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Abstract

For a data-generating process for random variables that can
be described with a linear structural equation model, we con-
sider a situation in which (i) a set of covariates satisfying
the back-door criterion cannot be observed or (ii) such a
set can be observed, but standard statistical estimation meth-
ods cannot be applied to estimate causal effects because of
multicollinearity/high-dimensional data problems. We pro-
pose a novel two-stage penalized regression approach, the
penalized covariate-mediator selection operator (PCM Selec-
tor), to estimate the causal effects in such scenarios. Unlike
existing penalized regression analyses, when a set of interme-
diate variables is available, PCM Selector provides a consis-
tent or less biased estimator of the causal effect. In addition,
PCM Selector provides a variable selection procedure for in-
termediate variables to obtain better estimation accuracy of
the causal effects than does the back-door criterion.

Technical Appendix —
https://doi.org/10.48550/arXiv.2412.18180

Introduction
Background

Auxiliary variables are those that are not considered to be
of interest in themselves but help us to evaluate causal ef-
fects and/or understand the data-generating process in prac-
tical studies. For example, an intermediate variable is often
considered an auxiliary variable because it is used to eval-
uate causal effects (Pearl 2001, 2009), to understand the
data-generating process in the context of mediation analy-
sis (Baron and Kenny 1986; Imai et al. 2011; Mackinnon
2008) and to improve the estimation accuracy of causal ef-
fects (Cox 1960; Hayashi and Kuroki 2014).

In the context of linear structural equation models, this pa-
per focuses on estimating causal effects using intermediate
variables. For cases in which the data-generating process for
random variables can be described by nonparametric struc-
tural equation models and the corresponding directed acyclic
graph, Pearl (2009) provided the front-door criterion as the
identification condition for causal effects based on interme-
diate variables. In addition, in the framework of linear struc-
tural equation models, Kuroki (2000), Nanmo and Kuroki
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(2021), and Kuroki and Tezuka (2023) formulated the exact
variance of causal effects based on the front-door criterion.
Furthermore, Kuroki and Cai (2004), Hui and Zhongguo
(2008), and Ramsahai (2012) compared some identification
conditions in terms of the asymptotic estimation accuracy of
causal effects. On the other hand, under the assumption that
a treatment variable is associated with a response variable
through a univariate intermediate variable, from the view-
point of the asymptotic estimation accuracy, Cox (1960)
showed that the estimation accuracy of the regression co-
efficient of the treatment variable on the response variable
in the single linear regression model can be improved by
using a joint linear regression model based on the response
variable and the intermediate variable. In addition, Kuroki
and Hayashi (2014) and Hayashi and Kuroki (2014) derived
the same results as Cox (1960) in terms of the exact vari-
ance of causal effects. Gupta, Lipton, and Childers (2021)
derived the same results as Kuroki and Hayashi (2014) and
Hayashi and Kuroki (2014) for cases in which a multivariate
intermediate variable is available.

In existing studies, it is noted that causal effects can be
estimated by standard statistical estimation methods, e.g.,
the maximum likelihood estimation (MLE) method and the
ordinary least squares (OLS) method. Thus, many covari-
ates affect both the treatment variable and the response vari-
able and are highly correlated with each other in reality.
This situation leads to a multicollinearity problem, which
decreases the estimation accuracy of the causal effects and
leads to the formulation of an unreliable plan that prevents
us from conducting appropriate policy decision-making. In
addition, when the sample size is smaller than the number
of explanatory variables in the regression analysis, high-
dimensional data analysis also suffers from multicollinear-
ity problems, which cause overfitting and interfere with ob-
taining admissible solutions for regression coefficients. Re-
cently, due to the development of technological advances in
collecting data with many variables to better understand a
given phenomenon of interest, the multicollinearity prob-
lem has become serious in many domains. To overcome this
difficulty, numerous kinds of variable selection techniques
based on penalized regression analysis, e.g., the least ab-
solute shrinkage and selection operator (LASSO), adaptive
LASSO, and Elastic Net, have been proposed by many sta-
tistical and Al researchers and practitioners (Biihlmann and



van de Geer 2011; Efron et al. 2004; Tibshirani 1996; Van
et al. 2014; Zou 2006; Zou and Hastie 2005). However, the
present countermeasures against the multicollinearity prob-
lem are formulated independently of the problem of identi-
fying causal effects. Thus, although stable results of regres-
sion analysis may be derived by these countermeasures from
the viewpoint of prediction, they may yield a seriously bi-
ased estimate of the causal effect. Nanmo and Kuroki (2022)
proposed partially adaptive L,-penalized multiple regres-
sion analysis (PAL,MA) based on the back-door criterion
to overcome these drawbacks. However, because of the for-
mulation of PAL,MA, this method is not applicable to situ-
ations where a sufficient set of confounders is not available.
In addition, PAL,MA selects a set of covariates to derive a
consistent or less biased estimator of causal effects but does
not consider the estimation accuracy of the causal effects.

