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WISHART DISTRIBUTIONS FOR DECOMPOSABLE GRAPHS
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When considering a graphical Gaussian model N Markov with respect
to a decomposable graph G, the parameter space of interest for the preci-
sion parameter is the cone Pg of positive definite matrices with fixed zeros
corresponding to the missing edges of G. The parameter space for the scale
parameter of N is the cone Q¢, dual to Pg, of incomplete matrices with
submatrices corresponding to the cliques of G being positive definite. In this
paper we construct on the cones Qg and Pg two families of Wishart distrib-
utions, namely the Type I and Type II Wisharts. They can be viewed as gen-
eralizations of the hyper Wishart and the inverse of the hyper inverse Wishart
as defined by Dawid and Lauritzen [Ann. Statist. 21 (1993) 1272-1317]. We
show that the Type I and II Wisharts have properties similar to those of the
hyper and hyper inverse Wishart. Indeed, the inverse of the Type II Wishart
forms a conjugate family of priors for the covariance parameter of the graph-
ical Gaussian model and is strong directed hyper Markov for every direction
given to the graph by a perfect order of its cliques, while the Type I Wishart
is weak hyper Markov. Moreover, the inverse Type 1I Wishart as a conjugate
family presents the advantage of having a multidimensional shape parameter,
thus offering flexibility for the choice of a prior.

Both Type I and II Wishart distributions depend on multivariate shape pa-
rameters. A shape parameter is acceptable if and only if it satisfies a certain
eigenvalue property. We show that the sets of acceptable shape parameters
for a noncomplete G have dimension equal to at least one plus the number
of cliques in G. These families, as conjugate families, are richer than the
traditional Diaconis—Ylvisaker conjugate families which all have a shape pa-
rameter set of dimension one. A decomposable graph which does not contain
a three-link chain as an induced subgraph is said to be homogeneous. In this
case, our Wisharts are particular cases of the Wisharts on homogeneous cones
as defined by Andersson and Wojnar [J. Theoret. Probab. 17 (2004) 781-818]
and the dimension of the shape parameter set is even larger than in the nonho-
mogeneous case: it is indeed equal to the number of cliques plus the number
of distinct minimal separators. Using the model where G is a three-link chain,
we show by computing a 7-tuple integral that in general we cannot expect the
shape parameter sets to have dimension larger than the number of cliques plus
one.
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1. Introduction. The primary aim of this paper is to develop a new family of
conjugate prior distributions with attractive Markov properties for the covariance
parameter, or equivalently the precision parameter, of graphical Gaussian models
Markov with respect to a decomposable graph G. While doing so, we are led to
define two new classes of Wishart distributions and their inverses and to study their
properties.

Let us recall that an undirected graph is a pair (V, &) where V ={1,...,r}
and & is a family of subsets {7, j} of V of size 2. It will be convenient to con-
sider the set E C V x V of (i, j) such that either i = j or {i, j} is in &, rather
than & and, since E and & carry the same information, to speak about the graph
G = (V,E). Any (i, j) such that i # j will be called an edge. An r-dimensional
Gaussian model is said to be Markov with respect to G if for any edge (i, j) not
in E, the ith and jth variables are conditionally independent given all the other
variables. Such models are known as covariance selection models (see [8]) or
graphical Gaussian models (see [18] or [11]). Without loss of generality, we can
assume that these models are centered N, (0, ), and it is well known that they
are characterized by the parameter set Pg of the precision matrices, which is the
set of positive definite matrices K = £ ! such that K; ;i = 0 whenever the edge
(i, j) is not in E. Equivalently, if we denote by M the linear space of symmetric
matrices of order r, by Mr+ C M the cone of positive definite (abbreviated > 0)
matrices, by /¢ the linear space of symmetric incomplete matrices x with missing
entries x;;, (i, j) ¢ E, and by 7 : M > I the projection of M into /¢, the para-
meter set of the Gaussian model can be described as the set of incomplete matrices
Y6 =m(X) with & = K~ and K € Pg. Indeed it is easy to verify that the entries
%ij, (i, j) ¢ E are such that

i) = Ziv Al Z0 . vl VG
and are therefore not free parameters of the Gaussian models. One can prove that
the correspondence between K and the incomplete matrix X = () is one to
one. We write Xg = ¢(K) = 7(K~1). We note that ¢ 1s not explicit when G is
not decomposable.

Henceforth in this paper, we will assume that G is decomposable. The reader
is referred to [11] for all the common notions of graphical models used in this
paper. We will now simply recall some basic facts and traditional notation we will
use throughout this paper. Every decomposable graph admits a perfect order of its

cliques. Let (Cq, ..., Cr) be such an order. We use the notation H; = R} = Cy,
while for j =2, ..., k we write

Hj=C1U---UCJ', Rj=Cj\Hj_1, Sj=Hj_1ﬂCj.
The S;,j =2,...,k, are the minimal separators of G. Some of these separa-

tors can be identical. We let kK" < k — 1 denote the number of distinct separators
and v(S) denote the multiplicity of S that is the number of j such that §; = §.
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Lauritzen [11] has proven that the multiplicity v(S) of a given minimal separator
S is positive and independent of the perfect order of the cliques considered.

For G given decomposable with the set of cliques {Cy, ..., Ci}and 2! € Pg,
the incomplete matrix X is completely determined by its submatrices {Xc;,i =
1,...,k} where, of course, for each i =1,...,k, X¢, is positive definite. When
considering the parameter space of the graphical Gaussian model corresponding
to G decomposable, we are therefore led to consider the two cones

(1.1) PG ={y e M |y;; =0, (. j) ¢ E},
(1.2) Q¢ ={xelglxc, >0,i=1,...,k}.

Dawid and Lauritzen ([7], Section 7) defined two distributions on Q ¢, namely, the
hyper Wishart distribution as the distribution of the maximum likelihood estimator
of X, and the hyper inverse Wishart distribution as the Diaconis—Ylvisaker con-
jugate prior distribution for X ;. Subsequently Roverato [16] gave the distribution
of K=%"1= go_l (X) when X follows the hyper inverse Wishart distribution.
We will call this distribution of K on Pg the G-Wishart. The search for a rich and
flexible class of conjugate prior distributions for ¥, or equivalently for K = £~!,
remains a topic of high interest to statisticians.

When G is complete, P = Qg = M, and we define the regular Wishart dis-
tribution on the cone of positive definite matrices of dimension r = |V | by

1

—(1/2DuE™) P —+D/2q d
e x| |x x)dx,
2P (p)|B|P e ()

where p > % is the one-dimensional shape parameter and ¥ € M," is the scale
parameter.

When G is decomposable, the hyper and hyper inverse Wisharts have been con-
structed as a Markov combination (with respect to G) of the Wishart and its in-
verse, respectively, and so, like the Wishart, they have a one-dimensional shape
parameter and a scale parameter in Q. Dawid and Lauritzen [7] have shown
that these distributions have Markov properties: the hyper Wishart is weak hyper
Markov while the hyper inverse Wishart is strong hyper Markov.

In this paper, we will construct a family of distributions, called Type I Wisharts,
defined on Qg¢, and another family, called Type II Wisharts, defined on Pgs. We
shall see in Section 4 that the inverses of the Type II distributions, like the hyper
inverse Wisharts, form a family of conjugate prior distributions for the scale pa-
rameter of the graphical Gaussian model. We will also show that they are strong
directed hyper Markov in the direction given to the graph G by any choice of a per-
fect numbering of its vertices. This property is parallel to the strong hyper Markov
property of the hyper inverse Wishart. We will also show that the Type I Wishart is
weak hyper Markov, a property parallel to the weak hyper Markov property of the
hyper Wishart. The attractive feature of the inverse Type 1l Wishart family of con-
jugate distributions is that, except in the trivial case where G is complete, the set
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of shape parameters is of dimension strictly greater than the number k of cliques
in G, thus offering a flexible class of conjugate prior distributions for . We shall
also note in Section 4 that it forms a class of enriched conjugate priors for ¥ in
the sense of [5].

To construct these two families, we define two natural exponential families
of distributions affiliated with the Wishart, one on Qg and one on Pg. Let
(Cy, ..., Cy) denote a perfect order of the cliques of G and let (S, ..., Sk) be
its corresponding sequence of minimal separators, some of them being possibly
identical. We consider functions of the type

l_[f:l |-xCi |ai
1_[5'{:2 |)CSi |’Bl
where o and § are two real-valued functions on the collections C and 4 of cliques
and separators, respectively, such that «(C;) = «;, B(S;) = B; with g; = B; if
S; = §;. These functions play a very special role in the definition of the two fami-
lies of distributions that we define. Indeed, if we let ¢; = |C;| and s; = |S;| denote
the cardinality of C; and S;, respectively, and if we denote

l—[/;: |xC,-|_(Ci+1)/2
=1 710, () dx,

Hg(a, B;x) = x € 0g,

dx) =
ne(dx) [T, s, |-G

the family of distributions we define on Q¢ is, for a given («, ), the natural
exponential family generated by

(13) Hg(e, Bi0)pc(dx) = Hole — S(e+ 1), p— L(s + )i x)1g, (x) dx.
The measure (1.3) can be seen as a Markov combination generalization of the
measure |x|P|x|~C+tD/21 M (%) dx generating the Wishart distribution, for a given
p > %

In Section 3 we will introduce the set + of (o, 8) such that the following integral
converges and satisfies

(1.4) /Q e~ Hi (o, B ) (dx) = Ti(a B He (@, B 9(3)),
G

where I'1(a, B) is some function of (¢, ) independent of y € Ps. When (¢, 8)
is in A we say that Hg (o, B; x) has the eigenvalue property with corresponding
eigenvalue I'1(«, B) and we define the Type I Wishart distribution on Q¢ as the
distribution with density

1
I'i(a, B)He (o, B; ¢(y))

and with parameters («, 8, y). In a parallel way, we define a set B of («, 8) for
which an eigenvalue property similar to (1.4) holds for the Type II Wishart distri-
bution defined on Pg.

e " He (o, B; x) G (dx)
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In order to fully describe the Type I and II Wishart distributions, it is then neces-
sary to know the sets 4 and $B. In Section 3.2 we show that, for any G, the hyper
Wishart and the G-Wishart are particular cases of Type I and II distributions, re-
spectively. More precisely, we describe the sets 4| C 4 and 8B; C B such that for
(o, B) € Aq, the Type I Wishart is the hyper Wishart and for (¢, B) € 8By, the Type
II Wishart is the G-Wishart. In Section 3.3 we consider the particular class of de-
composable graphs G which do not contain the three-link chain, which we call A4,
as an induced subgraph. Such graphs are called homogeneous. When G is homo-
geneous, we describe the sets 4 and B completely and show that they are open
sets of dimension k + k’, the number of cliques plus the number of distinct sepa-
rators in G. For G homogeneous, the cones Qg and Pg are homogeneous and we
see that the Type I and II Wisharts then belong to the class of Wisharts on homo-
geneous cones defined by Andersson and Wojnar [3]. In Section 3.4 we consider
nonhomogeneous graphs. In that case, we have, so far, only partial knowledge of A
and B. For each perfect order P of the cliques, we define a (k 4 1)-dimensional
subset Ap of 4 such that, for (o, 8) € Ap, (1.4) holds. We therefore know the
subset | JAp of #, but not all of 4. Similarly we define a (k + 1)-dimensional
subset Bp of B such that we know the subset | J Bp of B, but not all of B. We
conjecture that the equalities A = J Ap and 8 = |J Bp hold in general for non-
homogeneous graphs and that, thus, the dimension of the manifolds + and B is
generally kK + 1 < k + k. In Section 3.4 we verify that these two equalities hold
when G = A4 by computing, in this case, the 7-tuple integral corresponding to
(1.4).

In Section 4 we give the conjugacy and hyper Markov properties mentioned
above. We also give the Laplace transforms of the Type I and II Wisharts and the
expected values of the Type I, Type II and inverse Type II Wisharts. The necessary
preliminaries for understanding the cones Pg and Q¢ and the measures we define
on them are given in Section 2.1. In Section 2.2 we give the results needed to work
with homogeneous graphs. Most proofs are deferred to the Appendix.

