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Abstract

Graphical models with heavy-tailed factors can be used to model extremal dependence
or causality between extreme events. In a Bayesian network, variables are recursively
defined in terms of their parents according to a directed acyclic graph (DAG). We focus
on max-linear graphical models with respect to a special type of graph, which we call
a tree of transitive tournaments. The latter is a block graph combining in a tree-like
structure a finite number of transitive tournaments, each of which is a DAG in which
every two nodes are connected. We study the limit of the joint tails of the max-linear
model conditionally on the event that a given variable exceeds a high threshold. Under
a suitable condition, the limiting distribution involves the factorization into indepen-
dent increments along the shortest trail between two variables, thereby imitating the
behaviour of a Markov random field.

We are also interested in the identifiability of the model parameters in the case when
some variables are latent and only a subvector is observed. It turns out that the parameters
are identifiable under a criterion on the nodes carrying the latent variables which is easy
and quick to check.
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1. Introduction

Dependence in multivariate linear factor models is determined by a collection of indepen-
dent random variables, called factors, which are shared by the modelled variables. In extreme
value analysis there are the max-linear and the additive factor models with heavy-tailed factors.
In [10], it is shown that both have the same max-domain of attraction.

In [13], a link is made between such factor models and probabilistic graphical models via
a max-linear recursively defined structural equation model on a directed acyclic graph (DAG).
Each node carries a variable defined as a weighted maximum of its parent variables and an
independent factor. This leads to a representation of the graphical model as a (max-)factor
model as in [10], the factors relevant for a given variable being limited to the set of its ancestors.
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622 S. ASENOVA AND J. SEGERS

More recent is the linear causally structured model in [16]: each variable is the weighted sum
of the variables on all its parent nodes plus an independent factor. This leads to a representation
where a single variable is a weighted sum of all its ancestral factors.

In this paper, we study a type of graph that, to the best of our knowledge, is not yet known,
and to which we have given a name that reflects its most important properties: a tree of tran-
sitive tournaments (TTT), denoted by 7. A tournament is a graph obtained by directing a
complete graph, while a tournament is said to be transitive if it has no directed cycles. The
name reflects the interpretation of such a graph as a competition where every node is a player
and a directed edge points from the winner to the loser. Some examples are hierarchical rela-
tions between members of animal and bird societies, brand preferences, and votes between
two alternative policies [18]. A TTT links up several such transitive tournaments in a tree-like
structure. It is acyclic by construction. If there is a directed path from one node to another one,
there is a unique shortest such path. Moreover, between any pair of nodes, there is a unique
shortest undirected path.

In this paper, we study max-linear graphical models with respect to a TTT as defined in (2)
below. In particular, for a max-linear random vector X = (X,,, v € V) with node set V, we study
the limit in distribution

Xy /X vEV\U | Xy > 1) —55 A veEV),  1— o0, (1)

It is not hard to show that the limit distribution in (1) is discrete [31, Example 1]. We show that
if the TTT has a unique node without parents, a so-called source node, the joint distribution
of (A,y, v€ V) is determined by products of independent multiplicative increments along the
unique shortest undirected paths between the node u at which the high threshold is exceeded
on the one hand and the rest of the nodes on the other hand. Such behaviour is analogous to
that of Markov random fields on block graphs in [5] and of Markov trees in [31, Theorem 1]. In
turn, these results go back to the extensive literature on the additive or multiplicative structure
of extremes for Markov chains [20, 28, 29, 32, 36].

An underlying reason for the factorization into independent increments is the fact that a
max-linear graphical model with respect to a TTT is a Markov random field with respect to the
undirected graph associated to the original, directed graph when the TTT has a unique source.
A TTT with unique source has no v-structures, that is, no nodes with non-adjacent parents.
Both properties, the factorization of the limiting variables and the Markovianity with respect
to the undirected graph, are lost if the graph contains v-structures. To show this, we rely on
the recent theory of conditional independence in max-linear Bayesian networks based on the
notion of x-connectedness [1, 2]. This theory diverges from classical results on conditional
independence in Bayesian networks based on the notion of d-separation [23, 25].

In our paper the graph is given. A significant line of research in the context of extremal
dependence is graph discovery. Given observations on a number of variables represented as
nodes in a graph, the task is to estimate the edges. For Bayesian networks we can also talk about
causality discovery, because directed edges show the direction of influence. A first attempt
to identify the DAG in the context of max-linear models was [15], which was followed by
several papers focusing on this topic: [8], [14], [21], [33], and [34]. The problems related to
identifiability of the true graph and to the estimation of the edge weights are discussed in [22].
The paper [16] studies a new metric called the causal tail coefficient, which is shown to reveal
the structure of a linear causal recursive model with heavy-tailed noise. Graph discovery for
non-directed graphs is studied in [11], [12], and [19].

Inspired by practice, and more specifically by river network applications [4], we study a
different identifiability problem. If the structure of the graph is known, it may happen that
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on some nodes the variables are latent, i.e., unobserved. The identifiability problem in this
case is whether two different parameter vectors can still generate the same distribution of
the observable part of the model. If this is possible then we cannot uniquely identify all tail
dependence parameters that characterize the full distribution. Similarly to [5], the identifiability
criterion involves properties of the nodes with latent variables. The criterion is specific for
a TTT with unique source and is easy to check. Our identifiability problem resembles the
‘method of path coefficients” of Sewall Wright, which uses a system of equations involving
correlations to solve for the edge coefficients [35].

The novelty of the paper lies in several directions. First, we introduce a new class of graphs,
called trees of transitive tournaments (TTT), which are the directed acyclic analogue of block
graphs. TTTs can be seen as a generalization of directed trees, where edges are replaced by
transitive tournaments. Second, we show that a max-linear graphical model over a TTT with
unique source exhibits properties known for other graphical models, namely Markov trees [31]
and Markov block graphs [5]. In particular, when the TTT has a unique source, the model is
Markov with respect to the skeleton of the graph. This property underlies the factorization of
the tail limit into independent increments along the unique shortest trails. Finally, we study a
problem of identifiability of the edge weights from the angular measure, both when all variables
are observed and when some of them are latent.

The structure of the paper is as follows. In Section 2 we introduce the TTT, the max-linear
model, and its angular measure, which plays a key role in almost all proofs. In Section 3 we
discuss the limiting distribution of (1) and give four equivalent characterizations of a max-
linear graphical model with respect to a TTT with unique source. The identifiability problem is
covered in Section 4. The discussion summarizes the main points of the paper. The appendices
contain some additional lemmas and the proofs that are not presented in the main text.

2. Notions and definitions

2.1. Directed graphs

Let 7 = (V, E) be a directed acyclic graph (DAG) with finite vertex (node) set V and edge
set ECV x V. Anedge e:= (u, v) € E is directed, meaning (u, v) # (v, u); it is outgoing with
respect to the parent node u# and incoming with respect to the child node v. The graph T
excludes loops, i.e., edges of the form (u, u), and as 7T is directed, we cannot have both
(u,v) € E and (v, u) € E. Two nodes u and v are adjacent if (u, v) or (v, u) is an edge. A
cycle is a sequence of edges ey, ..., e, with e = (u, ug+1) and u; = u,41 for some nodes
uy, ..., u,. The property that 7 is acyclic means that it does not contain any cycles. The
graph T is assumed connected; i.e., for any two distinct nodes u and v, we can find nodes
Uy =u, uy, ..., u,+1 =vsuch that ux and uyy are adjacent forevery k =1, . . ., n; we call the
associated edge sequence an undirected path or a trail between u and v. If all edges are directed
in the same sense, i.e., (ug, ug+1) € E for all k=1, . .., n, we refer to the edge sequence as a
(directed) path from the ancestor u to the descendant v. Recall that a path is directed by con-
vention, so when we need non-directed paths this will be indicated explicitly. Between a pair of
nodes there may be several paths. The set of all paths between two nodes u, v € V is denoted by
7 (u, v). An element, say p, of  (u, v) is a collection of edges {(vi, v2), (v2, v3), ..., (Vu—1, Vn)}
for a path that involves the non-repeating nodes {vi =u, v, ..., vy—1, v, =Vv}. Note that
7 (u, u) = & in an acyclic graph.

A source is a node without parents. If a DAG has a unique source, this node is an ancestor of
every other node. This property follows from the following reasoning: let ug denote the unique
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source node of the DAG, and let v be any other node different from ug. Then v must have a
parent, say u. If u = ug, we are done. Otherwise, replace v by u and restart. Since the graph is
finite and has no cycles, this chain must stop at some moment at a node without parents. But
this node is necessarily equal to ug by assumption.

A graph, directed or not, is complete if there is an edge between any pair of distinct nodes.
A subgraph of a graph is biconnected if the removal of any of its nodes will not disconnect
the subgraph. A maximal biconnected subgraph, also known as a biconnected component, is a
subgraph that cannot be extended by adding one adjacent node without violating this principle.

A directed complete graph is called a tournament. A tournament t = (V, E;) is transitive
if (u, v), (v, w) € E; implies (u, w) € E;. A transitive tournament is necessarily acyclic. The
graph-theoretic properties of transitive tournaments are studied in [18]. The property most
used here is that the set of out-degrees of the d nodes of a transitive tournament is {d — 1, d —
2, ..., 0}; the in- and out-degrees of a node are the numbers of incoming and outgoing edges,
respectively.

A subgraph of a graph is a maximal transitive tournament if it is not properly contained
in another subgraph which is also a transitive tournament. The set of maximal transitive tour-
naments that are subgraphs of a DAG 7 will be denoted by T. For brevity we will just write
‘tournament’” when we mean a maximal transitive tournament and denote it by t.

2.2. Tree of transitive tournaments

A block graph is an undirected graph in which every maximal biconnected subgraph is a
complete graph [26]. Let T denote the non-directed version of T, also called the skeleton of 7.
It shares the same node set as 7, and for every edge (u, v) in the original graph 7, the reverse
edge (v, u) is added to form the edge set of the skeleton graph T, after which each pair of edges
{(u, v), (v, u)} is identified with the undirected edge {u, v} of T.

Definition 2.1. (Tree of transitive tournaments (TTT).) A tree of transitive tournaments is a
connected DAG whose skeleton is a block graph.

A TTT enjoys three key properties. They all follow from the link with block graphs, whose
characteristics can be found in [26].

Lemma 2.1. (Properties 1.) For a TTT, the following properties hold:

(P1) Two or more maximal transitive tournaments can have at most one common node,
referred to as a separator node.

(P2) There is no undirected cycle that passes through nodes in different maximal transitive
tournaments.

(P3) Between every pair of nodes there is a unique shortest trail (undirected path).

Proof. All properties are direct consequences of the fact that removing directions from the
TTT we obtain a block graph. In a block graph the minimal separator sets are singletons [17,
Theorem B]; there is a unique shortest path between two nodes [6, Theorem 1.a)]; and the
graph is acyclic up to blocks, a property that follows from the first one. O

Similarly to a block graph [26], a TTT can be seen as a tree whose edges are replaced by
transitive tournaments.

In a TTT, if there is at least one (directed) path between distinct nodes u and v, there is a
unique shortest path (see Lemma 2.2-1) between them, which we denote by p(u, v), and which
belongs to 7 (u, v). We also set p(u, u) = & by convention.
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FIGURE 1. A tree of four maximal transitive tournaments: 71, 72, 73, and t4. The skeleton graph is the
same, but with the arrow heads removed. Node 3 is a separator node between tournaments 71, 72, and 73,
while node 7 is a separator node between tournaments 73 and 74. Nodes 1, 4, and 8 are source nodes, i.e.,
have no parents. The subgraph with node set {1, 3, 4} is a v-structure: node 3 has non-adjacent parents 1
and 4. Other v-structures within the TTT are the subgraphs with node sets {3, 7, 8} and {5, 7, 8}. Between
any pair of distinct nodes there is a unique shortest trail; for instance, nodes 4 and 8 are connected by the
trail passing through nodes 3 and 7. There is no undirected cycle involving several tournaments.

FIGURE 2. A tree of four maximal transitive tournaments. The skeleton graph is the same as the one in
Figure 1, but the graph here has a single source, on node 4. We see that there are no longer any v-structures
in the graph.

A key object in the paper is a TTT with unique source. In Lemma 2.2-2 below it is
shown that in this case there are no nodes with parents that are not adjacent or ‘married’, a
configuration also known as a v-structure [23].

Consider the TTT in Figure 1, which presents some of the notions introduced above. Each
tournament is acyclic, and we cannot find a cycle passing through different tournaments either.
This is why we call such a graph a tree of transitive tournaments. There are three v-structures:
one on nodes 1, 3, 4, one on 3, 7, 8, and one on 5, 7, 8. The main results in this paper require
a TTT without v-structures. According to Lemma 2.2, there are no v-structures in a TTT with
unique source. This is illustrated in Figure 2.

Considered on its own, every tournament in a TTT has a unique source; this follows from
the ordering of the out-degrees due to [18] mentioned earlier. When we talk about a source
node, we will always state whether this is with respect to the whole graph or to a particular
tournament.

In a general directed graph (V, E), let pa(v) € V denote the set of parents of v € V, and put
Pa(v) = pa(v) U {v}. In a similar way, let an(v), desc(v), and ch(v) denote the sets of ancestors,
descendants, and children, respectively, excluding v, while An(v), Desc(v), and Ch(v) denote
the same sets but including v.

Below we present some additional properties used often in the paper.
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Lemma 2.2. (Properties I1.) Let T be a TTT as in Definition 2.1. We have the following
statements:

1. If there is a path between two nodes, then there is a unique shortest path between them.
2. The TTT T has a unique source if and only if it possesses no v-structures.

3. If T has a unique source, then for any two nodes i # j, either the sets Desc(i) and Desc(j)
are disjoint, or one contains the other (that is, i is an ancestor of j or vice versa).

Lemma 2.3. (Properties II1.) Consider a TTT T =(V, E) as in Definition 2.1 with unique
source.

1. If{vi, va, ..., v} is the node sequence of a unique shortest path between nodes vy and
v, then every node except for possibly vi and vy is the source node of the tournament
shared with the next node in the sequence.

2. For any two distinct nodes u,v in T, either the unique shortest trail between them is
p(u,v) or p(vu), or there exists a node w € V \ {u, v} such that the trail is composed of
the two shortest paths p(w,u) and p(w,v).

2.3. Max-linear structural equation model on a TTT

Consider a directed graph, (V, E). To each edge e=(i,j) € E we associate a weight
ce = ¢jj € [0, 00). The product of the edge parameters over a directed path p ={eq, ..., ey}
is denoted by

m
o =T co
r=1

When the product is over the unique shortest path from u to v, we write ¢p(,,). The product
over the empty set being one by convention, we have ¢, ;) = 1.

