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PROBABILITY DISTRIBUTIONS WITH SUMMARY
GRAPH STRUCTURE
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Mathematical Statistics at Chalmers/ University of Gothenburg, Sweden

A set of independence statements may define the independence
structure of interest in a family of joint probability distributions. This
structure is often captured by a graph that consists of nodes repre-
senting the random variables and of edges that couple node pairs.
One important class are multivariate regression chain graphs. They
describe the independences of stepwise processes, in which at each
step single or joint responses are generated given the relevant ex-
planatory variables in their past. For joint densities that then result
after possible marginalising or conditioning, we use summary graphs.
These graphs reflect the independence structure implied by the gen-
erating process for the reduced set of variables and they preserve
the implied independences after additional marginalising and con-
ditioning. They can identify generating dependences which remain
unchanged and alert to possibly severe distortions due to direct and
indirect confounding. Operators for matrix representations of graphs
are used to derive these properties of summary graphs and to trans-
late them into special types of path in graphs.

1. Motivation, some previous and some of the new results.

1.1. Motivation. Graphical Markov models are probability distributions
defined for a dy x 1 random vector variable Yj whose component vari-
ables may be discrete or continuous and whose joint density fi satisfies the
independence statements specified directly as well as those implied by an as-
sociated graph. The set of all such statements is the independence structure
captured by the graph.

One such type of graph had been introduced for multivariate regression
chains by |Cox and Wermuth (IM, M) for which special results have been
derived by Drton (1201)_9) Kang and Tian 4201)_9), Marchetti and Lupparelli

(IM), Wermuth and Cox M), Wermuth, Wiedenbeck and Cox (IM),
(Wermuth, Marchetti and Cox (2009).
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A multivariate regression chain graph consists of nodes in set, V', that rep-
resent random variables and of edges that couple node pairs such that a re-
cursive order of the joint responses is reflected in the graph and each defining
independence constraint respects the given ordering; see Marchetti and Lupparelli
(2010). This distinguishes multivariate regression graphs from all other cur-
rently known types of chain graphs; see IDrton (2009) for implications on
associated discrete distributions.

Because of this property, multivariate regression chain graphs are par-
ticularly well suited for studies of effects of hypothesized causes on joint
responses, see (Cox and Wermuth (2004), and more generally for modeling
developmental processes, such as in panel studies. These provide data on a
group of individuals, termed the ‘panel’, collected repeatedly, say over years
or decades. Often one wants to compare corresponding analyses with results
in other studies that have core sets of variables in common, but that have
omitted some of the variables or that were carried out for subpopulations.

It is the outstanding feature of multivariate regression chains that conse-
quences of a model can be derived, for instance regarding implications after
marginalizing over some variables, in set M, or after conditioning on others,
in set C. In particular, graphs can be obtained for node set N = V' \ {C, M}
which capture precisely the independence structure implied by a generating
graph in node set V for the distribution of Yy given Y, the distribution of
interest for the variables in the reduced node set N.

Such graphs are named independence-preserving, when they can be used
to derive the independence structure that would have resulted from the gen-
erating graph by conditioning on a larger node set {C, ¢} or by marginalising
over a larger node set { M, m}. Two types of such classes are a subclass of the
much larger class of MC-graphs of Koster (2002) and the typically more com-
pact MAGs (maximal ancestral graphs) of Richardson and Spirted (2002).
We speak of two corresponding graphs if they result from a given generating
graph relative to the same sets C, M.

A third class of this type are the summary graphs of[Wermuth, Cox and Pear]
(1994). This class is presented in the current paper in simplified form to-
gether with proofs based on operators for binary matrix representations of
the graphs. In contrast to a MAG, a corresponding summary graph can be
used to identify those dependences of a given generating process for families
of distributions of Yy that remain unchanged and those generating depen-
dences that may be severely distorted in the MAG model for Yy given Y.
This is especially helpful at the planning stage of new studies when several
alternative sets M and C' are considered that may result from a given, much
larger generating graph. The annotated, undirected graphs of [Paz (2007),
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SUMMARY GRAPHS 3

defined for C' = (), serve a similar purpose.

The warning signals provided by summary graphs are essential for un-
derstanding consequences of a given data generating process with respect
to dependences in addition to independences. For this, some special prop-
erties of the types of generating graph will be introduced as well as specific
requirements on the types of generating process. These lead to families of
distributions that are said to be generated over parent graphs.

1.2. Some notation and concepts. Some definitions for graphs are almost
self-explanatory. If pair ¢ # k of V is coupled by a directed edge such that
an arrow starts at node k£ and points to node i, then & is named a parent of ¢
and ¢ the offspring of k. For two disjoint subsets a and S of V', an ik-arrow,
i<—Fk, is said to point from [ to « if the arrow starts at a node k in (3
and points to a node ¢ in «. For three or more nodes, an ik-path connects
the path endpoint nodes ¢ and k by a sequence of edges that couple nodes.
Nodes other than the endpoint nodes are the inner nodes of a path; only the
latter have to be distinct.

An edge is regarded as a path without inner nodes. Both a graph and
a path, are called directed if all its edges are arrows. If all arrows of a
directed i¢k-path point towards node i, then node k is an ancestor of ¢ and i a
descendant of k. Such a path is direction-preserving and called a descendant-
ancestor path.

Directed acyclic graphs form an important subclass of MRC graphs. They
arise from recursive stepwise generating processes of exclusively univariate
response variables, see also Section 2 below. These graphs have no directed
cycles, that is they have no descendant-ancestor ¢k-path such that i = k.

As we shall show, two different types of undirected graph are also sub-
classes of MRC graphs that can be derived from directed acyclic graphs. For
joint Gaussian distributions, they give models for zero constraints on covari-
ances and on concentrations, see e.g. [Wermuth and Cox (1998) and (2.5]),
([2.16]) below. To distinguish between them in figures, edges in concentration
graphs are shown as full lines, i —k, and in covariance graphs by dashed
lines, i---k.

Separation criteria provide what is called the global Markov property of
a graph which in turn gives all independence statements that belong to the
graph’s independence structure.

DEFINITION 1. A graph, consisting of a node set and of one or more edge
sets, is an independence graph if node pairs are coupled by at most one edge
and each missing edge corresponds to at least one independence statement.
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4 N. WERMUTH

MRC graphs and MAGs are independence graphs but, in general, sum-
mary and MC graphs are not, even with at most one edge for each node
pair; see the discussion of Figure 3b) below.

The same graph theoretic notion of separation applies to both types of
undirected graph. Let v and 8 be two nonempty, disjoint subsets of their
node set V and let {«, 3, m, ¢} partition V, then we write Y, is conditionally
independent of Y3 given Y. compactly as cll S|c. In a concentration graph,
« is separated by ¢ from f if every path from « to § has a node in ¢, while
in the covariance graph, « is separated by m from ( if every path from « to
8 has a node in m. Given separation of @ and [ by set ¢, a concentration
graph implies a.ll §|c; see [Lauritzen (1996). Given separation of « and
by set m, a covariance graph implies ol |c; see Kauermann (1996), who
expresses the result in a different but equivalent way.

When a graph is directed or contains different types of edge then its
separation criterion is more complex than the one for undirected graphs.
For directed acyclic graphs, there are several different separation criteria
that permit to obtain all independence statements implied by the graph, see
Marchetti and Wermuth (2009) for proofs of equivalence.

The criterion due to |Geiger, Verma and Pear] (1990), has been extended
in almost unchanged form by [Koster (2002) to the much larger class of MC-
graphs. A path-based proof, due to |Sadeghi (2008), is for the subclass of
MC-graphs that is of interest here, the graphs that can be derived from a
directed acyclic graph. For summary graphs, it is stated below as Lemma, 1.

A list of independence statements associated with missing edges of an
independence graph is the graph’s pairwise Markov property. Whenever it
defines the graph’s independence structure, then the pairwise Markov prop-
erty is said to be equivalent to the global Markov property.

For all disjoint subsets a, b, ¢,d of node set V', the following general def-
initions are relevant, respectively, for combining pairwise independences in
covariance graph and in concentration graph models

DEFINITION 2. the composition property:

all b|ld and all c|d imply all beld,
DEFINITION 3. the intersection property:

all bled and all c|bd imply al be|d .

Given these properties, the independence structure of interest in a covari-
ance or concentration graph model can be specified in terms of independence
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SUMMARY GRAPHS 5

constraints on a set of variable pairs. For general searching discussions; see
Dawid (1979), [Pear] (198%), Lauritzen (1996), Studeny (2005).
Necessary and sufficient conditions under which discrete and Gaussian dis-
tributions satisfy the intersection property, have been derived by|San Martin, Mouchart and Rolin
(2005). They show in particular that of the commonly specified sufficient
conditions, some may be much too strong, for instance requiring exclusively
positive probabilities for discrete distributions. For joint Gaussian distribu-
tions, a positive definite joint covariance matrix is sufficient. In both cases,
no component of the involved random variables is degenerate.

DEFINITION 4. A family of joint distributions is said to vary fully if
its random wvariables contain no degenerate components and it satisfies the
intersection property.

In distributions without the composition property, there may be sub-
sets of variables with pairwise but no mutual independence. For families of
joint distributions with the composition property that are associated with
a MRC graph, the global and the pairwise Markov property are equivalent;
see [Kang and Tian (2009).

For a long time, only the family of Gaussian distributions was known to
satisfy both the composition and the intersection property provided it varies
fully. Under the same type of constraint, this is now known to hold for the
special family of distributions in symmetric binary variables introduced by
Wermuth, Marchetti and Cox (2009).

The notion of completeness had been introduced and studied in quite
different contexts; see \Lehmann and Scheffd (1955), Brown (1986) Theorem
2.12, and Mandelbaum and Riischendorf (1987). It means that the joint fam-
ily of distribution of vector variable Y is such that a zero expectation of any
function g(y) implies that the function itself is zero with probability one,
that is almost surely (a.s.).

