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Maximum Likelihood Estimation
in Graphical Models with Missing Values

By VANESSA DIDELEZ AND IRIS PIGEOT
Unwversity of Munich, Institute of Statistics, Ludwigstr. 33, D-80539 Munich,

Germany

SUMMARY

In this paper we discuss maximum likelihood estimation when some observations are
missing in mixed graphical interaction models assuming a conditional Gaussian dis-
tribution as introduced by Lauritzen & Wermuth (1989). For the saturated case ML
estimation with missing values via the EM algorithm has been proposed by Little
& Schluchter (1985). We expand their results to the special restrictions in graphical
models and indicate a more efficient way to compute the E—step. The main purpose
of the paper is to show that for certain missing patterns the computational effort

can considerably be reduced.

Some key words: EM algorithm; Graphical interaction models; Maximum likelihood

estimation; Missing pattern; Missing values.

1. INTRODUCTION

Graphical models are used to describe complex multivariate association structu-
res. They are mainly of interest in empirical research in the social, psychological
or behavioural sciences where a large number of variables is typically collected via
questionnaire or interview. When analysing such data sets it is of interest to get
to know associations between pairs of variables where usually it is not sufficient to
allow for pure response and pure explanatory variables. In contrast, the associa-
tion structure is such complex that so—called intermediates have to be introduced
which are responses for some of the explanatory variables and explanatory for the
responses and other intermediates. In such situations, more sophisticated models

than simple regressions are called for. Graphical models have been developed to



cope with association structures of such a high complexity.

As mentioned above, the data are usually collected via questionnaire or interview.
This gives rise to another problem. Here, missing values are very likely to occur
because people refuse to answer or cannot remember the event which is asked for.
Thus, it is an essential task to find procedures which are on the one hand adequate
for estimating the parameters of a graphical model in presence of missing values
and on the other hand easy to handle. We focus here on maximum likelihood (ML)
estimation in mixed graphical interaction models assuming a conditional Gaussian
(CG) distribution where ML estimation typically requires iterative solutions and
thus appropriate algorithms. Missing patterns which allow for simplifications and
efficient computation are therefore of special concern.

The outline of the paper is as follows. In Section 2 we give a short introduction
to graphical interaction models with CG distribution. Some of the most import-
ant properties of such models are reviewed. ML estimates are presented for the
saturated model and in the special case of a G—Markovian CG distribution. The
application of the EM algorithm for calculating the ML estimates in case that the
missing values occur at random is discussed in Section 3. Since computational effort
can be quite high, Section 4 emphasizes possibilities for simplifying the algorithm
dealing with special missing patterns which make computation much easier when
being taken into account. An example is given for illustrating the gained reduction

in computational effort. Additional aspects are addressed in the discussion.

2. GRAPHICAL MODELS AND ML HESTIMATION WITH COMPLETE DATA

For convenience let us briefly introduce graphical interaction models with CG distri-
bution using the terminology established by Lauritzen & Wermuth (1989). Consider
a random vector X = (Y I")T where Y = (Y;,...,Yz)" is a vector of R conti-
nuous variables with realizationsy € IR® and I = (Iy,...,Ig)" a vector of Q discrete
variables with Z denoting the set of possible realizations ¢. The vector X is said to

have a CG distribution if the density function f(x) is given by

f(@) = [y, i) = p()e(ylu(i), 2(z)),
where p(i) is the discrete marginal probability of I = ¢ with p(i) > 0 for all i € T

and o(-|p(i),X(4)) is the density of a multivariate normal distribution with mean



vector pu(i) € IR® and covariance matrix (i) € R®®. We assume Y(i) to be
positive definite for all ¢ € Z. The set {p(i), u(7), X(i)|i € T} represents the moment
parameterisation of the CG distribution and can be transformed to the canonical
parameters {g(i), h(i), K(i)|i € Z} by

o) = logpli) ~ 5 tog(om) — 3 (1og 20| + () 'St

h(i) = () 'p@G) and  K(i) = 2(i)~"