Let (Z;, i € V) be a vector of independent unit-Fréchet random variables, i.e., P(Z; <z) =
exp(—1/z) for z> 0. In the spirit of [13], a recursive max-linear model on a TTT 7 is
defined by

Xy = \/ ciXi V ewly, vev, 2
iepa(v)

where the parameters c,, for e € E, and c,,, for v € V, are positive. We interpret this constraint
as follows: if ¢;; =0, the variable X; cannot be influenced by X; through the edge (i, j), and
the edge could be removed from the graph. If ¢,, = 0, the factor variable Z, does not influence
X,. We do not want to deal with such border cases, so we assume that all parameters in the
model definition (2) are positive. According to [13, Theorem 2.2], the expression in (2) is equal
also to

X, = \/ biZ;, 3)

eV

with
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0 if i € An(v),
byi=1cp ifi=v, 4
Cii MaXper(iy) Cp if i € an(v).

The cumulative distribution function of X, is P (X, <x) = exp(—ziev byi/x) for x > 0. We
assume that (X,,, v € V) are unit-Fréchet, yielding the constraint

wa: Z byi=1, YweV, 5)

icV ieAn(v)

since b,; = 0 whenever i ¢ An(v). It is thus necessary and sufficient to have

ey =1 ie;(:v) Cii pg&(ll?fv) Cp, (6)
with ¢y, = 1 if an(v) = &. By (6), the coefficients c,,, for v € V are determined recursively by the
edge weights ¢, for e € E. If ¢;, > 1 for some (i, v) € E, then (2) implies that X, > X; V ¢,,Z,,
and the constraint that X; and X, are unit-Fréchet distributed implies that c,, =0, a case we
want to exclude, as explained above. This is why we impose 0 < ¢, < 1 for all e € E from the
start, yielding the parameter space

O={0=(cc.ecE)e (0, )E:WeV, ¢, >0}.

The notion of criticality is important for max-linear structural equation models. We refer
to [2], [13], [14], and [22] for examples where different conditional independence relations
arise depending on which path is critical, or for illustrations in the context of graph learning.
According to [13, Definitionn 3.1], a path p € 7 (i, v) is max-weighted under 9 € O if it real-
izes the maximum max ;__ . ¢ s, where p’ is any path in 7 (i, v). In [2] the term critical is
pen(i,y) p
preferred.

If there is a (directed) path between two nodes, there is a unique shortest (directed) path
between them (Lemma 2.2-1). This is crucial for our parametric model. We define the critical
parameter space ®, C (0, 1)F as the set of parameters 6 = (c,, e € E) such that for every v €
V and every i € an(v), the unique shortest directed path from i to v is the only critical path.
Therefore we have cp(;,v) > ¢p, with strict inequality for any p € 7 (i, v) different from p(i, v).
Formally,

0, ={0€0, VeV, Viean(v), ¥p e w(i, v) \ {p(i, )}, i) > Cp} -

Next, we consider the intersection of the two spaces as an appropriate parameter space for our
max-linear structural equation model:

O, =0ON0O,. (7

For 6 € @o*, every element of the max-linear coefficient matrix By = (by;),,icv can be rewritten
using an edge weight product over the unique shortest path p(i, v) via

0 if i ¢ An(v),
byvi={cw ifi=v, and cw=1-— Z CiiCp(i,v)- ¥

. ican(v)
CiiCp(i,v) ifie an(v),
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Also, note that b;; = c;;, leading to the frequently used expression
byi = cp(iwbii, i €an(v).

Example 2.1. (Criticality.) The following example shows what happens if the assumption that
all shortest paths are critical is omitted. Consider a max-linear model on three nodes {1, 2, 3}
and three edges {(1, 2), (2, 3), (1, 3)}. The corresponding edge weights are c12, ¢33, c13. We
have

X1 =cn4, Xo=c12X1 V 222, X3 =c13X1V c3Xo V €33Z3.
The coefficient matrix B = {b;,} from (4) together with (5) and (6) is
1 0 0
B= c12 (I —c12) 0
cize3 Ve el —ci2) 1—craeas Vvers — el —ci2)

If the shortest path p = {(1, 3)} from node 1 to node 3 is not critical, then we have b3 = c12¢23
and also b33 =1 — c23. In this way the coefficient c¢13 has completely left the model. When
considering the identifiability problem, we cannot hope to identify a coefficient from some
marginal distribution if it is not even identifiable from the full one.

All of the elements are now in place for us to describe our main object of interest.

Assumption 2.1. (Max-linear structural equation model on a TTT.) The random vector X =
(Xy, v € V) has the max-linear representation in (3) and (8) with respect to the TTT T = (V, E)
(Definition 2.1) where (Z,,v € V) is a vector of independent unit-Fréchet random variables
and the edge weight vector 6 = (c,, e € E) belongs to O, in .

The following identity for nodes with a unique parent will be useful:
pa(v) ={i} = by, =1—cy. 9)

Indeed, if i is the only parent of v, then X, = ¢;,X; V ¢\, Z, by (2). The variables X, X;, Z, are
unit-Fréchet distributed and X; is independent of Z,, since X; is a function of (Z,, u € An(i))
and v € An(i). Hence c;, + ¢y, = 1, and because c,, = b,,,, Equation (9) follows.

A notational convention: in the case of double subscripts, we may also write x;, ;, instead
of Xiyin-

2.4. The angular measure

Let X follow a max-linear model with parameter vector 6 as in Assumption 2.1. The
joint distribution Py of X on [0, 00)” is max-stable and has unit-Fréchet margins. It is
determined by

Po([0,2) =P (X <2)=exp (=l (/2 )vev)),  z€(0, 001",

where the stable tail dependence function (STDF) /, : [0, 00)Y = [0, 00) is

lp(x) =) max (byixy) (10)
iev '€

for x = (x,)vey € [0, 00)Y (see [10]).
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Let Hyp be the angular measure on the unit simplex Ay = {a € [0, 1v: Zvev a™ =1} cor-
responding to the STDF Iy. The link between the STDF and the angular measure is detailed in
[9] for the bivariate case and in [27, Chapter 5] and [7, Chapters 7-8] for higher dimensions:
we have

lox)= [ max (a"x,) dHy(a).
Ay veV

In view of the expression for /y in (10), the angular measure is discrete and satisfies

Hy =" miby, (11)

ieV

with masses m; = Zvev by; and atoms a; = (byi/m;)yey € Ay for i eV [10, p. 1779]. The
notation &, refers to a unit point mass at x.

If X follows a max-linear model, the angular measure of X is identifiable from its
distribution Py via the limit relation

1
P (—Xe XN > t) 5 Hy(), t— 00,
1X 111

where |lx[li =) ; x| for a vector x in Euclidean space, while the arrow Z denotes weak
convergence of finite Borel measures, in this case on Ay.

When we discuss latent variables and identifiability in Section 4, we will have to deal with
the angular measure of a subvector of X, say Xy = (X, ey, for non-empty U C V. Its STDF
lp,u 1s obtained from Iy by setting x, =0 for all v & U: for x € [0, 00)V we have

lo,u(x) = Z max (by;x,) = / max (a"x,) dHg_y(a).
‘ velU A, VEU
ieV U
The distribution of Xy is max-linear too, so that its angular measure Hy iy on Ay has a similar
form to that of X:
H@,U:Zmi,U5ai_U» 12)
ieV

with masses m; y = ZVGU by; and atoms a; y = (byi/mi v)vev € Ay forie V.

3. Conditional tail limit and the TTT with unique source

Here we study the limit distribution of

Xy
X—,veV’Xu>t . 1> o0, (13)

u

when X is a max-linear model with respect to a TTT 7 =(V, E) as in Assumption 2.1. In
particular, we are interested to know whether the elements of the limiting vector of (13) can be
factorized into products of independent increments, similarly to other models with this property
as in [5, 30]. In Proposition 3.1 below, we show that the limit variables factorize according to
the unique shortest trails under the condition that the TTT has a unique source (node without
parents). Moreover, by Proposition 3.2, the latter criterion is necessary and sufficient for X to
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FIGURE 3. A TTT on four tournaments: 7; on node set {1, 2, 3}, tp on {3, 4}, 73 on {3, 5, 6, 7}, and
74 on {8, 7}. The variable exceeding a high threshold is at node 8. The set E, is composed of the
thicker edges, which do not necessarily have the same directions in the original graph. On the nodes
we have A® = (Ag;, i=1,...,7) and on the edges we have the multiplicative increments (M., e € E,).
Increments in different tournaments are mutually independent, while those in the same tournament are
dependent according to Lemma 3.1.

satisfy the global Markov property with respect to the skeleton graph associated to 7, i.e., the
undirected counterpart of 7.

Even though Proposition 3.1 below looks similar to Theorem 3.5 in [5], it does not follow
from it. The reason is that we have not been able to verify Assumptions 3.1 and 3.4 in that arti-
cle for the recursive max-linear model. In these assumptions, the conditioning event involves
equality, i.e., {X,, = t}, and calculating the conditional distributions and their limits is not easy.
This is why we have opted here for a different route: in (13), the conditioning event is {X,, > ¢}
and the limit conditional distribution as ¢t — oo is found from [31, Example 1].

According to Property (P3), any pair of distinct nodes in a TTT is connected by a unique
shortest trail. Let #(u, v) denote the set of edges along the unique shortest trail between two
distinct nodes u and v. Consider for instance the shortest trail between nodes 2 and 8 in
Figure 2: #(2, 8) ={(3,7), (7, 8), (3, 2)}. In contrast, let 7,(u, v) be the set of edges incident
to the same node set but directed from u to v, irrespective of their original directions, e.g.,
n(2,8)={(2,3),3,7), (7,8}

For a given node u € V, let E,, be the set of all edges in such unique shortest paths directed
away from u, that is,

E,= | t(u.v). (14)

veV\u

Recall from Section 2 that T denotes the set of tournaments within the TTT 7. For fixedu € V
there is for every tournament v = (V;, E;) € T a node, say w, -, which is the unique node in
V: such that the trail #(u, w, ;) is the shortest one among all trails between « and a node v in
V:. As an example, consider Figure 3: starting from node u = 8, the closest node from the node
set Vo, ={1,2,3}is 3, sowg ¢, =3.

With these definitions we are ready to state the condition under which the limiting variables
factorize into independent increments.

Proposition 3.1. (Factorization in max-linear model.) Let (X,,v e V) follow a max-linear
model as in Assumption 2.1. Fix u€'V. Let E,, be as in (14) and let (M,, e € E,)) be a random
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vector composed of mutually independent subvectors M®D) = (MWMJ JeVe, Wy, j)e Eu),
one for every transitive tournament t € T, and with marginal distribution as in Lemma 3.1.
The following statements are equivalent:

(1) T has a unique source.

(ii) For every u €V, we have, as t — oo, the weak convergence given by

LK/ X vEV | Xy > 1) -5 LA®) = LA, ve V) (15)
with
Aw= ] M.. vev. (16)
ect,(u,v)

(iii) There exists u € V such that the limit in (15) and (16) holds.
The following lemma provides the distribution of M® ) in Proposition 3.1.

Lemma 3.1. Let (X, v € V) follow a max-linear model as in Assumption 2.1. Let T € T be a
transitive tournament on nodes V. Then for u € V;, we have

X
E(—V, vevV;
X

u

Xu>t> L LMY = LM v eV = Y by, |- (D)
jeAn(w) {wuw EV’}

The vector M™“™) = (M,,,, v € V;) has dependent variables, and the distribution of a single
element is as follows:

1. The distribution of M,,,, when (u, v) € E:
(a) If u is the source node of T, the distribution is given by L(M,) = §(c,,)-
(b) If u is not the source node of t, the distribution is given by

LMp)= Y bys { im }

JeAN(u) “p.u)
2. The distribution of My, when (v, u) € E:
(a) If v is the source node of t, the distribution is given by
LMy) = cvubii /e,y + (1 = cu)dioy-
(b) Ifv is not the source node of t, the distribution is given by

LMyy) = Z buja{ (i) } + Z buja{o}‘

JeAn(v) pGiw) JeAn(u)\An(v)

According to Proposition 3.1, the factorization property (16) holds either for all nodes or for
no nodes at all, a necessary and sufficient condition being that the TTT has a unique source.
The principle of (16) is illustrated in Figure 3 for u = 8. The limit AW =, veV \ u) is

given by
Ag7 = Mgy, Agz = Mg7M73, Agy = Mg71M73M33,
Age = Mg7M?76, Agr = Mg71M73M3,,
Ags = Mg7M7s, Agy = Mg7M73M34,
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where M3 ™) = Msg7, M®B ) = (M76, M73, M75), M®) = M34, and MB = (M31, M3») are
independent subvectors by construction.

What underlies the link between the factorization of the limiting variables from
Proposition 3.1 on the one hand and the uniqueness of the source of the TTT on the other
hand is the Markovianity of X with respect to the skeleton graph T. The Markov property
states that for any three non-empty and disjoint sets A, B, C C V such that, in the graph T, the
nodes in A are separated from the nodes in B by the nodes in C, the vector X4 = (X,, v€ A) is
conditionally independent from Xp given X¢ [25]. Another equivalence condition can be added
to the list in Proposition 3.1.

Proposition 3.2. Let X follow a max-linear model with respect to the TTT T as in
Assumption 2.1. Then X satisfies the global Markov property with respect to the skeleton graph
T if and only if T has a unique source.

Even though in Proposition 3.2 we consider the undirected graph T associated to the TTT T,
the recursive max-linear specification of X is still with respect to the directed graph 7 itself.
Indeed, the latter edges’ directions are intrinsically determined by the recursive max-linear
model specification of X = (X,),cy. When we also consider the associated skeleton graph T,
i.e., without directions, it is because, in view of the factorization property in Proposition 3.1,
we are interested in whether the global Markov property holds, a property which is most easily
described in terms of the skeleton graph T.

The proof of Proposition 3.2 is based on notions and results from [2], which provides an
extensive study of conditional independence properties of max-linear models. In particular, [2]
introduces the notion of a x-connecting path between two nodes in a DAG, which is similar to
the notion of an active path between two nodes [23, Definition 3.6].

