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Abstract

Counterfactual inference has become a ubiquitous tool in online advertisement, recommen-
dation systems, medical diagnosis, and econometrics. Accurate modelling of outcome distri-
butions associated with different interventions—known as counterfactual distributions—is
crucial for the success of these applications. In this work, we propose to model counter-
factual distributions using a novel Hilbert space representation called counterfactual mean
embedding (CME). The CME embeds the associated counterfactual distribution into a
reproducing kernel Hilbert space (RKHS) endowed with a positive definite kernel, which
allows us to perform causal inference over the entire landscape of the counterfactual distri-
bution. Based on this representation, we propose a distributional treatment effect (DTE)
which can quantify the causal effect over entire outcome distributions. Our approach is
nonparametric as the CME can be estimated under the unconfoundedness assumption from
observational data without requiring any parametric assumption about the underlying dis-
tributions. We also establish a rate of convergence of the proposed estimator which depends
on the smoothness of the conditional mean and the Radon-Nikodym derivative of the un-
derlying marginal distributions. Furthermore, our framework allows for more complex
outcomes such as images, sequences, and graphs. Our experimental results on synthetic
data and off-policy evaluation tasks demonstrate the advantages of the proposed estimator.
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1. Introduction

To make a rational decision, a decision maker must be able to anticipate the effects of
a decision to the outcomes of interest, before committing to that decision. For instance,
before building a certain facility in a city, e.g., a dam, policymakers and citizens must seek
to understand its environmental effects. In medicine, a doctor has some prior knowledge
about the effects a certain drug will have on a patient’s health, before actually prescribing it.
In business, a company needs to understand the effects of a certain strategy of advertisement
to its revenue. One approach to addressing these questions is counterfactual inference.

Counterfactual inference we consider in this work consists of the following three main
ingredients. Suppose that there exists a hypothetical subject (e.g., a patient in medical
treatment), and let X be covariates representing the features of the subject (e.g., age, weight,
medical record, etc.), T be a treatment indicator representing the treatment assigned to the
subject (a drug of interest or a placebo), and Y be the observed outcome representing the
post-treatment quantity of interest (e.g., whether the patient is recovered or not). Given
certain realizations of these variables {(x;,t;,yi)}/~, in which each index i represents the
identity of a subject, an analyst wishes to know how the treatment affects the outcome.

This problem is called counterfactual since for each subject ¢, we only observe the out-
come y; resulting from the assigned treatment ¢; and can never observe the outcome (say
y;) that would have been realized under an alternative treatment ¢, # ¢;. For example, if
a patient receives an active treatment (e.g., a drug of interest), we can never observe the
outcome from the same patient under a control treatment (e.g., a placebo). This is known
as the fundamental problem of causal inference (Holland, 1986) and also as bandit feedback
in the bandit literature (Dudik et al., 2011). One way to partially address this issue is a
randomized experiment (Fisher, 1935), in which treatments are randomly assigned to sub-
jects. Although considered a gold standard, in practice randomization can be too expensive,
time-consuming, or unethical. In most cases, therefore, analysis about treatment effects
needs to be done on the basis of observational data {(x;,;,y;)}/_; in which the treatment
assignment t; may depend on covariates x; and possibly on some hidden confounders; this
setting is commonly known as observational studies (Rosenbaum, 2002; Rubin, 2005).

A fundamental framework for observational studies is the potential outcome framework
(Neyman, 1923; Rubin, 1974). It provides a clear notation for potential outcomes, i.e.,
the outcomes that would have been observed under different treatments, and elucidates the
conditions required for making a valid inference about treatment effects; see Section 3.1. The
framework has been studied extensively in statistics, and has a wide range of applications
in biomedical and social sciences; see, e.g., Imbens and Rubin (2015). Moreover, important
applications of machine learning such as off-policy evaluation for online advertisement and
recommendation systems can be reformulated under this framework (Schnabel et al., 2016;
Kallus and Zhou, 2018). We argue, however, that there exist the following challenges:

Average treatment effects. Many of existing works focus on estimating the average
treatment effect (ATE), which is the difference between the means of the outcome distribu-
tions; see Section 3.1 for details. However, the ATE does not inform changes in higher-order
moments, even when they exist. For instance, if a treatment of interest has an effect only in
the variance of the distribution of outcomes, then the analysis of average treatment effects
cannot capture such effects. Suppose that the treatment is whether to provide a certain drug,
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and the outcome is the blood pressure of a patient; just analyzing the average treatment ef-
fects may lead to an incorrect conclusion, if the drug increases/decreases the blood pressure
of a patient whose blood pressure was already high /low. This highlights the importance of
analyzing the outcome distribution as a whole.