The set {p(i), h(i), K(i)|i € Z} is called the standard mixed characteristics and is
often most convenient. The graphical models we would like to consider specify con-
ditional independencies between certain components of the vector X which can be
represented by a graph and which result in restrictions on the parameters, usually
formulated for the canonical parameters (see Lauritzen & Wermuth, 1989). A graph
G = (V, E) is given by a nonempty finite set V' of vertices and a set E C V x V of
edges. We only consider undirected graphs, that is (a,b) € F = (b,a) € E. If we
identify the set of indices of the components of X with V' then a multivariate dis-

tribution is called G-Markovian if it holds the following conditional independencies
XaLXb|XV\{a,b} for all (a, b) ¢ E, a 7§ b. (1)

Property (1) is called the pairwise Markov property. For CG distributions (1) is equi-
valent to the global Markov property, that is for A, B, D C V : X4 1 Xp|Xp whene-
ver D separates A and B in G (Lauritzen & Wermuth, 1989) where X4 = (X;)aca
for ACV. If E =V xV the graph is called complete and the corresponding gra-
phical model is the saturated one since there are no conditional independencies. If
G is not complete maximal subsets of V' without any pairwise conditional indepen-
dencies are called cliques, that is C' C V is a clique of G if (a) for all a,b € C,a # b
it follows that (a,b) € E and (b) for all a € V\C' it follows that there exists b € C
with (a,b) ¢ E. The cliques of a graph are unique.

For A C V the induced subgraph is defined by G4 = (A, E4) with E4 = EN(AX A).
We will further denote by M(G) the statistical model containing all G-Markovian
CG distributions. It will be necessary to distinguish between M(G) 4 which deno-
tes the set of A-marginals of all G-Markovian CG distributions and M(G4) which
denotes the set of all G—Markovian CG distributions. In general they are not the
same. Let in addition M(G)* be the set of conditional G-Markovian CG distribu-

tions conditioning on the variables X 4.



As X contains continuous and discrete components it will be convenient to divide
the index set V into disjoint sets V' = I'UA where A is the index set of the discrete
components and [' that of the continuous ones. Note that A or I' may be empty
yielding a graphical model with multivariate normal distribution or a loglinear gra-
phical model, respectively. Whenever I' and A are nonempty the corresponding
graph is called a marked graph.

In order to decompose the usually rather complex estimation problem in graphical
models into “smaller” estimation problems we will further need the notions of de-
composability and collapsibility. A graph G is collapsible onto a subset A C V if
B = V\A is a strong and simplicial collection that is if each connected component
By, k=1,..., K, of B holds (a) bd(By) is complete and (b) By C T or bd(B;) C A
where bd(By) is the boundary of By that is the set of vertices b € V\Bj with
(a,b) € FE for one a € By. Given that the joint distribution of X is from the class
of G-Markovian distributions collapsibility is equivalent to the class of marginal
distribution of X 4 being identical to the class of G ;—~Markovian distributions (Fry-
denberg, 1990). A decomposition AUBUD = V of a marked graph G is defined by
(a) D separates A and B, (b) D is complete and (¢) D C A or B C I'. Given such
a decomposition (A, B, D) the graph is collapsible onto AU D. A graph is decom-
posable if it is complete or if there exists a decomposition (A, B, D) with A and B
both nonempty into decomposable subgraphs G 4,p and Ggyp. Decomposability
can be checked by verifying that the graph is triangulated and does not contain any
path between two discrete vertices passing through only continuous vertices with
the discrete vertices not being neighbours. For decomposable graphs there always
exist closed expressions for the ML estimates of the parameters of the corresponding
CG distribution (Leimer, 1989, Frydenberg & Lauritzen, 1989).

