CHAPTER 5

Methods For Normal Data

5.1 Introduction

The most common probability model for continuous
multivariate data is the multivariate normal distribution. Many
standard methods for analyzing multivariate data, including
factor analysis, principal components and discriminant
analysis, are based upon an assumption of multivariate
normality. Moreover, the classical techniques of linear
regression and analysis of variance assume conditional
normality of the response variables given linear functions of
the predictors, which is the conditional distribution implied by
a multivariate normal model for all the variables. Because
statistical methods motivated by assumptions of normality are
in such widespread use, it is natural to seek general techniques
for inference from incomplete normal data.

Datasets encountered in the real world often deviate from
multivariate normality, but in many cases the normal model
will be useful even when the actual data are nonnormal. There
are several important reasons for this. First, one can often
make the normality assumption more tenable by applying
suitable transformations to one or more of the variables.
Second, if some variables in a dataset are clearly nonnormal
(e.g. discrete) but are completely observed, then the
multivariate normal model may still be used for inference
provided that (a) it is plausible to model the incomplete
variables as conditionally normal given a linear function of the
complete ones, and (b) the parameters of inferential interest
pertain only to this conditional distribution (Section 2.6.2).

Finally, even if some of the incompletely observed
variables are clearly nonnormal, it may still be reasonable to
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use the normal model as a convenient device for creating
multiple imputations. As pointed out in Section 4.5.4,
inference by multiple imputation may be robust to departures
from the imputation model if the amounts of missing
information are not large, because the imputation model is
effectively applied not to the entire dataset but only to its
missing part. For example, it may be quite reasonable to use
normal model to impute a variable that is ordinal (consisting
of small number of ordered categories), provided that the
amount of missing data is not extensive and the marginal
distribution is not too far from being unimodal and symmetric.
When using the normal model to impute categorical data,
however, the continuous imputes should be rounded off to the
nearest category to preserve the distributional properties as
fully as possible and to make them intelligible to the analyst.
We have found that the normal model, when used in this
fashion, can be an effective tool for imputing ordinal and even
binary data in instances where constructing a more elaborate
categorical-data model would be impractical (Schafer, Khare
and Ezzati-Rice, 1993).

5.2 Relevant properties of the complete-data model

5.2.1 Basic notation

We begin by establishing some notational conventions that
will be used throughout the chapter. The dataset, as depicted
in Figure 2.1, is assumed to be a matrix of n rows and p
columns, with rows corresponding to observational units and
columns corresponding to variables. Denote the complete data
by Y = (Yops, Yiis), where Y55 and Y,,;, are the observed and
missing portions of the matrix, respectively. Let y; denote an
individual element of Y, i = 1.2,...,n, j = 1,2,....p. The ith row
of Y, expressed as a column vector (all vectors will be
regarded as column vectors), is
yi= i, Yi2;-~-;yip)T-

We assume that yi, y,...,y, are independent realizations of a
random vector, denoted symbolically as (Y, Yz,...,Yp)T which
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has a multivariate normal distribution with mean vector y and
covariance matrix X;; that is,

Wy s Yy | O ~ 11dNV (/.l, Z),
where 6=(1,X) is the unknown parameter. Throughout the
chapter, we assume no prior restrictions on 6 other than the
positive definiteness of X(X>0); that is, we allow 6 to lie

anywhere within its natural parameter space. Because the
density of a single row is

-1 1 A
P(}/lle)zlzril : exp{_z(}/l-—,ll) 2 I(J/f_ﬂ)},
the complete-data likelihood is, discarding a proportionality

constant,
T

26]Y)eo | 2| -5 expiry (ﬂ>u)2”tw—m§ (5.1)

.M§

1
—

7

Maximum-likelihood estimates

By expanding the exponent in (5.1) and using the fact that
7y o=y,
=tz yf,
it follows that the complete-data loglikelihood can be written
as

161Y)=~ Zlogs| -2 " 'y

Te-1 -1 (5.2)
+u's7 g -twsT g
where
n
7
A=% y=r1LY (5.3)
2
n
L=% =1 (5:4)
7=1

are the complete-data sufficient statistics, and 1 = (1, 1,..., l)T.
Note that 77 is the vector of column sums,

7
Zf = (Z;'i:l.yz]- z;{:l}/IZ’ e Z;-Z:l_)/w) '
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and T, is the matrix of columnwise sums of squares and
crossproducts,

E}:f:l f Thave v Ty B
5= 517:1)/12}’;1 N zf:l}/zz)/zpa
0 ” : n : n })2 O
Bevphs 2=phe 0 ZistVp B

Because the multivariate normal is a regular exponential
family and the loglikelihood is linear in the elements of 7 and
T,, we can maximize the likelihood by equating the realized
values of 77 and T, with their expectations, £(77) = nd and

E(Ty) = n(Z+uy"). This leads immediately to the well known

result that the MLEs for ¢ and X are the sample mean vector
n
y=ay (5.5)
=1

and the sample covariance matrix
S =2 ryr-w
n

=S (=) -3) G0

=1
respectively. Note that S is a biased estimate of X, and in

practice it is more common to use the unbiased version n (n—
1" S. Further details on estimation and frequents inference
for the multivariate normal model can be found in standard
texts on multivariate analysis (e.g. Anderson, 1984).

5.2.2 Bayesian inference under a conjugate prior

The simplest way to conduct Bayesian inference in the
complete-data case is to apply a parametric family or class of
prior distributions that is conjugate to the likelihood function
(5.1). A conjugate class has the property that any prior 71(6) in

the class leads to a posterior P(60Y)O7(6)L(60Y) that is also

in the class. When both t and X are unknown, the most natural
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conjugate class for the multivariate normal data model is the
normal inverted-Wishart family.

The inverted-Wishart distribution

If X is an m x p data matrix whose rows are iid N(0,A\),, then
the matrix of sums of squares and cross-products 4 = X'X is
said to have a Wishart distribution, and we write

A~W(m,N). (5.7)
The parameters m and A are often called the degrees of
freedom and scale, respectively. The dimension of 4 (p X p) is
not explicitly reflected in the notation (5.7) because it is
conveyed by the dimension of A.

The Wishart distribution arises in frequents theory as the
sampling distribution of S. For our purposes it will be more
convenient to work with the inverted-Wishart distribution. If
A~W(m,N) then B = A™ is said to be inverted-Wishart, and we
write

B~W " (m,N).
Omitting normalizing constants, the inverted-Wishart density
for m 2 p can be shown to be

AB|mN) D5 D”Hpﬂmexp[r N B H (5.8)

over the region where B > 0. For m < p, the matrix 4 is
singular and B = A”' does not exist. Notice that (5.8) is a
proper density function for any choice of m = p and A\ > 0; we
need not restrict ourselves to integer values of m. The mean of
the inverted-Wishart distribution is
1

HB|lmN\) = ———
m—p—1
provided that m = p + 2. In the special case of p = 1, the

AL (5.9)

inverted-Wishart reduces to a scaled inverted-chisquare,
c)(;f, with ¢=A"". These and other well-known properties of

the Wishart and inverted-Wishart distributions are discussed in
many texts on multivariate analysis; an excellent reference is
Muirhead (1982).
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For our purposes, it will also be useful to know that the
mode of the inverted-Wishart density is

mode(Z| m,\) N (5.10)
m+ p+1

Demonstrating this fact involves maximizing the logarithm of
(5.8), an exercise which is nearly identical to deriving the ML
estimates for the multivariate normal distribution by
maximizing the loglikelihood (5.2). We omit details of this
calculation, but for a thorough demonstration in the case of the
loglikelihood the interested reader may refer to Mardia, Kent
and Bibby (1979, pp. 103-105).

The normal inverted-Wishart prior and posterior

Returning to the problem of Bayesian inference for 6=(,%)

under a multivariate normal model, let us apply the following
prior distribution. Suppose that, given Z, i, is assumed to be

conditionally multivariate normal,
u|z~/v(p0,r‘lz), (5.11)
where the hyperparameters p, [l ¥ and 7>0 are fixed and
known. Moreover, suppose that X is inverted-Wishart,
S~ (mN) (5.12)
for fixed hyperparameters m = p and A > 0. The prior density
for Bis then

rCERA S exp{~ Lotz
xexp{ (-p) = (u-uo)}

Following some matrix algebra, the complete-data likelihood
function (5.1) can be rewritten as

VClpg)n |Z|_7exp{ Zyrs” AS}
xexp{ (7-u)"= (7—#)}

Multiplying this likelihood by (5.13) and performing some
algebraic manipulation, it follows that A8 Y) has the same

(5.13)

(5.14)
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form as (5.13) but with new values for (T;m,Ly,/\) that is, the
complete-data posterior is normal inverted-Wishart,

Uiz, ¥~ /V(/.l(),(r')_l z), (5.15)
SIY ~ ' ), (5.16)
where the updated hyperparameters are
T =T +x,
m =m+n,
_0» 0 0T

Ho DT+nDy DT+n|jlo

and

! O 7 7’
N =N\ " +15+ V- v= .

@ 1S+ o 5= o) (7= ko) 0

In the special case of p = 1, the posterior becomes

1 1 -1
M|z, Y~ /V(uo,(r ) z),
S| Y~exz,

where
n

L 2 O g- 2
d= c+;(y,--y) +Dmgy-uo)
and ¢ = A is the prior scale for 2.