DEFINITION 5. Let f(y) denote the density of a member of a complete
family of distributions and g(y) be some function of Y, then it holds for
every f(y) that

/g(y)f(y) dy=0 = ¢g(y) =0 a.s. .

For any trivariate family of distributions with precisely two associated
variable pairs, say (Y7,Y32) and (Y1, Y3), but 21 3, completeness of the joint
distribution is sufficient to conclude that Y5 is conditionally dependent on
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6 N. WERMUTH

Y3 given Y. This follows from Corollary 3 of [Wermuth and Cox (2004) and
properties of completeness. In this situation, the generating graph

2—=1<—3

is inducing a 23-edge in the summary graph obtained by conditioning on
node 1 and a non-vanishing conditional association for Ys, Y3 given Y;.

In Section 2, we define parent graphs as directed acyclic graphs with
special properties and corresponding types of stepwise generating processes
such that edge-inducing paths are also association-inducing. The families of
distributions generated over parent graphs are complete and each member
of the families satisfies the intersection and the composition property in
addition to the general laws of probability that govern independences in any
joint family of distribution; for a discussion of the latter see Studeny (2005).

1.3. Definition and construction of summary graphs. In contrast to MC-
graphs and MAGs, MRC graphs are not closed under marginalising and
conditioning, that is one can get with a MRC graph outside the given class
after marginalizing and conditioning; as illustrated with Figure 3 below. But
the graph resulting in this way from a MRC graph is always within the class
of summary graphs. This explains partly why we consider the larger class of
summary graphs.

DEFINITION 6. A summary graph, Gé\{lm, has node set N which consists

of two disjoint subsets u,v, ordered as (u,v). The graph has a mizture of a
directed acyclic graph and of a covariance graph within u and a concentration
graph within v. Between u and v, only arrows point from v to u.

The notions of parents, offsprings, ancestors and descendants remain un-
changed in a summary graph compared to a directed acyclic graph. As will
be shown, every summary graph in node set N can be generated from a
directed acyclic graph in node set V' = {0} by conditioning on C = { [ }
and marginalising over M = { #f} so that N = V' \ {C, M}. This graph is
denoted by G&MC’M}, an associated density by fy|c which results from fy,
the given density of the generating graph, which factorizes according to this
graph; see (L3]) below.

The density fyjc may concern discrete, continuous or mixed variables,
as implied by fy. It has a factorization according to (u,v) which is written
compactly in terms of node sets as

(11) fN|C = fu|vav|C .
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SUMMARY GRAPHS 7

In the larger generating graph in node set V', every node in v and no node
in u is an ancestor of the conditioning set C'. Thus, each component of Y,
has been generated before Y,,; see Figure 2 for an example.

Figures 1 to 3 illustrate how summary graphs may be generated. For
this, the stepwise construction of a summary graph by marginalizing over
m = {t} or conditioning on ¢ = {5} in G is given in Table 1.

If a node t is coupled to both of the nodes i and & then ¢ is said to be their
common neighbor. In two-edge paths, the inner node is named a collision

node, s, for
O—>5s<—0, O—»5---0 O---5---0,

and a transmitting node, t, otherwise. A path for which all inner nodes are
collision nodes is a collision path and a path for which all inner nodes are
transmitting nodes is a transmitting path.

TABLE 1

Types of induced edge when each of m or ¢ contains a single node in G,

sum *

Types of induced edge when marginalizing over the common neighbor node ¢

t—0 ¢t—90 {<—0 t---0
O<x—t O0O---O0 0O0=<x—-0 O<x—-0 O---0
oO—1t . o—0 O0—0 O0—0

and types of induced edge when conditioning on the common neighbor node s or
on one of the descendants of s

§<—0 s---0
O—s O0—0 0—0
O---35 . 0---0

where the - notation indicates a symmetric entry.

Table 1 is taken from Wermuth, Cox and Pear] (1994); see also Appendix
A here. It implies that a collision node is edge-inducing by conditioning on
it while a transmitting node is edge-inducing by marginalising over it.
Let now a summary graph, GY . be given and nodes j # t of N be
selected. Suppose one intends to marginalize over node ¢ and to condition
on node j and d; denotes the ancestors of j within u of G ,,. Then, a new
summary graph in node set N’ = N \ {j,t} results by use of Proposition
1. It has its concentration graph in v' = v\ {j,¢} for both nodes in v, in
v/ = v\ {j} for only j in v, in v = {v\ {t},d;} for only ¢ in v and in
v' = {v,d;} for both nodes in u.
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8 N. WERMUTH

PROPOSITION 1. Generating a summary graph from GY by operating

on at most two nodes. From Gé\{lm, the independence-preserving summary

graph Gé\&][j A s generated, with t the marginalising node and j the condi-

tioning node, by inducing edges as prescribed in Table 1

(1) first for the neighbors of t, second for the neighbors of both j and of all
of its ancestors (ignoring in the second step additional edges with t) or,
reversing the first and the second step (and thereby ignoring in the second
step additional edges involving j),

(2) changing each edge present within v' into a full line and each edge
present between v and v' into an arrow pointing from v’ to v,

(3) keeping for each node pair of several edges that are of the same kind
just one and deleting all nodes and edges involving j or t.

See Section 3 for proofs in terms of operators for matrix representations

of graphs. The proofs imply for any node subset {m,c} of N that GﬁM@’m}

may be derived before conditioning on set ¢, or Gé\fén[c’@] before marginalizing
over set m and that within sets ¢ or m any order of the nodes can be chosen.
The matrix formulations lead more directly to Gé&]{c’m}, but Proposition
1 gives an algorithm for operating on one node at a time. It is also helpful
for small graphs as illustrated below with Figures 1 to 3. Proposition 1
implies that no coupled pair gets ever uncoupled and that the two types of
path which may occur when constructing a summary graph are replaced in
G
0—>0—0 by 0—0—o0,
0---0——0 by 0<—0—0,

The starting summary graph of Figure 1 is in 1a). For j = 5 and t = 4,
Figure 1b) shows the edges induced by operating first on j, Figure 1¢) those
induced by operating first on ¢ and Figure 1d) displays GQZMSA].

By construction, a summary graph contains no directed cycle, but possibly
mixed directed cycles. These are direction-preserving ik-paths with ¢ = k

that contain some undirected edges; see Figure 3b) for examples.

CoOrROLLARY 1. MRC and summary graphs. A multivariate regression
chain graph is a summary graph without mized directed cycles.

In contrast to a summary graph, a MRC graph is an independence graph
graph which has at most one edge coupling any node pair; compare Figures
2b) and 3b). Figure 2b) shows a MRC graph generated from a directed acyclic
graph and Figure 3b) a summary graph with mixed cycles.
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SUMMARY GRAPHS 9

Fic 1. a) A summary graph with node 4 to be marginalized over and node 5 to be con-

ditioned on, b) the graph of a) including edges induced for conditioning on node 5, c) the

graph of a) including edges induced for marginalising over node 4, d) G,

03
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Fic 2. a) A directed acyclic graph generating b) a summary graph without mized cycles;
uw=1{1,2,3,4} and v = {5,6,7,8}.

g}}js 5 8 1 3 5 8

0 O----0¢——0——0
2\@ 7l 2 4 ,6 7,
Q <«O0 O----O¢——O0—0
%/ a)

By replacing each dashed ik-edge by an ¢k-path ¢ <— ﬁ —k, every sum-
mary graph has a virtual generating directed acyclic graph for the nodes
within u even though a dashed line might actually have been generated by
over-conditioning, i.e. by including an offspring into the conditioning set of
two of its parents; see for example ﬁ — [O] =— ﬁ as the inner nodes of
the 6,7-path in Figure 3a).

Fic 3. a) A directed acyclic graph generating b) a summary graph with v the empty set
and several mixed directed cycles; the 4,4-path with inner nodes 1,2,3, the 6,6-path via
inner node 5 and the double edge for (6,7)

ﬂ\o‘h—o 10____O4<_OS O8
2T ls%?fTG/ \l? 224_})3 I}fg_};
by

Similarly, each chordless cycle within v may be generated by including
additional nodes, [0 and ﬂ, in appropriate ways; see [Cox and Wermuth
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10 N. WERMUTH

(2000). The summary graph is uniquely defined if generated from a directed
acyclic graph in node set V for given sets M, C, but typically many different
directed acyclic graphs in node set V, or having nodes added to V', may lead
to the same summary graph.

1.4. Independence interpretation of summary graphs. A criterion to de-
cide whether a given summary graph, G;;}IRC’M}, implies all BlcC' is given
next. For this, the node set N is partitioned as N = {«, 3, ¢, m} where only

subsets ¢ or m may be empty, for a C V.

LeEmMA 1. [Kostern (2002), [Sadeghi (2008). Path criterion for the global
Markov property. The graph G&}I[IC’M} implies a1l B|c C if and only if it has
no ik-path between o and B such that of its inner nodes every collision node

s in ¢ or has a descendant in ¢ and every other node is outside c.

In addition to the directly described path, Lemma 1 specifies implicitly
many special types of forbidden path. We name a path of n > 2 nodes
an a-line path if all inner nodes are within set a. The marginalising set is
defined by m = N \ {«, 5, c}. Then, in GYMEMI there should be for node i
in  and node j in 8 no ik-edge, no m-line transmitting ik-path, no c-line
collision ¢k-path, no ik-path with all inner transmitting nodes in m and all
inner collision nodes in c.

COROLLARY 2. Active ik-paths. An ik-path in G is active relative to
[e,m] if and only if it is an ik-edge or every inner transmitting node is in
m and every inner collision node is in ¢ or has a descendant in c.