Given a random sample X, ..., X" of i.i.d. random vectors where X7 = (Y3 ' [1')T
is distributed according to a CG distribution the set of joint distributions con-
stitutes an exponential family with sufficient statistics N(i) = S, x(I7 = 1),
S(i) = Tjerm Y7 and SS(i) = Xjicq) YiY3' for i € T, where y is the indicator
function and J(i) = {j € {1,..., N}|#/ = i}. The realized sufficient statistics are
denoted by n(7), s(i) and ss(i). For complete data the ML estimates in the saturated

model are given by




for i € Z. They exist with probability one when n(i) > R for all i € Z. If in addition
the CG distribution is G-Markovian with respect to a graph G that is not complete,
the set of sufficient statistics reduces as follows (Lauritzen, 1996). Let Ca denote the
set of cliques in the graph induced by the discrete vertices; let further Ca(r),r € T,
be the sets d C A with d U {r} a clique in Gaugry and Ca(r, s),7,s € T, the sets
d C A with dU{r, s} a clique in Gaufrs)- Then the minimal sufficient statistics are

(i) the marginal tables of counts N (ig) = Z;V:l X(I) = iq), d € Ca,

(ii) for each continuous variable r € I" the set of marginal tables of sums S(ig), =
> jeTa) Y7 and sums of squares SS(i4), = Zjej(id)(YjV, d € Ca(r),

T

(iii) for each edge (r,s), r # s, between continuous variables the marginal tables
of sums of products SS(iq)rs = Xje (i, Y7 Y, d € Ca(r, s).

Note that the sufficient statistics of the restricted model are sums of the sufficient
statistics of the saturated model. The ML estimates are given by equating these
sufficient statistics with their expectations. No general conditions to guarantee the
existence of the ML estimates can be given except for special cases for example when
there exists a decomposition or when the graph is decomposable which we consider

next.

Given a decomposition (A, B, D) of G the graph is collapsible onto A U D and the

joint density factorizes as follows

f(x) = f(waup) f(xBlzD), (2)

where f(zaup) and f(zg|zp) denote the marginal and conditional densities of X 4.,p
and X | X)), respectively. Let 6 denote the parameter vector of the joint density, that
is 0 = (p(i), (i), X(4))icz, and let O4up,0pp denote the corresponding parameter
vectors of the marginal and conditional densities which both are densities of CG
distributions. Using (2) the log-likelihood L(f|z) is

L(0]x) = 3 _log f(zhypl0aup) + 3 log f(zh|2; ),

7j=1 7=1
where L(f|z) can be maximized by separately maximizing the two summands. It
follows from the central result of Frydenberg & Lauritzen (1989, Proposition 4)
that the first is maximized by the ML estimate in M(Gayup) based upon da-

ta (x4 p, ..., 20 p) and the second by the ML estimate in the regression model
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M(Gpup)? based upon data (zk p, ..., 2N, p). The estimation in M(Gpup)? in
turn is based on the estimates in M(Gpup) and M(Gp). Let (P, ﬁ[c], IA([C}) de-
note the ML estimates of the standard mixed characteristics in the model M(G¢)
for any C' C V, and let {M}° be the matrix or vector obtained from M by filling
up with zero entries so as to give it full dimension R x R or R. If (A, B,D) is a
decomposition of G it is shown by the same authors that the ML estimates of the

standard mixed characteristics in M(G) are given by

ﬁ(z) _ ﬁ[AUD}(iAUD)ﬁ[BUD}(iBUD) (3)
ip)(ip) ’

(i) = {hpaop)(iaun)}® + {hsupi(isup)}* = {py (i)}, (4)

K(i) = {Kuup(iawn)}’ + {Ksup(isup)}* — {Kp(ip)}’, (5)

where for any C' C V: ic = icna. These results can be applied to the situa-
tion of a graph G being collapsible onto a set A (Frydenberg, 1990) using that
(V\cl(Bg), Bg, bd(By)) is a decomposition of G for every k = 1,..., K, where
B = V\A and By,..., Bk are the connected components of B and that the joint

density factorizes as

f(@) = f(za) f(ws |Tham,)  F (@B T (Be))-

In addition Frydenberg & Lauritzen (1989) show that closed expressions of the ML
estimates exist for decomposable graphs. In general iterative procedures are needed
to calculate the ML estimates (Frydenberg & Edwards, 1989).

