(X1,..., Xp)]}}
(6.4)
where the §; are unknown constants. In addition, it is often assumed that
vector (X1, Xa,...,Xk) given Y = 1 and Y = 0 has a specific distribu-
tion. For example, these conditional distributions may be posited to be
multivariate normal. If we make such a claim then we have a model with
conditionals in exponential families (binomial and multivariate normal),
and the material in Chapter 4 can be used to completely specify the spec-
trum of acceptable models. Severe restrictions must be made on the ®;’s
appearing in (6.4). Many of the logistic regression models discussed in the
applied literature are questionable in the light of these observations.

P(Y: 1|X17X27"'7Xk)
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6.3 Uniform Conditionals

Let A be a subset of the plane for which each = cross section has finite
measure and each y cross section has finite measure. Now define a function
on R? by

flzy) =I((z,y) € A). (6.5)

If A has finite planar measure then this defines a proper joint density with
all conditionals uniform (on the appropriate cross-section sets). If A has
infinite measure we get “improper” uniform conditionals models analogous
to the one defined in (6.3).

6.4 Exponential and Weibull Conditionals

Improper exponential conditionals models may be of either of two kinds
(or a combination of both). The first kind are models involving a scale pa-
rameter which is a function of the conditioning variable. Recall the general
form of the exponential conditionals density ((4.14))

Ixy(x,y) o< exp[—miox — mory + muay] I(x > 0)I(y > 0). (6.6)

If my1p > 0 and mg; > 0 and my; < 0, then (6.6) is a perfectly legitimate
joint density. If, however, migmg; = 0 [i.e., if one or both of mig, mg; are
zero|, then the model still has exponential conditionals but is improper
in the sense that (6.6), although nonnegative, no longer is integrable. For
example, the specification that P(X > z|Y = y) = ¢ *¥ and P(Y >
y|X = x) = e~ ™Y is improper in the sense that no integrable joint density
can lead to such conditional distributions (it corresponds to the choice
mip = mo1 = 0,my; = —1).

The second type of improper exponential conditionals model involves
a location parameter which is a function of the conditioning variable. A
simple example involves a nonincreasing function v (z) defined on the real
line with inverse ¥ ~!(y). In order to have conditional distributions of the
form

P(X > alY =y) =e = 0 (z > g7 (y)) (6.7)

and
P(Y > y|X = a) = e 4@ (y > y(a)), (6.9)

we must consider an improper (nonintegrable) joint density for (X,Y).

Consideration of (X°,Y°2) for ¢1,c2 > 0 will lead to improper Weibull
conditionals models analogous to (6.6) and (6.7)—(6.8). An example is
provided by the function

F(z,y) =1 —exp(—z"y")]I(x > 0)I(y > 0). (6.9)
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For each fixed z, (6.9) is a genuine Weibull distribution function for y.
Similarly for each fixed y, it is a Weibull distribution function for . How-
ever, there is no integrable joint density over the positive quadrant with
conditional distributions given by (6.9).

6.5 Measurement Error Models

In the context of measurement error, we may encounter random variables
(X,Y) such that
X —Y ~ N(0,0%). (6.10)

Condition (6.10) is compatible with a broad spectrum of joint densities
for X and Y, some of which are bivariate normal. In an effort to treat X
and Y in an exchangeable fashion the question arises as to whether a joint
density for (X,Y) can be found to satisfy (6.10) and to have conditional
distributions described as follows:

XY =y~ N(y,o?), (6.11)

Y|X =z~ N(z,03). (6.12)

Referring to our compatibility theorem (Theorem 2.2) we conclude that
we must require of = o3, but then the ratio fx|y (z|y)/fy|x (ylz) will
be constant and thus not integrable. Thus no integrable joint density can
satisfy (6.11) and (6.12).

Related issues arise when we ask if it is proper to have a valid model in
which both forward and backward regression models are valid with normal
errors.

6.6 Stochastic Processes and Wohler Fields
Consider an indexed family of invertible decreasing functions
{y =d.(z): 2z € A} (6.13)

Let Z be a random variable with range A. For a fixed value of x, we can
define a random variable Y (z) as follows:

Y(2) = 62(). (6.14)
Analogously, for a fixed value of y, we may define X (y) by

X(y) = ¢5' (v). (6.15)
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Note that the only randomness in (6.14) and (6.15) is associated with the
random variable Z. It is consequently evident that for any z,y,

P(Y(z) <y) = P(X(y) < z). (6.16)
The family of curves

PY(@z)<y)=¢ 0<c<lI, (6.17)
or, equivalently,

PX(y)<z)=e¢, 0<ec<]1, (6.18)

is called the Wohler field of the stochastic process. It is important to realize
that (6.16) does not deal with conditional distributions. There is no random
variable X nor any random variable Y. There are two intimately related
stochastic processes (6.14) and (6.15).

Sometimes physical considerations suggest the appropriate form for the
densities of Y (z) and X (y). For example, we might posit that they are all
of the Gumbel minimum type or perhaps that they are all Weibull.

6.6.1 Compatibility Conditions in Fatigue Models

When modeling fatigue and other similar lifetime data, models are selected
mainly because of mathematical tractability, simplicity, and/or concor-
dance with the data. However, models should be derived based on physi-
cal and statistical considerations. These considerations require that fatigue
models should satisfy the following conditions (see Castillo, Ferndndez-
Canteli, Esslinger, and Thiirlimann (1985) and Castillo and Galambos
(1987a)):

1. Models should take into account the fact that lifetime is governed by
the weakest link principle, that is, the fatigue lifetime of a piece is
the fatigue lifetime of its weakest subpiece or link. The weakness of a
subpiece is determined by the size of its largest crack and the stress
it is subjected to. Thus a piece can fail because it has a large crack
and/or a large stress concentration.

2. Models must be stable. For example, because of the weakest link
principle, models must be stable with respect to minimum operations.
Assume the cdf of the fatigue lifetime of a longitudinal piece belongs
to the parametric family 7 = {F(x;0);60 € S}, where the parameter
0 can be assumed, without loss of generality, to be the length of the
piece. Then, according to the weakest link principle, the cdf of the
first-order statistic of a sample of size n from F(x; #) must be the same
as the cdf of the lifetime of a piece of length nf. Thus, the family F
must satisfy the functional equation F(x;nf) = 1 — [1 — F(x;0)]"
which is the formal statement of stability with respect to minimum
operations.
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FIGURE 6.1. Wohler curves for the fatigue model.

3. Models must take into account the positive character of lifetime and
stress level.

4. The distributions of lifetime given stress level should be compati-
ble with the distribution of the stress level given lifetime, that is, if
Fx(x;y) is the cumulative distribution function (cdf) of X given y,
and Fy (y;x) is the cdf of Y given z, then

Fx(zy) = Fy (y; z). (6.19)

This compatibility equation can be explained as follows. Suppose
the curves in Figure 6.1 are in the parametric family y = 0,(x) or
x = 0,1(y), with the curves heading in the northeast direction as «
increases. Think of o as being random with some distribution. For
given (z,y), let n(z,y) be the value of a such that 6, , . (z) =y or
6!  =x. Then
n(z,y)

Fx(; y) P(X < a3y) = P(ba (y) z) = Pla<n(@y)) g 9
P01 (z) <y) = P(Y <y;2) = Fy (y;2). '
Thus when selecting any point on any of the Wohler percentile curves,
the number of curves to the left of the point (i.e., in the X-direction)

is equal to the number of curves below the point (i.e., in the Y-
direction), that is,

Fx(0(y):y) = Fy (07" (2); ), (6.21)
which is equivalent to (6.16).

In the following sections we introduce several models. All of them satisfy
conditions 1, 2, and 4. In addition, the reversed generalized Pareto model
satisfies condition 3.
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6.6.2 The Gumbel-Gumbel Model

As in Castillo et al. (1985) and Castillo (1988), suppose that the random
variables X (y), —oo < y < 00, and Y (z), —00 < & < 00, all have Gumbel
distributions. It follows that

P(X(y) <) = P(Y(x) <y)=1—exp {_ exp [96;(2)(1/)} }

!

where a(y), b(y), c(x), and d(x) are unknown functions such that b(y) > 0
and d(z) >0 Equatlon (6.22) can be written as

(6.22)

r—aly) y—c(x) _
) - d) & xd(x) —a(y)d(z) —yb(y) +c(x)b(y) = 0, (6.23)

which is a functional equation of the form (1.31). Thus, using Theorem 2.3,
we get the general solutions

Cy—D 1 _Bx-D 1

a(y): Ay—B’ b(y):m, C($)—M7 (x):ASC(C’ )
6.24

Substitution into (6.22) leads to

P(X(y) <z) = P(Y(z) <y) = 1—exp{—exp[Azy— Bz —Cy+D]}, Vz,y.
(6.25)
However, if A # 0, expression (6.25) is not a monotonic function of = for
every y. Thus A = 0.
Consequently, the most general model of the Gumbel-Gumbel type is

P(X(y) <z)=P(Y(x) <y)

=1—exp{—exp[-Bx— Cy+ D]}, B,C <0; Va,y.
(6.26)
Note that the Wohler field for this model consists of a set of parallel straight
lines.

In the context of the discussion in earlier sections of this chapter, we
note that (6.26) does provide indexed families of Gumbel distributions but
there is no integrable joint density fx y(z,y) which has its conditional
distributions given by (6.26). Lack of integrability is the only lacuna, oth-
erwise (6.26) would provide a routine example of a conditionally specified
distribution with Gumbel marginals.

6.6.3 The Weibull-Weibull Model

Suppose that for each fixed y > 0, X(y) has a Weibull distribution and
for each fixed z > 0,Y(z) has a Weibull distribution. From (6.16) we then
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have
P(X(y) <2)=P(YV(@)<y) = 1-exp{—la(@)y+b()"}
= 1l—exp { (y)z + e(y))/® }
y>——= x>f@ (6.27)

a(fﬂ)’ — )’
where a(z),b(x), c(z),d(y),e(y), and f(y) are unknown positive functions.

Castillo and Galambos (1987b) obtained the following three families of
solutions as the general solutions of the functional equation (6.27):

P(X(y) <z) =P (z) <y)
= 1—exp{— [E(x—A)C(y—B)D exp[M log(x—A) log(y—B)]] } ,

x>A, y>BhB,
(6.28)

=1—exp{-[C(x — A)(y — B) + D|¥}, z> A, y> B,

(6.29)
and

P(X(y) <z)=P(Y(z) <y)

(6.30)
=1—exp{—E(x— Ay - B)P}, > A, y>B.
We can change the notation of model (6.30) to get
P(X(y) <2)=P(Y(z) <y)

(6.31)

=1—exp{—c(z—08)(y—p)'*} 2>6 y>p.

The physical interpretation of these parameters is given in Section 6.7.
As in the Gumbel-Gumbel case, there do not exist integrable joint den-
sities, fx v (z,y), whose conditionals are given by (6.28), (6.29), or (6.30).

6.6.4 The Reversed Generalized Pareto Model

Castillo and Hadi (1995) develop the reversed generalized Pareto model
(RGPD) which satisfies the above four conditions of compatibility.

Since design values are associated with small probabilities of failure, that
is, only with lower tail values it follows that only the left-hand part of the
Wohler field is relevant for design considerations (see Figure 6.2). With
this in mind, it is not reasonable to continue fatigue testing after some
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Zero-percentile
X=X 0()7 )

Threshold
u=0(y)

Stress Level Y

Lifetime X

FIGURE 6.2. Wohler curves for the reeversed generalized Pareto fatigue model.

given time (some standard procedures last until 2 x 108 or 107 cycles)
unless a very low stress level is used. In some cases these specimens give
information about the right tail but give no information about the left tail
(see Galambos (1987)). In fact, only fatigue data below a given threshold
value u, say, have information about relevant design values. The central
idea of the method to be described is to model only the relevant part of
the Wohler field, that is, the small-percentile curves.

To this end, we transform the random variable X by first truncating at
a threshold value u and then translating the origin to u, thus getting a new
random variable Z = T,,(X), which is defined as X — u given X < u, (see
Figure 6.2). The random variable Z has the cdf

Flutz) < z<o

F(u)

(6.32)
where F'(x) is the cdf of the fatigue lifetime X and ¢ is the lower endpoint
of F.

If we assume that the distribution of the random variable Z belongs
to a parametric family H = {H(z;u);u € S}, then this family cannot be
chosen arbitrarily. Since truncating any random variable X at v is the same
as truncating T, (X) at v, for any v < u, we have

H(zu)=P(Z<z2z)=P[X <u+zX <u]=

T,(X) = T, (Tu(X)). (6.33)
From (6.32) and (6.33), it follows that
H(zv) = M (6.34)

H(v;u)
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This functional equation is the formal statement of compatibility of the
family H (z;u) with respect to the above transformation.
It follows from (6.32) that

F(z) =FuwH(z —uu), z<u. (6.35)

Thus, to estimate F(x) for x < u, we need to estimate both F(u) and
H(xz — u;u). In practice, different values of u should be tried out and F'(u)
can then be estimated by the ratio of the sample data below u to the sample
size. To estimate H(x — u;u), we use the following result:

Theorem 6.1 The RGPD

1
(1+%)”,z>0, ifa <0,
. '
Gz 0,0) = o <#<0, dfa>0, (6.36)
exp(g), z <0, if a =0,

where o and a are the scale and shape parameters, respectively, is a good
approximation of H(z;u), in the sense that

lim  sup |H(z;u) — G(z;0(u),a)| =0, (6.37)

U=T0 po—u<2z<0

for some fixred o and functions o(u), if and only if F is in the minimal
domain of attraction of one of the extreme value distributions.

See Pickands (1975) for the proof of the equivalent result for the maximal
domain of attraction. Note that the RGPD family satisfies (6.34), that is,
it is stable with respect to the transformation T, (X). Using Theorem 6.1,
from (6.35) and (6.36), the proposed model for a given level is

F(z) = F(u)G(z —u;o,a), x<u. (6.38)

We note, however, that for a good approximation, F'(u) need not be small
if the specimen length is large and can be close to 1 if it is very large. Thus,
the cdf of X for a given stress level y can then be approximated by

Fx(z;y) = Fx(0(y);9)G (z — 0(y);0(y), a(y)), = <0(y), (6.39)

where now the parameters o and o and v = 6(y) depend on the stress level
y. Similarly, the cdf of Y given a lifetime x can be approximated by

Fy (y;2) = Fy (07 (2);2)G (y = 07" (2); (), n(2)) , y <07 (). (6.40)

Therefore, from (6.19), (6.39), (6.40), and (6.21) and assuming that (6.39)
and (6.40) are identities, we have

Gz —0y);oy),a) =Gy —0"(z);7(x),nx)). (6.41)



6.6 Stochastic Processes and Waohler Fields 143

Then from (6.36), (6.41) becomes

1 1
L ey ) 1A [, 1@y, ) |7
)= 1= G500+ 55e] °0) = 1= 20+ T
(6.42)
for a #£ 0, or
H(z;y) = z=0) _y- 9_1(I), (6.43)

a(y) 7()

for o = 0, where o(y) and 7(z) are the scale parameters and «a(y) and
n(x) are the shape parameters, for the lifetime given the stress level and
for the stress level given the lifetime, respectively. Thus, the compatibility
condition has led to the functional equations in (6.42) and (6.43) which
impose conditions on the functions a(y), o(y), n(z), and 7(x). The solutions
of these functional equations (cf. (5.28)) are given by the following theorem:

Theorem 6.2 Let A,B,C, D, «,k and € be parameters, then:

1. The functional equation (6.42) has only two solutions which are given
by

H(xz;y) = [Azy + Bz + Cy + D]Y®, 0< Azy+ Bax+Cy+ D < 1,
(6.44)
and

H(z;y) = (Az + B)(Cy + D)%, 0 < (Az+ B)*(Cy+ D)/* < 1.
(6.45)

2. The functional equation (6.43) has only one solution which is given
by

H(xz,y) = exp[Azy + Bz + Cy + D], —oo < Azy+Bax+Cy+D < 0.
(6.46)

Note that in principle the range of a is (—o0, +00). However, we want
H(x,y) to be a distribution function for fixed y and for fixed = (Galambos
(1987), pp. 53-54), so we must restrict a to be nonnegative. Note also that
models (6.44)—(6.46) are derived based on only two assumptions, namely,
the compatibility condition (6.19), and the adequacy of the RGPD as an
approximation to H(z;y) as given by Theorem 6.1.

We should mention here that H(x;y) does not represent a joint distri-
bution of the random variables X and Y, but it is interpreted as either the
distribution of lifetime X for a given stress level y or the distribution of
stress level Y associated with a lifetime x. However, since the lifetime can-
not be fixed, the second is a nonobservable random variable (an engineer
has direct control over the stress level but has no control over the lifetime).
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6.7 Physical Interpretations of
the Model Parameters

To interpret the parameters of H(x;y), we first note that if A # 0, model
(6.44) can be written as

H(zy) = [B+o(z — )y —p)]"/*, (6.47)
where
oc=A, §=-CJ/A, p=-BJ/A, 3=D— BC/A. (6.48)

Also, the parameters A and C' in model (6.45) should be different from
zero, otherwise H(z;y) is not a distribution function of X given y or of YV
given x. Additionally, the Wé&hler curves in Figure 6.1 indicate that A, C, k,
and € are positive, in which case model (6.45) can be written as

H(z;y) = oz = 8)(y — p)/", (6.49)

where 0 = A*C</* § = —B/A, p = —D/C. This parametrization has a
clear physical interpretation (see Figure 6.1):

p is the endurance limit, that is, the stress level below which failure
due to fatigue does not occur;

e ( is a minimum lifetime that can be guaranteed for all specimens;
e ¢ is a combined scale factor for lifetime and stress level;

e (isassociated with the zero-percentile (if 3 is zero, the zero-percentile
curve degenerates to two straight lines parallel to the a- and y-axes);
and

e 1/a,¢, and €/k are shape parameters.

An interesting special case of model (6.47) is obtained when p = ¢ = 0.
In this case there is neither endurance limit nor minimum positive lifetime.
Another special case of (6.44) is obtained for A = 0, which leads to a set
of parallel straight percentile lines.

The zero-percentile curve for model (6.47) is 8+ o(x — §)(y — p) =
0, which implies that at the zero-percentile, the lifetime depends on the
stress level. On the other hand, the zero-percentile curve for model (6.49)
is o(x — 6)¢(y — p)/* = 0, which implies that at the zero-percentile 2 = §
for all stress levels y > p. Although specimens having zero lifetime at any
stress level are possible, fracture mechanic theory states that fatigue failure
is due to the progressive enlargement of existing cracks along the specimen
and is governed by the largest crack in the piece. The zero-percentile curve
is associated with the behavior of the worst possible specimen. The lifetime
of this specimen depends on the stress level because the larger the stress
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level the faster the progression of its largest crack. For this reason, we would
argue that only model (6.47) admits a reasonable physical interpretation.

Several methods for estimation of the parameters of this model have been
proposed by Castillo and Hadi (1995).

6.8

Bibliographic Notes

The examples in Sections 6.2, 6.3, 6.4, and 6.5 are taken from or modified
from Arnold and Press (1989a). Most of the Wéhler field material in Section
6.6 is based on Castillo et al. (1985) and Castillo (1988).

Exercises

6.1

6.2

6.3

6.4

6.5

Discuss the existence of a joint pdf f(x,y) whose conditional densities
satisfy
flzly) xye™*, 0<ax <A,

and
flylz) xze™, 0 <y < A,

making a distinction between A finite and A infinite.

Discuss the existence of bivariate distributions (X,Y) such that

XYY =y~ N(uy) oiy)

and
Y = XX = ¢ ~ N (), 03(x)).

If X ~ N(u,1) then, from a fiducial viewpoint, the distribution of
given X = z is N(z,1). Discuss the implied joint distribution of X
and p in such a setting.

Consider the uniform conditionals example discussed in Section 6.1
((6.1) and (6.2)). A Markov Chain with state space IR can be set up
as in (1.23) using the conditional densities (6.1) and (6.2). Discuss
the long-run behavior of this chain.

Discuss the Wohler field for a gamma—gamma model (cf. Section 6.6).






7

Characterizations Involving
Conditional Moments

7.1 Introduction

By now we have developed a repertoire of experience in characterizing
distributions whose conditionals are required to belong to specified para-
metric families. Two kinds of unexpected results have been encountered.
On the one hand, the class of conditionally specified joint densities might
be surprisingly constrained. For example, exponential conditionals models
turn out to be always negatively correlated. In some sense, then, specifying
the form of the conditional distributions is more restrictive than we might
have envisioned. On the other hand, the conditionally specified families
often include unexpected models with anomalous properties; for example,
the nonclassical normal conditionals models with their unusual rational
regression functions (ratios of quadratic functions). Many of the condition-
ally specified models have high-dimensional parameter spaces. Interesting
subfamilies are frequently obtainable by invoking additional conditions on
the form of the regression functions or other conditional moments.

One example of the phenomenon in question was provided in Section 3.4.
There certain restrictions on the conditional variances and/or regression
functions of a normal conditionals distribution were shown to characterize
the classical bivariate normal distribution (specifically, see Theorem 3.1).
Several other analogous results are described in the following sections.

Instead of being given both families of conditional densities we might
be given one family of conditional densities and the other regression func-
tion. Interesting characterization problems arise in this context. Attempts
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to characterize distributions only using conditional moments will also be
briefly described.

7.2 Mardia’s Bivariate Pareto Distribution

As a bivariate extension of the usual Pareto distribution, Mardia (1962)
proposed the family of densities which may be reparametrized in the fol-
lowing form:

—(a+2)

ala+1 T

fv(ay) = 22D (1++y) L x>0, y>0.  (T.1)
0109 g1 g9

Such a joint density has Pareto marginals and Pareto conditionals. Using
the notation introduced following equation (5.1) we may write

X ~ P(o1, ),

Y ~ P(03,q), (7:2)
and
X|Y:y~P<o—1 <1+y) ,a+1>,
02
(7.3)
Y| X=2~P <02 <1+x) ,a+1> .
01
From (7.3) we may compute the corresponding regression functions
g1 Yy
EXlY=y)=—(1+—= 7.4
=i =2 (14 2) (7.4
and
EY|X =z)=22 <1 + x) . (7.5)
« 01

Thus the regressions are linear.

Since o > 0 in (7.1), the conditional densities in (7.3) are Pareto with
index a+1, greater than 1. We may ask whether Pareto conditionals and lin-
ear regression functions are enough to characterize the Mardia distribution.
Specifically, we ask if

XY =y~ P(o1(y),a+1) (7.6)

and
Y|X =2~ P(oz(z),a+ 1) (7.7)

and linear regression functions imply that the joint density must be given
by (7.1). An affirmative answer is called for. From the discussion in Section
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5.2, Pareto conditionals such as (7.6) and (7.7) are only associated with a
joint density of the form

Fxy (#,y) < (Ao + Mz + Aoy + Agwy) @+ (7.8)

where A\g > 0, A1 > 0,2 > 0, and A3 > 0. From (7.8) we conclude that

1 Ao+ A2y
E(X)Y =y)=— (A? - /\zy> . (7.9)

This could be constant (when A\g/A; = A3/A3), which implies X and Y are
independent Pareto variables. It will be a non-constant linear function iff
Az = 0 and in this case (7.8) can be readily reparametrized to the form
(7.1). Technically we only need to assume Pareto conditionals and one
nonconstant linear regression function to conclude that the model is of the
Mardia type.

A second characterization of the Mardia distribution is possible. Sup-
pose that (7.3) holds, i.e., Pareto conditionals, and (7.2) holds, i.e., Pareto
marginals. Then, again, we may claim that the distribution is of the Mar-
dia type. The argument is as follows. Pareto conditionals implies a joint
density of the form (7.8) with marginals given by (5.8). These marginal
densities will only be Pareto densities if either A3 = 0 or A\g/A; = Ao/ As.
The latter yields independent Pareto marginals while the former (A3 = 0)
guarantees that the joint density is of the Mardia form. Again, we actually
need only assume that one marginal density is Pareto and that we have
Pareto conditionals, to draw the conclusion.

A slight generalization of the above observations involves the Pearson
type VI or Beta 2 distribution discussed in Section 5.3. By referring to the
regression formulas (5.20) and (5.21) we may characterize all distributions
with Beta2(p, ¢) conditionals and regression functions which are polynomi-
als of degree ¢. They correspond to the choice A3 = 0 in (5.17). We remark
in passing that the bivariate Beta 2 density, (5.17), has Beta 2 marginals
and conditionals.

7.3 Linear Regressions with Conditionals in
Exponential Families

If we have normal conditionals and impose a condition that one regres-
sion function is linear and nonconstant, then we characterize the classi-
cal bivariate normal density. What happens to other conditionals in expo-
nential families distributions when we add a nonconstant linear regression
condition?

If we consider the exponential conditionals family (Section 4.4) we see
that the regression function can never be a nonconstant linear function.
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Turning to the gamma conditionals family, whose regression functions are
given in (4.43) and (4.44), we see that we cannot have either regression
function be a nonconstant linear function. As noted in Section 4.6, constant
regression functions are indeed possible (in both dependent and indepen-
dent cases). A similar analysis can be performed for the gamma-normal
conditionals model (Section 4.9). Here too it is not possible to have either
regression function be a nonconstant linear function. The same observation
is correct for the beta conditionals model. We had, in fact, no hope for non-
constant linear regressions in the beta conditionals density. We can only
hope to encounter nonconstant linear regressions if, in (4.1), ¢1;(x) = z for
some % or, in (4.2), g2;(y) = y for some j.

If instead of requiring that the conditionals belong to exponential fami-
lies, we require the marginals to be in exponential families, it is not difficult
to construct examples with nonconstant linear regressions.

7.4 Linear Regressions with Conditionals in
Location Families

It is sometimes difficult to characterize distributions whose conditionals be-
long to given location families. Particular cases (the normal and Cauchy, for
example) are tractable, others are not. What happens if we put conditions
on the regression function? Apparently Narumi (1923) was the first to study
this question. He considered all possible bivariate distributions with given
regression functions F(X|Y = y) = a(y) and E(Y|X = z) = b(x) with con-
ditionals belonging to unspecified location families. Thus the conditional
densities were required to be of the form

Ixiy(zly) = g1(z — a(y)) (7.10)

and
Ixy (ylz) = g2(y — b(z)) (7.11)

(note that (7.10) and (7.11) implicitly include the assumption that con-
ditional variances are constant, a stringent condition). For certain choices
of the functions a(y) and b(x), it is possible to determine the nature of
the joint distribution associated with (7.10) and (7.11). For example, it is
natural to inquire about the case in which a(y) and b(z) are linear. In that
case, we will have

fy()gi(z — a1y — a2) = fx(2)g2(y — biw — ba). (7.12)

Narumi solves (7.12) by taking logarithms of both sides and differentiating,
assuming the existence of derivatives up to the third order. He was thus
able to conclude that either X and Y were independent, a trivial solution
(apy = by = 0), or logg; must be quadratic and eventually (X,Y’) must
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have a classical bivariate normal distribution. Instead of differentiating,
one could difference. A third approach involves rewriting (7.12) in terms of
functions
g1(u) = g1(u — az)
and

ga(u) = ga(u — ba).
Equation (7.12) then becomes

fy(W)g1(x — a1y) = fx(2)g2(y — brz). (7.13)

Lajko (1980) has shown that (7.13) can only hold (for a; # 0 and by # 0)
if the logarithms of all four functions involved are quadratic. Again we are
led either to independent marginals or a classical bivariate normal.

More generally, if a(y) and b(z) in (7.10) and (7.11) are known func-
tions we can write the joint density fx y(z,y) as a product of marginal
and conditional densities in two ways (as we are accustomed to do). Then

9?log fx,y(z,y)

by considering we arrive at Narumi’s general functional

0x0y
equation (his equation (iii), with modified notation)
a' ()¢ (x — aly)) = V' (@)vs (y — b(x)), (7.14)
in which we have defined
Y;(u) =logg;(u), i=1,2. (7.15)

We were able to solve (7.14) when a(y) and b(x) were linear. What about
more general choices of a(y) and b(x)? It turns out (Narumi (1923)) that
(7.14) actually is sufficiently restrictive to determine the nature of all four
functions a, b, %1, and 5. For example, we must have

o (con =) )

(oo =m) Y,

a'(y) = (7.16)

for certain choices of the parameters a,c,yg, m, and n. An analogous ex-
pression must hold for &’ (x). Thus only very specialized regression functions
a(y) and b(x) can appear in (7.10) and (7.11). The following general form
of all densities satisfying (7.10) and (7.11) is provided by Narumi, ((1923),
p. 214):

Fla,y) o 170y { (Coshﬁ@;l“o) _, sinh M )

X (cosh Vel —yo) _ Ao sinh w >

2
Vale —z0) o Vely = o) }
2 2 '

(7.17)

+ A3 sinh sinh
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It includes the classical bivariate normal as a (very) special case and in-
cludes a bivariate Makeham distribution.

7.5 Specified Regressions with Conditionals in
Scale Families

Suppose instead of (7.10) and (7.11) we require that the conditional densi-
ties satisfy

fxy (@ly) = g1(x/c(y))/cy), (7.18)
frix(le) = g2(y/d(x))/d(), (7.19)

for given positive functions ¢(y) and d(x). What can be said about the joint
density fxy(z,y)?

Based on the analysis of Narumi for location families, we can expect that
(7.18) and (7.19) will only be compatible for very special choices of ¢(y)
and d(z). To begin let us consider particular choices for ¢(y) and d(zx) for
which we know there is at least one solution. Recall that the exponential
conditionals distribution (1.39) had all its conditionals in scale families and
had regressions which were of the form

E(YlX = l‘) = (021 + 02233)_1,

E(X|Y =y) = (c12 + c229) "

It is then natural to inquire about the nature of all joint densities whose
conditional densities satisfy

Ixy (@ly) = g1 ((a + y)z) (o + y), (7.20)

fyix (Wlz) = g2((B+ 2)y)(B + z). (7.21)

It is reasonable to restrict our search to random variables (X,Y) with
support in the positive quadrant. Thus we ask for what functions g; and
g2 can we have (7.20) and (7.21) holding for z > 0 and y > 07 Let
i (u) = log g;(u), then we can write log fx y (z,y) in two ways and obtain
the relationship

log [(a + ) fy (y)] + ¥1((a + y)z) = log [(B + @) fx ()] + ¥2((B + 7)y).

Now differentiate with respect to  and y to obtain

[(aty)a]di ((a+y)z) +i1 ((aty)z) = [(B+z)y] é’((5+$)y)+¢é((ﬁ+(§)2y?))-
But this can hold for every x,y if and only if '

u (u) + 91 (u) = v = 05 (v) + P (v) (7.23)
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for some constant . The differential equation for 1 (u) implicit in (7.23)
has as its general solution

P1(u) = co + cru+ cologu

so that
g1(u) = uzecotert, (7.24)

Analogously g2(v) is a gamma density. Thus (X,Y") has gamma condition-
als. Referring back to Section 4.6, we conclude that the class of all solutions
to (7.20) and (7.21) coincides with the MODEL II gamma conditionals class
(described by (4.33) with parametric constraints (4.38)).

It is possible to derive a general solution to (7.18)—(7.19) defined on the
positive quadrant analogous to Narumi’s general solution to the system
(7.10)—(7.11). This is true because the functional equation associated with
the system (7.18)—(7.19), namely

gi(z/c)) fy (y)/cly) = g2(y/d(2)) fx (x)/d(z), x>0, y>0, (7.25)

is equivalent to the functional equation

g(u—a)fy () =g2(v—>0uw))fx(u), —oo<u<oo, —o0<v<o00,
(7.26)
where

g1(u) =g1(e"), g2(v) = ga(e"),
Fx(u)=fx(em)e ™ fy(v) = fy(e”)e ™),

and v = logx,v = logy.

Since (7.26) is identical in form to the functional equation associated
with the system (7.10)—(7.11), a solution to (7.18)—(7.19) over the positive
quadrant can be obtained by suitable substitution in (7.17).

7.6 Conditionals in Location-Scale Families with
Specified Moments

We now seek joint densities whose conditional densities satisfy

fxy(@ly) =g (x;(z)(y)) c(17y)’ (7.27)
frix(ylz) = g2 (y;(i()x)) @, (7.28)

for given functions a(y) and b(x) and given positive functions ¢(y) and d(z).
In principle, we could search for the general solution to (7.27)—-(7.28) since
from our discussion in Sections 7.3 and 7.4 (based on Narumi’s work), we
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can expect solutions to (7.27)—(7.28) for only a few choices of a(y), b(z), c(y),
and d(x). Rather than attempt to determine the potentially complicated
nature of such a general solution, we will content ourselves with report-
ing the solutions corresponding to certain tractable special choices for the
conditional means and standard deviations.

Case (i): Linear regressions and conditional standard deviations.
Here we assume that (7.27) and (7.28) hold with

a(y) = ao + a1y,

b(x) = bo + bll‘,

c(y) =1+cy, (7.29)
dlz)=1+dzx

We assume that our random variables are non-negative so z > 0 and
y > 0 in (7.27)—(7.29). In this case, Narumi (1923) shows that the
joint density must be of the form

fxy(z,y) = (a+2)" (B +y)P (v + o1z + d2y)7. (7.30)

This, except for a location shift, can be identified with the Beta-2
conditionals densities discussed in Section 5.3 with the restriction
that A3 = 0 in (5.17). Perusal of the conditional moments in (5.20)
and (5.21), with A3 = 0, will confirm that (7.29) does hold for such
densities. Note that if the support of (X,Y’) is not restricted to be
the positive orthant, (7.30) also includes Dirichlet distributions and
other unnamed distributions.

Case (ii): Suppose that we have linear regressions and quadratic condi-
tional variances.

Thus we assume

(x)
(y) =1+ 1y + cay?, (7.31)
d(x) =1+ dyx + dox?.

In this case Narumi reports that the joint density is necessarily of the
form

fxy(@,y) = [a+ Br+yy+012° + azy +65y°] . (7.32)

This includes the nonintegrable Cauchy conditionals distribution (5.65)
(when v = 1) together with bivariate ¢ distributions (when 2v is an
integer). It should be observed that for certain choices of 7 in (7.32)
conditional variances do not exist and, technically (following Narumi
(1923) and Mardia (1970)), we should call ¢(y) and d(x) scedastic
curves instead of conditional standard deviations.
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7.7 Given One Family of Conditional
Distributions and the Other
Regression Function

We know that giving both families of conditional densities, of X given
Y and of Y given X, is more than enough to characterize the joint den-
sity of (X,Y). It is also evident that being given both regression functions
E(X|Y = y) and E(Y|X = z) will usually be inadequate for determin-
ing the joint density. An intermediate case would involve one family of
conditional densities, say of X given Y, and the other regression function
E(Y|X =x).
Thus, we assume that we are given:

(i) a family of putative conditional densities
fxy(@ly) = alz,y), =€ S(X), yesY), (7.33)
and
(ii) a regression function

EY|X =z)=¢(z), e SX). (7.34)

The following questions arise naturally:

(A) Are a(z,y) and ¢ (x) compatible in the sense that there will exist a
joint density function fx y(z,y) with a(z,y) as its corresponding family
of conditional densities and with () as its regression function of ¥ on X?

(B) Suppose a(z,y) and ¢(x) are compatible, under what conditions do
they determine a unique joint density?

(C) Given a(z,y), identify the class of all compatible functions ).

(D) Suppose that a(x,y) is specified to be such that, for each y,a(x,y)
belongs to a given parametric family of densities, i.e., a(z,y) = f*(x;0(y)),
and also that 1 belongs to a given parametric family of functions (e.g.,
linear), i.e., ¥ (z) = g*(x; \). Identify the class of bivariate distributions so
determined.

The resolution, partial or complete, of these questions will closely par-
allel developments in Chapter 1, where both families of conditionals den-
sities were assumed to be given. As in Chapter 1, there are pedagogical
advantages to be gained by separating the discrete and continuous cases.
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7.7.1 The Finite Discrete Case

Suppose that S(X) = {z1,22,...,27} and S(Y) = {y1,¥2,...,ys} where,
without loss of generality, 1 < 2 < ... < zrand y1 < ys < ... < ys.
Consider any family of conditional densities

aij = P(X = z;]Y = y;) (7.35)
and consider a candidate regression function
vi=EY|X=ua;), i=1,2,...,1. (7.36)

For ¢ and A to be compatible we certainly require that y; < 9; < yr,Vi =
1,2,...,1. If there exists an appropriate marginal density for Y which will
make A and 1 compatible, it, denoted by 1, will satisfy the following system
of equations in restricted (nonnegative) variables:

J J aijn; )
'(/}i: ZlyjP(Y:yﬂX:mi):Zyji’ Z:L...,I,
J:

i=1 (7.37)

The system (7.37) may be rewritten in the form

J

> (i —yj)ain; =0, Yi=1,...,1,
j=1

J 7.38
-1 =1 ( )

n >0, Vj=1,...J

J

Rewritten in this form, we have a system of linear equations and we seek
nonnegative solutions. Identification of the existence of a solution, or better
yet identification of all possible solutions, will be the order of the day. This
is, in essence, the same problem as the one we faced in Section 2.2.2 when
we sought a vector 7 to make A and B compatible (cf. (2.23)).

Even if y; < 9; < yy,Vi, it is possible for the system (7.38) to fail to
have a solution. When a solution exists it can be found by solving a reduced
system obtained by deleting the Ith equation in the first line of (7.37). But
of course this solution is not guaranteed to satisfy the deleted equation.

We can illustrate this phenomenon in the simplest possible case, i.e., when
I=J=2.

Theorem 7.1 (Compatibility when I=J=2.) The system of equations
and inequalities obtained from (7.38) after deleting the equation associated
with © = I, when I = J = 2, always has a unique solution provided that
y1 < Y1 < yo. The pair (v, A) will be compatible if this solution satisfies
the deleted Ith equation. O
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Proof. Note y; < y2. Our “deleted” systems become

(1 —y1)arim + (Y1 — y2)a12n2 =0,
m +m2=1,

. ~0 (7.39)
2 Z 0.
The solution of the system of the first two equations is
= a12(y2 — 1)
1— )
a1 (Y1 —y1) + arz(y2 — ¥1) (7.40)
- a1 (Y1 —y1

B ar1 (1 —y1) + arz(y2 — ¥1)’

which, according to the last two inequalities in (7.39), must be nonnegative.
However, this implies that either one of the following two conditions must
hold:

) ar2(y2—1p1) > 0,a11 (1 —y1) > 0, and a1y (Y1 —y1)+a12(y2—11) > 0;
(II) a12(y2—vn1) < 0,a11(¥1—y1) <0, and a11(Y1—y1)+ar2(y2—1) <0;

which, due to the non-negative character of the a;;’s, lead to the equivalent
conditions:

(Ia) y1 <1 <y2 and a11(P1 — Y1) + a12(y2 — Y1) > 0;
(ITa) yo <91 <y1 and a11 (Y1 —y1) + ara(y2 — 1) <0.

Case (Ta) always holds if y; < 91 < yo, and case (IIa) cannot occur, since
Y2 > Y1- u

If this solution does not satisfy the deleted equation, then the original
full system has no solution. This occurs when s # y1m1 + Y212, where
71, m2 are as in (7.40).

It is not unusual to encounter situations in which the matrix A and
partial information about ¢ (namely, ¥1,%9,...,1%7_1) will uniquely de-
termine a compatible distribution. When I = 2 this is always so. When
I > 2, it is not necessarily true, as the following examples show, even when
Y1 Swz SyJ;vz: 1727"'a1_]—'

Example 7.1 (Incompatible case). Consider the case in which I = J =
3 and (y1,y2,y3) = (1,2, 3), the following conditional probability matrix

1/3 1/4 1/5
A=|2/3 1/2 3/5 ]|, (7.41)
0 1/4 1/5

and the regression function

Y =E(Y|X) = (Y1,%2,¢3) = (3/2,6/5,13). (7.42)
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Note that 1 =y; < ¢; < y3 = 3 as required.
The system (7.38) without the equation corresponding to ¢ = I = 3 for

this case becomes
1/6m1 —1/8ns —3/10m3 =0,
2/15m; —2/5m2 —27/25n3 =0,

mo 0 +n3 =1,
m >0 (7.43)

T2 2 07

3 Z 07

which is incompatible. In fact, the first three equations have as a unique
solution (n1,7n2,n3) = (1/7,4/3,—10/21), which does not satisfy the last
nonnegativity constraint in (7.43). m]

Example 7.2 (Compatible case). Consider the case in which I = J =3
and (y1,y2,ys3) = (1,2,3), the following conditional probability matrix

1/3 1/4 1/5
A=12/3 1/2 3/5], (7.44)
0 1/4 1/5

and the regression values

Y = E(Y|X) = (¢1,92,103) = (86/47,104/53, )3). (7.45)

Note that 1 =y; < ¢; < y3 = 3 as required.
The system (7.38), without the equation corresponding to i = I = 3, for
this case becomes

13/47n, —2/4Tn, —11/47n3 =0,
34/53n1 —1/53n; —33/53n3 = 0,

=1

Zi + 12 + 13 N 0; (746)
2 2 Oa
n3 > 0.

The system of inequalities is compatible and has as unique solution
(m,m2,m3) = (1/3,1/3,1/3). This leads to the following joint probability
matrix:

1/9 1/12 1/15
P=|2/9 1/6 3/15]. (7.47)
0 1/12 1/15

It can be verified that the conditional probability matrix of X given Y
corresponding to this P agrees with (7.44). From P, the other conditional
probability matrix is

20/47 15/47 12/47

B=Pyx=|20/53 15/53 18/53 |, (7.48)
0  15/27 12/27
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and thus the regression of Y on X becomes

that is, compatible with (7.45). a

In general we can use Theorem 2.2 to identify the possible solutions to
the system (7.38) and we can then determine whether compatibility and
whether uniqueness obtains.

In direct analogy to our discussion in Chapter 2, on compatibility of
matrices A and B, we can address the concept of “almost” compatibility of
A and v (the conditional distributions of X given Y and the regression of
Y on X). Thus instead of seeking 1 so that (7.38) holds exactly we might,
for a given € > 0 and given weights w;,i = 1,2,...,I,k = 1,2, seek 1 to
satisfy the following system of inequalities: B

J
Z (’(/JZ — yj)aijnj S €W;1, VZ = ]., - ,I,
j=1
J
i —Ui)aiin; > ewn, Vo=1,...,1
J;l(’(/]’b yj)aljn] Z €W;2, 1 ) ) (750)
J
n =1,
j=1
n; >0, Vj=1,...J,
where w;1,w;2,1 =1,2,..., 1, are given values to reflect the relative impor-

tance of the errors in the equations in the system (7.38).

Example 7.3 (Compatible case). Consider again the case [ = J = 3
with (y1,y2,y3) = (1,2, 3), the following conditional probability matrix

1/3 1/4 1/5
A=1|2/3 1/2 3/5 ]|, (7.51)
0 1/4 1/5

and the regression values

¥ = B(Y|X) = (1,2, s) = (86/47,104/53,465).  (T.52)

The system (7.50), without the equation corresponding to ¢ = I = 3, for
this case becomes using w;;, = 1,Vi, k,

+13/47Tn; — 2/4Tn, — 11/4Tns — € <0,
— 13/4Tny +2/4Tny +11/4Tns — € <0,
+34/53n; — 1/531, — 33/53n3 — € <0,
— 34/53m; +1/53n, +33/53n3 — € <0,

7.53
m +n2 +n3 =1, ( )
—m S 0)

— 12 S 0)

—n3 <0.
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The general solution of the system of inequalities (7.53) using the tech-
niques developed by Castillo, Cobo, Jubete, and Pruneda is

1
A1
1 968 2134 153
m 00 501 357% 251 0 3510 :\\2
968 1 2287 3
M| _|O72r300 0 0 13555 A 7 54
- 59 1 909 2287 = (7.54)
0221 0 =240 0
73 1027 3 1877 4421 A5
. 155 (3334 55 55 2 11 B\
1027 U 53 53 1877 4421 47 488 6
A7
A8

where 1 > 0 and \; > 0, Zle A= 1.

The minimum value of € leading to a solution of the system (7.50) is
€ = 0, which corresponds to Ay =1, A; =0, ¢ # 2. For these values of the
N's we get (m1,m2,m3) = (1/3,1/3,1/3), which is the compatible solution
obtained in Example 7.2.

Note that the m; component of € guarantees that a solution exist for large
nonnegative values of e. O

Example 7.4 (Incompatible case). Consider again the case I = J =3
with (y1,y2,y3) = (1,2, 3), the following conditional probability matrix

1/3 1/4 1/5
A=1|2/3 1/2 3/5 ], (7.55)
0 1/4 1/5
and the regression function

The system (7.50), without the equation corresponding to I = 3, for this
case becomes (again with w;, = 1, Vi, k)

1/6m1 — 1/8n2 — 3/10m3 — € <0,
—1/6m +1/8n2 +3/10n3 — € <0,
2/15m — 2/5mp — 27/25m3 — € <0,
— 2/15m +2/5my +27/2505 — € <0,

7.57
m +n2 +ns3 =1, ( )
—m S 07

— 12 S 07

-3 <0.
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The general solution of the system of inequalities (7.57) using the tech-
niques developed by Castillo, Cobo, Jubete, and Pruneda is:

1
m 0 0 23/28 0 7/11 1 A1
n2 | _ 0 0 0 1 4/11 0 Ao
ny | 0 1 5/28 0 0 0 Az |’ (7.58)
€ 2400 27/25 1/12 2/5 2/33 1/6 A4
As

where m > 0 and \; > 0, Z?Zl A= 1.

The minimum value of € leading to a solution of the system (7.57) is
€* = 2/33, which corresponds to Ay =1, \; =0, ¢ # 4. For these values
of the N's we get (n1,7m2,713) = (7/11,4/11,0).

Note that the m; component of € guarantees that the system has solution
for any value of € > 2/33. O

Note that the above development was based on the idea of finding a Y-
marginal in order to analyze the compatibility of the conditional probability
(ai;) and the regression function +;, i = 1,2,...,I. Alternatively, we can
seek a joint probability matrix P for the same purpose. With this option,
the system of inequalities analogous to (7.50) becomes

M~

(i *yj)pij <ew;, Vi=1,2,...,1,

<.
Il
—_

M~

(i —yj)pij > ewio, Vi=1,2,...,1,

<.
Il
—

(7.59)

S
g
-
1L~
s
3

»»—pijgewij, Vi:1,2,...717 j:1,2,...7J7

J
> pij =1,
j=1
pi; 20, Yi=1,2,....I, j=1,2,...J,

where w;; are given.
This allows us to introduce two versions of the concept of e-compatibility.

