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Abstract

Real-world complex systems are often modelled by sets of equations with
exogenous random variables. What can we say about the probabilistic and
causal aspects of variables that appear in these equations without explicitly
solving for them? We prove that, under a solvability assumption, we can
construct a Markov ordering graph that implies conditional independences
and a causal ordering graph that encodes the effects of soft and perfect inter-
ventions by making use of Simon’s causal ordering algorithm (Simon, )
Our results shed new light on discussions in causal discovery about the justifi-
cation of using graphs to simultaneously represent conditional independences
and causal relations in models with feedback.

1 Introduction

The discovery of causal relations is a fundamental objective in many scientific en-
deavours. The process of the scientific method usually involves a conjecture, such
as a causal graph or a set of equations, that explains observed phenomena. In
practice, such a graph structure can be learned automatically from conditional in-
dependences in observational data via the PC/FCI algorithms (Spirtes, Glymour,
and Scheines, ; Zhang, ) The crucial assumption in causal discovery is
that directed edges in this learned graph express causal relations between variables.
However, an immediate concern is whether directed graphs actually can simultane-
ously encode the causal semantics and the conditional independence constraints of
a systemE We explicitly define soft and perfect interventions on sets of equations
and demonstrate that the effects of interventions and conditional independences
cannot generally be unambiguously expressed in a single directed graph. In partic-
ular, we show that the output of the PC algorithm does not have a straightforward
causal interpretation when it is applied to data generated by a simple dynamical
model with feedback at equilibrium.

ISee, for example, (Dawid, M) and references therein for a discussion.
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It is often said that the “gold standard” in causal discovery is controlled ex-
perimentation. Indeed, the main principle of the scientific method is to derive
predictions from a conjecture, such as a causal graph or set of equations, that
are then verified or rejected through experimentation. We show how, in practice,
testable predictions can be derived automatically from sets of equations via the
causal ordering algorithm, introduced by Simon (1953). We slightly adapt the
algorithm to construct either a directed graph that we call the Markov ordering
graph or a directed cluster graph that we call the causal ordering graph. We prove
that the former implies conditional independences between variables which can
be tested in observational data and the latter represents the effects of soft and
certain perfect interventions which can be verified through experimentation. The
technique of causal ordering is a useful and scalable tool in our search for and
understanding of causal relations.

In this work, we also shed new light on differences between the causal ordering
graph and the graph structure of Structural Causal Models (SCMs) (see Bongers,
Forré, et al. (2020) and Pearl (2000)). Specifically, we demonstrate that the two
graphical representations may model different sets of interventions. Furthermore,
we show that a stronger Markov property can sometimes be obtained by applying
causal ordering to the structural equations of an SCM. By explicitly defining inter-
ventions and by distinguishing between the Markov ordering graph and the causal
ordering graph we gain new insights about the correct interpretation of results in
Dash (2005) and Iwasaki and Simon (1994). Throughout this work, we discuss
an example in Iwasaki and Simon (1994) to illustrate our ideas. This example
highlights the contributions of this paper and provides an overview of its central
concepts.

Example 1. Let us revisit a physical model of a filling bathtub in equilibrium
that is presented in Iwasaki and Simon (1994). Consider a system where water
flows from a faucet into a bathtub at a constant rate X; and it flows out of the tub
through a drain with diameter Xg. An ensemble of such bathtubs with different
(unknown) faucets and drains can be modelled by the equations fx and f; below:

fi: Xk =Ukg,
fr: X =Uy,

where Ux and U; are random variables both taking value in Rsy. When the
faucet is turned on the water level Xp in the bathtub increases as long as the
inflow X7 of the water exceeds the outflow X of water. The differential equation
below defines the mechanism for changes in X p, which is equal to zero when the
bathtub system has reached equilibrium.

fp: Xp =Ui(Xr — Xo) =0,

where U; is a constant or a random variable taking value in Rs¢. As the water
level Xp increases, the pressure Xp that is exerted by the water increases as well.
The mechanism for the change in pressure is defined in the differential equation
below, which equals zero when the system is at rest.

fp: Xp =Us(gUsXp — Xp) =0,



where g is the gravitational constant and Us, Us are constants or random variables
both taking value in Rs . The higher the pressure Xp or the bigger the size of the
drain X, the faster the water flows through the drain. The equilibrium equation
fo below models the outflow rate X of the water.

fo: Xo = Us(UsXrgXp — X0) =0,

where Uy, Us are constants or random variables both taking value in Rsg.

Graphical representations. A set of equations can be represented by a bipartite
graph. In the case of the filling bathtub, the structure of equations fx to fo is
represented by the bipartite graph in Figure The set V = {vk,vr,vp,v0,vp}
consists of vertices that correspond to variables and the vertices in the set F' =
{fx, f1, fr, fo, fp} correspond to equations. There is an edge between a variable
vertex v; and an equation vertex f; if the variable corresponding to ¢ appears in
the equation corresponding to j. A formal definition of a system of constraints
and its associated bipartite graph will be provided in Section [[3l The causal
ordering algorithm, introduced by Simon (1953) and slightly reformulated by us
in Section 2] takes a self-contained bipartite graph as input and returns a causal
ordering graph. A causal ordering graph is a directed cluster graph which consists
of variable vertices v; and equation vertices f; that are partitioned into clusters.
Directed edges go from variable vertices to clusters. For the filling bathtub, the
causal ordering graph is given in Figure In Section [ we will show how the
Markov ordering graph can be constructed from a causal ordering graph. For the
filling bathtub, the Markov ordering graph is given in Figure

Markov property. The Markov ordering graph in Figure encodes conditional
independences between Xg, X7, Xp, Xo, and Xp. In particular, d-separations
between variable vertices in the Markov ordering graph imply conditional inde-
pendences between the corresponding variables, as we will prove in Theorem 2] in
Section Bl In Figure the variable vertices v; and vp are d-separated by vo. It
follows that the inflow rate X7 and the water level Xp are independent given the
outflow rate Xp. In Section [ we show how we can use a perfect matching for a bi-
partite graph to construct a directed graph that implies conditional independences
between variables via o-separations (see Forré and Mooij (2017)).

Soft interventions. The causal ordering graph in Figure encodes the effects
of soft interventions on equations. This type of intervention is often referred to as
mechanism changes. We assume that the variables in each cluster can be solved
from the equations in their cluster both before and after the intervention. A soft
intervention has no effect on a variable if (a) the intervention target is in a different
cluster and (b) there is no directed path from the intervention target to the cluster
containing the variable, as we will prove in Theorem [ in Section E.Il Consider
an experiment where the value of the gravitational constant g is altered (e.g. by
moving the bathtub to the moon) resulting in an alteration of the equation fp.
This is a soft intervention on fp. There is no directed path from fp to clusters that
contain the vertices {vk,vr,vp,vo} and fp is not in a cluster with {vg, vy, vp,vo}
in the causal ordering graph in Figure Since the conditions of Theorem [



are satisfied, the soft intervention on fp has no effect on {X g, X7, Xp, Xo} but
it generically does have an effect on Xp.

Perfect interventions. The causal ordering graph in Figure also encodes the
effects of perfect interventions on clusters. We will formally prove this in Proposi-
tion 2lin Section Consider a perfect intervention on the cluster {fx, vk} (ie.
fixing the diameter Xk of the drain by altering the equation fx) in Figure
This intervention generically changes the solution for { Xk, Xp, Xp} because vy
is targeted by the intervention and there is a directed path from the cluster of vk
to the clusters of vp and vp. It has no effect on {X;, Xp} because there is no
directed path to the clusters of v; and vo. A
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(c) Markov ordering graph. (b) Causal ordering graph.
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(a) Bipartite graph.

Figure 1: Three graphical representations for the bathtub system. The bipartite graph
in Figure is a representation of the structure of equations F' = {fx, f1, fp, fo, fp}
where the vertices V = {vk,vr,vp,vo,vp} correspond to variables and there is an edge
(v — f) if and only if the variable v appears in equation f. The outcome of the causal
ordering algorithm is the directed cluster graph in Figure in which rectangles rep-
resent a partition of the variable and equation vertices into clusters. The corresponding
Markov ordering graph for the variable vertices is given in Figure

1.1 Related work

Graphical models are a popular statistical tool to model probabilistic aspects of
complex systems (Pearl,2000). Formally, they represent a set of conditional inde-
pendences between random variables that correspond to vertices which allows us
to learn their graphical structure from data (Lauritzen, 1996). These models are
often interpreted causally, so that directed edges between vertices are interpreted
as causal relations between corresponding variables (Pearl, [2000). The strong as-
sumptions that are necessary for this viewpoint in the context of Directed Acyclic
Graphs (DAGs) have been the topic of debate (Dawid, [2010). This work con-
tributes to this discussion by revisiting an example in Iwasaki and Simon (1994)



for which we demonstrate that conditional independences and the effects of perfect
interventions cannot be expressed in a single directed graph.

Our work slightly reformulates the causal ordering algorithm which was intro-
duced by Simon (1953). Following (Dash and Druzdzel, 2008), we formally prove
that the causal ordering graph that is constructed by the algorithm is unique. One
of the novelties of this work is that we also prove that it encodes the effects of
soft and certain perfect interventions and, moreover, we show how it can be used
to construct a DAG that implies conditional independences via the d-separation
criterion (see Pearl (2000)). There also exists a different, computationally more
efficient, algorithm for causal ordering (Gongalves and Porto, 12016; Nayak, [1995).
We formally prove that this algorithm is equivalent to the one in Simon (1953).
This alternative approach motivates an alternative representation of the system as
a directed graph that may contain cycles. We prove that the generalized directed
global Markov property, as formulated by Forré and Mooij (2017), holds for this
graphical representation.

In Section [6] we will present a detailed discussion of how our work relates to
that of Bongers, Forré, et al. (2020), Bongers and Mooij (2018), Dash (2005), and
Iwasaki and Simon (1994). We show that the “causal graph” in Iwasaki and Simon
(1994) coincides with the Markov ordering graph in our work. We take a closer
look at the intricacies of (possible) causal implications of the Markov ordering
graph and notice that it neither represents the effects of soft interventions nor
does it have a straightforward interpretation in terms of perfect interventions. We
therefore argue that the causal ordering graph, and not the Markov ordering graph,
should be used to represent causal relations. This sheds some new light on the
work of Dash (2005) on (causal) structure learning and equilibration in dynamical
systems. We will also consider potential benefits (e.g. obtaining a stronger Markov
property) of applying the technique of causal ordering to structural equations in
a Structural Causal Model (SCM).

1.2 Preliminaries

Henceforth, variables will be denoted by capital letters and sets of variables will
be denoted by boldfaced capital letters. The proofs of all propositions and theo-
rems will be given in the supplementary material in Section 8 We first introduce
necessary graphical background concepts.

1.2.1 Bipartite graphs

A bipartite graph is an ordered triple B = (V, F, E) where V and F are disjoint sets
of vertices and F is a set of undirected edges (v — f) between vertices v € V' and
f € F. For a vertex x € VU F we write adjg(z) ={y € VUF : (x —y) € E} for
its adjacencies, and for X C V U F we write adjz(X) = |J,cx adjs(z) to denote
the adjacencies of X in B. A matching M C FE for a bipartite graph B = (V| F, E)
is a subset of edges that have no common endpoints. We say that two vertices x
and y are matched when (z —y) € M. We let M(z) denote the set of vertices to
which « is matched. Note that if (x —y) € M then M(z) = {y} and if « is not
matched then M(z) = 0. We let M(X) = (J,cx M(x) denote the set of vertices



to which the set of vertices X C V U F is matched. A matching is perfect if all
vertices V U F' are matched.

1.2.2 Directed graphs

A directed graph is an ordered pair G = (V, E) where V is a set of vertices and E is
a set of directed edges (v — w) between distinct vertices v, w € VE We say that
a vertex v is a parent of w if (v — w) € E and write v € pag(w). Similarly we say
that w is a child of v if (v — w) € E and write w € chg(v). A path is a sequence
of distinct vertices and edges (v1, e1,v2,€2,...,€n_1,0,) wherefori=1,...,n—1
either e; = (v; = vi41) or e; = (v; + v;41). The path is called open if there is
no v; € {vg,...v,—1} such that v;_; — v; < v;41 (i.e. there is no collider on the
path). A directed path (v — ... — w) from v to w is a path where all arrowheads
point in the direction of w. We say that v is an ancestor of w if there is a directed
path from v to w and write v € ang(w). We say that w is a descendant of v if
there is a directed path from v to w and write w € deg(v).
Let G = (V, E) be a directed graph and consider the relation:

v~w <= w € ang(v) Ndeg(v) = scg(v).

Since the relation is reflexive, symmetric, and transitive this is an equivalence rela-
tion. The equivalence classes scg(v) are called the strongly connected components
of G. A directed graph without self-cycles is acyclic if all of its strongly connected
components are singletons.