3. APPLICATION OF THE EM ALGORITHM

As already mentioned it often occurs that a collected data set is incomplete. This
means that for some sample entities some of the components of the observation vec-
tor are missing. Thus, we can divide each observation vector into its observed and
missing components, i.e. X = (X{)o Xyns) = Yops: LOps Yamis: Iuis) |- Note that
the sets of observed and missing variables can be different for each observation vec-
tor X7, j =1,..., N. To reduce computational effort it will be helpful to process all
cases with identical missing pattern in the same step if such cases exist. In the follo-

wing we assume that for every entity at least one component of X can be observed.
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In addition we assume missingness at random (MAR) i.e. the missing mechanism
is conditionally independent of the missing value given the observed components, it
may depend on the latter ones. This strong assumption should be carefully verified
in practice since violations of the MAR assumption can lead to considerable bias of
the estimates. Under MAR, however, it is possible to get the ML estimates without
any further knowledge about the missing mechanism (Rubin, 1974). Their calcula-
tion requires maximization of the likelihood of the observed variables. This can be
a tedious task especially in complex multivariate models as the ones considered here
where even with complete data the ML estimates do not always exist in closed form.
A general tool for handling this problem is the EM algorithm (Dempster, Laird &
Rubin, 1977) which is easy to apply when the considered model is an exponential
family. This algorithm consists of two steps: the E—step that calculates the expected
sufficient statistics given the observed data and the current estimates of the para-
meters, and the M-step that determines the new estimates using the conditional
expectations of the sufficient statistics as if they were the observed. Its drawback is

its slow convergence rate wherefore alternative strategies are worthwhile to explore.

We start by describing the EM algorithm for mixed interaction models with CG dis-
tribution. The conditional expectations of the sufficient statistics given the observed

values are as follows

=

(i)  E(N(ia)|lrops) = Z r(lg = iglaly,)

N
(i)  E(S(ia)r|Trons) = Zpr id|$]0bs)E(YT|y]Obs’id) and
7=1

N . . .
B(SS(ia)[20ms) = 3 pr(La = ialely ) (B (Vi iy i) + var (Vs iy )
7=1

(ii))  E(SS(id)rslT0bs)
N
= 3 pr(l = ialtlyyg) (Vg i) E Vel ia) + cov (Vi Vil i)
7=1
A first approach to calculate these conditional expectations will be to extend the
results of Little & Schluchter (1985) as already indicated by Edwards (1996). This
means that the conditional expectations of the sufficient statistics of the saturated

model have to be computed and that those of the restricted model are then obtained



by appropriate summation over the former ones. Note that
pr(la = iglrons) = Y v(i'),
'€l zdfzd
where v(i) = pr(I = i|zoyg) is the posterior probability for an observation to
lie in cell ¢ given all its observed components. To compute the posteriors let
(1(7)Obss 2(7)ops) be the parameters of the marginal distribution of Yqg given
I =i. Let further denote S = {(i0ps, inis) |lintis € Inis} the set of cells the obser-
vation could lie in given the observed discrete components. Then
, exp k(7
V(i) = p (i)
ZSES exXp ’Q(S)
with

k(i) = Yobs (1) st (D) obs

1 N . N : .
5 [ObsZ(D0hst0bs + 1) b Z () ghsti)ons] + ogp(i).

This slightly differs from the formulae given by Little & Schluchter (1985) since due

to the non-homogeneity assumption the term 3y0; . X(i)g1Y0bs does not cancel
out. Note that (i) =0if i ¢ S and v(i) =1 if S = {i}.