In this work, we focus on the distributional treatment effect (DTE), which involves the
entire outcome distributions. This scenario often arises in several real-world socioeconomic
applications; see, e.g., Rothe (2010); Chernozhukov et al. (2013).

Parametric models. Many of the classical approaches in causal inference make para-
metric assumptions about relationships between covariates X, treatment assignment 7', and
observed (or potential) outcomes. However, if the imposed parametric assumption is incor-
rect, i.e., model misspecification, then the conclusion about treatment effects can be wrong
or misleading. To overcome this limitation, there is a recent surge in applying nonparamet-
ric machine learning models to causal inference problems, e.g., Shalit et al. (2016) and Alaa
and van der Schaar (2017) among others. This paper also contributes to this endeavour.

Overparameterized models. Deep learning has become the first choice in many applied
fields due to its excellent empirical performance, and thus has also been applied to coun-
terfactual inference, e.g., Johansson et al. (2016); Hartford et al. (2017). Unfortunately,
such approaches based on deep learning lack theoretical guarantees, because arguably deep
learning itself lacks an established theory as a learning method (at least until now). This
is problematic when consequential decisions are based on the analysis of treatment effects
(e.g., political decisions and medical treatments). Having better theoretical grounding, ker-
nel methods have recently become popular tools for causal inference (Alaa and van der
Schaar, 2017; Singh et al., 2019; Muandet et al., 2020a,b).

Multivariate and structured outputs. Existing works often deal with outcomes that
are discrete or real-valued. However, depending on the application, outcome variables may
be multivariate (possibly high-dimensional) or structured, such as images and graphs. For
example, in medical data analysis, outcomes may be fMRI data taken from a subject after
receiving a certain treatment. Thus, it is not straightforward to apply existing approaches.

In this work, we propose a novel approach to counterfactual inference that addresses the
above challenges, which we term counterfactual mean embedding (CME). Our approach is
built on kernel mean embedding (Berlinet and Thomas-Agnan, 2004; Smola et al., 2007;
Muandet et al., 2017), a framework for representing probability distributions as elements in
a reproducing kernel Hilbert space (RKHS), so that each element representing a distribution
maintains all of its information (cf. Section 2.2 and 2.3). We define an element representing
a counterfactual distribution, for which we propose a nonparametric estimator. Notable
advantages of the proposed approach are summarized as follows:

1. The proposed estimator can be computed based only on linear algebraic operations
involving kernel matrices. Being a kernel method, it can be applied to not only stan-
dard domains (such as the Euclidean space), but also more complex and structured
covariates and/or outcomes such as images, sequences, and graphs, by using off-the-
shelf kernels designed for such data (Gértner, 2003); this widens possible applications
of counterfactual inference in general (cf. Section 3.4). Thus our work offers more flex-
ibility than the existing approaches by Rothe (2010) and Chernozhukov et al. (2013),
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who focused on estimating the cumulative distribution functions of counterfactual dis-
tributions by assuming real-valued outcomes.

2. The proposed estimator can be used for computing a distance between the counterfac-
tual and controlled distributions, thereby providing a way of quantifying the effect of
a treatment to the distribution of outcomes; we define this distance as the maximum
mean discrepancy (MMD) (Borgwardt et al., 2006; Gretton et al., 2012) between the
counterfactual and controlled distributions. It also provides a way to sample points
from a counterfactual distribution based on kernel herding (Chen et al., 2010), a kernel-
based deterministic sampling method (cf. Section 3.5).

3. The proposed estimator is nonparametric, and has theoretical guarantees. Specifically,
we prove the consistency of the proposed estimator under a very mild condition (cf.
Theorem 8), and derive its convergence rates under certain regularity assumptions
involving kernels and underlying distributions (cf. Theorem 13). Both results hold
without assuming any parametric assumption.