Definition 7.1 (e-compatibility). A conditional probability matrix (a;;)
and a regression function ¢;, i = 1,2,..., I, are said to be e;-compatible iff
the system (7.50) (or (7.59)) has solution for € > €; and not for € < €y, i.e.
iff ¢; is the minimum value of € that allows the system (7.50) (or (7.59)) to
have a solution. a

Remark 7.1 The extremal value of € in the definition above, and the
corresponding solutions 1) (the Y -marginal probability matriz) and P (the
joint probability matrim),ican be obtained by linear programming techniques,
minimizing the function € subject to the constraints in (7.50) (or (7.59)),
respectively.
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The above definition of e-compatibility suggests the following inconsis-
tency measures:

I J
IMy =3 > (i = yj)aign; | (7.60)
or
I J
IMy =" 1> (i — y)p) (7.61)
=1 |j=1

Where 77;‘, j=1,2,...,J,is one of the solutions of the system (7.50), and
pi, t=1,2,...,1, j=1,2,...,J, is one of the solutions of the system
(7 59) for e = €.

Instead of being given a regression function v, we might be given a set
of conditional percentiles such as a

{ors:0ps =P <ys|X =x,);(r,s) € SCIxJ}

We would then wish to know if these o, s’s are compatible with the given
conditional probability matrix A.
In this case, the system of inequalities analogous to (7.50) becomes

J
Qrs Y Qpjl)j — Z arjn; < €W, V(r,s) €5,
Jj=1 J<s

J
. >
Qr s ];1 Qrjtlj — Z arjij 2 €wrs, ¥(r,5) €5, (7.62)

j S

ZUJ:L
iz
n >0, Vj=1,...J

It then becomes obvious that we could define new versions of e-compatibility
and related inconsistency measures.

7.7.2  The Infinite Discrete Case

Suppose S(X) = {0,1,2,...} and S(Y) = {0,1,2,...} and we are given
Ixiy(zly) = a(z,y) and E(Y|X = z) = ¢(z). Then the density of ¥, say
g(y), will be the solution to

§ 9(y) =1, (7.63)

g(y) >0, Vy=0,1,2,
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For certain choices of a(z,y), (e.g., binomial, negative binomial) and certain
1, this can be solved. Identifiability of mixtures of f(x|y) plays a role here
as it does in the continuous case discussed next.

Example 7.5 (Binomial conditionals). Suppose S(X) = {0,1,2,...}
and S(Y) ={0,1,2,...}. Also assume that for any y € S(Y)

alz,y) = (z)px(l—p)y_’”, z=0,1,2,...,9, (7.64)

for some p € (0,1). Assume that fxy(x|y) = a(z,y), i.e. binomial condi-
tionals. What regression functions ¢ (z) (= E(Y|X = z)) are compatible
with this choice for a(z, y)? It is not difficult to verify that the family a(z,y)
is identifiable.

For this example, (7.63) assumes the form

S (@) - y) (y) P(1— P g(y) =0, Yo =0,12,.... (7.65)
y=z

Suppose for the moment that ¢ (z) is compatible with a(z,y) given in
(7.64). We seek a density g(y) to satisty (7.65). Divide both sides of (7.65)
by (p/(1 —p))* and define

1—p)
y) = 29 (7.66)
2. (1=p)Yg(y)

y=0
We can then write (7.65) as

S (@) —y) (i)h(y)zo, Yz =0,1,2,.... (7.67)
y=x

Note that h(y) is a discrete density with all moments finite and knowledge
of h(y) will suffice to determine ¢(y). So now we need to solve (7.67).
Y
x

Recall that we may write = (y)./x! and that the generating function

corresponding to the density h(y), say Pn(s), can be defined as

Pu(s) = i Msk, (7.68)

k!
k=0

where Z has discrete density h(y). Consequently, knowledge of the factorial
moments of Z will suffice to determine h. However, (7.67), after multiplying
by z!, can be written as
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Consequently,
and thus for x =0,1,2,...

= (¥(z) — ). (7.69)

Evidently (7.69) can be solved iteratively to obtain the sequence
El(Z).], x=1,2,....

Now we are faced with the more difficult issue of determining which
sequences ¥(x) can be consistent with the given family of conditional
densities (7.64). The class is not empty. For example, the choice ¢ () =
x + ¢ will yield a Poisson distribution for Z in (7.69) and eventually a
Poisson(c/(1—p)) distribution for Y (from (7.66)). Evidently, a compatible
1 can be constructed, using (7.69), by beginning with any random variable
Z with support 0,1,2,... whose moment generating function E(e'?) exists
for t = —log(1—p). Then (7.66) can be used to obtain the density of Y from
that of Z. This certainly provides a broad class of compatible functions .
It is not clear whether or not other compatible choices for 1 exist. Note
that Korwar (1974) discussed the special case in which ¢(x) = az + b. He
also treated an analogous problem involving Pascal rather than binomial
conditionals. a

Papageorgiou (1983) gives some other discrete examples analogous to
that discussed in Example 7.5. He discusses examples in which a(z,y) is
hypergeometric or negative hypergeometric. For example, if

W 0<z<y, (7.70)

)

and if E(Y|X = z) = ¢(z) is consistent with (7.70), then he shows that
¥(z) and a(z,y) uniquely determine the distribution of (X,Y’). In par-
ticular, if ¥(z) = x + (N — n)p, then Y is necessarily a binomial(N, p)
random variable (and X is binomial(n,p)). He also discusses multivariate
extensions of this result. Thus if (X,Y) is such that X|Y = y is multivari-
ate hypergeometric (drawing balls from urns with balls of several colors),
then consistent specification of E(Y;|X = z),i = 1,2,...,¢, will uniquely
determine the joint distribution of (X,Y).

Solutions to (7.63) (or (7.38)), for consistent functions ¢, have appeared
in this literature on a case by case basis. Wesolowski (1995a, 1995b) pro-
vides a good survey up to 1995. He also provides a quite general character-
ization result involving conditional distributions of the power series type.

a(z,y) =
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A power series distribution with support {0, 1,2, ...} and parameter 6 has
as its discrete density

f(z;0) = c(x)0%/c*(0), x=0,1,2,..., (7.71)

where c(x) is the coefficient function and ¢*(6) (the normalizing constant)
is called the series function. If X has density (7.71) we write X ~ PS(0)
(it being understood that ¢(-) and ¢*(-) are fixed and known). Wesolowski
concentrates in the case in which X|Y =y ~ PS(y), Vy. In such cases, the
joint distribution of (X,Y") will be uniquely determined by any consistent
regression function of ¥ on X (i.e., ¥(x)) provided the coefficient function
¢(+) in (7.71) is reasonably well behaved.

Theorem 7.2 (Wesolowski, 1995a.) Let (X,Y) be a discrete random
vector such that either:

(a) S(X)=1{0,1,2,...,n} for some integer n and the cardinality of S(Y")
is <n+2; or

(b) S(X)={0,1,2,...} and S(Y) C {0,1,2,...}.

Assume that S(X) and S(Y) are known and that for any x € S(X),y €
S(Y) we have
P(X =z]Y =y) = c(x)y” /" (y),

where ¢(+) and ¢*(-) are known. In addition, if S(Y') is not bounded assume

that
Z A/ c(x) = oo. (7.72)
z€S(X)
Then the distribution of (X,Y") is uniquely determined by E(Y|X = z) =
P(z),z € S(X). o

Proof. The key to the proof lies in the introduction of a random variable
7 with discrete density

fz(z) x P(Y =2)/c"(2), z€ S(Y). (7.73)

It then becomes a question of determining the moments of Z using (7.63).
From them since, in the finite case (or under a Carleman moment condition
related to (7.72)), the moments determine the distribution of Z, we get the
distribution of Z and from it (using (7.73)) the distribution of Y. O

Wesolowski also provides an analogous theorem for the case in which
X|Y =y ~PS(1/y) (assuming P(Y =0) =0).
Examples in which Theorem 7.2 can be successfully applied include:

(a) If XY =y ~ Poisson(\y),y € S(Y), then E(Y|X = z) determines
the distribution of (X,Y) (the case in which S(Y) = {0,1,2,...} was
discussed by Cacoullos and Papageorgiou (1995)).
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(b) If
ptY

X|Y =y binomial <7’l1, m

>7 y:0a1527"'7n25
where 0 < p < 1,t# 1, and ng < ny + 1, then E(t¥|X = z) uniquely
determines the distribution of (X,Y"). (Define U = t¥ before applying
the theorem to (X, U)).

(¢) If X|Y =y ~ Poisson(At?),y € {0,1,2,...}, where A > 0,0 <t < 1,
then E(t¥|X = z) uniquely determines the joint density of (X,Y).

Here too, define U = tX before applying the theorem.
The last example is intimately related to the Poisson conditionals dis-
tribution described in Chapter 4 (see (4.99)). Recently Wesolowski has
shown that the Poisson conditionals distribution can be characterized by

appropriate knowledge of the conditional density of X given Y = y and of
() = B(Y|X = a).

Theorem 7.3 (Wesolowski, 1995a.) If (X,Y) has S(X) = S(Y) =
0,1,..., and if for each y € S(Y')

X|Y =y ~ Poisson(A\]) (7.74)
and for each x € S(X)
E(Y|X = 2) = A2, (7.75)

where A1 > 0, A3 >0, and 0 < A3 < 1, then (X,Y) has a bivariate Poisson
conditionals distribution with discrete density given by (4.99). |

Note that this theorem is somewhat unsatisfactory since it only deals
with a specific form for ¢(z) (i.e., (7.75),) a form which would only occur
to a person who was already familiar with the Poisson conditionals distri-
bution. A more general result was provided by Wesolowski in the Pareto
conditionals case (Theorem 7.4 below).

7.7.8 The Continuous Case

In the continuous case we are given, for each y € S(Y), fx|y(z|ly) =
a(z,y),z € S(X) and EY|X =z) = ¢(z),z € S(X).
The corresponding density for Y, say ¢g(y), must be obtained by solving

/ ((2) — ) alz, )9 (9)dua(y) =0, Yz € S(X),
5(Y)

/ 9(y)dpa(y) =1, (7.76)
S(Y)

g(y) >0, Yye S(Y).
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For certain choices of a(z,y) this equation can be solved.

Example 7.6 (Exponential conditionals). Suppose that the condi-
tional densities for X given Y are exponential, i.e.,

Fxpy (ely) = alz,y) = (y +8)e” @02, o >0, (7.77)
and suppose that for every x > 0 we have
E(Y|X =) = ().

What must fx y(z,y) look like? Denote the unknown density of Y by g(y).
Equation (7.76) now takes the form

/ (W) — y)(y + )T g(y) dy = 0, Va > 0. (7.78)
0
Multiplying this by e’® yields

/0 T W) ey L gy dy=0, Yo >0.  (1.79)

Let M (x) be the Laplace transform of the unknown nonnegative function

9(y) = (y +9)9(y), (7.80)
M(x) = /OOC e "y +0)g(y) dy - (7.81)

Equation (7.79) becomes
(x)M(z) = —M'(z). (7.82)

Consequently, given an appropriate 1(x), we can solve (7.82) for M (x). By
the uniqueness of Laplace transforms this determines g(y), from which we
can determine g(y), the marginal density of ¥ (using (7.80)). So in this
example we are able to answer questions (A) and (B) on page 155. Com-
patible choices of 1/)( ) for the conditional densities (7.77), are functions
such that exp[— fo ) du] is a Laplace transform. For example, we could
take ¥(z) = (v + J;) . O

We can profitably consider this example from the viewpoint of identifia-
bility.

A family of conditional densities a(x,y) associates a nonnegative inte-
grable function on S(X) with any nonnegative integrable function on S(Y")
in a natural way as follows:

(Tg)(x) = /S g dy. (7.83)
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The family of conditional densities is said to be identifiable if the trans-
formation T defined in (7.83) is invertible. The discrete examples men-
tioned following (7.63) and the exponential conditional example (7.77) had
corresponding a(x,y)’s which were identifiable.

For them, it was possible to solve (7.76) (or (7.63)) for g(y) for a given
function ¥ (x). Identifiability may well be helpful in this analysis as the
following discussion suggests.

Let us assume that T defined by (7.83) is invertible (i.e., a(z,y) is
identifiable). Equation (7.76) can be written in the form

(@) T(9(y) =T(yg(y))- (7.84)
Now define a mapping Sy as follows:
Su(9(y)) =T (T(yg(y)/¥(x)). (7.85)

If we can show that Sy is a contraction mapping then it will have a unique
fixed point which will be the desired solution to (7.84). Verification of the
fact that Sy is a contraction mapping may not be easy.

The exponential conditionals example is unusual in that, for it, we were
able to characterize the class of compatible ¥ (z)’s for the given a(z,y).

Most of the results on the determination of f(z,y) via ¢(z) and a(z,y)
assume compatibility of . The following theorem is representative, in it
for a given a(x,y) it is proved that F(Y|X = z) = ¢)(x) determines f(x,y).

But it does not suggest how we might recognize compatible functions

P(x).

Theorem 7.4 (Wesolowski, 1994.) If (X,Y) is an absolutely continuous
random vector with S(X) = S(Y) = (0,00) and if, for every y > 0,

b
XY=y~ Pareto((ll::__ y,Oc)7
cy

(7.86)

where a > 0,b > 0,¢ > 0, > 0, then the distribution of (X,Y) is uniquely
determined by E(Y|X = z) = ¢(x),z > 0. O

Thus, for example, if

a+x

E(Y|X = JU) = m>

(7.87)

then (X,Y) must have a Pareto conditionals distribution as discussed
in Section 5.2. If the ¢ appearing in (7.86) and (7.87) is zero, then we
characterize the Mardia’s bivariate Pareto distribution.

Presumably functions other than (7.87) are consistent with (7.86) giv-
ing Theorem 7.4 more generality than Theorem 7.3, however no other
consistent choices for ¢(x) other than (7.87) come readily to mind.
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7.8 Conditional Moments Only Given

What if we are just supplied with the two regression functions ¢(y) =
E(X|Y =y) and ¥(z) = E(Y|X = z)? What can we say about the joint
distribution of (X, Y")? Unfortunately the answer is: “not much.” As a triv-
ial example if ¢(y) = ¥ (x) = 0, an enormous variety of suitable symmetric
distributions can be found to satisfy the given regression conditions. If X
and Y are random variables each having only two possible values, then
consistent specfications of ¢(y) and ¥ (x) will determine the joint distribu-
tion uniquely. As soon as the cardinalities of the support sets of X and Y
sum to as least 6, we will lose uniqueness; though in finite cases we could
identify the structure of all solutions using the results in Castillo, Cobo,
Jubete, and Pruneda (1998).

What if we add information about higher moments? Generally speaking
we are still faced with difficulties. The nature of the problems that might
be encountered can be glimpsed by considering a related problem: the char-
acterization of Gaussian conditional structure. In it, first- and second-order
conditional moments are used to characterize a class of distributions which
include the classical normal.

Definition 7.2 (Gaussian conditional structure). A random vector
(X,Y) will be said to exhibit Gaussian conditional structure if there exist
constants oy, 31, g, B2, 0%, and 02 such that Vo € S(X) and Vy € S(Y)

E(X]Y =y) =a1+ by,
E(Y|X = JC) = Q2 +ﬁ2$,
var(X|Y =y) = 0?,
var(Y|X = z) = 03.

(7.88)

O

These, of course, are the first and second conditional moment expressions
for classical bivariate normal distributions. But other random variables can
mimic this behavior. Kagan, Linnik, and Rao (1973) provide conditions
equivalent to (7.88) in terms of the joint characteristic function of (X,Y).

Examples of non-Gaussian characteristic functions satisfying (7.88) are
not that easy to visualize.

The first example of this genre was provided by Kwapian sometime prior
to 1985. It was first reported in Bryc and Plucinska (1985). It was in fact
presented in terms of the joint characteristic function. Kwapian considers
a random vector (X,Y’) whose joint characteristic function is given by

dx,v(s,t) =pcos(s+1t)+ (1 —p)cos(s —t), (7.89)

where p € (0,1) and, to avoid independence, p # 1/2. It is obvious that
(7.89) does not correspond to a Gaussian random vector. Nevertheless, if
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TABLE 7.1. Probability density function of (X,Y") for the Kwapian example.

x\y -1 1
-1 | (1-p)/2 p/2
1 p/2 (1-p)/2

(X,Y) has (7.89) as its characteristic function, (7.88) will hold, and (X,Y)
thus has Gaussian conditional structure.

Where did (7.89) come from? And, why does it work? The picture is
clearer if we consider the joint discrete density of a random vector (X,Y")
as shown in Table 7.1, where p € (0,1) and p # 1/2. It is readily verified
that this is indeed Kwapian’s example (the corresponding characteristic
function is given by (7.89)). But the joint distribution in Table 7.1 has
marginals with only two possible values. This gives linear regression func-
tions by default (any function with a two point domain is linear!). Constant
conditional variances are a consequence of the fact that p(1—p) = (1—p)p.

The elegant simplicity of the Kwapian example would suggest ready ex-
tension to higher dimensions. However, only recently (Nguyen, Rempala,
and Wesolowski (1996)), have any other (other than relabeled versions of
the Kwapian example) non-Gaussian examples been discussed in either two
or more dimensions.

Further discussion of attempts to characterize the class of distributions
with Gaussian conditional structure, and of characterization of the clas-
sical normal distribution within this class, may be found in Arnold and
Wesolowski (1996).

7.9 Bibliographic Notes

Narumi (1923) is the key reference for the material in Sections 7.4, 7.5, and
7.6. Section 7.7 is based in part on Arnold, Castillo, and Sarabia (1993b)
and Arnold, Castillo, and Sarabia (1999a). Section 7.8 draws on Arnold
and Wesolowski (1996).

Exercises

7.1 Discuss the compatibility conditions of the system (7.38) in the case
I = J = 3. Discuss the general case.

7.2 Prove Theorem 7.3.
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7.3 Let (X,Y) be a bivariate random variable. Prove that the following
three sets of conditions involving conditional moments characterize
the bivariate normal distribution:

(a) E|X| < o0, and
Y|X:$ ~ N(OZ—Fﬂ-T,UQ),
E(X|Y =y) = v+ dy,

for some real numbers «, 3,7,d with 3 #0, § # 0, and ¢ > 0.

(b)
Y|X =z~ N(a+ Bz,0%),

with §# 0, E(X) = B(Y) =0, V(X) = V(Y) = 1, and
B(X?|Y =y) =1-p"+p°y’,
where p = E(XY), 0# |p| < 1,
(c)
Y|IX =2 ~ N(u(x),o%(x)),
EuX)Y =y) = a+pfy, B#0,
E(@*(X)|Y —u(X)) = ¢>0,

and X 2 1(X) up to a change of scale and/or location.

Hint: Use characteristic functions.
(Ahsanullah and Wesolowski (1993).)

7.4 Let

X Y and that Fx and Fy have N as common support. Let
{¢s(y) : * € N} be a family of distributions functions indexed by N.

(X,Y) be a two-dimensional random variable, and assume that
d

(a) If there exists a distribution function F' such that F' = Fx = Fy
and

o (y) =PY <y|lX =2z), Yy, Yz €N,

then it is unique provided that ¢, (y) satisfies the following inde-
composability condition: There do not exist two disjoint subsets
of N, say A; and As, such that

do.(y) =1, Vax € Ay,
Ay

and

/ do.(y) =1, Vx € As.
Az
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(b) If a density exists, this can be rewritten as a homogeneous
Fredholm integral equation

/ 8. f(z) dz = f(y).
R

(¢) Suppose that X and Y are identically distributed and that X,
given Y = y, is normally distributed with mean

mi2y® + mi1y + mao

FE(X|Y = = —
(] 2 2(magy? + mary + mag)

and variance

1

XY = = — .
var(X| 2 2(ma2y? + ma1y + mao)

Then (X,Y) is a bivariate normal conditionals distribution.
(Arnold and Pourahmadi (1988).)
7.5 If, for all z > 0,

Y (a+1)(1+y/o)tt
f(x) —/0 o(1+x/a+y/0)a+2

f(y) dy,

with a > 0, 0 > 0 where f is a pdf, then

[e%

f(a:):m, x> 0.

(Ahsanullah and Wesolowski (1993).)

7.6 Let X, Y be independent random variables. Define
U=aX+0bY, V =cX+4dy,

where a, b, ¢, d are some real numbers. Assume that ab # cd. If the
conditional distributions of U given V is normal, with probability 1,
then X and Y are normal.

(Kagan and Wesolowski (1996).)
7.7 Suppose that E(X|Y =y) =y,Vy and E(Y|X = z) = z,Vz.
(a) Show that any one of the following assumptions is sufficient to
ensure that X =Y with probability 1.
(i) E(X?) < oo
(ii) E|X]| < oo; and
(iii) X > 0 with probability 1.
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(b) Construct a proper (not easy) or improper (quite easy) example
in which E(X|Y = y) = y,Vy and E(Y|X = z) = z,Vx and
X #Y on a set with positive probability.

(Remark: These issues arise in discussions of the possible existence
of unbiased Bayes estimates.)

(Bickel and Mallows (1988).)

7.8 Suppose that for each y e R, X|Y =y~ N (O, (a+ by2)_1) and for
eachr € R, E(Y|X =z) =0and E(Y?|X =) = (c+dz?)~!. In ad-
dition, assume that Y has a symmetric distribution (is this crucial?).
Prove that (X,Y) has a centered normal conditionals distribution
(3.51).

7.9 (a) Suppose that we are given that fx|y(z|y) = a(z,y), x € S(X),
y € S(Y) and that, for x € S(X), the mode of the conditional
density of Y given X = z is given by an invertible function ¢(z).
Verify that the joint density of (X,Y") is completely determined
by this information.

(Hint: Set up a differential equation that can be solved for fy (y).)
(b) Carry through the program outlined in (a) for the case in which

S ET—

1

and

o(x) = B.






8

Multivariate Extensions

8.1 Introduction

As we have seen, conditional specification in two dimensions already presents
a plethora of problems and potential modeling scenarios. Much more com-
plicated issues and problems can be expected in higher dimensions.

The issue of conditional/marginal specification in complete generality
will be deferred until Chapter 10. In the present chapter we survey re-
sults and models that can be obtained readily by analogy to available two-
dimensional material. In addition to developing multivariate conditionally
specified models we will consider (following the lead of Bhattacharyya, who
dealt with the two-dimensional normal conditionals distribution) what kind
of additional conditions, in addition to having conditionals of appropriate
form, are sufficient to characterize certain more classical multivariate dis-
tributions. Considerable attention will be focussed on the development of
the classical multivariate normal distribution via conditional specification.

8.2 Extension by Underlining

The material in Chapters 1 and 4 was written and undoubtedly read with
the assumption that the random variables X and Y were one-dimensional.
However, things will continue to make sense if X and Y are of higher di-
mensions. If X is ¢;-dimensional, and better denoted by X with possible
values z € Sx and Y is {»-dimensional, better denoted by Y with possible
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values y € Sy, then all the material in Chapters 1 and 4 remains correct
with X’s, Y’s, 2’s, and y’s underlined and interpreted as appropriate vec-
tors. Going further, X and Y could assume values in more abstract spaces
than R" and R* (e.g., Hilbert spaces, etc.) and our results will, with
minor editing, still remain valid.

There are of course many other ways to conditionally specify a multivari-
ate density that do not fit into the underlining paradigm described above.
For example in three dimensions, the joint density of (X,Y,Z) might be
specified by giving the conditional densities of X given (Y, Z), of Y given
(X,Z), and of Z given (X,Y). Clearly compatibility checks will be required
here as they were in two dimensions. The scheme being used here is, ev-
idently, to give the conditional density of each coordinate given all other
coordinates. The remainder of this chapter will focus on this scheme, which
is clearly a direct analogy of the scheme used in bivariate settings earlier.
Discussion of other schemes is, as mentioned earlier, deferred to Chapter
10.

We could of course immediately plunge into & dimensions. However most
of the ideas are already visible in three dimensions and it is helpful to start
in this simplified arena.

8.3 Compatibility in Three Dimensions

For simplicity we will not only hold the dimension down to 3 but will also
focus on the finite discrete case.

Consider discrete random variables X,Y’, and Z with possible values x1,
To, - T, Y1, Y2,---,YJ, and 21, 2o, .. ., 2k, respectively. Three candidate
families of conditional densities can be denoted by A, B, and C' where

agr = P(X =ai|Y =y;,Z = z),
bijk = P(Y = yj|X =ux;, 4 = Zk), (81)
Cijk = P(Z:Zle:(Ei,Y:yj).

Clearly we must require that >, aije = 1, Vi k, >, bije = 1, Vi, k and
>k Cijk = 1, Vi,j. In addition, an analog of Theorem 2.1 must hold to
ensure compatibility. The densities (8.1) will be compatible iff there exist
arrays {d;; },{ew }, and {f;r} such that

aiji/bijk = €S
aijr/cijr = dijfis (8.2)
biji/cije = dijey, .

If the densities are compatible then uniqueness of the corresponding joint
distribution of (X, Y, Z) is guaranteed by irreducibility of the Markov chain
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(Xn,Y,) defined on the state space {x1,...,zr} x {y1,...,ys} with tran-
sition probabilities defined as follows:

P(X, =iy, Y =y, | X1 =2, Vo1 = y5,)

8.3
= Zk C’iljlkaifzjlkbizjzk' ( )

A trivial sufficient condition for uniqueness is that a;;pbijrcijr > 0, Vi, j, k.
See Nerlove and Press (1986) for some discussion of alternative sufficient
conditions.

8.4 Compatibility in Higher Dimensions

Now assume that X is a k-dimensional random vector with coordinates
(X1, Xo, ..., Xx). We introduce a convenient notational convention at this
point. For each coordinate random variable X; of X we define the vector
X ;) to be the (k — 1)-dimensional vector obtained from X by deleting X;.
We use the same convention for real vectors, i.e., z; is obtained from z
by deleting z;. We concentrate on conditional specifications of the form
“X; given X ;),” a direct generalization to k dimensions of the material in
Chapter 1 (for two dimensions) and Section 8.3 (for three dimensions).

A putative conditional specification of the joint distribution of X us-
ing the “X; given X ;)" form would be as follows. For i = 1,2,...,k the
conditional densities should be of the form

Ixax, @ilzey) = di(ziza)), Yee € S(Xq), (8.4)

where for each z;), fS(X,) i (xi;g(i)) dpi(x;) = 1. To ensure compatibility
of the conditional specification (8.4) there must exist functions u;(z ;) ), =
1,2,...,k, such that

Pr(@1;z 1y )ua(z(r)) = P2(@2; 2(9))uz(z(n) = -

:¢k(xk7§(k))uk(£(k)) (85)

If the densities are compatible, then uniqueness of the corresponding
joint density will be guaranteed by irreducibility of the Markov chain

(X:En), ce X;Si)l) defined on the state space S(X ), in a manner analogous
to that used in (8.3).

8.5 Conditionals in Prescribed Families

Consider k parametric families of densities on IR defined by

{fi(z;00)) 1 0y € ©4}, i=1,2,... .k, (8.6)
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where Q(i) is of dimension ¢; and where the ith density is understood as
being with respect to the measure u;. We are interested in k-dimensional
densities that have all their conditionals in the families (8.6). Consequently,
we require that for certain functions 6, : S(X(;) — ©; we have, for
1=1,2,...,k,

inIX(i) (xi@(i)) = fi(xi;Q(i) (Q(i))). (8.7)

If these equations are to hold, then there must exist marginal densities
for the X (;)’s such that

Ix o, @) fi(@ 80y (2y)) = Fx ) (2(2) f2(223 02) (2(2)))

=[x (k)(f(k))fk(l'k,Q(k)(x(k))) (8.8)

Under certain circumstances this array of functional equations can be
solved. Extended versions of the theorems in Section 1.8 will be useful in
this context. The classic example in which a solution is readibly obtainable
corresponds to the case in which each of the ¢ families in (8.6) are expo-
nential families. This will yield straightforward k-dimensional analogs of
the results in Chapters 3 and 4. In addition, many of the results discussed
in Chapter 5 extend readily to higher dimensions. Only the book-keeping
gets worse as dimensionality increases.

8.6 Conditionals in Exponential Families

Suppose that the k families of densities fi, fa, ..., fr in (8.6) are £1,4s, ..., £l
parameter exponential families of the form

filt;0y) = ri(t)exp$ Y " 0i5qii(t) o, i=1,2,... k, (8.9)

(here 0;; denotes the jth coordinate of f;) and by convention gio(t) =
1,Vi). We wish to identify all joint distributions for X such that (8.7) holds
with the f;’s defined as in (8.9) (i.e., with conditionals in the prescribed
exponential families).

By using an extended version of the Stephanos—Levi—Civita—Suto The-
orem 1.3 or by taking logarithms in (8.8) and differencing with respect
to x1,T9,..., T we may conclude that the joint density must be of the
following form:

01 |2

k
[H T xl ‘| exXp Z Z Z My ia,... ik ]:_[1 qi; (mj)

21 022 0 Zk =0
(8.10)
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The k-dimensional array of parameters M includes one, namely mqg.. o,
which is a function of the others and plays the role of the normalizing
constant to ensure that fx(z) integrates to 1. Our experience in two di-
mensions warns us that the determination of appropriate constraints on
the parameters in the array M, to ensure a valid (integrable) density, will
be a daunting exercise. Sometimes simple sufficient conditions can be given
but often a complete characterization of the admissible values of M will
be unattainable. The case of independent coordinates random variables is
included in (8.10). It corresponds to the choice

k
Miy gy =0 if Y I(ij #0) > 1.

j=1

In the following sections we will briefly discuss some important examples
of multivariate conditionals in exponential families distributions, together
with some nonexponential family examples. Needless to say, the list is not
exhaustive.

8.7 Multivariate Exponential Conditionals
Distribution

In this case, X is assumed to be a k-dimensional random vector with X; >
0,2 = 1,2,...,k. For each i we require that the conditional distribution
of X; given X = z() is exponential ;(z(?) for some functions ;(-).
Clearly this is a conditionals in exponential families distribution and can
be written in the form (8.10). However, since each exponential family has
just one parameter, a slightly simpler representation is possible. The joint
density must be of the following form:

k
fx(z) =exp|— Z As <H :cf) ;x>0 (8.11)

5€&K i=1

where &, is the set of all vectors of 0’s and 1’s of dimension k. The param-
eters \; (s # 0) are nonnegative, those for which Zle s; = 1 are positive,
and Ag is such that the density integrates to 1. For k£ > 2, it is not easy
to determine an analytic expression for Ag as a function of the A,’s. It is
evident that in (8.11), X; is stochastically decreasing in X@ 5o that non-
positive correlations are encountered. Submodels of (8.11) may be obtained
by, for example, setting A\; = 0 for every s for which Zle s; > m for some
integer m < k. Exchangeable models are associated with choices of As such

that \; = Ay whenever Zle R

i=1°%"
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Example 8.1 (Multivariate exponential conditionals). One simple
exchangeable model will be discussed in some detail in Chapter 9. It is a
one-parameter family of the form

fx(z) = eXP< Zw - 5sz> , >0, (8.12)

where ¢(9) is the appropriate normalizing constant. O

Finally we remark that only a modest modification of (8.11) will give
the general form of all k-dimensional distributions with conditionals in
one-parameter exponential families. Here, for each i, X; given X @) = 4@
is postulated to belong to an exponential family (8.9) with ¢; = 1. Instead
of using the form (8.10), we can write the general form of such densities,
modeled after (8.11), as follows:

[H ri(@i ] exXp 25 H qin ()] | (8.13)

sely i=1

Note that (8.11) and (8.13) include models with independent coordi-
nate random variables. We merely set A, (respectively d5) equal to zero if

k
Zi:l s; > 1.

8.8 Multivariate Normal Conditionals
Distribution

Suppose now that we require that, for each i, X; given X' @) — 2z, should
be normally distributed with mean p;(z(*)) and variance o2(2(?). The cor-
responding joint density will then be of the form (8.10) with ¢ = £y =

T = gk = 27
r(t)=1, i=1,2,...,k (8.14)
and
on(t) 17 1= 1727 7ka
gi(t)=t, i=1,2,... k, (8.15)
qlg(t) t y Z:LQ, .,]C.

The coefficients (the m’s) in (8.10) must be chosen to ensure that all the
conditional variances are always positive (compare with Section 3.3) and
that the density is integrable. The density can be written in the form

fx(@)=expq Y m H:v , (8.16)

1€Ty,
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where T}, is the set of all vectors of 0’s, 1’s, and 2’s of dimension k, since
the ¢;;’s defined in (8.15) can be written in the form ¢;;(t) = t7.

The classical k variate normal distribution is of course a special case of
(8.16). In order for (8.16) to reduce to a classical k-variate normal density
we require that every m;, for which Z?:l i; > 2, should be zero. The
remaining m;’s must be such that the quadratic form in z that they define
is negative definite, for convergence. We will investigate the role of the
classical normal distribution as a special case of (8.16) in more detail in
Section 8.15.

The model (8.16) reduces to one with independent normal marginals if
every m; for which Z?Zl I(i; #0) > 1 is zero.

8.9 Multivariate Cauchy Conditionals
Distribution

Our first nonexponential family example involves Cauchy random variables.

The k-dimensional Cauchy conditionals distribution will have the prop-
erty that for each i, X;|X ;) = z(;) has a Cauchy (ui(z;), oi(z(;))) distri-
bution for some functions p; and o;. The corresponding functional equa-
tions are readily solved (compare Section 5.5, where the bivariate case was
treated). The resulting density for X is found to be of the form

-1

fx(@)=|> m; Hxéﬂ : (8.17)

To ensure that (8.17) is a valid density we must impose constraints inti-
mately related to those required on the m;’s in the multivariate normal con-
ditionals case ((8.16)). The classical elliptically symmetric k-variate Cauchy
distribution is associated with the choice of m;’s for which m; = 0 whenever

k .
Zj:l 15 > 2.

8.10 Multivariate Uniform Conditionals
Distribution

Consider a k-dimensional random variable X. Suppose that for each i the
conditional distribution of X; given X (i) = Za) is uniform over some in-
terval (¢1i(z(;)), ¢2i(2(;))). Evidently the joint density must be constant
over some subset T" of k-space of finite content constrained to be such that
for each i, and each z(; € R*7!, the set {z; : (x1,...,2%) € T} is ei-
ther empty or an interval. For example, T' could be a convex set of finite
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content. Alternatively, it could be the region in the positive orthant under
some surface (provided the region so defined is of finite content).

8.11 Multivariate Pareto Conditionals
Distribution

For o > 0 (held fixed in the present section) we say that X has a Pareto
(a, o) distribution if

fxl@) =2 (1 + f) s, (8.18)
o o
as in Section 5.2.

Now we seek to identify all k-dimensional distributions for which for each
i the conditional density of X; given X ;) = z(;) is a member of the family
(8.18) with scale parameter o;(z;)), some function of z ;).

This is clearly not an exponential family example. However, the argu-
ments provided in Section 5.2, extend in a straightforward fashion to give
the following general form for such multivariate Pareto(a) densities:

—(a+1)

k
fx(@) =6 (H x) , z>0. (8.19)
i=1

selk

Some care must be exercised to determine admissible values for the d,’s to
guarantee that (8.19) is integrable (of course ¢y will usually be an unattrac-
tive function of the other d,’s, chosen to make the integral over the positive
orthant equal to 1). All of the d,’s must be nonnegative and some are per-
mitted to be zero. How many and which ones depends on k and «. Refer
back to the bivariate case discussed in Section 5.2 to get a flavor of the
issues involved .

Correlations, when they exist, can be positive or negative depending on
the choice of d,’s in (8.19). Judicious choices of d,’s will lead to models with
independent marginals. Specifically, we must choose dy > 0 and for s # 0,

(1— Z‘S’)

6y =106, (07)%, (8.20)

—.

i=1

Where (5’1'< = 61000_0, 5; = 5010“0, etc.

Analogous multivariate extensions are possible for the generalized Pareto
conditionals distributions and the Pickands—deHaan distributions discussed
in Chapter 5.
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For the generalized Pareto distributions we have a k-dimensional version

of Model I of the form

—(a+1)

k k
fx@ =TTy 3 S A [T =™ . z>0,  (821)
j=1 -1

s€E&k

where &, is the set of all vectors of 0’s and 1’s of dimension k. The k-
dimensional version of Model II is given by

k k
fx(z) = H m?j_l exp Z As H log(8; + xj»") , x>0. (8.22)
j=1

s€E&K Jj=1

The closely analogous k-variate forms of the Pickands—deHaan distribu-
tion are given by:

(D) fx(z) =D see, )\inle(ng)sf}l/(’*l, z € D, where D is the set in
which the expression in square brackets is positive.

(II) fx(z) = exp [Zéegk} AiH?:l log(1 — ;2:)]%, 0 < a; < §; i =
1,2... k.

8.12 Multivariate Beta Conditionals Distribution

Here we ask, for each 7, that X; given X(i = Iy have a beta distribu-
tion with parameters a(z(;)) and ((z(;)). The beta distribution is a two-
parameter exponential family and so the beta conditionals densities will be

of the form (8.10) with ¢1 =ty = ... =¥, =2,
r(t) =t -t " I0<t<1), i=12,...k, (8.23)
qu(t):lv 1= 1727 7k7
qi1(t) =logt, 1=1,2,...,k, (8.24)
qz?(t) = lOg(l - t>7 i=1,2,..., k.

Most of the m’s in (8.10) must be nonpositive, the exceptions being those
My iy..4, S for which 2521 I(i; # 0) = 1. These m’s must be positive.
Reference back to the bivariate case in Section 4.10 will help explain these
restrictions.

Life becomes more interesting if we allow scaled beta distributions as
acceptable conditionals. The classical example in which all conditionals
are scaled beta variables is provided by the Dirichlet distribution. We are
effectively seeking a multivariate extension of the material in Section 5.9
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and, again, reference to James (1975) will be instructive. We actually pose
the problem in a form slightly more general than that discussed in Section
5.9 and in James’ work.

Specifically, we wish to identify k-dimensional random variables such
that for each i, X; given X(i) = Zg has a scaled beta distribution with
parameters a;(z(;)) and 3;(z(;)) and support on the interval (0,c;(z;))).
First, for compatibility, the ¢; (g(i))’s must be such that they correspond to
a joint support set of finite content for X that consists of all points in the
positive orthant of k-space under some surface. Within that region, T, the
joint density must be expressible as a product of marginals f(;(z;)) and
conditionals in k ways. Thus we must have

foy (@) — o\ e TR
. -
WA a(zey) \ er(z) c1(zy)

fo ) — ( 72 >a2<m<2)>1 Lm e
= x _——
@@ ca(z(9)) \c2(z(2)) c2(z(a))

= - etc. (8.25)

Only in special circumstances will (8.25) have a solution. If 8;(z(;)) = 1, i =
1,2,...,k, then the joint density must be of the form

k -1 k
fx(w)=<H$i> exp{ >0 [H(logxm] . zeT.  (826)
i=1

s€€k 1=1

A second trivial case in which a solution is possible occurs when ¢;(z;)) =
ci,i = 1,2,...,k. For in this case we merely obtain X; = ¢; X where X*
has an unscaled beta conditionals distribution (given by (8.13) with r’s and
¢’s defined by (8.23) and (8.24)).

The final instance in which a solution is obtainable corresponds to the
case where f;(z(;)) = 3 # 1, i = 1,2,..., k. In this case the joint density
is necessarily supported on a set of the form

k
T:{m:xi>O,Zcizi<l}, (8.27)

=1

where the ¢;’s are positive. On this set, T', the joint density is of the form

k -1 k B-1 k
fx(@) = (H x,-) (1 - Zcm,) exp Z5§ lH(logzi)si]

i=1 se€y, i=1
(3.28)
This is essentially the form of the density introduced by James (1975).
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James also discusses a variant problem as follows. Suppose for each 4,
X ;) given X; = ; is Dirichlet(k — 1,v(2;)). It follows in this case that
the k-dimensional joint density of X must be Dirichlet(k,~) so that no
interesting new multivariate distributions will be encountered.

8.13 Multivariate Binomial Conditionals
Distribution

Up till now, all our multivariate examples have involved continuous dis-
tributions. Naturally discrete examples exist. We could write appropriate
choices of r’s and ¢’s in (8.13) to lead to multivariate geometric, Poisson,
and binomial conditionals distributions but, by referring to the correspond-
ing bivariate examples in Section 4.12; the interested reader can do this
easily.

We will discuss an interesting variant of the binomial conditionals dis-
tribution. A close parallel with the scaled beta conditionals example will
be apparent. In that example a generalization of the Dirichlet distribution
was uncovered. In the present example a generalization of the multinomial
distribution will be sought. Thus we seek a k-dimensional random vector
X with possible values being vectors z of nonnegative integers such that
Zle x; < n where n is a fixed positive integer. We wish to have, for each
i, the conditional distribution of X; given X () = Z() be binomial with pa-
rameters n—» ., x; and p;(z(;)). By writing the joint density as a product
of marginals of X ;)’s and conditionals of X; given X(;),1 =1,2,...,k, we
eventually find that the joint density must be of the form

k+1 -t k k
f&(@) = (H JCZ'> exp Z >\§ [H xfll , x; >0, Zl‘i <n,
i=1 s€ék i=1 i=1

(8.29)
where we introduce the convenient notation xx11 = n—Zf:I 2;. The model
(8.29) includes the classical multinomial as a special case (choose A\s = 0 if

k
>im 8i > 1)

8.14 Further Extension by Underlining

It will be noted that almost all of the results in Sections 8.3 through 8.6
remain valid even when all the x;’s are themselves vectors of possibly differ-
ent dimensions. Thus underlining (to indicate vectors) provides immediate
generalization of the results.



186 8. Multivariate Extensions

8.15 Characterization of Multivariate Normality
via Conditional Specification

Nested within the family of normal conditionals distributions (8.16) are to
be found the classical k-variate normal distributions. It was remarked in
Section 8.8 that they can be identified by the property that, for them, the
parameters m; corresponding to ¢’s for which Zle i; > 2 must all be zero.

These may be dubbed the non-Gaussian parameters. First Bhattacharyya
(1943), and later Castillo and Galambos (1987a), addressed the issue of
characterizing the classical multivariate normal distribution (or Gaussian
distribution) via distributional properties in addition to normal condition-
als. A survey of results of this type will be presented in this section.

It will be helpful to review certain well-known properties of the k-dimen-
sional Gaussian (classical multivariate normal) distribution. Notational con-
ventions used heavily in the discussion, some new, some old, are the follow-
ing. If X is a k-dimensional random vector, we denote its ith coordinate
by X; and, for each i, we denote the vector X with X; deleted by Xiy-
For each ¢, j, X ; ;) denotes the vector X with its ith and jth coordinates
deleted. X (iye Will be used to denote a subvector of X ;) with £ coordinates.
In addition, we write X = (X, X) to indicate a partitioning X into two
subsets where X includes, say, k; of the coordinates of X (not necessarily
the first k1 coordinates) and X includes the remaining coordinates.

In similar fashion, x denotes a generic point in R* and Tis Ziys Li ) Zive
(&, %) are defined analogously to their random counterparts.

If a k-dimensional random variable X has a Gaussian (classical multi-
variate normal) distribution, then it admits a representation of the form

where Z1,Zs,...,Z; are i.i.d. standard univariate normal random vari-
ables. In such a case we write X ~ N®) (4, %). Here p € R and ¥ is
a nonnegative definite k& x k matrix. Such random variables, X, have the
following properties (among others):

1. All one-dimensional marginals are normal.
2. All /-dimensional marginals, ¢ < k, are ¢-variate normal.

3. All linear combinations are normal. In fact, for any £ x k matrix B,
we have

BX ~ NY(Bu, BLB').

4. All conditionals are normal. Th}ls if we partition X = (K, X), then
the conditional distribution of X, given X = Z, is k;-variate normal
for every Z.
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5. All regressions are linear. Thus for any ¢ and any j1, ja, ..., je (F ),
E(X;|X;,,...,X,,) is a linear function of X;,, X;,,...,X,,.
6. All conditional variances are constant. Thus var(X;|X;,,..., Xj,) is

nonrandom for any i, jq, ..., je.
7. If 3 is positive definite, the joint density of X is elliptically contoured.
8. X has linear structures, i.e., X admits a representation of the form
X =ag+AZ,
where the Z;’s are independent random variables.

Naturally, Conditions 1-8 contain more than enough to characterize the
classical k-variate normal distribution. Parsimonious selections from Con-
ditions 1-8 undoubtedly will suffice. Most of those properties, taken indi-
vidually fail to characterize the classical multivariate normal distribution.
Combinations of these properties can be used to characterize the classical
model. Condition 3 does characterize the classical model. Condition 4 also
will characterize the classical model provided k > 2. None of the others
alone will do it. Conditions 7 and 8, together, will characterize the classical
distribution.

Condition 4, involving conditional distributions will be our major con-
cern. As remarked above, if Condition 4 holds, then necessarily X is a clas-
sical k-variate normal random variable. But much less than the full force
of Condition 4 is needed. To see this we will list three more multivariate
normal properties that are subsumed by Condition 4.

If X is classical k-variate normal, then:

9. For every ¢, X; given K(i) =Zx) is univariate normal for each Zgy €
R" 1

10. For each i,7, (X;, X;) given X(; ;j = z(; ;) is classical bivariate

normal for each Zij) € RF2.

11. For each 7 and for each subvector X(i)é of X(i) for each ¢, X; given

X(i)e = Z(;), Is univariate normal for each Z;), € R’

Of course we know that if Condition 9 holds then we merely characterize
the k-variate normal conditionals distribution (see Section 8.8). More must
be assumed to guarantee that the non-Gaussian parameters are forced to
be zero. Bhattacharya and Castillo and Galambos addressed this goal by
positing that, in addition to Condition 9, we also require that parts of
one of Conditions 1, 5, or 6 hold (refer to Chapter 3 for details in the
bivariate case). Our goal is to buttress Condition 9 with further conditional
assumptions to achieve the end of characterizing the classical distribution.

The first result obtained in this direction was:
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Theorem 8.1 Suppose that for each i, j and for each x(; jy € R"*72, the
conditional distribution of (X;, X;) given X j) = L, s classical bivari-
ate normal with mean vector (pi(z; ;)), 1i(Z(;,5)) and variance covariance

matric
011( z]) 012Q§@j)
o2(z; ;) o20(z, ;)
It follows that X has a classical k-variate normal distribution. O
Proof. Since (X;, X;) given X(ij) = Z(;,;) is classical bivariate normal,

it has univariate normal conditionals. It then follows that X; given X; and
X (i) L.e., given X ;) is univariate normal.

It follows that fx(x) has (8.16) as its density.

Now for any i and j, the conditional density of (X;, X;) given X, ;) =
Z(; ;) is postulated to be classical bivariate normal and so it will be of the
form

Fxixgix,, (@i w5z ) o expl@(i, 7)), (8.30)

where Q(z;,z;) is a quadratic form in z;,z; with coefficients which may
depend on Z(i )

This forces many of the m;’s in (8.16) to be zero. In fact, the joint
density must assume the form (using new notation for the reduced number
of parameters)

k
fx(z) = exp Zﬂjx + > 6| []=7 : (8.31)
j=1

EIS3%

where & is as defined following (8.11). However, the number of nonzero
parameters can be reduced even further. By considering the conditional
densities of (X;, X;) given X; j)» Vi, j, which have to have positive definite
quadratic forms, we can conclude that any J, in (8.31) for which s includes
more than two 1’s must be zero.