In addition, we need the conditional expectation E(Y;|yops, ) and the conditional
covariance cov(Y;, Ys|yops, ¢) for missing continuous components Y;,Y;. They can
easily be computed for given parameters ;(i) and (i) using the properties of the

multivariate normal distribution:

E(Ylyobs: 1) = #(1)r = 2(9) 41,0052 (1) ops (YObs — (1) Obs) = ¥ (4),
COV(Y{T,S}|yObsa i) = Z(i){T,S} - Z(i){r,s},ObsE(i)6%052(Z')Obs,{r,s}7

where cov(Y(s}|Y0pbs, ¢) denotes the conditional covariance matrix of Yj, , with
entries cov(Y;, Ys|yons, i) as conditional covariance of Y, and Y, var(Y,|yops, 7) and
var(Ys|yops, ¢) each as conditional variance. These entries will be denoted by ¢, s(3).

If the continuous components are not missing, we get y,(i) =y, and ¢, (i) = 0.

Now we can compute the conditional expectations of the sufficient statistics given
the observed data in a graphical model with CG distribution following a graph G.

They are given as follows
N

E(N(ig)|lzops) =Y. >, Vi), dE€Ca, (6)

J=1ieT il =iq
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where 17 (i) is v(i) for the j—th observation,

E(S(ia)r|lzobs) = Z > V), deCalr), rer, (7)

J=1ieT il =iq

and forr =sor (r,s) € E (r,sel):

N

B(SSralron) =X X POMONE + i), deCsts). ©)

J=14d €T =iq

The E-step of the EM algorithm determines (6), (7) and (8) for the current para-
meter iterates. While (6) and (7) differ from the saturated case only through the
additional summation over i € Z : i, = iy and thus constitute no simplification
we can see from (8) that the conditional covariances only have to be calculated for
missing continuous components Y, and Y with (r,s) € E. The M-step consists
in computing the next parameter iterates using the conditional expectations of the
sufficient statistics as if they were the observed ones and thus can be performed in

the same way as for complete data.

As noticed by Lauritzen (1995) the effort to compute the E-step can be considerable
in particular when dealing with high dimensions. Considering the following example
it becomes clear that an acceleration is possible. To compute the conditional expec-
tation of the sufficient statistics E(N(iq)| Xops) we need the probabilities pr(/; =
ia|T0ops)- If now the set of observed variables x (g contains the boundary of d, then
it follows from the local Markov property that pr(ly = ia|lzops) = pr(fa = iaTpda))
what makes clear that the computation depends on fewer variables. If in contrast
there is no path in G from the set d to the set of observed variables then we even have
marginal independence and pr(I; = ig4|zops) = pr(ly = ig). These are cases in which
the computation can be simplified but that are not taken into account if we proceed
as described above. The procedure proposed by Lauritzen (1995) to accelerate the
E-step relies on a computational scheme developed by Lauritzen & Spiegelhalter
(1988) in the context of probabilistic expert systems. Lauritzen (1995) considers
graphical models with only discrete variables but points out that the procedure can
be generalized to work for mixed graphical interaction models using the propagation
scheme of Lauritzen (1992). The mentioned probabilistic expert systems specify the
existing knowledge about association structures in a system of variables by graphical

models. For given evidence, that is for known values of a subset of the variables,



properties of the updated system are of interest where updating corresponds to a
conditioning process. The computational task is therefore essentially the same as
for the E—step if we consider the observed values as evidence and the conditional
expectations of the sufficient statistics as interesting properties. The possible gain in
computational ease is based on two aspects. Computation can be done with unnor-
malized density functions and the Markov properties of the graph can be exploited
being reflected by the product structure of the joint density. For this it is necessary
to form a junction tree that is a special organization of the cliques of the graph
so that calculations can rely on operations only between neighbouring cliques. The
operations in turn are done on CG potentials avoiding normalization. For further

details we refer to Lauritzen (1992).