2. Preliminaries.

2.1. Measures on Pg and Qg. Forthe graph G = (V,E),V ={1,...,r}, we
write i ~ j to indicate that the edge {i, j} is in &. An undirected graph G is said
to be decomposable if it does not contain a cycle of length greater than or equal
to four as an induced subgraph and if it is connected. For all the notions related to
decomposable graphs that we will introduce below, the reader is referred to [11],
Chapter 2. We denote by Zg the real linear space of symmetric matrices y of or-
der r such that y;; =0 if (i, j) ¢ E. We denote by I; the real linear space of
functions (i, j) = x;; from E to R such that x;; = xj;. The elements of I; are
called G-incomplete symmetric matrices. For a decomposable graph, we have de-
fined the cones Pg C Zg and Qg C I in (1.1) and (1.2). Recall that M,+ denotes
the cone of positive definite symmetric matrices of order r. Grone et al. [10] proved
the following.
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PROPOSITION 2.1. When G is decomposable, for any x in Qg there exists a
unique X in M} such that for all (i, j) in E we have x;; = X;j and such that !
isin Pg.

This defines a bijection between Pg and Qg,

piy=® 'ePex=00() =701 e Qq,

where 7 denotes the projection of M onto Ig. The explicit expression of x~!
is given in (2.3) below. For (x,y) € Ig X Zg, we write tr(xy) = (x,y) =
Z(i,j)eE x;jyij. By Proposition 2.1, we have for x € Qg (x, y) = tr(Xy), where
tr(xy) is defined in the classical way. Thus although xy does not make sense, the
notation tr(xy) is quite convenient. We also use the following notation: if C is
a complete subset of vertices and if xc = (x;j); jec 1S a matrix, we denote by
(xc)? = (xij)i, jev the matrix such that x;; =0 for (i, j) ¢ C x C.

The following theorem gathers some basic results on decomposable graphs.
Part 1 is due to Andersson [2], parts 2 and 3 can be found in [11], Chapter 5
and part 4 is due to Roverato [16].

THEOREM 2.1. Let G be a decomposable graph. Then:

1. The convex open cones Pg and Q¢ are dual to each other in the sense that

(2.1 Pg ={y € Zg; tr(xy) >0Vx € Qg \ {0}},
(2.2) Qg ={x€elg; tr(xy)>0Vye€ P\ {0}}.
2. For x € Qg we have that y =x"Visin Pg and
(2.3) y=2 G =D v H
CeC Sed

3. For x € Qg we have

det = Llcecldetxo)
HSGJ(deth)V(S)

4. The absolute value of the Jacobian of the bijection x — y =~ from Qg
to Pg is

(2.4) [ ] (detxe)™ 117 ] (detxg) SV,
cecC Ses

The proof of part 1 is given in the Appendix. For G complete, part 4 above
becomes the following.

LEMMA 2.1 ([14]). The Jacobian of the change of variable x € M;} + y =
x~teMFis |y =D,
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We now introduce the measures which will be the generating measures of the
new Wishart exponential families on Pg and Q¢ that we are going to define in the
next section. Let & and 8 be two real valued functions on € and 4, respectively.
An example of such functions « and 8 is

CeCra(C)=|C| and Sed B(S)=]|S|.
We denote these examples o = ¢ and 8 = s. Another example is, for a constant p
given,
CeCra(C)=p and Sed+ B(S)=p,
simply denoted o« = p and 8 = p. For x € Q¢ we adopt the notation

[Teee(detxc)*©
[Tges(detxg)VSIBES)”

The functions Hg for the particular case o = —%(c + 1) and 8 = —%(s + 1) will
play an important role. Indeed, we will use the following as reference measures to
generate the exponential families of distributions which are the central object of
our study in this paper. These reference measures are

(2.6) G (dx) = Hg(—5(c+ 1), —3(s + 1); x)1g4 (x) dx,

(2.7) vG(dy) = Hg(3(c+ 1), 2(s + 1; 9(3))1p; () dy.

Applying (2.4), we see that v is the image of ug by the mapping x — y = X~
and that conversely ¢ is the image of vg by y > x = ¢(y).

Let Mj denote the cone of positive definite matrices of order d and L(R”, RY)
denote the space of linear transformations from R? to R?. For x € Qg, xc;, j =
1,...,k, are well defined and it will be convenient to use the following standard
notation for various block submatrices:

(2.5 Hg(a, B;x) =

1

t
XS =X<j>> XR;.S; = X[j> =X
J 72 J
2.8) .
X1 = XR;> A= X5~ Xj>X s X<l

where x_ ;. € M;Jf,x[j]. € M;:_sj,x[j> e L(R% =5 R%). It is understood here
that x[1) = x[1]. = x¢, whereas both x.;- and x[1- vanish. With this notation, we
have, for example, |X| = ]_[1;:1 |xj1.1. In the proof of our main theorems, we will
need to split the trace (x, y) for x € Qg and y € Pg following a perfect order of

the cliques as given in the following lemma.

LEMMA 2.2. Let G be a decomposable graph and let C1, ..., Cy be a perfect
order of its cliques. For x € Qg and y € Pg with y =6 "' and o € Q¢, we have
k
(v, ) = (e, 671 = Y [wtires o) + (k=2 — opi=0 L),

i=I

(2.9)

O-[lTﬂ (x[i>x:il> - G[i>0<_il>)x<i>>]-
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This is a direct consequence of (2.3) and the following standard splitting of the

trace for two positive definite matrices u = (;,2"*) and v = (1 ")%):

(, v) = (u1, vi2) + (u2.1, v2)
(2.10) | | | |
+ ((u21uy + v, v21), v2(u21uy + v, v2)up),
and its corresponding expression if we write v =& ~! with & also positive definite,

(, 67"y = (ur, o7 ") + (121,05
210 1 1 1 1 1
+ ((u21u; — o210y ), 0, (u21uy —o0210) Hui).

We also recall the following basic results that will be used throughout our
proofs.

LEMMA 2.3 ([13]). The Jacobian of the change of variables
(2.12) xeQ@gr—>y= (xcl, X[i]-> x[i>le-l>, i=2,..., k)
is

dy
2.13 -
(2.13) T

k
= [h<= |77
j=2

The following lemma gives a Gaussian distribution we shall use later.

LEMMA 2.4. Forx and o in Qg, and for L = L(R 5 | RS) we have
/ e*<(XU>X;-1> —01i>0 5,077 (Xji= X2 —07i>0 L )x<is) d(x[i>x;.l>)
214 F
— g (ci—si)si/2 7|G[i]' [+/2 .

|x<js |(Cimsi)/2

The proof follows immediately from Theorem 3.1.1 in [14] by replacing
C,D,Y and M in that theorem by oy;}., x and of;~0 respec-
tively.

Let us finally recall the definition of the multivariate Gamma function. For p >
%, the r-multivariate Gamma function is

<iss Xli>X i

<i>’

(2.15) L (p)=x DT (p - 3G - 1).
j=1

In the sequel we will need the following two formulas which link multivariate
gamma functions of different dimensions. For ¢ and s two positive integers with
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s < ¢ and for o > % a real number, we have

_ Ie(er)
2.16 (c=9)s/2p, ( —5) =,
( ) T c—s| ¥ 5 FS(O()
T,
(2.17) m €SP (o) = S

Py(a—(c—5)/2)

2.2. Tools for homogeneous graphs. In this subsection, we study some prop-
erties of homogeneous graphs.

DEFINITION 2.1. A graph G is said to be homogeneous if it is decomposable

and does not contain the graph S S i, called A4, as an induced subgraph.

We will see in Theorem 2.2 below why such a graph is called homogeneous.
We now need to introduce a number of concepts about undirected graphs.

DEFINITION 2.2. Given an undirected graph G = (V, E), the associated di-
graph is the directed graph G’ = (V, E’) with E’ derived from & by the following
process. If i, j € V, then the directed edge (i, j) is in E’ if and only if

(2.18) {i}Unb(@) 2 {j}Unb(j),

where nb(i) = {j; j#i,i ~ j}.

Note that E’ contains all (i,i) for i € V. We write i — j if and only if
(i, j) € E’. An edge in G can either disappear in G’ or become directed or be-
come bi-directed. Note that if i ~ j in G then i /4 j if and only if there exists

k,k #1i,k # j, such that the subgraph of G induced by {i, j, k} is ﬁ —e— lo . Note
also that if k 7# i, then it is impossible to have both i — j and k — j. In other

. i k . . . .
words, the configuration e—>e<e in G’ is forbidden. Here are two simple exam-
ples of digraphs associated to given graphs. For the sake of clarity, the loops i — i
are not drawn on the digraph G'.

ExXAMPLES. The graph o— %becomes the graph G’ i<—>% The graph A4 be-

12 3 4
cComes e<—e  o—>eo.

It is easy to see from (2.18) that if G is an undirected graph and G’ its associated
digraph, then the relation i — j defined on V is a preorder relation, thatis i — j
and j — k implies i — k. Denote by R the induced equivalence relation defined
on V by

iRjei—j and j— i< {i}Unb(i)={j}Unb(j).
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Denote by i the equivalence class in V/R containing i € V and denote by i < j
the partial order relation on V /R induced by the preorder i — j. As usual, when
dealing with partial order, the notation i < j means i < j and i # j. We now
introduce the Hasse diagram of V/R.

DEFINITION 2.3.  The Hasse diagram of G is the digraph with vertex set Vi =
V /R and with edge set Ey such that an edge (i, j) isin Eg if

and
i<k=j  implies either k =i ork = j.

If (i, j) € Eg, we write i — j. The knowledge of the Hasse diagram of G is
equivalent to the knowledge of the partial order relation on V/R. If i — j then j
is a child of i and i is a parent of j. If i and j are in V' it will be convenient to write
i — j when the corresponding equivalence classes satisfy i — j. Let us give an
example of construction of a Hasse diagram.

In Figure 1, we give a graph G, its associated digraph G’ and the corresponding
Hasse diagram. In G, the loops (i, i) are omitted. Since 3 — 7 and 7 — 3, {3, 7}
is an equivalence class denoted by 3 while the 5 other vertices are alone in their
equivalence class, which we denote by i rather than i for simplicity. On this partic-
ular example, the Hasse diagram is a rooted tree associated to a partial order such
that the root 1 is the minimum. The four cliques correspond to the endpoints of the
tree: C3=1{1,2,3,7}, C4 ={1,2,4} ,C5 ={1,2,5}, C¢ = {1, 6}. The two sepa-
rators S1 = {1, 2} with multiplicity 2 and S = {1} with multiplicity 1 correspond
to the other vertices of the diagram. Note that the graph G is homogeneous since it
does not contain any A4 as an induced subgraph. The fact that in this example the
Hasse diagram is a rooted tree and the graph is homogeneous is not a coincidence
since we have the following characterization theorem.

THEOREM 2.2. Let G = (V, E) be a connected graph and let G' = (V, E’)
be its associated digraph. The following properties are equivalent:

: ; .f
XX XX 1

FIG. |. G, G’ and the Hasse diagram.
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1. G is homogeneous.

2. Ifi ~ j theneitheri — jor j —iinG'.

3. The Hasse diagram of the partially ordered set (V/R, <) is a rooted tree
such that its root 1 is the minimal point of V/R and such that the number of
children of a vertex is never equal to one.

4. Pg is a homogeneous cone (i.e., its automorphism group acts on it transi-
tively).

5. Qg is a homogeneous cone.

We shall only use equivalences between 1, 2 and 3, which are easy to prove.
The equivalence with 4 and 5 is stated for the curiosity of the reader. The homo-
geneous graphs are specially simple to handle. We call T the set of vertices of the
corresponding Hasse tree, so 7 = V/R. Consider the subset of V

V;-ZU]T.

We gather the properties of the Hasse tree of G in the following proposition.

PROPOSITION 2.2. [If T is the Hasse rooted tree of a homogeneous graph G
with k cliques and k' minimal separators, we have that:

1. The mapping i — V, where i € T, gives a one to one correspondence be-
tween the cliques and minimal separators of G and, respectively, the endpoints and
non-endpoints of T . In particular, if k > 1 the root 1 is a minimal separator which
is contained in all minimal separators and cliques of G and the total number of
vertices in T is equal to k + k'.

2. All orders of the cliques are perfect. The multiplicity v(Vy) of a separator V
is equal to the number of children of s minus one.

PROOF. 1.Ifi € T then we observe that V= 1s complete since if j and [ are
in V; then either j </ <iorl < j <i.Inbothcases j ~ I. Conversely, if C C V is
complete then C = J{j € T; j € C} is contained in some V:. If not there exist j
and [ in C which are not comparable in the poset T and therefore j 7 [, which
contradicts the fact that C is complete. Thus the maximal cliques are the V;’s where
i € T has no children, that is, i is an endpoint. Finally, if i € T has children j and [
then V5 is a minimal separator of j and / as can easily be seen. Conversely, if j
and / are in V with j »# [ there exists a unique minimal separator between them
which is V; where i = max{s € T; s < j, s <I}.