4. Latent variables and parameter identifiability

In practice, it is possible that on some of the nodes, the variables of interest are not observed
(latent). Examples from the literature are water heights at certain locations in the river networks
of the Danube [3] and the Seine [4]. We look at the problem of recovering all parameters of the
distribution of the complete vector, based on the distribution of the observed variables only. If
this is possible, we can study the parametric model as if all variables were observed: in par-
ticular, we are able to compute measures of tail dependence for sets including the unobserved
variables. The latter is important as it may be the only possible way to quantify tail dependence,
because non-parametric estimates are not available when dealing with unobserved variables.

Consider for instance the network in Figure 4. The max-linear model on 7 = (V, E) has
eight variables and eleven parameters 6 = (c,, ¢ € E). By Proposition 4.1 below, the parameter
0 e ®* can be uniquely identified in the case when X;, X3, X7 are not observed, on the basis of
the joint distribution of the remaining five variables, Xy = (X2, X4, X5, Xg, X3).

The problem of parameter identifiability will be formalized on the level of the angular
measure Hy and is presented in detail in the next two subsections.

4.1. Graph-induced characteristics of the angular measure

In this subsection, we argue that the condition 6 = (c., e € E) € (:)* guarantees that all edge
weights in 6 are uniquely identifiable from the angular measure Hy of X = (X,,, v € V) and thus
from the distribution Py of X. Recall from (11) that Hy is discrete with atoms a; = (a,;)vey €
Ay and masses m; > 0.
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FIGURE 4. In the following TTT, the nodes that are allowed to contain a latent variable while the edge
parameters remain identifiable are 1,3,7. These are the only nodes that each satisfy both (I1) and (12).
For instance, if node 2 has unobserved variables, the parameters attached to edges (1, 2),(3, 2) are not
identifiable. This is because the edge weights c12, c3» take part only in products over paths ending at 2.
But if 2 € U these coefficients disappear from the atoms of the angular measure a;, y = (by;/m;.y, v € U)
and accordingly from the collection of vectors By .

Thanks to the assumption 6 € O,, we have
ayi >0 < b,; >0 < i€ An(v) <= v € Desc(i). (18)
For any DAG, all nodes have different sets of descendants, i.e.,
Vi,jeV:i#j = Desc(i) # Desc(j). (19)
Indeed, if i # j and Desc(i) € Desc(j), then i € desc(j) and hence j ¢ desc(i), so that Desc(j) £
Desc(i).

Lemma 4.1. Let (X, v € V) follow a max-linear model as in Assumption 2.1, with parameter
vector 0 € O, and induced coefficient matrix (b;); yey. Let Hp = Ziev m;bq, in (11) be its
angular measure. Then the following hold:

(1) We have m; >0 forallieV.

(2) For any atom a; = (ayi)vey, we have a,; > 0 if and only if v € Desc(i). Specifically, all
|V| vectors a; are different, and every atom can be matched uniquely to a node in V.

(3) Foreach edge (i, v) € E, we have ci, = by;/bii = ayi/aij.

In particular, 6 € O, is identifiable from Hy and thus from Py; i.e., for 01 # 6, € O, we
have Hg, # Hy, and thus Py, # P, .

In Lemma 4.1, if the edge (i, v) is not critical, then there is another path, say p’, from i to v
with path product ¢, > cjy, and then we can further lower the value of ¢;, without changing the

coefficients in (4), because they involve ¢, rather than ¢, thus yielding the same measure Hy.
This shows that without the criticality assumption, some edge weights may not be identifiable
from Hy.

Example 4.1 (Unique zero patterns.)

In dimension d = 3, consider an angular measure given by the following atoms and masses:

0.8 0 0.2
1 1 1
=— | 1|, =22 =—1 0 [, up=0.5; =—1| 0 |, u3=03.
w1=55 M1 ®2=775 M2 @3=03 M3
0.4 0.5 0.1
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Consider the vectors B = ujw; for je{1,2,3}. By Lemma 4.1, the unordered collection
{(B1, B2, B3} =1{(0.8,1,0.4)T, (0,0,0.5T,(0.2,0,0.1)T} permits one to recover the values of
the coefficients in the max-linear model

Xi=cnZveuenY, Xo=cpY, Xz=cizc1ZVcizeenY VvessT,

with (known) edge set E = {(2, 1), (1, 3)}, and this is due to the presence of zeros in the vec-
tors. For the current example, we argue as follows. The angular measure Hy of (X1, X2, X3)
has three atoms: atom az = bz/mz with bz = (c11, 0, c1zc1)’, atom ay = by /my with by =
(ca21022, €22, c13cz1czz)T, and atom ar = br/mr with by = (0, 0, 033)T. As unordered sets,
{B1, B2, B3} and {bz, by, br} are equal, but the question is which vector B; corresponds to
which vector b,.. From an inspection of the zero entries of the vectors, it is easily seen that the
only possible way to identify the three coefficient vectors 81, B2, 83 with the vectors bz, by, br
of the angular measure Hy is

0.8 [~ 21622 0 0
Bi=|1]|= 169)) = by, po=| 0 |=| 0 [=br,
104  Lcizeaien 0.5 €33
[0.27 [ cnn
Bi=| 0 | = 0 =by.
| 0.1_] | c13¢11

Solving the equations yields (c11, 21, €22, €13, ¢33) = (0.2, 0.8, 1, 0.5, 0.5).

4.2. Identifiability issues with the angular measure of a subvector

When we deal with latent variables, we know the distribution of the observable variables
only, Xy = (X,, v € U) for non-empty U C V. The angular measure, say Hy ¢, of Xy in (12) is
discrete and takes the form

K
H@,U = Z I/Lraa),a (20)
r=1

with masses u, > 0 and s distinct atoms w, € Ay. Combining (12) and (20), we should have

s
U, = m;i Uda; (21)

1

r=

ieV

which means that, as sets, we should have {wy, ..., s} ={a;,v : i € V}. In contrast to the sit-
uation in Lemma 4.1, the subvectors a; ¢y for i € V are not necessarily all different. Any atom
w, of Hy y is of the form a; y = (b,;/m; y)ycv for one or possibly several indices i € V. For
r=1,...,sand i€ V such that w, = a; y, we know from (18) that

{veU:w,, >0} =Desc(i)NU. 22)

The (unordered) collection of vectors {(by;)vey : i € V} will be denoted by By .
With unobservable variables, there are several issues with the angular measure and the
expression for it on the right-hand side of (21):
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e Zero masses. We have m; y = ZVE v bvi, so that if all components of (by;),cy are zero,
then m; y = 0. This happens when Desc(i) N U = @. In this case, we have s < |V|, i.e.,
Hp, v has fewer atoms than Hy.

o Equal atoms. We may have a; y = a; y for some indices 7, j € V and i #j. In this case,
the terms i and j in (12) are to be aggregated, and again, Hy y has fewer than |V| atoms,
s < |V|. This happens when the vectors (by;, v € U) and (b}, v € U) are proportional for
some distinct i, j€ V.

e Zeros in the same positions. A more subtle problem occurs when for two distinct vectors
b, b’ € By, y, the supports {ve U:b, >0} and {ve U: D', > 0} are equal. Such a situa-
tion arises when two distinct nodes i, j € V satisfy Desc(i) N U = Desc(j) N U. The latter
equality is possible only in the presence of latent variables and is to be contrasted with
Property (19) when all variables are observable.

4.3. Identifiability criterion

For a max-linear model with respect to a TTT T = (V, E) with unique source, we need
conditions that ensure that the minimal representation of the angular measure of Xy is the one
in (12). Consider the following two conditions for the set of nodes U =V \ U carrying latent
variables:

(I1) Anyuce U has at least two children.
(I2) Any u € U is the source of some tournament in 7.

Proposition 4.1. Let X follow a max-linear model as in Assumption 2.1 with respect to a TTT
T =(V, E) with unique source. For a non-empty node set U C V, the parameter 6 € O, is
uniquely identifiable from the distribution of (X,, v € U) if and only if the conditions (I11) and
(I2) are satisfied.

Figure 4 illustrates the identifiability criterion.

5. Discussion

In this paper we have considered a Bayesian max-linear network over a special type of
graph which we call a tree of transitive tournaments (TTT). This is a graph which collects
in an acyclic manner transitive tournaments which are themselves complete DAGs. The max-
linear model is defined on a particular parameter space which ensures that the impact from one
variable to another takes place along the shortest path, a consideration that has been defined
in the literature as the path’s criticality. It turns out that a TTT with unique source leads to a
graph without v-structures; that is, no node has non-adjacent parents. The limit of the scaled
random vector, conditional on the event that a high threshold is exceeded at a particular node,
is shown to be factorizable into independent multiplicative increments if and only if the TTT
has a unique source. This result is analogous to those for Markov trees in [31] and for Markov
random fields on undirected block graphs in [5]. The feature that the Bayesian max-linear
model on a TTT with unique source shares with these other two models is that it satisfies
the global Markov property with respect to the undirected counterpart or skeleton graph of
the TTT.

In addition, we have provided a simple necessary and sufficient criterion guaranteeing the
identifiability of the edge coefficients in the case when some variables are latent. As suggested
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by a reviewer, it may be possible to extend the criterion to partial identifiability of some edge
weights in the case when the criterion is fulfilled only locally.

With appropriate modifications, we expect the results presented in this paper to hold equally
for the linear additive causal model introduced in [16]. One of the reasons is that the max-
domain of attraction of a linear model with heavy-tailed factors is the same as that of a max-
linear one [10]. However, the relation between the edge weights 8 = (¢, ).cg and the coefficient
matrix By = (bjj); jev is different between the max-linear and additive linear versions, and this
may require different approaches to showing the same properties for the additive version.

Appendix A. Trees of transitive tournaments

Recall that in a DAG, a v-structure refers to a node with parents that are not adjacent; see
Figure 1.

A.1 Proof of Lemma 2.2

Proof. Part 1. Leta, b e V. If a and b share the same tournament, they must be connected
by an arrow, which is then the unique shortest path between them, since all other possible paths
have length larger than one.

Let a, b be non-adjacent. If there is a unique directed path between a and b, then this is
the unique shortest path. Suppose now that there are two shortest paths: pi, p2 € w(a, b). Let
the path p; be along the vertices {vi =a, v, ..., v, = b} and the path p, along the vertices
{uy=a, uy, ..., u,=>b}

We will proceed by contradiction. Assume v> # uz. If v» and u, belong to two different tour-
naments, then there exists a non-directed cycle through nodes in different tournaments, namely
{a,va,.... b, ..., us, a}. But this is impossible by Property (P2) of a TTT. Hence, v, and u»
must belong to the same tournament, say t,, because a is part of the same tournament too. Now
consider u3 and v3. Then either u3 = v3 or they share a tournament, say 73, because otherwise
there exists a non-directed cycle through nodes in different tournaments. Since (v2, v3) € E
and (u2, u3) € E, and by the assumption that v, # up, all four nodes {a, v», uz, v3 = u3} or
all five nodes {a, v, uz, v3, u3} belong to 7,. This is because by Property (P1), two tourna-
ments can share only one node, so it is impossible to have 73 N 7, = {v, up}. Because all four
or five nodes belong to the same tournament, and since (a, v2), (v2, v3), (a, uz), (uz, uz) € E,
we must have (a, v3) € E and (a, u3) € E to avoid inter-tournament undirected cycles. Hence
the paths {a =v1,v3,...,v, =b} and {u; =a, us, ..., u, = b} are shorter than p; and p;, a
contradiction. We must therefore have v, = uy.

We apply the same strategy to the nodes v3, u3 and v4, u4 to find that v3 = u3. Proceeding
recursively, we conclude that p; = p;.

Part 2. First we show that if the TTT has a unique source, there cannot be a v-structure. We
proceed by contraposition. Assume that there is a node, v, with parents in two different tourna-
ments 7, and 7. Let a and b be the sources of 7, and 7, respectively [18, Corollary 5a]. Note
that we definitely have v # a and v # b. From node v we go to node a. If a does not have a
parent from another tournament, we have found one node with zero in-degree with respect to
the whole graph. If a has parent(s) from another tournament, say t, then we go to the node
that within 7/ has in-degree zero, say node a’. We keep on going until we find a node with
in-degree zero within the whole graph—such a node must exist because the graph is finite.
We repeat the same process for tp, yielding two different nodes having zero in-degree with
respect to whole graph. These nodes must be different because of the definition of 7 since we
started in two different tournaments t, and 75, we cannot end up in the same node; otherwise
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there would be a non-directed cycle passing through v and that node. Hence we have found
two nodes with zero in-degree, which means that 7 does not have a unique source node.

Next we show that if 7 has two or more source nodes, u and v, then there is a v-structure.
Because u and v are sources they have in-degree zero, so that they cannot belong to the same
tournament, and thus they belong to two different tournaments. Consider the unique shortest
trail between u, v on a sequence of nodes {u =vy, v, ..., v, = v}. Such a trail exists because,
by the definition of a TTT, the skeleton of 7 is a block graph, and in a block graph there
is a unique shortest path between every two nodes [6, Theorem 1]. For every two consecutive
nodes in the shortest path, v;, v;11, we have either (v;, vi+1) € E or (vi41, v;) € E. Because u and
v are sources of T, we have (u, v») € E and (v, v,_1) € E. Note that n > 3, since u and v cannot
be adjacent. We need three nodes v;, vit1, vit2 such that (v;, viy1) € E and (viya, vit1) € E.
If n=3, then the triple (&, vz, v) already fulfils the requirement. If n >4, then we con-
tinue from v; as follows. Let i =max{j=1,...,n—2:(vj, viy1) € E}; then (v;, vi11) € E and
(Vi42, vix1) € E, as required. Because this is the shortest trail, v; and v;;» cannot belong to
the same tournament, since otherwise there would exist a shorter trail passing only through v;
and viqo.

Part 3. Suppose that v € Desc(i) N Desc(j) but also both i ¢ an(j) and j ¢ an(i); in particular, i
and j do not belong to the same tournament. Consider the paths p(i, v) and p(j, v). Along each
path, continue walking upwards considering successive parents. Since the graph is finite, this
walk must end for both paths at a node without parents. By assumption, the latter must be the
unique source node of the TTT, say ug. We will thus have found two different paths from u
to v, one passing via i and the other one via j. However, as i and j do not belong to the same
tournament, this is in contradiction to Property (P2) of a TTT. (|

A.2. Proof of Lemma 2.3

Proof. Part 1. Suppose that there is a node v,, for r € {2, ..., n— 1}, which is not the
source node in the tournament shared with v,41, say 7. Let v be a parent of v, in t. Note
that v must be a parent of v,.y; too, because of the out-degree ordering in a tournament.
Because v,_1 is a parent of v, too, both v._; and v must belong to z, since otherwise v,
would have parents from different tournaments, which is impossible according to Lemma 2.2-
2. Hence v,_1, v, v, vr41 all belong to the same tournament, i.e., to 7. Necessarily v,_ is a
parent of v, 1, because otherwise there would be a directed cycle {v,_1, vy, Vy+1, v/—1}. But
then {vi, ..., V)—1, V41, - . ., Vu} 1S a shorter path between v; and v, in contradiction to the
hypothesis.