It follows that the joint density is expressible in the form (again with
new simplified parameters)

fx(z) =expq — |+ Z)\ x5+ ZZ%Z%W , (8.32)

j=1¢=1

where the matrix (’Yjé)?,ezl is positive definite (for integrability). This of
course indicates that X has a classical k-variate normal distribution. O

Remark 8.1 Arguments similar to those used in this proof can be used
to justify the following statements. Suppose that for each i and for each
ey € R*~!, the conditional distribution of X; given Xy = ;) is classical
univariate normal, and in addition assume that the regression of each X;
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on X ;) is linear (or assume the conditional variance of X; given X ;) =
x . does not depend on g(i)). Then X has a classical k-variate normal
distribution. This extends the result for £ = 2, discussed by Bhattacharyya
(1943) and Castillo and Galambos (1989).

A closely related result is the following:

Theorem 8.2 Suppose that for each i and for each ;) € R*™L, the con-
ditional distribution of X; given X ;) = x(;) is normal with mean p;(z;y)
and variance o; (x( ))- In addition assume that for each i, j and each Zij) €
R"72, the conditional distribution of X; given X(ij) = Zij) s normal with

mean fi;5(z; ;) and variance o2 (2 jy)- It follows that X has a classical
k-variate normal distribution. a

Proof. Since for each i, X; given X ;) = z(;) is normally distributed (Vg(i))
it follows that X has a k-dimensional normal conditionals density of the
form (8.16). Now fix j. Since for each 4, X; given X ; ;) = z; ;) is normally
distributed for every z; ;y, it follows that X ;) has a (k — 1)-dimensional
normal conditionals distribution with a density that is a (k—1)-dimensional
version of (8.16). This implies that when (8.16) is integrated with respect to
x;, the resulting marginal is again of analogous form. This can only occur if
all m;’s with a 2 in the jth coordinate of the subscript ¢ are zero except for
moo,...,2,...,0 (the coefficient whose subscript has a 2 in the jth coordinate
and zeros elsewhere). This argument can be repeated for j = 1,2,... k.
The joint density of X can then be expresed in the following form (using
new notation for the reduced number of possibly nonzero parameters):

fx(z) =exp Zﬁjx +> my Hx : (8.33)

s€&k j=1

In order that (8.33) be integrable over R*, it is necessary that the f;’s
be positive and that every m, corresponding to an s with more than two
nonzero coordinates must be zero.

It follows that the joint density is expressible in the form (again with
new simplified parameters)

fx(z) =exp — |+ Z)\ x; + ZZ’yﬂxjxg . (8.34)

j=1¢=1

For integrability the matrix (v;¢), :kl, ., must be positive definite. It is then
evident that X has a classical k-variate normal distribution. O

The transition from the general normal conditional distribution to the
classical k-variate normal distribution involves setting many of the param-
eters equal to zero. If we insist on proper (i.e., integrable) densities we
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must remember that setting certain of the m;’s equal to zero in (8.16)
may require (for integrability) that others also be set equal to zero. Recall
the discussion in two dimensions in Chapter 3 where it was noted that if
mag = 0 then necessarily mi5 and ms; must also be zero.

Example 8.2 (Trivariate normal conditionals distribution). Con-
sider the following normal conditionals density:

f(x1, 22, 23) = exp {—[mooo + M100T1 + Mo10T2 + Mo0123
+ M110T1%T2 + M101T1T3 + Mo11T2T3
+ M11121T2T3 + Ma2eo®] + Mo2023
+ moozfﬂg]} .

(8.35)

For this density it is evident that X;|Xs, X3, Xo| X1, X3, X3|X1, X2,
X1|Xa, Xo| X1, X1|X3, X3|X1, X2| X3, and X3| X, are all of the univariate
normal form. The presence of a non-zero term for the parameter miq; in
(8.35) identifies a distribution which is not classical trivariate normal.

Thus (8.35) would seem to contradict Theorem 8.2. It does not however,
since close inspection of (8.35) reveals it to be “an impossible” (i.e., not
integrable) model. a

8.16 Multivariate Normality in
More Abstract Settings

Bischoff (1996a) pointed out that many of the results dealing with nor-
mal conditionals and multivariate normality remain valid in abstract inner
product spaces. If we let X and Y be random vectors taking values in real
inner product spaces (V,{(-,-)v) and (W, (-,-)w), respectively. Bischofl’s
abstract version of Bhattacharyya’s theorem takes the form:

Theorem 8.3 (Bischoff (1996b).) With respect to (V & W, (-, yvew) let
fw(-|v) be normal on (W, {-,-yw) for each v € V with the known mean
mw (v) € W and the known positive definite covariance Sy (v) = A(v) ™t €
LW, W), and let fy (-|w) be normal on (V,{(-,-)v) for each w € W with the
known mean my (0) and the covariance ¥y (0) = B(0)~! for w = 0. Then
under the assumption

fvlw) - fw(w) = fv,w) = fw(wlv) - fv(v),
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the Lebesque-density f is completely determined and given with respect to
(Ve W ( Jvew) by

f(v,w) = gy (0) - (2m) /2 - det A(0)"/2 - exp{§(m, (0), B(O)my (0))v }
x exp{— 21 {(w — mw (0), A0)(w — mw (0)))w}
X exp{—§<1j€— my (0), B(0)(v — my(0)))v}
x exp{{w, > (v,C; av + ¢ a)vdi)w}
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(8.36)
where vy and ' are constants such that the last two expressions are proba-
bility densities. O

(A convenient reference for discussion of normal distributions on inner
product spaces and the linear function O is Eaton (1983).)

The step from the normal conditionals distributions, described in the
above theorem, to the normal distribution on V & W, can be made using
arguments closely paralleling those used in the case where V =W = R.

8.17 Characterizing Mardia’s Multivariate Pareto
Distribution via Conditional Specification

The classical normal distribution is remarkable for having all of its marginals
and all of its conditionals of the same (multivariate normal) form. Few
distributions share this property. One that does is Mardia’s multivariate
Pareto distribution. Here, then, is an opportunity to seek parallel charac-
terizations to the normal characterizations discussed in Section 8.15. As we
shall see, the parallel is remarkably close.

Recall that for a > 0, we say that X has a Pareto(o, ) distribution if
its density is of the form

—(a+1)

fx(@) =2 (1 + f) . 2>0. (8.37)
o o

Mardia (1962) introduced an interesting k-dimensional distribution with

Pareto marginals (the corresponding bivariate version of this distribution
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was discussed in Section 7.2). The joint survival function of this distribution
is of the form

—x

1+§2($>] . z>0. (8.38)

Fx(z)=P(X >z) =

4

If X has the distribution described by (8.38) we write X ~ MP®) (g, o).
If we write X = (1, 1), where X is kj-dimensional and X is (k — k1)-
dimensional, it is readily verified that X ~ MP%*(g, ) (where ¢ de-
notes the first k; coordinates of ¢). Thus the Mardia multivariate Pareto
has Mardia multivariate Pareto marginals. It also has Mardia multivariate
Pareto conditionals. Elementary computations confirm that X |X =~
MP¥)(c(2)d, a+k— ki) where ¢(i) = (1 + ZZIH x;/0;). A convenient
reference for properties of the Mardia multivariate Pareto distribution is
Chapter 6 of Arnold (1983).

In Section 8.11 we identified the class of all distributions for which for
each i, X; given X ;) = z(;) is Pareto(o(z(;)), a+k —1) for every z;). This
family has densities of the form

—(a+k)

k
fx(@)=|>ds (H x) ., x>0, (8.39)

s€&K =1

where & is the set of all vectors of 0’s and 1’s of dimension k. Note that
the role played by « in Section 8.11 is now being played by « + k. This
family of course includes the Mardia multivariate Pareto distributions, but
it includes many other distributions with Pareto conditionals.

We must make more stringent assumptions to guarantee that the dis-
tribution is of the Mardia form. We might, for example, postulate Pareto
marginals as well as conditionals. It is not difficult to verify that this will
indeed characterize Mardia’s distribution. It is of interest to determine
whether the Mardia model can be characterized using only conditional
specifications.

Paralleling the results of Section 8.15 we have the following results:

Theorem 8.4 (Characterization of Mardia’s multivariate Pareto
distribution). Suppose that for each i,j and each Zgij) € R*~2 we have

(XivXj)‘X(i,j) =L ™ Mp(z)((ai@(i,j))vUj@(i,j)))»a +k—2) (8.40)

for some functions oi(z; ;)) and oj(z(; ;))- It follows that X has a Mardia
k-variate Pareto distribution. |

Proof. Since the MP® distribution has Pareto conditionals, (8.40) im-
plies that X; given X ;) = ;) is Pareto(o(z(;)), @ + k — 1). It then follows
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that the joint density of X is given by (8.39). However, in order for a density
of the form (8.39) to have conditionals of (X;, X;) given X ; ;) of the form
(8.40), all of the d,’s in (8.39) must be zero except those corresponding to
vectors s with at most one nonzero coordinate. This implies that the joint
density corresponds to a Mardia k-variate Pareto distribution. O

Theorem 8.5 (Characterization of Mardia’s multivariate Pareto
distribution). Suppose that for each i and any ey € R*! we have

for some functions &i(g(i)) and that for every i,j and every x; ; € R*2
we have ~
Xi|£(i,j) = L5 ™ P(‘}i,j (E(i,j))a a+k—1) (8.42)

for some functions ; ; (i)
It follows that X has a Mardia k-variate Pareto distribution. O

Proof. From (8.41) we conclude that the joint density is of the form
(8.39), Similarly for a fixed j, for each i we have that X; given X, ;) is
Pareto distributed so that each X ;) will have a (k — 1)-dimensional joint
density the form (8.39). However it is not difficult to verify that (8.39) will
have (k — 1)-dimensional marginals of the same form iff all of the d,’s in
(8.39) are zero except those corresponding to vectors s with at most one
nonzero coordinate. This implies that the joint density corresponds to a
Mardia multivariate Pareto distribution. O

In the proof of Theorem 8.5 a key idea was recognition that the hy-
potheses led us to a distribution for X that was conditionally specified
whose (k — 1)-dimensional marginals X(J—),j =1,2,...,k, had analogous
(k — 1)-dimensional conditionally specified distributions. This places se-
vere constraints on the parameters appearing in the conditionally specified
distribution of X. Many of the examples described earlier in this chapter
admit analogous characterization results.

For example, if we require a k-dimensional random variable X to have
an exponential conditionals distribution (8.11) with the property that ev-
ery (k — 1)-dimensional marginal be again of the exponential conditionals
form (8.11), then it follows that the coordinates of X must be independent
exponential random variables.

8.18 Bibliographic Notes

Section 8.3 is based on Arnold and Press (1989b). Sections 8.5 and 8.6
draw on Arnold and Strauss (1991). Most of the examples in Sections
8.8-8.13 have not been introduced elsewhere. The key references for the
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characterization material in Sections 8.15 and 8.17 are Arnold, Castillo,
and Sarabia (1994a, 1994c). The extension to more abstract spaces is dis-
cussed in Bischoff (1996b). The multivariate exponential conditionals dis-
tribution was described in Arnold and Strauss (1988a). James (1975) has
some material relating to multivariate beta conditionals distributions.

Exercises

8.1

8.2

8.3

Let Z = (Z4,...,2Z,), n > 2, an n-dimensional random vector with
continuous density function f(z). Split the random vector Z into
two random vectors X = (Z1,...,2Z;) and Y = (Zky1,. .., Zpn), with
1 <k < n. It is well known that both conditional densities f(z|y) and
f(y|z) are multivariate normal if the joint density f(z,v) is multivari-
ate normal. Now, suppose that the conditional densities f(z|y) and
f(y|z) are both multivariate normal. Denote the covariance matrix
of the conditional density f(y|z) by ¥2(z). Prove that the following
statements are equivalent:

(a) The probability density function f(z,y) is multivariate normal.
(b) The matrix ¥5(x) is constant in R
(c¢) For the minimal eigenvalue A(z) of the positive definite matrix
¥a(2),
u2)\(ubj) — 00, asu— oo, forj=12 ...k,
where by, ..., by is an arbitrary but fixed basis in R*.
(Bischoff and Fieger (1991).)

Let (X1, X5, X3) be a trivariate random variable. Assume that the
random variable (X7, X2)| X3 = x5 is Mardia Pareto Vzs and that
(X2, X3)| X1 = x1 is Mardia Pareto V1. Do these conditions guaran-
tee that (X7, X2, X3) is a trivariate Mardia Pareto distribution?

Hint: Consider the joint density given by

f(z1, e, x3) o (1 + axq + bxg + cxs + mxlxg)f(aJrl).

Let (X4,...,X,) be a random variable with joint probability density
function f(z1,...,2,). Denote by f(x;|x(;) the conditional density
of X; given the remaining variables X;, j # 1.

(a) Prove that
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for a given vector 2° = (2,...,29) for which all the conditional

densities in the above expression are positive.

(b) Prove that the conditional densities f(x;|z(;), i =1,...,n, are
compatible if the expression

s

Faila®) T/

1 =1
[1f
=1

0,0
(Zi |Z(i))

o
Il

X
F(@0la?,)

s

Il
-

1,0
($Z|Z(i))

does not depend on (x1,...,2,) for (29,...,20) # (29,...,29).
(Joe (1997).)

8.4 Suppose that X7, X5,...,X,, are jointly distributed random vari-
ables, (X1, Xo, ..., Xn_1) = (X2, X3, ..., X»), and X, | X1 = 21, Xo =
Z9,...,Xpn_1 = Tp_1 is normal with mean o + E;:ll Bjz; and vari-
ance o2. Then, (X1, X, ..., X,,) are jointly multivariate normal.

(Arnold and Pourahmadi (1988).)

8.5 A nonnegative function g defined on A C IR? is called totally positive
of order 2 (TP2), if for all 1 < y1,x2 < yo with z;,y; € A,

9(x1,22)9(y1, y2) = 9(1,y2)9(y1, 2).
If the last inequality is reversed, then g is reversed rule of order 2
(RR2).
Consider the trivariate conditionals distributions with joint pdf:

f($1, T2, 1’3) X GXP[*mlooxl — Mop10T2 — Moo1T2 — Q(l’h T2, 173)]
XI(I,’ S ]RJr)

where
q(x1, T2, T3) = M110T1T2 + M101T123 + Mo11T2L3 + M111T1T2T3.

(a) Obtain the bivariate marginals f(x1,z2), f(z1,23), and f(x2,z3).

(b) Prove that f(x1,x2) is reversed rule of order 2 if and only if
mMeo1M111 = M101M011-

(C) If mii10 = 0 and mpo1M111 < M101MoO11, then f(l’l,lL'Q) is totally
positive of order 2.

(d) If mi10 = moor = mi11 = 0, and migo = Mmoo = Mio1 =
Mmool = then f(z1,z2) is totally positive of order 2 and

L
f(z1,23), f(x2,23) are reversed rule of order 2.
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(Joe (1997).)

8.6 Theorems 8.1 and 8.2 require only notational modification in order
to remain valid when each X is a vector of dimension m; (instead of
1).

(Bischoff (1996a).)
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Estimation in Conditionally
Specified Models

9.1 Introduction

Standard estimation strategies are often difficult to implement when deal-
ing with conditionally specified models. A variety of techniques, to some de-
gree tailor-made for conditionally specified models, will be suggested in this
chapter. The emphasis will be on bivariate models but certain multivariate
cases are also discussed.

9.2 The Ubiquitous Norming Constant

Almost all of the conditionally specified distributions introduced in this
book are cursed with the presence of a term e™°. All other parameters
save mgq are constrained to belong to intervals in the real line. The param-
eter mgg, we are blithely told, is chosen to make the density integrate to 1.
As a consequence mg is in fact an often intractable function of the other
parameters. In a few cases an explicit expression is available (e.g., the expo-
nential conditionals density, (4.22), the Pareto conditionals density, (5.10),
(5.11), and (5.12), etc.). In such cases maximum likelihood becomes less
troublesome. In most cases, however, more devious means will be desir-
able. Pseudolikelihood and modified method of moments approaches have
proved to be viable approaches. They yield consistent asymptotically nor-
mal estimates. A third approach, which involves discretization of the data
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in absolutely continuous cases, reduces the problem to that of estimation
in a log-linear Poisson regression model.

The awkward normalizing constant hampers the likelihood enthusiast
but in fact is even harder on the Bayesian investigator. Some tentative
approaches to Bayesian analysis of conditionally specified densities will be
sketched in Section 9.9. More work and more insight is however needed in
this direction.

Throughout this chapter we focus on bivariate conditionally specified
distributions. In most cases the necessary modifications to extend the dis-
cussion to higher dimensions are self-evident. Some examples are provided
in Section 9.10.

9.3 Maximum Likelihood

Definition 9.1 (Maximum likelihood estimate). Suppose that we
have n observations (X1,Y7),(X2,Y2),...,(Xp,Y,) from some bivariate
conditionally specified density f(x,y;0),0 € ©. The maximum likelihood
estimate of 6, say 6, is a usually unique value of 8 for which

n

T 706 Yisd) = [ 106 Yi0) (9.1

i=1

O

One approach to finding 6, an approach made even more feasible as com-
puting power increases, involves a direct search. A second, and historically
more favored, approach involves solving the likelihood equations

9 n
— 1 X;,Y;;0) = i =1,2,... 2
69] ; ng( 79 17Q) 07 J )&y ak7 (9 )

and verifying that the solution corresponds to a true maximum. In gen-
eral, the method works best when a low-dimensional sufficient statistic is
available. The classical situation where maximum likelihood shines is one
in which f(x,y;0) is an exponential family of densities. Note that all of
the bivariate conditionals in exponential families densities, introduced in
Chapters 3 and 4, were in fact themselves exponential families of bivariate
densities. We can therefore expect that maximum likelihood and perhaps
necessary variations on that theme will fare well in those settings. Esti-
mation based on samples from the “other” conditionally specified densities
introduced in Chapter 5 will undoubtedly require different treatment. So,
in our discussion of maximum likelihood, let us focus on conditionals in
exponential families.
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We will begin with a very simple example. Suppose we have observations
from the conditionals in given exponential families density (4.5) with k =1
and £ =1, i.e.,

Ixy(z,y) = ri(x)ra(y) exp{moo+mioqi1(z)+mo1g21 (y)+mi1qi1(x)g21(y)}-

(9.3)
Here myg, mp1 and mq; are constrained to make the density integrable
while mygg is determined, as a function of the other parameters, to make
the integral equal to 1. A relabeling of the parameters will help us to apply
well-known estimation results. Set miy = 01, mg1 = 02, and m1; = 63 and
let

v(O) =

/ / y) exp{01¢11(x) + 0221 (y) + O3q11(2)g21(y)} dx dy.

(9.4)
With this notation the log-likelihood of a sample of size n from our density
is

((0) = —nlogi(d +210g7°1 Xi) + Y logra(Y;)
i—1
+6; Z q11(X;) + 62 Z g21(Y3) (9.5)
. —
+03 Z q11(X5)q21(Y3).

Differentiating and setting the partial derivatives equal to zero yields the
likelihood equations

()
801 = un (9.6)

op(0)
892 Z q21 (97)

and

9v(0)
803 = ZCIu )21 (Y3). (9.8)

If 4 (0) is a simple analytic expression these equations can be easily solved
(directly or iteratively). Even if ¢ (6) is ugly (which is the case for most
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of our conditionals in exponential families examples), there is hope. Note
that

9 (0)
90,
¥(8)

/_oo /_oqou(:c)h(x)rg(y) exp{01q11(z) +02q21(y) +03q11(x)g21 (v) } dz dy

)

- /:)o /jorl (2)r2(y) exp{b1q11 () +02g21 (y) +05q11(2)g21(y) } dx dy

(9.9)
which can be evaluated by numerical integration. Similar expressions are
available for the other terms on the left-hand sides of (9.7) and (9.8). So
a possible approach involves picking initial values of 61,60y (maybe based
on crude moment estimates) then searching for a value of 63 to make (9.8)
hold. Take this value of #3 with the previous value of 6> and search for
a value of #; to make (9.6) hold. Now go to (9.7), etc. The approach is
computer intensive but probably more efficient than a direct search which
might involve many more numerical evaluations of ¢ (8) for various choices
of 8. Having solved the likelihood equations, we can, with a little more
numerical integration, write an approximation for the variance-covariance
matrix of our estimate @. The Fisher information matrix corresponding to
our model is the 3 x 3 matrix I(f) with the (7, j)th element given by

0? ) )
V() 557, %(0) — ( 55¢(O) ) | 55-%(0)
1,5(0) = — %% <89i ) <89j ) (9.10)

(¥(9))?

Finally, the estimated variance covariance matrix of 6 is

> @) =@ /n, (9-11)

where @ is the solution to (9.6)-(9.8). The entries in I(f) may be com-
puted by numerical integration and the resulting matrix must be inverted
numerically.

Example 9.1 (Centered normal conditionals distribution). As an
example of this kind of analysis consider the slow firing target data dis-
cussed by Arnold and Strauss (1991). Thirty bivariate observations are
assumed to be a sample from a centered normal conditionals distribution
(recall Section 3.5). The joint density in question is of the form

Ixy (@,y) = exp(b12” + O2y” + O32°y) /1(0), (9.12)
where 01,605 < 0 and 03 < 0. In this example

g (z) = 2%, gu(y) =y (9.13)
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The form of () is known. Unfortunately (referring to (3.57)), it involves
confluent hypergeometric functions and the expression is not useful. The
complete minimal sufficient statistics for the given data set are

1 30
0 D X7 =18.359,
i=1

1
= > VP =5.452, (9.14)
=1

1 30
% > XPY? = 21.310.
=1

These are used on the right-hand side of (9.6), (9.7), and (9.8). Itera-
tive solution utilizing numerical integration of expressions like (9.9) yields
solutions

6, = —0.0389,
6y = —0.0597, (9.15)
65 = —0.0082.

O

In the centered normal conditionals case, an alternative to the iterative
solution of (9.14) is available. It relies on the fact that the normalizing
constant, though not as simple as one might wish, is at least easy to evaluate
numerically.

Example 9.2 (MLE of the centered normal conditionals model).
Suppose that a random sample (X1,Y1), (X2, Y2),...,(X,,Ys) is available
from a centered normal conditional distribution with joint pdf given by
(3.51). Denote the observed values by (z;,v;), i = 1,2, ...,n, and define

1 — 1
T S zx
=1 1=
The log-likelihood function, used to estimate (o1, 09, ¢), is given by

l(o1,09,¢) =n |—log2n + logk(c) —log(o102) — R — E — 30707
(9.16)
Differentiation with respect o1, g2, and c yields the following likelihood

equations

cx2y?

o? = 22 + coy 2ay?, (9.17)
o2 = y2+ cop a2, (9.18)

5(c) = a?y?/(20703), (9.19)
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TABLE 9.1. Representative values of 9(c) = 6~*/2(c)[1 — 2¢d(c)], (left side of
(9.22)) in order to calculate the MLE of c.

¢ | ¥l | e | ¥ | ¢ | ¥ | ¢ | ¥
0.0 | 1.41421 | 5.0 | 2.51268 | 10.0 | 2.93033 | 15.0 | 3.23418
0.5 | 1.73576 | 5.5 | 2.56344 | 10.5 | 2.96433 | 15.5 | 3.26098
1.0 | 1.89634 | 6.0 | 2.61152 | 11.0 | 2.99738 | 16.0 | 3.28726
1.5 | 2.01529 | 6.5 | 2.65726 | 11.5 | 3.02954 | 16.5 | 3.31306
2.0 | 2.11285 | 7.0 | 2.70093 | 12.0 | 3.06088 | 17.0 | 3.33838
2.5 | 2.19692 | 7.5 | 2.74278 | 12.5 | 3.09144 | 17.5 | 3.36327
3.0 | 2.27156 | 8.0 | 2.78299 | 13.0 | 3.12127 | 18.0 | 3.38773
3.5 | 2.33914 | 8.5 | 2.82173 | 13.5 | 3.15042 | 18.5 | 3.41179
4.0 | 2.40119 | 9.0 | 2.85912 | 14.0 | 3.17894 | 19.0 | 3.43546
4.5 | 2.45879 | 9.5 | 2.89528 | 14.5 | 3.20685 | 19.5 | 3.45876

where d(c) is as defined in (3.64). Expressions (9.17)—(9.19) can be written
in the form

o? = 22[1—2c0(c)] ", (9.20)
o2 = y2[1—2¢6(c)] ", (9.21)
55 Y2
—1/2 =y
S72(e)[1 = 2¢0(c)] = [M] . (9.22)

Representative values of the defined function on the left side of (9.22) are
included in Table 9.1 (taken from Sarabia (1995)). We can affirm that 6(c)
is a monotone increasing function of ¢ by direct inspection of this table.
The maximum likelihood estimator of ¢ is very easy to obtain from this
table (or more extended ones) once we calculate the value of the right side
of (9.22). In order to obtain the asymptotic variances of the maximum
likelihood estimators, we need to calculate the Fisher information matrix.
From (9.16), with n = 1, iy,,, = —E(0%1/00}) = 2/0? and iy,y, = 2/03.
Similar computations lead to
4cd(c)

ialo'g = 010 5 O'Iical = U2icog = 26(6)7
192

and
iee = —0'(c) = —(1 — (2 +8¢)d(c) + 4c?6%(c)) /4c>.
O

In principle, the same kind of analysis can be performed for samples from
any density of the form (4.5). The likelihood equations will be of the form

BEO(X) = =3 aV(x),

i=1
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_ 1\~
BEPW) = £ 3a 0, (923)

E(@M(x)§?(y)) = Z*l 072 (Y),

where equality between vectors denotes equality of coordinates and equality
between matrices indicates elementwise equality. Thus (9.23) does indeed
represent {1 +fo + £1 {5 equations in the £1 + {5 + £1/> unknown parameters.

Castillo and Galambos (1985) investigated the performance of maximum
likelihood estimates in the full (eight-parameter) normal conditionals dis-
tribution ((3.25)). Predictably, when estimating so many parameters, good
results are obtainable only for relatively large sample sizes. A sample of
size 200 seems adequate, a sample of size 50 is probably not.

We may, of course, use maximum likelihood estimation in any condi-
tionally specified model, even those not involving exponential families. The
price we must pay is the absence of a simple sufficient statistic, but that
does not necessarily imply that the likelihood equation will be completely
intractable.

Example 9.3 (Bivariate Pareto conditionals). Consider a sample
from a bivariate Pareto conditionals density (5.7) with @ = 1. The nor-
malizing constant is given in (5.13). For convenience we reparametrize by
introducing

61 = A1/Xo,

d2 = A2/ Mo,
and
¢ = (AoA3)/(A1A2).
Thus our density is of the form
0102(1 — ¢)
—log ¢

The log-likelihood of a sample from this density is given by

fxy(zy) = [1+51x+§2y—|—¢6152xy]72, x>0, y>0.(9.24)

€(01,02,9) = mnlogdy +nlogds +nlog|l — ¢
—nlog |- log ¢
—2) “log[1+ 61X, + 6,Y; + ¢0162X;Y;]. (9.25)
i=1
For a fixed value of ¢, the likelihood is maximized by solving
n o i Xi +020X,Y;
01 T T+ 6X + 0 + $010: XY
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n

no_ Z Y +610X,Y;
5y 14 61X, + 62Y; + 6152 X, Y

(9.26)
i=1
These can be solved iteratively and then a straightforward search procedure
can be used to find the optimal value of ¢. If we are not willing or able to
assume that the parameter o = 1 in our Pareto conditionals model, then
the complicated nature of the resulting normalizing constant leads us to
seek alternatives to maximum likelihood estimation such as those described
in the following sections. |

9.4 Pseudolikelihood Involving
Conditional Densities

The normalizing constant is the only thing that makes the above analysis
nonroutine. Surely we can finesse knowledge of the normalizing constant.
We know a great deal about the density without it. The perfect tool for
estimation of conditionally specified distributions, especially those with
conditionals in exponential families, is a particular form of pseudolikelihood
(in the sense of Arnold and Strauss (1988b)) involving conditional densities.
It is proposed to seek 6 to maximize the pseudolikelihood function.

Definition 9.2 (Pseudolikelihood estimate). Suppose that we have
n observations (X1,Y7), (X2, Y3),...,(X,,Y,) from some bivariate condi-
tionally specified density f(z,y;0),6 € ©. The maximum pseudolikelihood
estimate of 0, say 6, is a usually unique value of 6 for which

PL() = ﬁl Fxpy (XilYi; 0) fy x (Yi| X33 0)
7 (9.27)
=max [ Ly (XilYis0) fypx (Vi Xz ).
O

Arnold and Strauss (1988b) show that the resulting estimate 6 is consis-
tent and asymptotically normal with a potentially computable asymptotic
variance. In exchange for simplicity of calculation (since the conditionals
and hence the pseudolikelihood do not involve the normalizing constant)
we pay a price in slightly reduced efficiency.

We will illustrate the technique in the case where the conditionals are
members of one-parameter exponential families. The technique can be ex-
pected to work well in the general case of conditionals in multiparameter
exponential families. The only requirement is that we should have rela-
tively simple analytic expressions available for the 3;’s appearing in (4.1)
and (4.2). If not, then the conditional likelihood technique will not have
any great computational advantage over ordinary maximum likelihood.
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In the case k = ¢ = 1, the joint density assumes the form (9.3) and again
we reparametrize by setting mig = 61, mg1 = 02, and mq; = 03. With this
convention we may write the conditional densities of X|Y = y as follows:

fX|Y(I\y) =11(2)B1(01 + 03g21(y)) exp[(01 + O3g21(y))q11 ()],  (9.28)

where (1(+) is as defined in (4.2) (it represents the norming constant func-
tion for the one-parameter exponential family to which the conditional dis-
tribution of X given Y = y belongs for every y). An anologous expression
to (9.28) is available for fx|y (x|y). Substituting these in (9.27) and taking
the logarithm yields the following objective function to be maximized by
suitable choices of 01,65, and 03:

log PL(0 Zlogﬁ Xi)+ > log B1(61 + 03¢21 (V7))

=1

+912(I11( JF@BZQH $)q21(Yi)

Zlogm ZlogﬁQ (02 + 63q11 (X))

=1
n

+03 > 21 (Vi) + 03 Z q11(X3)g21(Y5).- (9.29)

i=1
Differentiating with respect to the 6;’s and equating to zero leads to the
following pseudolikelihood equations:

Bi(b1 + 03921 (Y] S
Z B1(01 + 0321 (Y Z: (9.30)

B5(02 + 03¢11 (X
31
Z B2(02 + O3q11(X qu (9:31)

and

q21(Y3) B4 (01 + 03021 (V7))
2 Z q11(Xi)q21(Y; Z B1(61 + 03¢21(Y7))

(9.32)

q11(X;)B5(02 + 03q11(X5))
Z B2(02 + 03¢11(X;)) '

The expression 71(0) = —£1(0)/51(6), which appears in (9.30) and (9.32),
actually has a simple interpretation. Denote by Zy a random variable with
the density (4.1) (with k£ = 1). It is readily verified that

n1(6) £ —B1(9)/51(6) = Elan (Z0). (9.33)
Analogously m2(0) = E(g21(Wp)), where Wy has density (4.2).
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Example 9.4 (Poisson conditionals distributions). As an example,
consider the case in which all conditionals are Poisson distributions, i.e.,
density (4.99). In this case, q1(t) = q2(t) = t and 3;() = exp(—e?),i =
1, 2. Consequently, —3;(0)/3;(8) = €°. Thus our pseudolikelihood equations
take the relatively simple form

e i efs¥i = iX (9.34)
1=1 =1

02 Zeain — ZY“ (9.35)
i=1 i=1
and

e Vel 4 ey " Xie N =Y XY (9.36)
i=1 i=1 i=1

Iterative solution is possible. Note that (9.34) and (9.35) give simple ex-
pressions for 6,05 for a given value of 63 and the right-hand side of (9.36)
is a monotone function of 03 for given 6; and 6,. O

Example 9.5 (Centered normal conditionals distribution). Re-
turning again to our centered normal conditionals example using the param-
etrization of Example 9.2, the pseudolikelihood function assumes the form

n

1/2
PL(0y, 02, ¢) o (o102) " [ [ [(1 + ey?/o3)(1 + ea?/o?)] "
=1
1 n 1 n
€xp T 952 Z(l + 093/05)1’? T 952 Z(l + CI?/"%)Z/%
1= 2 =1

and the corresponding pseudolikelihood equations are given by

n

1 cx; —  2c——

2 ) — 2 2,2

or 4 — E — - =z z2y?,
1+ni=11+cm?/of +J§ Y

2 1 i cy; W+ 2,2
o — = —T
SRR R A N
22 1 n 2/ 2
Y Y A <t

1—i—caz2/01 n < 1+cy;/o3

These are readily solved in an iterative fashion. m]
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9.5 Marginal Likelihood

In the case of conditionally specified bivariate densities, the unfriendly nor-
malizing constant is needed to specify the marginal densities, as well as the
bivariate density. There will generally be little or no advantage to be gained
by focussing on marginal likelihoods. Not only that, marginal likelihoods
may be uninformative about some parameters in the bivariate model. For
example, in the classical bivariate normal model, marginal data will tell
us nothing about the correlation or covariance parameter. Of course, the
motivation for using marginal data may be that it is all that is available.
If that is the case, then maximization of the marginal likelihood function
may well provide us with consistent asymptotic normal estimates of most
and perhaps all of the 6,’s.

Definition 9.3 (Maximum marginal likelihood estimate). Suppose
that we have n observations (X1, Y1), (X2,Y2),...,(X,,Y,) from some bi-
variate conditionally specified density f(z,y;6),0 € ©. The maximum

marginal likelihood estimate of 6, say Q, is a usually unique value of 8
for which

~ n n n

ML®) = [T £ (%) T] fv (Vi) = max ][ £x (%) [T v (v::0).

=1 1=1 =1
(9.37)
O

For example, Castillo and Galambos (1985) report on the successful use
of such an approach for estimating the eight parameters of the normal
conditionals model ((3.25)).

9.6 An Efficiency Comparison

Evidently the marginal and conditional likelihood approaches will lead to
loss of efficiency when compared to the maximum likelihood solution. There
are some indications that the loss may not be as great as one might fear; at
least in the case of conditional likelihood. We should be prepared for poten-
tially catastrophic drops in efficiency when we resort to marginal inference.
For example, some parameters may not even be marginally estimable. The
classical bivariate normal example reminds us that this can occur in models
that would definitely not be considered pathological. We can contrive sit-
uations in which conditional inference will be uninformative. For example,
if X is Poisson(f) and Y = X with probability 1. In general, we expect
that conditional inference will be effective but somewhat inefficient (since
the estimates obtained are usually not functions of the minimal sufficient
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statistics). Conditional likelihood estimates can be fully efficient. If we con-
sider a sample from a classical five parameter bivariate normal distribution,
we find that the maximum likelihood and maximum conditional likelihood
estimates are identical.

The example we study in detail is one in which all three methods (full
likelihood, marginal likelihood, and conditional likelihood) are relatively
straightforward and all are informative about the unknown parameter. De-
tails regarding the necessary computations are to be found in Arnold and
Strauss (1988b).

Example 9.6 (Bivariate exponential conditionals model). We con-
sider n observations from a bivariate exponential conditionals model with
unit scale parameters. Thus the density from (4.14) can be written in the
form

fxy(x,y) = k(0) exp{—(z +y +bxy)}, 2,y>0, (9-38)

where .

k() = [/OOO e_“(1+9u)_1du} : (9.39)

The parameter 6 reflects dependence and is necessarily nonnegative (6 = 0
corresponds to independent standard exponential marginals). The likeli-
hood equation corresponding to a sample (X1,Y7),...,(X,,Y,) from (9.38)
reduces to

(140 —k(0)]/6* = ZX Y;. (9.40)

It is relatively easy to solve (9.40) numerically, although the implied use of
(9.39) means that a considerable number of numerical integrations may be
required. Denote the solution to (9.40) by 6. The asymptotic distribution
of this maximum likelihood estimate is then

6~ N, [nI6)]"), (9.41)

where

1(0) = [0> + 20 — k(0)(k(0) + 6 — 1)]/6*, 6 +£0. (9.42)

Next we turn to marginal inference. The marginal density of X derived
from (9.38) is

fx(@) =kO)(1+0x) e, x>0 (9.43)

The marginal density of Y is identical to that of X. Our marginal likelihood
equation

L3 llog i (Xi36) + log f (Vi) = 0 (9.44)
i=1
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simplifies to

n

1 X Y;
. B 2 _ 1 i v . 4
(146 —Kk(6)]/0 Qn; [1+0X,; 1oy (94)

This can be solved by a straightforward search procedure. Denoting the
resulting marginal likelihood estimate by 6, we may verify that

Orr ~ N (0, [nIn ()] 1), (9.46)
where
B [1+2k2(0) — (0 + 3)k(9)]?
T ®) = Gal@+ 7yh(8) — 4k2(8) — 3 + 26201 (B)]" (947)
in which

0
M(6) = e/1(6)6> /O =1/ l(u)] " du.

We observe that the marginal likelihood equation (9.45), involving k(f) as
it does, is actually more troublesome to solve than is the full likelihood
equation (9.40). Presumably we would only use 6y if only marginal data
were available.

Now consider conditional or pseudolikelihood estimation. Our objective
function, to be maximized, is

n

log PL(0) = > [log(1+6Y;) — (1+6Y;)X;

i=1
+log(1+60X;) — (1+6X,)Y:]. (9.48)
dlog PL(#
The equation OgT() = 0 simplifies to the form
! ' =2) X,V 9.49
;1+0X1-+;1+9Yi ; (9-49)

The left-hand side is a decreasing function of # so that a simple search
procedure can be used to solve (9.49). If we denote the solution to (9.49)

by 6c, we may verify (see Arnold and Strauss (1988b)) that
Oc ~ N (0, [nIc(0)] 1), (9.50)

where

(14460 + 207 — (1 + 30)k(0))2
OA[1 + 86 + 462 — k(0)(1 + 76) + 20°M (6)]’

Io(8) = (9.51)

in which M (#) is as defined following (9.47). By referring to (9.42), (9.47),
and (9.51) it is possible to graphically compare the asymptotic variances of
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FIGURE 9.1. Asymptotic variances of competing estimates.

the three competing estimates. Reference to Figure 9.1 confirms the asser-
tion that the conditional estimate is remarkably efficient when compared
to the maximum likelihood estimate, no matter what the true value of 6
may be. The marginal estimate rapidly becomes seriously inefficient as 6
increases, underlining our earlier conclusion that we would only use such an
estimate in situations where only marginal information were available. 0O

9.7 Method of Moments Estimates

Long before Fisher presented and popularized likelihood estimation tech-
niques, consistent asymptotically normal parametric estimates were rou-
tinely identified using a variety of schemes fitting loosely into the cate-
gory of “method of moments” techniques. Roughly speaking, the technique
could be quite routinely employed when we had available n vector obser-
vations X,..., X, from some parametric family of densities f(z;8) where
6= (0y,...,0;) was k-dimensional.

Definition 9.4 (Method of moments estimate). Suppose that we
have n observations (X1,Y1), (X2,Y2),...,(X,,Y,) from some bivariate
conditionally specified density f(z,y;80),60 € ©. Choose judiciously k func-
tions ¢1, ..., @i such that the expressions

Ep(¢i(X)) =9i(0), i=12,....k, (9.52)
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are analytically computable, involve collectively each 6;,¢ = 1,2,...,k, and
are functionally independent. Set up the k equations

j=1

and solve for §. The resulting solution 0 is, under regularity conditions, a
consistent asymptotically normal estimate of 8, which is called a method
of moments estimate. O

In the case of conditionally specified densities, the method of moments
technique works quite well but may well involve repeated recomputation of
the awkward density norming constant in our efforts to solve the equations
of the form (9.53). In the case of densities involving conditionals in expo-
nential families, a judicious choice of ¢;’s in (9.53) actually gives method of
moment equations which are exactly the likelihood equations displayed in
(9.23). The solution of these equations, as is the case for almost any other
set of moment equations, will repeatedly involve the normalizing constant;
feasible but tiresome.

A clever swindle due to Strauss (introduced in Arnold and Strauss (1988a))
helps us avoid the problems with the normalizing constant. Of course a
small price must be paid in terms of reduced efficiency but, when the nor-
malizing constant is particularly fearsome, that may be judged to be a
very small price to pay. The technique will work well in most conditionally
specified models. It relies on a simple device of treating the awkward nor-
malizing constant, say k(0) = 6p, as an additional parameter in addition
to the k 0;’s and setting up one additional moment equation, k + 1 in all,
and solving for 8,01, ...,0;. The estimated values obtained for 6y,..., 0
in this way are clearly again consistent asymptotically normal estimates. A
simple example, once again the exponential conditionals case, will illustrate
the technique.

Example 9.7 (Exponential conditionals distribution). Suppose we
have n observations from the density

fX,Y(aj> y) = k(Q) eXp[_(elx + 922/ + 03$y)] , L,Y > 07 (954)

where k(6) is such that the integral over the positive quadrant equals 1.
Denote k() by 6y and treat (9.54) as a density involving four parame-
ters 0, 01,02, 03 (ignoring for convenience the fact that g is a function of
917 927 93)
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Now consider the following four functions of (X,Y):

¢1(X7Y) = X,

$(X,Y) =Y,

P3(X,Y) = XY,

p4(X,Y) = (X +Y)2 (9.55)

Note that the number of ¢;’s is one more than the true dimension of the
parameter space. We propose to equate sample averages of the ¢;’s in (9.55)
to their expectations written as functions of 61, 05, 03, and 6y and solve for
the parameters. It is not difficult to verify that

E(X) = (00— 1)02/03,
E(Y) =(00—1)01/03,

9.56
By = 02000~ ) + 651~ 0~ 62) + 00001+ 03) (9.56)
93
and
2 1 2 2 1 1
BI(X + Y] = o5 | (1= 60)(6} + 68) + 606160265 | o + - || +2B(xY).
3 1 2

Consistent estimates are then obtainable by solving the system
1 n
= Z X, = E(X),
i

1 n
n; (Y)
(9.57)
1 Z X,Y; = E(XY),
n

i=1

for 007 01, 92, and 03.
A slight variation on this scheme actually permits us to write explicitly a
set of consistent asymptotically normal estimates. Define, following Arnold
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and Strauss (1988a),

1<
X=- Xz,
N
Y=->"V,
n -
IZTLI
S2 =—% (X; — X)? )
% n; )2, (9.58)
1 — _
2 __ 2
SY*E;(Y;*Y)’
1 — _

and
RXY :Sxy/ 53(532/

By the strong law of large numbers we know that, as n — oo,

X 2 (6 — 1)6/0s,

Y 2 (00— 1)01/05,
<;z +6p — 93)
Rxy 5 p(X,v) = 12 (9.59)

03
1+ —— —9
9,05 °>

b (
oxr a.S.
T=./S35Z/Xy 3 a1y

Now we equate the left- and right-hand sides of the expressions in (9.59) and
solve. We obtain the following relatively simple consistent asymptotically
normal estimates:

6o =T/(1+ RxvyT),

01=00/[X (00 +T (6o —1))],

02 =00/[Y (00 +T (6o —1))],

03 =00(60 — 1)/[XY (6o + T'(60 — 1))].

(9.60)

Note that in these expressions the true value of 6 is always > 1. The true
correlation is always nonpositive so that the estimated value of 8y given
in (9.60) will usually be also > 1. If § < 1, then this can be taken as an
indication that the data do not fit the exponential conditionals model. O
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Example 9.8 (Centered normal conditionals distribution). Recall
that we have data (X1,Y1),(X2,Y2),...,(X,,Y,) with common density
(3.51). Treat the normalizing constant §(c) = § as a fourth parameter and

define
1<
X2=—Y% Xx?
1<
Y2==-9Y Y?
n; v
|
2 _ 2_722
SX2_nZ;(Xi X)a
1 & —
2 2 2\2
SY2fn§(Yi Y)»

CIN~yvz Wy v
Sxeya =D (XF = X7)(¥? -V?),

i=1
then by the strong law of large numbers, we may conclude that as n — oo:

X2 %% 52(1 — 2c6),
Y2 L5 52(1 — 206),

Sx2Sy2 a.s. 1 =+ 26 — 40252
T = — —_— ——
X2 xY?2 (1 —2¢6)?

)

SX2y2 a.s. 1 — 20 —4cd + 46262
R = _
Sx2Sy2 -1 - 2(5 + 402(52
By equating these statistics to their a.s. limits and solving, the following
strongly consistent estimators are obtained:

é = i 1+RT—2T—11+_£; : (9.61)
5 = (21(1_;)}7;?27 (9.62)
o? = li(;cé (9.63)
o2 = %;5 (9.64)

and, therefore, k = exp(éd) will be the estimator of the normalizing con-
stant. O

Yet another manner to obtain suitable moment equations exists in the
exponential conditionals case. Note that if (X,Y") have joint density given
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by (9.54) it follows that:

and
(02 +65X)Y ~T(1,1). (9.66)

Equating sample moments of the variables on the left-hand sides of (9.65)
and (9.66), with their corresponding known theoretical expectations, will
give us a plethora of moment equations to choose from (and, incidentally,
no guidance on how to choose among them). For example we could set up
the following three equations:

1 & 1 &
GIE;Xi‘Fe?)gi:ZlXiYi:L
1 — 1 —
0o ;Y + 05— ;:1: XY =1, (9.67)

and
2= X2 40220 X2Y2420,05- ) X2V =2,
17’),; z+3n; Y+ 13”; i
and solve for 61,05, and 03.

Another possibility would involve choosing 61,6, and 63 to minimize
some weighted sum of squared deviations between sample and theoretical
moments corresponding to (9.65) and (9.66). Thus our objective function
might be

Soer { [,11 S er XK <j!>]
j=1 (=1 i=1

2

2
J n
St x| b s
=1 i=1

where M is not too large. Other possible schemes will occur to the reader.
Note that techniques of this type can also be used for the general normal
conditionals distribution. In that case, we can write

P (Y)(X = ¢2(Y)) ~ N(0,1) (9.69)

S|

and
¢3(X)(Y — ¢a(X)) ~ N(0,1) (9.70)

for suitably chosen ¢1, ¢, @3 and ¢4. Then we can equate several sample
and theoretical moments of (9.69) and (9.70) and solve to estimate the pa-
rameters. Another situation where the technique works is the case where
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the conditionals are gamma distributed with unknown but constant shape
parameters. In that case, X (61 + 65Y) and Y (63 + 63X) have gamma dis-
tributions with unit scale and constant shapes, so equations analogous to
(9.67) are readily set up.