Existence of the prior distribution requires T> 0, m = p and
N > 0. Notice, however, that we may apply the updating
formulas and still obtain acceptable values of T', m’, and A" for
certain T < 0 and m < p. Under ordinary circumstances it
would not make sense to use a negative value for 7,, because
o would then become a weighted average of 7 and L with
negative weight for ty. Taking 7= 0, however, may be quite
sensible when little or no prior information about p is
available, because it results in a posterior distribution for p

centered about 7. Moreover, in some cases a choice of m < p
may be attractive as well: see Section 5.2.3 below.
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Inferences about the mean vector

By integrating the normal inverted-Wishart density function
(5.13) over Z, one can show that the marginal prior
distribution of f implied by (5.11)-(5.12) is a multivariate ¢
distribution centered at Ll, with v =m — p + 1 degrees of freedom.
The mean of this distribution is Ly provided that v > 1, and the
covariance matrix is (v=2)"'T'A™ provided that v > 2.
Other properties of this multivariate ¢ distribution are
discussed in many texts on multivariate analysis; a good
reference is Press (1982). In particular, the marginal prior
distribution of any scalar component or linear function of the
components of U is univariate ¢. Suppose that £ = ary, where a
is a constant vector of length p. The marginal prior distribution
of & implied by (5.11)-(5.12) is then (é=¢)/olTr,, where v=m—
pt1,&=a’, and
a'Ala

(2
The marginal prior density is

Ao r(3) 9 (<)

g =

5 (u+1)/2

i i
+ (5.17)
B

) F(%)Jnuaz H v’

where I' (0] denotes the gamma function. After observing ¥ we

can obtain P(£]Y), the marginal posterior distribution of &,
simply by replacing the hyperparameters (7,m,U,/\) in the
above expressions with their updated values (7, m’,5,/\).

Inferences about the covariance matrix

In many problems the parameters of interest are functions of
U, and X is best regarded as a nuisance parameter. On
occasion, however, an estimate of X is needed. From a

Bayesian standpoint there is no universally accepted "best’
estimate of 2. The optimal estimate depends on the choice of a
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loss function, and in practice it tends to be difficult or
impossible to choose among the various loss functions.
Bayesian estimation of a covariance matrix raises some
interesting theoretical problems that have yet to be resolved
(Dempster, 1969a). If the current state of knowledge about X

is described by Z~W"'(m,N\), then competing estimates include
the mean (5.9) and the mode (5.10). To complicate matters
further, suppose that the mean u and the covariance matrix X
are both of interest, and the current state of knowledge about
6 = (u,2) is represented by the normal inverted-Wishart

-1
H|Z ~/V(H0'T Z),
s~p! (m, /\).
By a calculation that is essentially equivalent to maximizing

the multivariate-normal loglikelihood function, one can then
show that the joint mode is achieved at u = 1, and

distribution

s=— 1At
m+ p+2

Note that maximizing the joint density for ¢ and X is not

equivalent to maximizing the marginal densities for ¢ and X

separately.
When a Bayesian estimate of ¥ is needed, we will adopt the

following rule-of-thumb: if the current state of knowledge
about X is described by Z~W"'(m,\) irrespective of , then

estimate X by m'A™". This represents a compromise between
the mean (5.9) and the marginal mode (5.10).

5.2.3 Choosing the prior hyperparameters

A noninformative prior

When no strong prior information is available about 6, it is
customary to apply Bayes’s theorem with the improper prior

(6 0z () (5.18)
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which is the limiting form of the normal inverted-Wishart
density (5.11)-(5.12) as T—0, m — -1 and A™*- 0. Notice that

U does not appear on the right-hand side of (5.18); the prior
‘distribution’ of 4 is assumed to be uniform over the p-

dimensional real space. Under this improper prior, the
complete-data posterior becomes

U\, ¥~ /V(j/,n_lZ). (5.19)
1 7= (n=1,(n8)"). (5.20)

A non-Bayesian justification for the use of this prior is that the
posterior distribution of the pivotal quantity

7 === 57 (7- 1)
becomes (n—1)p(n—p)~*F , 1—p, the same as its sampling
distribution conditionally upon 6 (DeGroot, 1970). The
ellipsoidal (1-a) 100% HPD region for (4 under this prior is
identical to the classical (1-a)100% confidence region for u
from sampling theory, and for inferences about 4 the Bayesian

and frequents answers coincide. The improper prior (5.18)
also arises by applying the Jeffreys invariance principle to l

and 2 (Box and Tiao, 1992).
If our primary interest is not in {4 but in X, then the

frequents justification for using (5.18) as a noninformative
prior is not as strong because of the ambiguities involved in
estimation of X. Notice, however, that if we use our rule-of-

thumb that a reasonable estimate for ~W'(m,\),is m"'A™,
then (5.20) leads to the point estimate (n-1)"'nS. This is the
estimate of Z that is most widely used in practice, because it is
unbiased for fixed 6 over repetitions of the sampling

procedure. For these reasons, we will accept (5.18) as a
reasonable prior distribution when prior information about 0 is

scanty.

©1997 CRC PressLLC



Informative priors

When an informative prior distribution is needed, it is often
possible to choose reasonable values for the hyperparameters
by appealing to the device of imaginary results. Suppose that
we regard the improper prior (5.18) as representing a state of
complete ignorance about 8. After observing a sample of n
observations with mean » and covariance matrix S, the new
state of knowledge is represented by (5.19)-(5.20). By this
logic, we can interpret the hyperparameters in (5.11)-(5.12) as
a summary of the information provided by an imaginary set of
data: [, represents our best guess as to what (4 might be (the

imaginary 7); T represents the number of imaginary prior
observations on which the guess Ll is based; m'A™' represents
our best guess as to what > might be (the imaginary S); and
m = T—1 represents the number of imaginary prior degrees of

freedom on which the guess m™ A is based.

A ridge prior

It sometimes happens that the sample covariance matrix S is
singular or nearly so, either because the data are sparse (e.g. n
is not substantially larger than p), or because such strong
relationships exist among the variables that certain linear
combinations of the columns of Y exhibit little or no
variability. When this happens, it may be difficult to obtain
sensible inferences about p unless we introduce some prior

information about X. The following is a suggestion for
choosing a prior distribution to stabilize the inference when
little is known a priori about f or .

Suppose that we adopt the limiting form of the normal
inverted-Wishart prior (5.13) as 7— O for some m and A. The
posterior becomes

g\, ¥~ /V(j/,n_lZ), (5.21)

_1|:|

_ g1 -1
2|\ V~W dﬂ"‘ﬂ,[/\ +7 0

(5.22)
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which is proper provided that m + n 2 p and (A-1+nS) > 0.
Notice that this posterior is very similar to the posterior
distribution (5.19)-(5.20) obtained under the standard
noninformative prior, except that the covariance matrix X has
been *smoothed’ toward a matrix proportional toA™. If we
take m = [J for some (>0 and A™' =[JS* for some covariance
matrix S$*, then our rule-of-thumb estimate of X is

i
N ns)= =
m+n U+ DETY Dn+ Dﬁy
a weighted average of S and S* with weights determined by
the relative sizes of n and [J.

When S is singular or nearly so, it makes sense to choose
S* to move the weighted average of the two matrices away
from the boundary of the parameter space. One effective way
to do this is to set the diagonal elements of S* equal to those
of S and the off-diagonal elements equal to zero,

S§* = Diag S. (5.23)
The resulting “prior’, which is not really a prior in the Bayesian
sense because it is partly determined by the data, has the
practical effect of allowing the means and variances to be
estimated from the data alone, but smooths the correlation
matrix slightly toward the identity. The degree of smoothing is
determined by the relative sizes of [J and n, and [J can be

regarded as an imaginary number of prior degrees of freedom
added to the inference. Note that [J need not be an integer, and
in some cases even a small fractional value of [J may be

sufficient to overcome computational difficulties associated
with singular covariance matrices. Use of this prior is closely
related to the technique of ridge regression (e.g. Draper and
Smith, 1981), and can be regarded as a form of empirical
Bayes inference (e.g. Berger, 1985). This prior can be very
helpful for stabilizing inferences about (f when some aspects

of Z are poorly estimated.
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5.2.4 Alternative parameterizations and sweep

Suppose that z is a p X 1 random vector distributed as N (U4, %),
which we partion as 2T = (ZIT,Z;—) ‘where z;and z, are
subvectors of lengths p; and p, = p - p; respectively. It is well
known that the marginal distributions of z; and z, are N({4;,2;,)
and N(U,,2,,) where uT= (/JlT , u; ) and
5= (2112120
= 0
2122200
are the partitions of ( and Z corresponding to = (ZlT , Z;— )

Moreover, the conditional distributions are also normal; in
particular, the distribution of z, given z; is normal with mean

E(n12) =m+5.(a -1)
=0t 514
and covariance matrix Xy, 1, where
— -1
0y =Hy = 22121 My
— -1
Byy  =-221241, (5.24)
— -1
2n1 T2 21412
are the vector of intercepts, matrix of slopes and matrix of
residual covariances, respectively, from the regression of z, on
z1.

Because specifying the joint distribution of z; and z, is
equivalent to specifying the marginal distribution of z; and the
conditional distribution of z, given z;, we can characterize the
parameters of the distribution of z either by 8 = (i,2) or by
e=(¢. @), where @=(l;,Z;;) and @=(01,B,1,25, ) It is easy to
show that the transformation @=¢(6) is one-to-one, with the
inverse transformation 8=¢*(¢) given by

Ky =0y * 501
S =g, (5.25)

S =In 5158,
Moreover, the parameters ¢ and ¢, are distinct in the sense

that the parameter space of @is the Cartesian cross-product of
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the individual parameter spaces of ¢ and @,; that is, any

choice of a,,,B,, and %,,,> 0 will produce a valid 6 = (1,X)
with > 0.