1.2.3 Interventions and marginalization on mixed graphs

A mized graph is an ordered triple G = (V, E, B) where (V| E) is a directed graph
and B is a set of bi-directed edges between vertices in V. A perfect intervention
do(I) on G removes all edges with an arrowhead at one of the nodes i € I C V.
That is, Gaory = (V, E', B') where E' = {(z —w y) € E:y ¢ I} and B' = {(z <
y) € B:x ¢ I,y ¢ I}. Marginalizing out a set of nodes W C V from a mixed graph
G = (V,E, B) results in a mixed graph Gy = (V\ W, Epar(w)s Bmar(w))
where:
(i) Emar(w) consists of edges (z — y) such that x,y € V' \ W and there exist
wi, ..., wg € W such that the path z — w; — ... = wx — y is in G.
(ii) Bmar(w) consists of edges (z <> y) such that 2,y € V '\ W and there exist
wi,...,wx € W such that at least one of the following paths is in G: (i)
z <y, or (i) 2 ¢~ wp < ... w = ... = w, =y, or (iii) x < wy
e W S Wikl . WE Y.
The operations of marginalization and intervention commute (Forré and Mooij,

2017).

1.2.4 Graph separation and Markov properties

In the literature, several versions of Markov properties for graphical models and
corresponding probability distributions have been put forward, see e.g. Forré and

2We do not allow for self-cycles in directed graphs.



Mooij (2017), Lauritzen et al. (1990), and Pearl (2000). For Directed Acyclic
Graphs (DAGs) and Acyclic Directed Mixed Graphs (ADMGs), the d-separation
criterion is often used to relate conditional independences between variables in a
model to the underlying (acyclic) graphical structure of the model (Pearl, 2000).
For graphs that contain cycles, such a relation does not hold in general and for
that purpose Forré and Mooij (2017) introduced the o-separation criterion and
the generalized directed global Markov property.

Definition 1. For a directed graph G = (V, E) we say that a path (v1,...,v,) is
o-blocked by Z C V if
(i) v1 € Z and/or v, € Z, or
(ii) there is a vertex v; ¢ ang(Z) on the path such that the adjacent edges both
have an arrowhead at v;, or
(iii) there is a vertex v; € Z on the path such that: v; — v;11 with v;41 € scg(v;),
or v;_1 < v; with v;_1 ¢ scg(v;), or both.
The path is d-blocked by Z if it is o-blocked or if there is a vertex v; € Z on the
path such that at least one of the adjacent edges does not have an arrowhead at
v;. We say that X CV and Y C V are o-separated by Z C V if every path in G
with one end-vertex in X and one end-vertex in Y is o-blocked by Z, and write

X1lv|Z
g

If every such path is d-blocked by Z then we say that X and Y are d-separated by
7, and write

d
X1lv|z
g

The d-separations or o-separations in a probabilistic graphical model may im-
ply conditional independences via the Markov properties in Definition [2] below.

Definition 2. For a directed graph G = (V, E) and a probability distribution Px
on a product X = ®,cy X, of standard measurable spaces X, we say that the pair
(G,Px) satisfies the directed global Markov property if for all subsets W)Y, Z C V:

d
WLY|Z$XWJ.LXY|XZ-
g Px

The pair (G, Px) satisfies the generalized directed global Markov property if for all
subsets W)Y, Z C V:

WLY|Z — XWJ.LXY|XZ-
g Px

It has been shown that for acylic graphs the d-separation and o-separation cri-
teria are equivalent (Forré and Mooij, 2017). For acyclic structural causal models,
which are also known as recursive structural equation models, the induced proba-
bility distribution on endogenous variables and the corresponding graph satisfy the
directed global Markov property (Lauritzen et al., [1990). A more comprehensive
account of Markov properties for structural causal models is provided by Bongers,
Forré, et al. (2020).



1.3 System of constraints

We give a formal definition of sets of equations and a representation of their
structure as a bipartite graph by introducing a mathematical object that we call
a system of constraints.

Definition 3. A system of constraints is a tuple (X, Xy, ®, B = (V, F, E)) where
(i) X = Q,cy X, where each X, is a standard measurable space and the
domain of a variable X,,,
(ii) Xw = (Xw)wew is a family of independent random variables taking value
in Xy with W CV a set of indices corresponding to exogenous variables
(i) ® = (Py)ser is a family of constraints, each of which is a tuple ®; =
(of,cr, V(f)), with:
(a) V(f)cV
(b) ¢f a constant taking value in a standard measurable space Y,
(c) ¢5: Xy(s) — Y a measurable function,
(iv) B=(V,F,E) is a bipartite graph with:
(a) V a set of nodes corresponding to variables,
(b) F a set of nodes corresponding to constraints,
(c) E={(f—v): feF,veV(f)} aset of edges.

Henceforth we will use the terms ‘variables’ and ‘vertices corresponding to vari-
ables’ interchangeably. We will also use the terms ‘constraints’, ‘equations’, and
‘vertices corresponding to constraints’ interchangeably. A constraint is formally
defined as a triple consisting of a measurable function, a constant, and a sub-
set of the variables. For the sake of convenience we will often write constraints
as equations instead. Note that the notation for adjacencies in the associated
bipartite graph is equivalent to the notation for the variables that belong to a
constraint: V(f) = adjg(f). We will let adjg(Sr) = V(Sr) = Ures, V(f) denote
the adjacencies of the vertices f € Sp C F.

2 Causal ordering

In this section, we adapt the causal ordering algorithm of Simon (1953), as it is
described in Simon (1953), rephrase it in terms of self-contained bipartite graphs,
and define the output of the algorithm as a directed cluster gmphE We then prove
that Simon’s causal ordering algorithm is well-defined and has a unique output.

Definition 4. A directed cluster graph is an ordered pair (V,&), where V is a
partition VD, V@) V(™ of a set of vertices V and & is a set of edges v — V()
with v € V and V® € V. For x € V we let cl(x) denote the cluster in V that
contains z. We say that there is a directed path from x € V to y € V if either
cl(xz) = cl(y) or there is a sequence of clusters Vi = cl(x), Va, ..., Vi_1, Vi = cl(y)
so that for all ¢ € {1,...,k—1} there is a vertex z; € V; such that (z; = Vi41) € &.

3This means that the nodes V' \ W correspond to endogenous variables.
4The notion of a directed cluster graph corresponds to the box representation of a collapsed
graph in Richardson (1996), Chapter 4.



2.1 Self-contained bipartite graphs

The causal ordering algorithm in Simon (1953) is presented in terms of a self-
contained set of equations and variables that appear in them. For bipartite graphs,
the notion of self-containedness corresponds to the conditions in Definition Bl

Definition 5. Let B = (V, F, E) be a bipartite graph. A subset F’ C F is said to
be self-contained if

(i) [F'] = ladjs(F"),

(i) |F”] < |adjg(F")| for all F” C badi
The bipartite graph B is said to be self-contained if |F| = |V| and F is self-

contained. A non-empty self-contained set F’ C F' is said to be a minimal self-
contained sefd if all its non-empty strict subsets are not self-contained.

Example 2. In Figure[2 a bipartite graph is shown with self-contained sets

{fl}a{flaf25f37f4}a{flaf25f37f4af5}

where {f1} is a minimal self-contained set. Since the set {f1, f2, f3, f4, f5} is self-
contained and |V| = |F| = 5, we say that this bipartite graph is self-contained. A

Figure 2: A self-contained bipartite graph B = (V, F,E) with V = {v1,v2,v3,v4,v5}
and F' = {f1, f2, fs, fa, fs}. The sets {fi}, {f1, f2, fs, fa}, and {f1, f2, f5, fa, f5} are

self-contained, and {f1} is the only minimal self-contained set.

Sets of equations that model systems in the real world often include both
endogenous and ezogenous variables. The distinction is that exogenous variables
are assumed to be determined outside the system and function as inputs to the
model, whereas the endogenous variables are part of the system. The following
example illustrates that the associated bipartite graph for a set of equations with
both endogenous and exogenous variables is usually not self-contained.

Example 3. Let V = {v1,v9, w1, ws} be an index set for endogenous and ex-
ogenous variables X = (X;);ev, W = {w1, w2} a subset that is an index set for
exogenous variables only, and F' = {f1, f2} an index set for equations:

Oy Xo, — X, =0,
s Xy — Xy — Xy, =0.

2

5This condition is also called the Hall Property (Hall, [1986).
61n this case the Strong Hall Property holds, that is |F"| < |adjg(F"")| for all § ¢ F"" ¢ F’
(Hall, [1956).



The associated bipartite graph B = (V, F, E) is given in Figure It has vertices
V', correspond to both endogenous variables X,,, X,, and exogenous variables
X,y Xw,. The vertices F' correspond to constraints @ and ®y,. Edges between
vertices v € V and f € F are present whenever v € V(F) (i.e. when the variable
X, appears in the constraint ®¢). Since |V| # |F|, the associated bipartite graph
is not self-contained. A

G O @

a) Bipartite graph. (b) Directed cluster graph.

Figure 3: T he bipartite graph in Figure is associated with the constraints in Example
Bl Exogenous variables are indicated by dashed circles. The directed cluster graph that
is obtained by applying Algorithm [ is shown in Figure

2.2 Causal ordering algorithm

The causal ordering algorithm, as formulated by Simon (1953), has as input a
self-contained set of equations and as output it has an ordering on clusters of
variables that appear in these equations. We reformulate the algorithm in terms
of bipartite graphs and minimal self-contained sets. The input of the algorithm is
then a self-contained bipartite graph and its output a directed cluster graph that
we call the causal ordering graph.

The causal ordering algorithm can easily be adapted for systems of constraints
with exogenous variables. The input is then a bipartite graph B = (V, F, E) and
a set of vertices W C V (corresponding to exogenous variables) such that the
subgraph B’ induced by (V \ W) U F' is self-contained. The algorithm starts out
by adding the exogenous vertices as singleton clusters to a cluster set V during
an initialization step. Subsequently, the algorithm searches for a minimal self-
contained set Sp C F in B’. Together with the set of adjacent variable vertices
Sy = adjg(Sr) a cluster Sp U Sy is formed and added to V. For each v € V, an
edge (v — (Sp U Sy)) is added to € if v ¢ Sy and v € adjg(Sr). In other words,
the cluster has an incoming edge from each variable vertex that is adjacent to the
cluster but not in it. These steps are then repeated for the subgraph induced by
the vertices (VUF)\ (SyUSF) that are not in the cluster, as long as this is not the
null graph. The order in which the self-contained sets are obtained is represented
by one of the topological orderings of the clusters in the causal ordering graph
CO(B) = (V,&). See Algorithm [T below for more details.

Theorem [I shows that the output of causal ordering via minimal self-contained
sets is well-defined and unique.

Theorem 1. The output of Algorithm [ is well-defined and unique.
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Algorithm 1: Causal ordering using minimal self-contained sets.

Input: a set of exogenous vertices W, a bipartite graph B = (V, F, E) such
that the subgraph induced by (V U F) \ W is self-contained

Output: directed cluster graph CO(B) = (V, &)

E+ 0 // initialization

V+ {{w}:we W} // initialization

B' <+ (V', F', E') subgraph induced by (VUF)\W  // initialization

while B’ is not the null graph do

Sr < a minimal self-contained set of F”’
C + SpUadjg (Sr) // construct cluster
V<« Vu{C} // add cluster
for v € adjg(Sr) \ adjz (Sr) do

| £ &Eu{(v—0O)} // add edges to cluster
B’ + subgraph of B’ induced by (V' U F')\ C // remove cluster

The following example shows how the causal ordering algorithm works on the
self-contained bipartite graph in Figure 2] and the bipartite graph in Figure

Example 4. Consider the set of equations in Example[3and its associated bipar-
tite graph in Figure The subgraph induced by the endogenous variables vy, vo
and the constraints fi, fa is self-contained. We initialize Algorithm [[] with & the
empty set, V = {{w1}, {w2}}, and B’ be the subgraph induced by {v1,vs, f1, f2}.
We then first find the minimal self-contained set { f1}. Its adjacencies are {v1} in
B’ and {v1,w; } in B. We add {v1, f1} to V and add the edge (wq — {v1, f1}) to &.
Finally, we add {vs, fo} to V and the edges (v — {va, f2}) and (ws — {ve, fa})
to £. The output of the causal ordering algorithm is the directed cluster graph in
Figure This reflects how one would solve the system of equations ®,, ®y,
with respect to X,,, X, in terms of X,,,, Xy, by hand. A

3 Markov ordering graph

First we consider (unique) solvability assumptions for systems of constraints. We
will then prove that the constructed Markov ordering graph implies conditional
independences between variables that appear in constraints. Finally, we apply our
method to the model for the filling bathtub in Example [

3.1 Solvability for systems of constraints

We consider (unique) solutions of systems of constraints with exogenous random
variables, and give a sufficient condition under which the output of the causal
ordering algorithm can be interpreted as the order in which sets of (endogenous)
variables can be solved in a set of equations (i.e. constraints).

11



Definition 6. We say that a tuple of random variables X* = (X}),ecv taking
value in X is a solution to a system of constraints (X, Xy, ®,B) if X}, = Xw
almost surely and

d)f(X*{/(f)):Cf, vaF, ]P)_X*—a.s.
We say that it is uniquely solvable if all its solutions are almost surely equal.

The system of constraints in the example below is not uniquely solvable and has
solutions with different distributions. The example illustrates that the dependence
or independence between solution components (i.e. endogenous variables) is not
the same for all solutions.