Contributions

For cases in which the data-generating process for random
variables can be described with a linear structural equation
model, we consider a situation where (i) a set of covari-
ates satisfying the back-door criterion cannot be observed
or (ii) such a set can be observed, but standard statistical
estimation methods cannot be applied to estimate causal ef-
fects because of the multicollinearity/high-dimensional data
problem. Then, we propose a novel two-stage penalized re-
gression approach, the penalized covariate-mediator selec-
tion operator (PCM Selector), to estimate causal effects. In
addition to the desirable properties of PAL,MA, PCM Se-
lector also has the following properties:

(1) Cox (1960) noted that introducing intermediate vari-
ables enables us to improve the estimation accuracy
of the regression coefficients in some situations. How-
ever, Cox’s consideration was not used in formulat-
ing PAL,MA, LASSO, and other penalized regression
analyses. In contrast, based on Cox’s consideration,
PCM Selector selects covariates and intermediate vari-
ables to evaluate the causal effects with better estima-
tion accuracy than PAL,MA and other penalized re-
gression analyses.

PCM Selector without intermediate variables is consis-
tent with PAL,MA. In this sense, PCM Selector is con-
sidered a generalization of PAL,MA, and thus provides
a wider class including LASSO and adaptive LASSO.
In addition, to our knowledge, there has been much
less discussion of the selection problem for interme-
diate variables in the context of penalized regression
analysis. In contrast, PCM Selector selects intermediate
variables in the context of penalized regression analy-
sis.

(i)

From these properties, PCM Selector contributes to solv-
ing the multicollinearity/high-dimensional data problems
of evaluating causal effects in statistical causal inference.
Given the space constraints, the proofs, several numerical
experiments, and a case study are provided in the Technical
Appendix.
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Linear Structural Causal Model

In statistical causal inference, a directed acyclic graph
(DAG) representing cause-effect relationships (data-
generating process) among random variables is called a
causal diagram. A directed graph is a pair G = (V, E),
where V' is a finite set of vertices and the set E of directed
arrows is a subset of the set V' xV of ordered pairs of
distinct vertices (V; — V; for (V;,V;) € VxV). In this
paper, we interchangeably refer to vertices in the DAG
and random variables of the linear structural equation
model. In addition, we refer readers to Pearl (2009) for the
graph-theoretic terminology and basic theory of structural
causal models used in this paper.

Definition 1 (Linear Structural Causal Model) Suppose a
directed acyclic graph (DAG) G = (V, E) witha set V =
{1, Va,---,V,, } of continuous random variables is given.
The DAG G is called a causal diagram when each child-
parent family in G represents a linear structural equation
model

Vi=pio, + Y
viepa(Vvi)
where pa(V;) denotes a set of parents of V; in DAG G and
random disturbances €, , €y,, - . . , €y, are assumed to be in-
dependently distributed with mean 0 and constant variance.
In addition, ju,, is an intercept, and o, (#0) is called a
direct effect of V; on V; (4,5 = 1,2,...,qy; © # j). Then,
equation (1) is called a linear structural causal model (lin-
ear SCM) in this paper.
The linear SCM is a parametric version of Pearl’s nonpara-
metric structural causal model (PCM).

To proceed with our discussion, we define some notation.
For univariate variables X and Y and a set of variables Z,
let 04y.. and 0., be the conditional covariance between
X and Y given Z = z and the conditional variance of
X given Z = z, respectively. Then, the regression coef-
ficient of X in the single linear regression model of Y on
X and Z is denoted by Sz . = 0Ouy.»/0us.». For sets of
variables X, Y, and Z (Y can be univariate), let 3., .
and Y., , be the conditional cross-covariance matrix be-
tween X and Y given Z = z and the conditional variance-
covariance matrix of X given Z = z, respectively. Then,
the regression coefficient vector of X in the (single/joint)
linear regression model of Y on X and Z is denoted by
By,.. = Z;;_ZEW,Z. In particular, for univariate Y and
X = {X1,Xs,..., Xy, }, the i-th element of B, . is de-
noted by Byg,; .2~ fori = 1,2, -, g,. For univariate X and
Y = {11,Y,...,Y,, }, the i-th element of B,, . is denoted
by By,a.- fori =1,2,---,¢q,. The set of variables Z is omit-
ted from these arguments if it is an empty set. A similar no-
tation is used for the remaining statistical parameters.