When a probability distribution is applied to 6=(,) .it is
occasionally necessary to find the density function for ¢ Let f

(6) be the density of 8 and g(¢) the density of @=¢(6) induced
by f. The relationship between g and fis

40 =/a"(011)".

where J is the Jacobian or first-derivative matrix of the
transformation from 8 to ¢, and ||/]jmeans the absolute value of
the determinant of J. Notice that a,,, B,; and Z,,, are of the
same dimension as U,, 2,, and Z,,, respectively, so J can be
partitioned as
T o ow o
W dxyy Oy 0%y 0Zy
Pz 9z 9z Jz J2y
Oow, 0z, Oy 0%y iy
7= E{’azm dayy  dayy  dapy  9dy
ooy 0%y Oy 0%y 0Zp
WhHy 0By 0By 9By 9Bg
Edﬂl oz Oy 0%y 0y
1 9Zpn %Zpn Zpn Zpon
H o2y Oy 0z, 0y H
where the submatrices along the diagonal are square. By
inspection of (5.24), we see that this matrix has the pattern

OoooooooOoOodg

7 0 0 0 00
%)/000%
J=k x /7 x 00
§ <o n ol
B x 0 x /H

where 7 denotes an identity matrix, 0 denotes a zero matrix
and x denotes a matrix that is neither 7 nor 0. It is a well-
known property of determinants that
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A B
o A=t (529

for square 4 and C. Applying (5.26) repeatedly, the
determinant of J reduces to

= 9| (5.27)

02y

With 5, held fixed, B, =%,,5™Y; is a linear transformation of

>,. It can be shown that the Jacobian of the linear

transformation from W (p X g) to Z = WB for nonsingular B (¢
x q) is |BF (e.g. Mardia, Kent and Bibby, 1979, Table 2.4.1),

and thus
I/1=[20 2. (5.28)

The sweep operator

The algorithms presented in this chapter will require repeated
use of the transformations (5.24) and (5.25). To simplify both
the notation and implementation of these algorithms, we will
rely heavily on a device known as the sweep operator. First
introduced by Beaton (1964), the sweep operator is commonly
used in linear model computations and stepwise regression.
Dempster (1969b) describes its relationship to methods of
successive orthogonalization, and Little and Rubin (1987)
demonstrate the usefulness of sweep in ML estimation for
multivariate missing-data problems. Further information and
references are given by Thisted (1988).

Suppose that G is a p x p symmetric matrix with elements
gii- The sweep operator SWP[k] operates on G by replacing it
with another p x p symmetric matrix H,

H=SWP[]G,
where the elements of H are given by
I =71 gy

b =hy =gpl gy tor/ # 4, (5-29)

é/] :ﬁ// Zgﬂ—gjyfgk//gk/(forjikandlik
After application of (5.29), the matrix is said to have been
swept on position k. In a computer program, sweep can be
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carried out as follows: first, replace gy with Ay = —1/g4; next,
replace the remaining elements g;=g; in row and column &
with hy = gil-gjhy. and finally, replace the remaining elements
gj1 = gy in the other rows and columns by 4, = g - guhjr. This
method is efficient both in terms of computation time and
memory, because no storage locations other than the matrix
itself are necessary. Because both G and H are symmetric,
further savings can be achieved by computing and retaining
only the upper-triangular portion of the matrix.
Suppose that a p X p matrix G is partitioned as
[ G0

B 5921 G 1l

where Gy, is p; X p;. After sweeping on positions 1, 2,..., py,
the matrix becomes
~1

O-j! Gy Gip B
1
57210_1 Gy = GGl G125
which is recognizable as a matrix version of (5.29). The
notation SWP[1,2,...,p,] indicates successive application of
(5.29),

SWH{1,2,..., ] &= SWH ] --- SWP{2] SWH ]| &.
Sweeps on multiple positions need not be carried out in any
particular order, because the sweep operator is commutative,

SWH 4| SWH 4] = SWH 4| SWH 4] C.

Sweeping a p X p matrix G on positions 1, 2,..., p has the

SWH1,2,... 4]¢=D

effect of replacing G by —G™'. This inverse exists if and only if
none of the attempted sweeps involve division by zero. When
inverting a matrix with sweep, we can also readily obtain the
determinant. Let Yi denote the kth diagonal element of the

matrix after it is swept on positions 1, 2,..., k — 1,
Vi =(SWH1,2,.. 4 - I]G)
Then

Y/
EE |‘| Vi (5.30)
=1
where ), is taken to be g, the first element of G. Thus the
determinant can be found by computing the product of the
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pivots (i.e. the diagonal elements of the matrix) as they appear
immediately before the matrix is swept on them (Dempster,
1969b).

It is also convenient to define a reverse-sweep operator that
returns a swept matrix to its original form. The reverse-sweep
operator, denoted by

H=RSW[K]G,

replaces the elements of G with

I =71 gy

ﬁ/- :/IK/ =g/7(/g/f/rf0rj¢k, (5.31)

é/] :ﬁ// :g/7—gﬂ(g/(//g/%forjikand/#k.
Notice that reverse sweep is remarkably similar to sweep, with
the only difference being a minus sign in the calculation of A
= hy. It is easy to verify that reverse sweep is indeed the
inverse of sweep,

RSWI[k] SWP[k] G=G
and that reverse sweep is commutative,
RSWIk,] RSW[k] G =RSW[k] RSW[k,] G.

Computing alternative parameterizations

From a statistical viewpoint, the sweep operator is highly
useful for the following reason: when applied to the
parameters of the multivariate normal model, sweep converts a
variable from a response to a predictor. Suppose that z is a p %

1 random vector distributed as N(4,%), and we partition it as z”
:(217,227) where z; has length p,. Let us arrange the

parameters 6= (U,X) as a (p+1) X (p+1) matrix in the following
manner,
0 o/ 470
D‘l HTD 0 I'll IJZ 0
9:51 5 5: h 211 20 (5.32)
aiz 271 z22%
The reason for placing -1 in the upper-left corner will be
explained shortly. To simplify book-keeping, we will allow

the row and column indices to run from 0 to p rather than from
1 to p + 1, so that the parameters pertaining to the jth variable
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will appear in row and column j. Suppose that we sweep this
B-matrix on positions 1, 2,...,p;; the result will be, by the

matrix analogue of (5.29),

D‘l‘ﬂl Sit M - I B

D T -3 1%, O

a!z “InIik InI Ip - 3% Z12%
Comparing this to (5.24), we see that the last p - p; rows and
columns contain a,,, B,;, and Z,,, the parameters of the
conditional distribution of z, given z,,

Tenl el
%l_l—ll Sk W Zp asz

_ -1 -1
SWHL..4l6=0 Ziiy 2 Bzfm 0
B ay By Zzzm%

Moreover, the upper-left (p; + 1) x (p; + 1) submatrix contains
in swept form the parameters of the marginal distribution of zj,
5'1 pl O = RSW],.., D IJ1 St u 2_111 0
Bil 218 E S by 21 0
We have thus shown that @=(14,,2,,05 1,8, 1,25, 1), expressed in
matrix form as
E‘l ui o ag; 20 5 O
o=0m I o (533)
E’zm By Zzzm%
can be computed from the 6-matrix by first sweeping the full
matrix on positions 1, 2,..., p;, and then reverse sweeping the
upper-left (p; + 1) x (p; + 1) submatrix on the same positions.
The reason for placing -1 in the upper-left corner of the
0 matrix (5.32) is that this matrix can be considered to be
already swept on position 0. Notice that if we reverse-sweep 6
on position 0, we obtain

J00 47 O

_ 0
20 B x+ppt g
the parameters of the multivariate normal distribution
expressed in terms of the first two moments of z about the

o
RSW[0] O ! (5.34)
gu
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origin. This unswept version of 6 is quite useful because it is

the natural representation for computing ML estimates.
Suppose that ¥ is an n X p data matrix whose rows are
independent realizations of the random vector z. If we arrange
the sufficient statistics T;,=Y"1and T,=Y"Yintoa (p + 1) X (p
+ 1) matrix
7
7:[1,}1’[1,11:5” g E (5.35)
B 40
then the moment equations for ML estimation set (5.34) equal
to n~'T. Hence the ML estimate of 8 may be computed from
the sufficient statistics by
0=SwW P[ 9] w7

Because ML estimates are invariant under transformations of
the parameter, the MLE for an alternative parameterization ¢

can be obtained by sweeping 6 on the appropriate positions.

i Va Vs .. Y

patterns s =1

2

L o B e B
- o o = =
S o e e
b e e

0f1]0 0
S|1({0]0 0

S

Figure 5.1. Matrix of missingness patterns associated with Y with 1 denoting
an observed variable and 0 denoting a missing variable.

5.3 The EM algorithm

When portions of the data matrix Y are missing, ML estimates
cannot in general be obtained in closed form; we must resort
to iterative computation. The EM algorithm for a multivariate
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normal data matrix with an arbitrary pattern of missing values
was described by Orchard and Woodbury (1972); Beale and
Little (1975); Dempster, Laird and Rubin (1977); and Little
and Rubin (1987). Because of its usefulness and its similarities
to the simulation algorithms that follow, we describe in detail
one possible implementation of EM for incomplete
multivariate normal data.

5.3.1 Preliminary manipulations

To simplify notation and facilitate computations, it is helpful
at the outset to group the rows of Y by their missingness
patterns. A matrix of missingness patterns corresponding to Y
is shown in Figure 5.1. We will index the missingness patterns
by s = 1, 2,..., S, where S is the number of unique patterns
appearing in the data matrix. The trivial pattern with all
variables missing should be omitted from consideration. Rows
of Y that are completely missing contribute nothing to the
observed-data likelihood and would only slow the
convergence of EM by increasing the fractions of missing
information (Section 3.3.2).

For book-keeping purposes it will be helpful to define the
following quantities. Let R be an S X p matrix of binary
indicators with typical element rsj, where

| if 7, isobservedinpattern.s,

"y E) if 7 ismissinginpattern.s.