Example. Consider a system of constraints (X, Xy, ®,B) with X = R* and
independent exogenous random variables Xw = (Xuw)we{w,,w,} taking value in
R2. Suppose that ® consists of the constraints

(I)fl = (XV(fl) = XUl - XUIUOa {U15w1}>a
(I)fz = <XV(f2) — ng - |X1U2|507 {025w2}>'

This system of constraints has solutions with different distributions. One solu-
tion is given by the tuple (X7, X7 X X5 ) = (X5 , /X5, |, Xw,, Xw,) and

v1? v2? w1i?
another is given by (X0, X/, X, X0.) = (X, sgn(X0)v/IX0 s Xuys Xuy ):
Note that the solution components X and X are independent, whereas the
solution components X, and X, may be dependent. A

In order to avoid underspecified systems of constraints we require that the
system is uniquely solvable. In Definition [7] below we give a sufficient condition
under which the solution can be obtained by solving clusters of variables from
clusters of equations in the topological ordering of the causal ordering graph.

Definition 7. A system of constraints M = (X, Xy, ®, B) is uniquely solvable
w.r.t. constraints Sp C F and endogenous variables Sy C V(Sg) \ W if for all
v € Sy there exists a measurable function g, : Xy (s.)\s, — Xu s.t. for all

Ty(Sg) € XV(SF):
qﬁf(:cv(f)):cf, VfeSr — ‘TU:gU(wV(SF)\SV)) Yv e Sy.

We say that M is uniquely solvable w.r.t. the causal ordering graph CO(B) = (V, &)
if it is uniquely solvable w.r.t. SN F and SNV for all S € V with SNW = 0.

3.2 Directed global Markov property via causal ordering

The Markov ordering graph is constructed from a causal ordering graph by declus-
tering and then marginalizing out the vertices that correspond to constraints.

Definition 8. Let G = (V,€) be a directed cluster graph. The declustered graph
is given by D(G) = (V, E) with V = UgepS and (v — w) € E if and only if
(v — cl(w)) € €. For a system of constraints M = (X, Xy, ®,B = (V,F,E)),
where the subgraph of B induced by (V U F) \ W is self-contained, we say that
MO(B) = D(CO(B))mar(r) is the Markov ordering graph.

12



Figure 4: The bipartite graph corresponding to the bathtub system in Section B3l

We assume that systems of constraints are uniquely solvable with respect
to their causal ordering graph. Under this assumption Theorem [ relates d-
separations between vertices in the Markov ordering graph to conditional inde-
pendences between the corresponding solution components of a uniquely solvable
system of constraints.

Theorem 2. Let X be a solution of a system of constraints M = (X, Xy, ®, B),
where the subgraph of B = (V, F, E) induced by (VU F)\ W is self-contained. If
M is uniquely solvable with respect to the causal ordering graph CO(B) then the
pair (MO(B),Px-~) satisfies the directed global Markov property.

3.3 Application to the filling bathtub

In Example [I] we informally described a model for a filling bathtub. The endoge-
nous variables of the system are the diameter Xx of the drain, the rate X; at
which water flows from the faucet, the water pressure Xp, the rate Xp at which
the water goes through the drain and the water level Xp. This model is formally
represented by a system of constraints M = (X, Xy, ®, B) where

(i) X = R1>20 is a product of standard measurable spaces corresponding to the

domain of variables that are indexed by {vk, v, vp,vo,Vp, Wik, Wy, w1, ..., ws},
(ii) Xw = {Ur,Uk,Uy,...,Us} is a family of independent exogenous random
variables indexed by {wx,wr, w1, ..., ws},

(iii) @ is a family of constraints:

by = <XV(fK) — Xkg — Uk, 0, V(fr)={vk,wk}),

®p = (Xvn = X1 = U, 0, V(f1) ={vr,wr}),

O, = (Xysp) = Ur(gU2XDp — Xp), 0, V(fp)={vp,vp,wi,wa}),
O, = (Xvso) = Us(UsXk Xp — Xo0), 0, V(fo)={vk,vr,v0,ws, wa}),
@, = (Xv(sp) = Us(X1 — Xo), 0, V(fp)={vr,vo,vs}),

(iv) the associated bipartite graph B = (V, F, E) is as in Figure @l The ver-
tices F = {fk, f1,fp, fo, [p} correspond to constraints and the vertices
W =A{wr,wg,w1,...,ws} and V\ W = {vk,vr,vp,v0,vp} correspond to
endogenous and exogenous variable respectively. Note that the subgraph in-
duced by the endogenous vertices V'\ W is the self-contained bipartite graph

presented in Figure
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Figure 5: The causal ordering graph for the system of a filling bathtub. The directed
cluster graph is obtained by applying the causal ordering algorithm to the bipartite graph
in Figure @

Solvability with respect to the causal ordering graph: Applying Algo-
rithm [ to the bipartite graph results in the causal ordering graph CO(B) in
Figure [ It is easy to verify that M is uniquely solvable with respect to CO(B):

(i) For the cluster {fx,vk} we have that X — Ux =0 <— Xk = Uk.
(ii) For the cluster {f;,v;} we have that X; —U; =0 < X; =Uj.
(iii) For {fo,vp} we have that Us(UyXgXp — Xp) =0 < Xp = Ui()?}('
(iv) For {fp,vo} we have that Us(X; — Xp) < Xo = X;.

(v) For {fp,vp} we have that U;(gU2Xp — Xp) < Xp = !‘]XTZ.

One way to verify unique solvability with respect to a directed cluster graph is to
explicitly calculate its solutions, as we have done for the bathtub. In practice, we
do not always need to manually check the assumption of unique solvability with
respect to the causal ordering graph. For example, in linear systems of equations
of the form AX =Y, we may use the fact that this assumption is satisfied when
the matrix of coefficients A is invertible. More generally, global implicit function
theorems give conditions under which (non-linear) systems of equations have a
unique solution (Krantz and Parks, 2013).

Markov ordering graph By applying the causal ordering algorithm to the
bipartite graph in Figure [4] we obtain the causal ordering graph in Figure B Ap-
plication of declustering and marginalization of vertices in F', as in Definition §
results in the Markov ordering graph in Figure Since M is uniquely solvable
with respect to CO(B), Theorem [2 tells us that the pair (MO(B),Px-) satisfies
the directed global Markov property, where X ™ is a solution of M.

Encoded conditional independences: Under the assumption of unique solv-
ability with respect to the causal ordering graph, we can read off conditional inde-
pendences between endogenous variables from the Markov ordering graph. More
precisely, the d-separations in MO(B) between vertices in V' \ W imply conditional

14



(a) Markov ordering graph (b) Graph of the SCM.

Figure 6: The Markov ordering graph for the system of a filling bathtub, obtained by
applying Definition [§ to the causal ordering graph in Figure [l is given in Figure
The d-separations in this graph imply conditional independences between corresponding
endogenous variables. Most of these conditional independences cannot be read off from
the graph for the SCM of the bathtub system in Figure except for X7 1l Xg.

independences between the corresponding endogenous variables. For example:

d

vg 1L wvo = Xk I Xo,
MO(B)
d
v L ’UD|’UP — XKJ_LXD|XP,
MO(B)
d
vy L 1)p|’UO — X]J_LXP|X0,
MO(B)
d
vo L ’UD|’UP — XoJ.LXplXp.
MO(B)

Comparison to SCM representation: The (random) differential equations
that describe the system of a bathtub at equilibrium can also be mapped to an
SCM with the following structural equations (see Bongers and Mooij (2018)):

Xk =VUk,
XI - UI;
Xp =gUsXp,

Xo =UsXkgXp,
Xp = Xp + Ui (X1 — Xo).

The graph of this SCM is depicted in F igure The graph contains both a cycle
and a self-loop. There currently is no Markov property for such an SCM that would
imply the conditional independence between the diameter Xx of the drain and
the rate Xo at which water flows through the drain, for instance. Actually, most
of the conditional independences implied by the Markov ordering graph cannot
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be read off from the graphical representation of the SCM via the d-separations,
except for X7 1l Xg.

An important difference between SCMs and systems of constraints is that while
the former require a particular one-to-one correspondence between endogenous
variables and structural equations, the latter do not require a similar correspon-
dence between endogenous variables and constraints. Interestingly, a one-to-one
correspondence between variables and constraints is obtained automatically by
the causal ordering algorithm. We will discuss several advantages of applying the
technique of causal ordering to structural equations in Section

4 Generalized dGMP via causal ordering

In this section we present an adaptation of an alternative, computationally less
expensive, algorithm for causal ordering which uses perfect matchings instead of
minimal self-contained sets, similar to the algorithms in Gongalves and Porto
(2016) and Nayak (1995). We provide a proof for the fact that causal ordering via
minimal self-contained sets is equivalent to causal ordering via perfect matchings.
We also present a novel result regarding the generalized directed global Markov
property for solutions of systems of constraints and an associated directed graph.

4.1 Causal ordering via perfect matchings

The associated directed graph can be constructed from a matching M for a bipartite
graph B by orienting edges. The causal ordering graph is then constructed via the
operations, that construct clusters and merge clusters, in Definition [0 below.

Definition 9. Let B = (V, F, E) be a bipartite graph and M a matching for B.

(i) Orient edges: For each (v — f) € E the edge set Egi, has an edge (v < f)
if (v—f)€ M and an edge (v — f) if (v — f) ¢ M. It has no additional
edges. The associated directed graph is G(B, M) = (V U F, Eqi,).

(ii) Construct clusters: Let V' be partition of vertices V' U F' into strongly con-
nected components in G(B, M). For each (x — w) € Eg;, the edge set £ has
an edge (x — cl(w)) if « ¢ cl(w), where cl(w) € V' is the strongly connected
component of w in G(B,M). It has no additional edges. The associated
clustered graph is given by clust(G(B, M)) = (V'  &').

(ili) Merge clusters: Let V = {SUM(S) : S € V'}. For each (x — S) € &
with = ¢ M(S) the edge set € contains an edge (z — S U M(S)). It has
no additional edges. The associated clustered and merged graph is given by
merge(clust(G(B, M))) = (V, E).

For causal ordering via perfect matchings we require a set of exogenous vertices
W and a bipartite graph B = (V| F, E), for which the subgraph B’ induced by the
vertices (V U F') \ W is self-contained, as input. The output is a directed cluster
graph. The details can be found in Algorithm[2l We see that the algorithm starts
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out by finding a perfect matchingﬂﬁ for B’, which is then used to orient edges
in the bipartite graph B. The algorithm then proceeds by partitioning vertices in
the resulting directed graph into strongly connected components to construct the
associated clustered graphE Finally, the merge operation is applied to construct
the causal ordering graph.

Algorithm 2: Causal ordering via perfect matchings.

Input: a set of exogenous vertices W, a bipartite graph B = (V| F, E) such
that the subgraph induced by (V U F) \ W is self-contained
Output: directed cluster graph (V, £)

B’ < subgraph induced by (VU F)\ W // initialization
M < perfect matching for B’ // initialization
Eqir < 0 // orient edges

for (v— f) € E do
if (v—f) € M then
| Add (v <+ f) to Eqir

else
| Add (v — f) to Eqir

V' + strongly connected components of (V U F, Eqj;) // clustering
E+ 10
for (z — w) € Eg;, do
for S €V’ do
LiwaSand:chSthen
| Add (z — S) to &
V,E« 0 // merge clusters
for S €V do
Add SUM(S) toV
for (x - S) €& do
L if z ¢ M(S) then
| Add (x = SUM(S)) to &

Theorem B below shows that causal ordering via perfect matchings is equivalent
to causal ordering via minimal self-contained sets.

Theorem 3. The output of Algorithm[2 coincides with the output of Algorithm [l

The following example illustrates that the output of causal ordering via perfect
matchings does not depend on the choice of perfect matching and coincides with
the output of Algorithm [II

"Note that a bipartite graph has a perfect matching if and only if it is self-contained (Hall,
1986). See also Theorem [Bland Corollary [[lin Section B3lin the supplementary material.

8 The Hopcraft-Karp-Karzanov algorithm, which runs in O(|E|4/|V U F|), can be used to find
a perfect matching (Hopcroft and Karp, [1973; Karzanov, [1973).

9Tarjan’s algorithm, which runs in linear time, can be used to find the strongly connected
components in a directed graph (Tarjan, [1972).
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Example 5. Consider the bipartite graph B in Figure The subgraph in-
duced by the vertices V. = {v1,...,v5} and F = {f1,..., f5} is the self-contained
bipartite graph in Figure[2l We will follow the steps in both Algorithm [M and 2 to
construct the causal ordering graph.

For causal ordering with minimal self-contained sets we first add the exogenous
variables to the cluster set V as the singleton clusters {w1}, {wa}, {ws}, {wa},
{ws}, and {we}. The only minimal self-contained set in the subgraph induced by
the vertices V.= {wvy,...,vs} and F = {f1,..., fs} is {f1}. Since f; is adjacent to
v; we add Cy = {vy, f1} to V. Since f; is adjacent to w; in B we add (w; — Cy)
to €. The subgraph B’ = (V' F',E’) induced by the remaining nodes V' =
{ve,v3,v4,v5} and F' = {fa, f3, f4, 5} has {fa, f3, f4} as its only minimal self-
contained set. Since the set {fa2, f3, f4} is adjacent to {ve,vs,v4} in B', we add
Cy = {v2,v3,v4, fa, f3, fa} to V. Since vy, wa, ws, wy, and ws are adjacent to
{fa, f3, fa} in B but not part of C3, we add the edges (v; — C3), (w2 — C2),
(wg — Cq), (wg — C3), and (w5 — C3) to £. The subgraph induced by the
remaining nodes vs and f5 has {f5} as its minimal self-contained subset. We add
C3 = {vs, f5} to V and the edges (v4 — C3) and (ws — C3) to €. The directed
cluster graph CO(B) = (V, ) is given in Figure

For causal ordering via perfect matchings, we consider the following two perfect
matchings of the self-contained bipartite graph in Figure

My = {(v1 = f1), (v2 = f2), (v3 = f3), (va = fa), (v5 — f5)},
My = {(v1 — f1), (v2 = fa), (v3 = f2), (va — f3), (vs — f5)}.