The rest of the paper is organized as follows. After summarizing related work in Section
1.1, we review in Section 2 the potential outcome framework as well as kernel mean em-
bedding of distributions. Section 3 introduces counterfactual learning and then provides a
generalization of Hilbert space embedding to counterfactual distributions. This section also
presents how we can quantify and estimate distributional treatment effects (DTEs) with our
approach. We subsequently provide the detailed convergence analysis in Section 4, followed
by examples of the important applications in Section 5 (sampling and testing) and Section 6
(off-policy evaluation). Finally, we demonstrate the effectiveness of the proposed estimator
on simulated data as well as real-world policy evaluation tasks in Section 7.

1.1 Related Work
We summarize below related works on counterfactual inference.

Treatment effect estimation. Estimating treatment effects is one of the most funda-
mental tasks in counterfactual inference (Rubin, 1974; Shalit et al., 2017). This task is
hindered by the fact that one cannot observe all potential outcomes at the same time for
each subject. Moreover, the data is usually biased by a non-randomized treatment assign-
ment. Modern approaches attempt to resolve these problems by usingo state-of-the-art ML
algorithms. For example, Hill (2011) develops a nonparametric method for estimating the
ITE based on Bayesian additive regression tree (BART). Athey and Imbens (2016) and Wa-
ger and Athey (2018) adapt tree-based methods to treatment effect estimation. Shalit et al.
(2016) and Johansson et al. (2016) formulate the problem as a domain adaptation problem
and propose to balance the covatiates using representation learning. Hartford et al. (2017)
develop a two-step regression method based on deep neural networks for instrumental vari-
able regression. Adversarial training of neural networks for causal inference have also been
considered in Yoon et al. (2018), for example.

Off-policy evaluation and learning from observational data. In many circum-
stances, evaluating and learning a policy by interacting directly with an environment may
not be possible due to practical constraints (e.g., monetary costs, safety and ethics). As
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a result, several works have attempted to leverage historical data collected using a logging
policy in off-policy evaluation and learning, e.g., Langford et al. (2008); Atan et al. (2018).
Most methods rely on importance weighting (Langford et al., 2008; Bottou et al., 2013;
Swaminathan and Joachims, 2015). Dudik et al. (2011) uses a doubly robust estimator to
reduce the variance of off-policy evaluation. Swaminathan and Joachims (2015) presents
a framework for policy learning called counterfactual risk minimization (CRM) based on
empirical variance regularization. In this work, we also demonstrate the application of our
estimator in off-policy evaluation.

Causal inference with kernel mean embeddings. Hilbert space embedding of distri-
butions has been applied extensively in causal inference. For instance, in causal discovery,
Fukumizu et al. (2008); Zhang et al. (2011); Doran et al. (2014) develop powerful kernel-
based tests of conditional independence which allow for the recovery of causal graphs up to
the Markov equivalence class. See Muandet et al. (2017, Section 4.8) for a review of many
other applications. In treatment effect estimation, kernel methods have become a popular
approach to covariate balancing between treatment and control groups (Shalit et al., 2016;
Johansson et al., 2016; Wong and Chan, 2017; Kallus, 2017). Our work, on the contrary,
focuses on characterizing the representation of counterfactual distribution of outcomes using
the kernel mean embedding and provides nonparametric inference tools.

2. Preliminaries

The counterfactual mean embedding relies on the potential outcome framework as well as the
concepts of kernels, reproducing kernel Hilbert spaces (RKHSs), and kernel mean embedding
of distributions. We review these concepts in this section.

2.1 Kernels and Reproducing Kernel Hilbert Spaces (RKHSs)

We first review kernels and RKHSs, details of which can be found in, e.g., Schélkopf and
Smola (2002), Berlinet and Thomas-Agnan (2004), and Smola et al. (2007).