The main purpose of this paper is to estimate the total ef-
fects from observed data in the context of linear SCMs. The
total effect 7, of X on Y is defined as the total sum of the
products of the direct effects on the sequence of directed ar-
rows along all the directed paths from X to Y. To achieve
our aim, we introduce the back-door and front-door-like cri-
teria (Pearl 2009) as the representative identification condi-
tions for the total effects. Here, when causal effects, such as

avivj‘/j+6via i:172?"'7QU) (1)



direct, indirect, and total effects, can be determined uniquely
from the variance/covariance parameters of observed vari-
ables, they are said to be identifiable; that is, they can be
estimated consistently. Note that direct and indirect effects
are also known as representative causal effects in the con-
text of the linear SCM. However, we are concerned with the
evaluation of the total effects using intermediate variables
because (i) the direct effect can be discussed in the frame-
work of PAL,MA (Nanmo and Kuroki 2021) through the
“single-door criterion” (Pearl 2009), and PCM Selector is a
generalization of PAL,MA, and (ii) the problem of evaluat-
ing the indirect effects is within the scope of PCM Selector
in some situations. Here, the indirect effect of X on Y is
defined as the sum of the products of the direct effects on
the sequence of directed arrows along the directed paths of
interest from X to Y, excluding the direct effect of X on Y.

Definition 2 (Back-Door Criterion) Let {X,Y} and Z be
disjoint subsets of V' in DAG G, where X is a nondescen-
dant of Y. If a set Z of vertices satisfies the following con-
ditions relative to an ordered pair (X,Y), then Z is said to
satisfy the back-door criterion relative to (X,Y).

(i) No vertex in Z is a descendant of X; and

(ii) Z d-separates X fromY in the DAG obtained by delet-
ing all the directed arrows emerging from X from the
DAG G.

If a set Z of observed variables satisfies the back-door crite-
rion relative to (X,Y") in a causal diagram G, then the total
effect 7, is identifiable and is given by the formula Gy, .
(Pearl 2009). As seen from Rule 2 (Action/observation ex-
change) of do-calculus (Pearl 2009), note that X and Y of
Definition 2 can be generalized to sets of variables X and
Y, respectively. Here, a covariate is defined as an element
of the nondescendants of X and Y. In addition, a set of co-
variates is called a sufficient set of confounders if it satisfies
the back-door criterion; otherwise, it is called an insufficient
set of confounders.

Definition 3 (Front-Door-Like Criterion) Let {X,Y}, S,
Z1 U Zs be disjoint subsets of V in the DAG G, where
X is a nondescendant of Y. If a set S of vertices satisfies
the following conditions relative to an ordered pair (X,Y)
together with Z1 U Z o, then S is said to satisfy the front-
door-like criterion relative to (X,Y) with Z1 U Z.

(i) S intercepts all the directed paths from X to'Y;
(ii) Z satisfies the back-door criterion relative to (X, S);
and
(iii) Zy U {X} satisfies the back-door criterion relative to
(8,Y).

If a set S of observed variables satisfies the front-door-like
criterion relative to (X,Y") with Z; U Z5 in a causal dia-
gram G, then the total effect 7, is identifiable and is given
by the formula B, ., Bys.5-,. The front-door-like criterion
is considered an extended version of the front-door criterion
(Pearl 2009) since it is consistent with the front-door crite-
rion when Z; U Z5 is empty.

Here, an intermediate variable relative to (X,Y") is de-
fined as one that is a descendant of X and an ancestor of Y
simultaneously. In addition, a set of intermediate variables is
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Figure 1: Causal diagram. The thick red arrows show the
total effect of interest. X: treatment variable; Y: response
variable; S: intermediate variable that can be selected us-
ing prior causal knowledge; S = {Si,...,S5}: a set of
intermediate variables for which it is uncertain which ele-
ment should be added to evaluate the total effects; Z: co-
variate that can be selected using prior causal knowledge;
Z = {Z,...,Z10)}: aset of covariates for which it is un-
certain which element should be added to evaluate the total
effects.

called a sufficient set if it satisfies the front-door-like crite-
rion; otherwise, it is called an insufficient set of intermediate
variables.

PCM Selector
Problem Setting

In this paper, we partition a set of observed variables into the
following three disjoint sets:

(i) {X,Y}: X and Y are the treatment and response vari-
ables, respectively.

