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Abstract

In this paper, we present an extended set of
graphical criteria for the identification of di-
rect causal effects in linear Structural Equa-
tion Models (SEMs). Previous methods of
graphical identification of direct causal ef-
fects in linear SEMs include methods such
as the single-door criterion, the instrumental
variable and the IV-pair, and the accessory
set. However, there remain graphical mod-
els where a direct causal effect can be iden-
tified and these graphical criteria all fail. As
a result, we introduce a new set of graphical
criteria which uses descendants of either the
cause variable or the effect variable as “path-
specific instrumental variables” for the iden-
tification of the direct causal effect as long as
certain conditions are satisfied. These condi-
tions are based on edge removal and the ex-
isting graphical criteria of instrumental vari-
ables, and the identifiability of certain other
total effects, and thus can be easily checked.

1 Introduction

Structural Equation Models (SEM) is a useful tool for
causal analysis, and is widely used in areas of social
science such as economics (Bollen 1989; Duncan 1975).
Research by scientists, social scientists, and computer
scientists in this area has allowed the problem to be
applied in real-life models.
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In a linear SEM, the relationships between observed
variables are expressed in linear equations. The struc-
ture of the equations is such that they not only express
the linear relationships between the variables, together
with a stochastic error term for unobserved factors,
but also the causal dependence among the observed
variables. For each variable Y, its structural equation
where it appears on the left-hand side, the presence
(and absence) of a variable X on the right-hand side
specifies that X is (or is not) a direct cause of Y.

A fundamental problem in linear SEMs is to estimate
the strength of a certain direct causal effect from one
variable to another from a combination of observed
data and model structure. This is called the identifi-
cation problem (Fisher 1966). Although many meth-
ods, both algebraic and graphical, have been devel-
oped over the years, this problem is still not solved.
Currently there are no sufficient or necessary criteria
for deciding whether a causal effect can be identified
from observed data. Current identification methods
based on graphical criteria, including the single-door
criterion, the front door criterion and the back door
criterion, the instrumental variable and the IV-pair,
and the accessory set, can be used to identify direct
causal effects only when certain conditions are met.
However, there exist direct causal effects that can be
found using algebraic methods by solving for a set of
equations involving the causal effects and the covari-
ances but cannot be identified using these methods.

The aim of this paper is thus to provide an extended
set of graphical criteria for the identification of direct
causal effects in linear SEMs. We will show exam-
ples where the desired causal effect can be identified
using algebraic methods but cannot be identified by
current graphical methods. Then based on the alge-
bra involved in solving for these causal effects, we will
propose this new set of graphical criteria, where we use
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descendants of either the cause variable or the effect
variable as “path-specific instrumental variables”, to
compute the desired causal effect using observed co-
variances. This new set of graphical criteria are based
on edge removal and the existing graphical criteria of
instrumental variables, and the identifiability of cer-
tain other total effects, and thus can be easily checked.

The outline of this paper is as follows. First, we pro-
vide the preliminary definitions for this paper, includ-
ing linear SEMs, graphical models, statistical terms
such as covariances, Wright’s method of analysis, and
the identification problem. Then, we recap previous
results in solving the parameter identification prob-
lem, most notably instrumental variables. Next, we
present our new results for the identification of direct
causal effects in linear SEMs, which are able to iden-
tify direct causal effects which are not possible using
previous results based on graphical criteria. Finally,
we conclude our paper with a few discussion topics.

2 Preliminaries

In statistical causal analysis, a directed acyclic graph
(DAG) that represents cause-effect relationships is
called a path diagram. A directed graph is a pair
G = (V,E), where V is a finite set of vertices and the
set FE of directed edges is a subset of the set V' x V of
ordered pairs of distinct vertices. Regarding the graph
theoretic terminology used in this paper, for example,
refer to Pearl (Pearl 2009) and Spirtes et al. (Spirtes
et al. 2000).