We use these one-to-one correspondences between endogenous variable vertices
and constraint vertices in the orientation step in Definition [ to obtain the associ-
ated directed graphs G(B, M7) and G(B, Ms) in Figures and respectively.
Application of the clustering step in Definition [ to either G(B, M7) or G(B, Ma)
results in the clustered graph clust(G(B, Mz)) = clust(G(B, M;)) in Figure
The final step is to merge clusters in this directed cluster graph. We find that the
causal ordering graph merge(clust(G(B, M;))) = merge(clust(G(B, Ms))) in Fig-
ure does not depend on the choice of perfect matching. Note that the output
of causal ordering with minimal self-contained sets coincides with the output of
causal ordering via perfect matchings. A

4.2 Generalized directed global Markov property

The main result of this section is stated in Proposition [l below, which shows that,
for systems that are uniquely solvable with respect to the causal ordering graph,
the o-separations between variable vertices in the directed graph G(B, M)mar(r)
imply conditional independences between the corresponding variables.

Proposition 1. Let X™* be a solution of a system of constraints M = (X, Xy, ®, B),
where the subgraph of B = (V, F, E) induced by (VUF)\W has a perfect matching
M. If for each strongly connected component S in G(B, M) with SNW =0, the
system M is uniquely solvable w.r.t. Sy = (SUM(S))NV and Sp = (SUM(S))NF
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(d) Clustered graph clust(G(B, M1)) = clust(G(B, Mz)).
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(e) Causal ordering graph CO(B) = merge(clust(G(B, M1))) = merge(clust(G(B, M2))).

Figure 7: Causal ordering with two different perfect matchings M; and M> applied to the
bipartite graph in Figure The results of subsequently orienting edges, constructing
clusters, and merging clusters as in Definition [ are given in Figures to
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) MO(B)mar(W) g(B Ml)mar(FUW) ( ) g(B MQ)mar(FUW)
Figure 8: The Markov ordering graph of the bipartite graph in Flgure )}, after marginal-
ization of exogenous vertices W, is given in Figure The directed graphs in Figures
and are obtained by marginalizig out the constraint vertices F' and exoge-
nous vertices W from the directed graphs G(B, M1) and G(B, M2) in Figures and

respectively. Note that d-separations in the Markov ordering graph correspond to
o-separations in the associated directed graphs in Figures and

then the pair (G(B, M )max(r), Px+) satisfies the generalized directed global Markov
property.

Example 6. Consider a system of constraints M = (X, Xy, ®,B) with W =
{wi,...,ws}, VAW = {vy,...,05}, F ={f1,...,f5}, and B = (V,F,E) as in
Figure Suppose that X = R'* and ® consists of constraints:

Dy, : Xy, — X, =0,
Dy, X, — Xy, + Xy + Xy, — Xy =0,
Dy, - X, — Xy + X, =0,
(I)f4 : Xw5 + Xv2 — Xv4 =0,
Dy, Xuwg — Xo, + Xy, = 0.

It is easy to check that this linear system of equations can be uniquely solved in
the order prescribed by the causal ordering graph CO(B) in Figure There-
fore, according to Theorem 2lthe d-separations among endogenous variables in the
corresponding Markov ordering graph MO(B) imply conditional independences
between the corresponding endogenous variables. It follows that d-separations
in the Markov ordering graph MO(B)pa:(w) for the endogenous variables in Fig-
ure |8(a)| imply conditional independences between the corresponding variables.
For example, we see that v; and vs are d-separated by v, and deduce that for a
solution X™ to the system of constraints it holds that X} 1L X | X . Interest-
ingly, d-separations in MO(B)yar(w coincide with o-separations in the associated
directed graphs G(B, M1)mar(ruw) and G(B, M2)mar(ruw)- It follows from Propo-
sition[Mlthat the o-separations in Q(B M) mar(ruw) and G(B, Ma)mar(ruwy, Which
are given in Figures [8(b)| and [8(c)| respectively, imply conditional independences
between the correspondlng Varlables A

5 Causal implications for sets of equations

It is common to relate causation directly to the effects of manipulation (Pearl,[2000;
Woodward, 2003), although there are many ways to model manipulations on sets
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of equations. In order to derive causal implications from systems of constraints, we
explicitly define two types of manipulation. We consider the notions of both soft
and perfect interventions[1d We prove that the causal ordering graph represents
the effects of both soft interventions on equations and perfect interventions on
clusters in the causal ordering graph. We also show that these manipulations
commute with causal ordering.

5.1 The effects of soft interventions

A soft intervention, also known as a “mechanism change”; acts on a constraint. It
replaces the targeted constraint by a constraint in which the same variables appear
as in the original one. This type of intervention does not change the bipartite graph
that represents the structure of the constraints.

Definition 10. Let M = (X, Xw,®,B) be a system of constraints, &y =
(pr,cr, V(f)) € ® a constraint, ¢ a constant taking value in a measurable space
Y, and ¢ : Xy(yy — Y a measurable function. A soft intervention si(f,®,c)
targeting @y results in the intervened system Mgf 4.c) = (X, Xw, Pgi(,6,c)5 B)
where Py (7.0 = (@ \ {0}) U{®}} with ), = (9., V().

Theorem [ shows that, under the assumption of unique solvability w.r.t. the
causal ordering graph, a soft intervention on a constraint has no effect on variables
that cannot be reached by a directed path from that variable in the causal ordering
graph, while it generically does have an effect on other variables[1]

Theorem 4. Let M = (X, Xy, ®,B) be a system of constraints such that the
subgraph of B induced by endogenous variables and constraints is self-contained.
Suppose that M is uniquely solvable w.r.t. the causal ordering graph CO(B) and
let X* be a solution. Assume that the intervened system Mg (f.4.c) 5 also uniquely
solvable w.r.t. CO(B) and let X' be a solution. If there is no directed path from
ftoveV\W in CO(B) then X} = X! almost surely. Conversely, if there is a
directed path f to v in CO(B) then X¥ may have a different distribution than X.

This shows that the effects of soft interventions can be read off from the causal
ordering graph. We illustrate this idea on the bathtub system.

Example 7. Recall the system of constraints for the filling bathtub in Section 3.3
Think of an experiment where the gravitational constant g is changed so that it
takes on a different value g’ without altering the other equations that describe the
bathtub system. Such an experiment is, at least in theory, feasible. For example, it
can be accomplished by accelarating the bathtub system or by moving the bathtub
system to another planet. We can model such an experiment by a soft intervention
targeting fp that replaces the constraint ®;, by

(Xv(fp) = U1(g'UXp — Xp), 0, V(fp) = {vp,vp, w1, ws}).

100ur definitions in the context of systems of constraints may deviate from conventional defini-
tions of interventions on Structural Causal Models (also known as Structural Equation Models).

M Our results generalize Theorem 6.1 in Simon (1953), where a similar result is proven for
linear systems of equations. The proof of our theorem is similar.
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Table 1: The effects of soft interventions on constraints in the causal ordering graph for
the bathtub system in Figure

target generic effect non-effect

Ix XK, Xp, XD X1, Xo

f1 X1, Xp, Xo, Xp Xk

fr Xp Xk, X1, Xp, Xo
fO XP)XD XK7 XI7 XO

Ip Xp, Xo, Xp X, X1

Which variables are and which are not affected by this soft intervention? We
can read off the effects of this soft intervention from the causal ordering graph
in Figure Bl There is no directed path from fp to vg,vr,vp or vo. Therefore,
perhaps surprisingly, Theorem [ tells us that the soft intervention targeting fp
neither has an effect on the pressure Xp nor on the outflow rate Xo. Since there is
a directed path from fp to vp, the water level Xp is generically different after the
soft intervention on fp. The effects and non-effects of soft interventions on other
constraints can also be read off from the causal ordering graph and are presented
in Table[Il A

5.2 The effects of perfect interventions

A perfect intervention acts on a variable and a constraint. It replaces the targeted
constraint by a constraint that sets the targeted variable equal to a constant [

Definition 11. Let M = (X, Xy, ®,8 = (V, F, E)) be a system of constraints
and let & € X,. A perfect intervention do(f,v,&,) targeting the variable v €
V\W and the constraint f € F results in the intervened system Mqo(f,v.e,) =
(X, Xw, Pao(f,0,¢,) Bao(f,v)) Where

() Bao(rne,) = (8 @5) U{®)) with &) = (X, o X,.6, {0}),
(i) Buo() = (V. F, ') with E' = {(i = j) € Bz, # [} U{(v— )}.

Perfect interventions on a set of variable-constraint pairs {(fi,v1),..., (fu,vn)}
in a system of constraints are denoted by do(Sr, Sv, &g, ) where Sp = (f1,..., fn)
and Sy = (v1,...,v,) are tuples. For a bipartite graph B so that the subgraph
induced by (V U F) \ W is self-contained, Lemma [ shows that CO(Bgo(s,usy))
is well-defined if S = (Sp U Sy) is a cluster in CO(B) with SNW = .

12Tn an SCM, each variable is associated with a single structural equation. Pearl (2000) defines
perfect interventions on a wariable as an operation that replaces its corresponding structural
equation by an equation that sets the variable equal to a constant. This notion of a perfect
intervention is not possible in general for a system of constraints since there is no imposed
one-to-one correspondence between equations and variables.
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Lemma 1. Let B = (V, F, E) be a bipartite graph and W C V| so that the subgraph
of B induced by V U F is self-contained. Consider an intervention do(Sy,Sg) on
a cluster S = Sy U Sp with SNW =0 in the causal ordering graph CO(B). The
subgraph of Bao(s,,,sx) induced by (V U F)\ W is self-contained.

Proposition 2] shows how the causal ordering graph can be used to read off
the effects of perfect interventions on clusters under the assumption of unique
solvability with respect to the causal ordering graph.

Proposition 2. Let M = (X, Xyw,®,B=(V,F,E)) such that the subgraph of
B induced by (VU F)\ W is self-contained. Assume that it is uniquely solv-
able w.r.t. CO(B) = (V,&) and let X* be a solution of M. Let Sp C F and
Sy C V\W be such that (Sp U Sy) € V. Assume that the intervened system
MdO(SF,Sv,ESV) is uniquely solvable w.r.t. CO(Bao(sp,sv)) and let X' be a solu-
tion of Mdo(SF,Sv,ssv)- If there is no directed path from any x € Sy tov € V
in CO(B) then X} = X almost surely. Conversely, if there is x € Sy such that
there is a directed path x to v in CO(B) then X may have a different distribution
than X .

One way to determine whether a perfect intervention has an effect on a cer-
tain variable is to explicitly solve the system of constraints before and after the
intervention and check which solution components are altered. Under a solvability
assumption we can establish the effects of a perfect intervention without solving
the equations. Example [ illustrates this notion of perfect intervention on the
system of constraints for the filling bathtub that we first introduced in Example[T]
and shows how the effects and non-effects of perfect interventions on clusters can
be read off from the causal ordering graph.

Example 8. Recall the system of constraints M for the filling bathtub in Sec-
tion Consider the perfect interventions do(fp,vp,&p), do(fp,vo,€0), and
do(fp,vp,&p). These interventions model experiments that can, at least in prin-
ciple, be conducted in practice:

(i) The intervention do(fp,vp,&p) replaces the constraint fp by a constraint
that sets the water level Xp equal to a constant. This could correspond to an
experimental set-up where the constant g in the constraint ®;,, is controlled
by accelerating and decelerating the bathtub system precisely in such a way
that the water level Xp is forced to take on a constant value £p.

(ii) The interventions do(fp,vo,&o) and do(fp,vp,&p), may correspond to an
experiment where a hose is added to the system that can remove or add
water precisely in such a way that either the outflow rate Xo or the water
level Xp is kept at a constant level.

By explicit calculation we obtain the (unique) solutions in Table[2lfor the observed
and intervened bathtub systems. By comparing with the solutions in the observed
column we read off that the perfect intervention do(fp,vp,£p) does not change
the solution for the variables X, X7, Xp, Xo, but it generically does change the
solution for Xp. We further find that do(fp,vp,&p) and do(fp,vo,&p) affect the
solution for the variables Xp, Xo, Xp but not of Xg and Xj.