2. Consider any order (z(1),...,t(k)) of the endpoints of the tree and the
corresponding order (V;(1), ..., Vi)) of the cliques. For j =2,...,k and for
I=1,...,j—1

sh)=max{seT;s <t(j),s <t}
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Since 1 < s(I) < ¢(j) for all { =1,...,j — 1, then s(l;) = max{s(]); | =
1,...,j — 1} exists and

Vsap = Viay U+ U Vij—n) N Vi)

is a minimal separator contained in the clique V;(;) with /; < j. Thus the order is
perfect.

Now, given a minimal separator Vs, we show that the number v(V;) of j such
that there exists /; with 1 </; < j <k and s = s(I;), where (/;,s(l;)) is as
defined above, is equal to c(s) — 1 where ¢ = c(s) is the number of children
of s. Suppose first that v(Vs) > ¢. Then there exist endpoints 7(j1),...,(j.)
of T such that j; <--- < j. and such that s = s(l;;) = --- = 5(l;,). Thus
s <t(j1),...,s <t(jc). Furthermore /;, < j; and s < t(/j,). This implies that
s has at least ¢ + 1 children, a contradiction. Thus v(V;) < ¢(s) — 1. Finally, one
sees by induction that the number of edges of an undirected tree is the number of
vertices minus one. Since )  c(s) is equal to the number of edges in the graph,
this implies that )  (c(s) — 1) = k — 1, where the sum is taken over the non-
endpoints s of 7. To conclude the proof, we use the fact that by definition of
the multiplicity of a minimal separator, the sum of the v(Vy) is also k — 1. Thus
D sle(s) =1 —v(Vy)]=(k—1) — (k—1) =0. Since we have a null sum of non-
negative terms we get v(Vy) = ¢(s) — 1 for all minimal separators. [

It follows from the proposition above that there is a one to one correspondence
between the set of homogeneous graphs and the set of rooted trees with vertices
weighted by positive integers and such that no vertex has exactly one child. Note
that a complete graph is homogeneous. It is characterized by the fact that its Hasse
diagram is just a point. A decomposable graph with only one separator is homoge-
neous. Its Hasse tree looks like a daisy. An undirected tree is decomposable but is
not homogeneous in general. Finally it is possible to prove that if all orders of the
cliques of a decomposable graph G are perfect then G is homogeneous.

3. The Wishart families of Types I and II. In this section, we define two
families of Wishart distributions. We will study special cases in Section 3.2, the
homogeneous case in Section 3.3 and the nonhomogeneous case in Section 3.4.

3.1. Definitions. Consider the two integrals

G.) I Biy) = / N H (@, f: Opugdx)  fory e P,

G

(32) (o fix) = fP e~ Hg (o, B oO0)vG(dy)  forx € Qg.

G

We define 4 to be the set of («, B8) such that I («, B; y) converges for all y € Pg

[(a,ﬁ;y) . . . .
and such that y — Hola o0 1S a constant on Pg. This constant is a function
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on A that we denote by I't(«, 8). Similarly we define $B to be the set of («, B)
such that J(«, B; x) converges for all x € Q¢ and such that x % is a
constant on Q¢. This constant is a function on B that we denote by I'ti(e, 8). The
sets +4 and B will be studied in Sections 3.3, 3.4 and 3.5.

We note here that since g (du) is the image of the measure v (dy) under the

mapping y — u = ¢(y) (see Section 2.1), (3.2) can be written

J(a,,B;x):/ e oo, B (du)  forx € Og.

G

This expression of (3.2) and the passage from y € Pg to u = ¢(y) € Q¢ will be
used several times in the remainder of the paper for defining the inverse Type II
Wishart and to perform various computations. The Wishart distributions of Type I
will be the probabilities

1
Ti(a. B)Hg (. B o (1)

defined on Q¢ and indexed by the parameters («, 8; y) in A x Pg. To follow
the standard notation for distributions related to the Wishart, when y € Pg is the
parameter of the Type I Wishart, we often write y =& ~! with o € Q¢ so that,
for o € Qg, (o, B) € A, the Type I Wishart distribution can be written

Hg (o, B; x)

. _ —{x,67hH
(3.3) Wos(a, B,o;dx)=e Fi(@. B He @, B U)ug(dx).

The Wishart distributions of Type II will be the probabilities
Hg(a, B; ¢(y)) Vo
I'n(a, B)Hg (o, B; 6)

defined on Pg and indexed by the parameters («, 8; 6) in B x Qg. We therefore
consider the following two natural exponential families.

W He (o, B x) g (dx),

(3.4) Wpg (@, B,0;dy) = e (dy)

DEFINITION 3.1. For («, B) € 4, the Type 1 Wishart family of distributions
is defined by

(3.5) Fla.p1={Wogs(a,B,0;dx),0 € Qc}.

DEFINITION 3.2. For («, B) € 8B, the Type II Wishart family of distributions
is defined by

(3.6) Fla.py1 ={Wp;(a, B,0;dy),0 € Qc}.

Following the pattern of what is done for the Wishart distribution, we now define
Type I and Type Il inverse Wishart and F' distributions.
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DEFINITION 3.3. Let G be given. If X ~ Wy (a, B,0) where (a, B) € A

and 0 € Qg, then Y = X! is said to follow the inverse Type I Wishart, defined
on Pg, and its distribution is

A1
e WOV He (o, B 9(y))

(3.7 IWos(a, B, o;dy) = I B)Ho(@. fi0) vG(dy).

The distribution (3.7) is clearly immediately derived from the distribution (3.3) by

recalling that x = ¢(y) and that vg(dy) is the image of ug(dx) by the mapping
a1

Xt>y=Xx"".

DEFINITION 3.4. Let G be given. If Y ~ Wp, («, B, 0) where («, B) € 8 and
6 € Qg, then X = ¢(Y) is said to follow the inverse Type II Wishart, defined on
0, and its distribution is
e_<9’)2_1>HG(a, B;x)

(3.8) IWps(a, B,0;dx) = . B)Ho(@. f.6) e (dx).

Here too, the density (3.8) is immediately derived from (3.4).

Let B—A={(c —a,B —B):(,B) e B, («, B) € A}. Since B — A C B
and A — B C A are false in general, as will be seen, for example, when G = A4,
to give the following definition of the F distributions, we will have to insure that
the parameters o’ — « and B’ — B are in the correct sets.

DEFINITION 3.5. Let 6 and o be in Pg and Qg, and let («, 8) € A and
(', B') € B. Then

1. for (&' —a, B’ — B) € B,0 € Qg, the F distribution of the first kind with
parameters («, B, a’, B, o) is the distribution on Q¢
(e’ —a, B’ —p)
I'i(e, BT, B)
x Hg(a' —a, B’ — B0 +x)Hg (a, B: x) G (dx);
2. for (@ —a’, B—B') € A,0 € Qg, the F distribution of the second kind with
parameters (a, B, a’, B/, 0) is the distribution on Pg
T(e—o,B—p)
I'i(a, BI'u(e’, B)
X Hg(a—o',—B's00 + y))Hc (', B'; 9(y))vG (dy).

Hg(—d/,—p';0)

Hg(—a, —=B; ¢(0))

Note here again that the lack of multiplicative structure on Pg and Qg when G
is not complete prevents us from relating these distributions to some form of quo-
tient X/ X' of independent random variables with distributions Wy, (o, B; o) and
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Woe (@', B'; o), respectively. A study of the multivariate F distribution when G
is complete can be found in [15]. We could also define rather explicitly Beta
distributions of Type I by introducing the conditional distributions X|X + X',
where X ~ Wo, (o, B,0) and X' ~ Wo, (¢, B/, o) are independent such that
(a + o, B+ B) is still in A. Again, since the cone Q¢ has no special multi-
plicative structure, these Beta distributions unfortunately do not seem to enjoy
properties linking them to some ratio analogous to X/(X + X’) as happens when
the graph is complete. The same problem arises with Beta distributions of Type II.
Finally, we could also consider the distribution

e "N He(a, B; x)
I(a, B;y)

where we only require that («, 8) be such that I («, 8; y) defined by (3.1) con-
verges. Under such generality, these distributions have no interesting properties:
their Laplace transforms are not explicit, their family is not stable by convolution
as our Wishart distributions of Type I are (see Proposition 3.2) and they have no
hyper Markov property. A similar remark holds for J defined by (3.2) and Type I
Wisharts.

ne(dx)

3.2. The hyper and inverse hyper inverse Wishart distributions. We first ob-
serve that when G is complete, both Type I and Type II Wishart distributions coin-
cide with the ordinary Wishart distribution. We will see now that for special values
of (a, B), the Type I and II Wisharts are, respectively, the hyper Wishart as defined
by Dawid and Lauritzen [7] and the G-Wishart first identified by Roverato [16] as
the inverse of the hyper inverse Wishart defined also by Dawid and Lauritzen [7].
To describe these distributions, it is convenient to fix a perfect order of the cliques.

The hyper Wishart on Qg. Let G be given and let p be a scalar. Let +4; be the
one-dimensional subset of R¥* defined as

Al = {(a, Bla(C)=p.C € €. A(S)=p,S € 5 with p > max L(C| - 1)}.
S
For (¢, B) € A1 we then have

k .
Hi:l wC[ (p9 UC,-’ xCi)

(3.9 Wo,(a, B,0;dx)
¢ H{'sz Ws; (pv as;; XS[)

1p,(x)dx

with
—(ci+1)/2 _
e PO o)
Le; (p)loc; |?
We note that the expression of Wy («, B, 0; dx) in (3.9) does not depend on the

chosen perfect order of the cliques. The expression on the right-hand side of (3.9)
is a Markov combination of Wishart distributions with shape parameters p and

we, (p, 0c;; Xc;) =
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scale parameters oc, and og; on the cliques and separators of G, respectively. By
Theorem 2.6 of [7], it is a distribution. It is in fact the hyper Wishart distribution, as
defined in that same paper. Therefore both sides of (3.9) are equal and equal to the
density of the hyper Wishart distribution and it follows immediately that A; C 4
for any given G and

H{'(:l Fci (p)
H{'CZQ Fsi (p) .

The G-Wishart on Pg. Let G be given and let § > 0 be a scalar.
Let B; be the one-dimensional subset of R¥*t*" defined as

e, B) =

B1 = {(a. B)la(C) = =38 +|C| = 1), C€C,
B(S)=—1(E+IS|—1),S€48,8>0}.

For (a, B) € B; and for x = ¢(y)
Hf:l Ixc; |~ @+ai=1)/2+(c+1)/2

Hg(a, B 9(¥))vg (dy) = [TE, xs, [~ @Fsi—D/2+G+D)/2

1p;(y)dy

Ty e 767272
T s 70272

= |y|®"221p, (y) dy,

where, as before, the expression of Hg(«, B; ¢(¥))vg(dy) does not depend
on any chosen perfect order of the cliques. Therefore, Wp,(a, B,0;dy) x
|y|6=2/2¢=40.7) gy is the G-Wishart distribution first identified by Roverato [16]
as the inverse of the hyper inverse Wishart. It follows immediately that 8| C 8B,
that

1pg(y)dy

[T, T (B 4ci — 1)/2)
15, T, (6 +5: — 1)/2)

and that the Type II Wishart is the G-Wishart defined on P for é > 0, 8 € Og.
The distribution of this special Type II Wishart is

[Tz 16¢, 1= [T, Ty (G +si — D/2)
[T T (B4 ¢ — 1)/2)  TTE, 165, +si=D/2
X |y|(872)/2€7(9’y>1pc(y)dy.

(e, B) =

WP(; (Ol, ﬁa 9) =

3.3. The homogeneous case. We now consider the Type I and II Wishart dis-
tributions when the graph G is homogeneous as defined in Section 2.2. Our aim is
to identify the sets 4 and $B and the values of the normalizing constants I'1(¢, 8)
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and I'rr(e, B). It is convenient to introduce the following notation, consistent with
the notation introduced in (2.8). For u € V /R, we define

Xu] = (xij)f:j:uv Xu> = (xij)lTZLt,]T<M’

-1
X<u> = (xij)17<u,f<u’ Xul = X[u] = Xu>X<y>X<ul-

We also adopt the convention that a vertex of the Hasse tree (T, Eg) will be de-
noted by ¢ if it is an endpoint of the tree and by ¢ if it is not an endpoint. From
Proposition 2.2, to each ¢ corresponds a unique clique C; = U, 7, <,[#] and there-
fore a number o; = &(C;). And, to each ¢ corresponds a unique minimal separator
Sg = Uuer,u=q[u] and therefore a number B; = B(S,). The positive integer v(q)
is the number of children of ¢ minus one. From Proposition 2.2, this is also the
multiplicity of S,. With these conventions, for each u € T', we write

Pu = pule, B) = Zaz - Z v(q)Bg-
U=t u=q

We define n, to be the cardinality of the vertex u# of the Hasse tree, that is, the
number of vertices in V that are in the vertex u of the Hasse tree of G. We also
define

(3.10) My=ny+ Y ny=>»_ ny,.

v<u v=u

The following two theorems give 4, B and the corresponding normalizing con-
stants for the Wisharts of Type I and II in the homogeneous case.