Suppose a DAG G (V,E) with the set V
{V1, -+, V,} of nodes is given. The graph G is called
a path diagram, when each child-parent family in G
represents a linear structural equation model (SEM):

Vi= Z avivj‘/j + €, (1)
Vjepa(Vi)

t=1,...,n,

where pa(V;) is a set of parents of V; and av,,., (# 0)
is called a direct causal effect. In addition random
disturbances ¢€,,,...,€,, are assumed to be normally
distributed with mean 0. Here, when ¢,, is correlated
with €,; (i # j), this relationship is represented by a
bi-directed (dashed) arc between X; and X; in G.

Given a path diagram G, we define a path between
the nodes X and Y as a sequence of vertices, (V) =
X,...,V, =Y), where there is an edge between each
V; and V;41 and each vertex appears only once in the
sequence. A path is a directed path from X to Y if all
edges between V; and V1 are directed edges from V;
to V;41. If there is a directed path from X to Y, we
say X is an ancestor of Y, X € Anc(Y), and Y is a
descendent of X, Y € Desc(X). In a directed acyclic
graph, we have Anc(X) N Desc(X) = 0 for every X.
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We say that V; is a collider in the path if both the
edges between V;_; and V; and between V; and V14
point into V;. If there are no colliders in the path, we
say that the path is an unblocked path between X and
Y. Given a set of vertices Z, we say the path is an
open path if for all vertices V; which are not colliders
on the path, V; ¢ Z, and for all vertices V; which are
colliders on the path, V € Z where V =V, or V is a
descendant of V;. If there are no open paths between
X and Y given Z, we say that X and Y are d-separated
given Z. Otherwise, we say that they are d-connected.

The conditional independence induced from a set of
equations in the form of Equation 1 can be obtained
from the path diagram G according to d-separation
(Pearl 2009), that is, when Z d-separates X from Y in
G, X is conditionally independent of Y given Z in the
corresponding linear SEM (Spirtes et al. 2000). In this
paper, it is assumed that a path diagram G and the
corresponding linear SEM are faithful to each other;
that is, the conditional independence relationships in
the linear SEM are also reflected in G, and vice versa
(Spirtes et al. 2000).

For further discussion, we denote some notations. Let
Opyr = coV(X,Y|Z = 2), oyy., = var(Y|Z = z) and
Byz-z = Ozy.s/0zz.. be a conditional covariance be-
tween X and Y given Z = z, a conditional variance
of Y given Z = z and the regression coefficient of x
in the regression model of Y on x and z, respectively.
When Z is an empty set, they are omitted from these
arguments.

A total effect T,, of X onY is defined as the total sum
of the products of the direct causal effects on the se-
quence of directed edges along all directed paths from
X to Y. In addition, vy, = 04y — Ty, is called a spu-
rious correlation between X and Y.

A path-specific total effect is defined as the total sum of
the product of the direct causal effects on the sequence
of directed edges along directed paths of our interests
from X to Y. For example, we define 7., as the path-
specific effects where all paths that pass through any
variable in Z are not counted. Similar terms such as
a path-specific correlation and a path-specific spurious
correlation can be defined similarly.

Wright’s method of path analysis (Wright 1934), which
plays an important role in this paper, can be used
to compute the covariance of two variables X and Y
given a path diagram G. If the set S contains all paths
path = (Vo = X, V4,...,V, =Y) that are unblocked
paths between X and Y, we have:

Oxy = Z Puguvg H

path 1=0,...,n—1

(2)

p'Ui'Ui+1 )

where py,,,,, is the parameter of the edge between V;
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and Vi1, which is either o, o, (0T (0, ) if it is a
directed edge, or 7y,, v, if it is a bi-directed edge. We
define py,u, aS Tyyu, if all edges in path are directed
edges, or 1 otherwise.

Given the matrix of observed covariances Y, we say
that a causal parameter, such as a total effect and a
direct causal effect, is identified if there is a unique
solution of this parameter given the covariances. If all
direct causal effects can be identified, we say that the
model is identified.

The single-door criterion is one of the famous graph-
ical identification conditions for the direct causal ef-
fects, that is, the direct causal effect o, of X on Y
is identifiable and is equal to B3y;.., if there exist a set
Z of variables such that Z contains no descendant of
Y, and Z d-separates X from Y in Gx_,y, formed
by removing X — Y from the path diagram G (Pearl
2009). A set Z of variable satisfying both (i) and (ii)
is said to satisfy the single-door criterion relative to
(X,Y).