Part 2. Let the shortest trail between u and v be the one along the node sequence
{vi=u,...,vy,=v}. It is sufficient to show that there cannot exist a node v, for re
{2,...,n—1} such that (v,—1,v,) € E and (v,+1, v;) € E. Indeed, suppose to the contrary
that there exists r € {2, ..., n — 1} such that both v,_1 and v,; are parents of v,.. Then v,_|
and v,y] must be adjacent, because v-structures are excluded by Lemma 2.2-2. But then
{vi, ..., Vr—1, Vg1, - . ., Vu} 1s a shorter trail between u and v, yielding a contradiction. O

Appendix B. Proofs and additional results for Section 3

Proof of Lemma 3.1. From [31, Example 1] we have the limit
Z qu(S{%,VEVT}.

jev
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Adapting this representation to a model where we have b,; = 0 for j ¢ An(u) and b;; = cp(j,ibjj
for j € An(i), we obtain
Z bujb { pGin) b

jeAn(u) puybij’

Recall that ¢y ;) = 1 and ¢p(; j) = 0 if i ¢ An(j).
Next we show that (M,,, v € V;) are mutually dependent. When u is the source of t, for
every j € An(u) the atom

Cp(i.u)C,
(”(’” veV) (M,vev,>=(1;cw,vevr\u)

Cp(j,u) Cp(j,u)

vevf}.

has probability Z cAn(u) b,j = 1. Hence (M,,, v € V) are at the same time perfectly dependent
and independent.

For a node u# which is not the source node, the general idea is to take a collection of coor-
dinates for which the joint probability is zero while the product of the marginal probabilities
is positive, thus showing that the joint probability does not equal the product of the marginal
probabilities for the selected possible value of the random vector.

For brevity, let V; ={1, 2, ..., m}, with the nodes labelled according to the order of their
out-degrees within 7: the source node of t has out-degree m — 1 (the largest) and is labelled
as 1, the node with out-degree m — 2 is labelled as 2, etc.

Suppose u is the node 2. Thanks to the no-cycle property within a tournament, we have
An(2) = An(1) U {2}. For all j € An(1) we have

(M,v=l,...,m):<L;1;M,v=3,...,m), 23)
Cp(,2) 12 Cp(,nC12

which is an atom of (My,,v=1, ..., m) with mass ZjeAn(l) by;. This means that for the
marginal distribution of M»; we have P (M2 =1/c12) > ZjeAn(]) byj. For j=2 we have an
atom (0, 1, ¢33, ..., cap) With mass by>. This means that for the marginal probabilities of
(M»3, ..., My,,) we have P (M, = cp,) > by for all v=3, ..., m. Take a vector of coordi-
nates (1/c12, 1, ¢23, ..., com). Note that this vector cannot be the same as the one in (23).
For any v=3, ..., m we cannot have cy,/c12 = ¢z, because of the criticality assumption,
according to which cyy, > c12¢p, for any v=3, ..., m. The joint probability of this vector of
coordinates is

PMz=1/c12, M2 =1, M3 =23, ..., Moy = com) =0.

However, the product of the marginal probabilities is positive:

m
P(Ma=1/c)PMp=D][[PMy=c2)= ) byyx by ' >0.
v=3 jeAn(l)

Now let u > 3. Take the vector of coordinates in (17) corresponding to j =1, which is
equal to (1/c1y, c12/Clus - - -» C1m/c14) and has probability at least b,;. Consider also the
vector of coordinates for j=u, which is (0,...,0, I;¢cp,v=u+1, ..., m) with mass at
least b,,. Replace the first coordinate by 1/cy,. The vector obtained in this way has joint
probability zero. For every j € pa(u) we have b,;/b,; =0 when v is not a child of j, or equiv-
alently, given the order in the node labelling, when v <j. So for fixed u > 3, for j=1 the
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vector (byj/byj,v=1, ..., m) has no zeros. For j=2 the vector (b,;/b,j,v=1, ..., m) has
one zero, namely (0;b,;/b,;,v=2, ..., m); for j=3 the vector (b,j/b,;,v=1, ..., m) has
two zeros, namely (0, 0;b,;/b,;, v=3, ..., m); and so on until j =u with the corresponding
vector (byj/byj, v=1,...,m)=(0,...,0:b,j/byj,v=u, ..., m). If we replace the first coor-
dinate by a non-zero value in this vector, we get an impossible value for the random vector
(My,,v=1, ..., m)or a value with probability zero. Considering the univariate marginal dis-
tributions of (M,,, v=1, ..., m), we obtain for the product of the marginal probabilities a

positive value:

u—1 m
HD(}Mul = l/clu) |:1_[ ]P)(Muv =O)j| P(Muu = 1) 1_[ P(Muv =CMV) = bu] X brunu_l > 0.
v=2 v=u+1

This shows that for any u € V; the vector (M,1, ..., M) has jointly dependent elements.
Next we show the distribution of a single element M,,,,, ve V; \ u:

1. Consider first the case when u is the source node in 7. Since (u, v) € E, we have An(u) C
An(v) and thus An(v) N An(u) = An(u). We have b,; > 0, j € An(u); hence zero is not a
possible value of M,,,. For j € An(u),

by _ epuwcwbyy _
by Cpuwybjj o

and since ) jeAn(u) b,j =1 we obtain the desired result under 1.(a).
When u is not the source node in 7, not all shortest paths to v pass through u; hence for
j € An(u) we have

b. Chri: b Crii
i _ pGTi i)
byj  cpwbjj  Cpiuw

with mass b,;. This yields the result in 1.(b). Note that zero is not a possible value, as
we still have An(u) C An(v). Also, ¢pu,4) =1 by convention.

2. Let us now consider (v, u) € E. In this case An(u) \ An(v) is not empty, because it con-
tains at least the node u, so zero is a possible value of M,,,. We need to distinguish only
the zero atoms from the non-zero ones. When v is a source node in t, for j € An(v) we
have

b.; Cri(i D Cp(i 1
A (e R (V) R}
buj  cpGuwbij  CpwCu C

which is an atom with probability

D b= ) cpGmewmbi=cw D b= ) by=cu

jeAn(v) jeAn(v) jeAn(v) jeAn(v)

The probability of the zero atom is Y i v anew) Pui = 2jean) Pui — 2_jeAn(y) Duj =
1 — ¢yy. This shows 2.(a).
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When v is not a source node of t, we have for j € An(v)
by _ eoGmbii _ v
by cpGwbijj  Cpu
an atom with mass b,; and zero atom with probability Zje An(w)\An(v) Duj- This shows
2.(b).
O
Remark B.1. From the results in Lemma 3.1 we see that a multiplicative increment does not
have a degenerate distribution at zero, so that a product of several such multiplicative incre-

ments cannot be degenerate at zero either. This is an important observation that we will use in
further proofs.

Lemma B.1. Let (X, v € V) follow a max-linear model as in Assumption 2.1. Let T have a
unique source. For any u € V we have

X

c —V,veV‘Xu>t L LA veny= Y bysy., . (24)

X, . { P ,vev}
jeAn(u) Cp(j,u)

The distribution of A, depends on the three types of possible trails according to Lemma 2.3-2.
In what follows we assume (u, v) ¢ E. For the case (u, v) € E see Lemma 3.1.

1. Distribution of Ay, on a path {u=vi,r=vy,...,v=v,} with u, r € t, one of the
tournaments of T :

(a) If uis a source node in t, then L(Ay,) = 5{cp(u,v>}-

(b) Ifuis not a source node in T, we have

L(Aw)= Z buj‘s( pGir) }

jeAn(u) oy POV

2. Distribution of Ay, onapath {v=vi,r=vy, ..., u=v,}withv,ret:

(a) Ifvis a source node in t, then

L(Aw)= Cp(v,u)s{ . } +1 - Cp(v,u))(s{O}'

p(vu)
(b) Ifvis not a source node in t, then

LA= Y Geruwbyd| op 1+ 2. budor
JjEAN(®) {Cp(/,r)fp(w)} JjeAn(u)\An(v)

3. Distribution of Ay, on a trail composed of two paths p(ru) and p(r,v): Let the trail be on
nodes {u, ...,m,r,n,...,v}. Also, let t,,, T, be two tournaments with r, m € t,, and
r,nE Ty,

(a) Ifris asource in both t,, and t,, then

pGry)

p(r,u)

LA = Cp(r,u)s{ } +d - Cp(",u))s{o}'
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(b) If ris a source in t,,, but not in t,, then
LAw)= Z Cp(r,uybrid [ i) I + Z bujd(0y.
jeAn(r) p(,r)Cp(r,u) JjeAn(u)\An(r)
(c) Ifris asource in t,, but not in T, then
LA = Z Cp(m,u)bmja{ p(j,r)Cp(r.y) } + Z buja{o}'
jeAn(r) Ep(j,m)pm,u) jeAn(u)\An(r)
Proof. We have already seen that from [31, Example 1] we have the limit
X, d
L(}Tu, VAS V|Xu > t) —> Zbujslzl,VGV]
jev W

Adapting this representation to a model where we have b,; = 0 for j ¢ An(u) and b;; = cp(j,i)bjj

for j € An(i), we obtain
Z b“f‘s{fpo‘,v) vev}'

JjeAn(u) pGju)”
Recall that ¢y ;) =1 and ¢y jy =0 if i ¢ An(j). For a single v € V' \ u we have the marginal
distribution
LAW = ) byb () (25)
JjeAn(u) buj

The distribution of A,, depends deterministically on properties of the TTT. When 7 has a
unique source, according to Lemma 2.3-2 there are three possible shortest trails between two
nodes. In addition we have also the property under Lemma 2.3-1. We look at the different
distributions of A, that arise from these two properties of the TTT.

First we deal with 1.(a). Since An(u) C An(v), all atoms in (25) are positive and zero is not
a possible value of A,,. All paths from An(x) to v pass through u, because u is a source in t
and because, by Property (P2) of a TTT, no cycle involving several tournaments is allowed.
The case is illustrated by the graph below.

Hence for all j € An(u) we have

by _ Spimbii _ CpganCpwy)
by cpGubij Cpj,u)

= Cp(u,v) > 0,

with mass i on() buj = 1.

Next we show 1.(b). Because An(x) C An(v), zero is not a possible value of A,,. Not all
shortest paths from An(u) to v pass through u, because u is not a source in t. However, all
paths from An(u) to v pass through r, as shown in the picture. Paths from An(x) to v other than
these passing through u or r are impossible because of Property (P2) of a TTT.

e S~
N
,

T e N
I/ N
, \

|

! 1
\ -
\/U/ 7/’

A ’
~ -
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For j € An(u) we have

by _ aGwbii _ cpir
buj  epGwbii  CpGw

with mass by, hence the expression in 1.(b).
Next we show 2.(a). When the directed path is from v to u, the set An(x) \ An(v) contains at
least u; hence we have b,; = 0 for all j € An(u) \ An(v). This means that zero is a possible value
of A,y. All shortest paths from j € An(v) to u pass through v, as v is a source in t. Otherwise,

there would be a cycle involving multiple tournaments, which is not allowed under Property
(P2) of a TTT.

1 T u

For j € An(v), the non-zero atom is given by

QZCPUJ’)bjj: pGv) 1 -0
byj  cpGwbji  CpiCrvuy  Cpvu

Jj€An(v),

with mass

D b= Y i =Cpew Y, CpGnbi

jeAn(v) jeAn(v) jeAn(v)
= o) D by = Cpou-
jeAn(v)
For the zero atom we have probability
Yo bi= ) b= D by=1—cpuu.
JjeAn()\An(v) jeAn(u) jeAn()

This shows 2.(a).

To show 2.(b) we note that when v is not a source node of t, not all shortest paths from
Jj € An(v) to u pass through v. However, all paths from j € An(v) to u pass through r, as can be
seen from the figure below.

Hence for j € An(v) we have

by _ eoimbii _ i _
buj  cpawbii  Cpi.nCptra)

which is an atom with mass b,j = cp(, ) Cp(r,u)bjj = Cp(r,u)brj. The zero atom comes from the
fact that b,; = 0 for all j € An(u) \ An(v), and it has probability
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byj.
jeA()\An(v)

This shows the distribution under 2.(b).

By Lemma 2.3-1, the node r, as part of the path p(r, u), is allowed not to be a source node in
Tp. A similar statement can be made in relation to the path p(r, v). However, when we combine
p(r, u) and p(r, v) in one trail #(u, v), the node r should be a source in at least one of t,, and t,,.
Indeed, if » were not a source either in 7, or in t,, then there would be a v-structure. However,
Lemma 2.2-2 excludes v-structures when 7 has a unique source; hence node r should be a
source in at least one of the tournaments t,, and ;.

To show 3.(a), we note that all paths from j € An(r) to u and to v pass through r, as r is a
source in both 7, and t,,,. The case is depicted in the following picture.

Also, we have b,; = 0 for all j € An(u) \ An(r). For j € An(r) we have

by _ epGnCpembii _ o
buj  eprcperanbii o

)

with probability
D b= Y cpinCotrwbi=Corw Y, pGnbi
jeAn(r) jeAn(r) jeAn(r)
=Cpir) Y, bri=Cpra-
JjeAn(r)

The probability of the zero atom is

Z buj = Z buj — Z buj=1—=cpru-

jeAn(w)\An(r) JjeAn(u) jeAn(r)

Next we show 3.(b). Because r is not a source in 7,, not all paths from An(r) to v pass
through r, but they do all pass through n. Also, all paths from An(r) to u pass through r,
because r is a source in T,,.

’
'
I
i / \
3 1
N& n, v
N
N

’

T
\ n

\

1

1

- -

Hence, for j € An(r),

by _ CpimCpnnbii _ CpimCpony) _
byj  cplirCprwbii  Cplir)Cpiru)

3

which is an atom with mass by,; = ¢y, Cp(r,uybjj = brjCp(r,uy- The zero atom has probability
equal to ZjeAn(u)\An(r) by;.
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Next we show 3.(c). When r is a source in 7, this means that all paths from An(r) to v pass
through r. Because 7 is not a source in t,,, not all paths from An(r) to u pass through r, but
they do all pass through m.