If an active ik-path relative to [¢, m] has uncoupled endpoints, the path is

closed by an ik-edge in Géﬁkﬁc””}. If an active ik-path has coupled endpoints,

the path is edge-inducing in the construction process of Géi}n[c’m]. Thus, we
often replace ‘active’ by the more concrete term ‘edge-inducing’. Figure 2b)
represents a multivariate regression chain graph, hence each missing edge
corresponds to at least one independence statement. This contrasts with
Figure 3b), which has three mixed directed cycles with an arrow starting at
nodes 4, 5 and 6, respectively, and no independence statement implied for
pairs (1,5), (5,7), (5,8), (6,8). For pair (1,5), we give more detailed argu-
ments.

In the graph of Figure 2b), node 3 has no descendants and is an inner
collision node in every path connecting 1 and 5. Hence, when node 3 is
marginalized over, 11 5|C is implied. In the graph of Figure 3b), pair (1,5)
is connected by a descendant-ancestor path with inner nodes in {2,3,4}.
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SUMMARY GRAPHS 11

Therefore, a 1,5-edge is induced by marginalizing over nodes 2,3,4 and hence
111 5|C is not implied. An 1,5-edge is induced by conditioning on node 4 or
on any of its descendants in {1,2,3} so that 11l 5|cC is not implied, ¢ # (.

The following Figure 4 shows special cases of summary graphs, noting
that C' and one of u, v may be empty sets. Figure 4 shows that summary
Fic 4. Important special cases of summary graphs. The two pairs X,Y and Z,U are

constrained given Yo ; with X 1LY |ZU in a),b),c), with X L Y|U in d),e), and with X 1. Y’
in f); with ZI1L U in c),e), f), with ZILU|Y in b),d) and with ZA1L U|XY in a).

XO—0O O<«—0O O<«—0O O<«—O (I)<—(|) (Ij———(lju

T T T [ I
P P o I
z<|>—<|> 0«0 0---0 0«0 0---0 0---bY
a) b) c) d) e) f)

graphs cover all six possible combinations of independence constraints on
two non-overlapping pairs of four variables X, Z, U, Y. Substantive research
examples with well-fitting data to linear models of Figure 4 have been given
by [Cox and Wermuth (1993) to the concentration graph in Figure 4a), the
directed acyclic graph in 4b), the graph of seemingly unrelated regression
graph in 4d) and the covariance graph in 4f).

1.5. Markov equivalence. The notion of Markov equivalence is impor-
tant, because for any given set of data, one cannot distinguish between two
Markov equivalent graph models on the basis of goodness-of-fit tests.

DEFINITION 7. Two different graphs in node set N are Markov equiva-
lent if they capture the same independence structure.

Since a different set of two independence statements is associated with
each of the graphs in Figure 4, none of the six graphs are Markov equivalent.

Known conditions, under which a concentration graph or a covariance
graph is Markov equivalent to a directed acyclic graph, may be proven by
orienting the graphs that is by changing each edge present into an arrow.
The same type of argument can be extended to other independence graphs
such as to a MRC graphs; see also Proposition 2 below. For this, we need a
few more definitions for graphs.

For a C N, the subgraph induced by a is obtained by keeping of the
graph all nodes in a and all edges coupling nodes in a. Subgraphs induced
by three nodes are named V-configurations if they have two edges. A path
is said to be chordless if each inner node forms a V-configuration with its
two neighbors.

For the V-configurations of a MRC graph that are collision paths with
endpoints ¢ and k, the inner node is excluded from the conditioning set of
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12 N. WERMUTH

any independence statement for Y;,Y) implied by the graph. In contrast,
for V-configurations of a MRC graph that are transmitting paths, the inner
node is included in the conditioning set of any independence statement for
Y;, Y, implied by the graph. Thus, the independence structure of the graph is
changed whenever any collision-oriented V-configuration is exchanged with
a transmitting-oriented V-configuration.

A concentration graph with a chordless 4-cycle, as in Figure 4a), or with
any larger chordless cycle, is not Markov equivalent to a directed acyclic
graph; see Dirad (1961) and [Lauritzen (1996). The reason is that it is im-
possible to orient the graph without obtaining either a directed cycle or at
least one collision-oriented V-configuration.

Similarly, a covariance graph that contains a chordless path in four or
more nodes, i.e. a n-chain with n > 4, is not Markov equivalent to a di-
rected acyclic graph; see [Pearl and Wermuth (1994). The reason is that is
impossible to orient each edge without obtaining at least one transmitting-
oriented V-configuration.

For four nodes, there are three types of chordless collision paths in a
multivariate regression graph:

O0—»0---0<—0, 0---0---0<—0, 0---0---0---0,

The following result explains why in general three types of edge are needed
after marginalising and conditioning in a directed acyclic graph.

ProrosiTION 2. Lack of Markov equivalence. If a MRC graph has a
chordless collision path for n > 4 nodes or a chordless cycle in n > 4 nodes
within v then it is not Markov equivalent to any directed acyclic graph in
the same node set.

PRrROOF. It is impossible to orient the graph with any one of the chord-
less collision paths for n > 4 nodes into edges of a directed acyclic graph
without switching between the two types of inner nodes in at least one V-
configuration, that is between a collision and a transmitting node. And, for
the chordless cycle for n > 4, the above result due to Dirac applies. O

Currently, one knows how to generate three types of independence-preser-
ving graph from a given directed acyclic graph in node set V for the same
disjoint subsets M and C of V. In a MC-graph, four types of edge may
occur in combination. The summary graph may have up to three types of
edge and one type of double edge, while the maximal ancestral graph is an
independence graph with up to three types of edge. For proofs of Markov
equivalence of the three corresponding types see [Sadeghi (2009).
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SUMMARY GRAPHS 13

1.6. Families of distribution generated over parent graphs. A distribu-
tion and its joint density fy is said to be generated over a directed acyclic
graph whenever fi factorizes recursively into univariate conditional densi-
ties that satisfy the independence constraints specified with the graph. Any
full ordering of V is compatible with a given directed acyclic graph if, for
each node i, all ancestors of i are in {i+1,...,dy}. The set of parent nodes
of ¢ is denoted by par;.

For V = (1,...dy) specifying a compatible ordering of node set V, a
defining list of constraints for a directed acyclic graph is

(1.2) fili+1,...dy = fijpar, = ilL{i+1,...,dv} \ par;|par; ,

the factorization of the density generated over the graph is

d
(13) fv= Hi;/lfﬂpari :
To generate fy recursively, one can take any compatible ordering of V.

DEFINITION 8.  For a recursive generating process of fy, one starts with
the marginal density fq, of Yy, , proceeds with the conditional density of
Yay, -1 given Yy, continues to fyii1,. 4, and ends with the conditional den-
sity of Y1 given Yo,...,Yy,

To let a directed acyclic graph represent one of such recursive generating
processes, the graph is to capture both, independences and dependences.

DEFINITION 9. A directed acyclic graph, with a given compatible order-
ing of V, is edge-minimal for fy generated over it if

fi\pari # fi\pari\l for each 1 € par; .

Under this condition of edge-minimality of the generating graph for fy,
all relevant explanatory variables are included for each Y; and no edge can
be removed from the graph without changing the independence statements
satisfied by Y; given its past, pst, = {i +1,...,dy }.

An edge-minimal graph may represent a research hypothesis in a given
substantive context. For such a hypothesis, those dependences are considered
that are strong enough to be of substantive interest while others are trans-
lated into independence statements; see [Wermuth and Lauritzen (1990).

DEFINITION 10. A recursive generating process of fy in the order V =
(1,...,dy) is said to consist of freely chosen components Y; if each Y; can

imsart-aos ver. 2007/04/13 file: papsuml6Mar10.tex date: March 18, 2010



14 N. WERMUTH

be discrete or continuous, the form of the family of distribution of Y; given
Ypst, may be of any type, and parameters of fi,s, are variation independent

of those of fpst,-

For exponential families of distributions, variation-independent factor-
izations of fipst, = [ipst, fpst; coincide with the notion of a cut given by
Barndorff-Nielsen (1978), p. 50. These types of factorization imply that the
overall likelihood function can be maximized by maximizing each factor
ijpst, separately.

In families of distribution with fi, consisting of freely chosen components
that satisfy the defining independences (L.2]) of the given graph, some further
constraints on each fja,, are possible such as no-higher-order interactions
or such as requiring Y; to have dependences of equal strength on several of its
explanatory variables, that is on several components of Yp,,,. Excluded are
for instance constraints across conditional distributions, such as dependences
of ¥; on some of Y},a;, to be equal to those of Y, on some of Ypq, .

Freely chosen components Y; are in general incompatible with distribu-
tions that are to be faithful to a generating directed acyclic graph. The no-
tion was introduced by Spirtes, Glymour and Scheines (1993). It means that
the independence structure of fy, coincides with the independence structure
captured by the graph and it leads in general to complex constraints on the
parameter space for distributions generated over parent graphs; see Figure
1 of Wermuth, Marchetti and Cox (2009) for a simple example with three
binary variables. In contrast, variation independence permits special con-
stellations of parameter values that may lead to independencies in fy that
are additional to those implied by the graph.

For research hypotheses, defined in terms of recursive constraints on the
independence structure and on dependences of fi-, appropriate specifications
and resulting properties can now be given. For this, only connected graphs
are considered, those with each node pair connected by at least one path.

DEFINITION 11. A connected directed acyclic graph is named a parent
graph, G;/ar, if the order of its node set V.= (1,...,dy) is given by the
recursive generating process of fy and it is edge-minimal for fy.

DEFINITION 12. A family of distributions is said to be generated over a
given parent graph if it varies fully and each component fns. of fv is freely
chosen in the recursive generating process of fy .

PRrROPOSITION 3. General properties of families of distribution generated

over Ggar. A family of distributions generated over Ggar is complete and each
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SUMMARY GRAPHS 15
member satisfies the intersection and the composition property.