3 Previous Results on Parameter
Identification

There have been many work done on the problems of
model identification and parameter identification using
graphical test (Pearl 2009; Brito and Pearl 2002a,b,c;
Tian 2004, 2005). Here we will focus only on the prob-
lem of parameter identification, in particular the iden-
tification of direct causal effects.

The previous most general result for the graphical
identification of direct causal effects is the use of an
IV-pair (Brito and Pearl 2002c), which embraces both
instrumental variables (Bowden and Turkington 1984)
and regression methods.

Lemma 1 Given a path diagram G which contains the
directed edge X — 'Y, we say that a variable W is an
instrumental variable for X — 'Y given Z, a (possi-
bly empty) set of variables which does not contain any
variable from W, X, Y, or Desc(Y), if the following
two conditions are satisfied:

1. In the path diagram G, W and X are d-connected
gwen Z, or W = X.

2. In the path diagram G\x_,y, formed by removing
X =Y from G, W and Y are d-separated given
Z;

Then, the direct causal effect oy, is given by:

Owy-z
Oygy = — .
Owx-z
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Figure 1: A path diagram where a multiple IV-pair
are necessary to identify the direct causal effects of X3
(or X3) to Y.

The pair (W, Z) can also be called an IV-pair for
X — Y. Some identifiable direct causal effects cannot
be found using a single IV-pair, but by the collective
action of a multiple IV-pair, such as the example in
Figure 1. We now define the conditions where a set
of direct causal effects can be identified using multi-
ple IV-pairs. The following lemma is adapted from
previous work, where the multiple IV-pair are called
accessory sets (Tian 2007b).

Lemma 2 Given a path diagram G which contains the
directed edges X1 = Y,..., X = Y, we say that a set
of variables W1, ..., Wy, are instrumental variables for
X1 = Y,..., Xy = Y given Z, a (possibly empty)
set of variables which does mot contain any variable
from Wy, ..., Wy, X1,..., Xk, Y, or Desc(Y), if the
following two conditions are satisfied:

1. In the path diagram G, each pair of W; and X;
are d-connected given Z, or W; = X;. Moreover,
for any i # j, there must be exist an open path
between W; and X; given Z (denoted path;), and
an open path between W, and X, given Z (de-
noted path;), such that either they do not share
any common variable, or if they share a common
variable V', either one of the following is true (but
not both):

e Both the sub-path of path; between W; and
U, and the sub-path of path; between U and
X, point into U;

o Both the sub-path of path; between U and Wj,
and the sub-path of path; between W; and U,
point into U.

This criterion is called the G criterion (Brito
and Pearl 2006), and guarantees that the system
of equations we use to solve for the parameters

Qlyzy s -+ Qyg, are linearly independent.

In the path diagram G\x,y,. x,—v, formed

by removing X1 — Y,....Xx — Y from G,
{W1,...,Wi} and Y are d-separated given Z;
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Figure 2: Path diagram for Example 1.

Then, the direct causal effects oy, , ..
solved by a system of k equations:

., Qyg, can be

Ow;y-z = E Ow;zj2qyz;,
G=1,....k

However, there are many cases where a single direct
causal effect is identifiable even though neither IV-
pair nor a set of variables satisfying the single-door
criterion can be found. We will illustrate this in the
next section with a few examples, and extend previ-
ous results on graphical identification to find the direct
causal effects.

4 New Results on Parameter
Identification

Our results are based on the following. Based on
whether W is a descendant of X or Y, we will remove
certain edges from the path diagram G to obtain G’,
where W satisfies the instrumental variable condition
in G'. This means the direct causal effect o, can be
computed using the matrix of covariance values X/ of
G’. We then relate Y’ with X, the matrix of covari-
ance values of GG, under certain restrictions, in order
to compute the direct causal effect o, from 3.

4.1 Descendants of Cause Variable

Example 1 Given the path diagram shown in Fig-
ure 2 and its corresponding linear SEM, the direct
causal effects of ag, and oy, can be identified by the
single-door criterion (Pearl 2009):

ﬂwva
sz-v'
We now want to find the direct causal effect of ovyq.