For j € An(r) we have

byj _ Cp.nCprv)bjj — Sty
b pGmCpmuwbii  CpGmCpmuy

which is an atom with mass b,; = ¢p(j,m)Cpm,u)Pjj = bimjCp(m,u)- The zero atom comes from b,; =
0 for all j € An(u) \ An(r). It has probability } i s\ an(r) - d

Proof of Proposition 3.1. First we prove that (i) implies (ii). Assume 7 has a unique source.
We have to prove that for any u € V, an element from the limiting vector in (15) is given
by (16).

In Lemma B.1 we have seen a number of cases for the distribution of A,,, depending on
deterministic properties of the trail between u and v. Below we consider each of these cases
again.

Case 1. Let the unique shortest trail between u and v be a path on the node sequence {u =
vi, ¥ =V, ..., v, =v}. Let t be the tournament containing u, r.

Case 1. (a). Let u be the source in 7. From Lemma B.1-1.(a) we have P(A,, = cpu,v) = 1.
Consider the variables (M,, e € p(u, v)), which are by construction independent of each other,
because they belong to different tournaments. Note that in this case every node vy, ..., v,—1
is the source node in the tournament containing that node and the next one in the sequence.
This follows from Lemma 2.3-1. Then, by Lemma 3.1 1.(a), for every M,, e € p(u, v) we have
P (M, =c,) =1, and hence

P 1_[ M, =cpuy | = l_[ PM,=c.)=1,
eep(u,v) eep(u,v)

which shows A,, =]

eep(u,v) M, e

Case 1. (b). If u is not the source in 7, the distribution of M, is as in Lemma 3.1-1.(b). As
in Case 1.(a), every node r =v», v3, ..., v,—1 is the source node in the tournament containing
that node and the next one in the sequence. The variables M,, e € p(r, v) are degenerate at c,.
As in Case 1.(a), the variables (M,, e € p(u, v)) are by construction independent of each other,
because they are indexed by edges which belong to different tournaments. Then we have

cf I1 me|=c|mu JT m|=[ X bujrs{(-,,g,,)} ® gy}

eep(u,v) eep(r,v) je An(u) p(j,u) (26)

Z b“f‘s{ p.n }

jeAn() i POV
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The symbol ® denotes multiplication between two discrete probability measures, say w and
v, of two independent variables, say & and &>, respectively. For two possible values a1, a; of
&1, & respectively, we have u({a;})v({a1}) as a measure of the event {£1& =ajax} ={& =
ai, & = a»}. The last expression in (26) is the distribution of A,,, in Lemma B.1-1.(b).

Case 2. Let the unique shortest trail between u# and v be a path from v to u on the node
sequence {v=vi, r =V, ..., v, =u}. Let T be the tournament containing v, r.

Case 2. (a). Letv be the source in 7. Consider the random variables M, ,y,,i=1,...,n—
1, whose distributions are as in Lemma 3.1-2.(a). Since this is the unique shortest trail from v
to u, all edges on it belong to different tournaments, and the vector (M,, i=1,...,n=1)
contains independent variables by definition. Then

n—1 n—1
l_[ MV1+1V1 ¢ P < ViplVi — ) 1_[ CV1V1+1 = Cp(v,u)- (27)
p(v u) 1 Cvivipt

i= i=1

i+1Vi?

For the zero atom we have

n—1
1
(l_[MVHerl_O)_I_HP(MVI+1V1>O)_1_HP( ViplVi = >

CViVH—l

=1 cpw,u)- (28)
The expressions in (27) and (28) represent the distribution of A,, in Lemma B.1-2.(a).

Case 2. (b). If v is not the source in 7, consider a random variable M, with distribution as
in Lemma 3.1-2.(b) and a random variable A, constructed as in Case 2.(a) above, i.e., as the
product ]_[:';21 M By construction M, is independent from A, by the same argument as
above. We have

Vit1Vi®

LAuMry) = Cp(r,u)a{ . } + (I = ¢p(ru))d0y

p(r,u)

o 2 b’js{"po:w}"' > bydo |

jeAn(v) pG.r) JEAn(r)\An(v)

which gives non-zero atoms cp(j,v)/(Cp(j,r)Cp(r,u))> | € An(v), with masses byjcp(r,uy, j € An(v).
To show the probability of the zero atom, consider

PAuMp=0)=1=P Ay >0)-PMp>0)=1=cpruy Y by
jeAn()

Y b= Y qunbichrn= Y bi— Y, by= Y, by
jeAn(u) jeAn() jeAn(u) je€An(v) jeAn(w)\An(v)
which is what we need to confirm A,, = A,,M,,, where A, is as in Lemma B.1-2.(b).

Case 3. In the three cases that follow, let the unique shortest trail from « to v be given by
two paths p(r, u) and p(r, v). Let the trail be on nodes {u, ..., m, r, n, ..., v}. Also, let 7, 7,
be two tournaments with r, m € t,,, and r, n € 1.
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Case 3. (a). Let r be the source in both 7, and 1,,. Consider random variables A,, as in
Lemma B.1-1.(a) and A, as in Lemma B.1-2.(a). Above we have shown in Cases 1.(a) and
2.(a) that A,,, and A, are factorizable into independent multiplicative increments. By construc-
tion A, and A, are independent from each other, because the multiplicative increments are
independent. We have

P (AurArv = M) =P (Aur =
Cp(r,u)

) P,y = Cp(r,v)) = Cp(r,u)-
Cp(r.u)

For the probability of the zero atom we have
PAyAn=0)=PA,=0)=(1- Cp(r,u))-
The two displays above represent the distribution of A, in Lemma B.1-3.(a).

Case 3. (b). Let r be the source in 7, but not in 7,. Consider three random variables
Ayr, My, Ay, with distributions as in Lemma B.1-2.(a), Lemma 3.1-1.(b), and Lemma B.1-
1.(a), respectively. For A, and A,,,, we have shown in Cases 2.(a) and 1.(a) above that they are
factorizable into independent multiplicative increments. By construction M,, is independent
from the increments in A, and A,,,. Then

£(AMVM}’HAI1V)

= Cp(r,u>5{ : }+(1—Cp(r,u>)5{0} o > brjfs{c,,g,n)} ® ey}
Ep(r,u) jeAn(r) pGi.r)

= Z bricp(r.u)d { cpv,n)cp(n.v)} + (1 = cp(r,u))d10-

JjEAN(r) pG,r)Cp(r,u)
Note that
Yo by= D b= D by=1= ) clncrrwbi
jeAn(u)\An(r) jeAn(u) jeAn(r) jeAn(r)
=1—cor) Y, by=1—Cpr0
JEAN(r)

This shows that the distribution of A,,-M,,A,, is that of A, in Lemma B.1-3.(b).

Case 3. (c). Let r be the source in t,, but not in 7,,. Consider variables A,,,,, M,,,, A, with
distributions as in Lemma B.1-2.(a), Lemma 3.1-2.(b), and Lemma B.1-1.(a), respectively. The
variables A, and A, have been shown to factorize into independent increments in Cases 2.(a)
and 1.(a), respectively, of this proof; hence they are also independent from each other. By
construction M, is independent from A,,;, and A,,,. Then we have

£(AumMmrArv) = Cp(m,u)(S{ ) } +(1 - Cp(m,u))a{O}

plm,u)

® Z bmj(S ir) + Z bmj(S{O} ®5{cp(,yv)}-
JjeAn(r) { p(j,m) } jeAn(m)\An(r)
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(a)

1 2
3
Case when the v-structure belongs to only one of the two trails ¢(u, 1) and t(u, 2).

(b)

u Un—1 [

1 2
2 3
Case when each node of the v-structure belongs to one of the two trails ¢t(u, 1) and ¢(u, 2).

FIGURE 5. The two possible configurations of the trails #(x, 1) and #(u, 2) when nodes 1, 2, 3 form a
v-structure.

The non-zero atoms are cp(j, ) Cp(r,v)/ (Cp(j,m)Cpm,u)) Tor j € An(r) with masses
Cp(m.uyPmj = Cp.m)Cpmuybjj = bujs € An(r).

The probability of the zero atom is given by

P AunMprAry =0) =1 =P Ay > 0) P (Mypr > 0) =1 — Cp(m,u) Z by
jeAn(r)

=1= > imCpmubi= Y by— Y b= Y by

jeAn(r) jeAn(u) jeAn(r) jeAn(u)\An(r)

Hence the distribution of A,,;,M,,A, is that of A, in Lemma B.1-3.(c). This completes the
proof that the statement in (i) implies (ii).

The statement in (iii) holds trivially from (ii).

Next we prove that (iii) implies (i) by contraposition: we assume that 7 has at least two
sources and show that it is not possible to obtain the factorization in (16). If 7 has at least two
sources, then by Lemma 2.2-2 there is at least one v-structure, say on nodes 1,2,3 and involving
edges (1, 3), (2, 3) € E. Consider the nodes 1,2. For every u € V we have two possibilities:

(a) The v-structure belongs to only one of the trails #(u, 1) and t#(u, 2): without loss of
generality, (1, 3), (2, 3) € t(u, 2) and (1, 3), (2, 3) ¢ t(u, 1).

(b) Each trail #(u, 1) and #(u, 2) contains one edge of the v-structure: without loss of
generality, (1, 3) € #(u, 1) and (2, 3) € H(u, 2).

If u € {1, 2}, then we are in the case (a), while if u = 3 we are in the case (b). If u & {1, 2, 3},
then node 3 must belong to at least one of the two trails #(u, 1) or #(u, 2), because otherwise
the skeleton graph would have a cycle connecting nodes u, 1, 2, 3 and passing through more
than one block. The latter is impossible according to Property (P2). The two possibilities are
illustrated in Figure 5.

Case 3. (c-i). Consider first the case when, without loss of generality, the v-structure
belongs to #(u, 2) but not to #(u, 1); see Figure 5(a). Let the trail from 1 to u be on nodes
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fvi=1,v2,...,v,=u}. We can have any direction on the edges of #(1, u). Recall the
distribution of A,;»:
L(ApR)= Z byjiby; by}
JjeAn(u)

We have by; =0 for all j ¢ An(2). We claim that An(u) N An(2) = @. According to Property
(P2) of a TTT, T does not contain an undirected cycle involving several tournaments. This
means that it is impossible to find a node from which there are paths going to # and to 2. Also,
it is impossible to find a path passing through 3 and going to 2, because otherwise there would
be either an undirected cycle involving several tournaments, or a cycle within a tournament.
Both are impossible for a TTT. This leads to the conclusion that A,» is degenerate at zero.
Now we look at the variables (My,, ,y,, i=n—1, ..., 1; M3, M3;), which by construction we
take to be independent, as they belong to different tournaments. Each of them is one of the
variables in Lemma 3.1, and none of these is degenerate at zero. Hence their product cannot
be degenerate at zero either.

Case 3. (c-ii). Next we consider the second case, when without loss of generality (1, 3) €
t(u, 1) and (2, 3) € t(u, 2); see Figure 5(b). Let the trail from node 3 to u be on nodes {v| =
3,va, ..., v, =u}. First we consider the case when we have at leastonei=1,...,n—1 for
which (vit+1, v;) € E, i.e., we have at least one edge with direction from u to 3. Because #(u, 3)
is a shortest trail, the edges incident to the nodes on the trail belong to different tournaments.
The distribution of (4,1, A,2) is given by

LA A=Y by { by by }

JjeAn(u) buj buj

where b1;=0 and by; =0 if j¢ An(l) and j¢ An(2), respectively. When for some i=
1,...,n—1wehave (vit1, v;) € E, it follows necessarily that An(1) N An(u) = @ and An(2) N
An(u) = &. There cannot be a path from An(1) or An(2) to any of the nodes {vy, ..., v, =u},
because otherwise there would be a cycle involving several tournaments, in contradiction to
the definition of a TTT. Because of the edge (vi+1, v;) € E, all nodes in An(1) U An(2) are not
ancestors of u. Also, because of the edges (1, 3), (2, 3) € E, all nodes in An(x) cannot be ances-
tors of node 1 or 2. Thus, when for somei=1, ..., n — 1 there is a directed edge (vi+1, vi) € E,
we have L(A,1, A,2) = 8{0,0). We have found a node v € V such that A, = 0 almost surely, but
then the factorization (15)—(16) cannot hold, because these are never degenerate at zero.

Now let the trail from node 3 to u actually be a path. Also, let nodes 1 and 2 be sources
with respect to the tournaments shared with node 3, say 1,3 € V;, and 2, 3 € V,,. It is always
possible to choose 1 and 2 in such a way that they are sources of 71 and 1. This is because
node 3 obviously is not a source in 7] and 12, so the sources of these must point to 3. We can
decompose An(u) into three disjoint sets, namely An(1), An(2), and the rest, An(u) \ {An(1) U
An(2)}. For the distribution of (A,, A,2) we have

LA A= ) bu,-a{blj |

jeAn(u) buj* buj

<

jeAn(1) byj* byj

byj > buj jeAn(w)\{An(1)UAn(2)}

&

= 2 budps, b21}+ > bW"S{bu by |t > b“f‘s{bl by

jeAn) /ﬁ}
For the atoms in the first summation we have

by _ogobyi oy 1

by Cpaob  CpGHCI3CHG 3G
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and b;/b,; =0, as by; =0 for all j € An(1). Hence we have an atom that does not depend on
j€Anl), ie., (1/(c13¢p3.)), 0), and its mass is