C = Z U Z (‘C’ for covariates): a set of covariates
satisfying the back-door criterion relative to (X,Y)
(Z N Z is empty), where Z and Z are the first g, com-
ponents and the next ¢z components of C, respectively.
Here, Z is a subset including some covariates selected
using prior causal knowledge (Z may be an empty set,
a sufficient set of confounders, or an insufficient set of
confounders), but Z is a subset of covariates for which
it is uncertain which element of Z should be added to
evaluate the total effects.

M = SUS (‘M’ for intermediate variables): a set
of intermediate variables satisfying the front-door-like
criterion relative to (X,Y) with C (S N S is empty),
where S and S are the first ¢, components and the next
¢z components of M, respectively. Here, S is a subset
including some intermediate variables selected using
prior causal knowledge (.S may be an empty set, a suffi-
cient set of intermediate variables, or an insufficient set
of intermediate variables), but S is a subset for which
it is uncertain which element of S should be added to
evaluate the total effects.

(i)

(iii)



Then, for sample size n, consider the following joint linear
regression model of {Y'} U M:

Y= wﬁyw.cm + CByc.wm + mBym.a;c + €y.xem) (2)
m = mea:.c + CBmc.w + €m.ze (3)

where x and y represent n-dimensional observation vectors
of X and Y, respectively. ¢ and m are an n. x (¢, +¢z) obser-
vation matrix of C' and an n x (g5 + ¢5) observation matrix
of M, respectively. Here, x, y, ¢ and m are standardized to
sample mean 0 and sample variance 1 in advance. In addi-
tion, we assume that the elements of the random error vec-
tor €y zcm are independent and identically distributed with
mean 0 and finite variance oy, gcrm,. Furthermore, the col-
umn vectors of the random error matrix €,, ,. are indepen-
dent and identically distributed with zero mean vector and
variance-covariance matrix X,,,,.zc for M € M and are
also independent of the elements of €. zcrm.

Under the above setting, this paper focuses on situations
where the sum-of-squares matrix of {X} U .S U Z is invert-
ible but that of {X} U C U M is not; this is because if it
is invertible, then the total effect is estimable by the OLS
method (Pearl 2009).

Estimator

For univariates X and Y and a set of variables Z, let s, .
and s, . be the sum-of-squares of X given Z and the sum
of cross-products between X and Y given Z, respectively.
In addition, for sets of variables X, Y, and Z (Y can
be univariate), let Sy, . and S, . be the sum-of-squares
matrix of X given Z and the sum-of-cross-products ma-
trix between X and Y given Z, respectively. Here, the set
of variables Z is omitted from these arguments if it is an
empty set. A similar notation is used for the remaining sums
of squares/cross-products. Furthermore, Oy, 04, 14 and I,
are a g-dimensional zero vector, a ¢ X r zero matrix, a g-
dimensional one vector, and a ¢ X ¢ identity matrix, respec-
tively.

Then, the proposed penalized regression approach, PCM
Selector, is formulated as follows:

First, when the sum-of-squares matrix of {X} UC U M
is invertible, let
/Bya:.cm = Swy.gm/swx.crnv Byc.wm = S;C}xmscy.w7rza (4)

Bym.l‘c = S;I}n$c‘s’my¢c7

and when the sum-of-squares matrix of { X } UC' UM is not
invertible, let

- - . ~ - T
(Byaﬁ.(ﬂrm Bys.xc§7 Byz.wm?y ByE.mcsa By?.wmz)
nA+ Sze Szs Siz Sus Sez !
Ssx Sss Ssz SSE SSE
= Sz:v st Szz SZE SZE
SEm Sgs ng TL)\IQE + Sg Sg
Szm SES ng Sg 7”L>\Iq? + Szz

X (Szy, Ssys 2y S5y Szy)" (5)

for the penalty parameter A > 0, where Sy, = ST, . and
the superscript “I" represents the transposed vector/matrix.