Example 9.9 (Gamma conditionals distribution Model IT). In the
above situation, if we assume in addition that #; = 62 = 1, not only can we
set up equations analogous to (9.67) but we can even obtain closed-form
solutions. The common density of the (X;,Y;)’s in this case can be written
as

kr,s(c) r—1,s—1_ —x—y—czy

fxy(@,y) = W y e
Then we have
X(1+¢Y) ~T(r,1) independent of Y, (9.71)
Y(1+cX) ~T(s,1) independent of X, (9.72)
and, consequently,
E[XY(1+¢Y)] =E[X(1+cY)| B[Y], (9.73)
E[XY(1+cX)] = E[Y(1+cX)| E[X]. (9.74)

Addition of these equations, and some algebraic manipulation, leads to

cov(X,Y)
=9 V1) 9.75
¢ cov(XY, X 1Y) (9.75)

From (9.71) and (9.72) we get

EX(1+4cY)|=r,

(9.76)
E[Y(1+cX)]=s.
Now we define the sample moments
1 n
Y: - ZX“
i
1
Y=-— Yvia
3
1 it (9.77)
XY=-3 Xy,

and
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1< — - =
Sxvxiy = (XY -XY) (Xi+Y;, -X-Y). (9.78)
i=1
Finally, using (9.75) and (9.76), equating the statistics in (9.77) and
(9.78) to their population values, we obtain the following consistent esti-
mates of the parameters:

S
¢ = —2 %Y (9.79)
Sxv,x+vy
P = X —eéXY, (9.80)
§ =Y -—c¢XY. (9.81)
O

9.8 Log-Linear Poisson Regression Estimates

The curse of the normalizing constant has been shown to be avoidable by
small swindles such as treating conditional rather than full likelihood or by
introducing an extra parameter of convenience. Consistent, but generally
not fully efficient estimators, result from these manoeuvres. In this section
another simple swindle is introduced. The motivation and explanations are
simplest in finite discrete cases; so we begin with such an example.

Suppose (X1,Y7), (X2,Y3),...,(X,,Y,) are i.i.d. random variables with
a common binomial-conditionals distribution (recall Section 4.12). Here
ny,ng are fixed and known and the joint density for (X,Y") can be written
in the reparametrized form

fxy(z,y) =exp 0o + c(x,y) + 01z + Oay + O37Y]
(9.82)
X I(J? S {O,l,?,,nl})f(y S {0,1,27...,112}),

where ¢(x,y) = log (T;l) + log (7;:2) ,01 € R,05 € R,03 € R. Of course

0y is the awkward normalizing constant. We wish to estimate (61, 6s,03).
For each possible value (i, j) of (X,Y) let N;; denote the number of obser-
vations for which X =i and Y = j. Let N denote the two-way contingency
table of Nj;’s. The random variable N has a multinomial distribution, i.e.
N ~ multinomial(n, p), where

logpij =0y + C(i,j) + 6017+ 025 + O3ij. (9.83)

But instead, if N* were thought of as having coordinates that are inde-
pendent Poisson(p;;) random variables, then the conditional distribution of
N* given 377 3702 N = n, would be, again, multinomial(n, p). Conse-
quently, the likelihood associated with (9.83) is identical to the likelihood
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associated with an array of independent Poisson random variables N;; with
means fb;; = Pij-

Thus, we are in a Poisson regression situation, in which the logarithms of
the means of the N;;’s are linear functions of covariables ¢(i, j) (with known
coefficient 1), i, 7, and ij. Standard Poisson regression algorithms will then
yield maximum likelihood estimates of 61, 62, and 65 (the “intercept” 6 is
of no interest to us).

Such estimates being maximum likelihood estimates will be consistent
and efficient asymptotically normal estimates.

Lindsey (1974) recommends use of this approach in many nondiscrete
cases via grouping of the data. Moschopoulous and Staniswalis (1994)
pointed out its potential utility for conditionally specified models. Grouping
will undoubtedly reduce the efficiency of the resulting estimates, neverthe-
less, good consistent asymtotically normal estimates can be obtained in
this manner for all our models involving conditionals in exponential fam-
ilies. And, as Moschopoulous and Staniswalis (1994) show, they can be
remarkably efficient. We briefly describe the technique here. More details
can be found in Moschopoulous and Staniswalis (1994), in Lindsey and
Mersch (1992), and in Lindsey (1974).

Suppose that (X1,Y7),(X2,Y2),...,(X,,Y,) is a random sample from
a general bivariate conditionals in exponential families distribution with
density (4.5). Thus

log fx.y (z,9) = e(,y) + |4V (@) Mg® ()], =€ S(X), yeSM).
(9.84)

We will group the data to transform our problem into a multinomial prob-
lem. Following Moschopoulous and Staniswalis (1994), we let R(A1, Ag) =
{Ri;})=1% denote a partition of the support of fxy where each R;; =
{(z,y),z € (i —1)A1,iA;] and y € ((j — 1)Az, jAs]}. Hence each element
R;; in the partition R is a rectangle with area A;A, and is centered at the
point (z;,vy;) = ((¢ — 0.5)Aq, (j — 0.5)As). Let N;; denote the number of
observations in the sample (X1,Y7), (X2, Y2),...,(X,,Y,) falling in R;j;.

Instead of maximizing the likelihood of the original data (the (X;,Y;)’s)
we deal with the multinomial likelihood of the N;;’s. Observe that

P((X,Y) € Rij) = MaAofx vy (xi,y5)- (9.85)
So the likelihood based on the Ny;’s is
L= I I Aidafxy (@)™ (9.86)
1=—00 j=—00

Of course, in practice, only a finite number of the N;;’s will be nonzero
(they sum to n), so only a finite number of factors in the right-hand side
of (9.86) need be considered. But from (9.84) it is obvious that p;;, the
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probability associated with cell (¢, j) (i.e., with R;;), will satisfy
log pi; = —log Ay — log Ag + (s, y;) + g(l)(xi)'Mg(z) (y;)- (9.87)

So, as in our simple binomial conditionals example, we can estimate the
elements of M by Poisson regression.

9.9 Bayesian Estimates

The general paradigm for Bayesian inference involves specification of an
acceptable likelihood function f(z;8) for the data, elicitation of an appro-
priate prior density for the parameter 6, say g(f), and then, via Bayes
theorem, determination of the resulting posterior density of 6 given X = z,
ie.,

f(@lz) oc f(z;0)9(8), (9.88)

to be used for subsequent inference regarding ¢. Naturally, if the likelihood
f(z;0) is only known up to a constant of proportionality, as is the case in
many conditionally specified models, the Bayesian technique will flounder.

Definition 9.5 (Bayes estimate). The mean or the mode of the pos-
terior density is used as an estimate of § and is known as the Bayes
estimate. |

The computation of the posterior mean or mode will generally be impos-
sible if f(z;0) is only known to be of the form

c(@)g(z;9),

where ¢(6), to be chosen so that [ f(z;6) dz =1, can only be numerically
evaluated for each choice of 6.

A computer intensive solution is of course possible. For a conditionals in
exponential families data set our likelihood can be written in the form

n

I /@i yis0) = [0(©)) " exp | - Z 0;T;(z,y) | (9-89)

i=1

where @ € O, a subset of R (here M, the dimension of the parameter
space, can be quite large). Any integral of a function of 8 over © can be
approximated to a desired level of accuracy by averaging the values of the
integrand evaluated at a large finite number of equally spaced points in ©.
Denote this grid of points in © by G.

For illustrative purposes we will focus on the case in which 8 > 0.

Now assume a joint prior for § with independent gamma marginals, i.e.,
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GZ- ~ F(Ozi, )\z)

with ay, A; chosen to match our elicited prior mean and variance of the
parameter 0;. It follows that the posterior expectation of any parametric
function h(@) given X = z will be well approximated by

M M
S RO ()] (H 9) exp [— S 01Ty (2, y) + Al
0eG i=1 j=1
B(h©)X —z) = - -
> W(@)]‘”(H 92“1) exp [— > O[Tz, y) + /\j]]
0eG i=1 j=1
(9.90)
The choice h(d) = 6; will then give us the approximate squared error

loss Bayes estimate of ¢;. Implementation of this approach will require
evaluation of () at each of the many points in G.

A second alternative is to use independent gamma priors and then use
the mode of the posterior as our estimate of §. The computations required
for this approach are exactly the same as those required for maximum
likelihood estimation.

A third avenue involves incorporation of the normalizing constant in the
prior. The general technique will be clear after working through an exam-
ple. Consider a sample of size n from a conditionals in one-parameter expo-
nential families distribution with unit scale parameters and one unknown
interaction parameter . Thus our likelihood is

I fxv (@i i 0) = [(0)] " exp {Z[ql (i) + q2(yi) — 9611($i)£12(yi)} ;

i=1 i=1
(9.91)
where 6 > 0.
Consider the family of prior densities

G (6) o< [(6)]"6° e . (9.92)

Now elicit from the researcher an appropriate prior mean and variance for
6 and choose o and A so that the prior g x(#) defined in (9.92) has that
mean and that variance. This will require a small amount of numerical
integration but can be accomplished. With the appropriate choice, say o*
and \*, of hyper-parameters in (9.92) the posterior density becomes

fOlz,y) = f(z,y;0)ga-x-(0)
o 90(*—16_9[)‘*—"_2?:1ql(wi)qQ(yi)]- (993)



9.9 Bayesian Estimates 221

Evidently the posterior is a gamma density and, for example, the squared
error loss Bayes estimate of 6 will be the posterior mean, namely,

—1

b =" [N +> a(X)e)| . (9.94)
=1

In the case of a conditionals in exponential families model involving sev-
eral parameters 61,05, ..., 0, we merely take a convenient joint prior from
the family

M
gar(0) = [w@))" [T 657 e . (9.95)
j=1

We might reasonably choose o and )\ to match prior means and variances of
the 6;’s. Having done that (a nontrivial job involving considerable numeri-
cal integration, see below) the posterior density will factor into independent
gamma marginals, and Bayes estimates of the coordinates of § are imme-
diately available. A Bayesian purist might object to the appearance of n in
the prior. Surely changing the sample size shouldn’t affect the prior. The
response to this criticism is that the change in n has not affected the prior.
It has, however, changed the class of convenience priors that we select from
to approximate our prior. From this viewpoint, the approach is philosoph-
ically no more objectionable than is the customary use of conjugate prior
families in routine Bayesian analysis.

The fly in the ointment associated with the use of priors like (9.95) is
the job of matching up prior means and variances. It will probably involve
evaluating ¢ (0) at all points in some grid to evaluate numerically the mo-
ments of (9.95). If this is done then the work is essentially equivalent to
that needed for an approximate standard Bayesian analysis using indepen-
dent gamma priors. The technique, involving the use of (9.95), would have
value if we envisioned analyzing several data sets using the same prior.

9.9.1 Pseudo-Bayes Approach

A final entry in the list of Bayesian and Bayesian motivated methodologies
may be dubbed the pseudo-Bayes approach.
Definition 9.6 (Pseudo-Bayes estimate). If we replace the likelihood

n

f(a,y;0) = [ [ f@isvi:0)

i=1
by the pseudolikelihood

n

Hf(xi\yi;ﬁ)f(yi\xi;@

i=1
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and then seek the mode or mean of the resulting pseudo-posterior density
of 4, i.e.,

FOlz,y) o< g(0) [ [ £(lyi: 0) f (yilai: 0). (9.96)
i=1

we obtain a new estimate, which is called the pseudo-Bayes estimate. O

This ad hoc approach performs remarkably well. Naturally, for large n,
the pseudo-Bayes estimate will be very close to the pseudolikelihood esti-
mate (or conditional likelihood estimate if you wish) which is consistent
and asymptotically normal. It is not clear precisely how the use of (9.96)
accommodates the prior information implicit in the assumption of g(6) as
a prior. It is evident that (9.96) is not a true posterior density for any
non-data-dependent prior. Some preliminary work on properties of such
estimates has been reported in Arnold and Press (1990).

One disturbing feature of this approach is that the pseudo-posterior
density appears often to have smaller variance than the true posterior
density (when it can be calculated). In a sense, (9.96) is behaving as if
there are 2n, instead of n, observations. A quick fix would be to replace
the pseudolikelihood by its square root, i.e., use as a pseudo-posterior the
function

F(6lz,y) x g(8 Hfm, f(yili; 0). (9.97)

However, reliable rules for recommending which of (9.96) or (9.97) (or
indeed a form involving some other power of the pseudolikelihood) to use
are lacking at this time.

9.10 Multivariate Examples

Although the concepts discussed in bivariate settings in this chapter usually
extend readily to higher dimensions, the associated book-keeping can be
depressing. We will limit ourselves to a brief discussion of two quite simple
k-variate models.

Example 9.10 (k-variate exponential conditionals). Suppose that we
have a sample (&(1), e ,X(")) from the joint density

k k
fx(z) = ¢(0) exp l Z z; — 0 H 4 , z>0, (9.98)

where ¢(J) is the appropriate normalizing constant. This is a simple ex-
ample with exponential conditionals. In this case, a method of moments
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approach works well for estimating ¢. Note that for each i,

Xi|X(i) =Ty T 1,1+5sz

J#i
and so
X [1+0]]x; I(1,1).
JFi
Consequently
k
X)+0E | [[ X
j=1
and
k k
Y E(X)+kéE | [] X, (9.99)
i=1 j=1

From (9.99), equating sample and population moments, we find a simple
consistent estimate of § of the form

(9.100)

O

Example 9.11 (Simplified centered k-variate normal condition-

als). Suppose that we have a sample (X(l), . ,K(")) from the joint den-
sity

(&) = )@ M (01 ) exp {; [Z (2)eIT (j)] } ,

where o; > 0,i=1,2,...,k,¢ >0, and ¥, (c) is an appropriate normalizing
constant. Clearly (9.101) is a particularly simple k-dimensional density with
normal conditionals.

The moment generating function of (X7, ..., X7) is given by

M(s1,...,s) = FE(e s1X24.. +st,§)
(- 2510%)~ /2, (11— 25160]3)*1/2%6(0) (9.102)
IR (1—2s10%)" - (1 —2s02)" 1]
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Unfortunately, for dimensions higher than two, the normalizing constant
Y (c) does not satisfy a simple differential equation, and this fact makes
the estimation process somewhat more difficult. First, we verify that for
1,7 €4{1,2,....k},

B(X?) = o2(1 —2cbi(c)), (9.103)
V(X?) = o}(2—8coi(c) — 4c%5;,(c)), (9.104)

E(X}X7) = (0i05)*(1 — 8ci(c) + 4¢*8;(c) — 48, (c)), if i # j,
(9.105)

2¢6y(c) + 2¢26;.(c)
X2, X% = k 1
p(X7, J) —1+4C5k(c)+2625]/€(c)7 (9.106)

k k
E(H X2) = 26k(c) H o2, (9.107)

where d;(c) = V. (c)/Yr(c) and 0, (c) = ddk(c)/de. Formula (9.107) can be
easily deduced taking into account the fact that E(dlog fx(z)/dc) = 0.
For convenience, for estimation by the method of moments, we consider
0 and J), to be new parameters. By the strong law of large numbers, as
n — 00),

X2 %5 B(X2) = 02(1 - 2c6k),  i=1,2,...,k, (9.108)
2/k 2/k
ﬁ Sxz |7 as, ﬁ VYO 2= 8eb—acs, o0
i=1 Xizz i=1 B(X?) B (1 —2cdx)? .
2 a.s. 2¢dy, + 2626
— X7, X3) =5 k 110
k(k—1) ; r( )= —1 + 4cdy, + 2¢%6), (9.110)
Hz 1X (ZS E(H1 1X2) 25143 (9111)

Mo XF T, ) (- 2e
Observe that, when k = 2, only (9.108) to (9.110) need to be used, and
(9.111) is unnecessary. We denote by u, v, and w the statistics defined
on the left sides of (9.109)—(9.111). If we equate the left and right sides of
(9.108)—(9.111) and solve for ¢, 0k, and J;, we obtain the strongly consistent
parameter estimators

¢ = 29(U, V)WL -2g(UV)", (9.112)
o = g(U,V)/é, (9.113)
62 = X2/(1—2¢&), i=1,2,...k, (9.114)
where
g(U, V)=V (U —1)/2U(V —1). (9.115)

O
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9.11 Bibliographic Notes

Castillo and Galambos (1985) studied maximum likelihood for the nor-
mal conditionals model. They also considered marginal likelihood. Arnold
(1987) discussed maximum likelihood for the Pareto conditionals model.
Conditional likelihood techniques were discussed in Arnold (?) and Arnold
and Strauss (1988a, 1988b, 1991). Estimates obtained using the method
of moments were introduced in Arnold and Strauss (1988a). The Poisson
regression estimation approach (Section 9.8) was introduced by Moschop-
oulous and Staniswalis (1994). Most of the Bayesian estimation material
has not appeared elsewhere. The exception is the pseudo-Bayesian mate-
rial which is based on preliminary research contained in a working paper
by Arnold and Press (1990).

Exercises

9.1 Consider a bivariate binary distribution (X,Y) such that if p;; =
P(X =i,Y =j), fori,j =0,1,

Poo =pio=po1 =06, pnu=1-36, 0<60<1/3.

Suppose we have a random sample of size n, and let N;;, 7,5 = 0,1,
be the corresponding frequencies.

(a) Prove that the maximum likelihood estimator of # is given by

é _ n—ni
3n
with variance
6(1 —30)
RI
(b) Prove that the estimator which maximizes the marginal likeli-
hood is
b — 2n0o + no1 + n1o
m 4n
with variance
(3 —89)
Sn

(c) Prove that the pseudolikelihood estimator of 6 is

G o1 + N1o
3(no1 + n1o) + 2n11

with asymptotic variance

6(1— 36)(1— 0)
2n '



226 9. Estimation in Conditionally Specified Models

(d) Prove that the pseudolikelihood estimator and the marginal
likelihood estimates have less than full efficiency for 0 < 6 < 1/3.

() Prove that the variance functions of 0,, and 0. cross at 6 = 1/6,
showing that in general we cannot expect 8, to be a uniformly
better or worse estimator than 6.

(Arnold and Strauss (1991).)

9.2 Let (X1,...,X,) be a random variable with joint pdf,

fz1, .., xn) = dnlc) ﬁ %exp <_Z%_CHZ>’

=1 Y1 2

i=1 i=1
l’iZO, i=1,...,n,
where o; > 0,7 = 1,...,n, ¢ > 0, and ¢,(c) is the normalizing

constant.

(a) Describe a method for obtaining ¢, (c) using simulations from
independent exponential random variables with mean o¢;, i =
1,...,n.

(b) Show that
1 €Z;
X1|X(z) = () ~ Exp | — 1+CHf
7i i 79

withi=1,...,n.
(c) If 6, (c) = dlog ¢n(c)/dc, show that

E(XZ) = 0; [1 - 571(6)] )

var(X;) = o} [1—2¢8,(c) — c*0,(c)]
E(X;X;) = o0i0;[1—3cd,(c)+c*52(c) — 0l (c)], i #j,
(X0, X;) = con(c) + c#0,,(c)

=1+ 2¢dy,(c) + 28, (c)’
E(Xy---X,) = o1 -0p0n(0).

(d) From a multivariate random sample of size m, and using (c),
obtain consistent estimators of the parameters o1, ..., 0, and c.

9.3 Consider the bivariate joint pdf given by
f(z,y:0) = k(0)zy exp(flogzlogy), 0 <z, y <1,

with 8 <0.
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(a) Obtain k(0).
(b) What is the sufficient statistic for 67

(¢) Obtain estimators for 6 using maximum likelihood, marginal
likelihood and pseudolikelihood. Obtain the asymptotic vari-
ances and compare them.

9.4 Consider the Model II with gamma conditionals given by (4.45) and
with joint pdf

flz,y) = Mmrly51 exp (—x /o1 —y/og — cxy/o102) .

Assume that r and s are known parameters, and that we wish to
estimate o1, 0y, and ¢ from a bivariate random sample of size n.

(a) If 6, 5(c) = dlogk, s(c)/dc, prove that the maximum likelihood
estimators of the parameters satisfy the equations

X
o= cdrs(c)’
Y
72 = 5 by s(c)’
XY dr.s(c)

XxY [r —cdrs(c)] [s — by s(c)]
(b) For a particular value of r and s, obtain a table for evaluating
the maximum likelihood estimator of the parameter c.

(c) Obtain the Fisher information matrix and the asymptotic vari-
ances.

9.5 Suppose that a sample of size n is available from a centered Cauchy
conditionals distribution (5.75). Outline a suitable algorithm for ob-
taining pseudolikelihood estimates of the three parameters in the
model.

9.6 Suppose that a sample of size n is available from a Pareto conditionals
distribution (5.7). Derive the pseudolikelihood equations for estimat-
ing the parameters of the model and outline an iterative algorithm
for solving them.

(Arnold (1991).)

9.7 Suppose that a sample of size n is available from a bivariate distri-
bution with conditionals in exponential families (4.5). Verify that the
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maximum likelihood estimates of the parameters of the model are
solutions to the equations

EgO (X)) = = qa)

n

Bl (0@ (V)] = - S @ (0@ ()’

i=1

(Arnold and Strauss (1991).)
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Marginal and Conditional
Specification in General

10.1 Introduction

A k-dimensional density function is determined by certain combinations of
marginal and conditional densities. It would be desirable to identify all pos-
sible such specifications. Considerable progress can be made in this direc-
tion. A key result is a uniqueness theorem due to Gelman and Speed (1993).
However, the issue is clouded by the existence of certain non-standard
examples dating back at least to Seshadri and Patil (1964). We will be-
gin by surveying marginal and conditional specification in the bivariate
case and then enumerate carefully the available results in higher dimen-
sions. Throughout we will assume absolute continuity with respect to some
convenient dominating measure.

10.2 Specifying Bivariate Densities

For a two-dimensional random variable (X,Y) it is common to use some
combinations of marginal and/or conditional densities to describe the joint
density of (X,Y"). Thus, we might specify the marginal density of X, fx (),
and for each possible value x of X, specify the conditional density of Y given
X =z, i.e., fy|x(y|z). Clearly, this yields enough information to character-
ize the joint density fx y (z,y) uniquely. This is a trivial characterization
result. But others are of course possible. If we are given both families of con-
ditional densities, i.e., fx|y(z|y),Vy € Sy, and fy|x(y|z),Vx € Sx, then,
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as outlined in Chapter 1, we can identify suitable consistency conditions and
identify situations in which such conditional specifications uniquely deter-
mine the joint density fx y(z,y). But, what if we are given one marginal
density, say fx(z) and the “wrong” family of conditional densities, i.e.,
Ixv(zly),y € Sy? Can we characterize the joint density in this case? The
perhaps surprising answer is: “Sometimes.”

It is convenient to first consider the finite discrete case and then to extend
to more general settings (just as we did in Chapter 1). Thus we assume
that X and Y are discrete variables with possible values x1, x2, ...,z and
Y1,Ya2,---,YJ, respectively. Suppose that we are given a matrix A and a
vector 7 and we ask whether there exists a compatible joint distribution
for (X,Y), i.e. one such that

P(X:SCZ‘Y:yJ) = 45, Viaja (101)

and

If a compatible distribution exists, it is natural to then ask if it is unique.

The problem is actually quite easy to solve. What we seek is a compatible
marginal distribution for Y say n (where n; = P(Y = y;)) which can be
combined with A to completely specify the joint distribution of (X,Y).
Such a vector n must clearly satisfy

J
T, = Zal—jnj, Vi. (103)
j=1

This is equivalent to the statement that r belongs to the convex hull of
the columns of A. A necessary and sufficient condition for this to be true
is that

7-c¢< max {A(j) -g}, Vee RE. (10.4)
1<j<7
An algorithm (due to Vardi and Lee (1993)) for determining 7, given a
compatible pair A and 7, will be described after we introduce the more
general case.

Of course, a member of the convex hull of the columns of A is not usually
a unique convex combination of those columns. Even if all the columns
of A are extreme points of the convex hull they determine, it is possible
that points in the convex hull may not be represented as a unique convex
combination of the columns of A.

Example 10.1 (Uniqueness example). Consider

A (e 28
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and
r=(1/3 2/3).

Here A and 7 are compatible and 7 is a unique convex combination of the
columns of A. The unique compatible joint distribution P = (p;;) where
pij = P(X =x,;,Y =y;) is given by

})::< 4/21 3/21)1

12/21 2/21
O
Example 10.2 (Multiple solutions). Consider
e 1/4 3/5 1/8
- \3/4 2/5 7/8
and
r=(1/3 2/3).
Here A and 7 are compatible but there is not a unique compatible P but
a continuum of compatible P’s. O

Example 10.3 (Incompatible example). Consider
e 1/4 3/5
~\3/4 2/5
and
r=(1/16 15/16).

These are not compatible since 7 is not a convex combination of the columns
of A. O

In a more general setting, suppose that (X,Y") is absolutely continuous
with respect to p1 X pe on Sx x Sy. Suppose that we are given two func-
tions u(x) and a(z,y) and we ask whether there exists a compatible joint
distribution for (X,Y), i.e., one such that

fx(x) =u(z), Ve Sx, (10.5)
and, for each y € Sy,
fxpy(zly) = alz,y), Ve Sx. (10.6)

In addition, we may ask when there is a unique such compatible distri-
bution.

It is clear that u and a will be compatible if there exists a suitable density
for Y, say w(y), such that

u(x) :/S a(z,y)w(y) dy, Yz € Sx. (10.7)
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Thus v and a are compatible if and only if w can be expressed as a
mixture of the given conditional densities {a(z,y) : y € Sy }. Uniqueness of
the compatible distribution fx y (x,y) = w(y)a(z,y) will be encountered if
and only if the family of conditional densities is identifiable.

Example 10.4 (Uniqueness). Suppose
a(z,y) =ye "YI(x > 0)
and
u(z) = (1+z)"2I(z > 0).

It may be verified that these are compatible. The corresponding density

for Y is
w(y) =e YI(y > 0).

Identifiability of the family (ye=*¥I(z > 0,y > 0)) may be verified using
the uniqueness property of Laplace transforms, consequently there is a
unique joint density corresponding to the given a and u, namely

fxy(z,y) =ye (2 > 0)I(y > 0).
O

Suppose now that we are given v and a. How can we identify the corre-
sponding mixing density w(y)? A clever iterative solution is available from
Vardi and Lee (1993). Let wg(y) be an arbitrary strictly positive density
on Sy. Now, for n =0,1,..., define

alz, y)u(x) da (10.8)

w1 (9) = wn(y) sx Jg, wn(@alz,y') dy'

Theorem 10.1 (Convergence of the Vardi and Lee scheme). The
iterative scheme (10.8) will always converge. If a and u are compatible it
will converge to an appropriate mizing distribution w(y). O

If @ and u are incompatible, (10.8) will converge to a function w(y), where
w minimizes the Kullback-Leibler information distance between u(z) and

/ a(z, y)w(y) dy
Sy
for nonnegative functions w(y).
In the finite discrete case, (10.8) assumes the form
n,>01is arbitrary

and for each j, for n =0,1,2,...,

J
n+1 n n
A S e (e )| 0w
1

i=1
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TABLE 10.1. n marginals obtained after different iterations using the Vardi and
Lee method in Example 10.5.

Iteration (n) n. Tteration (n) n.

1 (0.5328, 0.4672) 20 (0.7394, 0.2606)
2 (0.5616, 0.4384) 30 (0.7543, 0.2457)
3 (0.5867, 0.4133) 40 (0.7593, 0.2407)
4 (0.6085, 0.3915) 50 (0.7610, 0.2390)
5 (0.6274, 0.3726) 60 (0.7616, 0.2384)
6 (0.6437, 0.3563) 70 (0.7618, 0.2382)
7 (0.6579, 0.3421) 80 (0.7619, 0.2381)
8 (0.6702, 0.3298) 90 (0.7619, 0.2381)
9 (0.6809, 0.3191) 100 (0.7619, 0.2381)
10 (0.6902, 0.3098) 00 (16/21, 5/21)

Example 10.5 (Uniqueness example). Consider again

A= (e 2y
and

r=(1/3 2/3).

Using the Vardi and Lee iterative method in (10.9) we get the results in
Table 10.1. Note that the convergence is quite slow.
Using the asymptotic value of n = (16/21,5/21) we get a joint probability

p_ (421 12/21Y _ (0.190476  0.571429
—\3/21 2/21 0.142857 0.0952381 ) °

Since its X-marginal coincides with 7, it follows that A and 7 are com-
patible. O

Example 10.6 (Multiple solutions). Consider once more

C(1/4 3/5 1/8
A<3/4 2/5 7/8>

and
r=(1/3 2/3).

Using the Vardi and Lee iterative method in (10.9) we get

n = (0.328009, 0.352278,0.319712)



234 10. Marginal and Conditional Specification in General

and the corresponding P becomes

p_ 0.0820023 0.211367 0.0399641
~\0.246007  0.140911 0.279748 ) °

Since the resulting X-marginal
Px =(0.333333 0.666667 )

coincides with 7, it follows that A and 7 are compatible.
Note that we are not able to detect that there is more than one compat-
ible P matrix, though we do obtain one of them. o

Example 10.7 (Incompatible example). Consider

A= (e 2y

and
r=(1/16 15/16).

Using the Vardi and Lee iterative method in (10.9) we get
n= (17 0)

and the corresponding P becomes
0.25 0
P= (O.75 0) '
Since the resulting X-marginal
Px =(0.25 0.75)
does not coincide with 7, then the given A and 7 are incompatible. O

Where did (10.8) come from? It can be visualized as follows.

Act as if the density of Y is wy(y). Combine this with a(z,y) to get a
joint density for (X,Y"). Compute the family of conditional densities of Y’
given X from this density. Combine this with the marginal u(z) to get a
new joint density for (X,Y’) whose Y marginal will be denoted by w.,+1(y).

Algorithm 10.1 (Obtaining a compatible joint distribution of (X,Y)
given the conditional X|Y and the marginal of X).

Input. A conditional probability density function a(x,y) = fx|y(z|y), an
X -marginal probability density function fx(x), and an Error.

Output. The corresponding compatible Y -marginal density function fy (y)
and the joint probability density function fx y(x,y) or a close alter-
native.
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Step 1. Make Errorl =1 and choose an arbitrary Y -marginal probability
density function fo(y).

Step 2. Make fy(y) = fo(y).

Step 3. Calculate the joint density fx v (z,y) using
fxy(z,y) = fr(alz,y).

Step 4. Calculate the conditional density fy|x (y|x) using

B Ifxy(z,y)
frix(yle) = sy Fxox (@) dy’

Step 5. Calculate the updated Y -marginal probability density function fo(y)
using

folw) = [ Fx(afx(a) do
5(X)
Step 6. Calculate the error by

Errorl = /S(Y) |fy (y) — fo(y)| dy.

Step 7. If Errorl > Error, go to Step 2; otherwise return the marginal
probability density fo(y) and the joint probability density function

Ixy(z,y) and exit.

10.3 To Higher Dimensions with Care

In k-dimensions we can envision a wide variety of combinations of marginal
and/or conditional densities which might be used to characterize, perhaps
uniquely, a k-dimensional density. Gelman and Speed (1993) addressed the
question of identifying all such consistent specifications of multivariate dis-
tributions. We will review and develop their theorem in the following sec-
tion. The theorem was presented in the form of necessary and sufficient
conditions. Reduced to two dimensions, the theorem asserts that only con-
sistent specifications of one of the following forms will uniquely determine

fxy(@,y):
(i) fxjy(zly) and fyx (y|z);
(i) fxv(zly) and fy(y); or
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(iil) fyx (ylx) and fx ().

But what about Example 10.4 above? In it, fx(z) and fx|y(z|y) deter-
mine (uniquely) fx,y(z,y). A careful review of Gelman and Speed’s proof
suggests an appropriate amendment to make their theorem true. They as-
sumed a positivity condition, i.e., that fxy(z,y) > 0, Vz € Sx,y € Sy.
Under this assumption, the above list (i)—(iii) includes all situations in
which any consistent specification will uniquely determine fx y(x,y).

10.4 Conditional/Marginal Specification
in k£ Dimensions

We are concerned with k-dimensional random variables (X7, ..., X)) with
density f(x1,xa,...,x). For any vector x we define, for i =1,2,... k,

Z() to be the vector x with the ith coordinate deleted;
to be the vector x with the ith and jth coordinates deleted;

T

=(4,5)

T, to be the vector including the first ¢ coordinates of z; and
Z, to be vector z after deleting the first ¢ coordinates.

Thus always x = (&;, Z;). Analogously, we define the associated random vec-
tors X(i),z(m),ii, and X;. In k dimensions our standard unambiguous
notation for conditional densities, for example, fx, x,|x,,x, (%1, T2|73,24),
will prove cumbersome. Throughout the rest of this chapter we will, hope-
fully without loss of clarity and/or specificity, sometimes delete the sub-
scripts. The expressions are cleaner and the missing subscripts could always
be reintroduced by the reader if desired. Thus we will sometimes write
f(@1, x2|2s, x4) instead of fx, x,|x; x,(T1, 22|73, T4).

We focus on situations in which a finite number of conditional and/or
marginal densities is given and we wish to determine whether the given
set of densities is consistent and whether they uniquely specify the joint
density f(z1,...,zx). Following Gelman and Speed (1993), we can envision
that the given densities are represented by functions of the form f4z(alb)
where A and B are disjoint subsets of (X7, Xo,..., X;) and A is nonempty
while B might be empty (if that particular given density were a marginal
rather than a conditional).

Models specified in this way are known as conditionally specified proba-
bility models.

Definition 10.1 (Conditionally specified probability models). Con-
sider a set of variables X = {X1,..., Xx}. A conditionally specified proba-
bility model is a set of conditional and/or marginal probability distributions
of X of the form

P ={fap,(ailbi); i=1,...,m}, (10.10)
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which uniquely defines the joint probability density of X, where A; and B;
are disjoint subsets of (Xi,..., X)) and A; # 0, foreach: =1,2,...,m. O

Next, we discuss compatibility and other problems associated with condi-
tionally specified probability models. In particular, we address the following
questions:

e Question 10.1. Uniqueness:
Does the given set of conditional probability densities define a unique
joint probability density? In other words, does the set of conditional
densities provide enough constraints for the existence of at most one
joint probability density?

e Question 10.2. Consistency or compatibility:
Is the given set of conditional probability densities compatible with
a joint probability density for X7

e Question 10.3. Parsimony:
If the answer to Question 10.1 is yes, can any of the given con-
ditional probability densities be ignored or deleted without loss of
information?

e Question 10.4. Reduction:
If the answer to Question 10.2 is yes, can any set of conditional prob-
ability densities be reduced to a minimum (e.g., by removing some of
the conditioning variables)?

Of special interest are the conditional probabilities in canonical form.

Definition 10.2 (Conditional densities in canonical form). Any
function of the form fu p(alb) = fa;p(i,,...,24,|b) can be replaced by ¢
functions of the form

inj‘BX(xi”b, {aci‘7 cjg>m}), m=1,2...¢

and in this way any given collection of densities can be replaced by a list
in canonical form

in‘Ci].(xﬂcij), i:1,2,...,]{:7 j:1,2,...7ni, (10.11)
where each C}; is a subvector of X (i) O

An example will help clarify this notation.

Example 10.8 (Conditional densities in canonical form). Suppose
k = 4 and we are given the following set of marginal and conditional
densities:

le,X2|X3<-7317$2|373)a fX3|X4(373\$U4)7



238 10. Marginal and Conditional Specification in General

Ixo(22),  fxgxy,x. (w3]21, 74), (10.12)
fXg,X3,X4|X1 (9527 €3, CC4|HC1)7
Ix1,x (21, 22).

In canonical form this is equivalent to the following list of given univariate
conditionals and marginals:

fX1|X2,X3(931|332,fU3), fX2|X3(332|fU3), fX3|X4($3|334)

fxg(xz), fX3|X1,X4($3|x1»$4)» fX2|X1,X3,X4(352\£U17$37$4)7
Ixaixo,xa(@slr, ), fx,x, (alz1), fx,|x,(@1]22). (10.13)

This is a canonical form. It is not claimed to be, nor is it, a unique
canonical form. As Gelman and Speed (1993) point out, it is necessary to
check for consistency. For example, in the above list (10.13), the condi-
tional density fx,|x, (z2|z1) must agree with the form derivable from the
given densities for fx,(z2) and fx,|x,(71|r2) (Which together determine
Ix,,x,(w1,22) and hence fx,|x, (v2]71)). O

10.5 Checking Uniqueness

The uniqueness theorem of Gelman and Speed (1993) may be stated as
follows:

Theorem 10.2 (Uniqueness). Suppose that a collection of given margin-
als and conditionals in canonical form (10.11) is consistent in the sense that
there exists a joint density f(x1,...,xy) with the given marginals and con-
ditionals. The density f(xz1,xa,...,x) will be essentially unique provided
that, after possibly permuting subscripts, the list in canonical form contains
a set of the form

Fxgang, @lAni), i=1,2,...,k (10.14)

where each A; is a possibly empty subset oinfl. If any A;’s are nonempty
the list (10.14) must be checked for consistency. a

In conditional specification problems, life is simplest when the range of
each X; is a finite set. In this case we can express the joint density in
the form of a k-dimensional contingency table. Gelman and Speed actually
provide a proof of their theorem in this setting and, in addition, they assume
no empty cells, their positivity condition. With a little care, the theorem
remains valid in more general cases. The set of 2’s on which fx(z) > 0, say
D(X), does not have to be a Cartesian product. We do, in our consistency
check, have to make sure that only vectors or subvectors of elements of
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D(X) are referred to (10.14). In the discrete case this corresponds to the
natural requirement that the list (10.14) never involves conditioning on an
event of zero probability. There are two other potential problems to be faced
in the more general setting. First, the assumption of positivity of fx (z) on
a Cartesian product was important in the Gelman and Speed uniqueness
proof. Our experience in Chapter 1 suggests that some limitations on the
support set of fx(x) will be necessary (to avoid examples such as that
provided by Gourieroux and Montfort (1979)).

The resolution provided by Arnold and Press (1989b) in the bivariate case
may also be used in the present situation. We merely envision a Markov
process which generates X’s by cycling through the list of conditional den-
sities (10.14). If this process is indecomposable we have a unique marginal
distribution of X} which together with the list (10.14) uniquely determines
fXI,-«~7Xk (33‘1, .o ,xk).

The other crucial issue to be faced in more general settings involves in-
tegrability. If the range of the X;’s is unbounded (above or below or both),
then it is possible that the unique solution fx(x1,2s...,z) obtained from
(10.14) is not integrable and so does not represent a proper distribution.
Several examples of this kind are catalogued in Chapter 6. It should be re-
marked that the assumption of a positivity condition (i.e., fx (z1,...,2x) >
0 on some Cartesian product set) does not obviate the need to check
for integrability of the solution if the set on which fx(z1,...,2%) > 0
is unbounded.

Two simple examples will illustrate the need for the integrability check.

Example 10.9 (Uniform conditionals). In the first example we pos-
tulate that our random variables are positive and, for each j, X; given
X (j) = Z(;) is uniform on the interval (0, (H#j x;)71). Everything is in or-
der except that any putative joint density for this model would have to be
constant on the set {z: 2z € R¥, 2; >0, i =1,2,..., k,HfZl x; < 1}. Such
a function fails to be integrable and we have an “impossible” model. O

Example 10.10 (Nonintegrable even with positivity condition). In
our second example, the positivity condition will be satisfied on the positive
orthant (a Cartesian product of R with itself k times). We assume that,
for each j, and each Zjy >0,

k
ijg(j)(xj@(j)) = Ha:i exp [— (H xz>] , x; > 0.
i=1

i#j

If there were to be a joint density compatible with these conditionals, it
would have to be proportional to exp[f(]_[f:1 x;)] over the positive or-
thant and such a function would not be integrable. The earliest reference
to this example is in Besag (1974) in his discussion of auto-exponential
distributions. m|
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Note that, as observed at the end of Section 10.3, if we impose a positivity
condition (to avoid Gourieroux and Montfort (1979) examples), then only
collections of marginals and conditionals that include a set of the form
(10.14) will uniquely determine f(z) for any consistent specification.

10.6 Checking Compatibility

In two dimensions, a simple condition for consistency was available. If we
were given f(x1|x2) and f(x3), consistency was automatic. If we were given
f(z1|xz2) and f(z2|z1), the necessary condition was the existence of two
functions g1 (x2) and go(z1) at least one of which was integrable such that

f(z1]z2) _ g2(r1)

f(@2]z1)  g1(22)
When we consider a set of conditionals and marginals in canonical form
(10.14), consistency will be guaranteed iff there exists a function g(z )
which is integrable such that for ¢ = 2,... )k

[l Aiy &;) = g(xi|As, &),

where each of the conditional densities g(z;|4;, ;) is computed using the
joint density

Farlegatea)/ | [ otew) dey).

The compatibility can be checked one step at a time. After we have checked
compatibility of the first m densities in the canonical list, consider A, 1. If
it is empty then the (m+1)st density is automatically compatible. If it is not
empty then compute f(A;,+1|Z,,) from the already determined conditional
density f(z,,|Z,,). Note that f(An+1]Z,,) = f(Amt1|Tms1,£L,,,1) and we
can check consistency of the (m + 1)st density by considering the ratio

f(zm+1|Am+1aim+1)
f(Am+1 |(Em+17 im#»l)

If this equals

g(l‘m+1, ierl)

h(Am-‘rla inz—f—l) 7
where the numerator is an integrable function of x,,11, then the (m + 1)st
density in the list of conditionals is compatible. It is, in fact, possible to
identify the form of the most general expression for f(zm1|Am+1,Z,41)
which will be compatible with the already determined density f(&,,|Z,,).
The expression in question is

f(xm+1‘@m+l) ff(£m|gm,) dA:nJrl

T T @it Emrs) | f (@) dAD  dmir
(10.15)

f(xm+1 |Am+17 im—i—l)
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where A ., = &,, N A5, ;. Note that (10.15) depends on the already
determined f(%,,|Z,,) and the arbitrary compatible f(zy41]Z,,41)-
There is an alternative way of phrasing the requirement that the ratio

. f@mi1lAm1s Zppq)
m+1, Am1, = e 10.16
T(m +1 +1 £m+1) f(Am+1|$m+17£m+1 ( )

factors into a form

g(xm+1, gm—l—l)
h(Am"rl? im+1) ’
where the numerator is integrable as a function of z,,41. Instead we merely

ask that the function (10.16) be an integrable function of x,,,1 and that

T(Zm+1, Amt 1, Egr)
fT(xm—&-la Am+17im+1) A 41

be independent of A, for every Z,, ;.
We may summarize this in the form of a theorem:

Theorem 10.3 (Compatibility). Suppose that we are given an array of
conditional densities in canonical form as follows:

{f(@i]Ai,Bi) 1i=1,2,...,k}, (10.17)

where for each i, A; C &;_; and B; C &;.

Then a necessary and sufficient condition for the set (10.17) to be com-
patible with at least one joint density f(x1,xs,...,xx) is that for each
1=1,2,....k either A; =0 or

o [l Ay, 2;) ) f(Ailzi, &)
S il A &) ) (Al Z) dpa ()

is independent of A; for any ;. ]

R (10.18)

Theorem 10.3 also suggests an algorithm for checking the consistency of
a given set of conditional probability densities, one conditional probability
density at a time, and for constructing a canonical form with A; =0, i =
1,...,n (see Figure 10.1).

Definition 10.3 (Standard canonical form). When 4; =0 or B; =)
for all ¢, we say that the canonical form is a standard canonical form and
we call the term inIXi (x4]2;), or inIL,l(xi@i—l)’ a standard canonical
component. O

If the nested set of conditonal probabilities in Theorem 10.3 are given in
standard canonical form, the consistency is guaranteed. Otherwise, the set
of conditional probability densities must be checked for consistency.
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The CPD
fx; 1A %)
is selected

Calculate
R; = f(x; 1 %)

Replace Incompatible

;) f(x; 1 A %)) by set of CPDs

f(Xi | Ei) l
No Yes
=i+l AILCPDs = _3p{ End
are compatible

FIGURE 10.1. A flow chart for checking consistency of a canonical set of
conditional probability densities that satisfies the uniqueness conditions

Algorithm 10.2 (Checking compatibility of a set of conditional
probability densities).

e Input. A set
P = {f(xila;,&;);i=1,2,...,n}

of conditional probability densities in canonical form that satisfies the
uniqueness condition.

e Output. True or False, depending on whether or not the set of
conditional probability densities in P is consistent.

1. The first conditional probability f(x1|Z,) must be given in any case.
Otherwise, the given set of conditional probability densities does not
satisfy the uniqueness condition. Thus, at the initial step, we start
with f(z1]&y).
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2. At the ith step we are given either f(x;|Z;) or f(x;|a;,&;), where the
set A; C &, 4. If A; = 0 proceed to Step 5; otherwise, we calculate
fag|xs, &;) by marginalizing f(i; |z, ;) over all variables in X, |
other than those in A;, that is, using

flailzs, &;) = / f@ioqlwi, &) di;_q \ ai (10.19)
X 1\

3. Calculate the standard canonical component R; = f(x;|Z;) based on
the previous and the new information using (10.18).

4. If R; is independent of the variables in the set A;, then go to Step
5; otherwise the given f(x;|a;, &;) is not compatible with the previous
conditional probabilities.

5. Calculate f(&; q,2:|Z;) = f(@;_q|wi, ;) f(2|Z;)-

6. Repeat Steps 2 to 5 until all conditional probability densities have been
analyzed.

O

Therefore, given the set P of conditional probability densities we can
determine whether or not it is consistent using Algorithm 10.2 or Theorem
10.3. This provides the answer to Question 6.6.

Example 10.11 (Possibly inconsistent set of conditional proba-
bility densities). Consider the following set P of conditional probabil-
ity densities, which was given by a human expert to describe the joint
probability density of five variables in X:

{f(961|362,333, Ty, 375)7 f($2|$€37334,$5), f($3|l’17$479€5)7 f($4|$27$5), f(ilfs)}~

The set P can be shown to satisfy the uniqueness conditions. Thus, we
can use Algorithm 10.2 to determine whether this set is compatible with a
joint probability density:

For i = 1, the first conditional density, f(wz1|v2,7s,z4,75), is always
compatible because X; = { X, X3, X4, X5} and A; = 0.