4. SPECIAL MISSING PATTERNS

The EM-algorithm applies when the marginal likelihood of the observed data is too
complicated to be maximized directly. In some situations, however, we can find
simple formulae for this marginal likelihood by factorization. This is well known
for monotone missing patterns and certain underlying distributions as the multino-
mial and multivariate Gaussian (Little & Rubin, 1987). These distributions have
the property that their conditional and marginal distributions are of the same type.
The joint likelihood can be factorized by suitable conditional and marginal densities
allowing a separate maximization of each factor. Given a monotone missing pat-
tern, we can then find a factorization in these models such that maximization of
each factor corresponds to a complete data situation. In general this simplification
only works for saturated models because maximizing separately is often impossible
when there are restrictions on the parameters. A lot of papers in the literature
on graphical models, however, are concerned with simplifications of the estimation
problem using the properties of decomposability and collapsibility of graphs leading
to factorizations of the likelihood. As shown in Section 2 a decomposition of a graph
leads to ML estimates that are functions of the ML estimates in special submodels
induced by the decomposing sets. We will now make use of factorization (2) to
show that for a special missing pattern the computation of the ML estimates needs

no further effort than for complete data. In addition we will indicate more general
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missing patterns for which at least a separate application of the EM algorithm to
the submodels generated by AU D and B U D is possible yielding the ML estimates
in M(G) in a similar way as given by (3), (4) and (5).

Let (A, B, D) be a decomposition of the graph G. The missing pattern that will be
of interest here is given when only the components X are incompletely observed in
a way that the whole vector Xp is either missing or observed. Let VZ C {1,..., N},
VB +£ (), denote the index set of those observations where X is known. It follows
that for an incomplete observation the marginal density of the observed variables is

f(zaup) and the log-likelihood of the observed data is thus given by

Lobs(0|zobs) = Y 1og f(a%y pl0aup) + Y log f(#s|ap; Opp). (9)
Jj=1 jevB

It follows that we can get the ML estimates of 6,4,p and 0pp by separately maxi-
mizing
LAUD(HAUD|$Z4UD;]' =1,...,N) = Zlogf(wQUDWAUD),

J=1

LB|D(QB|D|x%UD;j S VB) = Z logf($%|$]i)§93|D),
jeve

where both log—likelihoods correspond to complete data situation, the maximization
of Lgp being based on a smaller data set with the observations j € VB, The ML
estimates for this incomplete data situation are given as in (3),(4) and (5) replacing
P[BUD), D[D] lAz[BUD}, E[D}, K[BUD] and K[D] by the estimates based only on the obser-

vations j € V5.

If we consider more general missing patterns it will be necessary to fall back upon
the EM algorithm. But a special missing pattern will at least allow a separate ap-
plication of the algorithm in the models M(Gayup) and M(Gpyp). This pattern is
given whenever Xp is “more observed” than X, and Xp. To describe this formally
let Obs(A) denote the observed components of a subvector X4 for any A C V. In
a sample X', ..., X the vector Xp is more observed than X, if from Obs(A) # 0
it follows that Obs(D) = D for each observation. To see why this pattern allows
a separate application of the EM algorithm let us recall that for a decomposition
(A, B, D) the conditional independence AL B|D holds. Thus, if components of X 4
are missing and Xp is fully observed the conditional expectation of a function de-

pending on X 4p given the observed variables X4 is identical with the conditional
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expectation of the same function given (Xqpg4), Xp), where knowledge of Xqpgp)
is not required. The same argument holds for functions of Xpg p if components of
Xp are missing and again X is completely observed. This can directly be applied
in the E—step of the EM algorithm since the sufficient statistics are either functions
of Xup or Xpyup if D separates A and B in . This yields that both, E—step
and M-step, can be processed separately. The observations where X, and Xpg are
completely missing only contribute to the estimation of the parameters in M (G aup)
since they contain no information about the conditional distribution of Xp given
Xp. More formally, let VA VB C {1,..., N}, both nonempty, denote the index sets
of those observations for which at least one component of X4 and Xpg, respectively,
is known, and VAB those for which all components X 4, are missing but at least
one of X, is observed. The set VAB may be empty and it is possible that V4 = V2
or VAN VB = (). The factorization (2) yields similarly as in (9) the log-likelihood
of the observed data