PROOF. Freely chosen components of Y; contradict incompleteness of each
family of distributions f; s, and joint families of distributions defined re-
cursively in terms of complete families of distributions are complete. Inde-
pendences implied by G;/ar combine in fi generated over GIYN as in a non-
degenerate Gaussian distribution; see Lemma 1 of [Marchetti and Wermuth

(2009). O

COROLLARY 3.  Association-inducing paths in G,
v

erated over a parent graph, every ik-path present in Gp,,, that induces an
ik-edge by marginalising or conditioning, is association-inducing for Y;, Yy.

In a family fy gen-

Proor. Completeness of fy generated over Ggar is sufficient for unique-
ness of the independence statement attached to each V-configuration.  [J

Impossible is then for instance, for an uncoupled node pair i, k with V-
configuration i <—j—<—Fk and v C pst;, that

/fz'j*yfjk|'y/fj|'y dy; = fiwfk\w or equivalently /(fij’Y - fi\*y)fj|k'y dy; = 0.

1.7. Using summary graphs to detect distortions of generating depen-
dences. An ik-dependence in a MAG model may differ qualitatively from
the generating dependence of Y; on Y} in fi/, in particular it may change the
sign but stay a strong dependence. If this remained undetected, one would
come to qualitatively wrong conclusions when interpreting the parameters
measuring conditional dependence of Y; on Yy in fyj,c-

The summary graph corresponding to a MAG detects, whether and for
which of the generating dependences, i<—k, having both of ¢,k within
u, such distortions can occur due to direct or indirect confounding; see
Wermuth and Cox (2008) and Corollary 4, Lemma 1 below. We illustrate
here direct confounding with Figure 5 and indirect confounding with Figure
6.

For a joint Gaussian distribution, the distortions are compactly described
in terms of regression coefficients for variables Y; standardized to have mean
zero and variance one. For Figure 5a), the generating equations be

(1.4) Yi=aYo+d6Ys+e1, Yo=AY3 + Y14+ ¢e2, Ys=e3, Yi=¢y,

With residuals ¢; assumed to have zero means and to be uncorrelated,
the equations of the summary graph model that result from (4] for Yy
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16 N. WERMUTH

Fic 5. a) Generating graph for Gaussian relations in standardized variables, leading for
variable Yi unobserved to b) the summary graph and c) the mazimal ancestral graph for
the observed variables; with the generating dependences as attached to the arrows in a),
implied are as simple correlations p12 = a + Y9, p13 = a, p2s = and 6 = ~v0/(1 — )\2).

2 2 2
g RN e .
© ' = 7

d 4
) 2 2

unobserved, have one pair of correlated residuals
Yi=aYo+m, Yo=AVs+mn, Y3=ns,

m=0Yys+e1, m=7Ys+es, n3=ce3, cov(n,mn) =0

The equation parameters to the standardized Gaussian associated with the
MAG of Figure 5¢) are instead defined via

EMY1|Ys =42, Y3 = y3), E(Y2|Y3z =y3),

with all residuals in the recursive equations being uncorrelated. The gener-
ating dependence « is retained in the summary graph model.

The parameter for the dependence of Y7 on Y5 in the MAG model, ex-
pressed in terms of the generating parameters of Figure 5a), is a+76/(1—\2).
The summary graph is in Figure 2b) a graphical representation of the sim-
plest type of an instrumental variable model, used in econometrics, see
Sargan (1958), to separate a direct confounding effect, here ~d, from the
dependence of interest, here a.

In general, possible distortions due to direct confounding in parameters of
dependence in MAG models, are recognized in the corresponding summary
graph by a double edge i =——k. In the following example for Gaussian stan-
dardized variables, there is no direct confounding of the generating depen-
dence « but there is indirect confounding of o while A remains undistorted.

To simplify the figures, the coefficient attached to 2—<—3 is not displayed
in any of three graphs of Figure 6. The generating graph in Figure 6a) is
directed and acyclic so that the corresponding linear equations in standard-
ized Gaussian variables, defined implicitly by Figures 6a) have uncorrelated
residuals. The example is adapted from [Robins and Wasserman (1997). The
summary graph in Figure 6b) shows with a dashed line the induced associ-
ation for pair Y7, Y3 that results by marginalising fy over Ys.

The equations of the summary graph model, obtained for Y5 unobserved,
have precisely one pair of correlated residuals, cov(n,n3) = 7§ and

Yi=AYo+aYs+m, Yo=puYs+mn, Yz=1Yi+n3, Yi=n
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SUMMARY GRAPHS 17

Fic¢ 6. a) Generating graph for linear relations in standardized variables, leading for
variable Ys unobserved to b) the summary graph and c) the mazimal ancestral graph for
the observed variables; with the generating dependences as attached to the arrows in the
a), implied are = v6/(1 —12), generating dependence \ undistorted in both models to the
graphs b), c); generating dependence o preserved with b), distorted with c).

#5
10‘6/6:?{ 10 v 03 1046—03
----- —0
St -y 7\.T>QT<T‘I:
20 04 20 04 20 04
a) b) c)

The summary graph model preserves both A and « as equation parameters.

In the corresponding MAG model, represented by the graph in Figure
6¢), the equation parameters associated with arrows present in the graph
are unconstrained linear least squares regression coefficients. These coeffi-
cients, expressed in terms of the generating parameters of Figure 6a), are
shown next to the arrows in Figure 6¢). Thus, the generating coefficient A
is preserved, while « is changed into o — 76, with 6 = ~v§/(1 — 72).

Direct confounding of a generating dependence of Y; on Y} is avoided in
intervention studies, such as experiments and controlled clinical trials, by
randomized allocation of individuals to the levels of Y}, but severe indirect
confounding may occur nevertheless; see Wermuth and Cox (2008).

Let the set of ancestors of node i in GY, . be denoted by anc;. Then,

par
.. V\[C,M] ... ) .
the set ancestors of node 7 in Gsugl } within v is ¢; = u[)anc; since no

additional ancestor of i is ever generated within u. Then, by conditioning
Y; on Y, and Y., one marginalises implicitly over the nodes in set m; =
{{1,...,i},{unpst; \ ¢;}} and indirect confounding may result.

COROLLARY 4. Lack of confounding in measures of conditional depen-
dence. A generating dependence i<—k present in G;/ar is undistorted in the
MAG model in nodes V '\ {C, M} (1) by direct confounding if in GY,, there

par
is no active ik-path relative to {C, M} and (2) by indirect confounding if in
Gol™M there is no active ik-path relative to {ci,m;}.

In distributions generated over G;/ar, every active path is association-

inducing, hence a generating dependence will be confounded unless the
distortion is cancelled by other edge-inducing paths. When a distortion is
judged to be severe depends on the subject matter context. To detect indi-
rect confounding, we name k a forefather of ¢ if it is an ancestor but not a
parent of ¢ and three dots indicate more edges and nodes of the same type.

LeMMA 2. Wermuth and Cox (2008). A graphical criterion. Fori<—Fk
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18 N. WERMUTH

of GY. ., indirect confounding in the absence of direct confounding is gener-

par’
ated in the MAG model by marginalising over M = {l > k,l+1,...,dy} if
and only if in the corresponding summary graph G;{I\HE@’M] which is without

double edges, associations for Y;, Yy do not cancel that result by conditioning
on all ancestors of node i, that is from the following types of collision ik-path
that have as inner nodes only forefathers of i and are edge-inducing:

(15) i--—-@ ... Q---0 ---k  i--—-Q ... [0 --- 0 <*-

An example of such a path of indirect confounding is given with the above
Fig. 6b), where for 1<—4, it is the path 1---3<—4.

In the following two sections, we give further preliminary results and those
proofs of new results for which we use more technical arguments.

2. Further preliminary results. The edge matrix A of a parent graph
is a dy X dy unit upper-triangular matrix, i.e. a matrix with ones along the
diagonal and with zeros in the lower triangular part, such that for i < k,
element A;. of A satisfies

(2.1) A, = 1if and only if i<—k in G},,,.

Because of the triangular form of the edge matrix A of Ggar, a density fy
generated over a given parent graph, has also been called a triangular system

of densities.

2.1. Linear triangular systems. A linear triangular system is given by a
set of recursive linear equations for a mean-centred random vector variable
Y of dimension dy x 1 having cov(Y) = X, i.e. by

(2.2) AY =¢,
where A is a real-valued dy X dy unit upper-triangular matrix, given by
Elin(Y;|}/i+1 = Yit+1,--- 7de = ydv) = _Ai,pariypari,

and Ej,(+) denotes a linear predictor. The random vector ¢ of residuals has

zero mean and cov(e) = A, a diagonal matrix. A Gaussian triangular system

of densities is generated if the distribution of each residual ¢; is Gaussian,

the corresponding joint Gaussian family varies fully if A;; > 0 for all i.
The covariance and concentration matrix of Y are, respectively,

(2.3) Y=AAUAHY,  wl=4aTAlA
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Linear independences that constrain the equations (2.2)) are defined by zeros
in the triangular decomposition, (4, A~!), of the concentration matrix. For
joint Gaussian distributions

Ajr =0 < il k|par, for k € pst; \ par;.

The edge matrix A of Ggar coincides for Gaussian triangular systems
generated over Ggar with the indicator matrix of zeros in A, i.e. A = In[4],
where In[-] changes every nonzero entry of a matrix into a one. Furthermore,

since the parent graph in node set V is edge-minimal for fy,, we have
14M12:0 <~ fiM;ZZO.