THEOREM 3.1. Let G be a homogeneous graph. Then

Pu > %(va—1>,ueT].

v=u

A= [(a, B)
More specifically for («, B) € A and o € Qg, the integral (3.1) converges and

f e~ He (e, B2 )G (dx)
(e}

n
(3.11) =[] #Zv="""2|o.|" T, (pu -3 7”)

ueTl v<u

= HG(O[’ ﬁ, U) l_[ nzv<ununv/2r\nu (pu . Z fl?l))

ueTl v<u

THEOREM 3.2. Let G be a homogeneous graph. Then

B = {(a,ﬁ)’—pu > %(va—1>,ueT}.

v>u
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More specifically for («, B) € B and 6 € Qg, the integral (3.2) converges and

/P eV H (o, B ()G (dy)

(3.12) = [ 7Ze=e"e" 26|~ T, (—pu - Znu/z)

ueT v>u

ueT v>u

We note that the parameter sets 4 and B in the homogeneous case are
(k + k’)-dimensional. The proof of Theorem 3.1 follows the same line as that of
the proof of Theorem 3.3 given in the Appendix. It is based on Proposition 3.1
given below and on the following analog of formula (2.9) for the traces: for x and
o in Qg,

(x,671) = Z[(X[u]~a 0[;]1)

ueT
(313) + <('x[“>x:li> - U[M>U<_1,tl>)v
Ot (=X Zhe = 005 ) x<us)],

where it is understood that, as in (2.8) and (2.9), for u = 1, the root of T, the
summand reduces to (x1, 0, 1). Then, using Proposition 3.1 and formula (3.13),
the integral in (3.11) is obtained by a series of standard integrations. The proof
of (3.13) is parallel to the proof of (2.9) and will not be given here. The proof of
Proposition 3.1 is given in the Appendix.

PROPOSITION 3.1. For G homogeneous, the image of Hg (o, B; x)g(dx)
under the mapping

(3.14) x = (Xu]s Xus» 4 € T) > (X[upo Xpusx_po, u €T)
is

HE(a, B x) s (dxpuy, dxp=xZ)_ u e T)

= [T bt [~ "+ dixpuy. d (g 2 )
ueT
where
ny ny
Ay = Loy
u=pPu-+t Z ) B

v>u v<u
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The proof of Theorem 3.2 also follows the general lines of the proof of Theo-
rem 3.4 given in the Appendix. We first observe that the image of Hg («, 8; ¢(y)) x
Vg (dy) under the change of variable y — x = ¢(y) is Hg (e, B; x)tg(dx) so that

/ e O He (@, B; 9(3)ve (dy)
Pg

= —(0.57") Hlf‘:1 |xc, |~ (it D/2

= e — dx,
06 1‘[’;=2 |ij|ﬂj—(s/+1)/2

where, as usual, the integral on the right-hand side of the equation above does not
depend upon the chosen perfect order of the cliques. We then use (3.14) and (3.13)
applied to (6, £~1) to obtain the expression of the integral in (3.12) by a series of
standard integrations.

Using Proposition 3.1, (3.11) and (3.13) it is fairly straightforward to show that
the image of the Type I Wishart by the change of variable (3.14) is the distribution

W, (o, B. o dxuy.. d (Xu>x2,- ). u € T)

<u>
Ay — /2 - —1
ueT
(315) X e_((x[u>xzbl>_0[14>02l:>)~0[;]1.(x[u>xZL£>_U[L¢>62L}>)x<u>)

—1
: (n(l/zmu(z”’“"”) |11 T, (*u -3 n))

v<u
x 1p, (Xuges (X=X 24 )) dXqu). d(X[u>XZ$>)}

where D, = (M;; x L(R™, R™«~")) This distribution is exactly the distribu-
tion of the Wisharts defined by Andersson and Wojnar [3] on homogeneous cones.
Therefore when G is a homogeneous graph the Type I Wisharts coincide with
the Wisharts of [3] for the homogeneous cone Q¢ corresponding to G. Since the
dual Pg of Qg is also homogeneous, we could also show that the Type II Wisharts
correspond to the Wisharts as defined by Andersson and Wojnar [3] on Pg. How-
ever, there are many other homogeneous cones not of the form Pg and Q¢g. Our
calculations are simpler and self contained in the particular cases that we investi-
gate here.

Using (3.15), Proposition 3.1, (3.13) and (3.12), we obtain the image of the
inverse Type II Wishart by the change of variable (3.14). The image of the dis-
tribution of X ~ IWp.(«, B,60), the inverse of the Type II Wishart when G is
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o4 o2

X

ol

o3

o0 o5

FI1G. 2. Graph Gy.

homogeneous, is given by

IWf;G (a, B, 0; dX[u). dx[u>x_1 ueT)

<u>>
_ —1 5—1
=[] [Vx[u].lk“ (ru+ /2 = 5y O
ueT
- - - - -1
(316) X e_<(x[u>x<;>_9[u>9<l:>)’9<u>(X<L£>x<u]_9<J>9<ul)xlu1.>

v>-u

—1
: (n(lmn" e PN o (_p 2> n?)>

x 1p, (X[u1.» (X[u>XZ$>))dX[u]~d(X[u>XZi>)]-

EXAMPLE. Consider the graph Gq (see Figure 2). We index each clique
according to the vertex of the Hasse tree of Gy which represents it. Thus
C3={1,2,3}, C4 ={1,2,4}, C5s = {1, 2,5}, Ce = {1, 6}. Minimal separators are
S1 = {1} and $ = {1, 2} with v(52) =2 and v(S;) = 1. We set

a(C3) = as, a(Cy) = aa, a(Cs) = as, a(Ce) = s,

B(S1) = B, B(S2) = Ba.
The Hasse tree corresponding to Gy is identical to the Hasse diagram of Figure 1
with 3 replaced by 3. Since the cardinality of all the vertices of the Hasse tree is 1,

for the sake of simplicity we will denote the vertices of the tree by 1, 2, 3, 4, 5
and 6 so that we have

ni=1, i=1,...,6 and 1<6,1<2,2<3 2<4 2<5,
pL=0a3+as+as+os— P1 —2p, =003+ as+as—2p,
p3 =3, P4 =0y, ps5 = as, P6 = g,
and
h=p1+3, h=p+3-3,
)»32,03—%, )»42,04—%,
1
2

hs=ps—3, A6 = p6 —
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Therefore,
A={(,Plp1>0, pp> 1, pi>1,i=3,4,5, pe> 3}
(317 ={@ Pl > 1, i=3,4,5 as> 3,
a3 tastas+as—26—P1 >0, a3 +os+as— 2B > 5},
B={(pB)loi<—3,p<—3,p<0,i=3,4,56}
(3.18)  ={(a B)lai <0, i=3,4,5,6,

a3+ o4+ a5+ o — 202 — Pi <—%, a3 +a4+a5—2ﬁ2<—%}.

3.4. The nonhomogeneous case. We now consider a nonhomogeneous
graph G, that is, a graph containing A4 as an induced subgraph. As in the case of
homogeneous graphs, our aim is to identify 4, 8 and the corresponding eigen-
values. We will see that we are, in fact, only able to identify a subset of A
and B and the corresponding eigenvalues I'(«, 8). The results are given in The-
orem 3.3 and Theorem 3.4 below. For G a noncomplete decomposable graph, let
P = (Cy, ..., Cy) be a perfect order of the family C of its cliques and (S, ..., Sk)
be the associated sequence of minimal separators. Recall that ¢; = |C;| and
sj =|S8;| denote the cardinality of C; and §;, respectively. For given a and B
we write o; = o(C;) and B; = B(S;). For a given minimal separator S we write

and for a given perfect order P of the cliques, we define A p to be the set of («, 8)
such that:

L X jerp,sj — v(S)B(S) =0, for all S different of Sy;
c;j—1

2. aj — L >0forall C; € C;
3. a1+ 68 > % where 8 = 3" i j(p.5y) @ — V(52)B2.

Recall also that ', (p) is defined in (2.15). To avoid trivialities, in the following
statements we assume that G is not complete in order to have at least one minimal
separator. Theorems 3.3 and 3.4 are useful only for nonhomogeneous graphs, since
stronger results, Theorems 3.1 and 3.2, are available for homogeneous graphs.

THEOREM 3.3. Let G be a noncomplete decomposable graph and let P be
a perfect order of its cliques. Then Ap C A. More specifically for y € Pg and for
(o, B) € Ap the integral (3.1) converges and

(3.19) /; ¢~ H (o, B; 2 (dx) = T, B)H (o, B; 9(0),
G

where

Fcl (o1) k F"q (O[q)
3.20 (@ p) =Ty (01 44 '
(3.20) CN) W+”nmonﬂmﬂ

q=2
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Equivalently, if we write y = 61 with o € Qg, (3.19) can be rewritten as
iy Al
(321 /Q e N Hg (o, B; ) (dx) =T (e, B)Hg (@, B; 0).
G

To study 8B for a nonhomogeneous graph and give the normalizing constant of the
Type II Wishart, we now need to define, for a given P, the set Bp to be the set of
(o, B) such that

L XY ierp,s e+ %(Cj =) —v(S$)B(S) =0, for all S different from Sp;

2. —oy— ;«@ 1)>0ﬂnanq 2,....kand —o; — 3(c; —s2— 1) > 0;
3. —a;— —(Cl —S2+ -y > 25— L where Y2=22jesp,sy@j— B2+ S 52)
THEOREM 3.4. Let G be a noncomplete decomposable graph and let P be

a perfect order of its cliques. Then Bp C B. More specifically for 6 € Q¢ and
(o, B) € Bp the integral (3.2) converges and

(3.22) /P eI HG (a0, B; o(0)v6 (dy) = Tula, B)He (e, B; 0),
G

where

Tn(e, B) = FS2|:_011 _a—n_., } Loy (=)

2 Ty (a1 — (1 —$2)/2)
(3.23)

k F(,j(_a])
. Ez Oy, (—aj — (cj —5)/2)

It is interesting to reexpress (3.22) in a slightly different way. Writing y = £~
X

with x € Qg and recalling that the image of vg(dy) under y — ¢(y) =
g (dx), we see that (3.22) can be rewritten as

(3.24) /Q e 05 Ho (. Br x) g (dx) = T, ) Hg (or, B 6).

18

From the two theorems above, it follows immediately that

A>|JAp and B> JBp,
P P
where the union of all Ap and all Bp is taken over all possible perfect orders of
the cliques of G. Before making some important remarks, let us give an example.
. 1 2 3 4

EXAMPLE. Considerthe graphG =A4: e — e — e — e,

LetCy ={1,2},Cr, =1{2,3},C3={3,4}, S = {2}, S3 = {3}, and let ¢ (C;) = o,
i=1,2,3, B(S;) = Bi,i =2,3. Then P; = (Cy,C>,C3) and P, = (Cp, Cy, C3)
are perfect orders of the cliques. The orders P; = (C3,C,Cy) and P; =
(Ca, C3, Cy) are also perfect orders analogous respectively to P; and P». On the
other hand, the only other possible order (C1, C3, C») and its analog (C3, C1, C2)
are not perfect. Let us therefore identify Ap and Bp for Py, Pl’ and P, Pz/:
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Ap, = {(a1, a2, 23, B2, B3) et > % i=1,23 aj+ar—fr>0, a3=p3},
Apr = {(a1, 22, @3, B2, B3)| i > % i=1,2,3 ao+az3— B3>0, oy =p2},
while Ap, = Ap; and Ap; = Ap'. In a parallel way, we have
Bp, = {(a1, 00,03, B2, B3)| —0t; >0, i =1,2,3,

—a—on+Pr—1>0, az+5=p3},
Bp = {(a1, 02,03, B2, B3)| —; >0, i =1,2,3,

—wy—oa3+p3—1>0, a1+ 3= pa},

while Bp, = Bp; and Bp; = Bp:.