Here, equation (5) is consistent with equation (4) for A = 0.
In addition, when the sum-of-squares matrix of {X} U C is
not invertible, let

1

~Bmx.c Sxx S.’L’Z S:UZ B Sa;m
Bz |= < Saz Szz SZE ) < Szem ) 6)
2 Sze Sz nply + Sz Szm

BmE.wz

for the penalty parameter p > 0. For p = 1, 2, consider the
L,-penalized loss function

Lp(ﬁyw.cmv Bycw’ﬂu Bymwc)
1
= %Hy - wﬁyz.cm - CByc.rm - mBymmc”%

+Ap (Cp”ﬂyz-cmng + &l V5. © Byg-wcsnz

+(1 - Cp - gp)HFYyExmz © Byz-acmzng) (7)

for the tuning parameters ¢, > 0 and £, > 0 such that ¢, +
&p € [0,1], the penalty parameter ), corresponding to the
L, norm (), > 0), and the multivariate response type L,-
penalized loss function

1
Lp(Bmx.w Bmcw) - %”m - me%c - CBmcwHQF

+pPHV€C (’YmE.xz © BmErz) ||5 (8)

for the penalty parameter p,, corresponding to the L, norm
(pp > 0). Here, ®, || - ||, and || - ||  refer to the Hadamard
product, the L, norm, and the Frobenius norm, respectively.
In addition, for 5; € S(i = 1,2,...,¢5), Z; € Z(i =
1,2,...,qz) and m; € M (i = 1,2,...,¢,,), the standard-
ized weight vectors 5, . and 7,z .., and the standardized
weight matrix ~,,3 ., are given by

5 -1
Yswe = =

1 1 1 !
X ( = ) = PR = ) ) (9)
‘Bglz.c| |ﬁ§2x.c‘ |ﬁ§q§z.c|

9z 1 -1
Yyz.amz = (Z )

i=1 |ﬁy21mmc|

1 1 1 ’
x [ — ,— e — (10)
|By?1.a:mc| |By§g.$mc| |By§q?.a:mc|

9z 9m 1 -1 1

k=1 ¢=1 |ﬂm42k.xc| ‘ijfi.xc| 1<i<qm1<j<am

respectively, where | - | refers to the absolute value, and the
vec operator, vec(A), denotes the vectorization of an ¢ X r
matrix A, which is the ¢ X r-dimensional vector obtained
by stacking the columns of matrix A on top of one another.
Equation (7) is different from the standard penalized loss
function in the following ways:

(i) The penalty parameter )\, is not assigned to By zmz
and By ,¢s in equation (7) in order not to remove co-
variates (Z) and intermediate variables (.5) selected us-
ing prior causal knowledge.



(i) The weight vector constructed by ng_c of émz‘c =
(Bsz,c, ng_c), but not that constructed by Byg,wcs, is
assigned t0 By ;.s. Equation (9) shows that the indi-
rect effect of X on Y decreases via S; € S to zero
when Bs, ;. approaches zero.

(iii) Standardizing each weight vector enable us to fairly se-
lect covariates and intermediate variables in order of
priority.

For p = 1, Byz.cm» Byc.am and Byy, zc, which minimize
equation (7), and By, ;.. and By, ., which minimize equa-
tion (8), are called PCM estimators, denoted by i

yxr.cm?
B;C.Im, B;m_zc, Bf .. and B . respectively. Since
equation (7) is consistent with the partially adaptive L,-
penalized loss function given by Nanmo and Kuroki (2022)
when (, and £, respectively are zero and M is an empty set,
PCM Selector is considered a generalization of PAL,MA.
Under the assumption that the sum-of-squares matrix of
{X}UC UM is invertible, letting A, = 0, Byz.cm» Byc.zm
and By, 4c, which minimize equation (7), are given by the
OLS estimators, i.e., equation (4). In addition, Let p = 2,
A2 = 3\ > 0, ¢ = 1/3,& = 1/3, v5.. = 14 and
Yyzams = . Then, Byz.cm> Bym.we and Bye zm, Which
minimize equat1on (7), are given by the ridge-type estima-
tors in equation (5).

Here, in order to avoid confusion by the notation in the
following discussion, regarding equations (7) and (8) for
p = 1, let {X}, S and Z be active sets for a given
A1,p1 > 0, which is a subset of variables with nonzero
regression coefficients that do not include any elements of
Z U S . In addition, let g5 and gz be the numbers of vari-
ables in the active sets S and Z, respectively. Then, under
the assumption that the sum-of-squares matrix of explana-
tory variables { X } UC UM is invertible, when X is active,