However, no IV-pair can be used to find oy, using
Lemma 1. Instead, we use Wright’s method of path

a(E’U

awa:

analysis (Equation 2). In particular, we have:

Owy Ay Oy Yww + awz(awvﬁ)/yv + Aya Oy + 'Vy:z:);
Owzr — OzvYwv + Qo Ogz,

Oyz = OgoVyv + QyzOzz + Vya-
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Figure 3: Removing all directed paths from X to W
from the path diagram of Figure 2. W now satisfies
the instrumental variable condition.

Therefore, Owy — /wa"ua-ya: = QgyQyzYwovs and Owx —
BuwzvTzz = OzpYwv, 0Nd Cyy can be computed by:

Uwy - ﬁwx"uo'yac

Owx — 5wz<vazz

Qyg =

Notice that in this example, neither W nor V' can be
used as an instrumental variable to identify a,. How-
ever, if we consider a latent variable U along the bi-
directed edge between W and V, this latent variable,
if observable, can be used as an instrumental variable
to identify v, (Cai and Kuroki 2008), meaning that
oy, can be identified if we can “indirectly” estimate
the correlations both between U and X, and U and Y.
The variable W, as an “descendant” of U, can poten-
tially be used so, except that it is also a descendant of
X, and the presence of an open path W <+ X < Y in
G makes it invalid to be used as an instrumental vari-
able. Therefore, we have to consider the path-specific
correlations between W and Y and between W and X,
only through the bi-directed edge between W and V,
while discounting those through the total effects from
X to W. We first make the following definition.

Definition 1 Given a path diagram G which con-
tains the directed edge X — Y, and a variable W €
Desc(X), ¢ Desc(Y), we define the path diagram G’
G\x = {Wuanc(w) as formed by removing all directed
edges X — V', where V€ {W} U Anc(W).

The effect of removing the set of directed edges X —
{W}UAnc(W) from G is to remove all directed paths
from X to W in G, meaning there is no total effect of
X on W in G\ x ,{w}juanc(w)- For example, the path
diagram in Figure 2 is transformed into Figure 3 by
removing the directed edge X — W, so as to remove
all directed paths from X to W. We notice that in
this new path diagram, W can be used as an instru-
mental variable to identify X — Y. The question now
becomes: what are the relations between the matri-
ces of covariance values in G' and G\ x - {w}UAnc(W)s
denoted as ¥ and ¥/ respectively?
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Before we find these relations, we have to make sure
that all relevant paths in G for the computation of
Ouyz, i.€., the path-specific correlations between W and
Y given Z, and the path-specific correlations between
W and X given Z, are preserved in G\ x s {w}uAnc(W)-
This can be done by putting a further restriction on
Z, besides that it does not contain any variable from
W, X,Y, or Desc(Y). For any directed edge X — V
removed from G to form G\ x_(wjivanc(w), £ can-
not contain V' or any descendant of V. Otherwise, an
unblocked path from X to Z € Z in G will not be
in G\ x5 {wiuanc(w) after removing X — V from G.
This restriction on Z is equivalent to restricting that
Z does not contain any variable from W, Desc(W),
or Anc(W) N Desc(X).

Assuming that W is an instrumental variable for X —
Y given Z in G\ x _,{w}uanc(w), We have the following
relations between G' and G\ x . {w}uAnc(w):

e The sets of unblocked paths between X and Y
in G and G\ x_{wyuanc(w) are the same. This
is because for any V where the directed edge
X — V is removed from G, there is no di-
rected path X — V — Y in G. Otherwise,
there would be a directed path V. — Y in both
G and G\ x_{w}uanc(w), meaning that there
would be an unblocked path W «+— V — Y
in G\ x_{wyuane(w), violating the instrumental
variable condition of W (note that no variable
Z € Z can block this path as all variables in this
path are descendants of V).

For any variable Z € Z, the sets of un-
blocked paths between X and Z in G and
G\ x = {w}iuanc(w) are the same, as stated above
due to the restriction on Z. Moreover, because
the sets of unblocked paths between X and Y in
G and G\ x_s(wiuanc(w) are the same, the sets
of unblocked paths between Y and Z in G and
G\ X - {w}iuAnc(w) are also the same. Therefore,
we have:

r

zy)

r.