Lovs(@lzons) = D 108 f(@hpgaumylfaun) + 3 10g f (@ oDi in):
JEVAUVAB JjevEB

where f(x{)bS(AUD) |0aup) is the marginal density of the observed variables X 40p)

and f(376b5(3)|$JD5 0pip) the one of the variables Xopgp) given Xp. We then have

the following result. The ML estimates of the mixed characteristics in model M(G)

are given as in (3), (4) and (5) where

(i) Pravnoi, iL[AuD} and k[AuD] result from maximization of the likelihood in model

M(G aup) based on data (ijbs(A)UD; j € VA) and (x{)bs(D)Q je Vﬁ),

(ii) Prsupi, B[BUD} and K[BUD] result from maximization of the likelihood in model

M(Gpup) based on data (ijbs i J € VE) and

(B)
(iii) proys iL[D} and k[D] result from maximization of the likelihood in model M(Gp)
based on data (zp; j € VB). Note that this corresponds to a complete data

problem since X is always completely observed for j € V2.

Depending on the missing patterns within the vectors X sup, Xpup the separate ma-
ximizations in (i) and (ii) possibly require the EM algorithm. If we have a symmetric
decomposition which means that the sets A and B are interchangeable as it is the
case for pure graphs or when D contains all discrete variables the graph is collapsible

onto D. For a missing pattern where D is more observed than A and B we can then
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get the estimates by separate maximization in the models M(GAUD)D based on da-
taj € VA, M(Gpup)” based on data j € VZ and M(Gp) based on all observations.

Concerning conditions related to the existence of the ML estimates we refer to Fry-
denberg & Lauritzen (1989). Of course, even when ML estimates exist for complete
data this is not necessarily the case with missing values since problems of identifi-
cation can occur. This has to be taken into account by choosing a sparser model if

necessary.

5. EXAMPLE

Following Frydenberg & Lauritzen (1989) let us consider the following graph for
illustration: G = (V, E) with V = {1, [,Y1,Y52} and E =V xV\{([1,Y3), (Ys, I1)}.

The graphical representation is given in Fig. 1.

I Y

I, Yy

Fic. 1: A decomposable marked graph.

With A = {[,}, B ={Y,} and D = {I,,Y;} we have a decomposition and since A
and B are complete the graph is decomposable. To determine the sufficient statistics
note that Ca = {{I1, Ib}}, Ca(1) = {{L1,b}}, Ca(2) = {{2}} and CA(1,2) =
{{L2}}. Thus, the sufficient statistics are given by N(iy,ia), S(i1,42)1, SS(i1,42)1,
S(ig)2, SS(ig)e and SS(iy)12 for (iy,i2) € Z. Having complete data there exist
explicit ML estimates that are given in Frydenberg & Lauritzen (1989) for the
chosen graph. Let us now assume that Y5 is incompletely observed. The application

of the EM algorithm would require the computation of

Bl ) = u(i)e+ T2 00 u@))  and

var(Ya|il, yl) = o(if), —



for each incomplete observation j € V\V?® and for the current parameter iterates.
Since the discrete variables I; and I, are completely observed we have either 17 (i) =
1 or (i) = 0 depending on whether I/ = i or not. These quantities are used to
compute (6), (7) and (8) yielding the E-step. In the M-step the new parameter
iterates are determined in the same way as for complete data. The EM algorithm is
not complicated for this missing situation but taking into account that we have the
special missing pattern that allows explicit estimates according to Section 4 avoids
iterating. These explicit ML estimates are given as follows. Compute the ML
estimates in the submodels M(G/, 1, y;) using all observations and M(Gyp, v, y,) as
well as M(G1, y;) using only the complete observations and combine them according

to (3), (4) and (5). In this special case we have

~ . n il, 19

Pliy,15,1] (11, Z2) = %;
k[h,[g,YI](il;Zé) = Tl(il,i2)[88d[Y1](i1;i2)]717
il[h,b,yl] (i1,1i2) = k[ll,lz,Yl} (i1, 92)71 (11, 92)

estimated from all observations since the variables I, I, and Y] are always observed.
The other estimates indexed by [I5, Y7, Ys] and [I5, Y7, | make use only of the complete
observations that is those for which Y5 is observed. They will be denoted by * to
mark the difference. We then have