REMARKS. 1. The domains Ap and Bp on which (3.19) and (3.22), respec-
tively, or equivalently (3.21) and (3.24) hold, depend upon the chosen perfect or-
der P of the cliques. Since the functions Hg do not depend upon P, it is clear that,
even though the expressions of I'1 and I'yy depend upon P, their values do not.

2. Since assumption 1 of Theorems 3.3 and 3.4 represents k¢’ — 1 constraints on
the set of («, B)’s, we see that in general each set A p is of dimension k + 1.

3. From Theorems 3.3 and 3.4, the integrals (3.1) and (3.2) are finite and con-
stant multiples of Hg(w, B; o) and Hg (e, B; 0) for (o, B) in | Up Ap and |Jp Bp,
respectively. Using Holder’s inequality it is immediate to prove that these integrals
are also finite on the convex hull of | Jp Ap and |Jp Bp. So the question naturally
arises as to whether 4 and B are larger than | Jp Ap and [Jp Bp. We only have a
partial answer to this. We have seen in the previous section that, when G is homo-
geneous, 4 and B are completely known and of full dimension k + k’. However,
if we consider the homogeneous example given in Section 3.3 and treat it using the
methods given in this section, we will find that the 24 possible orders are all per-
fect with P = (Cy, Ca, C3,Cy) and P, = (Cy, C4, Ca, C3) being the only perfect
orders yielding distinct A p’s. We have

Ap ={@Blai>1,i=1,2,3, as> %, a1+ +a3 -2 > 4, au =1},
Bp, :{(Ot,,B)lOl,- <0,i=1,2,3,4,
—a—oy—a3+2p2 >3, as— i+ 5 =0},
Ap,={(a,B)la; > 1, i=1,2,3,
Ol4>%,061+0t4—/31 >0, an + a3 — 26, =0},
Bp, ={(a, B)|a; <0, i =1,2,3,4,
—a;—o4+B1>2, ax+az—28,+1=0}.
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Clearly, Ap, U Ap, is included in, but not equal to, + as given in (3.17). Simi-
larly, Bp, U Bp, is included in, but not equal to, 8B as given in (3.18). The question
is therefore whether in the nonhomogeneous case it is possible to identify 4 and
B. In the next section, we find 4 and B for G = A4 and we see that they are of
dimension strictly less than k + k’. Thus G = A4 is a counterexample to the hy-
pothesis that in the nonhomogeneous case we could also define a set of dimension
k + k' on which (3.21) and (3.22) hold.

3.5. The case G = Aa.
Let G be A4 as in the previous example. Then we write

o1 012
021 02 023
032 03 034
043 04

foro € Qg, with 0;; =0j;, 0i.j =0; — a,-jcrj_laj,- and similarly for 6 € Qg.
PROPOSITION 3.2. Consider the graph G = A4 with cliques and separators
Ci={1,2}, Cr =1{2,3}, C3 ={3,4}, S2 =12}, S3=1{3}.
Leta; =a(C;), i =1,2,3, Bi =B(S;), i =2,3. Define
As= (@, Pla; >3, i=1,2,3, a1 + o2 > B, 2 +a3 > B3}

Then the following integral converges for all o € Q 4, if and only if (o, B) is in 4.
Under these conditions, it is equal to

f =0 Hi (o, B ) (dx)
Oc

1 1 1
:773/2F(0t1 — §)F<Ot2 — §>F<O{3 — E)F(Oll + a2 — B2)

—1 oy _ajtar—pr _artaz—f3 _o:
x (o + a3 — B3)(I'(@2)) (71.12(72.3 035 04.%

(3.25)

2
o2
23
x 2F (Otl +oay — o, ar+ a3 — B3, a2, —)
0203

where 2 F| denotes the hypergeometric function. Similarly we define
£4={(av:3)|al <0, a3 <0, Br—a; —ar — % >0,
B3 —or —a3 — % >0, fo+B3—ay —az—ag—%>0}_

Then the following integral converges for all for 6 € Qg if and only if (o, B) € Ba.
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Under these conditions, it is equal to
/P e " He (o, B; 9 ()G (dy)
G

_ 3/2p01 paitoa—PBr pertaz—PB3 pa3
=7"761,0, t; 043

X F(_“l)r</32 —ap — o — %>F<,32+,33 —a)—op— a3 — ;)

1 —1
(3.26) xF<ﬁ3 o — 5)F(—ozs)(msz b By —ar—ar—a3— 1))

1

1
><2F1</32—0t1—az—i,ﬂ3—a2—a3—§;

03,
—o] —ay—oa3—1; —=).
o+ B3 —ar —ar—a3 9293>
The results above are obtained by a nontrivial and long computation. A central
part of this computation is the following lemma.

LEMMA 3.1. Consider the following 2 x 2 random matrix X = [ ;112);122

the Wishart distribution

] with

detc)?
wa(p, ¢l dx) = (detc) e (xyxp — x{p)P T r (x) dxy dxp dxya
I'2(p) 2
with p > 1/2 and c = [Ccll;cl;] positive definite. For ay > —p and a» > —p, the
Mellin transform of (X1, X2) is
(dete)? T(ai + p)T'(a2+ p) ci
E(X|'Xy") = F<a+ Lay + p; i)
(X7 X5°) (TP T ()2 2bi(ar+p.axtpips

The proofs of Proposition 3.2 and Lemma 3.1 are omitted.
We now derive from Proposition 3.2 the sets 4 and 8 when G = Aa.

COROLLARY 3.1. Let G = A4. Then A =|JAp and B = Bp, where the
unions are taken over the two possible Ap and Bp. The dimension of A and B is
therefore strictly less than k + k'.

PROOF. Since the two statements are quite similar, we prove the second one
only. We use the equality (see [1], Formula 15.3.3)

(3.27) (1 — 2= 5 Fi(a,b: c:2) = 2Fi(c —a,c—b; c: 7).
2

Using (3.27) on the right hand side of (3.26) above with z = 992% and

@bo)=Br—ar—ar—3.f3—m—0a3— 3 fo+ps—ar —ar —a3 — 1),
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we see that
1

Hg(a, B;0) Jog

where C is a constant which does not depend on z. Now clearly from its Taylor
expansion the hypergeometric function z — 3 Fi(c — a, c — b; c¢; z) is a constant
if and only if either ¢ — a or ¢ — b is zero, which together with B4 proves that
constancy occurs if and only if («, 8) belongs to one of the two possible Bp as
given in the example of Section 3.4 above. [

e O He (o, B 9o (M))v(dy) = C2Fi(c —a, ¢ — b; ¢; 2),

REMARK. One can prove that the convex hulls in R> of # and B are, respec-
tively, strictly included in 44 and 8B4 as defined in Proposition 3.2.

4. Properties of the Type I and II Wisharts. Let us recall that for a given
decomposable graph G, the r-dimensional graphical Gaussian model Markov with
respect to G is the family of distributions

N ={N,(0, %), X € O}

Dawid and Lauritzen [7], page 1306, have shown that this model is strong meta
Markov. This can also be shown directly since, using the notation of (2.8), for
a given perfect order of the cliques and with the convention that x[1). = x¢,, X[1}. =
Xc,, x<1> = 0,r1 = ¢y, the density of X € R” with distribution N, (0, X) € Ng
can be written as
k 1 1 —1 —1
U/ == Z 550 By, By (i —xpi> T 5 Baip)

4.1 =[]——=
@1 f(x) ,-:nl(zn)’f/zzf,-f

The parameters

42) F =% (Li=Zi=2,Ni=%5),  i=2,....k

<>’

of the distributions of Xc¢,, X{;j|lxu._,,i =2, ..., k, respectively, are clearly vari-
ation independent in the sense that any parameter (E[i>2;.1>, 31.) of the dis-
tribution of X;1|Xg,_, is compatible with any parameter {Fi, (L, N;), j <i} of
Xp;_, and any parameter {L;, Nj, j > i} of X|Xg;,. It then follows that for a de-
composition (A, B) of G the parameter ¥4 of the distribution of X 4 is variation
independent of the parameter X |4 of the conditional distribution of X g given X 4.
This, according to Definition 4.3 of [7], means that the model N is strong meta-
Markov. For this model, Dawid and Lauritzen ([7], page 1306 and page 1308)
have shown that the distribution of the maximum likelihood estimator of X, that is
the hyper Wishart, is weak hyper Markov and that the hyper inverse Wishart, the
inverse of the G-Wishart, is a conjugate prior on ¥ which is strong hyper Markov.

We are now going to show parallel results for the Type I and II Wisharts: the
Type 1 Wishart is weak hyper Markov, the inverse of the Type II Wishart forms
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a conjugate family for the scale parameter of the Mg model and for any direction
given to the graph by a perfect order of its cliques, and the inverse Type II Wishart
is strong directed hyper Markov. Since we have seen in Section 3.2 that the hyper
Wishart is a particular case of the type I Wishart and the hyper inverse Wishart is
a particular case of the inverse Type 11, it is not surprising that their generalizations
hold parallel Markov properties.

One might wonder whether the term “hyper” is adequate when talking about
the weak Markov property of the Type I Wishart since this distribution has so far
neither been identified as the distribution of an estimator nor as a prior distribution
for the parameter of a Gaussian model. It is certainly adequate for the inverse of the
Type II Wishart since, as we are going to prove right away in Section 4.1, it forms
a conjugate family of prior distributions for the scale parameter of the Ng model,
with a shape parameter set of dimension at least kK + 1. We will then prove the
hyper Markov properties in Section 4.2. Our main results below are Corollary 4.1
and Theorem 4.4.

4.1. Conjugate prior distributions. The family of inverse Type II Wishart dis-
tributions has several properties that make it useful as a rich family of conjugate
prior distributions for the scale parameter X of the graphical Gaussian model
Markov with respect to a decomposable graph G. Recall that, following the no-
tation used in the Introduction, if X is the positive definite covariance matrix for
N, (0, X) € Ng, then g =n(X) € Qg is the scale parameter for the N, (0, X)
distribution. We have the following general result.

THEOREM 4.1. Let G be a decomposable graph and let P be a perfect order
of its cliques. Let D be in Qg, let (a, B) bein Ap and (¢’, B') be in Bp. If the joint
distribution of (X, X¢) on Qg x Q¢ is Wo(a, B,0;dx)IWp,(a', B/, D; do),
then the conditional distribution of ¢ knowing X = x is IWp, (o' — a, 8’ — B,
D + x; do) and the marginal distribution of X is an F distribution of the first kind
with parameter (a, B, o', B/, D).

PROOF. The joint distribution of (X, Xg) is
Wog(a, B,o;dx)I Wp, (o, ,3/, D;do)
e Hg (a, B x) e DS HG (!, By 0)
= . G (dx) - ’ Bl KG
(o, B)Hg(a, B; 0) I'n(e’, B)Heg (o', B'; D)
Hg (o, B; x)
= / / / I MG(d.x)
(e, H)T'u(e’, BYHg (o', B; D)

x e P oo —a, B — Bro)ug(do),

(do)

from which the result follows immediately. [
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Theorem 4.1 shows that the family of I Wp, distributions is a conjugate fam-
ily for the scale parameter o of the Wg,(«, B,0;dx). Consider now a sam-
ple Z1, ..., Z, from a Gaussian distribution Markov with respect to G, and let
S = % ' Z;Z!. Then 7 (S), the maximum likelihood estimator of X is such
that n7r (S) is hyper Wishart with shape parameter p = 5 and scale parameter X¢,
that is, Wishart of Type I with shape parameter

Cl—1
a(C) =p, CecC, B(S) = p, Ses, p>?§é‘| |2

and scale parameter 2X. Applying Theorem 4.1 to X = nmw(S), we obtain the
following corollary.

COROLLARY 4.1. Let G be decomposable and let P be a perfect order of
its cliques. Let (Z1,...,Zy,) be a sample from the N,(0,X) distribution with
X € Qg. If the prior distribution on 2X¢ is IWp, (o', B’, D) with (&', B) €
Bp and D € Qg, the posterior distribution of 2X¢g, given nS = Y1, Z,-Zf,
is IWp; (@' — 5,8 — 5, D + n(nS)), where o' — 5 = (a1 — 5,...,00 — 5)
and B’ — 5 = (B} — 5,..., B — 5) are such that (' — 5,p' — 5) € Bp and
D+ ma(nsS) e Q0g.

This means that the family {/ Wp; («, 8, D), (o, B) € A, D € Qg} is a conju-
gate family for the scale parameter X of the Gaussian model Markov with respect
to G. We note this family has its shape parameter set of dimension at least k + 1
and is therefore much richer than the traditional Diaconis—Ylvisaker family with
shape parameter set of dimension equal to 1.