/
yz*

Oy o

O—IZ

Oy

By transforming from G to G\ x s fwuanc(w), we
remove all directed paths from X to W. Because
the sets of unblocked paths between X and Y and
between X and Z in G and G’ are the same, we

have:
_ / .
Owx = Oyg + TwaOzz;
/ )
Owy = Oy + TwzOzy;
/
Owz Owr + TwzOzz,
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Figure 4: Path diagram for Example 2.

where 7, is the total effect of X on W in G.

After establishing these relations, we are ready to com-
pute the causal effects ;. By Lemma 1, we have:

Ay
!
wy-z
!
wx-2z

!/ / !/ !
wy Uwzayz/azz
!/

1 o /
wz Uwzgxz/azz

g
ag
g,
a
(Cwy = TweOzy) = (Owz = TwaTzz)0yz /02
(Cwe = TweOex) = (Twz = Twz022)022/022
(Cwy — Owz0yz/022) — Twa(Opy — 0220y2/02)
(

Owx — Uwzaa:z/azz) — Twz (Ua:a: - Uwzaxz/azz)

Owy-z =~ TwzOxy-z

Owzx-z — TwxOzx-2

Therefore, we have the following theorem.

Theorem 1 If W € Desc(X),¢ Desc(Y) is an
instrumental wvariable for X — Y given Z, a
(possibly empty) set of wvariables which does not
contain any wariable from W, X, Y, Desc(Y),
Desc(W), or Anc(W)N Desc(X), in the path diagram
G\x—{wyuanc(w) (Definition 1), the direct causal ef-
fect oy, is given by:

_ Owy-z - Twwamyuz
ayg; = .

(4)

Owx-z — TwxOzxx-z

Equation 4 expands on the previous use of the IV-pair
(Equation 3), by allowing the use of W € Desc(X), ¢
Desc(Y) as a “path-specific instrumental variable”,
showing that the direct causal effect oy, is identifi-
able as long as the total effect of X on W, 7y, is
identifiable. For example, as the path diagram in Fig-
ure 2 satisfies the conditions of Theorem 1, we can use
Equation 4 to compute a,,. In particular, the total
effect of X on W is given by Ty, = e = Bwe.v, and
this yields the result in Example 1.

4.2 Descendants of Effect Variable

Example 2 Given the path diagram shown in Fig-
ure 4 and its corresponding linear SEM,' the direct

!This model is shown to be identifiable (Brito and Pearl
2006), and is called a P-structure (Tian 2007a).
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causal effects a,y and o, can be identified by the
single-door criterion (Pearl 2009):

ﬁvy>
Bwvy-

We now want to find the direct causal effect of ouy.
However, no IV-pair can be used to find oy, using
Lemma 1. Instead, we use Wright’s method of path
analysis (Equation 2). In particular, we have:

Qyy

a’lU’U

Oyx Oyz0zz + Vyas
Owax awvavy(ayzazm + P)/yz) + Ywsz,
Owy = QuuyQyyOyy + QyzYwsz-

Therefore, Tuwy — Buwv-yPoyTyy = OyzYwz, ANA Tz —
BuwvyBoyTyz = Ywz, and oy, can be computed by:

U'wy - Bwv-yﬂvyayy

Owx — ﬂwvyﬂvyo—yx ’

Ay =

Notice that in this example, W cannot be used as an
instrumental variable to identify o, (and we cannot
use V to block the path between W and Y since V
is a descendant of Y'). However, if we consider a la-
tent variable U along the bi-directed edge between W
and X, this latent variable, if observable, can be used
as an instrumental variable to identify a, (Cai and
Kuroki 2008), meaning that «,, can be identified if
we can “indirectly” estimate the correlations both be-
tween U and X, and U and Y. The variable W, as an
“descendant” of U, can potentially be used so, except
that it is also a descendant of Y, and the presence of
an open path Y — V < W in G makes it invalid to be
used as an instrumental variable. Therefore, we have
to consider the path-specific correlations between W
and Y and between W and X, only through the bi-
directed edge between W and X, while discounting
those through the total effects from Y to W. We first
make the following definition.