23



Table 2: Solutions for system of constraints describing the bathtub system in Sec-
tion B3] without interventions (i.e. the observed system) and after perfect interventions
dO(fp,’UD7§D), dO(fD7UO7§O)7 and dO(fD7UD7§D).

observed do(fp,vp,&p)  do(fp,vo,&0) do(fp,vp,&p)
Xi Xugk Xu Xu, Xv
X7 XU% XU% Xu, Xu,
* U U ¢
XP (XC4XIUK) (XC4XIUK) m gXCz&D
Xa XUI X XUI 50 XC4XUK9XC2§D
b et o
XD (XC4XUKI.‘7XC‘2) &p (XC4XUC;gXC2) 95

Table 3: The effects of perfect interventions on variables and constraints in the causal
ordering graph for the bathtub system in Figure [l obtained by Proposition

target generic effect non-effect

fK)’UK XK7 XP) XD XI7 XO

fr,vr X1, Xp, Xo, Xp Xk

fP;’UD XD XK) XI)XP7 XO
fo,vp Xp, Xp Xk, X1, Xo
fp,vo Xp, Xo, XD XK, X1
fPafDafO;UP;UDaUO XP7 XO,XD XK, XI

The causal ordering graph CO(B) = (V, £) for the bathtub system is given in
Figure B It has clusters V = {{fk,vx},{fr,vr},{fp,vn}, {fo,vr}, {fD,v0}}.
Under the assumption that the (intervened) system is uniquely solvable w.r.t. its
causal ordering graph, we can apply Proposition[2land read off the effects and non-
effects of perfect interventions on clusters, which are presented in Table B This
illustrates the fact that we can establish the generic effects and non-effects of the
perfect interventions do(fp,vp,&p) and do(fp,vo,&o), which act on clusters in
the causal ordering graph, without explicitly solving the system of equations. We
will discuss differences between causal implications of the causal ordering graph

and the graph of the SCM in Figure [6(b)| in Section [l A

5.3 Interventions commute with causal ordering

We define an operation of “perfect intervention” directly on causal ordering graphs.
Roughly speaking, a perfect intervention on a cluster in a directed cluster graph
removes all incoming edges to that cluster and separates all variable vertices and
constraint vertices in the targeted cluster into separate clusters in a specified way.

Definition 12. Let B = (V, F, E) be a bipartite graph and W a set of exogenous
variables such that the subgraph of B induced by (VUF)\ W is self-contained. Let
CO(B) = (V, &) be the corresponding causal ordering graph and consider S € V
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with SNW = 0. Let Sp = (f;:i=1,...,n) and Sy = (v; :i=1,...,n) with
n =]SNV|=|SNF| be tuples consisting of all the vertices in SN F and SNV
respectively. A perfect intervention on a cluster do(Sp, Sy ) results in the directed
cluster graph CO(B)qo(sy,5v) = (V',E’) where

i) V =W\{SHU{{w, fi}:i=1,...,n},

(i) & ={(x—T)€&:T#S}.

A soft intervention on a system of constraints has no effect on the graphical
structure of the constraints and the variables that appear in them. Since the
bipartite graph of the system is thus the same before and after soft interventions,
it trivially follows that soft interventions commute with causal ordering. The
following proposition shows that perfect interventions on clusters also commute
with causal ordering.

Proposition 3. Let B=(V, F, E) be a bipartite graph and W a set of exogenous
variables such that the subgraph of B induced by (V U F)\ W is self contained.
Let CO(B) = (V,&) be the corresponding causal ordering graph. Let Sp C F and
Sy CV\W be such that (SpUSy) € V. Then:

CO(Bao(sy,5v)) = CO(B)ao(ss,5v)-

The bipartite graph in Figure has the causal ordering graph depicted in
Figure The perfect intervention do(Sr,Sy) with Sp = (fa, f3) and Sy =
{v2,v3} on this causal ordering graph results in the directed cluster graph in Figure
Since perfect interventions on clusters commute with causal ordering this
graph can also be obtained by applying the causal ordering graph to the intervened
bipartite graph in Figure Proposition [3] shows that perfect interventions on
the graphical level can be used to draw conclusions about dependencies and causal
implications of the underlying intervened system of constraints.

6 Discussion

In this section we give a detailed account of how our work relates to some of the
existing literature on causal ordering and causal modelling.

6.1 “The causal graph”: A misnomer?

Our work extends the work of Simon (1953) who introduced the causal ordering
algorithm. In this work, we extensively discussed the example of a bathtub that
first appeared in Iwasaki and Simon (1994), in which the authors refer to the
Markov ordering graph as “the causal graph” and claim that this graph represents
the effects of “manipulations”. We note that the Markov ordering graph in the
previous section does not have clear causal implications, contrary to claims in the
literature. In this work we have formalized soft and perfect interventions, which
are two common types of manipulation. This allows us to show that the Markov
ordering graph, unlike the causal ordering graph, neither represents the effects
of soft interventions nor does it have a straightforward interpretation in terms of
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Figure 9: The intervention do(Sr, Sv) with ordered sets Sr = (f2, f3) and Sy = (v2,v3)
commutes with causal ordering. Application of causal ordering and the intervention to
the bipartite graph in Figure results in the causal ordering graph in Figure and
the intervened bipartite graph in Figure respectively. The directed cluster graph in
Figurecan be obtained either by applying causal ordering to the intervened bipartite
graph or by intervening on the causal ordering graph.
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perfect interventions. Iwasaki and Simon (1994) do not clarify what the correct
causal interpretation of the Markov ordering graph should be and therefore we
believe that the term “causal graph” is a misnomer.

Markov ordering. To support this claim, we consider the bathtub system in
Iwasaki and Simon (1994) that we presented in Example [l The structure of the
equations and the endogenous variables that appear in them can be represented
by the bipartite graph in Figure The corresponding Markov ordering graph
in Figure corresponds to the graph that Iwasaki and Simon (1994) call the
“causal graph” for the bathtub system. Note that Iwasaki and Simon (1994) do not
make a distinction between variable vertices and equation vertices like we do. Their
“causal graph” therefore has vertices K, I, P,O,D instead of vk, vr,vp,vo,vp.
An aspect that is not discussed at all by Iwasaki and Simon (1994), is that the
Markov ordering graph represents conditional independences between components
of solutions of equations.

Soft interventions. Table[Ilshows that a soft intervention on fp has a generic
effect on the solution for the variables vp,vo, and vp. This soft intervention can-
not be read off from the Markov ordering graph in Figure because there is no
vertex fp in the graph. Since Iwasaki and Simon (1994) make no distinction be-
tween variable vertices and equation vertices, a manipulation on D should perhaps
be interpreted as a soft intervention on the vertex D in the graph in Figure
instead. However, the graphical structure would lead us to erroneously conclude
that the soft intervention on D only has an effect on the variable D. We conclude
that the Markov ordering graph does not represent the effects of soft interventions
on equations in general.
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Perfect interventions. In Example [§ we calculated that the perfect interven-
tion do(fp,vp,&p) had an effect on the solution of the variables vp,vo and vp. If
we would interpret this manipulation as a perfect intervention on D in the Markov
ordering graph in Figure then we would mistakenly find that this interven-
tion only affects the variable D. Since Iwasaki and Simon (1994) do not make a
distinction between variable vertices and equation vertices we could also interpret
a manipulation on D as the perfect interventions do(fp,vp,&p) or do(fp,vo,&o).
From Table 2] we see that these perfect interventions would change the solution
of the variables {vp} and {vp,vo,vp} respectively. Only the perfect intervention
do(fp,vp,€p) which targets the cluster containing vp corresponds to a perfect
intervention on D in the Markov ordering graph in Figure [10(c)l Since it is not
clear from the graph what type of experiment a perfect intervention on one of its
vertices should correspond to, we conclude that the Markov ordering graph cannot
be used to read off the effects of perfect interventions.

Causal ordering graph. The causal ordering graph for the bathtub system is
given in Figure We proved that the causal ordering graph, contrary to the
Markov ordering graph, represents the effects of soft interventions on equations
and perfect interventions on clusters (see Theorem[2and Proposition[2]). To derive
causal implications from sets of equations we therefore propose to use the notion
of the causal ordering graph instead. The distinction between variable vertices
and equations vertices is also made by Simon (1953) who shows how, for linear
systems of equations, the principles of causal ordering can be used to qualitatively
assess the effects of soft interventions on equations. A different, but closely related,
notion of the causal ordering graph is used by Hautier and Barre (2004) in the
context of control systems modelling.

6.2 Relation to other causal models

The results in this work apply to self-contained sets of equations and are easily
applicable to other modelling frameworks, such as the popular framework provided
by SCMs (Bongers, Forré, et al., 2020; Pearl, [2000). There are clear benefits of
applying causal ordering to constraints implied by structural equations in SCMs.
In particular, causal ordering may lead to a stronger Markov property or a rep-
resentation of effects of a different set of (perfect) interventions. Even though
the causal ordering graph itself may not allow us to read off the (non)-effects of
arbitrary perfect interventions, these can still be derived by intervening on the bi-
partite graph and then applying the causal ordering algorithm. The corresponding
Markov ordering graph generally gives the strongest Markov property for a causal
model formulated in terms of a set of equations.

Structural Causal Models. In an SCM, each endogenous variable is on the
left-hand side of exactly one structural equation and perfect interventions always
act on a structural equation and its corresponding variable. In comparison, a
system of constraints consists of symmetric equations and the asymmetric rela-
tions between variables are learned automatically by the causal ordering algorithm.
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) The bipartite graph B. ) The bipartite graph Bdo(fD,vD)-
do(D) ) MO Bdo sz’UD)

Figure 10: The blpartlte graph for the bathtub system without exogenous variable is

given in Figure [10(a)l The intervened bipartite graph is given in Figure [10(b)l The
Markov ordering graphs for the observed and intervened bathtub system are given in

Figures [10(c)| and [10(e)| respectively. Figure [10(d)| shows the graph that we obtain by

intervening on the Markov ordering graph. Note that this does not correspond with the
Markov ordering graph of the intervened bathtub system.

Consider, for example, the following structural equations:

X1 =U
X2 = a/Xl + UQa

where X1, Xo are endogenous variables, U1, U, are exogenous random variables,
and a is a constant. The ordering X; — X5 can also be obtained by causal ordering
of the following set of equations:

_Ulzoa
Xg—aXl—UQZO.

Note that any set of structural equations implies a self-contained set of equations
We can thus always apply the causal ordering algorithm to structural equations.
Interestingly, since the output of the causal ordering algorithm is unique (see
Theorem [II), the structure that is provided by the structural equations is actually
redundant if the structural equations contain no cycles. If cycles are present it
is not clear exactly what the assumed SCM structure (or equivalently the perfect
matching) adds.

131n a set of structural equations each variable is matched to a single equation. Since the set
of equations has a perfect matching it is self-contained by Hall’s marriage theorem (see Theorem

in Section [).
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SCM for the bathtub. Recall that at equilibrium, the bathtub system can be
described by the following structural equations:

Xk = Uk, Xo = Us Xk Xp,
Xr=VUy, Xp=Xp+Ui(X;—Xo),
Xp = gUgXD.

The graph of this SCM is depicted in Figure and the descendants and non-
descendants of vertices in this graph are given in Table[dl Can we use this table to
read off generic causal effects of perfect interventions targeting { fx, vk}, {f1,vr},
{fp,vr}, {fo,vo}, and {fp,vp}? The graph of the SCM contains cycles and
does not have a (unique) solution under each perfect intervention [ Therefore, the
graph of this SCM does not have a straightforward causal interpretation (Bongers,
Forré, et al., 2020). More precisely, the presence or absence of directed paths
between vertices may not directly correspond to the presence or absence of causal
relations'1 For the bathtub system, the advantages of causal ordering on the
structural equations of the SCM are:

(i) There currently is no Markov property for the graph of the SCM in Figure
that implies all the conditional independences that are implied by the
d-separations in the Markov ordering graph in Figure

(ii) The graph of the SCM and the causal ordering graph represent different inter-
vention targets. In the graph of the SCM, we have intervention targets of the
form {f;,v;} withi € {K, I, P,O, D}, while the causal ordering graph repre-
sents perfect interventions on clusters { fx, vk }, {f1,vr}, {fp,vn}, {fo,vp},
and {fD, ’Uo}.

(iii) The causal ordering graph of the bathtub has a straightforward causal in-
terpretation because the bathtub system has a unique solution under inter-
ventions on clusters in the causal ordering graphl™] In contrast, the graph
of the SCM for the bathtub system does not have a straightforward causal
interpretation and the bathtub system does not have a solution under each
perfect intervention on the SCM. Note that Table [ shows that vo is a de-
scendant of vi in the graph of the SCM while the solution for the outflow
rate Xo does not change after the perfect intervention do(fx,vk), a fact
that can be read off from the causal ordering graph in Figure

MNote that the perfect interventions on the SCM {fx,vk}, {fr,vr}, {fp,vrp}, {fo,vo},
{fD,vp} are a subset of the perfect interventions on the set of equations. Furthermore, there is
no unique solution if one fixes the outflow rate of the system X to a value that is not equal to
X7 via a change in the equation fo. This reflects the draining or overflowing of the bathtub in
this type of experiment.

3Tnstead, we could check the conditions of Proposition 7.1.1. in Bongers, Forré, et al. (2020)
to test for the presence of generic causal effects. The causal effects of interventions that are
implied by the SCM are presented in Table Bl in the supplementary material.