For i = 2, the second conditional density, f(za|zs, x4, 5), is compatible
because X, = {X3, X4, X5} and As = ). Here, we have X; = {X1};
hence

f(&y, wa|Zy) = f (21, 22|23, T4, ¥5) = f (21|22, 73, 24, W5) f (w2| 73, 24, 75).
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For i = 3, the third conditional density, f(zs|z1,x4,zs5), must be checked
for compatibility because we have Xs ={Xy4, X5} and A3 = {X;} #
(). Here, we have X, = { X1, X}, and we need to compute f(as|zs, i)
= f(z1|z3, x4, x5) using (10.19). We obtain

f(xi|zs, 24, 25) = / f(x1, xo|z3, T4, T5) das.
S(X2)

We also need to compute R3 using (10.18). We obtain

_ _ J(x3|wy, 24, 25)/ (21|23, 74, 25)
o = sl ) = Jsixyy (f(@slr, 4, 25)/ f@1]ws, 24, 25)) das’

Then, if R3 does not depend on X3, f(xs|z1,24,25) is compatible
with the previous two conditional probability densities. Otherwise
the set is incompatible. For the sake of illustration, suppose that it is
compatible. In this case, we replace f(zs|r1,24,25) by R3. We also
calculate

f(&q, x3|Ls) = f(x1, 22, x3|Ta, 25) = f(21, 22|23, T4, X5) [ (€3] Ta, T5).

For i = 4, the fourth conditional density, f(z4]22,x5), must be checked for
compatibility because we have X, = {X;5} and A, = {X,} # 0. Here,
we have X, = {X1, X2, X3}, and we need to compute f(ay|zq,i,) =
f(z2|z4, x5) using (10.19). We obtain

f(xa|za, z5) =/ f(x1, e, x3|Ta, w5) das dry.
S(X3)xS(X1)

We also need to compute Ry using (10.18). We obtain

_ _ f(@alze, x5)/ f (22|24, 75)
= Jeafes) = Jsxo (f (@alwa, x5)/ f(w2]ws, v5) doy

Then, if R4 does not depend on Xo, f(z4|z2,z5) is compatible with
the previous three conditional probability densities. Otherwise the
set is incompatible. Again, for the sake of illustration, suppose that
it is compatible. In this case, we replace f(x4]za,x5) by Ry. We also
calculate

[(&3, 24]24) = f(1, 22,23, 24]25) = f(21, 72, 23|24, 75) f(24]75).

For i = 5, the fifth conditional density f(z5) is compatible because X5 =
and A5 = @

Therefore, if Rz does not depend on X; and R4 does not depend on Xs,
then P is consistent; otherwise P is inconsistent. O
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From the above example, we can see that Theorem 10.3 has the following
important practical implications:

1. Every well-behaved joint probability density for the set of variables
(X1,Xs, ..., Xg) can be represented by a conditionally specified prob-
abilistic model.

2. Increasing the standard canonical form by superfluous information
(extra conditional probability density) leads to the need for checking
its compatibility.

3. If the set of conditional probability densities is given in standard
canonical form, the conditional probability densities can be com-
pletely arbitrary, that is, they are not restricted by conditions other
than those implied by the probability axioms.

4. Any conditional probability density of the form f(z;|a;,Z;), with
A; # (), can be replaced by the conditional probability in standard
canonical form f(x;|Z;) without affecting the joint probability density
of the variables. The standard canonical form can be obtained using

(10.18).

Theorems 10.2 and 10.3 answer Questions 10.1 and 10.2, posed in Section
10.4. Thus, when defining a conditionally specified probabilistic model, it
is preferable to specify only the minimal set of conditional probabilities
needed to define the joint probability density uniquely. Any extra informa-
tion will require unnecessary additional computational effort, not only for
its assessment but also for checking that the extra information is indeed
consistent with the previously given conditional probability densities. This
answers Question 10.3.

Furthermore, given a set P of conditional probability densities that is
consistent and leads to a unique joint probability density of X, we can re-
place P by another P’ in standard canonical form leading to the same joint
probability density. Further reduction of P’ violates the uniqueness con-
ditions. Also, redundant information hurts because it requires consistency
checking. This answers Question 10.4.

10.6.1 Assessment of Conditionally Specified Probabilistic
Models

Note that Theorem 10.3 assumes a set of conditional probability densities
that already satisfies uniqueness. Therefore, uniqueness has to be checked
first before compatibility. Thus, initially, we convert the specified set of con-
ditional probability density to a canonical form, then we check uniqueness
using Theorem 10.2, and then we check compatibility by means of Theorem
10.3. This topic in the context of Bayesian networks has been studied by
Castillo, Gutiérrez, and Hadi (1997).
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10.7 Overspecification

In the two-dimensional case, instead of being given f(z|y) and f(y|z) for
every x,y, it is clearly adequate to be given f(z|y) for every y and f(y|xo)
for one fixed value of z provided that f(y|zo) > 0, Vy. We can obtain the
marginal density of y by normalizing the ratio

f(lwo)
f(zoly)

provided it is integrable. Compatibility is guaranteed. This observation can
be carried to higher dimensions. In any one of a canonical list of conditional
and/or marginal densities, if we are given

f(merl'ASzl-lvierﬁ (10.20)

for particular values of Agg)ﬂ of the conditioning variables A,,11, our job
is actually simplified (provided (10.20) is positive for every a,,.1). We
need only obtain f(Ay41|Zm41,4,,,,) from previously derived densities
and normalize the assumed integrable ratio

F@mr1| A, Er)

f(Agrozl»l ‘$m+17 im+1)

to obtain

f@mt1]Z41)-

10.8 Marginals and Conditionals in Specified
Families

Recall the bivariate conditional specification scenario discussed in detail in
Section 1.7. Let fi(z;8), 6 € ©, denote a k-parameter family of densities
and fo(y;7), 7 € T, a possibly different ¢-parameter family of densities.
We seek to identify all possible bivariate densities f(x,y) for which both
sets of conditional densities are in the specified families. Thus we require
that

f(zly) = fi(z;0(y)), Vv,
and

flylr) = foy; z(2)), Va, (10.21)

for some functions 6(y) and 7(x). The problem was resolved by assum-
ing that a density with the required properties did exist with marginals
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g(z), h(y), and then setting up and hopefully solving the resulting func-
tional equation of the following form:

h(y) f1(z;0(y)) = g(x) f2(y; (). (10.22)
A multivariate extension of this program was also described in Chapter
8. In such a setting we envision a k-dimensional density f(x1,...,x) and

k parametric families of densities fi(:C;Q(i)), 0% c o, i=12..k
We then ask that the conditional densities belong to the given parametric
families, i.e., that for i =1,2,...,k,

F@ilzey) = filzi;09(2)), Yo - (10.23)

If a density satisfying (10.23) is to exist it must have marginals which
can be denoted by hi@(i)), 1 =1,2,..., k. The joint density can then be
written as a product of a marginal and a conditional in k different ways
and we need to solve the following system of functional equations:

h1(§(1))f1(331;Q(l)(g(l))) = h2(£(2))f2(x2;Q(z)(g(m))
.= hk(l(k))fk(xk;Q(k)(l(k))). (10.24)

Examples in which this program can be carried out successfully are docu-
mented in Chapter 8.

In principle, there is nothing to prevent us from formulating an analo-
gous problem in which arbitrary marginal and/or conditional densities are
posited to belong to specified parametric families of densities. The nota-
tional bookkeeping is somewhat troubling but the concept is clear. An ab-
breviated form of the general problem may be stated as follows using the no-
tation used in Definition 10.1. Let f1(-;0™), fo(-:0@), ..., fn(-;0™) de-
note m parametric families of distributions. We seek to identify all possible
densities f(z1,...,x)) for which for each j =1,2,...,m,

f(A;|B;) = fi(A;;69(By)), VB,. (10.25)

If a solution exists, it will have marginals including h;(B;), j =1,2,...
and we will seek to solve the following system of functional equations:

hi(B1)f1(A1;00 (B1)) = ha(Bs)f2(A2; 0 (By))

7m7

Note that m could be less than, equal to, or greater than k, the dimension of
X. Generally speaking, increasing m will reduce the solution set. In extreme
cases, the solution class might be very broad or, at the other extreme,
empty. The case in which A; = z; and B; = Ty, 1=1,2,...k (with m =
k), has already been mentioned in Chapter 8. The case in which A; = z; and
B, =0, i=1,2,...,k, is a case of marginal specification. An enormous
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number of possible solutions exist. For example, we might try to identify
the class of all possible distributions with univariate normal marginals.
Random vectors with such distributions admit the representation

(X1, 0, Xe) = (1 + 1@ YUY, ..., + 01 @ H(UR)),

where € R*, 0 € RY,®~! is the standard normal quantile function and
U is a completely arbitrary random vector with uniform (0, 1) marginals.

We will focus attention only on examples in which the Bj;’s are non-
empty, that is to say, on cases which really do involve conditional speci-
fication. No complete catalog can possibly be given but the examples in
the following sections should give the flavor of the kinds of models and
characterizations that such specifications can lead to.

10.9 Xz Given l(z)

Reference should be made to the material in Chapter 8 where a spectrum
of such conditionally specified models is described.

10.10 K(Z’) Given XZ-

Suppose that we require that, for every i, the conditional density of X (i)
given X; = x; should belong to some ¢; parameter family of densities

{£:(509);69 € 00},

The resulting system of functional equations to solve, involving the margin-
als of Xj’s, is given by

hi(@1) fuly; 01 (21)) = ha(wo) fa( a3 67 (2)
<= hk(xk)fk@(k)§ﬁ(k)($k)). (10.27)

The exponential family case is relatively easy to resolve. In this setting we
assume that

£
Filww; 09 (@) = hi(ai) exp 4 30 @) T (@) ¢+ 2 € Ko,
§=0
(10.28)
1 =1,2,...,k, where by convention 9(()1)(%) = 1, for each i. If we assume

that (10.27) holds with conditionals of the form (10.28) then we will have a
large number of consistency checks to perform. Actually just two of the con-
ditional densities, e.g., K(1)|X1 = z; and K(z)\Xg = x4, will be enough to
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specify the joint distribution and the remaining conditions must be checked
for consistency.

To begin with, let us assume that we are given that (10.27) and (10.28)
hold for ¢ = 1,2, ..., k. If we introduce the notation

0,1 (i) = log hi(w), (10.29)

we can write the joint density of (X7i,..., Xy) in k apparently different but
equal ways:

£;+1 lo+1
1 1 2 2
exp Z 9( e T( Nz Z(1)) ¢ = €xp Z 9§ )(xg)Tj( )(Q(Q))
i=0

Il
—~~
—_
e
w
(=}
=

lr+1
k k
=expq > 08 (@) T () 8
j=0

where
Tf(’L«)kl(‘r(Z)) = 17 VZ

Taking logarithms in (10.30) we arrive at a system of functional equations
amenable to solution using the Stephanos (1904) theorem (Theorem 1.3).
For example, holding z, 5 fixed in the first equation of (10.30), we may

conclude that
lo+1

j m(l) ZCJJ (Z(1,2))0 ( 2).

Continued application of the Stephanos result leads to the conclusion that
the joint density is necessarily of the form

£1+1 4241 41

=Y 3" i lHe (z; ] . (10.31)

J1=0j2=0 Jr=0

Comparing (10.30) and (10.31) we realize that compatibility will be en-

countered only if the given functions Tj(i)(g(i)) have representations of the
form '

T ()= > > g | [T 05 (@) | - (10.32)

{dys with ¢4} V70

If a representation such as (10.32) does not hold then no density exists with
the given conditionals. If the representation does exist, we can read off the
forms of the functions {91(1)(3&1)}
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Suppose now that we are given all but the last one of the conditional
densities (10.30). What must the joint density look like? Repeated appli-
cation of the Stephanos theorem leads to the following expression for the
joint density:

l14+1La+1 Lp—1+1

k—1
Z Z Z CJl ----- Jk—1 xk) He( )(xz) (1033)

J1=072=0 Jk—1=0

for appropriate functions Cj, .. j, ,(zr). Referring back to the conditional
densities, we have

Ta) = > > Chgia () [[ 07, (1034)

jos With e<k—1 éii’l
i<k—
and ¢#i

The given Tj(i)’s must admit a representation (10.34) in order to be con-
sistent and, when they do have such a representation, we can read off the

.....

is more general than (10.31). The model (10.31) arises only when

Lrp+1
th SJk—1 xk Z Cjy,.. J}c n mk) (10.35)

Jk—1

for some functions {9;“ (zx)}

Next notice that nothing in the above development precludes the x;’s
from being vectors rather than scalars. This allows us to immediately dis-
cern the consequences of only assuming that the first m of the equations in
(10.28) hold. We merely write a new z vector as (z1, 2, ..., Tm,L,,) and
arrive at a joint density of the form (cf. (10.33))

l1+1 Lp+1 m )
=3 > G @) TT65 (). (10.36)
jle jnl=0 1=1

It may be observed that models obtained by assuming all conditionals
of X given X; = z; (i = 1,2,...,k) are in exponential families as in
(10.28), are identical to the class of all densities for which X; given X ;) =
Ziy (1t =1,2,...,k) are in appropriate exponential families. We get more
general models only when we assume that (10.28) holds only for some but
not all s.

Finally, we remark that analogous arguments work in certain nonexpon-
ential family situations (the multivariate Pareto is a prize example). The
key issue is that equality among the available versions of the joint density
(the expressions analogous to (10.27)) should lead to solvable systems of
functional equations.
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10.11 The Case of X Given Y, Y Given Z, and Z
Given X

Suppose that we assume that, for every y, the conditional distribution of
X given Y = y is a member of a given kj-parameter family, i.e., f(z|y) =
fi(z:0M (y)). In addition, we make analogous assumptions regarding Y
given Z and Z given X; i.e., f(yl2) = fa(y; 0¥ (2)) and f(z[z) = f3(z: 0 (x))
for specified ks- and kz-parameter families fo and f3. What can be said of
the joint distribution of (X,Y, Z)? The disappointing answer to this ques-
tion is: Not very much. The problem is that f(z|y), f(y|z), and f(z|z) do
not uniquely determine f(x,y, z) since they are completely determined by
the bivariate marginals. Alternatively, it is clear that the list f(x|y), f(y|2),
and f(z|z) does not contain, nor is it equivalent to, a set of densities of the
form (10.14), needed in the Gelman and Speed theorem.
For example, if we assume that

XY =y~ N(ay + iy, 01),

Y|Z =z ~ N(ag + f22,03),

and
Z|X =2 ~ N(az + fB32,03),

then there is a unique classical trivariate normal distribution with these
conditionals. However, there are many other trivariate distributions with
the same bivariate marginals which necessarily have the same conditionals
for X|Y,Y|Z, and Z|X.

It is appropriate at this point to emphasize that the negative features of
this example are not in conflict with the many “nearest neighbor” speci-
fications of Markovian spatial processes. For simplicity, consider a spatial
process with only four locations which for convenience can be visualized as
corners of a square. Let X, Y, Z, W denote the values of the process at the
four locations. The process will often be defined in terms of the conditional
distribution of the value at a point given the values at its (two) neighbor-
ing points. So we are given the distribution of X given W and Y, of YV
given X and Z, of Z given Y and W, and of W given Z and X. Stated
in that fashion, our discussion, in the last paragraphs, clearly indicates
that a broad spectrum of possible models exist, since in the given condi-
tional specification only trivariate marginals of (X,Y, Z, W) are involved.
The nearest neighbor specification (if consistent) does yield a unique dis-
tribution if explicitly, or (often) implicitly, what we assume is that the
conditional distribution of X given Y, Z, and W depends only on W and
Y, the conditional distribution of ¥ given the rest depends only on X and
Z, etc. Some authors are regretably not precise in their formulations of
such processes.
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10.12 Logistic Regression Models

Let Y be a binary random variable such that

e’V

where ¢ > 0 is a scale parameter. Note that (10.37) represents a one-
parameter exponential family.

Definition 10.4 (Logit transformation of a binary random vari-
able). Let Y be a random variable with pdf given by (10.37). The logit
transformation of P(Y = y) is defined as

logit[P(Y = y)] = log {H} =o0. (10.38)

O

First we consider the case of two binary random variables Y7 and Y5. We
are interested in the most general bivariate random variable (Y7, Y3) such
that its conditional logit transformations satisfy

logit[P(Y: = 1Yz = )] = o1.(32) (10.39)

and
logit[P(Y2 = y2|Y1 = y1)] = 02(y1). (10.40)

Since (10.37) is an exponential family, the most general distribution with
conditionals of the form (10.39) and (10.40) is given by (4.5). Thus the joint
pdf of the bivariate random variable (Y7,Y2) becomes

eM1oy1tmo1y2+mii1y1y2

P(Y1=y1,Y2 = yo) (10.41)

1 + e™M10 4 eMo1 4 gMio+mo1+mi1 :

Note that, in this case, the normalizing constant has been explicitly ob-
tained. From (10.41) it can be easily shown that

logit[P(Y1 = y1|Y2 = y2)] = 01(y2) = mio + mi1y2, (10.42)
and
IOglt[P(YQ = y2|Y1 = yl)] = Jg(yl) = Mop1 -+ mi1Y1. (1043)

If we assume that the constants miy and mg; depend on a covariate
vector z, such that
mig = o1 + Bz

and
/
mo1 = az + B,z
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an extension of (10.41) is possible.
In this case, model (10.41) becomes

P(Y1 = y1,Ys = ya|z) o< exp|(aq + ﬁ;@yl + (az + ﬁ;&)yz + mi1y1y2),
(10.44)
which has been considered by Joe (1997).

The bivariate model (10.41) can also be generalized to the k-dimensional
case, as has been done with other models in Chapter 8. Joe (1997) considers
a particular multivariate extension of (10.44) of the following form. Assume
that we are interested in the k-dimensional variable (Y1,. .., Yy) such that,
for each 1 = 1,2, ..., k, the following holds:

logit[P(Y; = yi|Y; = yj,j #6,2)] = s + Bz + > _mijy;.  (10.45)
Jj#i

Then the necessary and sufficient conditions for compatibility of these con-
ditional distributions are that m;; = mj;,7 # j (compare with (10.42) and
(10.43)). The corresponding joint pdf is

k
P(Yi=y1,....Ye = yilz)] = kexp | Y (i + Biz)yi + > miyivs | »
i=1 i<j
(10.46)
where the normalizing constant is given by
1 1 k
k= Z Z exp Z(Oél +§;g)yz + Z mi;YiYsj | - (1047)
=0  yr=0 i=1 1<i<j<k

The parameters m;; in (10.46) can be interpreted as conditional log-odds
ratios.

10.13 Bibliographic Notes

Some of the ideas in Section 10.2 were discussed in Arnold, Athreya, and
Sethuraman (1998). Gelman and Speed (1993) is a key reference for gen-
eral discussion of consistent conditional and marginal specification of mul-
tivariate distributions. Further elaboration of the problems involved may
be found in Arnold, Castillo, and Sarabia (1992, 1993a, 1993b, 1995, 1996b)
and Castillo (1988, 1992).

Exercises

10.1 Let (X1, X2, X3) be a trivariate random variable.
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(a) Assuming compatibility, are f(x1, z2|z3) and f(ze, 23]21) enough
to determine f (1,22, 23)?
(b) If (a) is true, obtain the most general trivariate distributions

such that f(z1,z2|xs) and f(xa,x3]z1) are in exponential fami-
lies.

10.2 Generalize the model (10.46) in the sense of including terms with
higher interactions, i.e., including terms of the form v;y;yx, ¥iy;yx¥r,
etc.

10.3 Check the compatibility and uniqueness of the set of conditional

distributions
f(z1|we,23) = \/ie [—(8zy —x +:c)2/66]
1|T2,23) = 297 Xp 1 2 3 )
2
f(za)zy,23) = \/mexp[—(ml — Az + 433)% /88,
[15 )
flzslzr,21) = Yo exp|—(z1 — 4x2 + 1523)7/330].

10.4 Given fx(x) and fx|y (x|y), show that a sufficient condition for fy (y),
and hence for fx y(x,y), to be unique is that the conditional density
of X given Y is of the exponential form

fxy(zly) = explyA(z) + B(z) + C(y)],

where an interval is contained in the range of A(x).
(Seshadri and Patil (1964).)

10.5 Let (X,Y) be a bivariate distribution, and assume that the marginal
distribution of X is exponential.

(a) If the conditional density of X given Y is
Flaly) = e 0HV(1 + 62) (1 + by) — 4],

with 0 < 6 <1, z,y > 0, then show that the marginal distribu-
tion of Y is unique and is the exponential distribution.

(b) If the conditional density of X given Y is,
flaly) = e (1+a - 2ae™) — 2ae7> (1 - 2¢7),

with —1 < a <1, z,y > 0, show that the marginal density of Y’
is not unique.

(Seshadri and Patil (1964).)
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Conditional Survival Models

11.1 Introduction

In this chapter we will deal with k-dimensional random variables usually
with positive coordinates, which can be visualized as representing times to
failures of k distinct types. It is envisioned however that an individual will
inevitably eventually suffer all k types of failures so that the coordinates
of the random vectors are finite with probability 1. In actual practice,
multivariate data sets of this type are relatively rare. What this means
is that many multivariate survival models may well find their domain of
application in the study of data sets involving k-dimensional data which re-
alistically have little to do with survival or times to failure. In a sense they
may be best considered to be k-variate distributions motivated by math-
ematically natural multivariate extensions of univariate survival models.
In this sense they deserve the name “multivariate survival distributions,”
though the same should not be construed as implying limitations in their
potential fields of applications.

The most commonly used univariate survival models are exponential,
Weibull, Pareto, gamma, log-normal, and generalizations of these (often
including powers). It is to be expected then that many popular multivariate
survival models will have marginals and/or conditionals in these families.

We have already encountered multivariate conditionally specified distri-
butions related to many of these basic survival models. The emphasis in
this chapter is on models derived via alternative conditional specification
methods perhaps better suited to the survival context. Most of our pre-



256 11. Conditional Survival Models

sentation will be for the bivariate case. Multivariate extensions are often
readily envisioned and will be briefly noted.

Up until now, when we have spoken of conditionally specified bivariate
distributions, we have referred to joint densities fx y(x,y) with all con-
ditionals of X given Y = y belonging to a particular parametric family
and all conditionals of Y given X = x belonging to a second, possibly dif-
ferent, parametric family. In the context of bivariate survival models, it is
more natural to condition on component survivals, i.e., on events such as
{X > 2z} and {Y > y} rather than conditioning on particular values of X
and Y.

Most of the questions discussed in Chapter 1 can be asked anew in this
new context; i.e., conditioning on {X > z} and {Y > y} instead of X =z
and Y = y. The answers will lead to distinct models from those discussed
in the earlier chapters of this book.

Several related conditional specification paradigms (motivated by sur-
vival considerations) will also be discussed in this chapter.

11.2 Conditional Survival in the Bivariate Case

Consider bivariate random variables (X,Y") (discrete or absolutely contin-
uous) with the set of possible values for X (respectively Y) denoted by
S(X) (respectively S(Y)). Suppose that for each (x,y) € S(X) x S(Y)
we are given fx(z|Y > y) and fy (y|X > x). Reasonable questions to ask
at this juncture include:

(i) Are the given families of conditional densities compatible?
(ii) If they are, do they determine a unique joint density for (X,Y")?

Since conditional survival functions are uniquely determined by condi-
tional densities, an equivalent more convenient formulation of the prob-
lem is available. Thus we ask about compatibility of putative families of
conditional survival functions of the forms

P(X >z|Y >y), (z,y) € S(X) xS(Y),

and
PY > y|X > ), (z,y) € S(X) x S(Y).

The compatibility issue is readily resolved as follows:

Theorem 11.1 (Compatibility of conditional survival functions).
Two families of conditional survival functions

P(X >z|Y >y) = a(z,y), (z,y) € S(X) x S(Y),
and PY >y|X >z) = b(z,y), (z,y) € S(X)xSY), (11.1)
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are compatible if and only if their ratio factors, i.e., if and only if there
exist functions u(z),z € S(X) and v(y),y € S(Y) such that

a(z,y) _ u() (z,y) € S(X) x S(Y), (11.2)

where u(x) is a one-dimensional survival function (nonincreasing, right
continuous, and of total variation 1). ad

Proof. If a(x,y) and b(x,y) are to be compatible there must exist cor-
responding marginal survival functions P(X > z) = u(x) and P(Y > y) =
v(y). Writing the event P(X > z,Y > y) = a(z, y)v(y) = b(x, y)u(z) yields
(11.2). O

In Theorem 1.1 an analogous result was presented involving fx |y (z|y)
and fy|x (y|z). However after proving existence of a solution, using Theo-
rem 1.1, additional assumptions were required to guarantee uniqueness. In
the present setting, life is simpler. If there is any pair u(x),v(y) for which
(11.2) holds, it is readily verified that they are unique. Thus two families of
survival functions (11.1) will uniquely determine a joint distribution (via a
joint survival function) if their ratio factors are as in (11.2).

Remark 11.1 In many reliability contexts, it is not practical to consider
the event {X > z} conditioned on the event {Y > y}. In those cases, it
might be easier to envision conditioning on the event {min(X,Y") > y} (cf.
the “dynamic construction” discussed in Section 1.2).

11.3 Conditional Survival Functions in
Parametric Families

Rather than specify the precise form of P(X > z|Y > y) we might only
require that for, each y € S(Y), it be a member of a specified paramet-
ric family of survival functions. An analogous requirement, that for each
xz € S(X), P(Y > y|X > z) should be a member of a possibly different
parametric family of survival functions, would also be imposed. What kind
of joint survival functions will be determined by such constraints?
Consider a k-parameter family of survival functions denoted by

{F1(z;0) : 0 € ©1},

where ©; ¢ R*', and a possibly different ko-parameter family of survival
functions denoted by

{Fo(z;7): 7 €T},
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where T C R*. We are interested in all possible joint distributions for
(X,Y) such that for each y € S(Y)

P(X > z|Y >y) = Fi(2;0(y)), Vo€ S(X), (11.3)
and for each x € S(X)
PY > y|X >z) = Fa(y; 7(x)), Yy e S(Y), (11.4)

for some functions 6(y) and 7(z).
If (11.3) and (11.4) are both to hold, there must exist marginal survival
functions for X and Y denoted by F'x(z) and Fy (y) such that

Fy(y)Fi(z:0(y)) = Fx(2)Fa(y:1(x)), Va,y. (11.5)

This is true since both the left- and right-hand sides of (11.5) must equal
P(X > x,Y > y). Whether we can solve this functional equation depends,
of course, on the structure of the functions F; and Fs. If we can solve
the functional equation (in 6(y), 7(x), Fx(x), and Fy(y)) we do need
to check that the expressions obtained for Fx(x) and Fy(y) are valid
survival functions. In Chapter 1, exponential families provided particularly
convenient examples in which the functional equation analogous to (11.5)
(i.e., (1.26)) could be solved. In the survival context, exponential families
do not typically play such a prominent role. Nevertheless, it is sometimes
possible to solve (11.5). Let us begin with an example which will itself
suggest possible generalizations.

Suppose that for each y > 0, the conditional survival function for X given
Y > y is exponential with intensity parameter 6(y). Analogously, suppose
that Y given X > x is also always exponential. Thus for some functions
O(y) and 7(x) we have

P(X > z|Y > y) = exp[—0(y)x] (11.6)

and
P(Y > y|X > x) = exp[—7(z)y]. (11.7)

Equations (11.6) and (11.7) are to hold for every > 0,y > 0. If there is
to be a joint survival function for (X,Y") consistent with (11.6) and (11.7),
it must have associated marginal survival functions Fx(z) = P(X > x)
and Fy(y) = P(Y > y) and we must have

Fy(y)exp[—0(y)z] = P(X > x,Y >y) = Fx(x)exp[—7(x)y], (11.8)

where Fx (), Fy(-),0(-) and 7(-) are unknown functions. This, of course, is
just a special case of (11.5). If we take logarithms of both sides in (11.8) and
define ¢(y) = log Fy (y) and ¢ () = log F x () our functional equation
becomes

P2(y) — 0(y)x = b1 (x) — 7(2)y. (11.9)
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This is a special case of the Stephanos—Levi Civita—Suto functional equation
(refer to Theorem 1.3). In order for (11.9) to hold we must have

O(y) = a+y (11.10)

and
T(x) =B+ (11.11)

for some constants «, 3, . Substituting this back in (11.8) we obtain the
following expression for the joint survival function of (X,Y):

Fxy(z,y) = P(X >2,Y > 1) =exp(d + ax + By +yxy), = >0,y > 0.
(11.12)

Clearly 6 must be 0. In order for (11.12) to represent a valid joint survival
A2 &

function we must have % > 0, Vz,y > 0. This means we must take
af > —v. In addition we need «a, < 0, and v < 0. Reparametrizing in

terms of marginal scale parameters and an interaction parameter we have

Fxy(z,y) = exp {— <:+—|—9 ﬂ, x>0, y>0, (11.13)
where 01,09 > 0 and 0 < 6 < 1. This is recognizable as Gumbel’s type
I bivariate exponential distribution (Gumbel (1960)). If we set = 0 or
y = 01in (11.13) we find that the distribution has exponential marginals. As
Gumbel noted the correlation is always nonpositive (analogous nonpositive
correlation was encountered in the exponential conditionals distribution
discussed in Section 4.4). In the present case we find

=Y
1+ 0y

p(X,)Y)=-1+ /000 dy (11.14)

and
—0.404 < p(X,Y) <0. (11.15)

Gumbel provided the following expressions for conditional densities, means
and variances. For y > 0,

1
Fxiy (aly) = — {(1 +ax> (1 +ey) - 9} e~ (Foy/oz)z/on 45 ),
1

g1 g9

(11.16)

1+0+%
E(X|Y =y) =0y —— 72 (11.17)

i2)
o2
and (146 +0L)% — 202
+O+6L)2

var(X|Y = y) = o} — . (11.18)

(1 + 0%)4
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Nair and Nair (1988) characterized this Gumbel bivariate exponential dis-
tribution as the only one with the property that

EX —z|X >a,Y >y) = BE(X|Y >y), Yo,y >0, (11.19)
and
EY —ylX >z,Y >y)=EY|X >x), Va,y>0. (11.20)

From our discussion, we may add to Nair and Nair’s observation the
fact that Gumbel’s bivariate exponential distribution has exponential con-
ditional survival functions (i.e. that (11.6) and (11.7) hold).

The above example was resolvable in part because the assumed condi-
tional survival functions were available in closed form. Motivated by the
discussion in the literature of generalized gamma functions we can intro-
duce what we call generalized(®) survival functions. For them we can often
successively implement a conditional characterization program analogous
to that which led to Gumbel’s distribution.

Definition 11.1 (Generalized survival function). Let ® denote a spe-
cific survival function. The corresponding family of generalized (®) survival
functions is of the form

F(z; 1,0,7,8) = l@ ((x;“>6>r (11.21)

where p € R,0 > 0,6 > 0,v > 0. O

Now let ®; and ®, be two survival functions. We seek to identify all
bivariate distributions for (X,Y’) such that for every y, the conditional
survival function of X given {Y > y} is a generalized (®1) survival function
and for every x, the conditional survival function of Y given {X > z} is a
generalized (®2) survival function. Thus we ask that, for each y € S(Y),

~ T — (y) 51 (y) 71(y)
ol ((m(y)) )] (11.22)
_ y — pa(z)\ 72(2)
P, (( 2@ ) )] (11.23)

for some unknown functions u1(y),o1(y), 01 (y), 11 (y), pe(x), o2(x), d2(x),
and ya(x).

The functional equation to be solved to determine models satisfying
(11.22) and (11.23) is obtained by multiplying the right-hand sides of

P(X > z|Y >y) =

and, for each z € S(X),

PY >y|X >x)=
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(11.22) and (11.23) by the corresponding unknown marginal survival func-
tions so that they may be equated (as was done in (11.5)). The tractability
of the resulting functional equation depends on the nature of the survival
functions ®; and ®,, and depends on how many and which ones of the
unknown functions uq(y),...,v2(z) are assumed to be constants. There
appears to be no general theory available but an interesting list of cases in
which the program can be successfully carried out is provided in the next
section.

Our exponential example corresponded to the choice ®(z) = ®o(x
e ®, x>0and pi(y) =0, p2(x) =0, 01(y) = 02(x) = 1(y) = 12(x) = 1.

~

11.4 Examples of Distributions Characterized by
Conditional Survival

11.4.1 Weibull Conditional Survival Functions
Suppose that (X,Y) has support R™ x R™ and, for each y > 0,

P(X > z|Y >y) = exp{—[z/o1(y)]*®}, x>0, (11.24)
and, for each x > 0,

P(Y > y|X > z) = exp{—[y/o2(2)] 2@}, y>0. (11.25)

_ If we multiply (11.24) by Fy(y) and equate it to (11.25) multiplied by
Fy(z) and take logarithms we encounter the following functional equation:

y ]’72(@
o2(z)

71 ()
} (11.26)

log Falt) - | oy F) - |

a1(y)

It is conjectured that no solution to (11.26) exists unless 71 (y) and 2 (z)
are constant functions. If 1 (y) = 1, Yy and v2(x) = v2 Vz, then (11.26) is
a special case of the Stephanos—Levi Civita—Suto equation (Theorem 1.3).
It follows that

ol(y)" = (a+vyy”)" ",
oa(z)? = (B4 27) !,

and, eventually, that the joint survival function is of the form

71 Y2 Y1 Y2
F(z,y) = exp{— [(:1:) +(y) +60 <:1:> <y> } } , x>0, y>0.
01 02 01 02
(11.27)
where 01,02 > 0 and 0 < # < 1. The Gumbel bivariate exponential (11.23)
corresponds to the choice y1 = 2 = 1 in (11.27).
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It may be observed that these models exhibit negative dependence (and
hence negative correlation). Negative correlation was also shown to be a
feature of the exponential conditionals distribution discussed earlier and
displayed in (4.3). In terms of survival modeling this can be viewed, in a
sense, as the opposite of load sharing. After one component fails, the other
appears to be invigorated rather than debilitated. Clearly this limitation on
the achievable sign of the correlation coefficient must be taken into account
in modeling efforts. Data sets with positive correlation will clearly not be
appropriately fitted by Weibull conditionals models such as (11.27).

11.4.2 Logistic Conditional Survival Functions

Although survival models are usually associated with nonnegative random
variables, there is nothing, in principle, in our development to stop us
from considering random variables which can assume negative values. For
example, we might postulate logistic conditional survival functions. Thus,
for each y € R, we might assume

P(X >z|]Y >y) = [1+ @ mW)/a@)=1 4 cR, (11.28)
and, for each z € R,
P(Y >y|X > ) =[1 4 ¥ r2@)/2@)]=1 o c R, (11.29)

If we seek a general solution we are led to an equation analogous to (11.26).
Only the case 01(y) = o1 in (11.28) and o3(z) = o2 in (11.29) appears to
be tractable. If we make this simplifying assumption we are led to the class
of bivariate survival functions with logistic conditional survival functions
given by

F(z,y) = [14_6@*#1)/01 +ely—n2)/o2 _|_96[(®*H1)/01+(yfﬂ2)/02]]*17 (11.30)

where p1,p0 € RT and 6 € [0,2]. The constraint § € [0,2] is needed to
0*F(z,y)

arantee that
guaran 92y

>0, Vz,y.

11.4.3 Generalized Pareto Conditional Survival Functions

In this case we ask, that for each y > 0,

r . e1(y)] —k1(y)
PX >zlY >y) = 1+<> , x>0, 11.31
el >0 = 1+ (5 (1131

and, for each = > 0,

ea(a)] (@)
_ Y
PY>ylX>z)= |1+ ( ) , y>0, (11.32)

02(%)
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for positive functions ¢1(y), k1(y), 01(y), c2(x), ko(x), and oa(z). If (11.31)
—ky
1+ (3”)01@) v = Fy(z)
o1(y) 1

and (11.32) are both to hold, we must have
ca(x)
y 2
1+
(0 2(I)) ]
If we introduce new functions

bi(y) = o1 (y)~ W

—kg (I)
Fy(y)

(11.33)

and
bo(z) = og(z) 2@

then (11.33) can be written as
Fa(y)[1 + b1 (y)a W] = Fi(2)[1 + by(a)y= @) =0 (11.34)

The general class of solutions to (11.34) appears to be difficult to describe.
There are, however, two special cases which are quite tractable:

(i) when ¢;(y) = ¢; and ca(x) = ¢5 and ;
(ii) when kl (y) = ]4;1 and k‘Q(Z‘) = k‘g.

In case (i), equation (11.34) reduces to one which is analogous to equa-
tion (4.1) of Arnold, Castillo, and Sarabia (1993d). It can be transformed to
a form equivalent to an equation solved by Castillo and Galambos (1987b)
(their equation (3.1)). Two families of solutions consequently exist. Substi-
tuting the solutions back into the expressions for the joint survival function
(11.34) we obtain the following. In Family I,

B T c1 y ca T c1 y coq —k
Fep) =14 (2) 4 (L) w0 (2) (L) ] o
o1 o) 01 02
(11.35)

for positive constants ¢y, 01,¢2,02,k, and 6 € [0,2]. Again the condition
0 € ]0,2] is needed to ensure a positive density. This family of bivariate
generalized Pareto distributions was first described in Durling (1970) (see
also Arnold (1990) for a multivariate version).

The other family of solutions to (11.34) with ¢;(y) = ¢ and ea(z) = ¢
lead to joint survival functions of the form

F(z,y) = exp {—91 log [1 n (:1)01} 1o [1 N (Uyz)cT
—0slog {1 + <;1)] log {1 + (52)} } Jx,y >0, (11.36)

for 1 > 0,05 > 0,03 > 0,01 > 0,00 > 0,c1 > 0,c0 > 0.
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Turning to case (ii), in which k1(y) = k1 and ka(z) = ko, it is not
hard to verify that we must have ky = ko = k, and then the result-
ing functional equation to be solved may be transformed to one that is
equivalent to (11.26). The only readily obtainable solutions will then have
c1(y) = ¢1 and co(x) = ¢ and we will be led to solutions which are already
included in the family (11.35). Thus the two parametric families (11.35)
and (11.36) represent all the known bivariate distributions with generalized
Pareto conditional survival functions.

11.4.4 Extreme Conditional Survival Functions

A smallest extreme value distribution has a survival function of the form
F(z) = exp[—e @M/ —0o <z < o0, (11.37)

where 4 € R and o > 0. In this context, we seek to identify bivariate
distributions for (X,Y) for which all conditionals, of X given Y > y and of
Y given X > z, are members of the family (11.37). The reader is referred
to Chapter 12 for a detailed discussion of distributions of this type.

11.5 Multivariate Extensions

A natural analog to Theorem 11.1 would involve the question of compati-
bility of the following k conditional survival functions:

(recall X is X with X; deleted, etc.). As usual when we write a¢ > b for
two vectors it is to be interpreted as holding coordinatewise, i.e., a; > b;
for each coordinate i. The condition for compatibility is that for each i # j
the ratio a;(z;;2(;))/a;(w;;2;)) should factor in the following manner:

@@ 2)) _ () (11.39)
aj(x;; Q(j)) Uz’@(i))’

where the u;(z(;))’s are (k — 1)-dimensional survival functions.

As in Sections 11.3 and 11.4, the next step is to consider joint survival
functions specified by the requirement that for each i, P(X; > x;|X ;) >
g(i)) should belong to some particular parametric family of one-dimensional
survival functions with parameters which might depend on z;).

For example, we might seek the most general class of k-dimensional sur-
vival functions with support (0,00)* such that for each i and for each
Ty € Ri_17

P(X; > 2| X5y > z(;)) = exp[—Ni(z))wil, 2 >0, (11.40)
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for some positive functions \; (g(i)), 1 =1,2,...,k. Multiply the expressions
in (11.40) by Fx ., (z@)), the (k — 1)-dimensional survival functions which
must exist for compatibility, and take logarithms, to obtain a system of
Stephanos—Levi Civita—Suto functional equations whose only solutions lead
to k-dimensional versions of (11.13) of the following form:

k
F(zy1,...,21) = exp —Z% Hacjj , x>0, (11.41)
IS Jj=1

where ¢, is the set of vectors of 0’s and 1’s of dimension k with at least
one coordinate being a 1. Constraints must be imposed in the 6,’s which
appear in (11.41) to guarantee that it represents a genuine survival function.
Thus we must have §, > 0, Vs, and 6, > 0, Vs, which include only one
coordinate equal to 1. In addition, 6(1,1,00..0) < 0(1,0...000(0,1,0...0)> etc.,
since the bivariate marginals will necessarily be of the form (11.13) whose
interaction parameter 6 was constrained to be < 1.

Gumbel (1960) discussed the model (11.41). He obtained it by marginal
rather than conditional specification. It is known in the literature as a
Gumbel type I multivariate exponential distribution.

Using analogous arguments we can identify the form of the k-dimensional
analogs of the bivariate survival functions displayed in (11.27), (11.30),
(11.35), and (11.36). For example, the analog to (11.35) is

-k
k
Flz)= {1+ 0. | []5" , x>0, (11.42)
s€&k Jj=1

where the 0’s are suitably constrained to guarantee that (11.42) is a valid
k-dimensional survival function.

11.6 Conditional Distributions

The role played by survival functions in Sections 11.2-11.5 could instead be
played by distribution functions. Thus we might ask whether two families
of conditional distributions of the form

P(X < alY <) = alz,y) (11.43)

and
P(Y <y|X <) =b(z,y) (11.44)

are compatible. As in Theorem 11.1 the answer is yes, provided that the
ratio a(x,y)/b(x,y) factors appropriately. Next we could ask about the
nature of bivariate distributions that are constrained to have P(X < z|Y <
y) for each y and P(Y < y|X < z) for each x belonging to specified
parametric families of distributions.



266 11. Conditional Survival Models

Example 11.1 (Conditional power function distributions). Con-
sider a random vector (X,Y) with 0 < X < 1,0 <Y < 1 and, for each
y € (0,1),

P(X <z|lY <y)=z2¥ o0<z<l, (11.45)

while, for each z € (0,1),
P(Y <y|lX <z)=y®, 0<y<l. (11.46)

Following a by now familiar program, we multiply (11.45) and (11.46)
by the corresponding marginal distribution function (which must exist if
(11.45) and (11.46) are to be compatible), equate them, and take logarithms
to obtain

log Fy (y) + a1(y) logx = log Fx (z) + as(x) logy. (11.47)
Solving this familiar functional equation (using Theorem 1.3) we find that
a1(y) = a+vylogy (11.48)

and
as(z) =B+ ylogz. (11.49)

Substituting (11.48) and (11.49) in (11.47) we can identify Fx(z) and
Fy (y) and eventually obtain the following general expression for the joint
distribution function of a random variable (X,Y"), satisfying (11.45) and
(11.46):

Fxy(z,y) =ayferloslosy) o<yl 0<y<1. (11.50)

In order for (11.50) to represent a genuine joint distribution function we
must require that o > 0,3 > 0 and that v be negative and satisfy

—v < af. (11.51)
O

There is an alternative way to view the distribution (11.50) derived in
Example 11.1. If (X,Y) has the distribution (11.50), then defining U =
—log X, V = —logY we may recognize that (X,Y) has a Gumbel type I
distribution with joint survival function displayed in (11.13). So one way
to justify the constraint (11.51) is to recognize that it is equivalent to the
constraint § < 1 which was needed in (11.13).

The close relation between (11.13) and (11.50), in which a distribution
obtained via conditional survival specification (11.13) is intimately related
to a distribution obtained via conditional distribution specification (11.50),
suggests the possible existence of a “duality” between these conditional
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specification paradigms. And such is indeed the case. If a random vector
(X,Y) satisfies (11.1) (conditional survival specification), then the ran-
dom vector (=X, —Y) satisfies (11.43) and (11.44) (conditional distribution
specification). The advantage of considering (11.43) and (11.44) is that it
allows us to readily focus on conditional distributions normally described
via their distribution functions instead of their survival functions (such as
the power function distribution as distinct from the exponential, Weibull,
or Pareto distributions). In this case, of course, any distribution obtained
using (11.43) and (11.44) could have been obtained using (11.1).

Multivariate extensions of the conditional distribution paradigm (11.43)—
(11.44) can, of course, be formulated in a straightforward fashion or, alter-
natively, can be obtained via the transformation X = —X from multivari-
ate distributions obtained via conditional survival specification. Some of
the bivariate distributions discussed in Chapter 12 are amenable to such
extension to higher dimensions.

11.7 Conditional Proportional Hazards

In order to model the effects of covariates on survival, a popular model
is the proportional hazards model. In it the survival function Fx(x) is
assumed to have the form

Fx(x) = [Fo(2)]’, (11.52)

where 6 depends on the values of the covariates and where Fy is the
“baseline” survival function.

It seems reasonable to investigate the kinds of bivariate models obtain-
able by postulating that the conditional survival functions exhibit propor-
tional hazards structure.

Thus we will consider a bivariate random variable (X, Y") and two specific
survival functions Fy and F,. We seek to identify all possible joint survival
functions for (X,Y) with the following properties:

(a) for each y € S(Y),
P(X > z|Y >y) = [Fi ()Y, vz e S(X), (11.53)
for some function v; : R — R™; and
(b) for each z € S(X),
P(Y > y|X > ) = [F(y)]?@, WyeS(Y), (11.54)

for some function 75 : R — R ™.
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A model satisfying (11.53) and (11.54) will be called a conditional pro-
portional hazards survival model. Note that, in the absolutely continuous
case, we can introduce the corresponding conditional hazard functions:

d
h(z|Y >vy) = o log P(X > z|Y > y) (11.55)

and J
h(y|X > z) = o log P(Y > y| X > x). (11.56)

With this definition assuming the conditional formulation as in (11.53),
(11.54), for two distinct values y; and g9, the conditional hazard functions
h(z]Y > y1) and h(z|Y > ys) differ only by a factor v(y2)/v(y1), hence
justifying the use of the term “proportional hazards.” Note that

h(zl]Y > y) = v(y)hi(2),

where h;(z) is the hazard function corresponding to the survival function
F1. Analogously, we have

h(y|X > z) = v2(x)h2(y),

where ha(y) is the hazard function corresponding to the survival function
Fs.

If (11.53) and (11.54) are to be compatible there must exist marginal
survival functions F'x(x) and Fy (y) and since we must have

P(X >xz,Y >y)=P(Y >y)P(X >z|Y >y)=P(X >z)P(Y > y|X > x),
we are led to the following functional equation:
Fy () (@)W = Fx (2)[Fa(y)]>. (11.57)

Here F; and F5 are known and the other functions are unknown. Taking
logarithms in (11.57) yields a Stephanos—Levi Civita—Suto functional equa-
tion. Eventually we conclude that, in order to satisfy (11.53) and (11.54),
our joint survival function must be of the form

P(X >z,Y > x) = exp{alog F1(z) + flog F>(y) + v log F1(x) log Fx(y)}-
(11.58)

It is clear that (11.58) can be viewed as a marginal transformation
of Gumbel’s type I bivariate exponential distribution (Gumbel (1960)).
Thus if (X,Y) satisfy (11.53) and (11.54), it must be the case that the
transformed random vector

(U, V) = (~log Fy (X), —log F»5(Y)) (11.59)
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has a Gumbel bivariate survival function of the form (11.13).