D b= Y CpnC13CpG.0bi = C136pE.0 = Cplu-
jeAn(l) jeAn(l)
In a similar way, from the second summation in the last display we have an atom
(0, 1/ (0230,,(3,“))) with mass ¢23¢p3,4) = Cp(2,u)- In the third summation term the atom is (0,0),
as bij = byj=0forall j € An(u) \ {An(1) U An(2)}, and its mass is 1 — c13¢p3,u) — €23CpG3,u) =
1 — ¢cpi3,uw(c13 +c23). Consider now the multiplicative increments (M31; M3z, My, v,i =
1,...,n—1), which are mutually independent since they belong to different tournaments.
Because node 1 is a source node in the tournament 7y, the distribution of M3 is ¢138{1/¢;5} +
(1 — c13)8{0; by Lemma 3.1-2.(a); and similarly for M3,. We have

n—1 n—1 n—1
P (M31 [ Murvi =0. M3 [ [ My, = 0) =1-[[PMy,,,>0)

i=1 i=1 i=1

(29)
n—1
+PM31=0)P(M3,=0) - (1 - l_[ P My, v > 0)) P(M31=0)P (M3, =0).
i=1
After some rearranging of the expression above we obtain
n—1
1= ]P M0 > 0)ers + 23 — c13c23). (30)
i=1
There are two further subcases: either every node vy, ..., v,_1 is the source node with
respect to the tournament involving the next node in the sequence, or not. In the first sub-
case, namely when every node in {vi =3, v, ..., v,—1} is the source node with respect to
the tournament involving the next node in the sequence, we have PP (M, ,,;, > 0) = ¢y, for

i=1,...,n— 1. This means that the probability in (30), and consequently in (29), equals 1 —
¢p3,u)(c13 + c23 — c13¢23), which is different from P(A,; =0,4,2,=0)=1—¢p3,u(c13 +
¢23). In the second subcase, i.e., if at least one node from {v; =3, vy, ..., v,—_1} is not the
source with respect to the tournament involving the next node in the sequence, we have that
the possible values for M3 ]_[;';11 M, are not only {0, 1/¢p(1,4}, which are the only possi-

i+1Vi
ble values of A, as we showed in the previous paragraph. Leti € {1, ..., n — 1} be such that
node v; is not the source node in the tournament shared with v; 1, say ;. This is depicted in
the following graph:

n//’/’s \\\\ 1 2
C/NY NS

U —— —— «—Witl «—— Vj f}7—— «—— 3

Recall the distribution of M, from Lemma 3.1-2.(b):

Vit1Vi
LMyen)= ) bueidtbyppt 2, S
JEAN(v;) JEAN(Vir 1)\ An(vi)

Take for instance a node, say s, which is a parent of v; and accordingly is in An(v;). Then
bv,-x Gy

byjyis  Csvigy
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VAN VANAVAWAVAN

FIGURE 6. According to [2, Definition 5.4], a *-connected path between a and b relative to S is one of
the five configurations above. In the last three graphs we have s € S.

is a possible value of M,,, ,; with positive probability, namely at least by, ,s. Another possible
positive value is for j = v; € An(v;), namely
by 1
5 =

viervi Cvivigg

with probability at least by, ,y,. The criticality assumption on edge weights guarantees that
CLL # 1/cyp,,,- This means that the product M3; ]_[;1__11 M, v, has at least two different pos-
Vit1 -

" ) . . Csv;
itive values: one involving

and another 1/cy, However, A, has only one possible

. Viel-
Csvit1 "

positive value. U

Proof of Proposition 3.2. Sufficiency. Assume T has a unique source. We need to show that,
for any disjoint and nonempty sets A, B, S, we have X4 Il Xp | Xs whenever S is a separator of
A and B in the skeleton T of 7. We would like to use [2, Theorem 5.15], by which we need
to show that A L, B|S in Dg—that is, that there are no *-connecting paths between any pair
of nodes in A and B in the conditional reachability DAG Dg. We will explain these notions
further.

Let A, B, S C V be nonempty disjoint node sets such that S is a separator of A and B in the
skeleton 7. Consider Figure 6. According to [2, Definition 5.4], a *-connecting path between
a €A and b € B is one of the five configurations shown in the figure. Our goal is to show that
for a € A and b € B it is impossible to find a x-connecting path in a certain graph D%, which is
neither 7 nor T, but is constructed under particular rules given in [2, Definition 5.1].

According to this definition, the conditional reachability graph D is on the same vertex set,
V. Between two nodes i and j in V, there is an edge (i, /) in Dg if and only if there is a directed
path from i to j in 7 such that no node on that path belongs to S, except possibly for i and j
themselves.

Consider Figure 6. We need to show that in the conditional reachability graph D¢, there is
no x-connecting path between a node a € A and anode b € B.

To obtain the first configuration in D;f, there must be, in the skeleton 7', nodes a € A and
b € B such that no node on the path from a to b passes through S. But this is impossible,
because we assumed that S is a separator of A and B in 7. A similar argument holds for the
second configuration.

For the other three configurations in Figure 6, consider Figure 7.

In Figure 7, the left-hand and right-hand trails in the original graph 7 are the only possible
ones that give rise to the middle path in Figure 6 with respect to the graph Dg: both the left-hand
and right-hand graphs in Figure 7 show existing trails between a and b in T, trails composed of
a directed path from a to s, and a directed path from b to s. The only node on these trails which
belongs to S is s. Hence in Dy we put a directed edge from a to s and from b to s. This gives
the third *-connecting path in Figure 6. But this configuration cannot occur, for the following
reason. On the left-hand trail in Figure 7, the separator node s has parents u, and v, in different
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a b a b
l ! l l
Uo V2 U2 U2

3 a b e
“\ ¢’ . v
Uy U(I Up — U(I
NS NS
S S

FIGURE 7. The left and right trails in the original graph 7 are the only possible trails that give rise to the
middle path in the graph Dg.

tournaments. This leads to a v-structure between the nodes u,, s, v4, in contradiction to
Lemma 2.2-2 and the hypothesis that 7 has a unique source.

On the right-hand trail in Figure 7, the node s shares a tournament with its parents u, and
vy, but only s belongs to S; on the trail {a =uy, uz, ..., u,, vy, ..., v2, v = b}, none of the
nodes are in S. In 7', this means that there is a path between A and B that does not pass through
S. This is in contradiction to the assumption that S separates A and B in T

To show that the fourth type of x-connecting path in Figure 6 cannot occur, we can use
the reasoning used for the third one by setting @ =da’ in Figure 7. Then either s has parents
from two different tournaments or there is a non-directed path from &’ to b which does not
pass through S. The first case is excluded by Lemma 2.2-2 and the assumption that 7 has a
unique source, and the second one by the assumption that S is a separator of A and B in 7. The
impossibility of the fifth x-connected configuration follows analogously.

Necessity. We will show that if 7 has multiple source nodes, there is a triple of disjoint,
non-empty sets A, B, S C V such that S is a separator of A and B in T, but X4 and Xp are
conditionally dependent given X5. In the case when 7T has at least two sources, we have at least
one v-structure in 7 by Lemma 2.2-2. Take a triple of nodes in a v-structure, say u, v, w, with u
and w being parents of v. Then node v separates nodes u and w in 7, i.e., S = {v} is a separator
of A={u} and B = {w} in T. All references below are from [2].

To show X, )t X,, | X,,, we will use [2, Theorem 6.18] (context-free completeness). We need
to show that there is an effective x-connecting path in the critical DAG Dg(6) between nodes u
and w, as in Definitions 5.2 and 6.5 of [2].

The subgraph on nodes u, v, w of D’S"(G) is a v-structure, u —> v <— w, according to the
definition of Dg(0). According to [2, Definition 6.4], the |S| x |S| substitution matrix of (u, v) €
E relative to S = {v} is zero, because S is a singleton and by definition all diagonal entries of
the substitution matrix are zero, i.e., EE“ =0. Similarly, EEW = 0. Because the edges (u, v), (w,
v) form a *-connecting path between u, w in D;(@), the substitution matrix of this path relative
to S, say Eg, is zero too:

Es =max (EY', EJ")=0.

To find out whether the edges (i, v), (w, v) form an effective x-connecting path between u, w,
we need to compute the tropical eigenvalue of max (I'ss, Eg), where I" is as in [2, Equation
(2.3)] and T'ss is the vv-element of T', i.e., {I'},,. Because {I'};; > 0 if and only if there is a
directed path from j to i, we have I'ss = {I'"},, = 0 and so

max (['sg, Bs) =0.

The tropical eigenvalue [2, Equation (2.7)] of the above matrix is trivially equal to zero and
thus smaller than one. By [2, Definition 6.5], there is indeed an effective *-connecting path
between u, w in D;(O). In view of [2, Theorem 6.18], we conclude that X, X X,, | X,,. O
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Appendix C. Proofs and additional results for Section 4

C.1 Auxiliary results

Proof of Lemma 4.1. The point masses satisfy m; > 0 for all i € V, because we have m; =0
if and only if ¢;; = 0. However, c¢;; = 0 is impossible in view of the definition in (6). Therefore
we cannot have undefined atoms, which would happen when m; = 0. This shows (i).

Next we show (ii). To see why a; # a; fori #j, leti, v € V and recall b,; in (8). From the line
below (11), recall that we also have b,; = m;a,; for i, v € V. Thanks to the assumption 6 € @*
we have (18). We also have (19) for any DAG.

The combination of the last two equations implies that in (11), all vectors a; for i € V are
different, and thus Hy has | V| distinct atoms. Also, for every node i € V, we can find out which
of the |V| atoms of Hy is a;, because it is the unique one that satisfies Desc(i)={ve V:a,; >
0}. Note that similarly, among the |V| vectors in the set By = {(b,j)yev : j € V}, the vector b; is
the unique one such that Desc(i)) = {v € V : b,; > 0}.

Finally consider (iii). By the criticality assumption, every edge is critical, because it is the
shortest path between any pair of adjacent nodes. Since (i, v) € E is critical, we have b,; = bj;c;y,
and thus c;, = by;/bii = ayi/ai;.

In summary, the angular measure Hy possesses |V| distinct atoms that can be uniquely
matched to the nodes. As a consequence, we can reconstruct the matrix (by;); yey. Thanks to
(iii), this matrix allows us to recover all edge weights c,,. (]

Lemma C.1.1. Let T =(V, E) be a TTT as in Definition 2.1, and let T have a unique source,
ug. Let U C V be non-empty and suppose that U =V \ U satisfies the conditions (11) and (12).
For every u e U there exists s € desc(n) N\ U such that 7(i, s) is a singleton and the unique
path p from u to s satisfies the following two properties:

1. All nodes on p except for s are in U.
2. Each node on p except possibly for u has only one parent.

As a consequence, any path with destination s must either start in one of the nodes of p or
contain p as a subpath.

Proof. Let it € U and suppose i has no parents, so it = uo. Take a node whose unique parent
is u, say vp. By [18, Corollary 5.a], such a node exists in every tournament in which u takes
part. If vo € U, then s = v, and we are done. If v, € U, then by (I2) v, must be a source of at
least one another tournament. In each of these, there is a node whose only parent is v,. Take
such a node, say v3. If v3 € U then v3 = s and we are done; otherwise continue in the same way
until we find a node which is in U. Because the graph is finite and because of the condition (I12),
such a node must exist. It is clear that the path constructed in this way has the stated properties.

Next suppose that # belongs to U and that i has at least one parent. By (I2) it must be a
source of at least one tournament. In each of these tournaments there is a node with single
parent u. Take one of them, say v; if vy € U then we are done, and otherwise we repeat the
same procedure as above until we find a node which is in U. Because the graph is finite and
because of the condition (I2), such a node must exist. It is clear that the path constructed in this
way has the stated properties too. U

Lemma C.1.2. Let T = (V, E) be a TIT as in Definition 2.1, and let T have a unique source,
ug. Let U C V be non-empty and suppose that U =V \ U satisfies the conditions (11) and (12).
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FIGURE 8. A unique path on nodes {# =v{, vp, v3, ..., s =v,} under Lemma C.1.1. Each of the nodes
i, vy, ..., v,_1 belongs to U. Each of the nodes vy, ..., v,_1, s has a unique parent. The node it € U
may have parents as illustrated here, but then there is at least one tournament with respect to which it
is a source node, e.g., 71. Let v, be the node with unique parent & in t;. When v, belongs to U, it must
participate in at least one another tournament, say 7. In 7, the node with unique parent v, is v3. Following
this principle, the path continues until we find a node in U, which is v, = s in this case.

Let i, j €V be two distinct nodes. With the roles of i and j switched if needed, the equality
Desc(i) N U = Desc(j) N U implies the following:

1. We haveie U.
. We have desc(i) = Desc(j).
. We have {i} = pa(j).

. For ke V\ {i, j}, the set Desc(k) N U is different from Desc(i) N U = Desc(j) N V.

2

3

4. There exists u € V such that i, j € pa(u).

5

6. We have |Desc(i) N U| = |Desc(j) N U| = 2.

Proof. Part 1. Note first that Desc(i) N U cannot be empty: otherwise, we would have
Desc(i) C U, but this is impossible, since Desc(i) contains at least one leaf node (a node without
children), in contradiction to (I1).

Since Desc(i) N U = Desc(j) N U and since this set is non-empty, the intersection Desc(i) N
Desc(j) is non-empty as well. In relation to Lemma 2.2-3, this means either Desc(i) C Desc(j)
or Desc(j) C Desc(i). In the remainder of the proof, we suppose Desc(j) C Desc(i). Then
we must have i ¢ Desc(j), since otherwise also Desc(i) C Desc(j) and thus Desc(i) = Desc(j),
which is impossible since i and j are distinct; see (19). From Desc(j) € Desc(i) and Desc(i) N
U = Desc(j) N U it follows that

Desc(i) \ Desc(j) € U.
Because i ¢ Desc(j) we getie U.

Parts 2-4. First we show that all elements in Desc(i) \ Desc(j) are ancestors of j. Let v e
Desc(i) \ Desc(j). Because j and v are two different nodes, Lemma 2.2-3 implies that one
of three cases must occur: Desc(v) C Desc(j), Desc(j) C Desc(v), or Desc(j) N Desc(v) = 2.
The first case, Desc(v) C Desc(j), is impossible, since v ¢ Desc(j). The third case, Desc(j) N
Desc(v) = @, is impossible too, since it would imply that Desc(v) € Desc(i) \ Desc(j) € U, but
this cannot happen since Desc(v) contains at least one leaf node while U does not contain any.
Only the second case, Desc(j) C Desc(v), remains. As a consequence, v is an ancestor of j, and
so all nodes of Desc(i) \ Desc(j) are ancestors of j. By the proof of Part 1, we get

Desc(i) \ Desc(j) € an(j) N U. (31)
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Again let v € Desc(i) \ Desc(j). We show that there exists a unique path from v to j and that
j has only a single parent. Since v € U, there exists, by Lemma C.1.1, a node s(v) € U such
that there is only one directed path p(v, s(v)) from v to s(v); moreover, this path satisfies the
properties 1 and 2 in the lemma. Necessarily,

s(v) € Desc(v) N U € Desc(i) N U = Desc(j) N U.

As s(v) is a descendant of j while j is a descendant of v, the path p(v, s(v)) passes through j. As
a consequence, there is a unique path p(v, j) from v to j; otherwise, there would be more than
one path from v to s(v). Moreover, by Lemma C.1.1-2, each node on the path p(v, s(v)), except
possibly for v, has only one parent. In particular, j has only one parent.