Edge matrices expressed in terms of components of a set of given gener-
ating edge matrices are called induced. Simple examples of edge matrices
induced by A of (2.1]) are the overall covariance and the overall concentra-
tion graph, see Wermuth and Cox (2004). These two types of graph have as
induced edge matrices, respectively,

(2.4) Syv =In[A= (A7), and YV = In[AT 4],

where A~ has all ones of A and an additional one in position (i, k) if and
only if k is a forefather of node ¢ in Ggar. In the graph with edge matrix A~
every forefather k of ¢ is turned into a parent, that i<—Fk is inserted.

By writing the two matrix products in (24)) explicitly, one sees that for an
uncoupled node pair 7, k in the parent graph, there is an additional edge in
the induced concentration graph of Yy if and only if the pair has a common
offspring in Ggar. With a zero in position 4, k of A~, there is an additional
ik-edge in the induced covariance graph if and only if an uncoupled pair has
a common parent in the directed graph with edge matrix A~.

Both of these induced matrices are symmetric. The covariance and the
concentration matrix, implied by a linear triangular system and given in
[23), contain all zeros present in the corresponding induced edge matrices,
but possibly more. This happens for (i, k) whenever the associations induced
for Y;, Yy cancel that are due to several edge-inducing ¢k-paths. Then there
are particular parametric constellations; see [Wermuth and Cox (1998) for
examples in Gaussian distributions generated over parent graphs.

By contrast, the induced edge matrices capture consequences of the gener-
ating independence structure, they contain structural zeros, those that occur
for all permissible parametrizations, or, expressed differently, that occur for

each member of a family fy generated over a given Ggar.
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For distributions generated over parent graphs, a zero in position (i, k) of
Syv and of SVV means, respectively, that

(2.5) ik, iU EV\{ik}
is implied by G;/ar. Thus, in contrast to the global Markov property, the
induced graphs answer all queries concerning sets of these two types of in-
dependence statements at once.

More complex induced edge matrices arise for instance in MRC-graphs
and in summary graphs derived from 4. For transformations of linear sys-
tems, we use the operator named partial inversion introduced next; for proofs
and discussions seeWermuth, Wiedenbeck and Cox (2006), Marchetti and Wermuth
(2009), Wiedenbeck and Wermuth (2010).

2.2. Partial inversion. Let F be a square matrix of dimension dy with
principal submatrices that are all invertible. This holds for instance for every
A of (2.2)) and for every covariance matrix of a Gaussian distribution which
varies fully, so that cov(Y') is positive definite, i.e. Y has no degenerate
component.

For any subset a of V and b = V' \ a, by applying the operator named
partial inversion to the linear equations F'Y = 7, say, these are modified
into

(2.6) invaF< ;7;; > = < 1?;: > .

By applying partial inversion to b of V' in equation (2.6]), one obtains ¥ =
F~1y. Thus, full inversion is decomposed into two steps of partial inversion.
Partial inversion extends the sweep-operator for symmetric, invertible F

F.l! —-F.'F
(2.7) el = < 2 Fa_al MF " > with Fypo = Fyy — FyoFuq' Fape
ba bb.a

aa

LEMMA 3. [Wermuth, Wiedenbeck and Cox (2006). Some properties of
partial inversion. Partial inversion is commutative, can be undone and is
exchangeable with selecting a submatriz. For V partitioned as V = {a, b, c,d}
(1)  invginvyF = invyinv, F,

(2)  invgpinvyF = invg F,
(3) [inveFs g =inv,Fyy for J = {a,b}.

In contrast, the sweep operator cannot be undone; see [Dempster (1972).
Example 1 shows how the triangular equations (2.2]) are modified by partial
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inversion on a, where a consists of the first d, components of Y. Instead of
the full recursive order V' = (1,...dy) with uncorrelated residuals, a block-
recursive order V' = (a,b) results, where residuals within a are correlated,
but uncorrelated with the unchanged residuals within b.

EXAMPLE 1. Partial inversion applied to a linear triangular system (2.2])
with an order-respecting split of V.. Fora = {1,...,d.}, b = {d,+1,...,dv}

Ad —AL Ay
inv,A = gives with Y, = —A 1A, Y, + Ajle,,

the implied form of linear least-squares regression of Y, on Yy, where

Ein(YalYo = yp) =1y, Y, =Y, —1L,,Y,, cov(Y,,) = Saup, and

a
Yoalb = AN L AZT where F~T = (F7Y)T and FT is F transposed.

Example 2 shows how the triangular equations (Z2]) are modified by par-
tial inversion on b, where V' = (a,b,c) so that b consists of intermediate
components of Y. To use directly the matrix formulation in (27)), one sets
b := (a, ~c), a = b, leaves components within a and within b unchanged to

obtain A which is not block-triangular in (a,b). After partial inversion of A
on a, the original order is restored for the results presented in Example 2.

EXAMPLE 2. Partial inversion applied to a linear triangular system (2.2)
for an order-respecting partitioning V' = (a,b,c). With a = {1,...,d,},
b={dy+1,...,(dg+dp)} and c ={(dg + dp) + 1,...,dv},

-1
Aaa AabAbb Aac.b 1
invpA = 0 Ab_bl _Ab_blAbc gives Yo = _A;a Aac.bY; + Mg
0 0 Ace

the implied form of the linear least-squares regression of Y, on Y., with

77(1 = A[:a,lga + Ha‘b,cAb_bl €b7 Ha‘bc = (Ha|b_c7 Ha‘c_b) = _A;(],I(Aalﬁ Aac)'

For 11 aler @ special form of Cochran’s recursive definition of regression coef-
ficients results; see also|Wermuth and Cox (2004),

II - AabAb_blAbc) = _A;alAac.b‘

aaq ac

= 1_[a|c.b +11 Hb\c = _A_I(A

alc alb.c

For cov(Yy.), Anderson’s recursive definition of covariance matrices results

2aa\c = A;alAaaA;aT + Ha|b.c(Ab_blAbbAb_bT)Hg\b.c =X

+ 2ab\cg_l Eba\c'

aalbe bblc
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For b, ¢, the result in Example 2 are is as in Example 1. For Y,, the original
recursive regressions given Y3, Y, are modified into recursive regressions given
only Y. The residuals between Y,,Y; are correlated since cov(Yyc, Yy.) =
Y4p|c but remain uncorrelated from those in c. In the modified equations, Y}
can be removed without affecting any of the other remaining relations.

For a more detailed discussion of the three different types of recursion re-
lations of linear association measures due to Cochran, Anderson and Demp-
ster; see Wiedenbeck and Wermuth (2010).

For Example 3, one starts with equations (2.2)) premultiplied by A-TAL
and obtains linear equations in which the equation parameter matrix, £7!,
coincides with the covariance matrix of the residuals that is with

(2.8) >y = A7TA e,

EXAMPLE 3. Partial inversion with any split of V applied to X~1. The
covariance matriz ¥ and the concentration matriz X1 of Y are written,
partitioned according to (a,b) for a any subset of V, as

) b B yaa  yab
= aa a 3 1 —
< ) Ebb ) . be )
where the . notation indicates symmetric entries. Partial inversion of ™1 on
a leads to three distinct components, Il,,, the population coefficient matriz

of Yy in linear least squares regression of Y, on Yy, the covariance matriz
Yaalp of Yo and the marginal concentration matrix xhha ofy,

Eaa H(I
(2.9) inva2_1:< b ”),

~ be.a

where the ~ notation denotes entries that are symmetric except for the sign.
Since ([Z0) gives directly inv,X ™' = invy, X, several well known dual ex-
pressions for the three submatrices in ([2.9) result

<<Eaa)‘1 —(ze)~teeb > _ (Eaa =SS0 S EabEb‘lf)
_ = -1 )
~ be _ Eba(zaa) lgab ~ be

where X% is Dempster’s recursive definition of concentration matrices.

A more complex key result is that for any block-triangular system of linear
equations for Y, with equation parameter matrix H and with possibly cor-
related residuals obtained from W = cov(HY'), the implied form of inv, !
can be expressed in terms of partially inverted matrices H and W.
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Linear equations in a mean-centred vector variable Y are block-triangular
in two ordered blocks (a,b) with a positive definite ¥ =1 = HTW 1 H if

(2.10) HY =n, with Hy, =0, E(n) =0, cov(n) = W positive definite,

For K =inv,H and @ = inv,W, direct computations give

Kaa aaKter;z K[l + Kaa a K
(2.11) inv,(HTW LH)= @ L Qarkin )
~ Hy, Qi Hyp

A simple special case is the triangular linear system (2.2). Example 4 shows
how a multivariate regression chain in blocks (a, b) results from it.

EXAMPLE 4. For (2I0) with H = A of 22), W = A diagonal and
a=1,...,dg,

T
inva(HTA_lH) _ Eaa|b Hti\llj _ KaaAaaKaa - [{_af
~ Ebb ~ AbbAbb App

Other special cases of linear block-triangular systems (Z10) are Gaussian
summary graph models; see Section 3.

2.3. Partial closure. Let F be a binary edge matrix for node set V =
{1,...,dy} associated with F'. The operator called partial closure transforms
F into zer,F so that in the corresponding graph a-line paths of special type
become closed. For instance, applied to A, every a-line ancestor of node 7 is
turned into a parent of ¢ and, applied to the edge matrix of an undirected
graph, such as SVV, every a-line path is closed. Zeros in the new binary
matrix zer,F are the structural zeros that remain of inv,F'.

In matrix form, with n — 1 = d, and Z,, a d, X d, identity matrix,

]:;1 fz;zfab

(2.12) zer,F = In|
FoaFaa  Foba

)] with ]:bb.a = In[]:bb +]:ba]:a_a]:ab]7

(2.13) For =In[(nToq — Fuaa) Y]

a

The inverse in (213 assures nonnegative entries in F,, and is a type of
regularization; see [Tikhonovi (1963). It generalizes limits of scalar geometric
series; see [Neumann (1884), p. 29.
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LEMMA 4. [Wermuth, Wiedenbeck and Cox (2006). Some properties of
partial closure. Partial inversion is commutative, cannot be undone and is
exchangeable with selecting a submatriz. For V partitioned as V = {a, b, c,d}
(1)  zer, zery F' = zery zer, F,

(2) zery, zerp.F = zergy F,
(3) [zeroF)y = zer,Fyy for J ={a,b}.