Note that, since the Gumbel distribution has nonpositive correlation
and since the marginal transformations in (11.59) are both monotone, the
correlations in the model (11.58) are also nonpositive when they exist.

Remark 11.2 A parallel development is possible if we replace assumptions
(11.53) and (11.54) by requirements of the form

P(X > z|Y =y) = [Fi(«)"®), yeS(Y), (11.60)

and
P(Y > y|X = z) = [Fa(y)]?"Y, 2 e S(X). (11.61)

This will lead to a model which represents a marginal transformation
of the negatively correlated exponential conditionals distribution (4.4) (see
Arnold and Kim (1996) for details; see also Exercise 10.4 in Cox and Oates
(1984)).

11.8 Conditional Accelerated Failure

A direct competitor of the proportional hazards paradigm as a model for
survival mechanisms is the accelerated failure scheme. Covariates affect
survival in the accelerated failure model via a time change or, equivalently,
via a change of scale only, leaving the shape of the survival function un-
changed. It is natural to try and develop conditional accelerated failure
models parallel to the conditional proportional hazards models introduced
in the previous section.

As usual let Fy and F, be specific (baseline) survival functions. We now
seek all joint distributions for (X,Y) where X > 0,Y > 0 such that:

(a) for each y € S(Y),
P(X > z|Y >y) = F1(01(y)z); (11.62)
and
(b) for each z € S(X),
P(Y > y|X > x) = Fy(0a2(2)y), (11.63)
where 0; : S(Y) — RT and 85 : S(X) - R™*.

Assuming that corresponding marginal survival functions Fx(z), Fy (y)
exist we are led to the following functional equation:

Fy (y)F1(0:(y)x) = Fx () Fa(d2(x)y), (11.64)
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where F, F, are known functions and the others are unknown. For certain
very specific choices of F} and F, this can be solved easily. For example, it
can be solved if F}(z) = exp[—(x/01)%'] and Fy(y) = exp[—(y/02)%] (the
Weibull case). This doesn’t provide us with any new models however since,
as is well known, the Weibull model can be viewed as either an accelerated
failure model or a proportional hazards model. Thus, the solution to (11.64)
when Fy and F, are Weibull is already subsumed in the family of models
developed in Section 11.4.

Can we find other solutions to (11.64)?

To illustrate the difficulties inherent in such a quest, let us make the
assumption that the functions appearing in (11.64) are suitably differen-
tiable. Introduce new variables u = logz,v = logy and new functions
¢1(u) =log Fix (u), ¢2(v) =log Fy (v), é1(v) = logd1(y), d2(u) = log d2(),
g1(u) = Fi(e"), and ga2(v) = Fa(e").

Equation (11.64) now assumes the form

$2(v) + g1 (u + 61 (v)) = d1(u) + g2 (v + da(u)). (11.65)
Differentiating with respect to u and v yields
g7 (u+01(0))81 (v) = g5 (v + 82 (u)) 4y (u). (11.66)

This functional equation was studied by Narumi (1923) and discussed in
Chapter 7 (see (7.14)). Only a very limited class of solutions can be found. It
does include solutions that lead to a Weibull survival model (as we already
know) but, apparently, no other solutions with simply described structure.

Remark 11.3 A parallel development can be pursued beginning with a
conditional accelerated failure model of the form:

(a) for eachy € S(Y)
P(X > z|Y =y) = F1(61(y)z) (11.67)
for some function &, : S(Y) — R™; and
(b) for each x € S(X),
P(Y > y|X = z) = Fy(d2(x)y) (11.68)
for some function & : S(X) — R™T.

Unfortunately, in this formulation too, we are led to the same functional
equation (11.64) which again we could solve in the Weibull case (rederiving
material already discussed in Section 11.4) and for which we can only ob-
tain complicated, difficult to interpret, non- Weibull solutions (arising from
Narumi’s general solution to (11.66)).
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11.9 An Alternative Specification Paradigm

Specification of both families of conditional survival functions involves re-
dundant information (that is why we had to check for consistency). Clearly,
instead of specifying P(X > z|Y > y) for every =,y and P(Y > y|X > z)
for every z,y, it is enough to specify every function P(X > z|Y > y) and
P(Y > y|X > z) for just one value of x. Alternatively, some functional
of the family of survival functions P(Y < y|X > x),2 € S(X), might be
adequate, in conjunction with knowledge of P(X > z|Y > y) for every x, y,
to completely specify the joint distribution of (X,Y).

Based on our experience in Chapter 7, we may hope that one family
of conditional survival functions together with a conditional regression
specification might suffice.

Thus we seek all bivariate distributions such that for given functions
a(z,y) and ¢ (x) we have

P(X > z|Y >y) =alz,y), (z,y) € S(X)xS(Y), (11.69)

and
EY|X > z) =¢(z), =€ S(X). (11.70)
We will say that a(z,y) and ¥(z) are compatible if there exists a joint

survival function P(X > z,Y > y) satisfying (11.69) and (11.70).
Questions that arise in this context are:

(i) Under what conditions are functions a(z,y) and (x) compatible?
(ii) If they are compatible, when do they determine a unique distribution?

(iii) For a given a(x,y) can we identify the class of all compatible choices
for ¢(x)?

We will illustrate how these questions might be resolved in the case
in which (X,Y) is absolutely continuous and has as support the positive
quadrant (i.e., x > 0,y > 0). These are not unnatural restrictions for
survival models.

If a(z,y) and ¥(z) are to be compatible then there must exist a cor-
responding marginal survival function for Y which can be denoted by
h(y) [= P(Y > y)]. For each x > 0,%(z) may be obtained by integrat-
ing the conditional survival function P(Y > y|X > x) with respect to y
over [0,00). Thus for each = > 0,

vw) = [P ix > 0 dy
= /OOP(X>m,Y>y)/P(X>:E)dy
0

[T alx,y)h(y)
‘/o a(z, 0)h(0)
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_ [T alz,y)
_/O o) dy (11.71)

since h(0) = P(X > 0) = 1. Thus h(y) can be obtained by solving an
integral equation with known kernel a(z,y), i.e.,

b(@)a(z,0) = / " ale,y)h(y) dy. (11.72)

For certain choices of the kernel a(x,y) (which is the specified conditional
survival function) this equation can be solved.

The exponential case is perhaps the easiest to solve. For it we can answer
all three questions (i), (i), (iii) above.

Suppose that we assume an exponential conditional survival function
described by

a(z,y) = P(X >z|Y >y)
= exp[—(a+ py)z], >0, y>0, (11.73)

where a > 0 and 8 > 0. Taking the limit as y — 0, we find
a(z,0) =e 7. (11.74)

For any given conditional survival function ¢ (z) we need to determine
the corresponding marginal survival function h(y) = P(Y > y) by solving
(11.72). Substituting (11.73) and (11.74), the equation to be solved assumes
the form

Y(x)e™ " = /00 e TR (4 dy (11.75)

0
or, equivalently,

Y(x) = /000 e P h(y) dy. (11.76)

Immediately, we can see a role for Laplace transforms in solving our
problem! Note that

$(0) = B(Y|X > 0) = B(Y) = / " hy) dy.

Let us define a new density h on (0,00) by

h(y) = h(y)/%(0). (11.77)
It follows from (11.75) and (11.76) that the Laplace transform of , i.e.,

M;(t) = /000 e Wh(y) dy (11.78)
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satisfies
M;,(t) = <;) /¥(0). (11.79)

Thus, provided that 1 is a completely monotone function (specifically a
Laplace transform of a finite measure on (0, c0) with a decreasing density),
then it uniquely determines h by (11.79) which by normalization yields
h(y) [= P(Y > y)]. In this case we are able to identify the form of every
function v that is compatible with the family of conditional survival func-
tions given by (11.73). We do need to check that the product h(y)a(z,y)
is a valid survival function.

Example 11.2 (Exponential conditional survival with 1/¢(z) lin-
ear). Suppose that, in conjunction with exponential conditional survival
(i.e., a(x,y) given by (11.73)), we assume that

Y(x) = (v +dz) L. (11.80)

Observe that this is a completely monotone function so we know that it
will be compatible with (11.73). From (11.79) we will have, in this case,

My (t) = (V :(i/})_

(1 + ﬁ‘:t) - : (11.81)

We recognize this as the Laplace transform of an exponential density. So
we can conclude that

h(y) = ﬂ—vexp (—?y) , y>0. (11.82)

The survival function for Y, i.e., h(y), is obtained by normalizing (11.82)
to have the value 1 at y = 0. Thus

h(y) = P(Y >y) = exp (—?y) . (11.83)
Consequently, the unique joint survival function with P(X > z|Y > y)
given by a(z,y) in (11.73) and E(Y|X > z) given by ¢(x) in (11.80) is of
the form

P(X >2z,Y >y) = exp[—ax — %yy —fzy], ©>0, y>0. (11.84)
In order that (11.84) represents a valid joint survival function we need to im-
pose the condition 0 < §/v < a.. We thus arrive at the Gumbel (I) bivariate
exponential distribution (displayed earlier with a different parametrization

in (11.13). O
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11.10 Bibliographic Notes

The key references for conditional survival models are Arnold (1995, 1996)
and Arnold and Kim (1996).

Exercises

11.1

11.2

11.3

11.4

11.5

Consider the model with logistic conditional survival distributions
given by (11.30). Obtain its correlation coefficient.

For any distribution F' on (0, 00), define the odds-ratio function ¢(z) =
F(z)/[1 — F(x)]. Investigate the class of bivariate proportional con-
ditional odds-ratio models. These are joint distributions F(z,y) for
which

oY >y) =qnei(r), x>0, Yy>0,

and
oW X >x) = ga2(x)p2(y), y>0, Vo >0,

for some functions g; and gy, where ; and @, are the marginal
odds-ratio functions of F(z,y).

Verify the assertions in Remark 11.2 assuming that the conditional
survival functions satisfy (11.60) and (11.61).

Verify the assertions in Remark 11.3 assuming that the conditional
survival functions satisfy (11.67) and (11.68).

Discuss the problem of identifying all bivariate distributions satisfying
(11.69) and (11.70) in the case in which S(X) and S(Y") are finite sets.
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Applications to Modeling
Bivariate Extremes

12.1 Introduction

The Fisher-Tippet—Gnedenko models for univariate extremes are well un-
derstood, as are the corresponding multivariate extensions (see, for exam-
ple, Galambos (1978, 1987) or Resnick (1987)). It should be remembered,
however, that the multivariate extreme distributions discussed by these
authors correspond to limiting distributions of normalized coordinatewise
maxima of sequences of i.i.d. random vectors. Not many multivariate ex-
treme data sets can be reasonably viewed as fitting into this paradigm.
For example, if we observe maximum temperatures in the month at sev-
eral different locations we have a multivariate extreme data set which does
not seem to be necessarily explainable in terms of maxima of i.i.d. vectors.
For such data sets, some role for univariate extreme distributions seems
appropriate but it is not apparent whether it should be a marginal or a
conditional role. And of course, even if the data were not generated by a
process involving i.i.d. vectors, it might still be well fitted by a multivariate
extreme distribution. In many cases, it seems appropriate to approach the
problem of modeling multivariate extreme data sets using an augmented
toolbox, not just the multivariate extreme models based on maxima of
i.i.d. samples. In this chapter we will review some of the popular bivari-
ate extreme models and compare them with certain conditionally specified
bivariate extreme models (developed in the spirit of Chapters 4 and 11).
Attention is restricted to the bivariate case for ease of book-keeping.
Multivariate extensions are of course appropriate and feasible.
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A key difference between the classical models and the conditional spec-
ification models is to be found in the sign of the correlation between the
variables in the models: nonnegative for classical models, non-positive for
conditionally specified models.

In the Fisher-Tippet—Gnedenko classification, there are three types of
univariate extreme distributions; the Gumbel, Weibull, and Frechet. Mul-
tivariate extensions of the three types could be considered. In this chapter,
we limit discussion to bivariate versions of the Gumbel extreme value dis-
tribution ((12.1) below). Parallel developments could be pursued for the
other two types.

12.2 Univariate and Bivariate Gumbel
Distributions

Definition 12.1 (Univariate Gumbel distribution). The univariate
Gumbel extreme value distribution (for maxima) has density of the form

1
flx) = —e=1/% exp (—e_(”’_”)/”) , —00<x <00, (12.1)
o
where p and o are, respectively, location and scale parameters. O

Certain bivariate extensions of (12.1) were introduced by Gumbel and
Mustafi (1967). The models they introduced did have Gumbel marginals
and indeed were legitimate bivariate extreme distributions in the sense of
being possible limit laws for coordinatewise maxima of i.i.d. sequences of
bivariate random variables. When these classic bivariate Gumbel distribu-
tions were introduced there was, however, no suggestion that they were
selected in any optimal fashion from the vast array of possible bivariate
extreme distributions with Gumbel marginals. A general form for such
bivariate extreme distributions with Gumbel marginals is

Ferte=en | [ min(aee eea), 022

where f1(t) and f2(¢) are non-negative Lebesgue integrable functions such
that fol filt)dt =1,i=1,2 (see, e.g., Resnick (1987), pp. 272).

The type I bivariate Gumbel distribution, as introduced in Gumbel and
Mustafi (1967), has a joint distribution function of the form

Fxy(z,y) :exp{_e—(ﬂﬂ—ﬂl)/ffl — e~ (y—n2)/o2 —1—9[6@_’“/01 +e(y—uz/02]—1

(12.3)
where 6 > 0. The joint density is of the form

1 T—p1 Y — pe
fX,Y(xvy) = g1 ( ) 3

0102 g1 g2
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where

gi(u,v) = [exp(—e ™ —e " —u—v+0(e“+e’) )
% [1 _ 9(€2u + er)(eu + ev)72
+ 2022V (e¥ 4 ev) 73 (12.4)
+ 9262u+2v(€u + ev)—4] .
The Gumbel type II bivariate distribution (Gumbel and Mustafi, 1967)
has the form

Fr.y (2, y) = exp[—(e~@—m)/001) | o=(w=p)/Go2))b] (12.5)

where 0 < b < 1. In this case, the joint density is of the form

1 T— 1 Y — fl2
fX,Y(xvy) = g2 ( ) 3

0102 01 02

where

QQ(U, U) = eXp[—(e_u/b + B_U/b)b}
X [(e—u/b + e_v/b)2b_2e—u/b—v/b

HOT (e e YR (126)

Both of these bivariate Gumbel distributions qualify as legitimate bivari-
ate extreme distributions (i.e., they can be written in the form (12.2)). For
example, it is not difficult to verify the conditions of Galambos’ (1987),
Theorem 5.2.1).

For any bivariate extreme distibution (of the general form (12.2)), it can
be shown that the coordinate random variables are associated. It then fol-
lows that all such distributions (including the two Gumbel-Mustafi mod-
els (12.3) and (12.5)) have non-negative correlations (see, e.g., Tiago de
Oliveira (1962)).

Of course, in the real world, not all bivariate maxima data sets exhibit
nonnegative correlation. In contrast to the classical modeling approach, the
conditional specification route (to be illustrated in the next section) leads
to models exhibiting correlations of the opposite sign.

12.3 Conditionally Specified Bivariate
Gumbel Distributions

If we require that certain conditional distributions rather than marginals
are of the Gumbel form, we encounter different distributions.
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First suppose that we assume that for every y the conditional distribu-
tion of X given Y = y is Gumbel(u1(y),01(y)) and that for every z, the
conditional distribution of ¥ given X = z is Gumbel(pz(z), o2(x)).

To identify the most general class of distributions with such Gumbel
conditionals we will need to solve the following functional equation:

1 —
(1) —— ex [_w _ e—(x—m(y))/ol(y)}

= o) s exp [

LY =@ (y-pa(@)/oa(a)
O'Q(x)

} | (12.7)

where hy and ho are the unknown marginal densities of X and Y, respec-
tively. If we take logarithms in (12.7) and define new functions g(y) =
log ha(y) — logoi(y) and g¢1(x) = loghy(z) — logoa(x), our functional
equation takes the simpler form

L2 ) ) /) Z gy ()= L H2E) (@) /ea(@),

g2 (y) o (y) o9 (.’I}

(12.8)

This functional equation appears to be difficult to solve. However, if we
assume o01(y) = o1 and oa(x) = o9, it is readily solved. Other solutions
would of course be of potential interest but, until they are found, the as-
sumption of constant scale functions (o1(y) = o1,02(x) = 02) will still
yield a flexible collection of models. With this assumption, (12.8) becomes

g2(y) — r% + Mlg(ly) — exp (_Uil + M;(ly))
_ oy o p2(m) oy pa(z)
=gi(z) — L + 2 exp ( oy T ) .

o2

(12.9)
If we introduce the notation
~ _ pi2(z) =z
gi1(z) = gi1(z) + = + o1
Bo) = g+ 4 L
01 g2
¢1 (y) = em(y)/ol’
Vo) = 6uz(:r)/ffz7
then our equation can be written in the form
G2(y) —hr(y)e 7 = gi(x) —ha(x)e v/ (12.10)

This is a Stephanos—Levi Civita-Suto functional equation and can readily
be solved. Using Theorem 1.3 we conclude that for some constants d1, dz, d3
we must have

Y1 (y) = 61 + bge~¥/72 (12.11)
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and
o) = 8y + b3/, (12.12)
Consequently,
pa(y) = o1log (1 + Sz~ ¥/7?) (12.13)
and
pi2(x) = o9 log(8a + dze~2/1). (12.14)

Thus X given Y = y belongs to the Gumbel(u; (y), o1) family, and YV given
X = z belongs to the Gumbel(us(x),02) family with pi(y) and po(x)
as given in (12.13) and (12.14). If we write the corresponding conditional
distribution functions we see that

FX|Y($|y) = exp [_e_(l_ﬂl(y))/al}

= exp [félefugl - 536730/0167?//02} . (12.15)
Analogously
Fyx(y|z) = exp [—526_3’/”2 - 536‘”“16_3’/‘72] . (12.16)
From these expressions it is evident that the random variables
U=e X (12.17)
and
V =e Y/ (12.18)

have a joint distribution with exponential conditionals. From (4.14) the
joint density of (U, V') will be of the form

fuv(u,v) = exp(moo — miow — morv — myuv)l(u >0, v > 0). (12.19)

From this, using (12.17) and (12.18), we can write the joint density of
(X,Y) in the form

fX,Y(Iay)
exp [—U% — L +mgo — mage” /7 —mgre” v/ — mue‘”"l‘y/”?}
o 0109 ’
—oo<x <00, —oo<Yy<o0.
(12.20)

An alternative more easily interpretable parametrization is available. In
(12.20) set 1 = o1 logmig, o = o2 logmor, and 8 = mq1/(miomoe1). Also
let Mmoo denote a new normalizing constant. Our density then assumes the
form

T — - -
o Yo

fX,Y(Z‘,ZJ) = exXp | —

0102 01 02

—e—@—p)/or _ o=(y—p2)/o2 _ 96—(1—#1)/01—(y—u2)/02] 7
(12.21)
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where p1, uo € R are location parameters, 01,09 > 0 are scale parameters,
and 6 > 0 is a dependency parameter.

For completeness we also write the corresponding conditional densities
in this new parametrization:

fX|Y(x|y) — Me—(f—ﬂl)/d1e—(l-}-&g*(ﬂ*l@)/”z)e_(r_ﬂl)/o.l’
01
(12.22)
fY|X(y|£L') _ 1+ fe—(T—p1)/o1 6*(?/*#2)/‘7267(1+067<17M1)/U1)Gi(myiuz)/(’?,

02
(12.23)
It is not difficult to verify that model (12.21) is always totally negative
of order 2 and consequently will exhibit nonpositive correlations. It is thus
evident that model (12.21) is not a valid bivariate extreme distribution.
Indeed, it does not even have Gumbel marginals.
The standarized form of (12.21) is

flz,y) = k(@) exp[-z —y —e ™ —e™¥ — e V], (12.24)

where the normalizing constant is given by

k(0) = 0e= 1 / [~Ei(1/6)], (12.25)
in which .
— Ei(t) = / £ du. (12.26)
+ u
The marginal density of the standarized distribution is
exp[—z — e 7]
= . 12.
f(@) = k(O — 5= (12.27)

A second conditional specification paradigm can be fruitfully employed in
this Gumbel context. It will turn out to yield a bivariate distribution with
nonpositive correlation also; but this time with Gumbel marginals. For it,
we focus on conditional distributions rather than conditional densities (as
in Section 11.6). Thus we seek to identify all joint distributions for (X,Y)
such that for every real y, the conditional distribution of X given (Y < y)
is Gumbel(u1(y),o01(y)) and for each z, the conditional distribution of ¥’
given (X < z) is Gumbel(uz(z), 02(x)). Thus we will have

P(X <zlYy <y) = eXp[fef(I*m(y))/m(y)] (12.28)

and
P(Y < y|X < z) = exp[—e~ WH2(@)/02(@)], (12.29)
Since
PX <z, Y <y)=P(X <z|Y <y)P(Y <)
=P(Y <y|X <z2)P(X < x),
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the following functional equation holds:
o1(y) — e"@mW/NW) = ) (7) - e~ WH2(@)/02(2), (12.30)

where ¢1(y) =log P(Y < y) and ¢2(z) =log P(X < ).

Even though (12.30) appears to be simpler than (12.8) it too has not
been solved in general. As in the case of (12.8), considerable simplification
occurs if we assume that o1 (y) = o1 and oz(x) = 09.

Our equation simplifies to

P1(y) — e ™71/ = gy (3) — e7V/2eM2(®)/ 02 (12.31)

which is a functional equation of the SLCS form and is thus readily solvable
(just as (12.9) was solvable). It follows that for some constants 1, vz, vs
we must have

6#1(9)/01 = —+ f}/geiy/a-z (1232)

and
et2(@) /o2 Yo + 73e_$/‘71. (12.33)

Substituting these back into (12.28) and (12.29) we find

P(X < z|Y <y) = exp(—y1e 2/ — e~ %/T1e7/%2) (12.34)
and

P(Y <y|X <) = exp(—ype V2 — yze%/T1e7Y/72), (12.35)

Next let y — oo in (12.34) to obtain the marginal distribution of X.
This, combined with (12.35), yields the joint distribution of (X,Y):

Fxy(w,y) = exp(—y1e” /7 —qpe7¥/72 — yze”/71e7/72) (12.36)
If we make the transformation
U =~e X/, (12.37)

V = ypeY/o2 (12.38)

in (12.36), we find that (U, V) has the bivariate exponential distribution of
the first kind introduced by Gumbel (1960) (as discussed in Section 11.3).

Consequently, in order for (12.36) to be a proper bivariate distribution
function, we must require that

1 > 0; 2 >0,

and
0 <3 <M.
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If we define p1 = o1logyi1, pa = o2logye, and 6 = v3/(7172) we may
rewrite (12.36) in a more convenient form, viz.

Fxy(z,y) = exp[—e_(f”_“l)/gl — e~ W—n2)/os _ 96—(90—#1)/01—(y—#z)/@]7

(12.39)
where p1, 2 € R, 01,09 >0, and 8 € [0, 1]. The density of (X,Y) is then
given by

1 T — —
fxy(zy) = g ( i ) Y M) , (12.40)
0102 o1 o2
where
gluv) = exp(—e — e — e —u—v)

= x[(1+0e™")(1+ ") — ).

Tt is not difficult to verify that model (12.39) exhibits negative quadrant
dependence and, as a consequence, has nonpositive correlation. It does have
Gumbel marginals but it is not a valid bivariate extreme distribution since
it fails to satisfy the condition of Theorem 5.2.1 of Galambos (1987) (or we
could just argue that it has correlation of the wrong sign).

12.4 Positive or Negative Correlation

The two Gumbel-Mustafi models (12.3) and (12.5) exhibit nonnegative cor-
relation as does any bivariate extreme model (of the general form (12.2)).
However, many bivariate data sets are not associated with maxima of se-
quences of i.i.d. random vectors even though marginally and/or condition-
ally a Gumbel model may fit quite well.

Quite often empirical extreme data are associated with dependent bi-
variate sequences. Unless the dependence is relatively weak, there is no
reason to expect that classical bivariate extreme theory will apply in such
settings and, consequently, no a priori argument in favor of nonnegative or
nonpositive correlation.

The conditionally specified Gumbel models introduced in this chapter
exhibit nonpositive correlation. Thus the Gumbel-Mustafi models and the
conditionally specified models do not compete but, in fact, complement
each other. Together they provide us with the ability to fit data sets
exhibiting a broad spectrum of correlation structure, both negative and
positive.

12.5 Density Contours

It is not easy to visualize densities from their algebraic formulations. Repre-
sentative density contours and density plots are provided here (see Figures
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FIGURE 12.1. Density plot for the Gumbel type I model with § = 0.9.
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FIGURE 12.2. Density contour plot for the Gumbel type I model with 6 = 0.9.
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FIGURE 12.3. Density plot for the Gumbel type II model with b = 0.3.
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FIGURE 12.4. Density contour plot for the Gumbel type II model with b = 0.3.

12.1-12.8) for each of the four models introduced in this chapter, to help
the reader visualize the nature of the dependency exhibited in each model.
In all cases we have centered and standardized the density, i.e., we have
set 1 = po = 0 and 07 = o9 = 1. These figures have been selected from
a more extensive collection which may be found in Arnold, Castillo, and
Sarabia (1998c).
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FIGURE 12.5. Density plot for model (12.21) with 6 = 10.
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FIGURE 12.6. Density contour plot for model (12.21) with § = 10.
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FIGURE 12.7. Density plot for model (12.39) with 8 = 0.9.
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FIGURE 12.8. Density contour plot for model (12.39) with = 0.9.
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TABLE 12.1. Maximum wind speeds (mph) in Eastport and North Head for the
period 1912-1948, from Simiu and Filliben (1975).

Year | Eastport | North Head | Year | Eastport | North Head
1912 53 69 1931 52 66
1913 41 65 1932 42 79
1914 54 70 1933 46 70
1915 49 63 1934 51 87
1916 60 73 1935 48 69
1917 54 65 1936 46 73
1918 52 68 1937 46 72
1919 56 65 1938 45 67
1920 48 57 1939 47 70
1921 39 95 1940 46 84
1922 57 60 1941 49 67
1923 46 68 1942 46 65
1924 46 64 1943 42 7
1925 51 70 1944 51 65
1926 38 73 1945 55 64
1927 50 65 1946 44 67
1928 45 66 1947 52 66
1929 50 63 1948 48 69
1930 48 66

12.6 Maximal Wind Speeds

Simiu and Filliben (1975) presented data on annual maximal wind speeds
at 21 locations in the United States of America. A convenient source for the
data is Table 10.1 in Rice (1975). Approximately 40% of the 210 pairs of
stations in this data set exhibit negative correlation so that the phenomenon
is not an isolated one. As a representative example consider data from two
stations, Eastport and North Head; see Table 12.1.

For each of the stations, Gumbel probability plots of the data are pro-
vided (Figures 12.9 and 12.10). Since the upper tails of theses plots exhibit
little curvature we can reasonably assume, marginally, a Gumbel domain
of attraction (see Castillo (1988) p. 173).

Since the data exhibit negative correlation it is reasonable to fit models
(12.21) and (12.39) (rather than (12.3) and (12.5) which exhibit positive
correlation). In addition a model with independent Gumbel marginals will
be fitted. In the analysis, the data have been rescaled by dividing by 100
for computational convenience.

The parameters of model (12.39) are estimated using maximum likeli-
hood while those of model (12.21) are estimated by maximizing the pseudo-
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TABLE 12.2. Fitted Gumbel Models estimated (standard errors are shown in
parentheses)

Parameters | Independent | Model (12.39) | Model (12.21)

1 0.4604 0.4589 0.4333
(0.0082) (0.0083) (0.0141)

o1 0.0470 0.0466 0.0415
(0.0056) (0.0055) (0.0048)

142 0.6622 0.6639 0.6372
(0.0088) (0.0091) (0.0146)

o 0.0513 0.0535 0.0501
(0.0065) (0.0067) (0.0058)

0 - 0.6864 1.8993
- (0.3509) (1.4751)

log(L) 108.103 110.992 114.025
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FIGURE 12.9. Eastport maximum wind speeds (mph) on Gumbel probability
paper.
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FIGURE 12.12. Density contour plot for model (12.39) for the maximum wind
speed data.

likelihood:
HfX|Y(93i|yi)fY|X(yi|fEi)- (12.41)

i=1

Finally the simple independent marginal models are also estimated using
maximum likelihood.

The corresponding parameter estimates together with estimated stan-
dard errors and corresponding values of the log-likelihoods are displayed
in Table 12.2. For this data set it appears that model (12.21) provided a
significantly improved fit when compared with model (12.39) or with the
independence model. Density contour plots for the fitted versions of models
(12.21) and (12.39) are provided in Figures 12.11 and 12.12.

12.7 More Flexibility Needed

Since both negative and positive dependence are routinely encountered in
the real world, it seems desirable to have a flexible model capable of ex-
hibiting correlations of both signs. It may be observed that all of the models
discussed in this chapter involve a single dependency parameter. Models
involving multiple dependency parameters might provide the flexibility de-
sired. It must be remarked that it seems unlikely that we will be able to
develop models exhibiting possible correlations of both signs via bivariate
extreme or conditional specification arguments. The former are guaranteed
to give nonnegative correlations while the latter seem to favor negative
correlations in those cases where the corresponding functional equations
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are solvable. That is, unless we are satisfied with a cut-and-paste model,
combining say (12.3) and (12.21), of the form

flx,y;0)= [cxp(—e’“ —e v —u—v+0(e*+e’) 1)

X[]. _ 9(e2u + €2v)(eu + e'u)72

+ 20e2ut2v(gu 4 ev) 3 (12.42)

+ 9262u+2v(6u + 6”)74] , if 9 > 0,
=exp[-x—y+me —e T —e Y+0e Y], if 0 <O.

12.8 Bibliographic Note

Bivariate extreme models are discussed in Arnold, Castillo, and Sarabia
(1998c¢).

Exercises

12.1
12.2

12.3

12.4

12.5
12.6

Seek examples of bivariate extreme data, with negative correlation.

Confirm the assertions that models (12.21) and (12.39) are always
negatively correlated?

Describe suitable k-variate extensions of the models (12.21) and (12.39).
Discuss the corresponding correlation structures.

Derive models analogous to (12.21) and (12.39) for the Weibull and
Frechet extreme value distributions (for definitions in the context of
extreme value theory see, either Resnick (1987) or Arnold, Balakrish-
nan, and Nagaraja (1992)).

Are models (12.21) and (12.39) always unimodal?

We can construct families of bivariate distributions with Gumbel
marginals with correlations of both positive and negative sign by
applying marginal transformations to suitable families of bivariate
uniform distributions (copulas). For example, we could begin with
(U1, Uz) having a Farlie-Gumbel-Morgenstern distribution

FUIUQ(’UJl,UQ) = U1UQ[1+9(1—U1)(1—U2)], O<ur <1, O0<uy <1,
where 6 € [—1,1]. Now define
X = —log(—logUn)

and
Y = —log(—log Us).
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Confirm that (X,Y) has a bivariate Gumbel distribution with the
sign of its correlation determined by the sign of 6.



13

Bayesian Analysis Using
Conditionally Specified Models

13.1 Introduction

The standard Bayesian inference scenario involves data X whose distribu-
tion is governed by a family of densities {f(z;6) : 8 € ©} where frequently
O is of dimension, say k, greater than 2. A Bayesian analysis of such a
problem will involve identification of a prior density for § which will be
combined with the likelihood of the data to yield a posterior distribution
suitable for inferences about 6. The use of informative priors (obtained from
knowledgable expert(s)) is usually envisioned in such settings. Considerable
modern Bayesian analysis has focussed on the frequently occurring case in
which prior information is sparse or absent. In this context we encounter
priors associated with adjectives such as: diffuse, noninformative, conve-
nience, reference, etc. Much early Bayesian work was focussed on so-called
conjugate priors. Such priors are convenient but lack flexibility for modeling
informed prior belief. The classical scenario, in which most of the issues are
already clearly visible, involves a sample from a normal distribution with
unknown mean and variance.

We will use this normal example to illustrate the potential of condi-
tionally specified models for providing more flexible but still manageable
families of prior distributions for routine use. Subsequently, we discuss in
more generality the role of conditionally specified distributions in Bayes-
ian analysis. Special emphasis is placed on exponential family models. The
normal example is examined in detail and a variety of specific applications
are outlined.
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13.2 Motivation from a Normal Example

Suppose that our data consists of n independent observations X1, Xs, ..., X,
with a common normal distribution. We will denote the common mean of

the X;’s by p and the common precision (the reciprocal of the variance)

of the X;’s by 7. Throughout this chapter we will use “precisions” rather

than “variances” to describe the scale parameters of normal random vari-

ables purely for book-keeping convenience (they allow us to talk of gamma

distributions instead of “inverse” gamma distributions).

Both parameters are unknown and our parameter space is

R xR" ={(y,7): —00< p<00,0<7 <00}

The natural conjugate prior for (u, ) (see, e.g., deGroot (1970)) consists
of densities of the form

f(p,7) o exp(alog 7+ br + cur + dp*r), (13.1)

where a > 0,b < 0,¢ € R,d < 0. Densities such us (13.1) have a gamma
marginal density for 7 and a conditional distribution for u given 7 that
is normal with precision depending on 7. Several authors (e.g., Arnold
and Press (1989a)) have remarked on the fact that there seems to be no
compelling reason to expect prior beliefs to necessarily exhibit the specific
dependence structure exhibited by (13.1).

In this setting the natural conjugate prior family for u, assuming that
is known, is the normal family. The natural conjugate prior family for 7,
assuming g is known, is the gamma family. Based on these observations,
Arnold and Press (1989a) and others have advocated use of a joint prior
for (u,7) with independent normal and gamma marginals, i.e., the family
of densities of the form

fu,7) < exp(alogT + bt + cp + dp®) (13.2)

where a > 0,b < 0,c € IR, and d < 0. This is of course not a conjugate fam-
ily and at first glance the advantage gained in ease of prior assessment can
be expected to be offset by potential difficulties in analyzing the resulting
posterior (but more on this later). Note also that (13.2) like (13.1) involves
specific assumptions about the dependency (or lack thereof) between prior
beliefs about 7 and u.

Moreover we are likely to be reluctant to forego the advantages of conju-
gacy. But which family of conjugate priors should be recommended? The
tradeoff to be resolved here is between simplicity and ease of assessment
versus complexity and an ability to match a diverse spectrum of potential
prior beliefs. The classical “natural conjugate prior” is at the “simplic-
ity” end of the spectrum. We argue that it generally lacks flexibility and
frequently involves curious unjustifiable dependencies in the prior and pos-
terior joint distributions of the model parameters. A more flexible prior
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family should generally be used. The models that form the central theme
of this book, those specified in terms of conditional distributions, are candi-
dates for use in this setting. As a small step in the direction of more flexible
prior modeling, so-called conditionally conjugate priors can be advocated
for use.

They, in a sense, represent a minimal desirable increase in flexibility
over natural conjugate families. There is, as will be seen, a price to pay.
And indeed it is a high price. The resulting conditionally conjugate fam-
ilies involve large number of hyperparameters. But of course, this is the
very feature of conditionally conjugate priors that gives them the flexibil-
ity to model a broad spectrum of prior beliefs. They will not prove to be
a panacea. Certain multimodal prior beliefs will be still poorly fitted even
by conditionally conjugate families of priors. Here will be found scope for
use of finite mixtures of priors to capture the multimodal features of prior
beliefs.

Specific details of the proposed conditionally conjugate analysis of normal
data will be provided in Section 13.6. In the immediately following sections
we will review, to some degree, conjugate and convenience priors in general
contexts and introduce conditionally conjugate families in some generality.

13.3 Priors with Convenient Posteriors

Suppose that we have data X whose distribution is governed by the family
of densities {f(z;0) : 8 € O} where O is k-dimensional (k > 1).

Typically the informative prior used in this analysis is a member of a
convenient family of priors (often chosen to be a conjugate family).

Definition 13.1 (Conjugate family). A family F of priors for 6§ is said
to be a conjugate family if any member of F, when combined with the
likelihood of the data, leads to a posterior density which is again a member
of F. |

But there are many conjugate families available in any situation. The
most frequently used method of constructing a family of conjugate priors is
to consider all possible posteriors corresponding to all possible hypothetical
samples of all possible sizes from the given distribution beginning with a
(possibly improper) uniform prior on ©. For example, for samples from
a normal (u,7) population (i.e., one with mean p and precision 7) this
approach leads to a conjugate prior family for (u,7) of the form (13.1).

In this example, the posterior distribution will again be of the “normal—
gamma” form (13.1). As remarked earlier, this “natural” conjugate prior
lacks flexibility for matching prior beliefs because of its paucity of hyper-
parameters and its inherent restrictions on the dependence between p and
7. More flexible alternatives can and will be discussed in later sections.
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Before developing such flexible alternatives, it is perhaps worthwhile to
emphasize that the advantage of conjugate prior families resides not really
in their conjugacy. Actually what is important is that the posterior be ana-
lytically tractable. It is not at all crucial that the prior and posterior should
be in the same family. In the normal data example, perhaps other priors
will yield “normal-gamma” posteriors. Instead of focussing on conjugacy,
it is of evident interest to identify, in this setting, all possible priors which
will lead to the chosen “convenient posteriors,” namely the normal-gamma
ones. More generally, for data corresponding to a given exponential family
likelihood we might seek to identify all possible priors which could lead to
posteriors in a given (quite possibly distinct) exponential family.

Consider data sets consisting of n observations (possibly vector valued)

X (1), . ¢ (™) from an m-parameter exponential family of the form
fl@;0) =exp [AO) + ) 0,Tj(z)|, ze€I(X), (13.3)
j=0

where by convention fy = 1. The joint likelihood for the n observations is
then given by

f@W, 2™ 0) =exp [nA(0) + > 0; 3 Ti(z®) |,
== (13.4)

2z e §(X), i=1,2,...,n.

It is assumed that the Tj(z)’s are linearly independent and nonconstant
(Gj=1,2,...,m).

It may, if desired, be assumed that the §’s are restricted to belong to the
natural parameter space O, defined to include all #’s for which (13.3) is
integrable. Our goal is to determine the most general class of priors on ©
which will lead to posterior densities for § which belong to a prespecified
{-parameter exponential family of the form

f(8;m) = exp

4
v(n) + angk(G)] , 2 e S(X);0 €0y, (13.5)
k=0

where by convention 1y = 1 and where ©; C O (perhaps a proper sub-
set). Thus we wish to identify the # marginal of a joint distribution for
(X(l), e ,X("),Q) which has conditional densities for XV, ..., x(™ given
6 as in (13.4) and conditional densities of § given XM =z . x™ =
X™ of the form

¢
FOlzM, . 2™y =exp go(0) + 3 me(z™, ..., 2™)gr(0)

P (13.6)
1)a e 7£(n)))] ) Q S @17

x exp[v(n(z'
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for some functions 7 (z™, ..., 2(™), k=1,2,... ¢

But clearly we are dealing with a joint distribution with conditionals in
exponential families. Using the material from Chapter 4 we can conclude
that, if (13.4) and (13.6) are to hold for all (), ... 2™ and 6, we must
have a joint density of the form

1=

f@W, .. 2™ 0) = exp [i f: mjk <§n: Tj(x(i))gk(@ﬂ :
=0k=0 (13.7)

Qeela g(z) 65(&)7 i:1a2a"'an7

where by our usual convention Tp(z") = 1 and go(f) = 1, for suitable
choices of the real parameters {m;;}. The constant mq is determined so
that the density integrates to 1. Densities of the form (13.7) indeed have
all conditionals in the prescribed exponential families but, in fact, what we
require is more constrained. We require that (13.4) hold exactly. This puts
major constraints on the acceptable choices of the parameters in (13.7) and
on the form of the functions g ().
Specifically, we must have

~

=> muge(8), j=1,2,...,m. (13.8)
k=1

This has serious implications regarding the attainability of desirable ex-
ponential families of posteriors. If we begin with the likelihood (13.4) and
want to end up with posteriors in an exponential family of the form (13.5)
whose g1 (8)’s do not satisfy (13.8), then we cannot attain this for any choice
of prior. Generally speaking, the gi(6)’s have to be linear combinations of
the 6;’s, or we have no hope.

After imposing all the implied constraints, the joint density assumes the
form (with new parameters)

f@®, . 2™ 0)

= exp e+ go(0) + z bigi(6) + z Ty(a) + - 0, 3 Ty(a®)

eo, zDeSX), i=1,2,...,n.

(13.9)

The corresponding prior is obtained by integrating out the z(?’s in (13.9).

Recalling that the likelihoods of the form (13.4) must integrate to 1, we
find that the appropriate choice of the prior is of the form

F(0) = exp |c+ go(0 Jerkgk )y—nA@)|, 0 € O. (13.10)
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Note that the function go(@), that appears in (13.10) and in the desired
posterior density (13.5), can be quite arbitrary. In addition, there can be
considerable flexibility in the choice of gi(6)’s (k > 1), subject only to
the contraint that (13.8) holds (i.e., that all the 6;’s can be expressed as
linear combinations of the gx(0)’s). If we wish to have a proper prior, we
must impose a further restriction that exp[go(8) + 2221 brgr(8) — nA(8)]
be integrable over ©;.

Example 13.1 (Normal likelihood and normal posterior). For no-
tational simplicity we assume a sample size of 1. So we have X ~ N(6,1)
and we wish to determine the class of priors for which all posteriors for
© given X = z are members of the two-parameter (normal) exponential
family:

f(6;m) = exp [v(n) +mb + n267] . (13.11)

Here (using the notation of (13.5)) go(0) = 0, g1(0) = 0, g2(8) = 62. Since
our likelihood assumes the form

92 2
f(x;0) = exp —log\/27r—5+0x—% , (13.12)
we can, using the notation of (13.3), see that
_p2
XO)= 5
2
To() = —log 27 — (13.13)
T (z)==.

Immediately from (13.10), we see that the appropriate family of priors is
of the form

92 3
f(0) = exp |c+ b16 + by6* + 5 | = exple+ b0+ b2602]. (13.14)

Thus, the two-parameter normal family of priors will be appropriate. O

Example 13.2 (Normal likelihood and inverse Gaussian poste-
rior). Again take one observation X ~ N(6,1). We wish to have posterior
distributions which belong to the inverse Gaussian family.

f(0;m) = exp[v(n) — 3log0/2 +m6 +120~"], 6> 0. (13.15)

Here go(0) = —3log6/2,91(0) = 0, 92(0) = 6~1. Combining this with the
likelihood (13.12) for which A(§) = —6?/2 we obtain using (13.10), the
following family of priors (with inverse Gaussian posteriors):

92
f(0) = explc — 3log /2 + b10 + ba6 " + 5 (13.16)

In this case, the family is not a conjugate prior family. O
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13.4 Conjugate Exponential Family Priors for
Exponential Family Likelihoods

We envision data sets consisting of n observations (possibly vector val-
ued) 2™, ..., 2" from an m-parameter exponential family. After suitable
reparametrization and introduction of appropriate sufficient statistics the
corresponding likelihood of such a sample has the following representation:

f(z;0) = rn(z) exp lz 0;5i(z) + nA( 9)] (13.17)

in which x denotes the full data set g(l), o ,g(”).

It is assumed, without loss of generality, that the s;(z)’s are linearly
independent and nonconstant and that the 6;’s are restricted to belong to
the natural parameter space O, defined to include all 8’s for which (13.17)
is integrable. All priors to be considered will be nonrestrictive, i.e., they
will be positive on ©. Consequently, since all functions of § will have the
same domain, repeated mention of that domain will be unnecessary. When
we say for all 8 we mean for all § in ©.

The first problem to be addressed involves the identification of the most
general t-parameter exponential family of priors for § which will be conju-
gate with respect to (13.17). There are mathematical advantages to allow-
ing improper priors so we do not insist on integrability. A second question
involves the description of all possible conjugate prior families.

We will use b = (by,...,b:) to denote the hyperparameters of the ¢-
parameter conjugate exponential family of priors for the likelihood (13.17).

Our main result is:
Theorem 13.1 (Conjugacy in exponential families). The most gen-

eral t-parameter exponential family of prior distributions for 0= (01, ...,0),
that is conjugate with respect to likelihoods (13.17), is of the form

£(8]b) = ro(8) exp Zb@ + b1 A (0 Z bisi(8) + Xo(b)|, t>m,
=1 i=m-+2

(13.18)

where $pm42(0),...,5:(0) are arbitrary functions. If t < m, no such conju-

gate prior exists. O

It is obvious that (13.18) does indeed form a conjugate prior family for
likelihoods of the form (13.17). The posterior hyperparameter vector will
be (b1 +s1(z), .., bm + Sm (), bnt1 + 1, byya, ..., by) (only the first m+ 1
hyperparameters are adjusted by the observations).
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To verify that (13.18) gives the most general form of a conjugate expo-
nential family of priors, we consider an arbitrary ¢-parameter exponential
family of the form

f(@b) =70 eXp[Zblgl )+ Ao )]. (13.19)

Consider a typical posterior kernel, obtained by combining (13.19) with
(13.17). Since (13.19) is required to be a conjugate family, we must have

ra(2)r(0) exp[i AGESHORS A >+nA<e>}
i=1 i=1 ] (13.20)

x r(6) exp [z ha(2.5)g:(6) + Mo (h(z. )

=1

But this is required to hold for all z for all § and for every b. For any fixed
value of b, (13.20) implies that a functional equation of the form

m~+t+1

> ve(@)érla) =
k=1

must be true. Such functional equations are readily solved (see Theorem
1.3) and we conclude that in the case of t > m,

gi(0)=0;, i=1,2,...,m,
h( ,b) =b; + s;(x), i:1,2,...,m, (13.21)
gm+1<9) )‘( )

and
g;(8) are arbitrary functions, j >m+ 1.

Equation (13.18) then follows.

If we turn to the question of identifying more general (nonexponential
family) conjugate families we may argue as follows for likelihoods of the
form (13.17).

For any sample size n and data configuration z and any prior fo(f) the
posterior will be of the form o

f(8lz) o fo(8) exp [295 )+ nA( )] (13.22)

The class of all possible posteriors resulting from all possible hypothetical
samples of all possible sizes in conjunction with the prior fy(0) will neces-
sarily be a conjugate family, since a further sample of size ns in conjunction
with a hypothetical sample of size n; must already have been included in
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the list of hypothetical samples of size ni + ns. Thus we are led to the
conjugate prior family

F(OIb) = fo(0) exp | D bifi + bm 1 A(0) + Ao (b) | - (13.23)

=1

Of course, fo(f) could, in addition, be allowed to range over a (t —m — 1)-
dimensional space yielding a richer still conjugate family. Since fo(6) was
quite arbitrary, (13.23) does not necessarily represent an exponential family.
Observe that the t — m — 1 hyperparameters associated with the family of
possible fy(0)’s are unaffected by the data. This is completely analogous to
the hyperparameters b,, 12, . . ., b; in the exponential conjugate prior (13.18)
which are also unaffected (though eventually swamped) by the data.