The matrix R is shown in Figure 5.1. For each missingness
pattern s, let O(s) and M(s) denote the subsets of the column

labels {1, 2,..., p} corresponding to variables that are observed
and missing, respectively,

as)={/: =1},
M(s) :{j: Ty :0}.
Finally, let I(s) denote the subset of {1, 2...., n} corresponding

to the rows of Y that exhibit pattern s. For example, suppose
that the data matrix has ten rows with no missing values, and
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after sorting these rows are labeled 1,..., 10; the first row of R
is then (1, 1,..., 1), and

) ={1.2,... .
M(1) =0,
/(1) ={1,2,..10}.

5.3.2 The E-step
Recall that in the E-step of EM, one calculates the expectation
of the complete-data sufficient statistics over P( Y, Yons,0) for
an assumed value of 8. These statistics are of the form Xy
and Xy, so to perform the E-step we need to find the
expectations of y; and y;yi over R Y| Yons, 6).

Because the rows yj, y,...,y, of Y are independent given 6,
we can write

P(Ymis | Yobsve) = |—| P()’,(m,'s) |}’;(0/,J)19),
=1

where yion) and yimi) denote the observed and missing
subvectors of y;, respectively. The distribution RY;pmis)Vigbs) »6)
is a multivariate normal linear regression of yigis) on Yiqss), and
the parameters of this regression can be calculated by
sweeping the 6-matrix on the positions corresponding to the
variables in y;ep. If row i is in missingness pattern s, then the
parameters of RYiguis) [Viobs) -0) are contained in SWP[O(s)]6
in the rows and columns labeled M(s) Let 4 denote the swept
parameter matrix

A4=SWH )],
and let aj denote the (j, k)th element of 4,7, kK =0, 1,..., p.
Using the results of Section 5.2.4, the reader may verify that
the first two moments of yiguy with respect to P(Yyis| Yons,0)

are given by
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E(J/,/| obs» ) E;ﬂ/g'}/ﬂm
K

COV(}/y,y[k | 255, ) =i
for each i O/(s)and j, kOM.(s) For any jOO(s), of course, the

moments are
E(y,,l Obs ) Vi

COV(,)/[ o Vit | Dopgs ) =0,
because y;; is regarded as fixed. Applying the relation

ﬁ(yyle | obs» ): Cov(yy!.ylkl bs’
E(}"// | 20550 )E(.)/IK | 20550 )
it follows that

, for /0(s),
E(J/I/ | 255 ) - ﬁ;; for /0A/(s),
Oy, for 7,4 DA(s),

E(y,,y,K | 2 s ) vy for 7 0.M(s), £ DO(s),
¥ by for .k O(s),

and

where

Py Ea,t ;a,ﬂ%. (5.36)
#00(s)

The E-step consists of calculating and summing these

expected values of y; and y;y; over i for each j and k. The

output of an E-step can then be written as E(T]|Y,,6) where T

is the matrix of complete-data sufficient statistics

W v I e Jpo O
0 2 i iy D
0, ZyO 2 1 Yarp YaVip O
571 rrg izlg .ooern

o 0
H % H

The elements below the diagonal are not shown and may be
omitted from the calculations because they are redundant.
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Notice that the matrix A=SWP[O(s)] 0 needed for the E-step
depends on the missingness pattern s, and thus in practice the
elements of E(T]Y,,6) must be calculated by first summing
expected values of y; and y;y; for iJ/(s), and then summing

across patterns s = 1, 2,..., S, with a new A4-matrix being
calculated for each missingness pattern.

5.3.3 Implementation of the algorithm

Once E(T|Y,,6) has been found, carrying out the M-step is
relatively trivial. For a given value of 7T the complete-data
MLE is 6 = SWH[0] #'7, and the M-step merely carries out
this same operation on E(T|Y,,0) rather than 7. A single
iteration of EM can thus be written succinctly as

o) = SWR{o] ™1 2{ 71,5, 607). (5.37)

In principle the EM algorithm for incomplete multivariate
normal data is completely defined by (5.37), but from a
practical standpoint we should still consider how to implement
the algorithm in an efficient manner. It is beneficial to keep
both processing time and memory usage down, but trade-offs
between the two are inevitable; one can always reduce
processing time at the expense of additional memory by
storing rather than recomputing quantities that must be used
repeatedly. The implementation suggested here stores rather
than recomputes the portions of E(T]Y,,,6) that do not depend

on @ and thus remain the same for every E-step. This method
may not be optimal for any particular dataset, but it is not
difficult to program and seems to perform well in a wide
variety of situations.

Observed and missing parts of the sufficient statistics

We can express the matrix 7 as the sum of matrices
corresponding to the individual missingness patterns. Let
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gs Zj/,'] 2 o zy{'p g
0 z)/121 2 bp z}/zl}/y; 0
T(s) = E S .Z)/lz)/,p%
0 R O
H E-

where all sums are taken over ill/(s), and ng=}y is the
sample size in missingness pattern s; then

S
7= Z 7(&)

Each T7(s) can be further partitioned into an observed part and
a missing part. Notice that the elements of 7(s) in the rows and
columns labeled M(s) are functions of Y,;; and perhaps Y
whereas the remaining elements of 7(s) are functions of Y
only. Define a new matrix 7, (s) which has the same
elements as 7(s) in the rows and columns labeled M(s), but
with all other elements set to zero, and define T,(s) to be T(s)
—Tis(s). For example, consider a dataset with p = 3 variables,
and suppose that missingness pattern s has Y, and Y3 observed
but Y, missing; then
L z)/zl 0 z}/13 O

0 [l
Zylzl 0 Zy[l}/ﬁv 0

7 ps(s) =1
obs (S) |:| 0 0 |j
O 0
0 St O
M 0 Z}/ 2 0 O
_ = 0 Z}/'11)/12 0 E
mis (‘Y ) =0 0
O %% a0
0 a
0 0 0
where all sums are taken over i[1/(s). Finally, define
S S
Z;bs = z Z;bs(s) and Z;ﬂis = Z 7/;11‘ (S)’
s=1 s=1

©1997 CRC PressLLC



T:= Tobs
for s:=1to S do
for j:=1 to p do
if 75;=1 and 6;; >0 then §:=SWP[;]6
if r;;=0 and 6;; <0 then #:=RSW[j] 6
end do
for i € I(s) do
for j € M(s) do
¢ :=0o;
for k € O(s) do ¢;:=c¢;j + Ok;Yyir
end do
for j € M(s) do
Toj :=Toj + ¢;
for k € O(s) do Ty;:=Tkj + ¢jyir
for k € M(s) and k> j do Ty;:=Txj + Ok; + crc;
end do
end do
end do

0:=SWP[0] n~'T

Figure 5.2. Single iteration of EM for incomplete multivariate normal data,
written in pseudocode

so that 7= T, + T,;5. The E-step may then be written

AT 7,p0) = abs+5( ml obs )
= Zl b Zi( s (8) | 5. 6).

The elements of T, can be calculated once at the outset of the
program and stored for all future iterations of EM.

An implementation in pseudocode

One possible implementation of an iteration of EM is shown
in Figure 5.2. It is written in pseudocode, a shorthand
language that can be understood by anyone with programming
experience and is easily converted into standard languages like
Fortran or C. In this pseudocode, the symbol *: =’ indicates the
operation of assignment; for example, "a: = b’ means ‘seta

equal to ».” This implementation requires two (p+ 1) X (p + 1)
matrix workspaces: 7, into which the expected sufficient
statistics are accumulated, and 6, which holds the current

estimate of the parameter. For simplicity, the rows and
columns of these matrices are labeled from 0 to p rather than

©1997 CRC PressLLC



from 1 to p + 1. In addition, a single vector of length p,
denoted by ¢ = (ci,...,c,), is needed as a temporary workspace

to hold the values of y,D/' given by (5.36). The iteration begins

by setting 7 equal to T,, which we assume has already been
computed. The expectations of y; and y;y; that contribute to
T,is are then calculated and added into 7, one missingness
pattern at a time. In order to calculate these expectations
within a missingness pattern s, the 6-matrix must be put into

the required SWP[O(s)] condition; for this, we use the
convenient book-keeping device that a diagonal element 8 is
negative if and only if 6 has been swept on position j. Finally,
after the expected sufficient statistics are fully accumulated
into 7, the new parameter estimate is calculated and stored in
6 in preparation for the next iteration.

For efficiency, the code in Figure 5.2 does not calculate the
off-diagonal elements of T more than once. If 8 and T are
stored as two-dimensional arrays, then only the upper-
triangular portions should be used, and 7j; or 6; should be
interpreted as the (j, k)th element if <k or the (%, j)th element if
j > k. Memory requirements can be reduced by retaining only
the upper-triangular parts of 7 and 0 in packed storage. To
reduce the impact of rounding errors, 7, 6, and ¢ should be
stored in double precision. Rounding errors can also be
reduced by centering and scaling the columns of Y at the
outset; for example, we could transform the observed data in
each column of Y to have mean zero and unit variance before
running EM. If the data are centered and scaled, however, we
should remember that 8 will be expressed on this transformed
scale, and for interpretability we may need to transform the
estimate of 6 back to the original scale at the end of the
program.

Starting values

EM requires a starting value 69=(u®,3@)for the first

iteration. Any starting value may be used provided that 3@ is
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positive definite, but in practice it helps to choose a value that
is likely to be close to the mode. Several choices for starting
values are described by Little and Rubin (1987). The mean
vector and covariance matrix calculated only from the
completely observed rows of Y may work well, provided that
there are at least p + 1 such rows. Another easy method is to
use the observed data from each variable to supply starting
values for the means and variances, and set the initial
correlations to zero; if the columns of Y have been centered
and scaled at the outset to have mean 0 and variance 1, then
this corresponds to taking u(o):(0,0,...,Of and Z(O):I.