A% . n* (ZQ)

Pnyiyiz) = —x7~  and
A . n* (22)
p[127Y1}(22) - N* )

where n*(iy) = |[{j € VB|i, = iy}| and N* = [V?]. And further

K[*I%Yl,Yﬂ (i2) = n*(iz) [SSdFYhYﬂ (i2)]_la

hE}Q,Yl,YQ}(Z.2) = KE}Q,Yl,YQ}(Z.2)g* (i2)7

K,y (i) = " (iz)[ssdy, (i2)]

h>[k12,Y1} (i2) = K[*b,yl] (42)71 (i2).

Let us now consider a missing pattern where only /I, and Y; are always observed
that is [; and Y5 are sometimes missing but not necessarily simultaneously. We then

have the second type of missing pattern mentioned in Section 4 where the separating
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set is more observed than the separated ones. The estimates indexed by [I5, Y7, Y5
and [I5,Y7,] remain the same as above based on those observations where I, Y}
and Y5 are observed. They are not affected by the incompleteness of I;. Of course,
P11, 1) B[Il,b,yﬂ and K[[h[?,yl] are affected. Here, the data base cannot be reduced
to those observations where I;, Iy and Y; are completely known since then the in-
formation from the observations where only I, and Y; are observed would be lost.
The estimation of p(, 1,,v1), Py 1,y and K 1, .y, based on data (ij,y{),j e vA
and (z%, y{), Jj € Vﬁ, therefore needs the EM algorithm which in turn requires in
each iteration the computation of v7(i) = pr(I = z'|i§,y{), j € VAB which is zero

for iy # 4.

6. DISCUSSION

As demonstrated in Section 2 and 3 the calculation of the ML estimates in the pre-
sence of missing values typically requires the application of the computer—intensive
EM algorithm. The resulting computational effort can heavily increase when the
EM algorithm is applied in models of high complexity such as graphical models.
The approach presented in this paper to reduce the computational effort is based
on the idea of taking special missing patterns into account when computing the ML
estimates. It has been shown that for a certain kind of pattern the decomposition of
the graph into subgraphs allowing separate maximization is possible even with mis-
sing values and essentially simplifies the algorithm. In special cases, ML estimates
can even be explicitly determined, i.e. avoiding the EM algorithm.

The general approach proposed in Section 4 may give additional hints to further
simplifications. If for example in a pure graph the subgraph Gpgyp is complete there
exist closed expressions for the ML estimates in M (G pup)” not only for the situati-
on that the whole vector Xp is either missing or observed but also when the missing
pattern in X is monotone as described by Little & Rubin (1987).

Furthermore, if the sets A and B are not connected at all, that is D = (), then sepa-
rate maximization of the likelihoods in M(G4) and M(Gp) is possible regardless
of the missing pattern. Of course one or both may require the EM algorithm.

As we have seen from our results, most simplifications are derived from a decompo-

sition of a graph, where such a decomposition is often not unique. In that case it
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should be chosen according to the missing pattern in order to apply the results of
Section 4 and to get further decompositions if possible.

Having this in mind, it is straightforward to use the procedure proposed in Section
4 in the situation of GG being collapsible onto a subset A C V' when the vectors Xp,
are incompletely observed for k = 1,..., K where By,..., Bg are the connected
components of B = V\A since (V\cl(Bg), By, bd(By)) is a decomposition of G for
every k =1,..., K. It is intuitively clear that it can also be applied to decomposable
graphs where the suitable missing patterns may even be more general.

Finally, it should be pointed out that another important situation where special
missing patterns are worth to be taken into account is that of a chain graph. Here,
the joint distribution is specified by conditional distributions each constituting a
CG regression (Lauritzen & Wermuth, 1989). Missing patterns which considerably
simplify the estimation task in these models are given when the “past” of a variable
is always more observed than the variable itself since then regressions can be com-

puted with complete covariable information.
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