13.5 Conditionally Specified Priors

Suppose that our data X has a likelihood

{f(z:0): 0 € ©C RF}.

In order to specify our joint prior distribution of 8, we are faced with a
problem of describing a k-dimensional density. Throughout this book we
have argued that conditional specification is often a natural and convenient
mode of visualization of such densities. In the bivariate case, this approach
would involve characterizing the joint density of a random vector (6, 65)
by postulating the precise form, or perhaps the parametric form, of the two
families of conditional densities associated with (61, 62); i.e., the conditional
densities of #; given 65, for all 05’s, and the conditional densities of 6> given
01, for all 61’s. Taken into the prior assessment arena associated with our
Bayesian inference problem, we would not question the investigator about
his prior beliefs regarding the joint prior for 8, rather we would ask about
prior beliefs about 8, given specific values of the other #’s, then about prior
beliefs about 6 given specific values of the other 0’s, etc. The advantage
of this system is that we are only eliciting information about univariate
distributions, a manifestly easier task than that of directly eliciting beliefs
about multivariate distributions.

In k dimensions, suppose that for each coordinate 6; of 6, if the other co-
ordinates ;) (€ with ¢; deleted) were known, a convenient conjugate prior
family fi(0ilag), o) € Ag is available. Here the a(;)’s are hyperpa-
rameters. Under such circumstances it seems natural to use as a candidate
family of prior distributions for 8, one which has the property that for each
i, the conditional distribution of 6; given ;) belongs to the family f;. By
construction such a flexible family will be a conjugate family. The simplest
case involves exponential families. In it, each family of priors f; (for 6;
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given Q(i)), is an ¢;-parameter exponential family. The resulting condition-
ally conjugate family of densities is again an exponential family. However,
it will have a large number of hyperparameters guaranteeing considerable
flexibility for matching informed prior beliefs.

Specifically suppose that for each i, a natural conjugate prior for 6;
(assuming ;) were known) is available in the form of an /;-parameter
exponential family:

fi(63) o ri(8;) exp Z”m (05 - (13.24)

A convenient family of joint priors for the full parameter vector 8 will
consist of all k-dimensional densities with conditionals (of 8; given Q(i),
for every ) in the given exponential families (13.24). The resulting joint
density for # from Theorem 4.1 is of the form

12 12

k
= [Hrz(&)] exp Z Z Z Mj1ja...gu
i=1

Jj1=072=0 Jjr=0

k
17 @)] :
i=1

(13.25)
where for notational convenience we have introduced the constant functions
Ti0(0;) =1, i =1,2,..., k. The parameter space of the family of densities
(13.25) is of dimension [Hle(mi + 1)] — 1 since mgp.. o is determined as
a function of the others to ensure that the density integrates to 1. It is
readily verified that the family (13.25) will be a conjugate prior family for
6, and that the resulting posterior distributions will exhibit the same kind
of conditional structure as did the prior distribution. Thus, using (13.25),
both a priori and a posteriori we will have, for each i, the conditional density
of 0; given 0;) being a member of the given /;-parameter exponential family
(13.24).

Priors such as those displayed in (13.25) are called conditionally specified
priors or conditionally conjugate priors.

An advantage of conditionally specified priors is that, by their construc-
tion, they are tailor-made for the Gibbs sampler. Simulation of pseudo-
samples from (13.25) will involve only the need to devise appropriate simu-
lation algorithms for the one-dimensional exponential families (13.24). Al-
ternatively, densities such as (13.25) are frequently amenable to strategies
involving rejection algorithms and/or importance sampling.

It should be remarked that the family of conditionally specified priors
(13.25) includes as special cases two of its primary competitors. First, the
natural conjugate prior family, obtained by beginning with a locally uni-
form prior (o 1) over the parameter space, and considering the resulting
posteriors corresponding to all possible samples of all possible sizes from
the given likelihood. This, taken as a family of priors, is by construction
a conjugate family. It will be subsumed by (13.25). The second popular
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competitor would involve the assumption of independent priors for the co-
ordinates 6; of 6, using the families described in (13.24). Clearly such a
distribution will have conditionals in the given exponential families (13.24)
and so will be subsumed by (13.25). It can be obtained by setting many of
the mj, .. j.’s equal to zero to obtain the desired independence.

It also bears remarking that many of the hyperparameters in (13.25) will
be unchanged when we use data to update from the prior to the posterior.
As will be evident either from the preceding paragraph or from perusal of
the examples in the next sections, a decision to only give nonzero values
to those hyperparamters that are affected by the data will in fact bring us
back to the natural conjugate family for 6. The additional hyperparameters,
those unaffected by the data, have a role to play in providing flexibility for
matching a broad spectrum of prior belief, not necessarily well described
by the natural conjugate family.

Densities of any of the families of the form (13.25) are clearly nonnegative
for any choice of the hyperparameters appearing in them. They are how-
ever not guaranteed to be integrable unless the hyperparameters satisfy
constraints which are sometimes quite complicated. It is usually deemed
acceptable to have improper prior distributions but unacceptable to have
improper posteriors. Typically if large amounts of data are available, the
posterior distributions will be proper for most prior selections of the hy-
perparameters. In practice a case by case determination of propriety will
be necessary. Reference to Chapters 3 and 4 will be useful in some cases.
It must be remarked that conditions sufficient for propriety of all posterior
conditional distributions are sometimes readily checked. Here too, however,
we must still check to determine whether the full joint posterior distribu-
tion is proper, since proper conditionals do not, unfortunately, guarantee
a proper joint distribution. This caveat is especially important if we plan
to use the Gibbs sample for posterior simulation (the computer will only
happily notice the propriety of the conditionals and will churn out superfi-
cially acceptable results even when the joint distribution is improper). See
Hobert and Casella (1996) for further discussion of this potential problem
with the Gibbs sampler.

In order to pick a conditionally specified prior that will represent the
informed expert’s beliefs about the parameter 8, say, it will be necessary to
request a considerable amount of information. Such information will, be-
cause of human nature, undoubtedly be inconsistent. So we do not expect to
find a conditionally specified prior that matches the provided information
exactly; instead we seek a conditionally specified prior that is minimally
discrepant from the given information. Typically our knowledge of the con-
ditionally specified distribution (13.25) will be adequate to permit us to
compute a variety of conditional moments and conditional percentiles as
explicit functions of the hyperparameters. It is then possible to use a va-
riety of optimization procedures to choose values of the hyperparameters
that minimize the discrepancy between the elicited values of a spectrum of
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conditional moments and/or percentiles and their theoretical values as func-
tions of the hyperparameters. Of course, the number of elicited conditional
prior features must at least equal the number of hyperparameters in the
prior family and, in practice, should be considerably larger. It will not be a
quick process, but time invested in carefully choosing an approximation to
the informed expert’s true prior is surely well spent. Some examples of this
kind of elicitation procedure are decribed in more detail in the following
sections.

The conditionally specified priors described in this chapter do include
as special cases the usual noninformative and the usual conjugate prior
families. Consequently, any investigator already happy with such priors
will be able to live comfortably with conditionally conjugate priors, he will
just choose to not avail himself of their full flexibility.

It is important to emphasize that in using a family of conditionally spec-
ified priors we are not saying that the informed expert’s true prior is a
member of this family; we only say that the conditionally specified prior
family will hopefully provide a flexible enough family to adequately ap-
proximate the expert’s prior beliefs. As mentioned earlier, multimodal prior
beliefs will perhaps be best modeled using finite mixtures of conditionally
specified priors.

13.6 Normal Data

We will return to study in more detail the normal scenario introduced in
Section 13.2.

The available data are n independent identically distributed random vari-
ables each normally distributed with mean p and precision 7. The likelihood
is of the form

2

i=1

/2 T
Ix(zp,7) = W exp l— Z(l’i — u)ﬂ . (13.26)

If 7 were known, a natural conjugate prior family for ; would be the normal
family. If u were known, a natural conjugate prior family for 7 would be the
gamma family. This suggests that an appropriate conjugate prior family for
(1, 7) (assuming both are unknown) would be one in which p given 7 is
normally distributed for each 7, and 7 given p has a gamma distribution
for each p. The class of such gamma—normal distributions was discussed
extensively in Section 4.8. They form an eight-parameter exponential family
of distributions with densities of the form

f(u,7) ocexp [mlo,u + maop® + magplog T 4 magp® log 7']
(13.27)
X exp [moﬁ' + mo2 log T + myut + m21u27'] .
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For such a density we have:
(1) The conditional density of p given 7 is normal with mean

—(m10 —+ mi1T —+ mio IOg ’7')
2(m20 + mo17T + Mmoo log T)

Ey|r) = (13.28)

and precision
1/var(p|T) = —2(mag + ma17 + maz log 7). (13.29)
(2) The conditional density of 7 given y is gamma with shape parameter
a(p) and intensity parameter \(u), i.e.,
f(r|p) oc 7 =1e= AT (13.30)
with mean and variance

1+ mo2 + miop 4 moop?
—(mo1 + ma1p + morp?)’

E(t|p) = (13.31)
1+ mog + Mmaaft + magp?

. 13.32
(mo1 + ma1p + maog p?)? ( )

var(r|y) =

(3) Since the parameters in (13.29), (13.31) and (13.32) must be posi-
tive to yield proper conditional densities, natural constraints must be
placed on the parameters in (13.27). Thus we must have

mo1 < 0, maog >0, mo1 <0, mge > —1, me < 4m22(m02 + 1),
(13.33)
m
Moo + Mao [log (—22) — 1} <0, m%l < 4dma1mor. (13.34)
m21
If we propose to use densities like (13.27) as prior densities and if we
are willing to accept improper priors and posteriors, then we need

to impose no conditions on the parameters (or hyperparameters) in
(13.27).

(4) The marginal densities for p and 7 associated with the joint density
(13.27) are of the form

T'(mo2 + miop + moou? + 1)
(moz2+mizput+mazp+1)”’

(13.35)

f(p) o< exp(myop + maop?) 5
Hmo1+ma1p+maip?)]

(1) x exp(mo1T + mo2 log 7)

— 1 2 —
xexp( (m1o + m117 + maz log ) ) ™ I(r>0).
4(m20 —+ Mo T + Moo log T) Moy + Mao1T + Moo ].Og T

(13.36)
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TABLE 13.1. Adjustments in the parameters in the prior family (13.27),
combined with likelihood (13.37).

Parameter | Prior value | Posterior value
mio mig mig
mag m3g M3
mo1 mo My — 5 Dy T
™Moo mes may +n/2
mii miy miy + )i T
mi2 mi, mi,
ma1 ms; mb, —n/2
m22 m3o m3y

(5) The family (13.27) is indeed a conjugate prior family for normal like-

lihoods of the form (13.26). To verify this we rewrite the likelihood
(13.26) in the more convenient form

fx(w;pm) = (2m) 72 exp logT— Z T+Z%m— 5

(13.37)
A prior in the family (13.27) will yield, when combined with the like-
lihood (13.37), a posterior in the same family with prior and posterior
parameters related as in Table 13.1.

Table 13.1 merits scrutiny to understand the nature of the proposed prior
family (13.27) and its relation to families of priors used in more traditional
analyses. First it is evident in Table 13.1 that four of the parameters,
mM10, Mag, M12, and mas, those corresponding to the first factor in (13.27),
once fixed in the prior, are unchanged by the data. They do not change,
but their contribution to the posterior would eventually be swamped by
large data sets. Their presence is needed to allow us the full flexibility of
the gamma—normal prior family. Traditionally such flexibility has not been
available.

Our model (13.27) subsumes two important cases:
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1. The classical prior distribution for (u, ). This distribution has 7 with
a marginal gamma distribution and p given 7 distributed normally
with its precision a scalar multiple of 7 (see, e.g., DeGroot ((1970), p.
169). The deGroot priors correspond to the second factor in (13.27),
that is, to

mig = Moo = M1 = Moy — 0. (1338)

It is not at all evident that the dependence structure (between p and
7), inherent in such a joint distribution, will necessarily adjust well
with prior beliefs.

2. The independence case. A second approach, advocated by those who
view marginal assessment of prior beliefs to be the most viable (see,
e.g., Press (1982)), assumes independent gamma and normal marginals
in (13.27). This corresponds to initially setting

mi1 = M12 = M21 = Moy = 0. (1339)

It has been said that in such a case we do not have a conjugate prior
since the resulting posterior will not have independent marginals.
This is because the posterior values of my1 and ms; will no longer be
zero (mi2 and mao remain zero since they are always unaffected by
the data).

From our viewpoint both the classical priors with their unusual implied
dependence structure and the independent marginal priors are within our
conjugate prior family as are their corresponding posteriors. Consequently,
any experimenter whose prior beliefs were adequately described by one or
other of these restricted families will have no problem using the expanded
family (13.27); his prior will be approximated by one of its members.

We must pay for the flexibility exhibited by our conditionally specified
prior. In the normal case we have eight (hyper) parameters to assess. The
earlier analyses rather arbitrarily set four of them equal to zero and just
assessed the remaining four. It turns out that assessment of the eight hy-
perparameters is not as formidable a problem as we might fear, as we see
in the next section.

13.6.1 Assessment of Appropriate Values for the
Hyperparameters in the Normal Case

In this section we discuss the assessment of the prior hyperparameters. We
consider the following methods:

1. Matching conditional moments. For a conditionally specified prior such
as (13.27), it is natural to try to match conditional moments whose approx-
imate values will be supplied by the knowledgable scientist who collected
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the data. In our example, eight such conditional moments will suffice to
determine all the hyperparameters. We propose, more generally, to ask
the experimenter to provide prior values for more than eight conditional
moments. We recognize that it is unlikely that such prior values will be
consistent and what we propose is to select a prior of the form (13.27) that
will have conditional moments that are minimally disparate from those
provided a priori by the scientist.

Suppose that prior assessed values for the conditional means and vari-
ances are obtained for several different given choices of the precision 7 and
for several different given choices of the mean p. Thus the experimenter pro-
vides his best guesses for the quantities (the subscript, A, denotes assessed
value):

Ea(plm) = & i=12,...,m, (13.40)
vara(plm) = m, i=12,...,m, (13.41)
Ea(rlpy) = 5, j=12,....¢ (13.42)
vara(tlp;) = x5, J=12,....¢, (13.43)

where 2m + 2¢ > 8.

Note that the values {;}7%, and {u;}_, are known quantities. If indeed
a density of the form (13.27) approximates the joint distribution of (u,7),
then the values of the conditional moments in (13.40)—(13.43) will be well
approximated by expressions derived from (13.28), (13.29), (13.31), and
(13.32).

One possible approach, since exact equality is unlikely to be possible
for any choice of the parameters mqg, mag, mMo1, Mo2, M11, M12,Mo1, and
Maa, is to set up as an (admittedly somewhat arbitrary) objective function
the sum of squared differences between the left- and right-hand sides of
(13.28), (13.29), (13.31), and (13.32) [2m + 2¢ terms in all] and, using
a convenient optimization program, choose values of the parameters to
minimize this objective function subject to constraints (13.33) and (13.34).
The “assessed” prior would then be (13.27) with this choice of parameters.

An alternative simpler procedure is possible. If approximate equality is
to hold in (13.28) and (13.29) then ¢, /n; will be approximately equal to the
product of the right-hand sides of (13.28) and (13.29), a linear function of
the parameters. Also n;” ! will be approximately equal to the right-hand side
of (13.29), again a linear function of the parameters. Turning to (13.31) and
(13.32) we find that 1;/x; and 7 /x; will be well approximated by linear
combinations of the parameters. Thus the following array of approximate
linear relations should hold:

&i/mi = mig +muT +miglog T, (13.44)
_Wfl/Q R Mog + ma1T; + maglog 7, (13.45)
—¥;/xj = mor+maip; + m21u?, (13.46)

(T/JJZ/XJ‘) —1 =~ mez +miop; + mzzua (13.47)
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Least squares estimates of the eight parameters subject to constraints
(13.33) and (13.34) are then obtainable by standard regression techniques.
If the researcher is more certain about the prior conditional moments for
some values of 7 or i, then weighted least squares could be used. It is these
readily obtained values for the (hyper) parameters that we propose to use
to determine the “assessed” prior. The density (13.27) with these assessed
values of the parameters will have conditional moments not too disparate
from those provided by the scientist.

An alternative approach would involve matching conditional percentiles.
Since, for example, gamma percentiles are not describable in closed form,
implementation of such an approach will be more challenging.

2. Using diffuse or partially diffuse priors. Utilization of conditionally
specified priors such as those introduced in Section 13.5 involves assessment
of many hyperparameters. It would not be uncommon to encounter an
informed expert who honestly is unable to provide plausible values for the
conditional means, variances, or percentiles utilized in the suggested prior
assessment, approach. In such situations it is quite reasonable to select and
use values of the hyperparameters which reflect ignorance or diffuseness of
prior information about the parameters.

If our informed expert expresses inability to provide any conditional mo-
ments of his prior, it would be appropriate to use a locally uniform joint
prior for (u,7) which would correspond to the case in which all hyper-
parameters in (13.27) are set equal to 0 (with the possible exception of
moz which might be set equal to —1).

Accommodation of diffuse prior information in the family (13.27) does
not thus appear to present any major problems.

3. Using a fictitious sample. The expert could begin with a diffuse prior.
He then may “guess” a representative (fictitious) sample to be combined
with the prior using Table 13.1. The resulting posterior hyperparameters
then become the prior hyperparameters for subsequent analysis of the real
data set.

153.6.2 Parameter Estimation in the Normal Case

Having assessed our prior values of the parameters, we may read off the
corresponding posterior values of the parameters from Table 13.1. The pos-
terior density will be of the gamma-normal form (i.e., (13.27)). If point
estimates are desired they will be provided by F(u|z), an estimate of the
mean, by E(7|z), an estimate of the precision 7, and by E(7~!|z), an
estimate of the variance 02 = 1/7. The posterior distribution is a mem-
ber of an exponential family, so numerical determination of these posterior
expectations is not too difficult.
Two convenient alternatives are possible:
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TABLE 13.2. Iris versicolor data: Sepal length in centimeters.

70 64 69 55 65 57 63 49 66 52 50 59 6.0
61 56 67 56 58 62 56 59 61 63 61 64 6.6
68 6.7 60 57 55 55 58 60 54 6.0 6.7 6.3 5.6
55 55 6.1 58 50 56 57 57 62 51 5.7

e Mode estimates. We can use the mode of the posterior, i.e., solve the
system of equations,

0 = mig+2(meo+mor7)u+mi17+miz log 7+ 2maesplog T, (13.48)

2
P [ L e Ly (13.49)
(mo1 + pwmay + p2mor)

Note that replacing 7 from (13.49) in (13.48) we get an equation which
depends only on u.

o (libbs sampler estimates. Since the density (13.27) has simple condi-
tionals, a Gibbs sampler approach may be used to approximate the pos-
terior moments. Thus to approximate FE(77!|z) we successively generate
U1, T1y 2, T2, . . ., iN, TN Using the posterior conditional distributions (with
parameters given in (13.28)—(13.32)) and our approximation to E(7~!|z)
will be Z,ivzl 1/(N1k) or perhaps vav:,TVIYH 1/(N7k) (if we allow time for
the sampler to stabilize).

The Iris Data

To illustrate the above considerations we will reanalyze Fisher’s (1936)
famous Iris data.

The sepal lengths in the Iris versicolor data shown in Table 13.2 are
plausibly approximately normally distributed.

Our model is normal with unknown mean g and precision 7. The corre-
sponding sufficient statistics assume the following values (n = 50):

50 50
Z z; = 296.8, Z x2 = 1774.86.
=1 =1

For illustrative purposes we discuss three cases, that is, we assume that
our knowledgable expert has supplied us with:

e Case I: A fictitious (guessed) sample {6.5,6.0,5.8,5.9,6.1,6.3,6.2} which
will be combined with a diffuse prior using Table 13.1 to determine the
prior hyperparameters. We obtain the posterior hyperparameter values by
using Table 13.1 once more.
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TABLE 13.3. Prior (Pr) and posterior (Pt) values for different expert assessments
(Iris versicolor data).

mio ma2o Mot Mo2 mi1 mi2 ma21 ma2
Case 1
Pr 0 -0.001 -131.02 3.5 42.8 0 -3.5 0.001
Pt 0 -0.001 -1018.5 28.5 339.6 0 -28.5  0.001
Case 2
Pr -0.74 -893 -1020.3 28.13 3327 -0.36 -29 8.76
Pt -0.74 -893 -1907.7 53.13 629.5 -0.36 -54 8.76
Case 3
Pr 0 -0.001  -0.001 0 0 0 -0.001  0.001
Pt 0 -0.001 8874 25.  296.8 0 -25.001 0.001
TABLE 13.4. Bayesian estimates for different assessments (Iris versicolor data).
Max. likelihood Mode Gibbs Numerical
estimates estimates estimates  integration
I T i 7 i 7 i 7
Case 1 | 5.94 3.83 5.96 4.17 | 596 4.23 | 5.96 4.27
Case 2 | 5.94 3.83 594 484|594 486 | 5.94 487
Case 3 | 5.94 3.83 594 3.81 | 594 393|594 391
e Case 2: The following a priori conditional moments:
Elu|r = 3] =5, Elp|r = 4] =6, Elu|r = 5] =6.1,
var[p|T = 3] =0.006, var[u|r = 4] =0.004, var[u|r = 5]=0. 003
Elr|p = 5] =3, Elr|p = 6] =5, Elr|p =17 =4,
var[r|p = 5] =0.02, var[r|u =6]=0.03, var[r|p="7]=0.04.

e (Case 3 If we did not have an informed expert to aid us in the analysis
we would undoubtedly begin with a diffuse prior. The simple use of Table
13.1 leads to the posterior.

In Table 13.3, the corresponding prior and posterior values of the hy-
perparameters are displayed (the fractional part 0.001 is used to avoid
numerical problems with mgg = 0).

Estimates of p and 7 are then obtained by using maximum likelihood,
the posterior mode, a Gibbs sampler simulation of the posterior density
of the form (13.27), and by numerical integration of the posterior, with
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parameters as given in Table 13.3. The Gibbs sampler was iterated 10,300
times and the last 10,000 iterations were averaged to give the estimated
marginal posterior means of p and 7. The estimates obtained are given in
Table 13.4.

13.7 Pareto Data

Suppose that the available data are n i.i.d. random variables each having
a classical Pareto distribution with shape or inequality parameter v and
precision parameter (the reciprocal of the scale parameter) 7. Thus the
likelihood is of the form

fx(z;a,7) =[] Ta(re;) =@V (rz; > 1)
=t " ~(at1) (13.50)
=l ne (H xl) I(tz1. > 1).
i=1
This can be conveniently rewritten in the form
n
fx(z;0,7) =exp ln log a —na log T—(Z log x,) (a+1)|I(rx1.0 > 1),
i=1
(13.51)
from which we obtain the maximum likelihood estimates
#=1/min(z, ..., ), &= o (13.52)

n log 7+ >  log x;’

which, for the sake of comparison, will be used later.

If 7 were known, then a natural conjugate prior family of densities for
a would be the gamma family. If @ were known then a natural conjugate
family of priors for 7 would be the Pareto family. We are then led to consider
as a conjugate prior family for (a, 7) (assuming both are unknown), one in
which « given 7 is gamma distributed for each 7 and in which 7 given « is
Pareto distributed for each «. The corresponding six-parameter family of
priors is then of the form

fla, ) < exp[mo1 log 7+ moy log alog 7]
(13.53)
x exp[mioa+mag log a+myialog 7] I(Te > 1),

where the two factors in the right-hand side refer to the hyperparameters
which are unaffected by the data and those which are affected, respectively
(see below). It is not difficult to verify that such densities do have Pareto
and gamma conditionals.

For this density we have:
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TABLE 13.5. Adjustments in the parameters in the prior (13.53) when combined
with the likelihood (13.51).

Parameter | Prior value Posterior value

* * n

mio Mo mip — >y logz;
* *

m20 Moo Moy + N
* *

mo1 mpy mpy
* *

m11 mll mll n

*
ma1 maq Moy
c c* min(x1.p, c*)

1. The conditional density of « given 7 is gamma with shape parameter
~(7) and intensity parameter A(7), i.e.,

f(a]r) oc a7t A (13.54)

where the mean and variance are
E(a|r) = —(1 4 mag + may log 7)/(m1o + may log 7),  (13.55)
var(alt) = (14 mag + may log 7)/(mig + mi1log7)?,  (13.56)

2. The conditional density of 7 given « is Pareto with shape or inequality
parameter d(«) and precision parameter v(a), i.e.,

F(r]e) x v(a)s(@) (a)r] C O w(a)r > 1), (13.57)
where

0(a) = —(1 4+ mp1 + mi1a + moy log o), (13.58)

via) =c. (13.59)

3. If we insist on proper prior densities, then there are constraints which
must be imposed on the parameters in (13.53) to ensure that certain
parameters appearing in the conditional densities, namely v(7), A(7),



314

13. Bayesian Analysis Using Conditionally Specified Models

v(T), are always positive and §(7) > —1, to yield proper conditional
densities. This implies

mao1 >0, mi1 <0, mig <mqloge, maog > moyloge —1,
c>0, —mg1 +mo [1 — IOg(_mZI/m11)] > 0.
(13.60)
If we are willing to accept improper priors then no constraints are
needed. It should be noted that (13.53) is not an exponential fam-
ily of priors since the support of the density depends on one of the
parameters (c).

The marginal densities for « and 7 corresponding to the joint density
(13.53) are of the following forms:

c—(mortmaiotman log o)

I(a > 0),
(13.61)
I(re > 1). (13.62)

o) cexp(mipa+maeg log a
f(@) p(m1o 20708 )7(m01+m11a+mglloga+1)

T (m20 + moy log T + 1)

mo1
f(T) X T maop+ma1 log 741

(777110 — mi1 log T)

. The family (13.53) is readily verified to be a conjugate prior family for

likelihoods of the form (13.50) (equivalently (13.51)). A prior from the
family (13.53) will yield, when combined with the likelihood (13.51), a
posterior again in the family (13.53) with prior and posterior (hyper)
parameters related as in Table 13.5. It will be noted that two hyper-
parameters (mg; and mo;) are unaffected by the data. They appear
in the first factor in (13.53).

Our model (13.53) includes:

1. The “classical” conjugate prior family. It was introduced by Lwin

(1972). Tt corresponded to the case in which mg; and mg; were both
arbitrarily set equal to 0.

2. The independent gamma and Pareto priors. These were suggested by

Arnold and Press (1989a) and correspond to the choice myy = ma; =
0 in (13.53).

Thus, the proposed flexible family includes the two most frequently
proposed classes of priors.

13.7.1 Asessment of Appropriate Values for the

Hyperparameters in the Pareto Case

The assessment of hyperparameters for the classical Pareto model will be
achieved in a manner similar to that used in the normal case. We can use
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the following methods:

1. Matching conditional moments and percentiles. Conditional moments
corresponding to the density (13.53) useful for this assessment are given
in (13.55) and (13.56). When dealing with the conditional distribution of
T given «, a Pareto distribution, we are not guaranteed the existence of a
mean for every choice of a. Instead we may try to find a prior by matching,
as well as possible, conditional percentiles. We have, for densities of the
form (13.53), the conditional p-percentiles given by

$p[7'|04] — 671(1 _p)l/(1+mo1+m11a+m21 logoz). (1363)

The elicitation procedure would then involve asking the informed experi-
menter for his best guesses for quantitites of the form

Ela|n) = &, i=12....m, (13.64)
var(a|lr) = ni, i=1,2,...,m, (13.65)
zp,[rley] = x;(p;),  7=12,....4, (13.66)
zg Tl = x5(g5),  7=1,2,... L (13.67)

Using arguments analogous to those used in Section 13.2 we will seek
(hyper) parameters in (13.53) (i.e., m1g, map, .. .) so that

=& /ni ~ mio +milogT, (13.68)
&/ni = 14 maoo+mylogT, (13.69)
1— .
log T P
p
~ 14+ mge1 +miia; +morloga;. (13.70)
log(x;(ps)/x;(q;)) ! !

Least-squares values of mgi, m1g, M2g, m11, and meo; can be obtained
using (13.68)—(13.70). Finally, we need to elicit the best guess for the min-
imum possible value of 7, this gives the elicited value of the reciprocal of
¢ in (13.53). Note that a noninformed choice of ¢ would correspond to a
large value so that the posterior value of ¢ would almost certainly be x1.,.

2. Using diffuse or partially diffuse priors. The process is similar to the
normal case.

3. Using a fictitious sample. The expert can also begin with a diffuse
prior, guess a typical sample, and use expressions in Table 13.5 to calculate
the prior hyperparameters (i.e., posterior hyperparameters corresponding
to the fictitious sample).

13.7.2 Parameter Estimation in the Pareto Case

As in the classical normal case, we will be able to exploit the Gibbs sampler
in studying the posterior distributions which, since they belong again to
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the family (13.53), have gamma and Pareto conditionals. Alternatively,
posterior moments can be obtained by numerical integration.

The Annual Wage Data

To illustrate estimation procedures for Pareto data we will reanalyze the
annual wage data discussed in Dyer (1981). The data set lists the annual
wage in multiples of 100 U.S. dollars for 30 individuals.

Plausibly such a data set will be well described by a classical Pareto
model (of the form (13.50)). The actual values of the data points are

displayed in Table 13.6.

TABLE 13.6. Annual wage data (in multiples of 100 U.S. dollars).

112 154 119 108 112 156 123 103 115 107
125 119 128 132 107 151 103 104 116 140
108 105 158 104 119 111 101 157 112 115

The corresponding sufficient statistics are

T1:30 =

30
101,

i=1

> loga; = 143.523.

For illustrative purposes we discuss three cases. That is, we assume that
our knowledgeable expert has supplied us with:

Case 1: A fictitious sample

{110,108, 112,105, 122, 134, 117, 152, 131, 159, 121, 160, 143},

which will be combined with a diffuse prior using Table 13.5 to yield
the prior hyperparameter values in Table 13.7. Finally, Table 13.5
and the real data lead to the posterior values, which are also shown

in Table 13.7.

Case 2: His best guess of the minimal possible value for 7, say 100 (this
means that the prior choice of the hyperparameter ¢ in (13.53) is
100), and the following a priori conditional moments and percentiles:

Ela|T =0.01
var[a|T = 0.01
l’ovl[T|Oé =5
ZL'()vg[’7'|Ck =5

—45,
=0.6,
=0.010003,
=0.01006,

Ela|Tr=0.02] =1,
var[a|T = 0.02] = 0.03,
o.2[7]a = 5] = 0.010006,



13.8 Inverse Gaussian Data

317

TABLE 13.7. Prior and posterior values for different expert assessments (wage

data).
mio Moo | o1 mi1 ma1 c
Case 1 Prior -63.02 | 12.1 0 -13.0 | 0.0 | 100
Posterior | —206.55 | 42.1 0 -43.0 | 0.0 | 100
Case 2 Prior -206.52 | 41.7 0 -43.12 | 1.52 | 100
Posterior | -350.04 | 71.7 0 -73.12 | 1.52 | 100
Case 3 Prior -0.005 | -0.9 0 -0.0 0.0 | 100
Posterior | —143.5 | 29.1 0 -30.0 | 0.0 | 100
TABLE 13.8. Bayesian estimates for different expert assessments (wage data).
Max. likelihood Gibbs Numerical
estimates estimates  integration
Q T Q T Q T
Case 1 | 5.918 0.00990 | 5.01 0.01 | 494 0.01
Case 2 | 5.918 0.00990 | 4.85 0.01 | 4.88 0.01
Case 3 | 5.918 0.00990 | 5.53 0.01 | 5.45 0.01

Case 3: Diffuse priors.

The assumed prior parameter values and the corresponding posterior
values are shown in Table 13.7. The m;; parameters in Case 2 were obtained
by least squares.

Estimates of o and 7 were then obtained by numerical integration and by
using a Gibbs sampler simulation (using the last 10,000 of 10,300 iterations)
from the posterior densities indicated in Table 13.7. The corresponding
estimates are shown in Table 13.8.

13.8 Inverse Gaussian Data

A variety of parametrizations exist for the inverse Gaussian distribution.
A convenient one for our purposes is provided by

/0 _
f(xz;01,0) = 22 2V0102 5, —3/2 g —b12— 022 1](33 > 0).
s

(13.71)
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If we have a sample of size n from the density (13.71) and if 65 were given,
then a conjugate prior family for #; is an exponential family of the form

f1 (91) X eXp(a\/ 0, + b01)1(91 > O) (1372)
If #, were given, a natural conjugate prior family for 65 is given by
f2(02) o< exp(clog Oy + d\/02 + eb) (62 > 0). (13.73)

The natural requirement that our joint prior for (61, 62) have conditionals
in the families (13.72) and (13.73) leads to consideration of the following
rich exponential family of joint priors with 11 hyper-parameters:

f(01,02) o< exp(migy/ 61 + magby + mo1 log 02
+ mo2 /02 + mosby + mi1\/01 log 6,
+ m12\/010 + my3\/0105

+ M0 10g Oy + Moz \/ Oy + m30,65)
X 1(6: > 0)I(62 > 0). (13.74)

13.9 Ratios of Gamma Scale Parameters

If we are comparing intensities of two independent Poisson processes, vari-
ances of independent normal samples, or comparing exponential distribu-
tions based on complete or censored samples, then we are interested in
gamma random variables with known shape parameters and we wish to
consider the ratio and/or difference of their precision parameters A; and
A2. Here, as in many other examples, it is not unreasonable to expect that
prior beliefs about A\; and Ay are not necessarily independent.

Our data consist of two independent random variables (after reduction
to sufficient statistics), X; and Xs where X; ~ T'(ay, A;), ¢ = 1,2. Tt is
assumed that the a;’s are known. The likelihood of the data set (X7, X32)
is thus

L1, Ag) = Aot~ tem iz \g2 02—l e=2em2 /T (0 )T ()

X exp (011 log A — T1A1 + o log Aoy — 1,2)\2) ) (1375)

We will call (13.75) the likelihood in terms of the original parametrization.
We will also discuss a likelihood in terms of a transformed parametrization
with parameters
0 =A1/)2,
92 - )\2.
Since our focus of interest is on the ratio A1 /Ag, the transformed parametriza-

tion (13.76) might actually be more natural. Using (13.76) our reparametrized
likelihood becomes

(13.76)

L(61,02) x exp oy log 01 — 21601605 + (a1 + az) log 0 — x265] . (13.77)
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If our model is parametrized as in (13.75), we seek a flexible family of
joint priors for (A1, Ag) from which we will select a member to approximate
the prior beliefs of the available informed expert(s). Note that if Ay were
known then the conjugate family of priors for A; (with likelihood (13.75))
would be a family of gamma distributions. Analogously, if A\; were known
then the conjugate family of priors for Ay would again be the family of
gamma distributions. It is then natural to consider joint prior distributions
for (A1, A2) which have gamma conditionals. This conditionally conjugate
prior family is an exponential family of the form

FOALA2) o (M) exp (—migh — moi A
+ mao log Ay + mo2 log Ao
+ mi1A1 A2 — mi2A1 log Ao
— mai A2 log A; +maog log A; log X)),  (13.78)

which has as its support the positive quadrant A\; > 0, Ay > 0. The class
(13.78) is the most general class with all conditionals, of A; given Ay and
of Ay given A1, being gamma distributions. Specifically, we have

)\1|)\2 = )\é()) Nr(m207m21)\§0)+m22 10g )\(20),m107m11>\é0)+m12 log )\go)),
(13.79)
and

)\2|)\1 = )\go) ~ F(mog—mlg)\go)—i-mgg log /\go),mm—mu)\go)—i—mgl log )\(10))

(13.80)
In order to guarantee integrability of the density (13.78), certain constraints
must be placed on the hyperparameters (the m;;’s) in (13.78) as discussed
in Chapter 4. We are generally willing to accept improper priors but we typ-
ically insist on proper posteriors. To assure this we need to assure that the
data are of sufficient richness to make the posterior values of m1q, mo1, Mmoo,
and mgo large enough to satisfy the constraints listed in Chapter 4. Of
course, if the prior itself is proper (i.e., if it initially has sufficiently large
values for mio, mo1, M2, and mgz2) the posterior will necessarily be proper
for any realizations of X.

Since one of the posterior simulation strategies to be used involves use
of the Gibbs sampler, propriety of the posterior distribution is essential
(Hobert and Casella (1996)).

It is clear that when a prior of the form (13.78) is combined with the
likelihood (13.75), the resulting posterior distribution is a member of the
same family of priors. This reconfirms our assertion that such conditionally
specified priors are indeed conjugate priors. In fact only four of the hyper-
parameters in (13.78) are changed by the data, namely mig, mo1, m2g, and
myz2. The usual prior, involving independent gamma distributions for Aq, Ao,
is included in the family (13.78). It corresponds to the case in which only the
data-affected hyperparameters (m1g, mo1, mao, and mp2) are given nonzero
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values. The standard noninformative prior (see, e.g., Berger (1985), p. 85)
is also included in (13.78). It corresponds to the case in which all m;;’s
are zero except mog and mge which are set equal to —1. Thus (13.78) is a
sufficiently rich family to include the usual choices but posesses additional
flexibility to match a broader spectrum of prior beliefs than the usual prior
families.

A key feature of the family (13.78), as with all conditionally conjugate
prior families, is that both its prior and posterior distributions are con-
ditionally specified. That is (in both prior and posterior) the conditional
distribution of A1, given any value of \g, is a gamma distribution and the
conditional distribution of As, given any value of \A;, is again a gamma
distribution.

Simulation of realizations from (13.78) is thus readily achievable using a
Gibbs sampler technique, in a by now familiar manner.

If ()\gl), )\(21)), ()\52), AéQ)), e ()\gN), )\gN)) is a large simulated realization
of variables with density (13.78) then, for any function g : R*? — R,

1 1 2 2 N N
gAY ), 98 A7), g Y 8

provides a simulated sample from the density of the variable g(A1, A2).
In particular, interest might be focussed on g(A1, A2) = A1/Aa. Instead we
might be interested in g(A1, A2) = A\ — A2. We can analyze both parametric
functions without additional difficulties.

This is in sharp contrast to the situation encountered in a classical non-
Bayesian framework. In that setting, attention is focussed on \; /A2 since
A1 — Ao is markedly more difficult for them to deal with.

Use of the Gibbs sampler to simulate realizations from (13.78) is not
obligatory. A readily available alternative for computing posterior moments
involves the use of importance sampling (see Appendix A.3). A reasonable
approach would draw samples from independent gamma densities for \;
and Ao and weight them by the corresponding ratio of densities.

If attention is definitely to be focussed on A1/Aq it is worth considering
the possiblity of transforming parameters using (13.76) before analysis (re-
call that (13.76) introduced new parameters 61 = A;/Ag and 62 = Ag). A
conditionally conjugate prior for (61, 6s) may be readily determined. For
the likelihood (13.77), given 6 , the gamma family is a conjugate family
for 6, while, given 6, the gamma family is conjugate for 65. Thus the con-
ditionally conjugate joint prior for (61,62), with the likelihood (13.77), is
also a gamma conditionals distribution, i.e.,

f(01,02) o (6162) " exp(—migby — mo162
+ myg log 01 + mo2 log 0o
+ mq110102 — mi1260; log 6o
— ma10s log 01 +may log 61 log 63).  (13.81)
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The corresponding gamma conditionals for 6; and 6, have parameters as
indicated in (13.79) and (13.80) (with 6’s replacing the A’s). The family
(13.81) provides a flexible family of priors for (61, 63) paralleling the flexi-
ble family of priors for (A1, A2) provided by (13.78). They are not equiva-
lent. If (A1, A2) has a gamma conditionals distribution then (61, 65) (defined
by (13.76)) has a distribution that is readily evaluated via Jacobians and
will not have a gamma conditionals distribution. Similarly if (61, 62) has a
gamma conditionals distribution, then (A1, A2) will not have such a distribu-
tion. The choice between the flexible families of priors (13.78) and (13.81)
will probably depend on which parametrization is most easily visualized
by the informed expert, i.e., the one for which hyperparameter elicitation
will be most straightforward. Neither parametrization will possess compu-
tational advantages, so the choice will be either based on prior eliciation
advantages or on some feeling that one parametrization is “more natural”
than the other. Observe that if we use the gamma conditionals prior for
(61,02) and combine it with the likelihood (13.77), only 4 hyperparameters
will be affected by the data. In this case the data-affected hyperparameters
are mo1, Mag, M2 and mqy (a slightly different list from that associated
with a gamma conditionals prior for (A1, A2)). Independent marginal priors
for 6; and 6 and vague priors for them can be accommodated by suitable
choices of the m;;’s.

It must be emphasized, once more, that in using either of the families
(13.78) or (13.81) we are not implying that the informed expert’s true prior
is a member of either of the families. We are only agreeing to approximate
his true prior distribution with a member of one or the other flexible families
of priors.

To accomplish this, we elicit values for the conditional means and vari-
ances of the parameters \; and \o. If the elicited values are
¢ = B =AY, i=1,2,...,0,

2

P = varOhe = AY), i=1,2,....0,

3

0 = BQely =AY), =12, 0,
and
771(2) = var(Ag]\ = )\gi))’ 1=1,2,...,4s,

then, paralleling the technique used in Section 13.6.1 for normal data, we
will set up the following system of linear equations in the m;;’s:

e e = g —enAY +enlogh, i=1,2,...,0,
(€M)2/e®) = g — e\ +eanlog A, i=1,2,...,41,
nn? = eor — e\ Feanlog?, i=1,2,.. 0,
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and
(7]74(1))2/7752) = Co2 — 612/\§i) + co2 log )\(12), i=1,2,...,0.

Appropriate values of the m;;’s will then be found using a standard least-
squares or regression program. These are viewed as the elicited values of
the hyperparameters and determine the conditionally conjugate prior to be
used in subsequent analysis.

13.10 Comparison of Normal Means

It is not uncommon to be faced with a problem of comparing means from
independent normal samples. Indeed, the problem is almost the canonical
introductory problem in statistical methods textbooks. Under the name
analysis of variance, we ask whether or not all the means are equal. We
perform multiple comparisons, estimate contrasts, etc. And we routinely
assume variance homogeneity, to avoid Behrens—Fisher-type “problems.”
Fiducial probabilists were less concerned about variance homogeneity but
their viewpoint (despite the weight and influence of R. A. Fisher) never
really was accepted by mainstream applied statisticians. Bayesian analysts
were undaunted by variance heterogeneity. It just meant more parameters
in the model, more complicated priors and posteriors, and a larger computer
account in order to process, at least approximately, the data. The current
analysis accepts this Bayesian thesis.
Suppose we have independent samples from k normal populations, i.e.,

Xij NN(,UiaTi)7 ’L'=172,...,]€, j:1,2,...,ni, (1382)

(here 7; = 1/02 denotes the precision of the ith distribution). In this setting
we focus interest, as is often done, on the p;’s, regarding the unknown 7;’s
as nuisance parameters. The likelihood of our data set (13.82) will involve
2k parameters. If all parameters but, say, p; were known, then a natural
conjugate prior for ;1; would be normal. If all parameters but, say, 7, were
known, then a natural conjugate prior for 7, would be a gamma distribution.
A fully flexible conditionally specified joint prior for (1, ..., fk, T1,. -, Tk)
would be one in which the conditional distributions of each p;, given all the
remaining 2k — 1 parameters, is normal and the conditional distribution of
each 7;, given all the remaining 2k — 1 parameters, is gamma. The resulting
family of joint priors is (cf. Section 8.6):

2 2 2

2 2

f(mT):(Tsz-.-Tk)_leXP{_Z PO DD DED DL
Jj1=0j2=0 Je=0j1=0j4=0 (13.83)

2 k k

- [mj,j' l:[l Gij, (i) '/1:11 Qirjo, (Ti/):|}a

=0
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where
qio(pi) =1,
Qil(,ui) = Mi,
qi2(pi) = p3,
q;’O(Ti') =1,
QQq (Ti’) = —T,

Gira(Tir) = log 7ir.

There are thus 3% — 1 hyperparameters (the m; j/’s) in this prior (the

constant my o is determined by the other m’s to ensure that the density in-
tegrates to 1). The traditional informative prior for this problem has most
of these 3% — 1 hyperparameters set equal to zero. The only hyperparame-
ters given nonzero values are those 4k hyperparameters which are affected
by the data. The traditional prior is thus conjugate but severely restricted
in its ability to match prior beliefs. To elicit appropriate values for the ar-
ray of 32¥ — 1 hyperparameters, we propose to request the informed expert
to provide values for prior conditional means and precisions of each u;,
given a spectrum of specific values of u ; (p with p; deleted), and 7 and

of each 7, given a spectrum of specific values of 7;) and p. These, in a
manner parallel to that described in Section 13.6 for the case k = 1, yield a
collection of linear relations that should hold among the hyperparameters.
Typically no solution exists, since our expert is not infallible and will usu-
ally give inconsistent a priori values for conditional moments. We choose
hyperparameters to be minimally discrepant from the given information in
the sense of being a least-squares solution. As mentioned earlier, only 4k
of these parameters will have different values in the posterior distribution
from those values held in the prior distribution.

Assuming that appropriate prior hyperparameters can be obtained and
that 4k of them can be updated using the data to obtain posterior hyper-
parameters, we would then use the Gibbs sampler to generate realizations
(u®, (")) k=1,2,..., N, from the posterior distribution, after discarding
the initial iterations. We can then study the approximate posterior distri-
bution of Zle(m — ji)? in order to decide whether there is evidence for
differences among the u;’s, etc.

We can illustrate this kind of analysis using an example in which k = 2.
Note that, since we are not, assuming 71 = 75 (= variance homogeneity), we
are dealing with a Behrens—Fisher problem, well known to be troublesome
from a classical view point.

Example 13.3 (Basal metabolism data). Our data set is a much an-
alyzed one described in Snedecor and Cochran (1967, p. 118), based on a
1940 Ph.D. Thesis of Charlotte Young, and reproduced in Table 13.9. The
goal is to compare basal metabolism of college women under two different
sleep regimes.