Theorem 4.1 can also be immediately transcribed to the homogeneous case us-
ing the variables (x[,)., X[ju>Xx_,-,u € T) and we obtain the following result.

THEOREM 4.2. Let G be a homogeneous graph. Let D be in Qg, let («, B)
bein A and (o', B') be in B.If (X, X) € Qg x Q¢ and the joint distribution of
(X1 Xpu>X g > Sput- Blus> oo, u € T) is Wy (@, B,0) IWp (o, B, D), then
the conditional distribution of ¥ knowing X = x is IW;‘;G (@ —a, B —B,D+x).

We now have the following result dual to Theorem 4.1.

THEOREM 4.3. Let P be a perfect order of the cliques of G. Let o be in Q¢.
Let (a, B) be in Bp and (o', B') be in Ap. If the joint distribution of (Y, ®) on
PG x Pg is Wpg(a, 8,0)IWo, (', B', o), then the conditional distribution of ©
knowing Y =y is IWg (¢’ —a, B’ — B, o(y +671)).

Theorem 4.3 shows that the family of / W, distributions is a conjugate family
for the scale parameter 6 of the Wp,, («, B, 0).
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4.2. Markov properties. We now want to show that the Type II inverse
Wishart I Wp is strong directed hyper Markov and the Type I Wishart weak hy-
per Markov. Let M (G) denote the set of all Markov probabilities over G. Let the
distribution P, € M(G) be parametrized by p. Now we randomize p according to
a law L(p). For any subset A of V, let p4 denote the parameter of the marginal
distribution of X 4 (more specifically, we should write p ~ 4 p’ if the marginal dis-
tributions of X 4 under P, and P, coincide and call p4 the equivalence class of p
for the equivalence relation ~4). The parameter p4 g of the conditional distribu-
tion of X4 knowing Xp could be defined in a similar way. We say that L(p) is
weak hyper Markov over G if under L£(p), for any decomposition (A, B) of V,

(4.3) pa L pBlpans.

We say that L(p) is strong hyper Markov over G if, under £(p), for any decom-
position (A, B) of V,

(4.4) paB 1L pB.

Let P be any perfect order of the cliques and consider a perfect numbering of
the vertices compatible with P (see [11], page 18). Let D be the directed graph
obtained from G by directing all edges in G from the vertex with the smallest
number to the vertex with the largest number. We say that a law JL(p) is weak
directed hyper Markov over D if forallv e V,

4.5) v L ppr)|Ppa)
where pa(v) denotes the sets of parents of v in D and pr(v) denotes the sets of
predecessors, that is, the vertices with a lower number than v.
We say that L(p) is strong directed hyper Markov over D if forallve V,
(4.6) Pv|pa(v) A Ppr(v)-
Let us also recall that a random variable on M! is said to follow the Wishart
wy(p, o) distribution if its density with respect to the Lebesgue measure is
|x|pf(r+1)/2
——e¢
lo|PTr(p)
in which case its inverse U = X ~! is said to follow the inverse Wishart distribution

iw.(p,0), where § = o', with density with respect to the Lebesgue measure
equal to

- x,ail)
9

|u|—p—(r+l)/2 —(u_l,

lo|PT(p)
Finally, we will use the notation x[12~ and xq;. for

—1
X[12> =XC\$.5Xs, and  X[1]. = XC\S,-5-
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THEOREM 4.4. Let G be a decomposable graph G and let P be a per-
fect order of its cliques. Then, for (o, B) € Bp and for the direction given by
P, the inverse Type 11 Wishart is strong directed hyper Markov. More precisely,
if X ~1Wp,(a, B,0) with (o, B) € Bp and 0 € Qg, then, with the convention
that s| = s,

x[i].wiwci_si(—a,-,e[,-].), i=1,...,k,

—1
X125 1X(11 ~ Neey—sp) s (O112>, 2605 ® xq13.),

. 1 —8
X<2s ~iwg | —| oy + 3 +y2),0<2~ |,

-1 1 1 .
x[j>x<j>|x[j]'NN(Cj—Sj)XSj(Q 0<J>’20<_]>®'x[j]')’ J:2""’k

and

4.7) {(xp12= x11)s x<2ms (=222 ¥71)s =200, k)

are mutually independent.

PROOF. From (4.1), we know that (X;- X <l>, 2[;1.) is the parameter of the
distribution of Zj; given Z_;~ when Z ~ N, (0, ¥) € Ng. Therefore it follows
from the remark following Theorem 2.6 and Proposition 3.8 of [7] that to construct
a weak hyper Markov distribution for p = X € Qg, it is sufficient to build a weak
directed hyper Markov distribution for a given direction of the vertices compatible
with a given perfect order of the cliques, that is, a distribution with density of the

form
k

P(26) = pey(Ec) [ | pi(Bi=E21, B[ B<-)
i=2
(4.8) = p1(Zp2s. Ty Te2s ) p<2= (E<2-)
k
< [Tri(Su=220 S 2<js).
i=2

If we want to show that, for the given direction, this distribution is in fact strong
directed hyper Markov, by Proposition 3.13 of [7] it is sufficient to show that

(4.9) {(B2= B1)s Tass (Zy=Z2j0. Bij1)s S =200,k

are mutually independent. Let us now show that the Inverse Type II Wishart sat-
isfies both (4.8) and (4.9). Let X ~ IWp,(a, B,0) with («, B) € Bp and 0 € Qg.
Combining (A.9) and (A.11) of the Appendix, we show that the image of the
IWp; (a, B, 0; dx) distribution by the change of variables (2.12) and (A.5) is

W (a, B,6; dxpiy., dxjins, d(xs,), d(xpj=x25.), dxpj1, j=2,...,k)

<j>

(4.10) €_<xﬁ]"9“]'>}X[l].|a1_(cl_sz+l)/2}x“].’_SZ/Z
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(Cp12>=01125), X7 (12> =612 )0 <2>)

X e
-1 @ (e
4.11) x e—<X<2>~9<2>)’x<2>}¢¥1+(c1 52)/2+y2—(s2+1)/2 dx_n-
k
aj—(cj—si+1)/2 —x7L o) —s5i/2
(4.12) [ Ty |77 e U AU gy, |
j=2
k -1 -1 —1 -1 -1
(4.13) x 1‘[ e (=X o =010 ) Xy (> — 0> 05 )0<j>)
j=2

k
x dxqio= dxpy [ ] d(x=xZj.) dogjy.
j=2
We see that the densities (4.10), (4.11), (4.12) and (4.13) with x replaced by X¢
are exactly of the form required for the respective factors of (4.8). It follows that
the I Wp, (a, B,0) is weak directed hyper Markov, but we also see from (4.10)—
(4.13) above that the independence in (4.9) is satisfied and therefore I Wp, (¢, B, 0)
is strong directed hyper Markov. The densities of

1 .
(-x[l]v x[12>7 X<2>, x[j]7 x[j>x<j>, J = 2, ey k)

are also clearly as indicated in the theorem. [

This strong directed hyper Markov property of the Type II inverse Wishart cor-
responds to the strong hyper Markov property for the inverse G-Wishart, that is,
the hyper inverse Wishart. We do not quite have the strong hyper Markov property
because the parameters («, B) € Bp are linked to the perfect order P. The property
analogous to the weak hyper Markov property of the hyper Wishart is given in the
following theorem.

THEOREM 4.5. Let G be a decomposable graph and let P be a perfect order
of its cliques. Then, for («, B) € Ap, the Type 1 Wishart is weak hyper Markov.
More precisely, if X ~ Wo.(a, B,0) with (o, B) € Ap and o € Qg, then

§$2
X[]]. ~ wcl—sz a) — 57 U[]] ’
~1
X125 X <25 ~ Nie)—s5)xs, (07125, 2X 5 ® o11.),
X2 ~ Wy, (@) + 82, 0225),
T . ~N ol oyl .
X=X _js X< j> (cj=sj)xs; (G[J>U<j>’ Xoj> ® o(j1.),

Sj .
'x[j]'Nij—Sj(aj_Eva[j}), j=2,...,k.
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PROOF. Using (A.4) and (A.6) of the Appendix, we see that the image of the
Wo. (a, B, o; dx) distribution by the change of variables (2.12) and (A.5) is

Wi (e, B, 05 dxqy., dxins, dx<o-, dxijy., d(xj=xZ1), j=2,...,k)

<j>
@14) o g |1 2D 0 g
(4.15) x [x<2s |(Cl—Sz)/ze—((X[12>—0[12>)X<2>(X<21]—U<21])0[T]1A) dx{12~
— -1
(@416)  x fraga [TV 00 s,
k

i—5i/2—(ci—s;i+1)/2 —(x|i1.,00

(4.17) x [ b |02t Dm0 gy,
j=2
e 0

(4.18) « e—<<XU>XZ}>—0[j>0<_}>)X<j>(XZ}>X</1—UZ}>U<J‘1>U[}11,>

X d(x[j>x2}>)'

From the expression of the density WE*G (o, B, o) above, we see that, for x = X,
(4.14) and (4.15) give pl(Z[Cl\52’52> 2521, EC1\52.52|252) of (48) while (4.16)
gives ps,(Xs,) and (4.17) and (4.18) give p,-(E[l->E;-1>, 2112 <j>). Therefore
the Wy, (a, B, o) Type I Wishart is weak directed hyper Markov and, by Proposi-
tion 3.8 of [7], weak hyper Markov. [

We note that in the proof above, the density p1(Zic|\s,,s,> ZS_ZI, 2S5 12s,)
depends upon X, and the density p; (X[~ E;L, 212 <j>) depends upon X _ ;-
and therefore the Wy, (a, B,0) Type I Wishart is not strong directed hyper
Markov.

4.3. Laplace transforms and expected values. For (a,B) € A, F,p),1 =
{(Wos(a, B,o;dx),0 € Qg} is the natural exponential family generated by the
measure

Hg (o, B;
M(a,p),G(dx) = %ug(dx).

For —y € Pg, the Laplace transform of (4, g),G 18
L e = [, ¢ i odx) = Hofar B ~p().
G
This is a reformulation of (3.19). It implies that, for —y + 6! € Pg, the Laplace
transform of Wy (a, B, o) is defined by
Hg(a, B;9(G " —y)
Hg(a, B;0)

(4.19) /Q "IWo(a, B,0;dx) =
G
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Suppose that (a, 8) and (’, B’) in # are such that (o« + ', B + B’) is still in A.
This is, for example, true for any G if («, 8) and («’, B’) are in the same A p and
it is always true if G is homogeneous. We then have the convolution formula

Wog(a, B,o)*x Wo, @,pB,0)= Wog(a + o, B+ B, 0),

a result which would be difficult to prove using densities alone, that is, without
Theorem 3.3. Let us also mention some properties of the NEF F(, g) ;. From The-
orem 2.1(1), we deduce that L,u(a,ﬁ),G(y) is finite if and only if —y € Pg. Since
—Pg is an open subset of Zg (see [12]), F(4,p).1 is a regular family in the sense
of [4] and the domain of the means Mg, , | of the family F(q,p)1 coincides with
the interior of the closed convex support of the family. Thus Mg, , , = Q¢. The
cumulant function of (t(q,g),G 18

k k
(4.20)  kugp () = ajlogdet((—y¢;,) = Y Bjlogdet((—y s,
j=1 j=2

The computation of its differential requires some care and it is done in the Appen-

dix in Propositions A.1 and A.2. We give the result here. If X ~ Wy (o, B, o), for
~—1

y=0_ " €Pg,

Ew,.(@.p.0)(X)

d
4.21) = Eku(a’ﬂ)’c(y)
k k
= Zajf(C}V\cj,c_,-Uc_il)O’c_,- - Zﬂjf(a’V\s_,-,s_,-O’g_il)Gs_,-,
j=1 | =2 |
where

A -1
T(Ov\c;.c;0¢; )Ic;

e y 0 <0Cj 0)(1Cj ogj‘mcj,v\cj>
ov\c;.c;oc;, v\, 0 0/\0 Iy\c;
:( oc; 5C;\C )
o

(4.22)

with a similar expression for t(av\gj, Sjas_j l)asj. This implies that if X ~
Wo. (o, B,0), then

k k k k
Ewy, (@.p.0)(X) = (Zl aj— 251)5 + ;a./&v\cj'cj - X;ﬁjffvw-sr
J= J= J= J=
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We have parallel results for the Type II Wishart. We note that for (o, 8) € B