T T
ﬂg];ac.cm’ Byg - ByS ves and B;rm . are given by
. t T ~ ~ . T
<5 x.cm) yg zcs? Byg.xcs) = (5y9c.cma Bys.wcsa B ys.xc
Afl Bigw.sc Bzz zm
+7’L)\1 Bi$s.c§ BEs.a:c st 23
BIE.CS 71(1; st rsz
Clszzzclamsjgn(ﬁgjx.cr?)
1 .
X glsgg xC975$ C® Slgn(Byg xcg) (12)
(1 - Cl gl)SZZ tmz7yz Tmz® blgn(ByE Tmz)
B;@x c Bmfl’~c
+np1Br 292 A mz.ae @ sign(B2 ), (13)
where
Biex sc = ngl scS:cs* scy BEac zm — S;rl zmS:cE.zma
Bims cs — Ss_slcsssoc TS BE 2 Ssslch:,s xceH
st rzs — Ss_slzzss‘sz 235 Bas cs Ss_slcsssz cs
Bza rsz — Ss_slzszs‘sz.zsza BJs xcs S;; Izssys.xzs;
Bys xcs Ss_slmzssyg.wzs
(14)
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In addition, for a ¢ x r matrix A = (aij)1<i<q,1<j<rs

sign(A) = (sign(aij))1<i<q,1<j<r, Where
1 Q5 > 0
sign(aij) = 0 Q5 = 0 (15)
—1 ai; < 0
fori = 1,2,...,q, 7 = 1,2,...,7. When X is not active,

B;x_cm is evaluated as zero. In addltlon, B ys.cs and BJ@ s

are obtained by omitting the subscript = in equation (12) ex-
cept for v, . and replacing B3, sc, Bzz.2m» Bas.cs» Bas.cs
and s, . with zeros in equation (12). Note that v, . is
given by equation (9) regardless of whether X is active or
not.

Here, for g, pa, ph, > 0and &2 € [0, 1], to reduce the bias,
based on the derived active sets, the following estimators are
considered:

(a) B}

rc.m

and B!

T .ot Bze.m and By, . that minimize

LQ(Bxc.ma Bzm.c)
1
2*”5C -
n
+)\2 {fQHBmScng +

(b) Bsx cs? Bis zc

that minimize

= = 2
- ZBJ;E.Z’m - SB;L'S.CE - SBJ;E.CS”Q

(1= &) Bazamll3}, (16)

BZx.cs’ Bgsmc and BEc.acs

Zsz.Em

and Bl

sc.xs*®

L2 (Bgar.csv B§S.£(17 Bgc.:cs)

1 = —
%”8 - :BBgI.SC - SBEs.mc - ZBEZ.ISE - ZBg.msz”%"
+p2||VeC( Sz.xs5% H27 (17)
(c) Bzx zm? Blz Tm and Bim xz® Bzy.2ms Bzzzm and

Bz, that minimize

LQ (BEz.zrru BEz.zma BZma:z)

1

:%”2_ T gB%.wZSH%

(18)

BZw.zm - ZBZz.wm - SBES.sz -

JFP'z [[vec (Bzs.s2) ”g

Then, based on equations (12) and (13), when X is active,
consider

. T
(ﬁyz cm? B;s xcs) B;s zcs) (ﬂ'qw cm) ys xcs? B;g,wcs)
23] ot
_1 B;x sc @%x.zm
_n)\l %s cs ss.xc ~?s.1z§
:cs cs _IQE Bﬁ.msz
TCI Sacz cmSlgn(Byr cm)
X é.1Sss mcsﬂYSI C® blgn(ByE atcs) ’ (19)

(1 - €1 gl)Siz xmz’sz zmz® Slgn(B;E_mmz)

*
BHLQ’, c

= B!

mx.c

®sign(B _ ),

_nplBZI ZS mz.xz (20)

2202 Imz.az



where m and ¢ of B*

mx.c

are constructed by both S U Z and

a subset of SU Z corresponding to the active sets of ng_accs
and B;E.mmz’
8lem = llz — B, —mBl,, |3, @1)
Lsaes =[5 = @Bl —sBL . —eBl , [la, 2
SLwme=E—@BL, ~mBL, . —2BL . llc,(23)
Sz.0: = |12 = @Bzs.: — 2Bzl (24)

and ||A||¢ and At denote the gram matrix AT A and the
generalized inverse of a matrix A (Bernstein 2009), respec-
tively. When X is not active, is evaluated as zero.
In addition, B - and B/~ = are obtained by omitting the
subscript = from equation (19) except for v5, . and replac-

ingBI . BI Bl _ Bl and3;l  withzerosin
equation (19). Note that ~5,, . is given by equation (9) re-
gardless of whether X is active or not.