Again take any v € Desc(i) \ Desc(j). By (I1), v has at least two children. They cannot both
be ancestors of j, since then there would be two paths from v to j, in contradiction to the
previous paragraph. Let u be a child of v that is not an ancestor of j; then u € Desc(j) because
of (31). This means there are two paths from v to u: the edge (v, u) and a path passing through
J- These paths must belong to the same tournament, as the skeleton of 7 is a block graph. But
then v and j are adjacent, and thus v, which we already knew to be an ancestor of j, is actually
a parent of j. But j has only one parent, and so the set Desc(i) \ Desc(j) must be a singleton. As
this set obviously contains node i, we get v =1i and thus Desc(?) \ Desc(j) = pa(j) = {i}. Since
Desc(i) = {i} U desc(i) and Desc(j) C Desc(i), it follows that desc(i) = Desc(j) = Desc(i) \ {i}.

Part 5. Let k € V\ {i, j} be such that Desc(k) N U = Desc(i) N U = Desc(j) N U. By Part 3 we
have {i} = pa(j). From Desc(k) N U = Desc(i) N U we can have either {k} = pa(i) or {i} = pa(k),
while from Desc(k) N U =Desc(j) N U we have either {k} =pa(j) or {j} =pa(k). Because
already {i} = pa(j), we cannot also have {k} = pa(j), whence we must have {j} = pa(k). But
then {i} = pa(k) is impossible, so that necessarily {k} = pa(i). From {i} = pa(j), {j} = pa(k), and
{k} =pa(i) we get a cycle between the three nodes i, j, k, which is in contradiction to the
definition of a DAG.

Part 6. We already know that Desc(i) N U = Desc(j) N U. We need to show that this set contains
at least two elements. Consider the triple {i, j, u} from Part 4 that forms a triangle with directed
edges (i, j), (i, u), and (j, u). By Part 1 we have also i € U. There are four cases, according to
whether j and u belong to U or not:

1. If j, u € U, they are two distinct elements of Desc(j) N U.

2. Ifj e Ubut u € U, then take r € Desc(u) N U (which is non-empty by (I1): all leaf nodes
in Desc(u) are in U), and note that j and r are two distinct elements in Desc(j) N U.

3. Ifje Uand u € U, then, as in Lemma C.1.1, let s € U be such that there is a unique path
p(j, s) from j to s, this path satisfying the properties 1-2 in the same lemma. Then u does
not belong to that path (since u € U and u has at least two parents, i and j), so that s is
different from u, and both are members of Desc(j) N U.

4. Ifj,ue U, then by Lemma C.1.1 we can find nodes s € desc(j) N U and r € desc(u) N U
with paths p(j, s) and p(u, r) which satisfy the properties in the lemma. Nodes s, r clearly
belong to Desc(j) N U. Moreover, they are distinct: node u, having at least two parents,
cannot belong to the unique path p(j, s) between j and s, while by construction, there is

a directed path from j to r that passes through u.
O
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Lemma C.1.3. Let X be a max-linear model with respect to a TTT with unique source. The
coefficient b, depends only on the edge weights of the tournament shared by node v € V and
its parents, and it is given by

bp=1+ Y > (=D, (32)

uepa(v) pem(u,v)

Proof. Consider the node v. If v has no parents we have an(v) = @ and by (6) we have
by, = 1. If v has at least one parent, then there is a tournament which contains the parents,
say, T = (V¢, E;). Let the nodes in t be labelled according to their in-/out-degree ordering in
7: the node with |V;| — 1 children in 7 (the source of t) has index 1, the node with |V;| —2
children in t has index 2, and so on. We can partition the set an(v) into An(1) and pa(v) \ {1}.
For i € An(1) the shortest path from i to v necessarily passes through 1, so by; = ¢y, 1)C1vbii.
Then, by (4) and (6), we have

by =1~ Z byi=1-— Z Cp(i,1)Crvbii — Z byi=1—cpy— Z civbii.  (33)
ican(v) icAn(1) iepa(\1 iepa(\1

Let C = {cjj}i jev, i<j be the matrix of edge weights within 7: it is lower-triangular and has zero
diagonal. Let I,,, denote the m x m identity matrix, write

b=(,by, ..., b|Vr\,|Vr|)T

(a column vector), and let 1}y, | be a column vector of ones of length |V;|. Consider the system
of linear equations
Uy + O b = 1y, (34)

For v > 2 the expression in (33) is equivalent to the vth equation in (34). A solution for b is
—1 —1
b=, + O Ly, = (v, = (=O)) " Ly,
From the equality
(v + (O + (=CF + -+ (=ON Iy, = (=O)) =Ly, — (O

and the fact that, for a |V;|-square lower-triangular matrix with zero diagonal, powers of k >
|V | are zero matrices, we obtain

Iy + (=0 + (=CP ++ -+ (=071 = (1, — (—0)) .

If the matrix on the left is denoted by K, we have as solution b = K1,y,|. For all b,,, v> 2,
it can be shown that (32) equals the vvth element of this solution for b. For b consider the
corresponding solution when the tournament 7 is the one which node 1 shares with its parents.
If node 1 has no parents in the TTT, then we have the solution b1; = 1, which is indeed the
case. O

Lemma C.1.4. Let X follow a max-linear model as in Assumption 2.1 with respect to a TTT T
consisting of a single tournament v = (V, E). If the node v € V has at least one parent, then the
parameter vector 0 = (Ce)ecE € O, is not identifiable from the distribution of Xv\,. Specifically,
there exists 0" = (Cb)ecE € Oy such that 0' # 6 and the distribution of Xw\y is the same under
0" as under 6.
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Proof. Let n=|V| denote the number of nodes. For convenience, rename the nodes to V =
{1, ..., n} in the ordering induced by the DAG:; i.e., node i has i — 1 parents, for i € V. The
number of edges is |E| =n(n — 1)/2 =: m, and the parameter set O, is an open subset of RE.
The distribution of X is max-linear and is given by

Xj=\/biZ. jeV. (35)

where bi1 =1, bjj=1— Zj,;i bj; for j € V'\ 1, and where the m coefficients b= (b;; : 1 <i <
J < n) are determined by the edge parameters 6 = (c;;: 1 <i<j<n).

Discarding the variable X, for some v € V '\ 1 yields the vector Xy\,, the distribution of
which is determined by the m — (v — 1) coefficients (bj; : 1 <i <j <n, j # v). For convenience,
identify RE with R”. Let 7 : R” — R™"*! be the projection that sends x = (j:1<i<j=<
m)tomw(x)=(x;:1=<i<j<m,j#v);ie., the effect of 7 is to leave out the coordinates (i, v)
withi=1,...,v— 1. By (35) with j =v removed, the distribution of Xy, is determined by
(b).

The max-linear coefficients b are a function of the edge parameters 6. Formally, there exists
amapf: O, — R™ such that

b=F£().

The function f can be reconstructed from (8) with p(i, j) = (i, j) for 1 <i <j <n. Clearly, f
is continuous. Since the parameter 6 is identifiable from the distribution of X (Lemma 4.1),
the function f is also injective, i.e., 8 # 60’ implies f(0) # f(0"). By the invariance-of-domain
theorem [24], the image f (0, is therefore an open subset of R”. But then, for any coefficient
vector b € f ((:)*), there exists another coefficient vector b’ € f (@*) such that b’ # b but still
bji="bj; for all 1 <i<j<n and j#v —in other words, such that 7 (b) =7 ("). Since f is
injective, the vectors b and b’ originate from different edge parameter vectors 6 = f~!(b) and
6’ =f~1(b') in O,. But
n(f(0))=n(b) = (") =n(f(©"),

so that the edge weight vectors 6 and 6’ induce the same distribution of Xy ,. We conclude that
the parameter 6 is not identifiable from the distribution of Xy, . O

C.2. Proof of Proposition 4.1

In reading the proof, the following perspective may help. Recall the notation in Equations
(12) and (20). Knowledge of the (simple max-stable) distribution of Xy implies knowledge
of its angular measure Hy and thus of the unordered collection of pairs of atoms and masses
(wr, up)forr=1, ..., s. The vector Xy can itself be represented as a max-linear model with s
independent factors and coefficient vectors 8, = u,w, forr=1, ..., s. We first need to ensure
that we can match those vectors B, in a unique way to the max-linear coefficient vectors
(byi)vey for i € V; note that the coordinates v of those vectors are restricted to U. Next, from
the latter vectors, we need to recover the edge coefficients 6 = (ce)ecE-

Proof of sufficiency (if) part of Proposition 4.1. We assume (I1) and (12). In the first step of
the proof we show that the angular measure of Xy in (20) is composed of |V| distinct atoms;
furthermore, we show that we can associate every atom in {w,:r=1, ..., |V|} to some node
v eV, and accordingly to one of the atoms a; 7 = (b,;/m; v)vev for i € V. For this, we focus
on the nature of the atoms {a; i/}, given the conditions (I1) and (I2). As a consequence, the
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max-linear coefficient matrix byxv = (byi)vev.icy can be recovered from the distribution of
Xy. In Step 2, we show how to recover from this matrix the edge parameters 6 = (¢,)ccE-

Step 1. Recall the representation Hy = ZieV m;,y8a;y in (12) of the angular measure of Xy.
We shall show that all |V| masses m; i are positive and that all |V| atoms a; 7 are distinct.
Moreover, we will show how to match the atoms to the nodes—that is, given an atom w €
{w,:r=1,...,|V]|}, how to identify the node i € V such that w =a; y.

All |V| vectors {aj y} have positive masses {m; y}. Recall m; y =) byi, and recall from
(18) that b,; > 0 if and only if v € Desc(i). It follows that m; ;; = 0 if and only if Desc(i) N U =
@ or, in other words, Desc(i) € U. But this is impossible since Desc(i) contains at least one
leaf node, that is, a node without children, and such a node belongs to U by (I1). We conclude
that m; y > O forallie V.

All |V| vectors {a; y} are distinct. By (22) it follows that whenever for two different nodes
i, j € V we have Desc(i) N U # Desc(j) N U, we can find two atoms, say @’ and '/, within the
set {w,} such that " = a; y and "’ = a;,y. Because Desc(i) N U # Desc(j) N U, we necessarily
have a; y # a; y. Suppose, however, that for two different nodes i, j € V we have a; y = a; u.
This means that for the uth and jth elements of these vectors we have

bui _ b bji _ bjj
iU = Qj i,y < — = — and qij.U =4 jiu <> — = —
n; m; m; m;
Considering the ratios above, we should also have
AU GuU bui by
= Y — i (36)
aiju G bji  bjj

Because a; y = aj,y, necessarily Desc(i) N U = Desc(j) N U. By Lemma C.1.2 there exists a
node u such that one of the edge sets {(i, j), (i, u), (j, w)} and {(j, i), (i, u), (j, u)} is contained in
E. Without loss of generality, suppose this holds for the first triple. Also, by Lemma 1.2 there
cannot be another node k with Desc(k) N U = Desc(i) N U = Desc(j) N U.

Suppose first j, u € U. From the identities

bji = cijbii, bui = ciybii, byj = cjubjj, (37)
and the criticality requirement
Ciu > CijCjus
we have
bui > [ﬂ (38)
bi b

This inequality shows that (36) cannot happen; hence we cannot have a; y = a;,y. This means
that all |V| atoms are distinct.

Next suppose j, u € U. By Lemma C.1.1, there exist nodes j, #’ € U such that ;' € desc(j)
and u’ € desc(u) and the paths p(j, j) and p(u, u') satisfy the properties in the lemma. Because
each node on the path p(j, j), except possibly for j, has a unique parent, the path p(j, /') cannot
pass through u (which has parents i and j), and thus j/ # u’. As i is a parent of j, the shortest
(and in fact the only) path from i to j is the one that concatenates the edge (i, j) with p(j, j')
(Lemma C.1.1). It follows that

bj/i = Cp(/',j’)cijbii and bj/j = Cp(]',j/)bjj. (39)
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By a similar argument, the path that concatenates the edge (i, u) with the path p(u, ') is the
unique shortest path from i to «’, while the path that concatenates (j, u) with p(u, ') is the
unique shortest path from j to «’. It follows that

bu’i = Cp(u,u’)ciubii and bu/j = Cp(u,u’)cjubjj- (40)
Combining these equalities, c;, > cjjcj, implies that we should have

bui  byi. 41)
buj  bjj

However, from a; y = a;,y, we have for the u'th and j'th elements of these vectors

byi b by by
G =Gy = ——=—* and gy =apu e o=
m; m; nm; m;
Considering the ratios above, we should also have
QGuu AU byi Dby
=R e 2= 42)
aiju 4 buj  bjj

Because of (41), the equalities in (42) cannot happen, so we cannot have a; y = a;,y.

The analysis of the cases (j, s) € U x U and (j, s) € U x U is similar. This shows that all |V|
vectors a; iy for i € V are different, and because of (21), all vectors w, for re {1, ..., [V]} are
different too.

Distinguishing all atoms a; i with zeros in the same positions. For two different nodes i, j €
V, the atoms a; y and a; y have the same supports {v € U: a,; > 0} ={v € U:a,; > 0} when
Desc(i) N U = Desc(j) N U. By Lemma C.1.2-5 there cannot be any other node k € V' \ {i, j}
with the same descendants in U. In the representation

VI

H@,U = Z mt,Usa,,y = Z MrSw,

teV r=1

there are thus exactly two atoms, @ and ', say, with the same indices of non-zero coordinates
as a; y = (byi/mj,u)vev and a; y = (byj/m;j u)vev. The question is then how to know whether
w=a;y and ' = aj y or vice versa, w = a; y and ' = a; y. Let u and p’ be the masses of w
and o', respectively, and consider the vectors 8 = uw and 8’ = 4/@’. An equivalent question is
then how to identify 8 and B” with the two max-linear coefficient vectors (b;)yey and (by))veu.

By Parts 2—4 of Lemma C.1.2, we can suppose that i is the unique parent of j and that i
and j have a common child u. The analysis is now to be split up into different cases, according
to whether j and u belong to U or not. Recall that b,; = ¢ v)bii and by; = cp(j,v)bj; for v €
Desc(j) C Desc(i).

Suppose first that j, u € U. From (37) we deduce (38) thanks to the criticality assumption.
In order to make the correct assignment of the two vectors 8 = (B,)ver and 8’ = (B'))veu to
the nodes i and j, we need to check the inequality (38). If B,/8; > B'./B’;, then we assign the
vector B to the node i and the vector B’ to the node j. If the inequality is reversed, we do the
assignment the other way around.
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Next suppose that j, u € U. According to Lemma C.1.1, there exist nodes j/, ¥’ € U such that
there is a unique path from j to j/ and from u to «’. By Lemma C.1.1, the paths from i to «’ and
J', and from j to u/, are

pl. ) = (G wyUpu,u’),  pG.j)={GNYVpG.[),  pG,u)={(, w}Upu, ).