16Because directed cluster graphs are acyclic by construction, it is often easy to verify that the
system is uniquely solvable with respect to an intervened causal ordering graph. The existence
of a directed path from a cluster targeted by an intervention to a certain variable implies that
the intervention generically changes the solution of that variable.
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Other frameworks. Since the causal ordering algorithm can be applied to any
self-contained set of equations, the results that we developed here are generally
applicable to sets of equations in other modelling frameworks. For example, the
recently introduced Causal Constraint Models (CCMs) do not yet have a graph-
ical representation for the independence structure between the variables (Blom,
Bongers, and Mooij, 2019). The causal ordering algorithm can be directly applied
to a self-contained set of active constraints to obtain a Markov ordering graph.

Table 4: The descendants and non-descendants of intervention targets in the graph of
the SCM for the bathtub system in Figure

target  descendants non-descendants

fKaUK VK, Up, VO, UD vr

fr,vr vr, vp, VO, VD VK

fp,vp  vpP, Vo, VD VK, VT
fo,vo vp,vo, vp VK, VI
fp,vp vp, vo, vp VK, VI

6.3 Equilibration in dynamical models

Dynamical models in terms of first order differential equations can be equilibrated
to a set of equations by equating each time-derivative to zero, as in Mooij, Janz-
ing, and Scholkopf (2013). They can be equilibrated to a causal ordering graph by
applying the causal ordering algorithm to the resulting set of equilibrium equa-
tions. They can also be equilibrated to a Markov ordering graph by subsequently
applying Definition 8 to this causal ordering graph. The bathtub system provides
an example of what Dash (2005) calls a “violation of the Equilibration Manipula-
tion Commutability property”ll] Following Iwasaki and Simon (1994), and quite
confusingly, the Markov ordering graph is referred to as the “causal graph” by
Dash (2005) Consequently, the “equilibration” operator in Dash (2005) should
be interpreted as equilibration to the Markov ordering graph.

Markov ordering graph for the bathtub. The bathtub system shows that
the directed edges in the Markov ordering graph cannot be directly interpreted
as causal relations. Consider the perfect intervention do(fp,vp) for which the
Markov ordering graphs MO(B)4o(p) and MO(Bao(fp.0,,)) are wildly different, as
can be seen by comparing Figures and respectively. Clearly, equilibra-
tion to the Markov ordering graph does not commute with the perfect intervention

I"We argue that this is confusing terminology. As shown by Bongers and Mooij (2018), equi-
libration to an SCM does commute with manipulation (perfect interventions). In his “equili-
bration” operator, Dash (2005) considers equilibration to the Markov ordering graph (not to an
SCM). Therefore, a better name would have been Equilibration-Markov ordering Commutability.

18For the bathtub, we argued in Section [B.1] that this is a misnomer, as in general there is no
straightforward one-to-one correspondence between the Markov ordering graph and the causal
semantics of the system.
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do(fp,vp). We shed some new light on the commutability of interventions and
equilibration to the Markov ordering graph by considering the following novel
insights:

(i) Interventions on the dynamics of the bathtub system target pairs of equations
and variables: {fr,vi}, {f1,vr}, {fp,vp}, {fo,vo}, or {fp,vp}.

(ii) The causal ordering graph of the bathtub systems has intervention targets
(i.e. clusters in the causal ordering graph): {fx,vk}, {fr,vr}, {fp,vp},
{fo,vp}, and {fp,vo}.

(iii) By Proposition Bl we know that application of the causal ordering algorithm
to a set of equations commutes with perfect interventions on clusters in the
resulting causal ordering graph.

This tells us that equilibration to the causal ordering graph commutes with all per-
fect interventions that are both represented by the dynamical model and by the
causal ordering graph For the bathtub system, equilibration to the causal or-
dering graph thus commutes with perfect interventions targeting {fx,vk} and
{fr,vr}, or combinations thereof. Consequently, equilibration of a dynamical
model to the Markov ordering graph also commutes with these interventions. That
is, the graph that we obtain by performing interventions do(vg ) and do(vy) on the
Markov ordering graph in Figure coincides with the graph that we obtain by
applying interventions do(vk, fk,€k) and do(vy, f1,£r) to the dynamical causal
model and then constructing the Markov ordering graph.

6.4 Structure learning

We have shown that, under a solvability assumption, d-separations in the Markov
ordering graph (or o-separations in the directed graph associated with a particular
perfect matching) imply conditional independences between variables in a system
of constraints (see Theorem [2 and Proposition [I). Constraint-based causal dis-
covery algorithms relate conditional independences in data to graphs under the
Markov and faithfulness assumptions. Roughly speaking, the equivalence class of
the Markov ordering graph (or the directed graph associated with a particular per-
fect matching) can be learned from data under the assumption that all conditional
independences in the data are implied by the graph. The bathtub system in Exam-
ple[Mlis used by Dash (2005), who simulates data from the dynamical model until
it reaches equilibrium, and then applies the PC-algorithm to learn the graphical
structure of the system. It is no surprise that the learned structure is the Markov
ordering graph in Figure The usual assumption is then that the Markov
ordering graph equals the causal graph, where directed edges express direct causal
relations between variables. In this work we have shown that this learned Markov
ordering graph does not have a straightforward causal interpretation.

9 Bongers and Mooij (2018) prove that equilibrating a dynamical causal model to the graph
of an SCM commutes with perfect interventions. By applying the causal ordering algorithm to
structural equations, we find that equilibrating a dynamical causal model to a causal ordering
graph commutes with interventions that are modelled by both the SCM and the causal ordering
graph.
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7 Conclusion and future work

In this work, we slightly reformulated Simon’s causal ordering algorithm and
demonstrated that it is a convenient and scalable tool to study causal and prob-
abilistic aspects of models consisting of equations. In particular, we showed how
the technique of causal ordering can be used to construct either a Markov ordering
graph or a causal ordering graph from a set of equations without calculating explicit
solutions. One of the novelties of this paper is that we proved that the Markov
ordering graph implies conditional independences between variables whereas the
causal ordering graph encodes the effects of soft and perfect interventions.

To model causal relations between variables in sets of equations unambiguously,
we generalized existing notions of perfect interventions. The main idea is that a
perfect intervention on a set of equations targets variables and specified equations,
whereas a perfect intervention on a Structural Causal Model (SCM) targets vari-
ables and their associated structural equations. We considered a simple dynamical
model with feedback and demonstrated that, contrary to claims in the literature,
the Markov ordering graph does not generally have a straightforward causal in-
terpretation in terms of soft or perfect interventions. We showed that the causal
ordering graph does encode the effects of soft and certain perfect interventions.
The main take-away is that we need to make a distinction between graphical rep-
resentations of the probabilistic and causal aspects of models with feedback. By
making this distinction, we clarified the correct interpretation of existing results in
the literature. Additionally, we shed new light on discussions in causal discovery
about the justification of using a single graph to simultaneously represent causal
relations and conditional independences. We believe that the phenomenon where
conditional independences and causal semantics must be represented by different
graphs manifests itself in certain (biological) models with feedback. In future work
we plan to investigate these occurrences further.

The causal ordering algorithm can currently only be applied to self-contained
sets of equations. Particularly for non-linear sets of equations, this is a limiting
assumption since there might be more equations than variables required to specify
a unique solution. An interesting direction for future research is to develop exten-
sions of the causal ordering algorithm for non self-contained sets of equations.
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Horizon 2020 research and innovation programme (grant agreement 639466).

References

T. Blom, S. Bongers, and J. M. Mooij (2019). “Beyond Structural Causal Models:
Causal Constraints Models”. Proceedings of the 35th Annual Conference on
Uncertainty in Artificial Intelligence (UAI-19).

S. Bongers, P. Forré, J. Peters, B. Scholkopf, and J. M. Mooij (2020). “Founda-
tions of Structural Causal Models with Cycles and Latent Variables”. arXiv.org
preprint arXiv:1611.06221 [stat.ME].

32



S. Bongers and J. M. Mooij (2018). “From Random Differential Equations to Struc-
tural Causal Models: the stochastic case”. arXiv.org preprint arXiv:1803.08784
[cs.AT].

D. Dash (2005). “Restructuring Dynamic Causal Systems in Equilibrium”. Pro-
ceedings of the Tenth International Workshop on Artificial Intelligence and
Statistics (AIStats 2005), pp. 81-88.

D. Dash and M. J. Druzdzel (2008). “A note on the correctness of the causal
ordering algorithm”. Artificial Intelligence 172 (15), pp. 1800-1808.

A. Dawid (2010). “Beware of the DAG!” Proceedings of Workshop on Causal-
ity: Objectives and Assessment at NIPS 2008. Vol. 6. Proceedings of Machine
Learning Research, pp. 59-86.

P. Forré and J. M. Mooij (2017). “Markov Properties for Graphical Models with
Cycles and Latent Variables”. arXiv.org preprint arXiv:1710.08775 [math.ST].

B. Gongalves and F. Porto (2016). “A note on the complexity of the causal ordering
problem”. Artificial Intelligence 238, pp. 154-165.

M. Hall (1986). Combinatorial theory. 2nd ed. John Wiley & Sons.

J. Hautier and P. Barre (2004). “The causal ordering graph - A tool for modelling
and control law synthesis”. Studies in Informatics and Control Journal 13 (4),
pp. 265-283.

J. E. Hopcroft and R. M. Karp (1973). “An n5/2 Algorithm for Maximum Match-
ings in Bipartite Graphs”. SIAM Journal on Computing 2, pp. 225-231.

Y. Iwasaki and H. A. Simon (1994). “Causality and model abstraction”. Artificial
intelligence 67 (1), pp. 143-194.

A. Karzanov (1973). “An exact estimate of an algorithm for finding a maximum
flow, applied to the problem “on representatives””. Problems in Cybernetics,
pp. 66-70.

S. G. Krantz and H. R. Parks (2013). The Implicit Function Theorem: History,
Theory, and Applications. Birkhaduser Basel.

S. L. Lauritzen (1996). Graphical Models. Oxford University Press.

S. L. Lauritzen, A. P. Dawid, B. N. Larsen, and H. Leimer (1990). “Independence
properties of directed markov fields”. Networks 20 (5), pp. 491-505.

J. M. Mooij, D. Janzing, and B. Schélkopf (2013). “From Ordinary Differential
Equations to Structural Causal Models: the deterministic case”. Proceedings of
the 29th Annual Conference on Uncertainty in Artificial Intelligence (UAI-13),
pp- 440-448.

P. Nayak (1995). Automated Modeling of Physical Systems. Springer-Verlag Berlin
Heidelberg.

J. Pearl (2000). Causality : models, reasoning, and inference. Cambridge University
Press.

T. Richardson (1996). “Models of Feedback: Interpretation and Discovery”. PhD
dissertation. Carnegie-Mellon University.

H. A. Simon (1953). “Causal Ordering and Identifiability”. Studies in Econometric
Methods. John Wiley & Sons, pp. 49-74.

P. Spirtes, C. Glymour, and R. Scheines (2000). Causation, Prediction, and Search.
MIT press.

33



R. E. Tarjan (1972). “Depth-First Search and Linear Graph Algorithms”. STAM
Journal on Computing 1 (2), pp. 146-160.

J. Woodward (2003). Making Things Happen: A Theory of Causal Explanation.
Oxford University Press.

J. Zhang (2008). “On the completeness of orientation rules for causal discovery in
the presence of latent confounders and selection bias”. Artificial Intelligence

172 (16-17), pp. 1873-1896.

8 Supplementary material

This section is for the most part devoted to the proofs of the theorems and propo-
sitions that were presented in Sections[2] Bl El and[Bl In section B8 we discuss the
directed edges in SCM representations of the bathtub system in Example [ that
were mentioned in Section

8.1 Proof of Theorem [1
Theorem 1. The output of Algorithm [l is well-defined and unique.

Lemma 2] below shows that the minimal self-contained sets in a self-contained
bipartite graph are disjoint. Lemma [ shows that the induced subgraph after one
iteration of Algorithm [l with a self-contained bipartite graph as input, is self-
contained. The minimal self-contained sets in the graph which are not used in
the iteration are minimal self-contained sets of the induced subgraph. This shows
that the output of Algorithm [I] is well-defined. We then use Lemma [2] and [ to
prove Lemma [ which states that the output of Algorithm [1 with a self-contained
bipartite graph as input, is unique. This implies that the output of Algorithm
[0 which has an initialization that is uniquely determined by the specification of
exogenous variables W, must also be unique.

Lemma 2. Let B = (V,F, E) be a self-contained bipartite graph. Let Sg be the
set of minimal self-contained sets in B. The sets in Sg are pairwise disjoint, and,
likewise, the sets of adjacent nodes

Sv ={adjg(S) : S € Sr},
of the minimal self-contained sets in Sp are pairwise disjoint.

Proof. Let S; C F and S; C F be non-empty distinct minimal self-contained
sets in Sp. For the sake of contradiction, assume that S; N Sy # @. Since Sp is
minimal self-contained, we know that S| N .Sy C Sy is not self-contained. Hence,
by Definition [, we have that

|Sl N S2| < |aij(Sl n S2)| (1)
Consider the following equations:

ladjz(S1)| + adjg(S2)| — [S1 N S| = [S1] + [S2| — [S1 N Se (2)
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— 1S, US|

< ladjg(S1 U S2)| (3)
= ladjg(S1) U adjz(S2)|

= [adjz(S1)[ + [adjp(S2)| — [adj(S1) Nadjz(S2)|

< ladjg(S1)| + [adjg(S2)| — |adjg(S1 N S2)l, (4)

where equality (2) holds by condition |(i)| of Definition [F since B is self-contained
inequality (B) holds by condition |(ii)| of Definition B and inequality (@) holds
because adjz(S1 N S2) C adjg(S1) Nadjg(S2). It follows that

151N 2| > Jadjp(S1) Nadjs(S2)| > |adjs(S1 N S2)| > 0.