Definition 2 Given a path diagram G which con-
tains the directed edge X — Y, and a wvariable
W € Desc(Y), we define the path diagram G’
G\y—{wuanc(w) as formed by removing all directed
edges Y =V, where V€ {W} U Anc(W).

The effect of removing the set of directed edges Y —
{W}UAnce(W) from G is to remove all directed paths
from Y to W in G, meaning there is no total effect of
Y on W in G\Y%{W}UAnc(W)' For example, the path
diagram in Figure 4 is transformed into Figure 5 by
removing the directed edge Y — V, so as to remove
all directed paths from Y to WW. We notice that in this
new path diagram, W can be used as an instrumental
variable to identify X — Y. The question now be-
comes: what are the relations between the matrices of
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Figure 5: Removing all directed paths from Y to W
from the path diagram of Figure 4. W now satisfies
the instrumental variable condition.

covariance values in G'and G\y _ {wyuanc(w), denoted
as ¥ and Y respectively?

Before we find these relations, we have to make sure
that all relevant paths in G for the computation of
Quyz, i.e., the path-specific correlations between W and
Y given Z, and the path-specific correlations between
W and X given Z, are preserved in G\y _, {(w}udne(w)-
The original restriction on Z, that it does not contain
any variable from W, X, Y, or Desc(Y), is sufficient,
since for any directed edge X — V removed from G
to form G\y _, {w)uanc(w), £ cannot contain V' or any
descendant of V.

Assuming that W is an instrumental variable for X —
Y given Z in G\y_,{wyuanc(w), we have the following
relations between G and G\y _, {w}uAnc(w):

e The sets of unblocked paths between X and Y in
G and G\y_s(wiuane(w) are the same, and for
any variable Z € Z, the sets of unblocked paths
between X and Z and between Y and Z in G and
G\y—{w}uanc(w) are the same. This is because
for any V where the directed edge X — V is re-
moved from G, V # X,Y,Z, nor can V be an
ancestor of X, Y, or Z. Therefore, we have:

.

zy)

.

/
Tys-

Ozy o

Ua:z

Oyz

By transforming from G to G\y _,{wiuancw), We
remove all directed paths from Y to W. Because
the sets of unblocked paths between X and Y and
between Y and Z in G and G\y _,{w}uAnc(w) are
the same, we have:

’ .

Owzr = Oyg + Twy Oy

_ ’ .

Owy = Oy T TuwyTyy;
!

Owz Owz T TwyOyz-

After establishing these relations, we are ready to com-
pute the causal effects o,. By Lemma 1, we have:

Oy
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- O':uzo-;/z/o';z
U{ux - Uiuzo—lxz/a./zz
— TwyOyy) — (Cwz — TwyOyz)0yz/022

(
(Uwa: - Twyazy) - (Uwz - Twyayz)ozz/azz
(
(

— Owz0yz2/022) — Twy(0yy — 0y20y2/022)
- Uwzgxz/azz) - Twz(azy - Uzzgyz/ozz)

- Twyo—ry'z

Therefore, we have the following theorem.

Theorem 2 IfW € Desc(Y) is an instrumental vari-
able for X —'Y given Z, a (possibly empty) set of vari-
ables which does not contain any variable from W, X,
Y, or Desc(Y), in the path diagram G\y _{wyu Ane(w)
(Definition 2), the direct causal effect ayy is given by:

()

O—wy.z — TwyUyy.z
Qyg = .
TwyOxy-z

Owzx-z —
Equation 5 expands on the previous use of the IV-pair
(Equation 3), by allowing the use of W € Desc(Y) as
a “path-specific instrumental variable”, showing that
the direct causal effect a, is identifiable as long as
the total effect of Y on W, 7,,, is identifiable. For
example, as the path diagram in Figure 4 satisfies the
conditions of Theorem 2, we can use Equation 5 to
compute oy,. In particular, the total effect of X on
W is given by 7wy = Buwo.yBoy, and this yields the
result in Example 2.