Given Gaussian parameter matrix components after partial inversion,
such as in equation (2.I1J), the corresponding induced edge matrices are
obtained using the following Lemma 5, provided each component matrix
belongs to the model of the starting graph and the expressions are minimal,
that is condensed in such a way that they do not contain any parameter
matrices that cancel, as for instance A,,A4,.! would.

LEMMA 5. Marchetti and Wermuth (2009). Edges induced by a start-
ing graph obtained with minimal matrix expressions of Gaussian parameter
matrices. Fdge matrices replace corresponding parameter matrices after
(1) changing each negative sign to a positive sign,

(2) replacing in the resulting expressions each diagonal matriz by an identity
matriz or deleting it if it arises within a matriz product,
and then applying the indicator function.

For instance, the matrix formulation of partial inversion in (2ZI2]) can be
viewed as arising from (2.7) by use of Lemma 5.

EXAMPLE 1 continued. Let Koo = A, and Ku, = A, Aap- After partial
closure in Ggar on a, there are two induced edge matriz components. For
directed edges, it is zery, A, and for undirected dashed line edges, it is Syq)p

’Cab

zerg A = In[( KCLS A
bb

>]’ Pa|b = IH[K:ab]’ Saa\b = In[lcaaICaTa] :

The induced graph of two components is a multivariate regression graph.

EXAMPLE 2 continued. By marginalising over the intermediate node set
b of V.= (a,b,c) in Ggar, a directed, acyclic graph results. The induced
Gaussian parameter and edge matrices are for N =V \ b, respectively,

A A
aa ac.b) 7 [Zerb-A]N,N _ In[<"4aa Aac.b)]'

o
vy Al v <0 Aee 0 A

EXAMPLE 3 continued. A concentration graph has for joint Gaussian
distributions X1 as parameter matriz and SVV' as edge matriz. By partial
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closure on a of SVV given any split V = {a,b}, every a-line path is closed.
Three edge matriz parts result Sqqjp, Pajy and S-e_ They give the structural
zeros in the corresponding parameter matrices Xoqp, o and xa In gen-
eral, the edge matriz S is for the marginal concentration graph of Yj.
When the generating graph is Gl‘j/ar, then a concentration graph is induced
for the node set which contains ancestors of C' outside C'. In Example 4,
the three components of inv,X"" are directly expressed in terms of the
triangular decomposition (A4, A™1).

EXAMPLE 4 continued. For the order-respecting split, V. = (a,b), and
Koo = Az and Koy = Ay, Aap, a parent graph Ggar induces a MRC graph
for fajp and f, with the following three edge matriz components

9214 Saa\b ,Pa\b I KaaKga Kab

The result combines the one in (24]) in slightly modified form with the
above continuation of Example 1 by considering the consequences of a given
parent graph for the distributions of Y, given Y} and of Y}.

For the more complex generating graphs connected with block-triangular
linear systems (2.I0]) and given edge matrices H, W, the three edge matrix
components in the induced MRC graph of just two components, are with

K =zer,H, Q= zeryWV,

SCL[I Pa ’CCL[I CL[l’CT ,C(], ’CCLG a ’C
(2.15) < b b) :In[< Qualgq b+ KaaDab bb)]‘

Shb-a Hi OppHop
From 2.I5) for a = {a, 6}, the edge matrices induced by G}, for f, are

Saoz|b = [Saa|b]a,a7 Poe\b = [Pa|b]a,b7

and with a split of b as {3,~}, the edge matrix induced for [}y and for the
dependence of Y, given Yy, are

In general, the induced graphs of ([2.14]) or (ZI5) with dashed lines for
Saalps arrows for Py, and full lines for S"e will not be independence-
preserving graphs. In both graphs, the global Markov property of Lemma 1
implies the meaning of a missing ik-edge as

(2.16) ALK in Syep, iALE[D\ K in Py, dALE|D\ {i,k} in S
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Whenever every edge-inducing path is association-inducing, conditional
dependences correspond to edges present in the graph, that is in f,;, and fj,
unless the associations due to several edge-inducing paths cancel.

3. Summary graphs and associated models.

3.1. Gaussian summary graph models. Starting from a Gaussian trian-
gular system (2.2]) generated over a parent graph in node set V', marginalising
over M and conditioning on C' gives a linear system of equations for Yy ¢
for N = (u,v) =V \ {C, M} of the following form, where for the equations
in the ancestors v of C that are outside of C, the equation parameter matrix
and the covariance matrix coincide with a concentration matrix, as in (2.8)).

DEFINITION 13. Gaussian summary graph model. A Gaussian summary
graph model is a system of equations HY i = n, that is a block-triangular
and orthogonal in (u,v) with

Hyw Hyy Yu|C T U Wou 0
o T )t

where H,,, is unit upper-triangular, Wy, and 2;}1‘0 = XM gre symmetric,
and each of n, and ¢, have freely varying joint Gaussian distributions. The
independence structure is given by a summary graph in node set N; see

Definition 6 and Section 3.2 below.

For Y, ¢, equation (B.1)) specifies a Gaussian concentration graph model.
These models had been studied under the name of covariance selection by
Dempster (1972); see also|Speed and Kiiveri (1986). For each member of the
this family of models, the likelihood function has a unique maximum.

With Wy, = 0, the residuals of Y, ;¢ and Y, ¢ are uncorrelated, therefore
the system of equations (B.1)) is said to be orthogonal in (u, v). Because of this
orthogonality, IL,,.c = —H_}H,, is the population least-squares regression
coefficient matrix in linear regression of Y, ¢ on Y, ¢; compare Example 1
above. In econometrics, the equation in Y. resulting by premultiplication
with H,,! from the first equation of (B.1]) is called the reduced form.

The equation in Y, of ([B.) can equivalently be written as a recursive
system in endogenous variables Y, ,c = Yyjo — lyjv.cYoic

(3.2) HywYyjwe = nu with cov(ny) = Wi,

where the equation parameter matrix H,, is, as in the linear triangular
system (2.2]), of unit upper-triangular form, but some of the residuals 7, are
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correlated. For estimation, one speaks in econometrics of the endogeneity
problem; see [Drton, Eichler and Richardson ! (2009) for a recent discussion.

Identification is an issue for estimating the equation parameters H,, in
[B2). No necessary and sufficient condition is known yet; see for instance
Kang and Tian (2009). One general sufficient condition is the absence of any
double edge in the summary graph; see Brito and Pear] (2002). This says
that for any pair 4, k within u, either H;p = 0, or W;; = 0, or both hold.

However, some models with double edges in the GY.  correspond to iden-
tified instrumental variable models; see the above example to Figure 5b).
For the identifiability of latent variable models, which arise here via larger
hypothesized generating processes, the notion of completeness is again rele-
vant; see [San Martin and Mouchart (2007).

3.2. Generating G&&C’M} from Ggar. The summary graph G&&C’M} has
four edge matrix components. With S"%M a concentration graph results
in node set v, with H,, a directed acyclic graph within u, with W,, a
covariance graph of the residuals 7,, and with H,, a bipartite graph for
dependence of Y, ¢ on Y.

Starting from a Gaussian triangular system in (2.2) with parent graph
Ggar, the choice of any conditioning set C' leads to an ordered split V =
(O, R), where we think of R = {C, F'} as the nodes to the right of O, see
equation (3.3]). Every node in F is an ancestor of a node in C outside C, so
that we call F' the set of foster nodes of C. No node in O has a descendant
in R so that O is said to contain the outsiders of R. Equations, orthogonal

and block-triangular in (O, R), are in unchanged order

= () (2)- ()

After conditioning on Yo and marginalising over Yjs, the resulting system
preserves block-triangularity and orthogonality with u C O, v C F.

PROPOSITION 4. Linear equations obtained from AY = & after con-
ditioning on Yo and marginalising over Yy;. Given a Gaussian triangu-
lar system (2.2) generated over Ggar, conditioning set C, marginalising set
M = (p,q) with

p=0 \ u, q=F \ U,

and partially inverted parameter matrices arranged in the appropriate order,

D =inv, A, inv,2FFO = qu‘vc Hq\v.c
— P ) q - ~ ZUUJ]O ?
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the induced linear equations [B.I)) in Yy|c have equation parameters

(34) Huu — DUU7 Huv = Duv + Duqu\v.C’v Evv.uM

and covariance matrices
(35)  Wuu= (Auu+ DipAppDL) + (DugSgquc DY), 50

PrROOF. Equations (3.3) in Y are first modified into equations for Yy

and Ypc. As for Example 3 above, one takes (r = Agr AE}%E Rr. After noting
that
E;‘}?lc _ [ERR-O]F,F — EFF.O

and by the orthogonality in (O, R), these equations can be written as
AooYoic + AorYpic =0, SFFOYpi o = (p.