This is in contradiction with equation (), and hence S; NSy = @. This implies
that |S1NS2| = 0 and therefore by the inequalities above we have that |adjz(S1)N
adjz(S2)| = 0. Thus adjz(S1) Nadjg(S2) = 0. O

Lemma 3. Let B= (V,F, E) be a self-contained bipartite graph. Suppose that F
has minimal self-contained sets Sg. Let B’ be the subgraph of B induced by

= V\adjg(S), and F':=F\S,

with S € Sp. Then the following two properties hold:
(i) B’ is self-contained, and
(i) the sets in Sp\{S} are minimal self-contained in B'.

Proof. Let S € Sp be a minimal self-contained subset in 5. Since B and S are
self-contained we have that |V| = |F| and |S| = |adjz(S)| respectively. Therefore

VI =V \adjs(9)] = [V| = ladisg(9)] = [F| = [S| = [F'\ S| = [F].

This shows that condition of Definition [l is satisfied for B’. Assume, for the
sake of contradiction, that F’ does not satisfy condition of Definition [l in the
induced subgraph B’. Then there exists S’ C F’ such that |S'| > |adjg (S)]-
Consider the following equations:

ISUS| =18 +19|
> ladjs(S)| + ladjs (S")]
= ladjg(S)] + |adjz(S")| — ladjg(S) Nadjg(S")]
= ladjg(S) U adjg(S")]
= [adjz(S US|
> |Sus’|,

where the last inequality holds because B is self-contained by assumption. This is
a contradiction, and we conclude that both conditions of Definition [ are satisfied
for B’. This shows that B’ is self-contained.

Let S; € Sp and Sy € Sr be two distinct minimal self-contained sets in B.
Suppose that B is a subgraph of B induced by V'\adjz(S1) and F'\S;. By Lemma
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we know that S; N S2 = 0 and adjgz(S1) Nadjg(S2) = 0. It follows that for all
S" C Sy we have that adjz(S’) = adjg, (S”). We find that

52| = |adjp(52)| = |adjg, (S2)I;
5] < Jadj(9)] = [adjg, (5],

for all S’ C S,. This shows that Sy satisfies the conditions of Definition [l in the
bipartite graph B;. Since S has no non-empty strict subsets that are self-contained
in B we have that Sy has no non-empty strict subsets that are self-contained in
B1. We conclude that Ss is a minimal self-contained subset in ;. This shows that
the sets Sp \ {S} are minimal self-contained in B’. O

Lemma 4. Let B = (V,F,E) be a self-contained bipartite graph. The output
CO(B) of Algorithm [ is unique.

Proof. Suppose G1 = (V1,&2) and Go = (Va, £2) are directed cluster graphs that are
obtained by running Algorithm [0 Let A = (1,2,...,|V1|) be an ordered set that
indicates the order in which clusters S(*) (with a € A) are added to V; in the first
run of the algorithm. Similarly, B = (1,2,...,|V2]) is an ordered set that indicates
the order in which clusters T (with b € B) are added to V; in the second run
of the algorithm. With a slight abuse of notation we define B\ (S*®)),; as the
subgraph of B induced by the nodes (S*));~;. Similarly, B\ (T®);; denotes the
subgraph of B induced by the nodes (T*));>;.

Intermediate result: We will prove that for i € (1,2,...,|V1]) there exists b; € B
such that S = T(®) by induction.

Base case: The algorithm adds the cluster S to V; in the first step of the
first run. Therefore, we know that the set of nodes F N S must be minimal
self-contained in B. Let 1 < k < |Vs| be arbitrary. By Lemma Bl it follows that
FNS™ is minimal self-contained in B\ (T9)); <, provided S1) # T\ for all j < k.
Since B is finite, the minimal self-contained set S(!) must be chosen eventually,
and hence there exists b; € B such that S = 71

Induction hypothesis: Let 1 <i < |V1| be arbitrary and assume that for all j <4
there exists b; € B such that S0 = 7®i) We want to show that there exists
biy1 € B such that S0+ = T(bit1),

Induction step: Let B’ = B\ (b1,...,b;) = (b],...,b
that b} < b, forall j=1,..., Vo[ — (i +1).

(i) In the second run of the algorithm, the cluster 7®1) is added to V right after
the clusters 7®) with b; < b} are added to Vs and removed from the graph.
Therefore, the set F N7 is minimal self-contained in B\ (T(bj))jgi,bj-<b’1-
In the first run of the algorithm, the clusters S = 7% §() = (i)
are subsequently added to V; and removed from the graph. Therefore, by
Lemma 2 and Lemma B we have that £ N7®") is minimal self-contained in
B =B\ (T"));<; = B\ (S®™)<i. Hence, both F N T®) and F N S+
are minimal self-contained in B’. Therefore, by Lemma ] and Lemma [3]

v, i) be an ordered set such
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either (") = §G+1) (in which case we are done) or F' N SUY is minimal
self-contained in B’ \ 7",

(ii) Let k < [Va]| —i be arbitrary. By iteration of the argument in the previous
step we find that FNT®) is minimal self-contained in (B\ (T(b”))j<i by<b))\

(T(b/j)>j<k and hence in B’ \ (T(b ))j<k, so that either T®r) = G+ o
F N SG+D s minimal self-contained in B’ \ (T ))j<k. Since the graph is
finite, there exists m € 1,...,|Va| —i such that T(m) = §(+1 By definition

of B’ there exists bj.; € B such that S0+ = 7(b1),

This proves that the clusters in V; are also clusters in V5. By symmetry we find
that the clusters S in V; and the clusters T® in Vs coincide. Since V; = Vs it
follows immediately from the construction of edges in the algorithm that & = &
and hence G; = Gs. O

8.2 Proof of Theorem

Theorem 2. Let X™ be a solution of a system of constraints M = (X, Xy, ®,B),
where the subgraph of B = (V, F, E) induced by (VU F)\ W is self-contained. If
M is uniquely solvable with respect to the causal ordering graph CO(B) then the
pair (MO(B),Px~) satisfies the directed global Markov property.

Let v € V\W be arbitrary and define Sy = cl(v)NV and S = cl(v)NF. First, we
will show that V(Sp) \ Sv = payos)(v). Let x € adjg(Sr) \ Sv be an arbitrary
vertex that is adjacent to Sg but not in Sy . The following equivalences hold:

x € V(Sp)\ Sy < z € adjg(Sr) \ Sv (by Definition [3])
— (v — Cl( )) in CO(B) (by definition of Algorithm [)
< (x —v)in D(CO(B)) (by Definition [])
<= (xz — ) in D(CO(B)
<~ (z — v) in MO(B)
> T € payo(p)(v)-

)mar(F
(by Definition [8])

By assumption, the system of constraints is uniquely solvable with respect to
CO(B). Note that Sy C V(Sr). Hence, there exists a measurable function g; :

XPaMO(B)(U) — X; for all ¢ € SV s.t. for all TV (Sr) S XV(SF):

VfESk ¢p(mvp)) =c; < Vi€ Sy, ¥i=gi(®payep, )

Let X™ be a solution to the system of constraints. Since v € V' \ W was chosen
arbitrarily it follows that

th = gv(X;aMO(B)(v))a

for all v € V' \ W almost surely. The directed global Markov property was already
shown to hold for pairs (G,Px) where G is a DAG and X is a solution to a set
of structural equations with functional dependences corresponding to the DAG
(Lauritzen, [1996; Pearl, 2000). Because the Markov ordering graph MO(B) is
acyclic by construction this finishes the proof. O
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8.3 Proof of Theorem
Theorem 3. The output of Algorithm[2 coincides with the output of Algorithm [

The following result gives a necessary and sufficient condition for the existence
of a perfect matching for a bipartite graph and can be found in (Hall, [1986).

Theorem 5 (Hall’s Marriage Theorem). Let B = (V, F, E) be a bipartite graph
with |V| = |F|. Then B has a perfect matching if and only if |F'| < |adjg(F)| for
all FF CF.

From Hall’s Marriage Theorem it trivially follows that a bipartite graph has a
perfect matching if and only if it is self-contained.

Corollary 1. Let B = (V, F, E) be a bipartite graph. Then B has a perfect match-
ing if and only if B is self-contained.

Proof. If B has a perfect matching then |V| = |F|. By Definition [l we know that

if B is self-contained then |V| = |F'|. Hence, the statement follows from Definition
and Theorem O

The following technical lemma is used to prove Lemma [6] which shows that
the output of Algorithm [ coincides with that of Algorithm [2lin the case that the
input of the algorithm is a self-contained bipartite graph and W = 0.

Lemma 5. Let M be a perfect matching for a self-contained bipartite graph B =
(V,F,E). Let S‘(,l), . .,S‘(/n) be a topological ordering of the strongly connected
components in G(B, M )mar(r)- Let B be the subgraph of B induced by U?:i(S‘(,j) U
M(S‘(,J))) Then BY s self-contained and M(S‘(/i)) is a minimal self-contained set
in BW,

Proof. We use the notation G**) := G(B®) M ®*)) and Sl(;k) = M® (S‘(,k)), where
M® = M (we will define M® with i > 1 later). First we show that S{’ is

self-contained in B(Y). We proceed by proving that Sg) is minimal self-contained
in BM and that B is a self-contained bipartite graph. Finally, we consider how
these arguments can be iterated to prove the lemma.

By definition of a perfect matching and the fact that B(") = B is self-contained,
we know that:

1= 18] < ladjgo (S3)]

By definition of topological ordering and the orientation step in Definition [ we
know that:

adjg (S4)) € 8.

Together, these two inequalities show that |S§71)| = |adjzq) (Sl(;l))| Because B is
self-contained, the set Sg) satisfies both conditions of Definition Bl We conclude
that Sg) is self-contained in BM).
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Assume, for the sake of contradiction, that Sg) is not minimal self-contained.
Then there exists a non-empty strict subset F’/ C Sl(;l) that is self-contained in
BM. First note that, by Definition B we have that |F'| = |adjga (F')| and
|S‘(,1)| = |S1(;1)| so that S‘(/l) \ adjgw (F') # 0 and adjga) (F') # 0. Furthermore, by
Definition [ (orientation step), we must have that:

pag(l) (adj5(1) (F/)) = M(l) (adjlgu) (FI)) = FI.

Therefore there is no directed edge from any vertex in F'\ F’ to any vertex in

adjga) (F'). Clearly, there can be no edge in G between any vertex v € S‘(/l) \
adjga (F') and any vertex f’ € F’ and hence

pagn (SO \ adjgm (F) = MO (S \ adjza) (F')) = F\ F'.

Therefore, there can be no directed path from any v € S‘(,l) \ adjgw (F') to any
f e F'in GM. This contradicts the assumption that S‘(,1 )is a strongly connected

component in gfr}gr( P We conclude that Sg) is minimal self-contained in B,

Clearly, the set M) = {(i —j) €¢ MM : i j ¢ S‘(,l) U Sg)} is a perfect
matching for B®. By Corollary [l we therefore know that B(® is self-contained.

Since S‘(,2 ), ceey S‘(,") is a topological ordering for the strongly connected components
in grﬁf;r( F) the above argument can be repeated to show that S%Q) is minimal self-

contained in B(). For arbitrary i € {1,...,n} this entire argument can be iterated

to show that Sg) is minimal self-contained in the self-contained bipartite graph
B@ O

Lemma 6. Let M be an arbitrary perfect matching for a self-contained bipartite
graph B = (V, F, E). The directed cluster graph G = (V1,&1) that is obtained by
application of Definition[d coincides with the output Go = (Va, E) of Algorithm [

Proof. Let S ... S be a topological ordering of the strongly connected com-
ponents in G(M, B)mar(ry. By Definition @ the cluster set Vi consists of clusters
SO U M(SD) with i € {1,...,n}. By Lemma[5 Algorithm [l can be run in such
a way that the clusters S U M(S®) are added to V, in the order specified by
the topological ordering. By Theorem [ the output of Algorithm [1is unique and
therefore V; = V5. By Definition [ the following equivalences hold for C' € V| = Vs
and v e V'\ C:

(v=>0C)e& <= FJwelst (v—w)in G(M,B)
< JweClCst (v—w)eFand (v—-—w) ¢ M
— veadjg(CNF)\M(CNF)
<~ veadjp(CNE)\(CNV)
— (v—=>C)eé&.

Let C € V; = Vs and f € FN(adjg(C) \ C). By definition of Algorithm [ we
know that (f — C) ¢ &. Note that M(C N F) = CNV. By Definition @ there
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is no edge (f — v) with v € CNV in G(B, M) and hence by Definition we know
that (f — C) ¢ &. By construction, edges (x — C) with 2 € C are neither in &
nor in £&. We conclude that & = & and consequently Gy coincides with G,. O

Lemma [ shows that the output of Algorithm [ coincides with the output
of Algorithm [ if the input is a self-contained bipartite graph. Otherwise, both
Algorithm [M and ] have an initialization that is determined by the specification
of exogenous variables. The exogenous variables are placed into separate clusters
and there are directed edges from each exogenous variable to the clusters of its
adjacencies for both algorithms. The output of the two algorithms coincides for
any valid input.