Let X be a nonempty set. Let 5 be a Hilbert space consisting of functions on X with
(,-)» and ||-||» being its inner-product and norm, respectively. The Hilbert space
is called a reproducing kernel Hilbert space (RKHS), if there exists a symmetric function
k:X x X — R, called the reproducing kernel of 7, satisfying the following properties:

1. For all x € X', we have k(-,x) € . Here k(-,x) is the function of the first argument
with x being fixed, such that x’ — k(x/, x).

2. Forall f € 7 and x € X, we have f(x) = (k(-,x), f).». This is called the reproducing
property of F (or of k).

It is known that the linear span of functions k(-,x), denoted by span(k(-,x) | x € X), is
dense in 7, i.e.,

A =span(k(-,x) | x € X),

where the closure on the right hand side is taken with respect to the norm of 7. In
other words, any f € J¢ can be written as f = Y 7, a;k(-,x;) for some (a;)72; C R and
(x;)%°, C X such that |22, aik(,x;)||%= > oig=1 ik (xi, %) < o0.
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Any RKHS is uniquely associated with its reproducing kernel k, which is positive definite:
a symmetric function k£ : X x X — R is called positive definite, if for alln € N, a1,...,a, €
R, and all x1,...,%x, € X, we have >, >°% | ajajk(x,x;) > 0. On the other hand, for
any positive definite kernel k : X x X — R, there exists an RKHS 57 for which k is the
reproducing kernel (Aronszajn, 1950). Therefore, by defining a positive definite kernel, one
always implicitly defines its RKHS.

As indicated from the definition of positive definiteness, kernels can be defined on any
nonempty set X. Therefore, they have been defined not only for the real vector space R?,
but also for non-standard domains such as those of images and graphs. Popular kernels on
X c R? include linear kernels k(x, x') = x "x’, polynomial kernels k(x,x') = (x'x'+c)?, ¢ >
0,p € N, Gaussian kernels k(x,x’) = exp(—||x — x'||3/26%),0 > 0, and Laplace (or more
generally Matérn) kernels k(x,x’) = exp(—||x —x/||2/202),0 > 0. More examples of positive
definite kernels can be found in Genton (2002) and Hofmann et al. (2008).

2.2 Kernel Mean Embedding of Distributions

In this work, we use kernels and RKHSs to represent, compare, and estimate probability
distributions. This is enabled by the approach known as kernel mean embedding of distribu-
tions (Berlinet and Thomas-Agnan, 2004; Smola et al., 2007; Muandet et al., 2017), which
we review here. In what follows, we assume that X is a measurable space with some sigma
algebra By.

Definition 1 (Kernel mean embedding (KME)) Let &2 be the set of all probability
measures on a measurable space (X,Bx) and k : X x X — R be a measurable positive
definite kernel with associated RKHS €, such that supycy k(x,x) < co. Then, the kernel
mean embedding (KME) of P € 2 is defined as the Bochner integral' of k(-,x) with respect
to P:

w: P =35, P up ::/k‘(-,x)dIP’(x). (1)

The element pup may be alternatively called the kernel mean of P. For a random variable
X ~ P, the kernel mean may also be written as px.

The kernel mean up serves as a representation of P € &2 in the RKHS J#. This is
justified if JZ is characteristic (Fukumizu et al., 2004): the RKHS ¢ (and the associated
kernel k) is defined to be characteristic, if the mapping p : & — S in (1) is injective.
In other words, 4 is characteristic, if for any P,Q € &2, we have up = pg if and only if
P = Q. That is, up is uniquely associated with P € &2, and thus pp becomes a unique
representation of P in #, maintaining all information about PP. Examples of characteristic
kernels on X = R? include Gaussian, Matérn and Laplace kernels (Sriperumbudur et al.,
2010). On the other hand, linear and polynomial kernels are not characteristic, since their
RKHSs are finite dimensional and only provide unique representations of distributions up
to certain moments.