Then, we formulate the modified PCM estimator of the
total effect 7, as
Sk o] 4 B* B*

Tym yx.cm mx.coym.xc

*
yx.cm

when X is active according to equation (7) and

yT mzx.crym.c

when X is not active according to equation (7). Hereafter,
the modified PCM estimator is called the PCM estimator.
Regarding PCM estimators, the following theorems hold:

Theorem 1 For an active set M U C, when the OLS esti-
mators are available, if X is conditionally independent of Y
given M UC, then the following inequalities approximately
hold under the normality:

var(B,, B, ) < var(Bmw.cBym.c) < var(,@’yx.c) (25)

mx.c ym.c

var(By,, Bi..) < var(B}, ) (26)

for the optimal tuning and penalty parameters.

The first inequality is given in the Technical Appendix. The
second inequality is shown in Kuroki and Hayashi (2014,
2016). Theorem 1 shows that the estimation accuracy of the
total effect can be improved compared to that of the OLS
method through PCM Selector based on a set of variables
that make X and Y conditionally independent.

Theorem 2 For an active set M U C, when the OLS esti-
mators are available, if X is conditionally independent of
Y given M U C and M’ U C, the following inequalities
approximately hold under the normality:

var(B:n’;c.cB;m/.c) < Var(B'm’x.CBym’.c)
<var(Bpe.cByme)  @27)
for M’ C M.

The first inequality is simply obtained from Theorem 1, and
the second inequality is shown in Kuroki and Hayashi (2014,
2016). Theorem 2 provides a statistical guideline for select-
ing a set of intermediate variables to derive a more efficient
estimator of the total effects.
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Numerical Experiment

In this section, we present a numerical experiment to com-
pare the performances of LASSO, adaptive LASSO, Elastic
Net, PAL; MA, the OLS method, the two-stage least squares
(TSLS) method and PCM Selector. For brevity, consider the
linear SCM

Y = aysS + . Z + SAys + ZAz + ¢y

gZXA§m+SA§S+ZA§z+E§ (28)
S =g X + s, Z + €4
X =g, 7 +e€,

for Figure 1, where Z and S include 10 covariates and 5 in-
termediate variables (M = {S} U S), respectively. In Fig-
ure 1, Setting (a) shows that (i) S satisfies the front-door-like
criterion relative to (X,Y’) with Z and (ii) Z satisfies the
back-door criterion relative to (X, Y") and Setting (b) shows
that (i) {9, S} satisfies the front-door criterion relative to
(X,Y) and (ii) C = {Z, Z} satisfies the back-door criterion
relative to (X,Y’) but is unobserved. Here, S and {9, S}
are the minimally sufficient sets of intermediate variables
that satisfies the front-door-like criterion for Setting (a), and
satisfies the front-door criterion for Setting (b), respectively.

To set up the numerical experiment, we first construct
the population variance-covariance matrix. To eliminate ar-
bitrariness, the true values of the direct effects are oy, =
0~4a Qss = 0.2 (6 AES)» A5oxy A5z X2y s (6
Asgy) are set to 0 and ayz,,0uz,,...,0y35,,(€  Ayz),
Qty5, s Qyss s Ay, , s (€ Ays) are randomly and indepen-
dently generated according to a uniform distribution on the
interval [—0.2, 0.2] in the both settings (a) and (b). The other
direct effects are given as follows: Setting (a) o, = 0.8,
0z, = 0.0, sy = 0.1, oy, = 5. = a5, = 0.2 (05, €
As.), ays, is randomly generated according to a uniform
distribution on the interval [—0.2,0.2]; Setting (b) o, =
s,z = a5 = 0.2, ay = 0.8, oy, = a5, = a5, =
0.0 (agz S Agz)

In addition, we assume that the random disturbances ¢,
€y, €5 and ez independently follow a normal distribution
in which X, Y, S, S and C are standardized to mean 0
and the unit variance. Furthermore, the population variance-
covariance matrix of C' is randomly determined according
to Pourahmadi and Wang (2015).

We generated 15 random samples of 18 variables from a
multivariate normal distribution with a zero mean vector and
the above variance-covariance matrix for 5000 replications.
Table 1 shows the basic statistics of the total effects esti-
mated by LASSO, adaptive LASSO, Elastic Net, PAL; MA,
the OLS method, the TSLS methods, and PCM Selector
based on the given penalty and tuning parameters. Here, the
TSLS methods are based on front-door-like criterion in Set-
ting (a) and based on front-door criterion in Setting (b). In
addition, for the OLS and TSLS methods, we select a set of
covariates C' in Setting (a). In Setting (b), it is assumed that
a set of covariates is not observed, and thus the total effect
can not be estimated by using the back-door criterion. Re-
garding the parameter tuning for LASSO, adaptive LASSO,
Elastic Net, PAL;{MA and PCM Selector, see Section C in
the Technical Appendix.