Fa.pyu={Wp(a, B,0;dy), 0 € O}
is the natural exponential family generated by the measure

Hg(a, B;
V(a,p),G(dy) = %Z)(y))vc(dy)-

Here the Laplace transform Lyvwp.c ¢ (x) is finite if and only if x is in — Q¢ (Theo-
rem 2.1, part 1.), which is an open subset of /5 (see [12]), and the domain of the
means of Fy g1 is Pg. We have Lyvwp.c (x) = Hg(«, B; —x). This implies that
the Laplace transform of Wp, (c, B; 6) is defined for —x + 6 € Q¢ by

Hg(a, B;0 —x)
(4.23) f "N W (a, B, 0 dy) =
PG ¢ He(at, B; 0)
The cumulant transform is
k k
kv, g6 (¥) = Z ajlogdet((—x)c;) — Z Bjlogdet((—x)s;)
Jj=1 j=2

and its differential is given by the following element of Pg:

k k
(4.24) k) = ajtee)’ = Biag )’
j=1 ' j=2
This implies that if ¥ ~ Wp. («, B, 0), then

k k
(4.25) Ewpg@po)(¥) =Y a;(=0c)" =" Bj(=051".
j=1 j=2
To conclude this section, let us make a few remarks. Formula (4.25) with Y re-
placed by fal, (a, B) replaced by (o¢/ — a, B/ — B) and 0 replaced by D + x
gives the posterior mean E (ig '|X = x) of the inverse of the natural parame-
ter X for Wy, (a, B, i) in Theorem 4.1 when the prior distribution on X is
IWpg (o, B/, D). 1t is, of course, also of interest to compute the posterior mean
of the natural parameter . In other words, we need E W (&' —a,f'—B,D+x) (p(Y))

when Y = fgl We have the general formula

o= (f(aj +2E) - ji(ﬂj 43T 1))Ewpa(a,ﬂ,e><<o(n)

Jj=1

+1

)EWPG(Ol,ﬁ,Q)((p(Y)V\Cj-Cj)

k
(4.26) + Z(a i+ 2
j=1

+1
—Z(ﬁj Y ) Weg (@.8.0) (@Y )v\s;-5;)-
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The proof is not straightforward. To derive (4.26), we use Stokes’ formula and
obtain

0= / (& o) +u(V () dy
P

with u(y) = Hg(a + % B+ % o(»), v(y) = €' and where (o, B) € B
satisfy some restrictions similar to the restrictions for the existence of the expected
value of the inverse Wishart, that is p > % for the w, (p, o) distribution. Using
the same substitutions for «, 8, 0 in (4.26) as we did in (4.25), we see that (4.26)
implies that in Theorem 4.1, the posterior mean of X is not linear in x; this is
in accordance with Theorem 3 of [9]. We also see from Corollary 4.1 that when
X =m(S) € Qg follows the hyper Wishart distribution with («, 8) = (5, 5) and
the shape parameters of the prior on ¢ are («/, 8’), then the shape parameters
of the posterior are (o’ — 5, 8’ — 5). That is, as for the inverse Wishart or the
hyper inverse Wishart, the parameters («’, 8’) of the I Wp,; are added to half of the
sample size and from (4.26) the choice of (¢, ') has the same kind of impact on
the posterior mean as the choice of the shape parameters for the inverse or hyper
inverse Wishart.

Let us also mention here that the / W}E(*; (o, B, 0) distribution as given by equa-
tions (4.10)—(4.12) is conditionally (k + 1)-reducible and is an enriched conjugate
family of prior distributions, in the sense of [5], for the parameter ¥ = 7 (X) of
a Gaussian distribution Markov with respect to G. This follows immediately from

Theorem 4.4. The [ W;‘;: (a, B, 0) is also closely linked to the enriched standard

conjugate Wishart family of priors for K = £ ™! in the standard Gaussian distri-
bution, that is, when G is a complete graph, built by Consonni and Veronese [6].
Theorem 2 and Corollary 1 in that paper correspond to Theorem 4.4 here. How-
ever, we should note that it is the Wp; («, B, 6) family that is an exponential family,
not the / W;ﬁ;’; (a, B, 0) family and therefore the analog of the enriched Wishart, for
G decomposable, is Wp; (a, B,0).

5. Open problems. We will now raise some natural questions related to the
paper.
Singularity. The well-known Gyndikin theorem states that the mapping 6 +—
(det(—0))~" from —MrJr to (0, o) is the Laplace transform of some positive mea-
sure (1, on symmetric real matrices of order n if and only if p is in the set

{1 2 r—l} (r—l )
A: Ty Ty eeey U , OO ).
22 2 2

A very readable proof of this theorem can be found in [17]. The natural exponential
family generated by w, is the set of Wishart distributions with shape parameter p.
If p=j/2with j=1,...,n—1,then u, is concentrated on the singular semipos-
itive definite matrices of rank j. For a decomposable graph G on V = {1, ..., r}
and for (a, B) € A, the mapping y — Hg(a, B; —¢(y)) from —Pg to (0, 00) is
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\ /
/ \

F1G. 3. The case n =m =3.

the Laplace transform of a positive measure on Qs which generates the natural
exponential family of Wishart distributions of Type 1. Natural questions are:

e For which values of «, 8 is y — Hg(o, B; —¢(y)) the Laplace transform of
some positive measure on /G ?
e How do we describe these measures?

Similar questions arise with the Wishart distributions of Type II: for which val-
ues of «, B is the mapping x — Hg(«, B; —x) from — Q¢ to (0, oo) the Laplace
transform of some positive measure on Zg?

Complex and quaternionic numbers. Wishart matrices with complex and quater-
nionic entries are well defined. Thus many concepts of the present paper are ex-
tendable to complex or quaternionic matrices in a rather mechanical way.

The sets A and B. Is it true that A = | J A p and that 8 = | J Bp for any nonhomo-
geneous graph? Calculations are terrifying for the graph As: e —e —e — o — 0.
On the other hand, this conjecture is easily proved for the tree represented in Fig-
ure 3, with n 4+ m + 2 vertices denoted ay, ..., a,, b1, ..., by, 2,3 with edges
a; ~2, b;j ~ 3 forall i, j and 2 ~ 3. To prove it, we need only extend the cal-
culations of Proposition 3.2 and Corollary 3.1.

APPENDIX
A.1l. Proofs of Section 2.

PROOF OF THEOREM 2.1(1). Thedual of Pg is P}, = {x € Ig; tr(xy) > 0 for
all y € P \ {0}} where P is the closure of Pg, that is, the cone of positive semi-
definite matrices of Z¢. To show that Qg = P§; we will first show that Qg C Pj
and then that Qg D Pj. If x € O, then by Theorem 2.1 there exists a symmetric
positive definite matrix X which is the completion of x. Thus tr(xy) = tr(x y) for all
y € Z¢. Furthermore, if y € Pg \ {0} then tr(Xy) = tr((X)"/2y(%)'/?). Since the
matrix ((x)1/2 y()?)l/ 2) is positive semidefinite and nonzero, its trace is positive.
Thus x € PZ and Qg C P is proved.

Conversely, take x € I such that x € P;. Fix a clique C and consider a vector v
of R” such that the components of v which are not in C are 0. Denote by vc and by
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xc the restrictions of v to C and to C x C, respectively, and assume that v # 0 and
thus vc # 0. Since v’ is in Pg \ {0} and since x € P%, 0 < tr(xvv’) = vixv =
vtcxc vc. Moreover, this is true for any ve # 0 and therefore x¢ is positive definite.
Since this is true for all cliques, we deduce that x is in Qg and Qg D P is also
proved. We thank S. Andersson for this result and this proof. Our former proof was
longer and relied on the description of the extremal lines of the cones Pg and Qg
givenin [12]. [

A.2. Proofs of Section 3.3.

PROOF OF PROPOSITION 3.1. For convenience, we agree to write ¢ for a
vertex of T corresponding to a clique C while we write g for a vertex of T corre-
sponding to a separator S. As defined in (3.10), my =}, <, n, and forany v € T,

we have
, xsl =[] |

lxcl = |

u=t u=q

, |IC| =c=my, |S| =5 =my.

This means that |xp,).| will appear in |xc| for any C such that ¥ < ¢ and in any |xg|
for any S such that u < g. Therefore

l—[GC|at7(c+1)/2
1 |xS|V(11)(/3q—(S+1)/2)

_ Pu=i e —m+1)/2)=32, 2, v(q)(Bg—(mg+1)/2)

= [l
ueT

(Al) — l_[ |x[u] |(Zu§t Olt—Zuﬁq V(Q)ﬂq)}x[u]. |_(Zu§t(mt+1)/2_2u5q v(g)(mg+1)/2)
ueT
u=<t =2 u< —(2_u< 2+4(my+1)/2

_ n|x[u].‘(2 < o= _qv(q)ﬁq)}x[u].’ Qe 124 (my +1)/2)
ueT

— 1_[ |x[u].|(Zu§t atfzugq v(q)ﬁq)|X[u].|_(Z“<U nU/2+Zv<u nv/2+(nu+1)/2),
ueT

where the third equality above follows from the definition of m, and the fact that
for any vertex g of the tree, v(g) is equal to the number of children of ¢ minus 1
(see part 2 of Proposition 2.2). We now make the change of variables (3.14). The
Jacobian of this change of variables is

1= e = T1(I1 ||)

veT veT \u<v

(A2)
=TT bru | ==

ueT
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Therefore we obtain the image of Hg (¢, 8, x) g (dx) as

Hg(a, B, x)ug ( [T dxw d(X[u>x;1>)>

ueT
— 1)/2
_ l_[|x[t]-|at (m¢+1)/
teT
% 1_[ {x[u} |(Zu5t sz—Zufq V(Q)lgq+2u<v nv/2_2u<u ny/2)—(ny+1)/2
ueT , u#t
(A.3) X dxpuy. d (X2,
= l_[ |X[M]'|(Zu5ta1_2u§q V(@) Bg+2u<w /2= y<u Mo /2)—(nu+1) /2
ueT
X dx[u]. d(x[u>xzu>)
= [T b =2 dixpuy. d s x 20,
ueT

where

RS ROIIEDBEEDIES

u=t u=q u<v v<u O

A.3. Proofs of Section 3.4. In the sequel, in order to avoid numbering dif-
ficulties for separators with multiplicity greater than one, we sometimes use the
generic notation S for a separator and v (S) for its multiplicity. However, when it is
important to list the separators as they appear from a perfect order of the cliques,
we denote the separator S; by (j). The double notation should not cause any dif-
ficulty.

PROOF OF THEOREM 3.3. To avoid any ambiguity in the notation in the proof
below and all the other proofs in the reminder of the paper, let us recall that the
set 8 of distinct separators contains k' < k — 1 elements. For convenience, let
us write A for the left-hand side of (3.19) and y = 6! for o € Qg. Using the
Jacobian (2.13) and formula (2.9), we then have

k i—(cj+1)/2
A= e—(X,&*l) szl Ixcj |%i =€

¢ [Tges lxs|VSBS)=USI+D/2) dx

_ —1
=/|xC1|a1—(61+1)/26 <xC1*‘7C1>

k
aj—(cj+1)/2 —(xj1.0051)
% H|x[j]'| i e Y191
=2
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» ﬁ o~ (=X =01j>0 )01 (41X T —01j>0 1 )x< )
j=2

% H |xS|ZieJ(P,S)(Oli—(Ci+1)/2)—V(5)(f3(5)—(\S|+1)/2)
Se4d

% H |xS|ZtEJ(P ) ¢i—v()IS| dxc, H d(x[J>x
Ses Jj=2

)dxij..