The kernel mean embedding (1) is the key ingredient of a well-known metric on proba-
bility measures called maximum mean discrepancy (MMD) (Borgwardt et al., 2006; Gretton

1. See, e.g., Diestel and Uhl (1977, Chapter 2) and Dinculeanu (2000, Chapter 1) for the definition of
Bochner integral.
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et al., 2012). For two distributions P,Q € &2, their MMD is given as the RKHS distance
between the corresponding kernel means pp, ug:
[ ro0ape) - [ 1) aoix

where the second identity follows from the reproducing property and Z being a vector space
(Gretton et al., 2012, Lemma 4). The right expression is the maximum discrepancy between
the means of functions from the unit ball of the RKHS JZ, and is the original definition of
MMD. Being defined via the RKHS distance, MMD is a pseudo-metric on &?. Moreover, if
A is characteristic, MMD[.27, P, Q] = 0 holds if and only if P = Q, and thus MMD becomes
a proper metric on probability measures. See Sriperumbudur et al. (2010); Simon-Gabriel
and Scholkopf (2018) for details and relationships to other popular metrics on probability
measures.

Given an i.i.d. (identically and independently distributed) sample x1, .. .,x, from P, the
kernel mean pup can be estimated simply by the empirical average

= 3 kG ®)

The /n-consistency of (3), that is ||up — jip|| = Op(n~'/?) as n — oo, has been established
in Song (2008, Theorem 27) and also in Gretton et al. (2012); Lopez-Paz et al. (2015);
Tolstikhin et al. (2017). Importantly, this holds without any parametric assumption about
the underlying distribution P.

Given another i.i.d. sample x},...,x}, from Q, and defining fig := % Do k(- x)) as
an estimate of the kernel mean pq, the (squared) MMD (2) can be estimated as

MMD[Z,P,Q] := |[up — pollr= ~ sup
fe|flle<1

(2)

—2 ~ N
MMD [#,P,Q] = Hﬂn» —~ N@H?%”

where the right expression follows from the reproducing property (Gretton et al., 2012,
Eq. 5). Applying the triangle inequality, it follows that |||up — pollez—Iir — follr| <
| e — fip || e+ o — figllz= Op(n~2) + O, (m~1/2) as n,m — oo, implying the consistency
of the above estimator of MMD with a parametric convergence rate. This estimator only
requires evaluations of the kernel, and therefore is easy to implement in practice. We note
that the above MMD estimator is biased, while being consistent; an unbiased estimator is
also available for MMD (Gretton et al., 2012, Eq. 3).

2.3 Kernel Mean Embedding of Conditional Distributions

Finally, the notion of KME can be extended to conditional distributions (Song et al., 2009;
Griinewélder et al., 2012; Song et al., 2013; Fukumizu et al., 2013). To describe this, let
(X,Y) be a random variable taking values in the product space X x ), where X and Y
are measurable spaces. We define a measurable kernel £ on X and let # be the associated
RKHS. Similarly, we define a measurable kernel £ on )} and let .% be the associated RKHS.
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Let Pxy be the joint distribution of (X,Y), and Py x—x be the conditional distribution of
Y given X = x.

The KME of the conditional distribution Py x_y is then defined as the conditional
expectation of £(-,y) with respect to Py |x_x:

iy iy = / 0y) APy xx(y) € F  (x € X). (4)

Again, if # is characteristic, this kernel mean maintains all information about Py | x_y, thus
being qualified as its representation. It is instructive to note that uy|x—x is defined for each
x € X individually.

Given an i.i.d. sample (X1,y1),. .-, (Xn,yn) from the joint distribution Pxy, the condi-
tional mean embedding (4) can be estimated as

iy ixex = S w0, ¥0), (5)
=1

where

(w1 (x),...,wa(x))T = (K+nel) 'k(x) € R,
k(x) = (k(x,x1),...,k(x,x,))" € R".

Here, K € R™™" is the kernel matrix such that K; ; = k(x;,%;), and € > 0 is a regularization
constant. As pointed out by Griinewélder et al. (2012), this estimator can be interpreted as
that of function-valued kernel ridge regression, where the task is to estimate the mapping
x = [L(-,y) dPy|x—x(y) from training data (x1,£(-,y1)),..., (Xn, £(-,yn)) € X x F. In
fact, the weights wy(x), ..., w,(x) in (5) are identical to those of kernel ridge regression (or
Gaussian process regression). As such, the regularization constant e should decay to 0 at an
appropriate speed as n — 0o, in order to ensure a good convergence rate of the estimator
(5), see, e.g., Caponnetto and Vito (2007).