Partial inversion on M = (p, q) gives, after appropriately ordering,

i i €p Yoo

) 00 OF Yu‘c Eu

3.6 inv - = ,

(3.6) M( 0 2FF.O> ¢ Yo
Yv|C Czl)

where after deleting the equations in Yj ¢, the uncorrelated residuals are

Th = (Eu - Dupgp) - Duqzqq\vC’an Cv = Czl) + H;r\y,c%

Thus, the equation parameter matrices of (B.4]), the covariance matrices

(B3) result, where Z;UI‘C = Y0 = yovulM, O

It is instructive to check the relations of the parameter matrices in (3.4)),
B3) to multivariate regression coefficients and to conditional covariance
matrices. With yr= —Du_ul(Duv, Dyq, Dyc), one may write

_DuuHu\v.C’ = Dy + Duqu|v.C7 Duu(Yu\C’ - Hu|v.CYv|C) = DuuYu\vC’a
and for Wy, defined in ([B:2]) and specialized in (B.5)
Du_ulwuuDu_g = Euu|vo’ + Hu\q.vczqqh}CHaq,vC = Euu|vC’7

so that the required covariance matrix of Yy ,¢ is obtained.
The summary graph in node set N, induced by the generating parent

graph in node set V, results now directly with Lemma 5 applied to equations
B4) and ([B3) as is stated in Corollary 5.
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COROLLARY 5. With the partially closed edge matrices corresponding to
Proposition 4 and arranged in the appropriate order

D= zerpA zer, SFFO (SquC qu.())

va.qO
the induced edge matriz components of the summary graph G;/lvl}r[lc’M} are
(3.7) Huw = Duus Huw = In[Duy + DugPyucl, ™M,

(3.8) Wi = In[(Zuu + DupDep) + (PugSygivcDag)]-

3.3. Non-Gaussian models associated with summary graphs. As noted
before, the density fy|c of Yn given Y¢ is well-defined since it is obtained
from a density of Yy generated over a parent graph by marginalising over
Yy and conditioning on Y. As we have seen, this leads to the factorization
of fyic into fyuc and fyc. The independence structure of Y, given Y¢ is
captured by a concentration graph.

Corresponding models for discrete and continuous random variables have
been studied by Lauritzen and Wermuth (1989), extending the Gaussian co-
variance selection models and the graphical, log-linear interaction models for
discrete variables. Maximum-likelihood estimation is considerably simplified
for variation-independent parameters; see [Frydenberg and Lauritzen (1989).

For a joint Gaussian density fy, the induced density f,|,c is again Gaus-
sian, but in general, the form and parametrization of the density fy.c
induced by fy may be complex. Nevertheless, we conjecture that the pa-
rameters associated with G;&[]C’M] may often be obtained via the notional
stepwise generating process described in Section 1.3 that is by introducing
latent variables that are mutually independent and independent of Y, Y.

If the additional latent variables are taken to be discrete and to have a
large number of levels, then it should be possible to generate, or at least
to approximate closely enough, any association corresponding to i---k.
This follows for discrete variables by Theorem 1 of [Holland and Rosenbaum
(1989) and otherwise presumably by using Proposition 5.8 of|Studeny (20053),
but a proof is pending.

3.4. Generating a summary graph from a larger summary graph. Let a
summary graph be given, where the corresponding model, actually or only
notionally, arises from a parent graph model by conditioning on Y, and by
marginalising over variables Y.
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Then, the starting linear parent graph model is the triangular system of
equation (2.2) in a mean-centred Gaussian variable Y where

AY =¢, cov(e) =A diagonal, A unit upper-triangular.

With Proposition ] one obtains for V' \ {¢,m} = (p,v) the following equa-
tions in Y., Y., which coincide in form with equations (3.1),

/ /
o) (P Do V() Z (M) | cou =<W5‘“ ygpm>,
0 X Yu|c G G - X

With added conditioning on a set ¢, C v, no additional ancestors of ¢, are
defined, since every node in v is already an ancestor of c¢. But, with added
conditioning on ¢, C pu, the set 1\ ¢, is split into foster nodes f, of ¢, and
into outsiders o of {r,v}, where r = {c,, f.}.

The equations for Y, are always block-triangular in (o,7). But, by con-
trast to the split of V into (O, R) in equation (B.3]), these equations are not
orthogonal in (o, 7) so that conditioning on ¢, in the summary graph is more
complex than conditioning directly on a set in the parent graph.

PROPOSITION 5.  Linear equations obtained from (3.9]) after conditioning

on Y, Y., and marginalising over Y}, ¥;. Given (3.9) to G;{I\H{lc’m}, where o

contains all outsiders of {cy, fu,v}, equations for'Y, are block-triangular in
p=(o,r) where r = {cu, fu}

The additional conditioning set {c,,c,}, and additional marginalising sets
h Coandl C {fu,v\c} give C = {c,cy,c,} and M = {m,h,l}. With
Y = (r,v), the new equations are block-triangular and orthogonal in (u,v),
where

u=o0\h, o¢=v\{cu,c}, v=0¢\Ll
With orthogonalised residuals &, = 1), — Qornl., orders p = (h,u,r), ¢ = (I,v)

. ~ . Boo éod)
QMM = inv, W/, Codf = By — QOT’B”Z“ K =invp < 0 Negom |’

the linear summary graph model to G;{I\ILC’M] is

Kyy Kuy Yu|C N
(310) 0 swo.uM v c = C y T = gu - Kuhfh - KUIZIHUCCh

and coincides with the linear model obtained from the triangular system (2.2))
by directly conditioning on Yo and marginalising over Y.
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ProOF. The conditioning set c,, splits the set of nodes p into (o, ), where
o is without any descendant in r = {c,, f,} and where every node in f, has
a descendant in c. This implies a block-triangular form of By, in (o,7) in
the equations of Y|, however with correlated residuals ., and 7).

For ¢ = (r,v), block-orthogonality with respect to (0,1) in the equations
in Y. and Yy, is achieved by subtracting from 7., the value predicted by
linear least-squares regression of 1), on n/. and ¢,. This reduces, because of
the orthogonality of the equations in (u,v), to subtracting Q1. from 7).

The matrix of equation parameters of Y. coincides with the concentra-
tion matrix of Yy, given by

(3.11) yvpom — y-1

BY Q. B,y Br QB
le — :

E_l + BE/QTTBTV

vv|c

By the block-triangularity and orthogonality in (o,1)), the equations in
Y, can be replaced by equations in Y. For the equations in Yy, the
matrix of equation parameters is E;(; c= [E;%C](b,d} = %¢%-°" The resulting
equations give the Gaussian linear model to the summary graph in node set
VAL{C, m} = (0,0).

In the linear model to GV\€™ marginalizing over Yy o, where h C o,
and over Yj ¢, where [ C ¢, is achieved with partial inversion on A, of the
block-triangular matrix of equation parameters, just as in equation (B.6l),
and keeping only the equations in Y, c and Y, c.

In the resulting equations (B.I0]), one knows by the commutativity and
exchangeability of partial inversion for m = (g,k), p = {g,h}, ¢ = {k,l}
that

Ky = [invpinvg Ay 4 = [invpAly u,

so that Ky, = Dy, where D is defined for Proposition 4. Furthermore, by
the properties of reduced form equations

_KuuHu\v.C = Kuy = Dyy + Duqu|v.C7

so that the parameter matrices of Y, and Y ¢ given in (3.10) coincide with
those in (34), (B5) of Proposition @ that is they give the Gaussian linear
model to the summary graph in node set V' \ {C, N} = (u,v). O

Since partial closure has the same exchangeability property as partial

inversion and both operators are commutative, the same type of proof holds
for the edge matrix expression corresponding to (B-10).
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COROLLARY 6. Forc C C and m C M, edge matriz components of the
summary graph GV\CM result from the edge matriz components By, Buv,
WLmu and S*VHM of GVAe™] py using the transformed edge-matrices

~ Boo C~o¢
Quu = zert, W', Coy = In[Boy + QorBry], K = zery < 0 3¢¢~0m>

to obtain Ky, Kuy directly, SV"“M as the edge matriz to (3.11)), and
(312) Wuu = In[Quu + Kun th’CEh + K:ul‘sl”vC’Cg‘l]'

3.5. Path results derived from edge matriz transformations. If one starts

with the summary graph Gﬁl}lf’m} and conditions by using Corollary 6, edges

are induced by r-line collision paths, where we let r = {c,, f.} = { [@ }:
(a) 0,---0, results with O,---[Q ... [O] ---9,,

(b) 0y ——0Oy results with Oy —> [O] --- [Q] ... [Q --- [0 <— 0Oy,

(c) ©0,=<—0y results with 0,---[Q ... [0 --- [ =—O.

The corresponding relevant edge matrix expressions are, respectively, @, =

zer, Wy, In[BE/}QMBw], and In[Q,,B,]. For each pair, one keeps one edge

of several of the same kind. The subgraph induced by nodes (o, ¢) is G¥V\C™],

By marginalising next over m’ = (h,1) = ( £, , #,) in the graph G;{l}n[]c’m],
three types of edges are induced when closing m/-line transmitting paths:
d) 0, —04 results with 0, — ﬁl e ﬁl — 0y,
e) 0,<—0, results with 0,<— ﬁh . ﬁh<—00,

(
(
(f) 0,=<—0, results with O,~<— ﬁh /gyh%— ﬁl —ﬂl . /% —Oy,
(g) Oy---0, results with O, ~<— ﬁh———ﬁh—%Ou,
(h) ©04,---0, results with 0, ~<— ﬂl — /%—>-Ou.
The corresponding relevant edge matrix expressions are, respectively, Ky,
Koo, Koy, In[Kyp thICLTLh], and In[lCulSl”vchLTLl]. After keeping just one edge
of several of the same kind, the subgraph induced by nodes (u, v) is GV\CM],
Notice that the effect of the indicator function is to reduce several edges
the same kind to just one. The closed form expressions of the edge matrix
results imply that some of the paths are to be closed in the given order.

The edge matrices In[Q,, ;] and Koy correspond in a Gaussian summary
graph model to orthogonalising that is to removing some residual correla-
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tions. By the associated steps, (c¢) or (f), ik-arrows may be generated for
which node k is not an ancestor of i in the generating graph.

In contrast, for the outsiders of the conditioning set, such as set o in
the summary graph in nodes (o, ¢), there is an ik-arrow if and only if k
is a parent or a forefather of node ¢ in the larger generating parent graph
because the only arrow-inducing paths for the subset o are those in (e).