Unless the fractions of missing information for some
components of 6 are very high, the choice of starting value is

usually not crucial; when the missing information is low to
moderate, the first few iterations of EM tend to bring 0 to the
vicinity of the mode from any sensible starting value. When
writing a program for general use, it is helpful to give the user
the option of supplying a starting value, because restarting EM
from a variety of locations helps to diagnose unusual features
of the observed-data likelihood, such as ridges and multiple
modes.

Estimates on the boundary

It sometimes happens, particularly with sparse datasets, that
the observed-data likelihood function increases without limit
as 0 approaches the boundary of the parameter space (i.e. as Y
approaches a singular matrix). When this occurs, the EM
algorithm may behave in a variety of ways. In some problems,
the elements of O stabilize and EM appears to converge to a
solution on the boundary. In other problems, the program halts
due to numeric overflow or attempted division by zero. In yet
other problems, the sweeps required for the E-step become
numerically unstable as the iterates approach the boundary,
and substantial rounding errors are introduced. We have found
that these rounding errors sometimes ‘deflect’ 6 away from the
boundary, causing a sudden large drop in likelihood from one
iteration to the next. The iterates may approach the boundary
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for a number of steps, deflect away, approach again, and
deflect away again in a recurring fashion. If the elements of 6

do not appear to have converged after a large number of
iterations, then it is advisable to monitor both the
loglikelihood (Section 5.3.5) and some aspect of 3 (e.g. the

determinant, or the ratio of the largest eigenvalue to the
smallest) to determine whether the iterates are approaching the
boundary.

When an ML estimate falls on the boundary, it is often
helpful to apply a ridge prior and use EM to find the posterior
mode as described below.

5.3.4 EM for posterior modes

This EM algorithm can be easily altered to compute a mode of
the observed-data posterior distribution rather than an MLE.
As discussed in Section 3.2.3, the E-step is no different; only
the M-step needs to be modified. The exact form of this
modification will depend on the prior distribution applied to 6.

Priors for incomplete data

At this point, it is worthwhile to consider what prior
distributions may be appropriate for an incomplete dataset.
Because a prior distribution by definition reflects one’s state of
knowledge about O before any data are observed, the fact that

some data are missing should from a strictly Bayesian
viewpoint have no effect whatsoever on the choice of a prior.
To the Bayesian purist, any prior that is appropriate for
complete data will be equally appropriate for incomplete data.
Most statisticians would agree, however, that choosing a prior
distribution (including its analytic form) purely by
introspection can be difficult, and in practice most priors are
chosen at least partly for computational convenience. The
normal inverted-Wishart family of prior distributions,
described in Sections 5.2.2 and 5.2.3, is computationally
convenient for the EM and data augmentation algorithms in
this chapter. In general, this family is not conjugate when data
are incomplete; the observed data posterior P(G | Yo[,s) under a
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normal inverted-Wishart prior is tractable only in special
cases. Yet EM and data augmentation are both easy to
implement under this family of priors, because the simplicity
of these algorithms depends upon the tractability of the
complete-data problem.

When prior information about 6 is scanty, we suggest that

the customary diffuse prior for complete data,

() ofz %)
may also be reasonable when some data are missing. Recall
from Section 5.2.3 that one important justification for this
prior with complete data is that Bayesian and frequents
inferences about p coincide. This result does not immediately
generalize to incomplete data, but limited experience suggests
that Bayesian inferences under this prior may also be
approximately valid from a frequents point of view. Little
(1988) reports that in the case of bivariate datasets with
missing values on one variable generated by an ignorable
mechanism, this prior leads to Bayesian inferences about p

that are well-calibrated; the HPD regions tend to have
frequency coverage close to the nominal levels. Because this
prior treats the variables Y;, Y»,..., ¥, in a symmetric fashion,
we conjecture that similar results may hold for more
complicated multivariate scenarios as well.

When data are sparse and certain aspects of ) are poorly

estimated, we suggested in Section 5.2.3 that a useful prior for
complete data was the limiting form of the normal inverted-
Wishart with =0, m=0J for some [J > 0, and A™'=[Diag S,
where S is the complete-data sample covariance matrix. With
incomplete data S cannot be calculated, but a useful substitute
is the matrix with diagonal elements equal to the sample
variances among the observed values in each column of Y.
This prior effectively smooths the variances in ) toward the
observed-data variances and the correlations toward zero. If
the observed data in each column of Y have been scaled at the
outset of the program to have unit variances, then this prior
will simply take A™=[]I.
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Modications to the M-step

The joint mode of the normal inverted-Wishart distribution,

H|Z ~/V(H01T_lz),
s ~W _l(m, /\),
is achieved at po and (m+p+2)'A™ for u and ¥, respectively

(Section 5.2.2). Thus the complete-data posterior mode for
6 = (4,2) under the normal inverted-Wishart prior with

hyperparameters (7,m,ly,/\), denoted by 6= ( L, i), is
~ = 1 -1
=ppandr =—(A') 7,
H=Hy w + p +2( )
where [ o, m’ and A" are the updated versions of the
hyperparameters given in Section 5.2.2. By reverse-sweeping

the mode on position 0 and equating the result to a matrix of
modified sufficient statistics,

0 /0 D1 u7 O Oy 7 O
RSW[0] 0. i Fo P 0

i Egm ' B 5B
the mode can be computed as if it were an ML estimate based
on T and T rather than 7 and 75. Solving for T and T and

substituting expressions for the updated hyperparameters gives

~_D0OD»~ 0,070
= +
5 D”+TD711 D”+TEFMO
and
5:4(6—l71717+/\'1+,4)+li1?17
ntm+ p+2 ” 7

as the modified sufﬁcient statistics, where
A=———\{ - nug\4 —» .
(r " ”) ( IJo)( Ho)
To modify the EM algorithm shown in Figure 5.2 to compute
a posterior mode rather than an MLE, we need only to replace
the expected sufficient statlstlcs T and T, in the workspace T

by the modified versions T and T immediately before
executing the final step 6: = SWP[O]n™' T
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5.3.5 Calculating the observed-data loglikelihood

One of the great advantages of the EM algorithm is that it
never requires calculation of the observed-data loglikelihood
function or its derivatives. The observed-data likelihood for
this problem, discussed in Example 3 of Section 2.3.2, or its
logarithm 1(8 Y,), would be very tedious to differentiate or

maximize by gradient-based methods. Evaluation of 1(6Y,4),
at a specific value of 8, however, is not overwhelmingly

difficult; the computations required for a single evaluation are
comparable to those needed for a single iteration of EM.

It follows from (2.10) that the observed data-loglikelihood
function may be written as

7 0
220 - iogz 54 (g 4] 2 gy 48]
s=11

where v, denotes the observed part of y; and HE and ZE
denote the subvector of g and the submatrix of ),
respectively, that pertain to the variables that are observed in
pattern s. An equivalent but computationally more convenient
expression is

49|&m):i{—

s=1
where n; is the number of observations in missingness pattern
s and

Losy 1MJ}, (5.38)

21,23 (5o =H ) on) - u?)r-

7l S5
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d:=0
1:=0
for j:=1 to p do ¢;j:=6o;
for s:=1to S do
for j:=1topdo
if 75;=1 and 6;; >0 then
d:=d + log0;;
6:=SWP[;]6
else if 7,;=0 and #;; <0 then
6:=RSW[j]6
d:=d —log0;;
end if
end do
M:=0
for i € I(s), j,k € O(s) and j<k do
Mjk:= Mjk + (yij — ¢;)(yix — k)

end do
t:=0
for j,k € O(s) do t:=t — 0, M
l:=1l— (nsd+1t)/2
end do

Figure 5.3. Calculation of observed-data loglikelihood function.

Pseudocode for calculating 1(6Y,) is shown in Figure 5.3.

This algorithm requires a p X p matrix workspace M to hold
values of M;-</i>, and a p X 1 vector ¢ for temporary storage

of u. The constants d and ¢ hold log Zﬂ and frZZ_lMS,

respectively, and after execution the loglikelihood value is
contained in 1. This program modifies the parameter matrix 6,

if necessary, however, the single line
0:=RSW[O(S)6
may be added at the end of the program, which will return 6to

its original state except for rounding errors.

Notice that the algorithm for evaluating L(B]Y ) bears a
strong resemblance to a single step of EM. An obvious
question to ask is whether the two sets of code can be
combined, so that an evaluation of the loglikelihood is
efficiently woven into EM itself This is certainly possible, but
subject to the following caveats. First, the loglikelihood would
have to be evaluated at the parameter estimate from the
previous iteration; that is, we would have to evaluate 1(6“

|Y,) as we computed 68", Second, notice that a
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loglikelihood evaluation requires accumulation of the
observed parts of the complete-data sufficient statistics, rather
than the expected values of the missing parts. Recall that the
EM code in Figure 5.2 assumes that T, the portion of the
expected value of 7' that does not change over the iterations,
has already been computed and stored at the outset of the
program. Evaluation of the observed-data loglikelihood,
however, requires access to the individual matrices T,(s) for
s =1,2,..., S which could be very cumbersome to store. If, as in
Figure 5.3, the matrices T,x(s) are not stored but effectively
recomputed at each iteration, then the proportionate reductions
in computing time achieved by combining the two algorithms
over running them separately would not be overwhelming.

When EM is used to find a posterior mode rather than an
MLE, the function that is guaranteed to be non-decreasing at
each iteration is no longer the observed-data likelihood but the
observed-data posterior density. The logarithm of the
observed-data posterior density is

|Ogla(0 | )/;7175) = /(6 | Yoby) +log Tl( @’
where unnecessary normalizing constants have been omitted.
Thus the log-posterior density may be evaluated by adding log
m(6) to the result of the algorithm in Figure 5.3. Under a
normal inverted-Wishart prior with hyperparameters
(T,m,y,N\), this additional term is
logri( 6) = —%’mlogﬁk%;rz'l/l/lo,

where

—pA-l r
My=N"+1(p = po)(1 = o)
and unnecessary constants have again been omitted.