We have the same identities in (39) and (40), which, together with the criticality assumption,
lead to the inequality (41). In order to make the correct assignment of the two vectors 8 =
(By)veu and B’ = (B'y)veu, we proceed as above for the case j, u € U.

For the cases (j, u) € U x U and (,u) e U x U, we combine methods from the cases (,u) e
UxUand (j,u)e U x U.

With this we finish the proof that we can learn the structure of every atom {w,:r=

1,...,|V]}, ie., that for every r=1,...,|V| we can identify the unique node i € V such
that @, = a; v = (byi/m;i v)vey. This means that we can also match every element 8 in the
collection of vectors {8, :r=1, ..., |V|} to the correct node i € V such that 8 = (b,;)vev.

Step 2. In the previous step, we showed that the distribution of Xy (together with knowledge
of the graph structure) determines the max-linear coefficient matrix by xv = (bvi)vev,icv. Here
we show that this matrix suffices to reconstruct the vector of edge coefficients 6 = (c)ecE-

If v is a child of i, then p(i, v) = {(i, v)} and thus b,; = ¢;,b;;. If both i and v belong to U,
then clearly we can identify c¢;, = b;/b;;.

Let i € U with child v € ch() N U. By Lemma C.1.1 there exists a node v € U such that
there is a unique path from v to v/. Write v=v; and v/ =v,, and consider the node set

{vi, v2, ..., vy} on that unique path. Using the fact that if a node £ has a single parent k,
then bgg = 1 — ci¢ (see (9)), we find the following identities for the max-linear coefficients b,
forje{v,,...,va, i}

anVn =1- Cvp1vn>

ananl = Cp(Vn—l»Vn)anflvnfl =Cvy1vn (1 - Cvn72vnfl) ’
(43)

by,vs = Cpwa,v)Dvavy = Coguy *+ < €y, (1 - CV1V2) )

bv,li = Cp(i,v”)bii = Ciy; Cy1 Cypyz = ° - Cv,1_|v,7bii-

From the first equation we identify c,,_,,,, from the second ¢,,_,,, ,, and so on until we iden-
tify ¢y, from the penultimate equation. From the last equation we can identify c;,,, because
b;; is available from by y in view of i € U.

The next step of the proof is to extract the edge parameters between a node with latent
variable and its children.

Let i € U. We will show that we can identify all edge weights cjj for j € ch(?). Because i
belongs to U, it should have at least two children, say v and v. Take v to be a node whose only
parent is i. Note that we can always find such a node by Lemma C.1.1. Let us first assume
v, v € U. Because v has only one parent, we have b,, =1 — ¢, and thus ¢;, =1 — b,,. We
also know b,; = cjbji, and thus bj; = by;/cy, = byi/(1 — by,). From by; = ci3bi; we deduce that
ciy = byi(1 — byy)/byi. Hence we have identified all the edge parameters related to children of i
which are observable, provided i has two or more children in U.
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Next assume that both v, v € U. By Lemma C.1.1, there exists a node v' € desc(v) N U such
that there is a unique path from v to v/, and it has the properties stated in the lemma. Let

the sequence of nodes along which the path passes be denoted by {vi =v, v, ..., v, =V},
Using again the fact that for a node ¢ with single parent k, by = 1 — cge (see (9)), we find the
same identities as in (43) for the max-linear coefficients b, forj € {vy, ..., v2}. From the first
equation we obtain c¢,,_,y, =1 — by, from the second equation c,,_,,, , =1—by,,_, /(1 —

by,v,), and so on until we obtain c,,,, from the penultimate equation in (43). Because we
assumed pa(vy) = {i}, we have b,,,, =1 — ¢;, and thus

by,vi = Cpry,v)bvivi = CopaCugrs ** * Coy gy (1 - Ciw) >

from which we identify c;,,. Since v, € U, all coefficients b,,; for j € V are contained in the
max-linear coefficient matrix by «y. The procedure just described thus allows us to compute
all edge coefficients ¢;y,, Cyyvyy - -+ Cuyqvy-

Because the path p(vy, vy,) satisfies the properties in Lemma C.1.1, and in view of the same
lemma plus the fact that the only parent of vi = v is i, it follows that the path {(i, vi)} U p(v1, vy,)
is the unique path between i and v,,. Hence we have also

bv,,i = Cp(i,vn)bii = Civi Cy11yCypyz = ° cvn,lvnbii' (44)

As v, € U, the value of b,,; is known from by v. The edge coefficients on the right-hand side
were expressed in terms of by« y in the previous paragraph. From there we obtain the value of
b;i, which will be used next.

Now consider the node v, renamed to V1, which was an arbitrary child of i. For v = too,
we can find a node v, € U and a sequence of nodes {v3, ..., V;,} according to Lemma C.1.1
satisfying the properties stated there. For all r € {2, ..., m}, the node v, has a unique parent,
v,—1. We have the following equalities, again using by = 1 — c¢ for a node ¢ with unique
parent k:

b5y = 1= Copp i

b‘_’m‘_’mfl = CP(‘_’mfl "_}m)b‘_’mfl‘_}mfl =CptVm (1 - C‘_’mfz‘_/mfl) ’

D35, = Cp(, 3y biss = ooty + €y (1 = €0152) 5
b3, = Cpti ) bii = Civy €515, oy * €9, i

In the last equality we used that the path {(i, v1)} U p(v1, V;,) is the unique shortest path between
i and v, because of Lemma C.1.1 and because p(v1, v,,) satisfies the properties 1-2 of the
lemma. Since v,, € U, the values of the left-hand sides in the previous equations are contained
in the given matrix byxy. From the first equality we obtain ¢y, ,3,,, from the second one
3, _2vm_1» and so on until we identify cj,;, from the penultimate equality, i.e., all edge param-
eters linked to p(v1, vy,). In the last equation above we replace b;; with the expression derived
from (44) and we obtain the parameter c;3, .

If some of the children of i are in U and others are in U, we apply a combination of the
techniques used in the two cases described above—when two children are in U or when two
children are in U.

This concludes the proof of the sufficiency (if) part. U
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Proof of necessity (only-if) part in Proposition 4.1. Let U C V be such that at least one of
the two conditions (I1) and (I2) is not satisfied, and let 8 = (c,).cE € ©,.. We will show that
there exists another parameter 8’ = (c})eck € Oy such that 6’ # 6 but the distribution of Xv\u
under 0’ is the same as the one under 6.

We consider two cases: (1) (I2) does not hold, i.e., there exists u € U which is not the
source of any tournament in 77; (2) (I2) holds but not (I1), i.e., every u € U is the source of
some tournament in 7, but there exists u € U with fewer than two children.

Case 1: there exists u € U which is not the source of any tournament in 7. Then u belongs
to only a single tournament, say t = (V;, E;); indeed, a node that belongs to two different
tournaments must be the source of at least one of them, because otherwise it would have parents
from two different tournaments, yielding a forbidden v-structure.

Let Xy, be a max-linear model restricted to a single tournament, t. The coefficients associ-
ated to Xy, , denoted by b]; for v, i € V;, are determined by the weights of the edges ¢ € E;. By
Lemma 1.4, we can modify the edge weights ¢, for e € E; in such a way that the max-linear
coefficients b; for v e V; \ u and i € V; remain unaffected. Let ¢, for ¢ € E; denote such a

modified vector of edge weights. Define 0’ = (c).cg € 0, by

c. ifeeky,

ce ifeeFE\E;.

Then 6’ € ©, too: indeed, ¢}; > 0 for all i € V by assumption on 6 and by the fact the vector
(Ce : e € Ey) satisfies ¢;; > 0 for i € V. By construction, the distribution of Xy, \, is the same
under 6’ as under 6.

We show that the distribution of Xy, under 0’ is the same as the one under 8. We proceed
by induction on the number of tournaments.

If T consists of a single tournament, then 7 = 7 and there is nothing more to show.

So suppose T consists of m > 2 tournaments. The skeleton graph of 7 is a block graph and
thus a decomposable graph. By the running intersection property, we can order the tournaments
71, ..., T, with node sets Vi, ..., V,, in such a way that t; = t, the tournament containing
u, and such that V,,, N (V1 U...UV,,_1) is a singleton, say {s}. Then s 7 u since u belongs to
only a single tournament.

Write W=V, U...UV;,_1\u The joint distribution of Xy\, can be factorized into two
parts: first, the distribution of Xy, and second, the conditional distribution of Xy, \s given Xy.
It is sufficient to show that both parts remain the same when 6 is replaced by 6’.

o By the induction hypothesis, the distribution of Xy is the same under 6’ as under 6.

o By the global Markov property (Proposition 3.2), the conditional distribution of Xy, \s
given Xy is the same as the conditional distribution of Xy,,\y given X;. But the latter is
determined by the joint distribution of Xy, , which, in turn, depends only on the weights
of the edges e in t,,,. By construction, these edge weights are the same under 6 as under
@’. 1t follows that the conditional distribution of Xy, \u given Xy is the same under 0’ as
under 6.

We conclude that the distribution of Xy, is the same under 0’ as under 0. Since 0 # 6’, the
parameter is not identifiable.
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Case 2: any u € U is the source of some tournament in T, but there exists u € U with fewer
than two children. Any u € U must have at least one child (a node without children cannot be
the source of a tournament). But then there exists u € U with exactly one child: ch(u) = {w}.
The tournament of which u is the source can only consist of the nodes # and w and the edge
(u, w). Now there are two subcases, depending on whether « has any parents or not.

Case 2.a: u has no parents. Then u is the source node of 7 with a single child w. Removing
the node u yields the TTT T, := (V \ u, E \ {(4, w)}) with single source w. The random vector
Xv\y follows the recursive max-linear model (2) with respect to 7y,. Its distribution is deter-
mined by the coefficients c, for e € E \ {(«, w)}. The value of ¢,,, can thus be chosen arbitrarily
in (0, 1) without affecting the distribution of Xy\,.

Case 2.b: u has parents. Any ancestor of w different from u must also be an ancestor of u,
since otherwise there would be a v-structure at w; therefore,

An(w) = an(u) U {u, w}.

Let A > 0 and close enough to 1 (as specified below). Define 6’ = (c).cg by modifying the
weights of edges adjacent to u: specifically,

Cj/'u = )chm JE pa(“);
Citw = )V_lcuw;
Ce = Ces ec E\[{(, w):j € pa(u)} U {(u, w)}].

In words, 8’ coincides with 6 for edges e that do not involve u, and ' =@ if and only if A = 1.

Since the parameter space O, is open, 8’ belongs to O, for A sufficiently close to 1. We claim

that the distribution of Xy, is invariant under A. Hence, for A different from but sufficiently

close to 1, we have found a parameter 6" # 6 producing the same distribution of Xy, as 6.
Under 6’, the random vector Xy\u follows the max-linear model

X,=\/ bliz. veVi\u,
i€AN(v)

where (Z;)icy is a vector of independent unit-Fréchet random variables and where the
coefficients by; are given by Equations (4), (5), and (6) with ¢, replaced by c;.

First, suppose v € V \ u is not a descendant of u. Then for any i € An(v), the coefficient by, is
a function of edge weights ¢, for edges e € E different from (u, w) and from (j, u) for j € pa(u).
It follows that ¢, = ¢, for such edges, and thus by; = b,; for v € V \ Desc(u) and i € An(v).

Second, suppose v € desc(u). Then necessarily v € Desc(w) too, and for any i € An(u), the
path p(i, v) passes through (or arrives at) w. Furthermore, any ancestor of v not in An(w) is a
descendant of w:

An(v) = an(u) U {u, w} U [desc(w) N An(v)]. 45)

It follows that

Xy = \/ b\//iZi Vv (b\//uzu \ b\//wzw) Vv \/ bllfizis

ican(u) iedesc(w)NAn(v)

where the last term on the right-hand side is to be omitted if v =w. We treat each of the three
terms on the right-hand side separately.
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e For i € an(u), we have
/ VA VA / /
by = CiiCp(i,v) = CiiCp(i,u) CuwCp(w,v)s

where cp,) = 1 if v=w. The coefficients ¢/; and ¢}y, only involve weights ¢, for
edges e € E different from (u, w) and (j, u) for j € pa(u); it follows that cj; = ¢;; and
C;(W’v) = Cp(w,v). Furthermore, given i € an(u), there exists j € pa(u) such that p(i, u)
passes through j right before reaching u (with i = if i € pa(u)), and then

/ / / VN / —1
Cp(i,u) Cuw = Cp(i,j) CjuCuw = Cp(i,j)()\cju)()\ Cuw)-

Since p(i, j) does not involve edges meeting u, we find that ¢, j) = cp( j), S0 that the
above expression does not depend on A. We conclude that by; = b,; for i € an(u).

o If v € desc(w) and i € desc(w) N An(v), the coefficient by, is
b = ciicpii,v).-

The path p(i, v) does not involve edges touching u, so Cpiiy = Cpliv): By Lemma 1.3,

(i,v)
the coefficient c; = b; is a function of the edge weights ¢, for edges e in the tournament
shared by i and its parents. Since i € desc(w) and since w is the only child of u, none of
these edges touches u, and thus ¢, = ¢, for all such edges. It follows that ¢}; = ¢;; too. We

conclude that b;; = b,; for v € desc(w) and i € desc(w) N An(v).

o The random variable b}, Z, V b},,Z,, is independent of all other variables Z; for i € V' \
{u, w}, and its distribution is equal to (by, + by,,)Z for Z a unit-Fréchet variable. We
will show that b, + b},, does not depend on A. Since 1 =), An(v) by;, the partition (45)

yields
bu+bhw=1— Y bi— Y b

ican(u) iedesc(w)NAn(v)

(The last sum on the right-hand side is zero if v is not a descendant of w.) In the two
previous bullet points, we have already shown that the coefficients by; for i in an(u)
or desc(w) N An(v) do not depend on A. By the stated identity, it follows that the sum
by + b}y, does not depend on A either.

We have thus shown that if U does not satisfy (I1)—(I2), then we can find u € U such that the
distribution of Xy, is the same under 6" as under 6. As 6" # 6 by construction, this means that
the parameter 0 is not identifiable from the distribution of Xy\,. Butas U=V\ UCV\ {u},
the parameter 6 is not identifiable from the distribution of Xy, either. This confirms the necessity
of (I1)—(12) for the identifiability of 6 from the distribution of Xy . O
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