It is possible that given W € Desc(Y), two stages
of edge removal can be applied such that W be-
comes an instrumental variable for X — Y given
Z in the resulting path diagram. First, we form
the path diagram G’ = G\y_ {w}uanew) by remov-
ing all directed edges ¥ — V, where V.= W or
V € Anc(W). Then, we form the path diagram
G" = G\y—{W}UAnc(W),X »{W}UAne' (W) Dy Temov-
ing all directed edges X — V', where V/ = W or
V' € Ancd (W), where Anc' (W) are the ancestors of
W in G' = G\y_{w}uanc(w)- The restriction on Z
is that does not contain any variable from W, X, Y,
Desc(Y), Desc(W), or Anc' (W) N Desc(X). By The-
orem 1, we have:

!/ !/ !/
Owy-z ~ TwaOzy-z
Qya = Iy ’
Owz-z ~ TwzOzz-2

where Y/ is the matrix of covariance values in
G\y 5 {w}uAnc(w), and 7, is the total effect of X
on W in G\y_s(wiuane(w)- Since we remove all di-
rected paths from Y to W to obtain G\y . {wyuanc(w)
from G, we have 7, = Tyz.y. Moreover, we have
Ohyr = Oy and 05, . = 04y, Therefore, we have:

Owy-z = TwyOyy-z — Twa-yOzy-z
Qyy = .

Owx-z — Twyo—zyuz - wa~y0z:t-z
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Figure 6: Path diagram which satisfies the conditions
of Theorem 3.

Therefore, we have the following theorem.

Theorem 3 If W € Desc(Y) is an instrumen-
tal wvariable for X — Y given Z, a (possi-
bly empty) set of variables which does mot contain
any wvariable from W, X, Y, Desc(Y), Desc(W),
or And (W) N Desc(X) (Ancd (W) are the an-
cestors of W in G\y_{wivancw)), in the path
diagram  G\y . {W}UAnc(W),X »{W}uAne (w) (Defini-
tions 1 and 2), the direct causal effect oy, is given

— TwyOyy-z — Twx-yOxy-z

(6)

- 7—wyo-wy-z - Twwyawayz

For an example, in the path diagram in Figure 6
(adapted from the path diagram in Figure 4 by adding
a directed edge X — V'), the total effect of Y on W is
given by 7wy = Buwov.yzPuy-x, and the total effect of X
on W given Y is given by Twe.y = Buwv-yaBoa.y, and we
can use Equation 6 to compute c,.

Finally, the results in Theorems 1, 2 and 3 can all be
extended to identify multiple direct causal effects sim-
ilar to Lemma 2, as long as the G criterion is satisfied.
However, we do not state the details here.

5 Discussion and Conclusion

In this paper, we presented new results for the identifi-
cation of direct causal effects in linear SEMs based on
graphical criteria after edge removal, which are able
to identify direct causal effects which are not possible
using previous results based on graphical criteria. The
results allow us to identify the direct causal effect, by
first checking whether the model satisfies the graphi-
cal criteria, then using the necessary covariance values
and other total effects to compute the direct causal
effect, instead of solving the whole set of equations for
all variables given by Wright’s method of analysis. As
our new results are based on edge removal and the
determination of whether W can be used as an instru-
mental variable in the resulting path diagram, existing
algorithms can be used to check for the satisfying con-
ditions of our theorems. While the identification of
certain other total effects are also necessary, they can
also be identified using existing graphical methods.

Even in models where previous graphical criteria can
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be used to identify a certain causal effect, our new set
of criteria may provide another distinct function for
computing this causal effect. The concept of robust-
ness (Pearl 2004) deals with whether a function for
computing a causal effect is still valid when certain in-
dependence relations are relaxed in a model (by adding
edges between variables). If for all super-graphs of our
model, function A is valid whenever function B is valid,
we say that function A is at least as robust as function
B, and should at least be more preferred than function
B, because function A will remain valid even in cases
where function B is no longer valid when some of our
current independence relations are relaxed. Moreover,
if we are given two functions that are no more robust
than one another, then the computation of the direct
causal effect using these two different functions (and
the fact that the two computations agree) will greatly
confirm the correctness of our model.

It remains to be seen if the graphical criteria given
in this paper, combined with previous methods such
as IV-pairs and accessory sets, are complete, i.e., they
are necessary conditions for the identification of causal
effects in linear SEMs.
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