8.4 Proof of Proposition [1

Proposition 1. Let X™* be a solution of a system of constraints M = (X, Xw, ®, B),
where the subgraph of B = (V, F, E) induced by (VUF)\W has a perfect matching
M. If for each strongly connected component S in G(B, M) with SNW =0, the
system M is uniquely solvable w.r.t. Sy = (SUM(S))NV and Sp = (SUM(S))NF
then the pair (G(B, M )mar(r), Px+) satisfies the generalized directed global Markov
property.

The proof of this proposition relies on results by Forré and Mooij (2017), who
define the notion of an acyclic augmentation for a class of graphical models that
they call HEDGes. They define the augmentation of a HEDG as a directed graph
where hyperedges are represented by vertices with additional edges. The acyclic
augmentation of a HEDG is obtained by acyclification of the edge set of it aug-
mentation (Forré and Mooij, 2017).

Definition 13. Let G = (V, E) be a directed graph. The acyclification of E,
denoted by E>¥, has edges (i — j) € E*¥ if and only if ¢ ¢ scg(j) and there
exists k € scg(j) such that (i — k) € E.

Lemmal[7]shows that the clustering operation in Definition[@on directed graphs,
followed by the declustering operation in Definition [§], results in the same directed
graph as the one that is obtained by applying the acyclification operation to its
edge set.

Lemma 7. Let G = (V,E) be a directed graph. It holds that G*Y = (V, E2Y) =
D(clust(G))).

Proof. This follows from Definitions [8 [0 and I3l O

The following proposition shows that o-separations in a directed graph coincide
with d-separations in the graph that is obtained by clustering and subsequently
declustering that directed graph.

Proposition 4. Let G = (V, E) be a directed graph with nodes V and G*¥ =
(V, E2%). Then for all subsets A,B,C CV:

o d d
ALB|C = A L B|C <<= A 1 B|C.
g Gacy D(clust(G))

40



Proof. The proof of the first implication follows from Corollary 2.8.4 and Lemma
2.7.7 in Forré and Mooij (2017). The second equivalence follows directly from
Lemma [71 O

We now have all ingredients to finish the proof of Proposition[Il First note that,
since the subgraph of B = (V, F, E') induced by (VUF)\ W has a perfect matching,
CO(B) = (V,€) is well-defined by Corollary I Let S\, ..., S be the strongly
connected components in Ggir, where Gair := G(B, M )ar(r). By LemmalBand the
definition of Algorithm [Il we know that V consists of the clusters S‘(,i) UM (S‘(j))

with ¢ = 1,...,n. Therefore, M is uniquely solvable with respect to CO(B). By
Theorem [2] we have that for subsets A, B,C C V:

d
A L B|C — XAJ_LXB|Xc. (5)
MO(B) Px

By Proposition [ we have that:

o d d
Al B|C = A 1L B|C < A 1 B|C. (6)
Gair gy D(clust(Gair))

The desired result follows from implications (@) and (B) when D(clust(Gair)) =
MO(B). Consider the cluster set Vijar(py = {S NV : S € V} and note that edges
in CO(B) go from vertices in V to clusters in V. By Definition [§ and [@ we have
that:

D(<Vmar(F)a 6>) = D(<V7 5>)mar(F) and CluSt(gdir) = (Vmar(F)a 5>7
respectively. It follows that
D(clust(Gair)) = D(CO(B))mar(r) = MO(B).

This finishes the proof.

8.5 Proof of Theorem [4

Theorem 4. Let M = (X, Xy, ®,B) be a system of constraints such that the
subgraph of B induced by endogenous variables and constraints is self-contained.
Suppose that M is uniquely solvable w.r.t. the causal ordering graph CO(B) and
let X* be a solution. Assume that the intervened system Mg f.4.c) is also uniquely
solvable w.r.t. CO(B) and let X' be a solution. If there is no directed path from
ftoveV\W in CO(B) then X} = X! almost surely. Conversely, if there is a
directed path f to v in CO(B) then X may have a different distribution than X.

The directed cluster graph CO(B) is acyclic by construction and therefore there
exists a topological ordering of its clusters. When there is no directed path from
f to v in CO(B) then there exists a topological ordering V1, ... V(™ of the
clusters such that cl(v) comes before cl(f). By the assumption of unique solvability
w.r.t. CO(B) we know that the solution component for any variable v € V) can
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be solved from the constraints in V(@ after plugging in the solution components
U;;ll V). By the assumption of unique solvability, the solution components X
and X! are equal almost surely.

By assumption, the variables in cl(f) can be solved from the constraints in
cl(f). Hence, a soft intervention on a constraint in cl(f) will generically change
the distribution of the solution components X 21( f)ny that correspond to the vari-
able vertices in cl(f). Suppose that there exists a sequence of clusters V; =
cd(f),Va,...,Vi—1, V& = cl(v) such that for all V; € {Vi,...,Vk_1} there is a
vertex z; € V; such that (z; — Viy1) in CO(B). By the assumption of unique
solvability w.r.t. CO(B) the solution components for the variables in Va,...V}
generically depend on the distribution of the solution components X ¢ )y that
correspond to the variable vertices in cl(f). It follows that the solution X is
generically different from that of X, if there is a directed path from f to v in

v

CO(B). O

8.6 Proof of Lemma [1I] and Proposition

Lemma 1. Let B = (V, F, E) be a bipartite graph and W C V, so that the subgraph
of B induced by V U F is self-contained. Consider an intervention do(Sv,Sg) on
a cluster S = Sy U Sp with SNW =0 in the causal ordering graph CO(B). The
subgraph of Bao(s,,,s5) induced by (V U F)\ W is self-contained.

Proof. By definition of Algorithm [2] we know that the subgraph of B induced by
(VU F)\ W has a perfect matching M such that M(Sr) = Sy. By definition
of a perfect intervention on the bipartite graph we know that M is also a perfect
matching for the subgraph of Byo(s,,s,) induced by (V U F)\ W. The result
follows from Corollary [l |

Proposition 2. Let M = (X, Xw,®,B=(V,F,E)) such that the subgraph of
B induced by (V U F)\ W is self-contained. Assume that it is uniquely solv-
able w.r.t. CO(B) = (V,&) and let X* be a solution of M. Let Sp C F and
Sy C V\W be such that (Sp U Sy) € V. Assume that the intervened system
MdO(SF,Sv,ESV) is uniquely solvable w.r.t. CO(Bao(sy,sv)) and let X' be a solu-
tion of Mdo(SF,Sv,ssv)- If there is no directed path from any x € Sy tov € V
in CO(B) then X} = X almost surely. Conversely, if there is x € Sy such that
there is a directed path x to v in CO(B) then X may have a different distribution
than X .

Let v € Sy . Since the variable vertices Sy are targeted by the perfect intervention,
we have that X! = ¢,, which is generically different from the solution component
X. Consider v € V'\ Sy and its cluster cl(v) in CO(B). Since the causal ordering
graph is acyclic by construction, there exists a topological ordering VD, ... V() =
cl(v), ... V™ of the clusters in CO(B) (where n is the amount of clusters in CO(B))
such that V) < cl(v) implies that there is a directed path from some vertex in
V() to the cluster cl(v) in CO(B). By assumption, the solution component X*
can be solved from the constraints and variables in V(* = cl(v) by plugging in
the solution for variables in V1), ... V=D Let s}, ... s and s;,... 57" denote
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the ordered vertices in S and Sy respectively and suppose that Sy U Sp = V()
for some k € {1,...,n}. By definition of a perfect intervention on a cluster we
know that V(1) ... (k=1 {s}, siho., {S’JL”, smy, VD V(") g a topological

ordering of clusters in CO(B)do(sx,5v) = CO(Bao(s,sv)) (by Proposition [3)).
Suppose that V) ~ V() in the topological ordering for CO(B). By as-
sumption of unique solvability w.r.t. CO(B)qo(sy,sy), X, can be solved from
the constraints and variables in V) by plugging in the solution for variables in
v Ve Tt follows that X = X/ almost surely and by construction of
the topological ordering there is no directed path from any € Sy to v in CO(B).
Suppose that V() < cl(v) in the topological ordering for CO(B). By assumption
of unique solvability w.r.t. CO(B)do(sy,sy), We know that X can be solved from
the constraints and variables in V() by plugging in the solution for variables in
VO, VD sk sty s sy, VD L VD T follows that X and
X/ generically have a different distribution, and by construction of the topological
ordering there is a directed path from a vertex in Sy to the cluster cl(v) in CO(B).
O

8.7 Proof of Proposition

Proposition 3. Let B = (V,F, E) be a bipartite graph and W a set of exogenous
variables such that the subgraph of B induced by (V U F)\ W is self contained.
Let CO(B) = (V, &) be the corresponding causal ordering graph. Let Sp C F and
Sy CV\W be such that (Sp U Sy) € V. Then:

CO(Bao(s,5v)) = CO(B)do(s,5v)-

Let Sy = (s},...,s7") and Sp = (s},...s7) denote the targeted variables and
constraints. We consider the output CO(B) = (V, &) of the causal ordering al-
gorithm. Suppose that the order in which clusters V() are added to V; is given

by
v VR = (SpUSy),..., V™,

Consider CO(Bao(sy,5,)) = (V',&'). It follows from Definition M1, Lemma [2]
Lemma [3] and the definition of Algorithm [ that

7220 74 G {s}, sh {sF, 50}, yltl) )

v

is an order in which clusters could be added to V'. This shows that there are two
differences between CO(B) = (V,€) and CO(Bao(sy,sy)) = (V',E'): first (Sp U
Sy) € V whereas {{s},s,} :i=1,...,m} C V' and second the clusters (Sp U Sy)
may have parents in CO(B) but the clusters {s%,s,} (with i € {1,...,m}) have
no parents in CO(Byo(s,,s,))- The result follows directly from Definition O

8.8 Directed edges in the graph of the SCM

The SCM for the bathtub system that we discussed in Section B.3] does not have
a unique solution under every possible intervention on the SCM. Therefore, ac-
cording to Bongers, Forré, et al. (2020), the graph of this SCM does not have a
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straightforward causal interpretation. Instead, we may apply Proposition 7.1.1 in
Bongers, Forré, et al. (2020), which gives a sufficient condition for detecting an
edge (v; — v;) in the graph of an SCM. For an edge (v; — v;) in the bathtub sys-
tem, it says to consider &; € R3 (with I = {K,I, P,O,D} \ {i,j}) such that the
SCM has a unique solution under the intervention do(Z, §;). The edge (v; — v;) is
present if there exist distinct values &;, & € Rsg such that the SCM has a unique
solution after subsequently applying the interventions do(I, &;) and do(i,§;) that
does not coincide with the unique solution after subsequently applying the inter-
ventions do(I,£&;) and do(i,&;). From the second column in Table [5] we can read
off that the directed edges (v — vo), (vp — vo), and (vp — vo) are implied by
the proposition. Proposition 7.1.1 in Bongers, Forré, et al. (2020) also provides
a sufficient condition for the presence of edges (v; — v;) in the latent projection
onto {i,j}. If there exists distinct &,& € Ryg such that the SCM has a unique
solution under the intervention do(7,¢;) that does not coincide with the unique
solution after the intervention do(i,&;). From the third column in Table [l we can
read off that the edges (v — vp), (vk — vp), (v; = vp), (v; = vo), (vi — vp),
(vp — vp), and (vp — ve) are present in the corresponding latent projections
onto two variables.

Note that the effects of interventions on { fx, vk } and { f1, vr } implied by Table
agree with those presented in Table[3l Interestingly, the proposition implies that
the edge (v — vo) is present in the graph of the SCM, while it does not imply
the presence of this edge in the latent projection onto {vi,vo}.
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Table 5: The presence of directed edges in the graph of the SCM for the bathtub system
that is implied by Proposition 7.1.1 in Bongers, Forré, et al. (2020). We also consider
the implied presence of directed edges in the graph of an SCM in which only two out of
five variables are observed. Under interventions targeting {vk,vr,vp,vo} or there is no
unique solution for Xp. Under interventions targeting {vk,vr,vp,vo} the intervention
values there is no solution if the values £; or o are varied individually. Similarly, for
interventions targeting either vo or vp there are no two distinct interventions values
under which the intervened system is solvable.

Edge (x — y) Graph of the SCM Latent projection onto x,y
VK — VI not implied not implied

VK — Up not implied present

VK — VO present not implied

VK — Up solution Xp not unique present

v = VK not implied not implied

vV — Up not implied present

v — VO not implied present

VU — Up cannot vary Xy present

Vp — VK not implied cannot vary Xp
Vp — Vg not, implied cannot vary Xp
vp — Vo present cannot vary Xp
Up — Up solution Xp not unique cannot vary Xp
Vo — VK not implied cannot vary Xop
vo — U1 not implied cannot vary Xop
Vo — Up not, implied cannot vary Xop
V0 — Up cannot vary Xop cannot vary Xop
Up — VK not implied not implied

vp — Ur not implied not implied

Up — Uvp present present

vp — Vo not, implied present
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