Since a summary graph results after conditioning with steps (a) to (c)
and also after marginalising with steps (d) to (h), summary graphs are said
to be closed under marginalising and conditioning and one may reverse the
order of conditioning and marginalising. The following example illustrates
such reversed stepwise constructions.

ExXAMPLE 5. Path constructions of Gg{&c’m for M = q and p = 0.
The node set of the parent graph is V.= (1,...,8). The conditioning set

Fic 7. a) The generating graph GY,., b) GXJ}EC’@], c) GXJ}E@’M], d) GN

par’ sum*

1 fM 26 1 q
T MO g o
4—'\¢7 7
a) b)
04
! 3/% 8 10 3 5
o
2~ b 8
0) 5 d)
C = {2,4}, the marginalising set is M = {6,7}. The foster nodes of C, are
in F={3,5,6,7,8} and u =0 = {1}, v ={3,5,8}.

In this example with graphs in Figure 7, the summary graph model is
equivalent to a triangular system in N = (1,3,5,8) even though G;ﬁ}r[l@’M]
is not Markov equivalent to any directed acyclic graph since it contains the
chordless collision path 3 —~2---5<—8. It is typical, that further marginal-
izing or conditioning may again lead to simpler graphs and models.

With just one node in m/, the paths (d) to (h) have just two edges. In
addition, by the properties of partial inversion and partial closure, the paths
(a) to (c) can be closed by operating on one node at the time and in any
order. This leads to operating on one node at a time in any order; see Table
1 and the appendix, Table 1 and Proposition 1.

3.6. The MAG corresponding to G;{I\ILC’M] and local Markov properties.
The keys to deriving the MAG corresponding to G;/lvl}r[lc’M} are the definition

of the variables in the Gaussian MAG model and the result ([2.15). For Y,
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the summary graph and the MAG specify the same concentration graph and
dependences to arrows pointing from v to u also coincide.

A full order of the nodes in u of G;{I\ILC’M] may sometimes be given by
the arrows, such as in Figure 3b), sometimes there is none as in Figure 2b),
more often there is a partial order, such as in Figures 1d) or 7c¢). Then
one may take any compatible full ordering of the nodes in « in which the
ancestors within u of each node 4 in G;{l}[lC’M] are in the past of 4, that is in
{i+1,...,du}.

For each node i, we let ¢; C {i + 1,...,d,} denote the ancestors of i in
GKJ}HLC’M] and ¢; = {i +1,...,dy} \ ¢. Next, we derive for each node pair

i,k with k in ¢; and each node pair ¢, with [ in ¢;, the edges in the MAG
corresponding to G&&C’M} by applying (2.I5]) to equations (3.2)).
For a = (1,...,4,¢;) and b = ¢;, the vector Py, = In[Kyp + Qu/yp] gives

zeros and ones for the dependence of Y; on Y., given Y,, Yo and
(3.13) in the MAG, i<—F for In[P;;,;\1] = 1, i,k uncoupled, otherwise.

Similarly, for i,] we let e;; = ¢; U¢; and e = {i + 1,...,dy} \ e;, take
a = (1,...,4,1,&g) and b = ey. With S, = In[KogQualaa| of (215,
K = 0 and W, the edge matrix of the covariance graph of GKJ}OEC’M}:

(3.14)  in the MAG, i---1[ for In[W;; 4] =1, 4,1 uncoupled, otherwise.

The corresponding MAG results after inserting or replacing edges in G&&C’M]

according to ([B.I3), (314 and keeping just one of several same edges.

PROPOSITION 6. Local Markov properties of summary graphs. Let the

edge matriz components, Hyn, Wy and SPM of G;{&C’M} be given from

Corollary 5. Let node l and sets ¢;, e;; be defined as above, but their subscripts
dropped. Let further B denote subsets of nodes uncoupled to node i, then
(1) il B|Cv\ {i, B} <= S¥PM =0 foricv and B C v,

(2) ilLB|ICv\ B <= Hipc=0 foricu and § Cv,

(3) ilLl|Cve <= Wiy =0 and W,V W =0) foricu, andl € ¢.

(4) il B|Cvc\ B <= (Hig =0 and W, W H 5 =0) fori €uand B C c.

Notice that pairwise independences result if 8’s contain single elements.

PRrROOF. The independences in (1) within v are those of a concentration
graph; see also (2.16)) in Example 4. The independences in (2) are those ob-
tained when regressing Y;c on Y, ¢; see also Example 2. The independences
in (3) and (4) are reformulations of (B.14]), (B.13]), respectively. O
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4. Discussion. The common attractive feature of a maximal ances-
tral graph and of the corresponding summary graph is that they elucidate
consequences of a possibly much larger generating graph regarding inde-
pendences. The smaller graphs capture the independence structure implied
by the generating graph and they can be used to understand additional
consequences of the generating graph for independences that result after
additional marginalising and conditioning.

An advantage of the MAG is that each edge corresponds a conditional
association, each missing edge to a conditional independence. A disadvantage
of a MAG is that a dependence, say to i<—Fk, may be severely distorted
compared to the dependence to i<—Fk in the generating process. With the
corresponding summary graph one can identify which of the conditional
dependences in the MAG remain undistorted and which do not.

Given the summary graph, the corresponding MAG is derived in a few
steps. But in general, one cannot obtain from a given MAG the correspond-
ing summary graph and also not the information about distortions. Both
types of graph may contain semi-directed cycles. These are typically of in-
terest only in connection with a larger generating process.

In contrast, their common subclass of multivariate regression chain graphs
gives a substantial and much needed enlargement of the types of research hy-
potheses that can be formulated with directed acyclic graphs. They model
stepwise generating processes not only in univariate but also in joint re-
sponses. This leads to a corresponding recursive factorization of the joint
density in these vector variables.

In addition, every independence constraint for a component of a joint
response is conditional on variables in the past of the joint response. This
is an important distinction from all other types of currently known chain
graphs and in line with research in many substantive fields where the study
of dependences on past variables is judged to be more fruitful than those of
associations and of independences among variables arising at the same time.

For Gaussian multivariate regression chains, properties of estimators and
test statistics have been quite well understood for a considerable time. For
discrete random variables all multivariate regression chains are smooth; see
Drton (2009). Such smooth models are curved exponential families, see e.g.
Cox (2007) Section 6.8, so that they have desirable properties regarding
estimation and asymptotic properties of tests.

Much less is known for joint responses of discrete and continuous ran-
dom components. Thus, though we now can derive important consequences
of any type of multivariate regression chain, more results on equivalence,
identification, estimation and goodness-of-fit criteria are needed.
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However, if the multivariate regression chain can be generated, as dis-
cussed, via special types of hidden variables in a larger parent graph model,
then its independence structure is defined by a list of independence state-
ments for variable pairs. This permits local fitting with univariate gener-
alised linear models, with checks for linearity, interaction and conditional
independence based on observed associations of variable pairs and triples.

This requires no knowledge about the form of the joint distribution and
it permits to formulate research hypotheses that are well-compatible with a
given set of data and that are to be investigated in further empirical studies.

APPENDIX A: TWO-EDGE PATHS OF SUMMARY GRAPHS

The following arguments show that the types of induced edge of Table 1
are self-consistent. A node to be marginalised over by indicated ﬁ and a
node to be conditioned on by [Q].

The three types of edge-inducing, two-edge paths (1) to (3) in a parent
graph that have as inner node a transition, a source or a sink node, respec-
tively, are defined to generate the following three different types of edge:

(1) o=x— ff<—0 = o0=<—o0,

(2) o=— ff—+0 = o0---0,

(3) 0o—= [0 =—0 = 0—0,

The arrow has one, the dashed line two and the full line no edge endpoints
that define a collision node when the edge is mirrored at the same node.
Dashed lines denote edges in covariance graphs and full lines in concentra-
tion graphs. Closing paths in such graphs is defined to preserve the type of
edge:

(4) 0---[Q]---0 = 0---0,

(5) 0— f—0 = o—o.

The next two paths (6) and (7) are equivalent and both induce an arrow:
(6) 0--- [ =—0 — 0<—0,

(7) o=—ff—o0 = o=<—o,

Paths (4) to (7) arise from active alternating paths in a parent graph for
which inner source nodes in { #} alternate with inner sink nodes in { [3 } :

The two-edge paths (4) to (7) result from Figure 8 as follows: path (4)

from a) by only marginalising, path (5) from b) by only conditioning, path
(6) from ¢) by only marginalising and path (7) from c¢) by only conditioning.
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Fic 8. Active alternating paths that generate two-edge paths a) of type (4) inducing
0---0, b) of type (5) inducing © —O, ¢) of type (6) or (7) inducing O<—O.

O @O o o @a Q D
N Y Y o
a) b) c)

The paths a), b), ¢) of Figure 8 generalise paths (2), (3) and (1), respectively.
M]

The three remaining edge-inducing paths of two edges in Géﬁmc’ are
(8) o<—[@---0 = 0---0,
(9) o— f<—0 = o0—0,
(10) 0--- Q] —O0 = 0=<—0,

The three active paths of Figure 9 result by substituting the undirected

Fic 9. Active paths that generate two-edge paths a) of type (8) inducing O---0, b)
of type (9) inducing © ——O, and of type (10) inducing ©<—O.

O\ﬂ\fo 0/3%0 % “{\O

a) b)

edges in (8) to (10) by the appropriate generating components (2) or (3).

By marginalising over the transition node in Figures 9a) to 9¢), one gen-
erates, respectively, path (2), path (3) and the path in Figure 8c¢).

The construction of the summary graph simplifies considerably for special
types of parent graphs, for instance for the graphs to the lattice conditional
independence models, studied by |Andersson et al. (1997), and for the graphs
corresponding to labeled trees, studied by (Castelo and Siebes (2003).
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