We wish to specify a conditionally conjugate joint prior for (p1, e, 71, 72),
utilize the data in Table 13.9 to obtain the corresponding (still conditionally
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TABLE 13.9. Basal Metabolism of 26 College Women (Calories per square meter
per hour)

7 or more hours of sleep 6 or less hours of sleep
1. 353 9. 333 1. 325 7. 346
2. 359 10. 336 2. 340 8 335
3. 372 11. 379 3. 344 9. 336
4. 33.0 12. 35.6 4. 31.8 10. 31.5
5. 319 13. 29.0 5. 350 11. 33.8
6. 33.7 14. 33.7 6. 34.6
7. 36.0 15. 35.7 Y Xo; =369.3
8. 350 XX;; =516.8
ny = 15, X1 = 34.45 cal./sq. m./hr. | ng =11, Xo = 33.57 cal./sq. m./hr.

conjugate) posterior for (uy, p2,71,72), and then we wish to consider the

approximate posterior distribution of the difference between means v 2
11 — pe. In addition, we will look at the approximate posterior distribution

of £ 2 71/72 to verify whether we are indeed in a Behrens—Fisher setting,
i.e., a setting in which £ # 1. Our conditionally conjugate prior family of
joint densities for (u1, po, 71, 72) is of the following form (cf. (13.83)):

fpa, po, 71, 72) o (1172) ~texp[magoop1 + motoop2 — Moo10T1
(13.84)

— Moot T2 + - - - + Moz i p3 log 71 log 72,
involving 3* — 1 = 80 hyperparameters. Only the eight hyperparameters

Mo010, 0001, 00205 M0002; 10105 o101, M2010, and Mo201

will be changed from prior to posterior by the likelihood of the data set
in Table 13.9. The classical Bayesian analysis of this data set would give
nonzero values to some or all of these eight hyperparameters and set the
remaining 72 equal to 0. We have the (awesome!) additional flexibility
provided by the 80 hyperparameter family.

We will illustrate with an application to the metabolism data assum-
ing diffuse prior information, i.e., all m’s set equal to zero in (13.84). For
comparison, reference can be made to Arnold, Castillo, and Sarabia (1997)
where two alternatives are considered (using slightly different notation),
namely:

(i) Independent conjugate priors for each parameter (the only nonzero
m’s in (13.84) are m1000, 0100, 70010, 70001, 172000, 702005 70020,
and moooz2); and
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(ii) A classical analysis that assumes that only the hyperparameters that
will be affected by the data are nonzero (i.e., moo10, M0001, M00205
M0002, M10105 01015 M2010, and Mozo1).-

In the diffuse prior case, our prior is of the form
J(p, 1) o (7'172)_1 if 71,72 >0 and — o0 < 1, ps < 0. (13.85)

The posterior distribution becomes

,T|Data) oc (1172) ™ " exp N og Tl—f—n— 0og T
14, 7|D ! 211 221

1 ni 1 na ny
2 4 2 4 : (13.86)
j=1 j=1 j=1
ng
+ poTo Y xaj — %u%ﬁ - %H%Tz )
j=1

and the posterior conditional distributions to be used in the Gibbs sampler
are:

1 & 1
palr ~ N|p=—>) zi50° = ;
° nim
j=1
1 & 1
po|rs ~ N | p=— 1’2]';02:7 )
Ng < NnoT2
Jj=1
nt 1= o n
1, 2 2701
Tl ~ T o izmlj *Mlzmu +M1? )
Jj=1 Jj=1
ny 1 2
2 9 1t2
Talpp ~ T DR 5212] *MZZ@J ) B)
Jj=1 Jj=1
Using the data from Table 13.9, the nonzero posterior hyperparameters are
moo20 = 15/2,
mooo2 = 11/2,
mopo10 = *89374,
mooo1 = —6206,
mio10 = 5168,
mo101 = 369.3,
Mmao10 = —15/2,
mop201 = —11/2.

Using these posterior hyperparameters, simulated approximate posterior
distributions of v = p; — pe and of £ = 7 /72 were obtained using the
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1 1 2 3
FIGURE 13.1. Diffuse priors: Simulated density of g1 — p2 using the Gibbs
sampler with 500 replications and 300 starting runs.

Gibbs sampler with 800 iterations discarding the first 300. To display the
results of this simulation we have used kernel density estimates to obtain
smooth curves.

We have used the kernel estimation expression

,mZ = exp(— (o — )/ (202)),

where o
in the symmetric case and
h=0. 9n1 75
in the nonsymmetric case, as suggested in Silverman (1986). The resulting
approximate posterior densities for v = p; — ps and £ = 71 /72 are shown
in Figures 13.1 and 13.2.
The corresponding approximate posterior means and variances are

E(v) =0.910,
var(v) =0.591,
E(€) =0.372,

var(§) = 0.096.

It is clear from Figure 13.1 that, for this data set, pu1 — po is slightly posi-
tive (more sleep associated with higher metabolism) although the treatment
difference might well be considered not to be significant (a 95% interval for
v would include v = 0). It is also clear, since 71 /72 appears to be clearly
less than 1, that indeed we were right in not assuming equal variances. We
were indeed confronted by a Behrens—Fisher situation. O
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015 l 1.5 2 2.5

FIGURE 13.2. Diffuse priors: Simulated density of §1 /2 using the Gibbs sampler
with 500 replications and 300 starting runs.

13.11 Regression

In principle there is no reason not to utilize the conditional specification
approach in more complicated, yet still classical, modeling situations such
as simple linear regression.

Suppose that n independent observations X1, Xo,..., X, are available
and that their distribution is well described by a simple linear regression
model, i.e., for each 4

X; ~ N(a+ ft;, 0%), (13.87)

where the ¢;’s are known quantities (values of the “independent” variable)
and the parameters «, 3, and o2 are unknown. The natural parameter space
is RxR xR ™; correspondingtoa € R, 3 € R ,and¢?> € R™. Asusual
we will reparametrize in terms of the precision 7 (= 1/02) > 0. If  and 8
were known, a natural conjugate prior for 7 would be a gamma distribution.
If 8 and 7 were known, a natural conjugate prior for @ would be normal,
and if o and 7 were known, a normal prior for 3 would be natural. Thus
we are led to consider the family of joint distributions for («, 3, 7) with
normal-normal-gamma conditionals; in the sense that a given 8 and 7 is
normal, § given « and 7 is normal, and 7 given « and § has a gamma
distribution. It is not difficult to write the general form of such densities
as follows:
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f(a, B,7) < exp {mlooa + Mg + mo10/3 + Mo20% + Mo
+ mlgo(){ﬂ2 + m210a25 + mygealog T + mo128log T
+ Moo 5% + magaa® log T + Mmoo 3° log T + mypaBlog T
— mi21f°T + Mg 3* log T — mao11 BT
+ TILngoézﬂ IOg’T + m222a2ﬂ2 IOgT}
x exp{—moo17 + Mmooz 10g T—mio1 T —mo11 BT —ma01 T
— mo21 3% — mi1afBT},

(13.88)
where the two factors in the right-hand side refer to the hyperparameters
which are unaffected by the data and those which are affected, respectively.

For this density we have:

1. The conditional distributions of « given 3,7 is N(u1(3,7),07(3,7)),
where

—2u1 (B, 7)r(B,7) = (mioo +mi108 + mi205°)
— (m1o1 + mini B+ mun BT (13.89)
+ (m1o2 + mi128 + mi226?) log T,
r(B,7) = mago + m2108 + Mmaso
— (maoo1 + ma118 +mao1 BT (13.90)
+ (Mao2 + ma2128 + Masa ) log 7,

-1
522 o\ . 13.91
Wi - T (13.91)
2. The conditional distributions of 3 given a, 7 is N (uz(a, 7), 05 (c, 7)),
where
—2p9(a, 7)s(B,7) = (mo10 + mitoa + 771210042 - m1110427')
+ (mi1200 4+ mo12 + ma12a”) log 7, (13.92)
5(6,7) = moz0 + Migeq + magoa’
— (mo21 + M1 + mag10*)T (13.93)
+ (mig2cr + mo2a + Maea®) log T,
-1
52/ N = . 13.94
23 T (13.94)

3. The conditional distributions of 7 given «, 3 is T'(a(a, 8), Ao, B)),
where

a(a, B) = moo2 + (Mio2 + mi128 + m12252)0l + mo1203
+ (ma02 + ma2128 + ma2eB?)a® + moe2 5% + 1,(13.95)



TABLE 13.10. Adjustments in the parameters in the prior family (13.88),

combined with likelihood (13.97).

13.11 Regression

Parameter | Prior value Posterior value
moo2 Mo mgor +1/2
no 2
. xTs
* * Zz:l 7
Moo1 Moo Moo2 + Y
* * n
Mmo11 Mp11 Moy — D iy Titi
no 42
St
=1"
mo21 MGy Mmgay + 12
* * n
mio1 mio1 Mior = D_ieq Ti
n
mii miy mip + i ti
mM201 M50 m3g; +1n/2
A = — N —
(o, B) = — (mgo1 + (M1o1 + m1118 + M1215°)a — mp110

— (mao1 + ma11B + ma21 %) a? — moa1 5°).

The likelihood function can be written as

L(a, 8,7) oxexp [nlogT — 7/2Y 22 /2 — o®n1/2 — 37 3 12/2

+ard x; + 01 O witi —ad t;)].

This combined with the family of priors (13.88), leads to a posterior of the

same form, whose hyperparameters are given in Table 13.10.

Our model includes:

329

(13.96)

(13.97)

1. The classical approach. In this approach all hyperparameters in (13.88)
that are not affected by the data are set (rather arbitrarily) equal to
zero. The resulting seven-parameter conjugate prior family can be
identified with the second factor in (13.88) and might be judged to

be adequate in some circumstances.

2. The independent approach. A second approach would be to insist that
the usual conjugate prior family and the independent marginals prior
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family be included. This results in an eleven-parameter family. The
hyperparameters included in this situation are: migg, M200, Mo10,

mo20, Moo1, M002, 101, o011, M201, 021, M111-

3. A simple flexible family. One approach would assume that («, ) given
7 has a classical bivariate normal conditional density and that 7 given
(a, B) has a gamma distribution. This can be accomplished by set-
ting the following list of nine m;jx’s equal to zero in (13.88): mago,
Ma10, M220, M121, M211, M221, M122, M212, Ma22. The resulting 17
parameters conjugate prior family may be judged to be adequate in
some circumstances.

18.11.1 Assessment of Appropriate Values for the
Hyperparameters

The somewhat daunting formula (13.88) involves 26 hyperparameters! Only
seven of these are affected by the data (they are moo1, moo2, M101, Mo11,
Ma01, Mo21, and mq11). In a manner parallel to that described in Section
13.6.1, only simple least-squares programs are needed to determine val-
ues of the hyperparameters essentially concordant with the values of the
conditional first and second moments supplied by the informed expert.

It is of course possible to restrict certain of the hyperparameters in
(13.88) to be zero to yield a simpler but still conjugate prior family.

More general linear models involving even more hyperparameters will
almost inevitably result in the informed expert’s judgments being diffuse,
to be reflected by setting all or many of the prior hyperparameters equal
to zero.

13.12 The 2 x 2 Contingency Table

When comparing two drugs, a common scenario involves n; subjects re-
ceiving treatment ¢ of whom z; experience relief from symptoms, where
i = 1,2. The basic data, realizations of two independent binomial (n;,p;)
random variables, are often displayed in a 2 x 2 contingency table. Interest
frequently is directed to the ratio of the corresponding odds ratios, i.e., the
cross-product ratio

b(p) = p1(1 —p2)

= pa(l—p1) (13.98)

A natural conjugate prior for p;, assuming po is known, is a beta prior.
The same is, of course, true for ps assuming p; is known. The corresponding
conditionally conjugate joint prior for (p1,ps) will have beta conditionals
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and will be of the form

florp) = [p(1—p)pa(1—p2)]”
x exp [mq1 log p1 log pa + m12 log py log(1 — pa)
+ may log(1 — p1) log pa 4 maa log(1 — p1)log(1 — pa)
+ mig log p1 + mag log(1 — p1)
+ mo1 log pz + moz log(1 — p2) + Mmoo
x I(0<p; <1)I(0<p2 <1). (13.99)

Since our likelihood is

U(p1,p2) o< p7 (1 — p1)™  "pa(1l — po)"2 T2 (13.100)

it is evident that the posterior density (combining (13.99) and (13.100))
will again be in the family (13.99) with only four of the hyperparameters
(namely m1g, mag, mo1, mo2) being affected by the data. Note that the nat-
ural conjugate joint prior would have independent marginals. It may be
argued, however, that when we are comparing drugs in an experiment such
as this, our prior beliefs about the efficacies of the drugs are unlikely to be
independent. The conditionally conjugate prior allows us to accommodate
dependent as well as independent prior beliefs. Using the prior (13.99),
the resulting posterior will also have beta conditionals and, consequently,
simulated realizations from the posterior distribution of the cross-product
ratio (13.98) are readily obtained using the Gibbs sampler. For details, see
Arnold and Thoni (1997).

13.13 Multinomial Data

Suppose that our data consists of the results of n independent trials each
with k+1 possible outcomes 1,2,...,k+1. Fori =1,2,... k, let X; denote
the number of outcomes of type ¢ observed in the n trials. Then X has a
multinomial distribution with parameters n and p = (p1,p2,- - -, pr)- Based

on X, we wish to make inferences about p (note that Zle p; < 1 and for
convenience we define py11 =1 — Zle p;). If Py (i.e., (p2,...,pr)) were

known, the natural conjugate prior for p; would be a scaled beta density.
Considerations such as this will lead us to a joint prior for p which has
scaled Beta conditionals, i.e. such that for 1 =1,2,...,k,

k
pl|£(l) ~ <1_ Z p]) x beta (al(pl)abz(p(z)))a 1= 1727"'7k7

J=Lj#i

where p; > 0; 1 =1,2,...,k,and p1 + ... +pr < 1.
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Such distributions were discussed by James (1975) and were described
in two dimensions in Section 5.9.
A general form for such densities may be written as

f(p1,--.,pK) o<Hp 1— (p1+. +pk)}°‘k+1—1e¢(m ,,,,, Pk), (13.101)

where

(p1,...,pe) =y aiglogp;logp; + > aijrlogpilogpjlog py
z<] i<j<k (13102)

..+ a2 rlogpr ... logp.

If p has a scaled beta conditionals distribution, i.e., has (13.101) as its
joint density, we write
p ~ SBC(a, A) (13.103)

(here o is of dimension k + 1).
Note that if A = 0 this reduces to the standard Dirichlet density, often
used as a prior in multinomial settings. Since our likelihood is of the form

k k il k
i=1

i=1

it follows immediately that the family (13.103) is a conjugate family and
that the posterior distribution of p given X = z will be in the same family.

Specifically we will have, introducing the notation ;1 = n— Zle xz; and

i = (£7 $k+1>,
p|X =2 ~SBC(a + 1, 4). (13.104)

Gibbs sampler simulations using the posterior density will be readily
acomplished since simulation of univariate scaled beta variables is a straight-
forward exercise.

13.14 Change Point Problems

In a variety of situations, abrupt change can occur in stochastic mechanisms
generating data. In such settings, we are often interested in determining
whether a change has occurred in a series of observations and, if we decide
that there has been a change, we would like to determine when it occurred.

Such change point problems are routinely encountered in quality control,
economic analysis, etc. Indeed it is difficult to envision situations in which
such problems will not occur and be of interest. Any effort to generate a
sequence of i.i.d. observations would surely be a potential candidate for a
change point analysis!
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Putting on our Bayesian hats and picking up our conditionally specified
tool box, we can approach such problems quite confidently. We will illus-
trate with a very simple example: More realistic examples will require more
book-keeping, more prior elicitation, and more complicated algorithms but,
in general, no new insights.

Suppose that we have a sequence of n independent observations for which

X; ~ Poisson(\t;), 1=1,2,... k,
and
X; ~ Poisson(aAt;), i=k+1, k+2,...,n,

where A > 0, > 0, and k € {1,...,n} are unknown parameters. Note that
if n = k, then by convention « = 1; and, of course, in such a situation, no
“change” occurred. The likelihood function is of the form

n n k n
Lo M k) o Ao T2z T A D At (13,105)

If A and k£ were known, a conjugate prior for @ would be a gamma
distribution. Similarly, if & and k£ were known, a conjugate prior for A would
be a gamma distribution. If @ and A\ were both known then a conjugate
prior family of densities for k is of the form

n
f(k;e) x H ¢, k=1,2,...,n, (13.106)
j=k+1
where ¢ = (ca,...,c,) is a vector of nonnegative hyperparameters. Just

to have a name for it, we will call (13.106) a change point distribution.
We then will use as our general prior for (o, A, k) one which has gamma
and “change point” distributions as conditionals. The posterior will be
in the same family and simulations from the posterior will only require
ability to simulate gamma, and “change point” variables. Note that it is
not uncommon, in face of the lack of prior information, to choose k to be a
priori a uniform random variable. This can be accommodated in our model
since the “change point” distribution reduces to the uniform distribution
when ¢ = 1.

13.15 Bivariate Normal

A final example of a potentially useful conditionally conjugate prior will
take us right back to Bhattacharyya’s normal conditionals density. Sup-
pose (X1,Y1),...,(X,,Y,) are i.i.d. bivariate normal random variables
with mean vector (ux, gy ) and known covariance ¥. An appropriate con-
ditionally conjugate prior for (ux, py) would of course be the normal con-
ditionals density (4.31). It will give us more flexibility for matching prior
beliefs about (ux, iy ) than does the usual classical bivariate normal prior.
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13.16 No Free Lunch

The enormous number of parameters present in high-dimensional condi-
tionally specified priors is the source of their flexibility but, in practice, will
pose insurmountable elicitation problems unless some simplifying structure
is imposed. Some acceptable hierarchy of nested submodels must be devel-
oped to facilitate elicitation of appropriate prior values of parameters to
match the informed experts’ beliefs. Almost inevitably, many of the avail-
able parameters will be set to zero in applications (without going all the
way back to the natural conjugate priors). Even without such a hierarchical
structuring, the conditionally specified approach retains its utility since it
does include the “usual” vague and conjugate priors and the “independent
marginals” priors as special cases and it provides simple algorithms for
dealing with them.

13.17 Bibliographic Notes

Section 13.3 is based on Arnold, Castillo, and Sarabia (1996a). Section 13.4
covers material from Arnold, Castillo, and Sarabia (1993c).

Conditionally specified priors are discussed in a series of papers by Arnold,
Castillo, and Sarabia (1997, 1998a, 1998b).

The material on multinomial data and change point problems has not
appeared elsewhere.

Exercises

13.1 Suppose a series z = {z1,22,...,2,} is generated by a stationary
autoregressive model AR(1),

Zt:¢zt—1+at7 t:2737"'7

where |¢| < 1 and the error terms a; are i.i.d. N(0,0?) observations.
Our aim is to use Bayesian techniques for inference regarding the
parameters (¢, ), where 7 = 02 is the precision.

(a) Prove that the likelihood function of the process is given by
f(§|¢77') _ (27r)—n/2,7_n/2(1 _ ¢2)1/2
n
X exp{—; {(1 — )22+ > (2 — qﬁztl)Q] } .
=2

(b) If ¢ is a known parameter, prove that the gamma distribution
is conjugate for 7. Prove that if 7 is known then

f(d; 0, 8,7) = k(a, 8,7)(1—¢*)* exp(—Bp—7¢*) [(-1 < ¢ < 1)
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is a conjugate density for ¢.

(c¢) Find the most general density for (¢, 7) such that 7|¢ is gamma,
and ¢|7 is f(¢;a, 8,7). Prove that the obtained distribution is
conjugate for the AR(1) process.

(d) Show how the density f(¢;a, 3,7), given in (d), can be simulated
in order to implement the Gibbs sampling method.

13.2 Assume a random sample X7, ..., X, from a location and shift expo-
nential distribution with pdf,

fla;\p) = Ae M@0 i o>

We are interested in Bayesian inference for the parameters (\, u) using
conjugate conditionally specified priors.

(a) If p is a known parameter, show that the gamma distribution is
a conjugate distribution for A. If now A is known, show that the
truncated exponential distribution with pdf,

f(usa,b,¢) = k(a,b,c)e, if a < p<b,

where a,b,c are parameters and k(a,b,c) is the normalizing
constant, is a conjugate prior distribution for .

(b) Obtain the most general bivariate distribution with gamma and
truncated exponential conditionals. Calculate the marginals, and
the conditional means and variances.

(¢) Propose a method for elicitation of hyperparameters in the gamma-
truncated exponential conditionals distribution.

13.3 In the problem of Bayesian inference of ratios of gamma scale pa-
rameters, study the elicitation of hyperparameters, using conditional
moments.

(Arnold, Castillo, and Sarabia (1998a).)

13.4 Consider a normal distribution where the standard deviation is pro-
portional to the mean,

X ~ N(u,0* = p?/)), A>0.

This multiplicative model appears in processes where the measure-
ment error increases with the mean value. The likelihood function
is

Flasn ) = e |-y S
T a2 S Ty T

(a) If p is known, prove that the gamma distribution is a conjugate
distribution for A.
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(b) If X is known, prove that the generalized inverse normal distri-
bution (Robert (1991)) with pdf,

o - Kooy [ (1))

|| 272 \z

where « > 1, 7 > 0, and k(a,n,7) norming constant, is a
conjugate prior distribution for p.

(c) Obtain the most general distribution with gamma and general-
ized inverse normal conditionals. Prove that this distribution is
conjugate for the likelihood f(z;p, A). Discuss the problem of
assessment of hyperparameters.

Consider the conjugate prior distribution (13.98) for a 2 x 2 contin-
gency table. Suggest a method for the assessment of the hyperparam-
eters.

Let (X,Y) a bivariate normal distribution with E(X) = uy, E(Y) =
pa known, V(X) = V(Y) = 02, and p(X,Y) = p. Obtain a bi-
variate conjugate prior distribution for the parameters (7, p), where
7 = 1/0?, based on conditional specification.

Suppose that data are available from a T'(«, A) distribution. Identify
the family of conditionally conjugate prior densities for this problem.
Which hyperparameters are affected by the data?

Consider the improper joint density
f(z,y) =e (x> 0,y >0).

Since this density has proper conditional densities it may be used to
generate a sequence X, Y, XY, ... using a Gibbs sampler algorithm.
Try this to see what happens. Discuss the behavior of the related
Markov chain(s). (Cf. Hobert and Casella (1996).)

Consider a “random effects” one-way classification. Here our data are
of the form

Y;'j:/J/—FAi—‘rGij, i=1,2,...,kj, j:1,2,...,?’li,

where the A;’s are i.i.d. N(0,02) variables and the ¢;;’s are i.i.d.
N(0,0?) variables independent of the A;’s. Assume, for simplicity,
that p = 0. Discuss an appropriate conditionally conjugate analysis
of this problem.

Suppose that X, X,,..., X, areii.d. N&) (0,%0) random vectors

where, for simplicity, ¥ is known. What kinds of prior densities for
6 will always yield normal posterior densities for 67

(Bischoff (1993).)
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Conditional Specification Versus
Simultaneous Equation Models

14.1 Introduction

Conditional specification (CS) has been the focus of discussion throughout
this book. In two dimensions, we model the joint distribution of (X, X5)
by discussing the distributions of X; associated with different values of X5
and the distribution of X5 associated with different values of X;.

In the economics literature, it is more common to address such modeling
issues using what is known as the simultaneous equation (SE) formula-
tion. An enormous corpus of literature (beginning with Haavelmo (1943))
is available on this topic. In the SE formulation, X; is viewed as a func-
tion of X5 with some associated error and X5 is viewed as a function of
X, with some associated error. From the beginning, Haavelmo recognized
that the SE formulation was not amenable to direct interpretation in con-
ditional terms. Much of the literature in fact involves models derived from
the SE formulation that do have some parameters that are interpretable
in conditional terms. Conditional specification models may be considered
to be viable alternatives to SE models. Their advantage is that they admit
ready interpretation of the parameters in the model. The issues involved in
any CS versus SE comparison are well illustrated in the linear normal case,
which undoubtedly is the most commonly studied case in the economics
literature. Our discussion will, for simplicity, be concerned with the bivari-
ate case. In applications, higher-dimensional examples are most commonly
encountered.
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14.2 Two Superficially Similar Models

Suppose that we wish to describe the joint distribution of a random vector
(Xla XZ)

Definition 14.1 (CS linear normal model in two dimensions). A
conditionally specified model for (X7, X3) with normal linear dependence
is a model such that for some constants p1, po, B12, Bo1, 02, and o3, the
conditional distributions of (X7, X2) are given by

X1|X2 = Tg ~ N(/il + ,BlziEQ,U%), (141)
X2|X1 =T NN(/L2+,621.T1,J§). (142)
O

A closely related linear SE model can be defined as follows:

Definition 14.2 (SE linear normal model in two dimensions). A
linear SE model in two dimensions with normal errors is a model such
that, for certain constants yy, po, Bi2, B21, 07, and 03 the random vector
(X1, X2) is related to a normal random vector (e1,e2) by the relations

Xy = p + P12X3 + €1, (14.3)
Xo = pig + 21X + €2, (14.4)
in which g, ~ N(0,0%) and &3 ~ N(0,03). O

Note that in these models exogenous variables have not been considered.

We have deliberately chosen our notation to make the models as super-
ficially similar as possible.

From (14.1) we know that if we are given X5 = x5, then conditionally
X7 is normal with mean p + $1272 and variance o7. From (14.3) it appears
that if we know X5 to be x5, say, then X; would be normal with mean p1 +
P27 and variance o7. Analogous, precise, or vague statements about the
distribution of X given (or “knowing”) Xs = x2 can be made. But there is
clearly something wrong with our interpretation of the CS model here. We
have not even prescribed the joint distribution of the ¢;’s in (14.3)—(14.4).
We have only specified its marginals. Undoubtedly, the joint distribution
of (X1, X5) will depend on the full joint distribution of (e1,€2), not just its
marginals.

And, of course, we need to know the joint distribution of (X7, X5) in order
to determine the nature of the corresponding conditional distributions (of
X given X5 = x9 and of X, given X1 = z1). For many choices of the joint
distribution of (e1,¢€2), even though the marginals of £; and e5 are normal,
the derived conditional distributions of X; given X5 and X, given X; will
not be normal. So the CS and SE models are generally different breeds of
cats.
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But potential confusion definitely does exist if we make the assumption
that is usually made about the joint distribution of (g1,e2). Typically, it is
assumed that (1,¢2) has a classical bivariate normal distribution. Such an
assumption will indeed imply that (X7, X5) itself has a classical bivariate
normal distribution.

But, even if (e1,e2) are chosen to be independent (a not uncommon
choice), the derived conditional distributions do not coincide with those
in the conditional specification model (14.1)—(14.2) (except in the triv-
ial case in which 15 = (21 = 0). Thus, although models (14.1)—(14.2)
and (14.3)—(14.4) are superficially similar, they are very different and must
consequently be visualized differently when introspecting about their ap-
propriateness to model any real-world configuration of variables.

Thus it is not appropriate to try to justify the SE model (14.3)—(14.4)
using simple arguments about conditional distributions of each variable
given the other. Such justification is appropriate for the CS model (14.1)—
(14.2). Any argument for the SE model must be based on some statements
about an existing functional relationship between observable random vari-
ables (X1, X2) and unobservable random variables (e1,e2) with classical
bivariate normal structure. Haavelmo (1943) knew this and so, of course,
the mistaken conditional interpretation is avoided in the literature. The
price that inevitably must be paid is that it becomes exceedingly difficult
to interpret the parameters py, po, f12, 321, 0%, and o3 that appear in the
SE formulation. It is much easier to just come up front and assume from
the beginning that (X7, X2) has a bivariate normal distribution. If we in-
sist on choosing our model based on our perception of likely forms for cross
sections of the joint density of (X7, X2) (i.e., conditional densities), then
only the conditional specification route seems justified.

And, of course, with an assumption of normal conditionals, without in-
sisting on linear regressions and constant conditional variances, we would
be led to Bhattacharyya’s normal conditionals distribution (3.26) or its
multivariate extension (8.16) as suitable models for our data.

14.3 General CS and SE Models

Definition 14.3 (General CS model). A general CS model for a bi-
variate random variable (X7, X3) is a model of the form

Xi| Xy = xo ~ Fy,(x1;0) (14.5)

and
Xo| X1 =21 ~ Fyy (22 0), (14.6)

where {F,, } and {F,, } are known indexed families of distributions depend-
ing on some or all of the parameters 6. a
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As we have seen in earlier chapters, the indexed families of distributions
referred to in (14.5)—(14.6) must be carefully selected to guarantee the
existence of a well-defined model.

Definition 14.4 (General SE model). A general SE model for a bi-
variate random variable (X7, X5) is a model that assumes the existence of
functions g; and gs such that

91(X1, X2,0) = &1 (14.7)

and
92(X17X23Q) = €2, (148)

where (£1,€2) have a known joint distribution. An invertibility assumption
is desirable in (14.7)—(14.8). We usually assume that it is possible from
(14.7)—(14.8) to solve for (X1, X2) as functions of £1,¢2, and 6. Except for
this requirement g; and go can be relatively arbitrary. In practice, g; and
go are chosen to be of a relatively simple form (often linear), and it is not
unusual to assume that £, and e are independent. O

Several examples of such CS and SE specifications will be sketched in
the following sections.

14.4 Linear Normal Models

We will now carefully analyze the two models (14.1)—(14.2) (the CS model)
and (14.3)—(14.4) (the SE model). They are reasonably both called linear
normal models since both are built using linear functional relationships
and normal distributions. As has been remarked, the models are super-
ficially very similar. It turns out that both formulations lead to classical
bivariate normal distributions for (X7, X2) with parameters that involve

p1, p2, B12, B21, 01, and o3.

The potential for confusion in the two models lies in the fact that the
same parameters fi1, (2, 12, f21,02, and 03 appear in both models. But
the roles played by the symbols in the two distributions are different. For
example, o7 in CS is a conditional variance (the conditional variance of X;
given Xy = 13). In SE, 07 is the variance of £, the conditional variance of
X given X5 = x5 in SE is not o%.

First consider the CS model (14.1)—(14.2). According to Theorem 1.2,
for compatibility we need to check whether we can factor the ratio of
conditional densities in the form

le\X2($1|fL’2)

Ixa1x, (22|21) = u(21)v(z2),
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where u(z1) is integrable. For this to be true we must have

57122 = 67221 (to be able to factor) (14.9)
71 g3

and
|B12021| < 1 (for integrability) . (14.10)

The function u(z1 ), suitably normalized yields the marginal fx, (z1) den-
sity which in this case is normal. Thus the joint distribution of (X7, X5)
determined by (14.1)—(14.2) will be the classical bivariate normal. Specifi-

cally,
2
T OT1T2
(X1, X2) ~ N ((ul,m), (57172 -2 )) ; (14.11)
where a
1 1202
y = AT PRz 14.12
P B12521 ( )
p2 + Ba1p
Vo= ——F7——» 14.13
2= T Brabm (14.13)
7 =01 /(1 = Br2fa), (14.14)
3 = 03/(1 = Br2far), (14.15)
and

6 = sgn(f12)V/ Pi2f21- (14.16)

Perhaps the easiest way to get (14.11)—(14.16) is to use the well-known
formula for conditional means and variances and covariances of a bivariate
normal (14.11), and equate them to the conditional means and variances
given in (14.1)—(14.2).

The reader will recall, from Chapter 3, Bhattacharyya’s assertion that
normal conditionals and linear regressions will inevitably lead to such a
classical bivariate normal model.

However, it must be recalled that we must insist that (14.9) and (14.10)
hold in our specification of the joint density of (X7, X5) (i.e., in (14.12)—
(14.16)). There are consequently really only five parameters, say, 1, iz, o5,
o2, and (312 (since (o1 is a function of the others). Consequently, model
(14.1)—(14.2) would be better written as

X1|X2 = Tg ~ N(Ml —|—ﬂ121‘27(7%)7 (1417)
Xo| X1 = x1 ~ N(p2 + frooizi /ot 03), (14.18)

where o1
Br2] < —. (14.19)

02

It is of course well known that the parameter space of the classical bivariate
normal distribution is of dimension 5. Thus our conditional specification
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model coincides with the usual bivariate normal model. The interrelation-
ship is made clear by the fact that we can solve for 1, ue, 0%, 03, and B2
in terms of the means, variances, and covariances of (X7, X3) as follows:

E(XQ)V&I‘(Xl) - E(XQ)COV(Xl, XQ)

T V(%) : (14.20)
Y — E(Xl)Var(Xg)V;ri(()l()l)COV(X1,Xg)7 (14.21)
ol = Var(Xl)—W7 (14.22)
s = Var(Xg)—(W, (14.23)
P2 = w (14.24)

Using these relationships, method of moments, or equivalently maximum
likelihood estimates of the parameters are thus readily available.

In summary, assumptions (14.1) and (14.2) lead to a well-defined classical
bivariate normal model (14.11)—(14.16) provided that: (i) B12 = B210% /02
and (ii) |f12/621] < 1; or provided we rewrite the model in the form (14.17)—
(14.18) with constraint (14.19).

Now let us consider the SE model (14.3)—(14.4).

As remarked in Section 14.2, we must completely specify the joint dis-
tribution of (e1,e2) in order to have a well-defined model; specification
of only the marginal distributions of £; and €5 is not adequate. We will
assume that (e1,£2) has a classical bivariate normal distribution. Thus
(e1,e2) ~ N(0,X), where

2
= < 01 P01202) ’ (14.25)
pPO102 g5
and we assume that
Xy =+ PraXe +e (14.26)
and
Xy = pg + P21 X1 +e2. (14.27)

In matrix notation, we have
X1 M1 €1
A = + , 14.28
(2)-(n)=(2) 1429

_ 1 —Bi2
A= (_521 . ) : (14.29)

where
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To be able to solve (14.28) to get X as a function of g, we must assume
that A is nonsingular, i.e., that

Bi2fBor # 1. (14.30)

No other assumptions are necessary. It then follows that

<§;) —aT (Z;) +A™ <2) (14.31)

and, consequently, that X is classical bivariate normal, i.e., that

X~N (A—l (’“) , A—lz(A—l)’) . (14.32)

H2

If we denote the means, variances, and correlation of X by 1, I, 72,72, and
0, respectively, to parallel the notation used in (14.11) for the CS model,
we find from (14.32) that

b = p1 + Brapiz

_ it Bz 14.33
1 — B128n ( )
B po + Bor i
5y ot B 14.34
> 7 1= Brafin ( )
=2 2p0103612 + 0F + 1,03 (14.35)
1 (1 — B12f21)? ’
) 2, 22 2
73 = po102021 + 05 + 5,01 (14.36)

(1 - ﬂ12/621)2 ’

and

5o (14 B1221)po102 + B2107 + 1203 . (14.37)

V200105612 + 0% + B3,03][200102 021 + 03 + 53,07

Again we remark that, distinct from the CS case, 512 and (21 can differ
in sign and are only constrained by the requirement that their product
should not equal 1.

If we compare (14.11)-(14.16) with (14.33)—(14.37), it is clear that the
models differ. The means coincide but the variances and covariances are
different and the constraints on the (’s are different. Indeed, as is well
known, in the SE model the parameters y1, p2, 12, 321, 0%, 03, and p are not
identifiable. The natural bivariate normal parameter space is of dimension
5 not 7. If we give arbitrary fixed values to 12 and 21 in the SE model,
it is possible to set up a 1 to 1 correspondence between the parameters in
(14.11)—(14.16) and the remaining five parameters in (14.33)—(14.34).
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Some simplification is encountered if we assume that €; and €5 are inde-
pendent, i.e., that p = 0 in (14.25). The simplified means, variances, and
correlation are

= m , (14.38)
5 % ’ (14.39)
22 m , (14.40)
=2 m 7 (14.41)
and = Ba10% + Bi205 (14.42)

V(0T + B3203)(03 + B3,07)

Indeed since the moments given in (14.38)—-(14.42) span the entire five-
dimensional parameter space of the classical bivariate normal distribution
there is no mathematical reason to introduce the parameter p in the model,
it does not enrich the model. There, of course, might be a valid theoretical
reason for having a structural model involving dependent e’s. Even the
simplified SE model (with p = 0) is however not identifiable since it involves
six, not five, parameters.

In summary, though they seem to involve the same parameters the CS
and SE linear normal models are clearly distinct. The key point is that
i, fi2, B2, Bo1, 0%, and o3 play different roles in the two models. In CS,
11 + B12xs is the conditional mean of X; given X5 = 5. In SE it is not.
In CS, o7 is the conditional variance of X; given X5 = x5. In SE, it is not.
In addition the §’s have different constraints in the two set-ups.

14.5 Nonlinear Normal Models

In this section we discuss what happens if we replace the linear regression
and constant conditional variance assumptions of (14.1)—(14.2) and the
parallel linear assumptions in (14.3)—(14.4) by nonlinear conditions. In this
arena the CS and SE specification lead us in completely different directions,
as we shall see.

In a general CS configuration, we would seek models exhibiting condi-
tional nonlinear normal structure.

Definition 14.5 (Nonlinear normal CS models). A CS nonlinear nor-
mal model is a model such that there exist possibly quite general functions
w1 (zxe), o1(x2), pa(z1), and oo(x1) such that for each xa,

X1|X2 = Xg ~~ N(Ml(.’ﬂg),d%(mg)) (1443)
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and for each z;
X2|X1 =1 ~~ N(M2($1)7J§($1)). (1444)

0O

But from our discussion in Chapter 3 we know how to characterize dis-
tributions satisfying (14.43)—(14.44). The classical bivariate normal model
is included but so are other interesting models as detailed in Chapter 3.

In order for the CS model to be valid the functions pq(-), p2(-),01(")
and o2(-) must have very specific forms as displayed in (3.28)-(3.31). No
other forms for the functions pq(+), p2(-),01(+) and oa(-) are acceptable. If
we turn to the parallel SE model we find that a wider variety of forms for
w1 (+), u2(),01(+), and o9(-) are acceptable.

The SE model that most closely parallels the CS model (14.43)—(14.44)
(and is most likely to be confused with it) is the nonlinear normal SE
model.

Definition 14.6 (Nonlinear normal SE models). A nonlinear normal
SE model is a model involving functions g1 (-), u2(+),o1(-) and oo(-) such
that

X1 —m(X2) 4
e 14.45
Ul(XQ) 1 ( )
and
Xo — ,UQ(Xl) d
——— = €9, 14.46
UQ(X]) 2 ( )

where (£1,e2) has a bivariate normal distribution (perhaps assuming that
€1, €9 are independent standard normal variables). This is the general nor-
mal SE model. O

In order for (14.45) and (14.46) to represent a valid model, all that is
required is that the transformation

6 = x1 — p(22)
g1 (Zg)
22— po (1)
g = 702@1) (14.47)

be invertible. This will be true (although it may not be easy to check) for a
broad spectrum of choices for the mean and standard deviation functions
(1(+), n2(+),01(+) and o2(+)). If we assume differentiability and define

0 i —pma(x2) 0 w1 — pa(x2)

_ 81‘1 0'1(1‘2) 8562 0'1(.12
T wa) =179 xy — po(@1) 0 w2 — pa(w1)|’

87.1‘1 0'2(1‘1> (9$2 0'2(.131)

(14.48)
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then the resulting joint density for (Y7,Y3) is of the form

fxi xo (@1, w2) = |J (21, 22) | f2 (1’1015;2(;32)’ 03202{;21()951)> . (14.49)

Even though £ was chosen to have a classical bivariate normal distribu-
tion, the density of (X1, X2) in (14.49) does not generally have normal
marginals or conditionals. (X7, X3) are only structurally related to the
normal variables (e1, e2).

However the general structural equation model (14.45), (14.46) can be
made extremely general by permiting nonnormal choices for the joint dis-
tribution of (e1,€2). In fact, since the transformation (14.47) is assumed to
be invertible, we can choose the joint distribution of € to guarantee that X
has any absolutely continuous joint density!

We can pick the joint distribution of £ to guarantee that Y will be clas-
sical bivariate normal or indeed, if we wish, of the normal conditionals
form with parameters as in (3.26). In this somewhat awkward sense the
SE model subsumes and extends the CS model, provided we allow (1, ¢e3)
to have “contrived” distributions. Usually, as remarked earlier, (g1,e2) are
assumed to have a classical bivariate normal distribution and the mean
and standard deviation functions in (14.45), (14.46) are assumed to have
relatively simple forms (e.g., linear, bilinear, quadratic, biquadratic, etc.).
Such models, unless they reduce to (14.1)-(14.2), will typically fail to have
normal marginals or conditionals.

In summary, the CS and SE models in the nonlinear, just as in the linear
case, are markedly different. The functions py(+), u2(+), o1(+), and o2(-) play
different roles in the two models and are subject to different constraints.

14.6 Pareto CS and SE Models

Recall that we say that X has a Pareto distribution with inequality pa-
rameter a and scale parameter o, and write X ~ P(a,0) if

« x>—(0¢+1)

I[x(z) == (1+—

g

I(z > 0). (14.50)

Definition 14.7 (Conditionally specified Pareto model). A condi-
tionally specified Pareto(a) model for (X1, X») is a model such that for
each x5 > 0,

X1|X2 = Tg ~ P(Ol,(jl(mg)) (1451)

and for each 1 >0
XQ‘Xl =1 ~~ P(Ot,O'Q(IL‘l)). (1452)

O
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From the discussion of Chapter 5, we know that such distributions must
have corresponding joint density of the form

le,XQ (:L’l7 1'2) = (mO0+m10x1 +mg1Z2 +m11x1m2)_(a+l)I(x1 > 0,29 > 0)
(14.53)
Thus the class of conditionally specified Pareto(«) distributions is severely
restricted in scope. It does include some densities with Pareto marginals
and conditionals.
The class of SE Pareto(«) models is much richer.

Definition 14.8 (SE Pareto model). A SE Pareto model is defined by
equations of the form

X1/0'1(X2) =£&1 (1454)

and

Xa/0o3(X1) = &2, (14.55)

where (e1,€2) have a joint distribution with Pareto(c, 1) marginals. The
g;’s might be assumed i.i.d. To ensure that (14.54)—(14.55) will lead to a
well-defined model we only need to insist that the transformation defined
by (14.54)-(14.55) be invertible. a

A broad spectrum of choices for the functions o1(-) and o9(-) is thus
available. The associated joint distributions for (X7, Xs) will generally not
be of the CS form (14.53), though it is possible to contrive a tailor-made
dependent joint distribution for (g1, e9) which will lead to the CS model.

For the CS Pareto(a) model (14.53) it is true that

mio + m11X2)
X, (oA | pigq 14.56
! <moo + mp1 X2 (e, 1) ( )
and
mo1 +mi1 X
X, (o TN peg ). 14.57
2 <m00+m1oX1> (e, 1) ( )

Of course the P(«,1) random variables appearing in (14.56) and (14.57)
are not independent. It may be of interest to see what kind of distribu-
tion we will encounter for (X7, X5) when (14.56)—(14.57) are regarded as
a SE specification of (X, X2) involving independent Pareto(c, 1) random
variables, say € and es.

Since the transformation from (e1, e2) to (X1, X2) associated with (14.56)
and (14.57) is invertible (recall &1 > 0, g2 > 0, X7 > 0, X3 > 0) we can
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determine its Jacobian, i.e.,

mig + M11%2 (moomn - m01m10)$1
J(z1,22) = Moo + Mo1T2 (Moo + mo172)?
b (moomi1 — mo1mio) T2 mo1 + Mm1171

2

(moo + mioxy) Mmoo + M1oZ1

(Mmoo + mioz1 + mo1z2 + mi1T122) (oo + M10T1 + Mo1T2 + M112T1T2)
(moo + mioz1)? (Mmoo + mo1z2)?

)

(14.58)
where R
Moo = MooMMe1M10,
M1g = MooM10M11, (14.59)
Mo1 = MopMe1M11, '
mM11 = Me1M10M11-
Thus the joint density of (X7, X2) is given by
—(a+1)
9 x1(mio + m119€2)]
X1,X%2(T1,22) = a”J(x1,22) |1+
Frva(on.az) =a? (o) |14 T IS
(14.60)

x {1 + z2(mo1 + mnxl)} Sy )
Moo + M1pT1

It may be observed that this density does not have Pareto marginals nor
does it have Pareto conditionals.

As in the normal case, for Pareto models CS and SE lead in general to
different distributions: highly restricted in nature, in the case of CS, quite
general in the case of SE.

We finish this section by illustrating an SE Pareto(«) model with scale
functions that are not bilinear. Suppose that

X2X1\ 4 (&1
(X%X2> 4 (Ez , (14.61)

where €1,e9 are i.i.d. Pareto(c, 1) random variables. In this case, we can

explicitly solve for X, Xs:
2
€
X1 =42,
1 -

2

E
X, = 2.

&1

The Jacobian of the transformation in (14.61) is

x% 2x1T2

2 2
2 = —3x775
2x172 7

J(x1,22) =
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and thus the joint density of (X1, X5) is

fx1,x, (@1, 22) = 30”2723 [(1 4 z123) (1 + 23 z2)] 7(a+1)l(x1 > 0,22 > 0).

(14.62)
Of course, in this case, there is no analogous CS model to compare with
(since we cannot have Xi|Xy = x3 ~ P(a,25%) and Xo|X; = 27 ~

P(a,z7?)).

14.7 Discrete Models

There is, in principle, no reason to restrict discussion to absolutely continu-
ous distributions. We have seen in earlier chapters, a variety of conditionally
specified discrete distributions. Analogous SE models can be formulated but
as we will show with an example, they are often of limited utility since the
resulting set of possible values for (X7, X2) is often unusual in structure.
Our example involves geometric distributions. From the discussion in Sec-
tion 4.12 we know that the general form of a geometric conditionals density
is

Z1 L2 L1T2

le,Xg(xlva) och q2 Q3 y  X1,T2 :07172a"'7 (1463)
where g1, g2 € (0,1) and g3 € (0, 1].
A geometric SE model could be of the form
91(X1, Xp) =1 (14.64)
and
92(X1, X2) = €2, (14.65)

where the ¢;’s are independent geometric random variables and the trans-
formation defining the ¢’s in terms of the X’s is invertible. As a specific
example we may consider

X2X, —1=¢, (14.66)

XXy —1=c¢o, (14.67)

where £1 ~ G(p1) and 3 ~ G(p2) and the &’s are independent.

The transformation (14.66)—(14.67) is indeed invertible. Using the nota-
tion ¢; = 1 — p;, it is not difficult to verify that the joint density (X, X3)
defined by (14.66)—(14.67), is given by

2 2
Fx1 % (@1, m) = (§1§2> ¢ gy " I(a?ey € N, 231, € N),  (14.68)
192
where IN denotes the natural numbers.
Equation (14.68) describes a well-defined joint discrete density function.
But it differs markedly from the CS geometric model (14.63). A major
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difference is to be found in the support sets of the models, i.e., the sets of
possible values for (X1, Xs) prescribed by the models. In the CS model the
possible values of (X7, X5) are all pairs of nonnegative integers. In the SE
model (14.68), possible values of (X7, X2) are of the form

(%)

where m and n are natural numbers. It is hard to imagine situations in
which a model with such an unusual support set would be plausible. Simi-
lar anomalous support sets will be encountered for many discrete SE mod-
els and, consequently, the usefulness of discrete SE models is likely to be
severely curtailed.

14.8 Higher-Dimensional Models

It is necessary and natural to consider extensions to higher dimensions.
The extension of CS models to higher dimensions has been documented
extensively in Chapters 8 and 10.

There is no difficulty in extendin