5.3.6 Example: serum-cholesterol levels of heart-attack
patients

Ryan and Joiner (1994, Table 9.1) report serum-cholesterol
levels for n = 28 patients treated for heart attacks at a
Pennsylvania medical center. For all patients in the sample,
cholesterol levels were measured 2 days and 4 days after the
attack. For 19 of the 28 patients, an additional measurement
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was taken 14 days after the attack. The data are displayed in
Table 5.1 (a), with readings at 2, 4 and 14 days denoted by Y,
Y, and Y3, respectively.

Regarding the complete data as a random sample from a
trivariate normal distribution, we applied EM to find the observed-data

Table 5.1. EM algorithm applied to cholesterol levels for heart-attack patients
measured 2, 4 and 14 days after attack

(a) Observed data (b) Iterations of EM

i Y2 Y3 t ps o) P9 pS
270 218 156 0 200.000 50.0000 0.000000 0.000000
236 234 — 1 222.236 44.1831 0.403571 0.743661
210 214 242 2 222237 44.1836 0.403566 0.743667
142 116 — 3 222.237 44.1839 0.403564 0.743669
280 200 — 4 222237 44.1840 0.403563 0.743670
272 276 256 5 222237 44.1840 0.403563 0.743671
160 146 142 6 222237 44.1841 0.403563 0.743671
;;‘6’ ;iz gig oo 222237 44.1841 0.403563 0.743671
242 288 —

186 190 168

266 236 236 (¢) Elementwise rates of convergence

:23(1)2 Z:: 200 b A A A A
204 240 264 0 — — : —
282 294 — 1 0.000 0.000 0.000 0.000
234 220 264 2 0.469 0.468 0.476 0.456
224 200 — 3 0.468 0.467 0.474 0.458
276 220 188 4 0.468 0.466 0.472 0.460
282 186 182 5 0468  0.466 0.471 0.462
360 352 294 6 0467 0.466 0.470 0.463
310 202 214

280 218 —

278 248 198

288 278 —

288 248 256

244 270 280

236 242 204

Source: Ryan and
Joiner (1994)

ML estimates of the nine parameters in 68=(1,2) (ML estimates

for this dataset could also be calculated noniteratively; see
Section 6.5). Denote the elements of ¢ and } by ; and gy,
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respectively, for j, k=1, 2, 3, and let pj, :Gj,((Gj,UKK)'l/2 denote
the correlations. From starting values chosen based on a crude
guess, U©=(200,200,200)" and ¥ (?=(50)?/, convergence
within four significant digits to

253.90 2195 1455 835.4(0

f=030652=5 2127 15157
22226 § 19535

was achieved in just three iterations. Because no data, e
missing for Y| or Y,, the five parameters (U;,Us0;1,0520;2)

converge in a single step regardless of the starting value.
Iterates of the four remaining parameters, expressed as |

0,=V033 P13 and P, are displayed to six significant digits in

Table 5.1 (b).
For estimation of 8, the iterations beyond ¢t = 4 are

superfluous because precision beyond three or four digits is
rarely necessary. As discussed in Section 3.3.4, however, these
additional iterations can be used to estimate elementwise rates
of convergence, which are typically equal to the largest
fraction of missing information. Elementwise rates of
convergence for the four parameters that do not converge in
one step, estimated using (3.27), are displayed in Table 5.1 (c).
These estimates, which are all close to 47%, do not measure
the individual rates of missing information for the four
parameters s, O, P13 and P,y rather, they pertain to the

function of 6 for which the rate of missing information is

highest.

Notice that the 47% rate of missing information is
somewhat higher than the 9/28 = 32% rate of missing
observations for Y;. Because we know that the parameters
pertaining to the joint distribution of (Y, ¥>) have no missing
information, the 47% rate must pertain to some function of the
parameters of the regression of Y3 on Y; and Y,. It is
instructive to consider why the largest rate of missing
information exceeds the rate of missing observations for Y3. A
hint is provided by the scatterplot of Y; versus Y, displayed in

©1997 CRC PressLLC



Figure 5.4 (a). The cases having missing values for Y3 tend to
be slightly farther, on average, from the center of the (¥, 13)
distribution than do the cases for which Y3 is observed.
Because they are farther from the center, they exert more
influence on the estimates of the regression parameters. A well
known measure of influence in linear regression models is
provided by the leverage values, the diagonal elements of the
hat matrix (e.g. Draper and Smith, 1981).

350 |12 "1 ogpha .
o '
Sz * o * x
250 | 2 ":é 9;:- Hy 0.2 b
0 q [
0.1}
150 b,
8 ¢! [
150 250 350
(a) *= Y3 observed © = Y3 missing () (c)

Figure 5.4. (a) Scatterplot of Y, versus Y, for all cases, and boxplots of
leverage values h;; for cases having (b) Y5 observed and (c) Y5 missing.

The hat matrix for linear regression is defined to be
H=X(X"X)XT,

where X is the matrix of predictor variables, in this case a 28 X
3 matrix containing the observed values of Y} and Y, and the
column vector 1=(1,1,...,J. Boxplots of the diagonal elements
hii of H for the cases having Y3 observed and the cases having
Y3 missing are shown in Figures 5.4 (b) and (c), respectively.
The incomplete cases tend to have slightly higher values of 4;
and thus exert greater influence on an average, per-case basis
over the estimates of the regression parameters.

The parameters of greatest interest in this problem appear to
be functions of , such as comparisons or contrasts among Li;,

W, and U5 Although the rate of missing observations for Y3 is

32%, we might conjecture that the rate of missing information
for s or a contrast involving [i; is substantially lower, because

of the high correlations between Y; and the completely
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observed variables Y and Y,. The rate of missing information
for s, a contrast involving 5 or any other function of 6 may

be estimated in a straightforward manner by multiple
imputation; see Section 6.2.1.
5.3.7 Example: changes in heart rate due to marijuana use

Weil et al. (1968) describe a pilot study to investigate the clinical
and psychological effects of marijuana use in human subjects. Nine

Table 5.2. Change in heart rate recorded 15 and 90 minutes after marijuana
use, measured in beats per minute above baseline

15 minutes 90 minutes
Subject Placebo Low High Placebo Low High
1 16 20 16 20 —6 —4
2 12 24 12 —6 4 -8
3 8 8 26 —4 4 8
4 20 8 — . 20 -4
5 8 4 -8 e 22 -8
6 10 20 28 -20 —4 —4
7 4 28 24 12 8 18
8 -8 20 24 -3 8 —24
9 — 20 24 8 12 —
mean 88 16.9 18.2 1.0 76 =32

Source: Weil et al. (1968)

healthy male subjects, all of whom claimed never to have used
marijuana before, received doses in the form of cigarettes of
uniform size. Each subject received each of the three
treatments (low dose, high dose and placebo) and the order of
treatments within subjects was balanced in a replicated 3 x 3

Latin square. Changes in heart rate for the n = 9 subjects
measured 15 and 90 minutes after the smoking session are
displayed in Table 5.2. Because the article does not specify the
order in which the treatments were given to the individual
subjects, we will ignore this feature of the data and proceed as
if the order effects are negligible.

At first glance, it appears that missing data are only a minor
problem here; only 5 of the 54 data values are missing. Yet,
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the EM algorithm converges very slowly. Depending on the
starting values and convergence criterion, several hundred
iterations may be needed to obtain convergence. The
elementwise rates of convergence indicate that the largest
fraction of missing information is approximately 97%.
Moreover, the ML estimate of 6 lies on the boundary of the

parameter space. The ML estimates of the means, standard
deviations and correlations are displayed in Table 5.3, along
with the eigenvalues of the estimated correlation matrix. The
smallest eigenvalue is zero to three decimal places, indicating
that the estimated covariance matrix is singular or nearly so.

Why do so few missing values create such difficulty in this
example?

Table 5.3. ML estimates of means, standard deviations and correlations for
the columns of Table 5.2, with eigenvalues of the estimated correlation matrix

(a) Means

7.38 16.90 14.00 10.60 7.56 —2.58
(b) Standard deviations
8.47 7.72 15.90 21.50 8.98 11.50
(¢) Correlation matriz
1.000 -0.301 —0.565 0.385 —0.083 0.211
1.000 0.620 —0.545 —0.558 0.150
1.000 -0.860 —0.707 0.199
1.000 0.705 0.024
1.000 —0.059
1.000
(d) Eigenvalues
3.186 1.262 0.890 0.498 0.165 0.000

There are two primary reasons. First, the incomplete cases
appear to be very influential. A comparison of the ML
estimates of the means in Table 5.3 (a) with the means of the
observed data in the columns of Table 5.2 is quite revealing.
The large discrepancy for the fourth column (10.6 versus 1.0)
demonstrates that a disproportionate amount of information
about the mean for that column is provided by subjects 4 and
5. Further examination of Table 5.2 reveals that these two
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subjects have rather extreme values in some of the other
columns, which gives them high leverage. When these two
subjects are deleted, EM converges rapidly and the estimated
largest fraction of missing information drops to 45%.

A second reason why this example is problematic is that the
complete-data estimation problem is poorly conditioned. The
number of subjects n = 9 is not much greater than the number
of variables p = 6. When » and p are nearly equal, it becomes
likely that certain linear combinations of the columns of ¥ will
show little or no variability, particularly when the columns are
correlated. The multivariate normal model for this example
has 27 parameters, too many to be estimated well from a
dataset of this size even with complete data. Although certain
aspects of 8 are poorly estimated, however, we can still make

reasonable inferences about the parameters of interest; see
Section 5.4.4.