<j>

Now, since the cardinality of J(P,S) is equal to v(S) and, by assumption 1
of the theorem, all |xs;| = |x<j~|, j # 2, appear with exponent equal to %
while |xg,| = [x<2~| appears with exponent equal to }_;c (p s, @ — v(q)Bq +
diel(P.Sy) % we have

A= / lxc, “athize” v UC] |x<2>|(32

—1 -1 —1 -1 —1
(A4) X 1_[ |x<j> |(Cf_sj)/ze_((x[j>x<j>_O-[.f>0<j>)’U[j]~(x[j>x<j>_U[j>a<j>)x<j>>

j=2
/2= (cj=sj+D/2 ~(x1j1.00;}) - 1
aj—s;j/2—(cj—s; —(X[j]-.07; -
X |y [T dxe, [T dxgj= x50 dagy.
j=2
Clearly (x X[k>x<k>) is independent of xc,u.. uck L= (xcl,x[j>x;l>,x[,-] ,

J=2,...,k—1) and x[y. is independent of x> x_ k> Therefore holding all other

Varlables ﬁxed we first integrate with respect to (Xfk]., X[x>X <k>) Since <k > C
CiU---UCg-1, then x_f- is fixed and by Lemma 2.4 we obtain

_ _ _ _ —1
/+ o | %S/ 2 Gt D2 = btk 0) g

Cp—Sk

X / ‘x<k>
L(R*% R%~5%)

-1 ~1 —1 —1 —1
X e_<(x[k>x<k>_U[k>(7<k>)90'[k].(x[k>x<k> _O'[k>°'<k>)x<k>>

|(c‘k—Sk)/2

X d(x[k>x<k>)

S
= Fck*Sk (ak - Ek) |O[k]'iak

Xf o
L(R% , Rk~

-1 -1 —1 —1 —1
X e_<(x[k>x<k>_U[k>0'<k>)so'[k].(x[k>x<k>_0'[k>0'<k>)x<k>)

O 2
k>‘(6k sk)/

X d(X[k>X<k>)
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_ Sk
— 7 Gk Cex Sk))/21'*0k_5k (Olk _ E) ‘U[k}}ak-
Repeating this process successively for j =k — 1, ..., 2, we obtain
k .
(cj—s;)/2 J aj
A= l_[ JTS](CJ sj)/ Fc]-—sj (O(j _ 5)|U[j]-| J
j=2
_ —1
. ./ lxc, |a1_(01+1)/2e uclﬁcl )|x<2> |52 dxc,.
In this last integral, setting, as in Section 4.2,
—1 —1
X1 = XC\S2 — XC1\$2, 92X s, X52,C1\S2> X[12> = XC1\$2,$2Xs, »
we make the change of variable
(A.5) xc, F (X X125, X<25)

with Jacobian equal to |x o~ |“' 2. Then, by (2.11)

_ -1
flxclla'_(““)/ze feroe Ny o |2 dxe,

_ _ _ —1
(A.6) =/|X[1]-|q1 2/2AmRH D2 =000 gy,

-1
—52)/2+8—(s2+1)/2 — )
X/ |t cs |12 (2 D)2 = 22 0, )
Y

52

x (/ e—((x[12>—U[|2>),U[T]1.(x[|2>—0[12>)X<2>) dx[12>) dx_o-
L(R2,R°1752)

52 B
=T¢ -5 <oz1 - E) |g[1]_|"‘1nS2(61 52)/2

ay—s3/2—(c1—s2+1)/2+c1—s2—(c1—52) /2+52
« / e[ / /
)

-1
— X N
X e (x<2> Sy >d.x<2>

o S2
= 7‘[s2(£1 52)/2F51—s2 (Oll - E) |G[1]‘|al

a1 —(s2+1) /248 —(x<2,05))
X/+|x<2>| e "N dx s
2

_ $2
_ nsz(cl S2)/21-wc]7s2 (Oll _ 5) |0‘[1].|a1 |O'S2|al |US2|62FSQ(051 +8)

_ $2
(A7) — nsz(cl 52)/2|0'C1 |011 |0'S2|62F61*52 <O{] — 5>F52 (Ol] + 82)
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Now, let us observe that using the multiplicity of $> and assumption 1 of the theo-
rem, we obtain

%

loc, |2 & loc;
[T = e 1 28

=2 los;

(A.8) L A
|loc, |2 [T;=3loc;|*%

Yo | P Tgeyszs, 105" OPO)
Combining (A.5), (A.7) and (A.8), we obtain (3.19) with
i, B) =T, (a1 +62)

S
« g (A2E—smp, (ou _ é)

k
Yk ,(1/2)(cj=s))s; S

To obtain (3.20), we use (2.16). [J

PROOF OF THEOREM 3.4. For convenience let us denote by B the left-hand
side of (3.22). Using first ¢(y) = x € Q¢ and the Jacobian (2.4) and then, making
the change of variable (2.12) with Jacobian (2.13) and using (2.9), we have

A | e

_ —(0,x~
b= O¢ ¢ [Isecs |xS|V(5)(ﬂ(S) (S1+1)/2) dx
= f |xC1 |Oll—(61+1)/28—<xgl ,QCI)
a —1
s [ g [0 = D2 b fn)
j=2
k B L . |
x l_[ ei((xlj>x<j>79U>0<J’>)’XU]'(xl.i>x<j>70[_i>9<j>)9<j>)
j=2
X H |xS|Zi€J(P,S)(Oli—(Ci+1)/2)—V(S)(/3(S)_(|S|+1)/2)
Sed
X 1_[ |xS|ZiEJ(P,S)Ci—V(S)|S| dXCI
Sed

k
-1
x [Td(xy=x2;.) dxijy.
j=2
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By assumption 1 of the theorem, this is equal to

B= / |X (Cl+1)/2 xcl 9C1>}x<2>|y2
« 1_[ ’X[ (cj+1)/2 x[/] 9[]]>
]_

(A9)

s o @ Zf ~01j 02 1) X (51> 3~ 02 )< >) dxc,
k
-1
X 1_[ d(x[j>x<j>)dx[j]..
j=2
Clearly xc,, (x| j>x;}> , X[j1-» ] =2,..., k) are mutually independent and
k
B=Bx []Bj.
j=2
where
ai—(ei+1)/2,,— (¢, 0c)) v
B = | |x¢| e T x s P dxe,

and, using Lemma 2.1 in the third equality below, we have

-1 -1 —1 -1 -1
B] :/ </ e_((x[j>x<j>_9[f>9<j>)’x[j]-(x[f>x<j>_9[j>0<j>)9<j>)
M7 L(R%I R ™%))

(,—A

1
X d(‘x[l>x<]>)>
aj—(c,-+1)/2e—<x[_;]“,e[,~].)dx[j].

si(ci—si)/2 —(ci—si)/2 i—(ci+1)/2457/2 —(x71.00).
g /M+ ‘9<./'>’ (cj—s)/ }x[j].‘aj (cj+1)/24s5)/2 ,=(xpj). [J]>d)€[j].

sjlej=sj)/2 —(cj—s)/2) . —1|—aj+(ci—s;+1)/2—(c;j—s;+]1)
=7 . |9<j>| J j/}x[j]-| JTEG TS JS0
M

X e_<x[;1l"9m‘) d(x_-l)

[jl-
si(ci=s))/2 —(ci—s:)/2 ;
= ’9<j>‘ (cj=sj)/ |9[j].|afrcj,sj(—aj).
Therefore
sjlcj=sj )/2 —(cj—sj)/2 oj
(A.10) B= ﬂ O<j>| 16011/ Tej—s; (=) x B
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To compute Bj, let us make the change of variable (A.5). Then

. -1 -1
B = /}x[l].’061—(61+1)/Ze—<x[1].,9[1]<)e—((x[12>—9[12>),X[1].(X[12>—9[12>)9<2>)

(A.11) x e_<x;2]>’9<2>> |x<2> |a| —(c1—52)/2—(52+1)/2+y2+(c1—52)

X dx[l]. dx[12> dx<2>.
Integrating with respect to x[j2~ and using Lemma 2.1, we obtain

B| = |9<2> |*(Cl *52)/27_[ (c1—s2)52/2

-1
X/ ot gy @t D2 g
M+

Cl —S2

X / e_<x221>,9<2>)
M3,

—(c1=52)/2+y2—(s2+1)/2+(c1 —
% |x<2>|a1 (c1—52)/2+y2—(s2+1) /24 (c1—52) dx_»-

|9<2> |*(Cl *SZ)/ZT[ (c1—s2)52/2

—(x 7O (=1 e —(c1—s2+1)/2 50 1
X/M+ e A b [T d )

(A.12) e
x| e tTanb<22)
M5,
-1 |—ai—(c1—52)/2—y2—(s2+1)/2 -1
X ’x<2>| : s : ? d(x<2>)

— n(cl—sz)sz/2{9<2> |_(Cl _32)/2|9[1]. |Oll

—52)/2 Ccl — 82
X l—‘c1—s2(_011)|9<2>|Oll+(c1 2)/ +y2F32 (—O{l — > — VZ)

c1— 5

2

=g g [0 [T, g, (—a)T, (—Otl -

2

)

o) g 1 — 82
=€ o 910 [Ty () Py (e = D ).

Let us now observe that
[Tl0<j= 1" 7 00,
j=2

[T52216c; 1% 16 = |7 =02 [ g 5 |05/ SPS)

(A.13) [Tges |05V SIBES
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k o
_ [Tj= IHC_,; JS l_[ 10|~ Zicsp.5) i 1/D(c;=s))+V(SBS)
[Tses 105V SIBC )565
[15_, 16c;1%

— e
S

Combining (A.10), (A.12) and (A.13), we obtain

(o 13) — n(l/z)((cl_52)S2+Z_I;:2(Cj_sj)sj)

k
c1— 8
x rsz[—al - - yz}rclsz(—al) [ Te s (—ct)).
j=2
To obtain (3.23), we use (2.17). O
A.4. Proofs of Section 4.3.
PROPOSITION A.1. For —y € M;" and C C {1,...,r} denote oc(y) =

((=y)~YHe. We write y by blocks corresponding to C and its complement
|yt oy
Y [yzl » } '
We denote for simplicity y|, = y12y, Y. With this notation the differential of y

oc(y)is

[ hi —ocyl, 1| I 2] [ o oc
(A.14) h_[h21 hz]H[GC GCY12][h21 hz][—yéldc]

Furthermore, the differential of y — kc(y) = —logdetoc(y) is

_ /
e 8 e o]
2 ha | —¥y0c c
(A15) 21 27C1
_ tr|: hi hlz] [ oc oc,v\C }
hat  ha [ 6wcc 6wecoc'bevel’

where the last equality is due to the fact that y{, = —6518(;,\/\@.

PROOF. We know that

occM=0"Hr=-01— )’12)’2_1)’21)_1-

Let Mc and Mér denote the restrictions of M and M, to the clique C. Then
oc(y) =aob(y) where a:—M} — M is defined by a(x) = —x~! and has differ-
ential & — a’(x)(h) = x"'hx~1 (a linear application from M¢ to M) and where
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b:—M* — —Mg is defined by b(y) = y; — y12y2_1y21. The differential of b is the
following linear mapping from M to Mc:

h h _ 3 - ~
[ 211 h122] = hy—hi2y, a1 — Y12y, Yhor + Y12y, lhzyg 1}721
(A.16)

hy hlZ][ 1 ]
1 -y [ .
[ e har  ha | —y5,

Finally we apply the composition of differentials to obtain

oc()(h) = (aob) (y)(h) =a (b(y) (B (y)(h)) = oc(y)(B'(y)(h)oc (),
which gives (A.14) when combined with (A.16). Now consider the real function /
defined on M 2: by /(x) = logdetx. Then its differential is the linear form on M¢
defined by h > I'(x)(h) = tr(x~'h). Thus the differential of the real function
on M+ defined by [ o o¢ is the following linear form on M:

hi (looc) (y)(h) =trog o (3)(h),
which gives (A.15) when combined with (A.14). O

We will now use the previous proposition to compute m = k;l(y). We need to
introduce the notation /¢ for the restriction of 4 € Zg to C x C, when C C V the
notation C’ =V \ C and the notation k¢ ¢ and h¢r ¢ for the restrictions of A to
C x C'and C’ x C, respectively.

PROPOSITION A.2. The differential of the real function y > k,(y) defined
on Pg by (4.20) is the linear form on Zg defined by

k
/ / /
[N Z}aj [tr(hcjtfcj) — 2tf(hc},c,~<7C,~ycj,c}) + tr(hc;.yc},cjdcjycj,q)]
]:
k
— Z 'Bj[tr(hsjo’sj) — 2tr(h5},5j0sjy:9j’s}) + tr(hs}y/s;vsjds_,y:gj,s})]
j=2 '

k ~
= Z%tr( he; hC_,-,V\Cj> < oc; 6C;.V\C; )
j=1

~ ~ 1A
hv\c;.c;  hv\c; OV\C;.C;  OV\C;.C;0¢; 0C;.V\C;

k .
-8 'tr( hs;  hsjwns ) ( I8 75 VASj )
J .
j=2

hv\s;s;  hws; OV\S;.S;  OV\S;.5;05, 05;.V\S;

PROOF.  We apply (A.15) to each term of the sum &, . The proposition has been
established for the cone M and we apply it here to the restriction P = M,"NZg
of M;t. Therefore the formulas for the differentials of functions restricted to this
subspace are still in force when interpreted as linear applications defined on Zg.

O
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