Tye = 0.045

parameter settings

Setting (a) Mean SD Bias Sign A n 1) A1 1 C1 &
LASSO 0.013 0.045 -0.033 0.117 0.407 - - - - - -
adaptive LASSO 0.017 0.057 -0.028 0.138 0.407 0.100 - - - - -
Elastic Net 0.017 0.054 -0.028 0.156 0.399 - 0.910 - - - -
PAL;MA 0.054 0.792 0.009 0.528 0.294 1.200 - - - - -
PCM Selector 0.036 0.718 -0.010 0.526 - - - 0.017 0.213 0270 0.190
Front-door-like (including x) -0.008 1.577 -0.053 0.515 - - - - - - -
Front-door-like (not including z)  0.030  1.051 -0.015 0.524 - - - - - - -
Back-door 0.054 1.591 0.009 0.532 - - - - - - -
. Tye = 0.402 arameter settings
Setting (b) Mean SyD Bias Sign A1 . 1 G s &1
PCM Selector 0.448 0549 0.046 0.808 0.346 - 0.000 1.000
Front-door (minimal) 0.468 0.552 0.066 0.818 - - - -
Front-door (whole) 0462 0.692 0.060 0.770 - - - -

Table 1: Results based on cross-validation. Mean: sample mean; SD: standard deviation; Bias: bias between the true value and
the sample mean; Sign: coincidence rate between the signs of the true value and the estimates; Front-door-like (including z):
the treatment variable X, the intermediate variable S and the set of covariates C' are used for the front-door-like criterion;
Front-door-like (not including z): the intermediate variable S and the set of covariates C' are used for the front-door-like
criterion; Back-door: the set of covariates C' is used for the back-door criterion; Front-door (minimal): a minimally sufficient
set of intermediate variables is used for the front-door criterion. Front-door (whole): the set of intermediate variables M is used
for the front-door criterion.\, A1, p1: penalty parameters; 7): tuning parameter for the adaptive weights (Zou 2006); ¢: tuning
parameter for the elastic net penalty (Zou and Hastie 2005); (1, £;: tuning parameters; A = 3.157, p = 69.484 for equations (5)
and (6) in Setting (a) and A = 3.726 for equation (6) in Setting (b); 7, true value of total effect.

According to Table 1, PCM Selector provides better esti-
mation accuracy than PAL; MA and the least squares meth-
ods. In addition, Table 1 shows that PCM Selector gener-
ally provides an estimation that is biased but less biased
than the TSLS methods in the present parameter setting.
Furthermore, the coincidence rates between the signs of the
estimated total effects and the true total effects are low for
LASSO, adaptive LASSO, and Elastic Net. This would be
serious because it provides a misleading interpretation that
the external intervention of the treatment variable X does
not have no effect on the change of Y. In contrast, the coin-
cidence rates of PCM Selector and PAL;MA are not low.

The Technical Appendix provides further discussion.

Conclusion

In current situations where advanced artificial intelligence
technology enables us to collect large datasets, it is not
difficult to observe many covariates and intermediate vari-
ables. In such situations, it would be reasonable to con-
sider such sets of variables to evaluate total effects. How-
ever, it is difficult to evaluate the total effects reliably when
multicollinearity/high-dimensional data problems occur in
this situation. To solve this problem, we establish PCM Se-
lector, which is considered as a wider class, including adap-
tive LASSO and PAL,MA, to provide a less biased estima-
tor of total effects with better estimation accuracy. In ad-
dition, through numerical experiments and a case study in
the Technical Appendix, we confirmed that PCM Selector is
superior to other methods. Interestingly, there are some sit-
uations where the total effect is not identifiable, but the in-
direct effects are identifiable (Inoue, Ritz, and Arah 2022).
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Although the current penalized regression analyses are not
applicable to such situations, PCM Selector is applicable for
evaluating the indirect effect.

Finally, although PCM Selector is formulated based on
single/joint linear regression models, it would be interesting
to extend our approach to a wide variety of statistical mod-
els, including generalized linear models. Such an extension
would be straightforward - the loss function would be re-
placed with a more general form. This extension will be left
for future work.

Setting (a)

T

FDL  FDL Back-door
Selector (incl. x) (not incl. x)

LASSO adaptive Elastic PAL,MA PCM
LASSO  Net

Setting (b)

—

PCM Selector Front-door (minimal) Front-door (whole)
Figure 2: Violin plots of estimated total effects. The dashed

lines show the true total effects. FDL: Front-door-like.
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