5.4 Data augmentation

5.4.1 The I-step

Data augmentation for incomplete multivariate normal data is
remarkably similar to the EM algorithm. The deterministic E-
and M-steps are replaced by stochastic I- and P-steps,
respectively, where the I-step simulates

K~ A 7 0),

and the P-step simulates

g(r+1) ~P(9| mey(’ﬂ))-

miLs

Because the rows y;, »,...»n of Y are conditionally
independent given 6, the I-step is carried out by drawing
(#+1) _ /
yz(m') Vi mis) |yz(oby)'9( )
independently for i = 1, 2,..., n. As discussed in Section 5.3.2,
if row i is in missingness pattern s then the conditional
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distribution of yimis given yiess) and 6 is multivariate normal

with means
Hrgl L) =+ ayry (539)
Va s)
and covariances
Cov(1 7t | Zys:6) = (5.40)
for j,kOM(s), where a;; denotes an element of the matrix
A=SWP[O(s)]6. (5.41)

Thus the I-step of data augmentation involves nothing more
than the independent simulation of random normal vectors for
each row of the data matrix, with means and covariances given
by (5.39) and (5.40).

A convenient way to simulate random normal vectors within
the I-step is to create a Cholesky factorization routine that operates

forie S do
5\ /2
@ii:= (’5“1‘ = YLres ke '1fm>
for j€S8,j>ido
-
aiji=a; (“U - Zkgs.ka“"la’w)

end do
end do

Figure 5.5. Calculation of A:= Chol 4.

on square submatrices of (5.41). The Cholesky factor of a
positive definite matrix 4, denoted by
C=Chold4,

is an upper-triangular matrix of the same dimension of 4
having the property that C'C = 4. To simulate a random
vector z from N(b, A), we may take

z=b+(CholA) 'z,
where zj, is a vector of the same length as z containing
independent standard normal variates. A typical Cholesky
factorization routine operates on the upper-triangular portion
of a symmetric matrix, overwriting it with its Cholesky factor,
To draw from the distribution of y;sms given yius) and 6,
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however, we need to calculate the Cholesky factor of only the
square submatrix of (5.41) corresponding to the rows and
columns in M(s). For a set S of row labels of a matrix 4, let us
use

A:=Chol4 (5.42)
to indicate the operation that overwrites (the upper triangular
portion of) the square submatrix {aj: j,k(0S} with its Cholesky
factor, while leaving the remaining elements of 4 unchanged.
A simple algorithm for this operation, adapted from
pseudocode given by Thisted (1988, p. 83), is shown in Figure
5.5.

Once the Cholesky factorization is available, the I-step
becomes a simple matter of cycling through the missingness
patterns s = 1,..., S, calculating

Choly,)SWP[O(s)] 8

for each s, and simulating yisis) for each i0/(s). An implemen-
tation of the I-step is shown in Figure 5.6. The code simulates the

C T:=Tus
for s:=1to S do
for j:=1 to pdo
if r;;=1 and 6;; >0 then 6:=SWP[j]6
if 75;=0 and 6;; <0 then #:=RSW[j] 8
end do
C':=Cholprs) 8
for 1 € I(s) do
for j € M(s) do
yij :=bo;
for k € O(s) do yij :=yij + Okjyik
draw z; ~ N(0,1)
for k € M(s) and k<j do yij:=yij + Crjzx

C Toj :=Toj + yij
C for k € O(s) do Txj:=Tk; + yijyik
c for k € M(s) and k<j do Ty;:=Tkj + ¥ijYix
end do
end do
end do

Figure 5.6. I-step for incomplete multivariate normal data.
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missing values in Y, and stores them in the appropriate
elements of Y. In addition, the code contains four lines
preceded by the single character ’C’° which accumulate the
simulated complete-data sufficient statistics and store them in
a (p +1) X (p + 1) matrix workspace 7. If the I-step is to be
followed by a P-step, then these sufficient statistics will be
needed to describe the complete-data posterior distribution of
0. If the I-step will not be followed by a P-step (e.g. if it is the
final step of a chain for producing an imputation of Y,,;) then
these four lines may be omitted. The code in Figure 5.5
requires two temporary workspaces: a p X p matrix C for
storing Cholesky factors, and a p X 1 vector z for holding
simulated N (0, 1) variates.

5.4.2 The P-step

Under the prior distributions discussed in Sections 5.2.2 and
5.2.3, the complete data posterior A6 Y,ps, Yiis) is a normal
inverted-Wishart distribution. The P-step of data
augmentation, therefore, is merely a simulation of the normal
inverted-Wishart distribution,

|l Z~ /V(HO'T_lz),
Z~W _l(m, A),
for some (T,m,l4,,\)determined by the prior, the observed data

Yoss, and the missing data }’(l) imputed at the last I-step. The

s
specific values of (T,m,U,\)) are calculated using the
formulas for updating hyperparameters given in Section 5.2.2.
The most obvious way to generate Y~W'(m,A) is to take

S=(X"X)", where X is an m X p random matrix whose rows
are independent draws from N(O,A). This method cannot be

used for non-integer values of m, however, and may be
cumbersome for large m because it requires mp random
variates. More efficient methods for generating random
Wishart matrices are available that require simulation of only
p (p + 1)/2 random variates. One such method relies on a
characterization of the Wishart distribution known as the
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Bartlett decomposition (e.g. Muirhead, 1982). If A~W(m,l)
where [ is a p X p identity matrix and m = p, then we can write

A = B'B where B is an upper triangular matrix whose elements
are independently distributed as

2 -
by~ s j= L (5.43)

by~ MO0,1), /< £ (5.44)

Suppose that we generate an upper-triangular matrix B
according to (5.43)-(5.44), so that B'B~W(m,I), and take

M=(B)'C,
where C is the Cholesky factor of A™(i.e.C"C=A"™). Then
S =M"M will be distributed as W' (m,A) because

(MfM)_l = 0‘15’75(67)_1
e
(Here we have made use of the property that D~W(n,I)
implies C’DC~W(n,C'TC) which follows immediately from
the definition of the Wishart distribution.) Moreover, taking
p=py+t V207
where z~N(0,/) is a p x 1 vector of independent standard

normal variates, results in U|Y~N(ly, T 'Z)This method

requires the inversion of only the triangular matrix B”, which
can be accomplished via a simple backsolving operation. Note
that with the exception of M, all matrices used here are either
symmetric or triangular, so memory requirements can be
reduced by retaining only their upper-triangular portions in
packed storage.

5.4.3 Example: cholesterol levels of heart-attack patients

Recall the example of Section 5.3.6 in which cholesterol
measurements were recorded for patients 2, 4 and 14 days
after heart attack. The EM algorithm converged rapidly with
an estimated largest fraction of missing information equal to
47%. We applied data augmentation to this example under the
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noninformative prior (5.18). Output analysis from preliminary
runs suggested that the data augmentation algorithm also
converged rapidly. For illustration, we ran a single chain for
1100 iterations starting from the ML estimate of 8, discarded

the first 100 iterations, and estimated ACFs for a variety of
scalar functions of 8 over the remaining 1000 iterations. We

deliberately chose functions of 8 for which the rates of
missing information were thought to be high, including:

1. u; and o0, the mean and standard deviation of Y3,
respectively;

2. the parameters of the linear regression of Y3 on Y and Y>,
including the slopes

-1
wmnzg _[oyo.] @012 0
322 O 2192200
the intercept

-1
_ . Jowon] @O0 04D
Bsomz = K3 ~ 570 DHJE
2192201 20

f

and the residual standard deviation O3, =+ 033, , Where
-1
_ _|owoy] W00 130
033m2 = 933 0 0 E’ 0
219220 @230
and

3. the worst linear function £=&(0) estimated from the final
iterations of EM, as described in Section 4.4.3. This is the
inner product of 6 and the estimated eigenvector
corresponding to the largest eigenvalue of EM’s asymptotic
rate matrix. Because there are no missing values on Y; or
Y,, & is a weighted sum of p;, 0,5, 0,5 and O35, where the
weights are the perturbations from the ML estimates in the
final iterations of EM.
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Table 5.4 Sample ACFs of selected scalar parameters estimated over
iterations of data augmentation

lag 13 o3 Bso12  Bsriz B2az 0312 13
0 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 .18 317 37" .33 44" 35" 257
2 .04 .19 18" .09” 197 15" A7
3 .02 07" .10 .08 107 .05 .06
4 -.02 .09" .05 .03 .06 .05 .08”
5 —=.01 A1 .02 —-.01 .04 .05 .09"
6 —.01 .09 .06 -.01 .06 .06 07"
7 .04 .05" .03 -.08" .01 .03 .04
8 .01 .04 .02 -.10" -.02 .05 .04
9 .03 .08* .04 -.02 —.02 .04 .07*
10 .05 .04 .03 .02 —.02 .02 .04
11 -.06 .07 .01 .04 .03 -.03 .07
12 .01 .07 .04 .06 .05 .02 .06
13 .02 .07 .00 -.01 .08 .04 .07
14 -.01 .08 -.01 .00 .09” .02 .09"
15 -.02 —.02 .04 .04 .04 .00 -.01
16 —.02 .02 .02 .02 .06 —.03 .02
17 .02 .01 -.03 .00 .07 —-.04 .01
18 .00 —.02 —.02 -.01 .04 —.06 -.02
19 -.03 —.01 .04 .02 .01 —.05 -.01
20 .05 .00 .02 .05 .01 —.03 .01

" significantly different from zero at the 0.05 level

Sample ACFs for these functions of 8 up to lag 20 are

displayed in Table 5.4. Correlations that are significantly
different from zero at the 0.05 level, as determined by
Bartlett’s formula (4.49), are marked with an asterisk. Because
the series is so long and the serial dependence is not high, the
standard errors are small and even very small correlations are
deemed significant. Even for the worst functions examined,
however, the correlations are effectively zero by lag 10, and
definitely negligible by lag 20. Time-series plots of these
functions showed no unusual features and resembled those of
the rapidly-converging series displayed in Figure 4.2 (a) and
(b). Based on this evidence, we feel safe in concluding that the
algorithm effectively achieves stationarity by 20 iterations.

The parameters of greatest interest in this problem are
functions of p=(U,[hLs)". For illustration, we will focus
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attention on three quantities: (13, the average cholesterol level at 14 days;

A (a) (b)
0.03 0.03
0.02 0.02
0.01 0.01

13 013

180 200 220 240 260 0 20 40 60 80

M (¢) 0.0 (d)

0.08

0.08
0.06 0.06
0.04 0.04
0.02 0.02

T13 dr

0 10 20 30 0 10 20 30

Figure 5.7. Histograms of sample values of (a)Us, (b) O3, (C) Tyz and (d) di.
from 5000 consecutive iterations of data augmentation.

013 = Iy — M3, the average decrease in cholesterol level from
day 2 to day 14; and 1,5=100(;,— Y4, the relative percentage
decrease in average cholesterol level from day 2 to day 14. To
draw inferences about these quantities, we simulated another
single chain of 5100 iterations starting from the ML estimate,
discarded the first 100, and saved the 5000 remaining values
of Uz, 0,53 and T,5 Histograms of the sample values for these
three quantities are shown in Figure 5.7 (a)-(c). Because s
and ;5 are linear combinations of the elements of L, obtaining
Rao-Blackwellized estimates of the marginal densities of these
quantities is straightforward. Under the prior (5.18), the
complete-data posterior is given by (5-19)-(5.20). Using
(5.17), it follows that the complete-data posterior density of a
linear combination n—a’t is

)2 D_ —p+]

AN g0 Vi) a (

(5.45)
U

II]]DI:I
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where n = 28 and p = 3 are the number of observations and
variables, respectively; o= (n—p)_laTSaf,j/andS are the
sample mean vector (5.5) and covariance matrix (5.6)
computed from Y=(Y,ps, Youis); and

)

= .

F( 2 )N n(n-p)o
Rao-Blackwellized density estimates for u;=(0,0,1u and

8,5=(1,0,—1) estimated from the first 1000 iterations after the

T;5 initial burn-in period are shown superimposed over the

histograms in Figure 5.7 (a) and (b). Because Ty is nonlinear

its density is somewhat less easy to find, and Rao-
Blackwellized estimates for this quantity are not shown.
In addition to Us;, &5 and T3 we also calculated and stored

values of the likelihood-ratio statistic
4, = 4,(0)= {81 %,1) - 401 1)

over the 5000 iterations, where 6 is the ML estimate. For
large samples, the posterior distribution of d; is approximately

)(3/,, where d is the dimension of 6 (in this case, 9). A
histogram of the sample values of d; is displayed in Figure 5.7
(d) with the )(3 density function superimposed over it,
showing that the actual posterior matches the theoretical
approximation quite closely.

Simulated posterior means for [, J,5 and T,; were found by

averaging the 5000 iterates of each parameter. Simulated 95%
posterior intervals were found by calculating the 2.5 and 97.5
percentiles of each sample using (4.8). To obtain a rough
assessment of the random error in these estimates, a second
chain was generated in an identical fashion with a different
random-number generator seed. The simulated posterior
means and 95% intervals (in parentheses) for the two replicate
runs are shown below.
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Hs O3 T3

222.2 31.8 12.4
(201.6,244.0) (8.9,55.4) (3.7,20.9)
2224 314 12.3

(201.7,242.6) (8.9,53.3) (3.7,20.3)

Inferences about 3, J,5and T,5 can also be conducted through

multiple imputation. This will be demonstrated in Section
6.2.1.

5.4.4 Example: changes in heart rate due to marijuana use

Returning to the data in Table 5.2, let L; denote the population
mean corresponding to column j, and let &=t~ j,k=1,...,.6

Following the original article be Weil et al. (1968), we will
focus attention on the six treatment comparisons below.
15minutes 90 min utes

Low vs.Placebo  d,; Low vs.Placebo  Jsy

High vs.Placebo &5, High vs.Placebo &gy

High vs.Low d3, Highvs.Low J5
Data augmentation under the usual noninformative prior
(5.18) does not work for this problem; the iterates of @ quickly

wander to the boundary of the parameter space, causing
numeric overflow. This pathological behavior suggests that
the posterior is not proper. To stabilize the inference, we
applied a ridge prior as described in Sections 5.2.3 and 5.3.4.
After centering and scaling the columns of Y so that the
observed data in each column have mean zero and unit
variance, we set the hyperparameters of the normal inverted-
Wishart prior to 7=0, m=[7J, and A= for [7=0.5 Under this

weak prior, EM converges slowly but reliably to a posterior
mode in the interior of the parameter space, with the largest
fraction of missing information estimated at 95%.

The slow convergence of EM in this example suggests that
data augmentation will also converge slowly, and output
analysis from a preliminary run confirmed this. Using the
same ridge prior, we simulated a single chain beginning at the
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posterior mode and monitored a variety of scalar summaries of
6. Time-series plots for &,; and &, (on the original scale) from

the first 100 iterations are shown in Figure 5.8 (a) and (b),
respectively. The iterates of &,; appear to approach stationarity
quickly, whereas the series for &, shows long-range
dependence. This is not surprising, because Js, is a function of
Uy, and our earlier analysis led us to conjecture that the rate of
missing information for [, was very high. Sample ACFs for
&, and &, estimated from 10 000 iterations are displayed in
Figure 5.8 (c) and (d), respectively. Figure 5.8 (d) is typical of
the ACFs for other slowly converging functions of 6. For all

the functions we examined, the serial correlations effectively
died out by lag 50.

The slow convergence in this example should lead us to use extra
caution in designing the simulation experiment. Running independent
chains from overdispersed starting values would be attractive,

6‘&‘1) 55){1‘
30 () 75 ()

0 2 4 6 8 10 0 10 20 30 40 50

Figure 5.8. Time-series plots of (a) &,y and (b) s, over the first 100 iterations
of data augmentation, and sample AM for (C) &,, and (d) s, estimated from

10 000 iterations, with dashes indicating approximate 0.05-level critical
values for testing pe=pPys1=-..=Q
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but obtaining overdispersed starting values is not easy.
Bootstrap resampling is unlikely to work well, because # is not
much larger than p, so the distribution of 8 over bootstrap

samples will probably bear little resemblance to the observed-
data posterior. Sampling from the prior is not possible,
because the prior is not a proper probability distribution.
Because convergence to stationarity tends to be fastest when
the starting value is near the center of the observed-data
posterior, we decided to run ten independent chains of 5500
iterations each, starting each chain at the posterior mode. After
discarding the first 500 values from each chain, the pth sample
quantile for each contrast &, was calculated for p = 0.025,

0.25, 0.5, 0.75 and 0.975 from the remaining 5000 values.
Finally, the sample quantiles were averaged across the ten
chains. For each of these averages, the variance of the
quantiles across chains was used to estimate a standard error
with nine degrees of freedom. The estimated quantiles for all
six parameters are displayed in Figure 5.9. All of the
simulated 95% posterior intervals cover zero, indicating that
there is no strong evidence that any of the contrasts is different
from zero. Standard errors for the simulated quantiles

T —
—_
622 —
i
—_ T

des 1

1 1 L
—40 —-20 0 20
Figure 5.9. Simulated posterior medians, quantiles and 951% equal-tailed
intervals for six contrasts.

ranged from 0.02 to 0.72, which is quite small relative to the
width of the intervals displayed in Figure 5.9, so these
simulation results are sharp enough for our purposes.
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One could very well argue that the unrestricted multivariate
normal model has too many parameters to be estimated from a
dataset of this size, and that the unnecessarily large number of
nuisance parameters hinders us from making clear inferences
about the parameters of interest. Indeed, the long tails
exhibited in the marginal posteriors of Figure 5.9, particularly
for the two contrasts involving [, suggest that some of the

nuisance parameters are very poorly estimated, and we might
do well to simplify the model. One possible simplification is
to reduce the number of free parameters by applying a priori
constraints to ) . For example, we could require ) to satisfy

the condition of compound symmetry (i.e. equal diagonal
elements and equal off-diagonal elements). Simulation
algorithms for incomplete multivariate normal data with
constrained covariance structure are possible, but they are
beyond the scope of this book. A slightly different approach
would be to specify fixed, additive effects for the rows and
columns of the data matrix, and define the parameters of
interest to be contrasts among the column effects (Chapter 9).
Yet another possibility is to perform a simple bivariate
analysis for each contrast, making inferences about §;, using

only the data in columns j and k. Under this bivariate
approach, it is no longer possible to make joint inferences
about the contrasts. Moreover, ignoring the data in
columns other than j and £ when making inferences about

8,y may tend to introduce nonresponse biases;
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Figure 5.10. Simulated posterior medians, quantiles and 951% equal-tailed
intervals for six contrasts using a bivariate approach.

the MAR assumption tends to be less plausible for the
bivariate dataset than for the one with six variables. The
decision whether to include additional variables in an analysis
is not always an easy one, particularly for small datasets, and
is an important topic worthy of further research.

Simulated posterior quantiles from a bivariate analysis are
shown in Figure 5.10. For each contrast, data augmentation
was applied to the bivariate dataset under the standard
noninformative prior (5.18). Output analyses suggested that
convergence to stationarity was rapid. For each contrast, 10
100 steps of a single Markov chain were simulated, beginning
from the ML estimate. The first 100 values of the simulated
contrast were discarded, and sample quantiles were calculated
from the remaining 10 000. The distributions in Figure 5.10
are much narrower than those in Figure 5.9, and there is now a
fair amount of evidence that the three contrasts &, 05, and s

are nonzero.
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