3. Counterfactual Mean Embeddings

In this section, we formulate our problem of estimating distributional treatment effects and
describe our approach. In Section 3.1, we review the potential outcome framework and, based
on it, we define distributional treatment effects. The key concepts here are counterfactual
distributions on outcomes. In Section 3.2, we describe our approach, counterfactual mean
embeddings, as the kernel mean embeddings of counterfactual distributions. Section 3.3
provides details of the distributional effects of covariate distributions, which are essential for
applications in off-policy evaluation. We then define their empirical estimators in Section
3.4. Finally, we introduce the kernel treatment effect (KTE) as a way to evaluate the
distributional treatment effect in Section 3.5.

3.1 Potential Outcome Framework and Distributional Causal Effects

We pose our problem based on the potential outcome framework, also known as the Neyman-
Rubin causal model, which is a classic and widely used approach to estimating causal effects
of treatments from observational data (Neyman, 1923; Rubin, 1974, 2005).
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We consider a hypothetical subject (e.g., a patient) in a population. Let X € X be a
covariate random variable representing the subject’s features (e.g., age, weight, blood pres-
sure, etc.), where X’ is a measurable space. Let T' € T a random variable that indicates the
treatment assigned to the subject, where 7 denotes the set of treatments of interest. We call
T treatment indicator or treatment assignment. In this work, we focus on binary treatments
T :={0,1} for simplicity, but an extension to multiple treatments is straightforward. For
instance, T' = 1 may represent that the subject is assigned an active treatment (e.g., a drug
of interest), and 7' = 0 a control treatment (e.g., placebo).

Let Y;,Y" € Y be random variables representing potential outcomes, where )Y is a
measurable space. That is, Y|* represents the outcome of interest after the subject is exposed
to treatment 1, and Y{ the outcome after the subject is exposed to treatment 0. For instance,
YY" may be the blood pressure of the patient measured after the patient had the drug, and
Y be that after having nothing. The problem here, known as the fundamental problem of
causal inference, is that one can only observe either Y;* or Y, but not both. For instance, if
one gave the drug to the patient and measured the resulting blood pressure, it is no longer
possible to measure the blood pressure of the same patient without the drug. Thus, the
observed outcome Y € ) can be defined as

Y = 1(T = 0)Yy + 1(T = 1)Y7,

where 1(T' = j) := 1 if T = j, and zero otherwise. Note that in observational studies, the
treatment assignment may not be completely random, ¢.e., T" depends on Y, Y|* and X.

Assume that there are N subjects, and that each subject ¢ = 1,..., N is associated with
random variables (x;,t;,yg;, y1;) that are distributed as (X, T, Y, ¥{*) independently to the
other subjects,? i.e.,

(Xiatiaygivyfi)z’]\il ~ (Xa T, Yb*a)/l*)a Lid. (6)

Note that for each subject 4, only one of y(; or yj; can be observed. Thus, observational
data given to the analyst are

(Xistisyi)isy,  yio= 1t = 0)yg; + L(t: = 1)y7;, (7)
which are i.i.d. with (X,7,Y). We write n := Ef\il 1(t; = 0) the number of subjects
receiving treatment 7' = 0, and m := Zfil 1(t; = 1) that of treatment T' = 1.

We consider three kinds of distributional causal effect, as described below. For ease of
understanding, we also present the corresponding expressions based on the sample (6). Nev-
ertheless, these sample expressions are also counterfactual quantities due to the fundamental
problem of causal inference.

3.1.1 DISTRIBUTIONAL TREATMENT ErrecT (DTE)

Let Pyy and Py be the distributions of the potential outcomes Y and Y7*, respectively.
Then we define the distributional treatment effect (DTE) as the difference between these
two distributions:

Pyg (1) = Pyy (). (8)

2. This independence assumption may be seen as a version of the Stable Unit Treatment Value Assumption
(SUTVA), which requires that the potential outcomes of any subject i are independent of the treatments
t; assigned to the other subjects j # 1.




MUANDET, KANAGAWA, SAENGKYONGAM, AND MARUKATAT

The corresponding sample expression is given by

NZ5 —Y0i) NZCS — Y1)

where ¢ is the Dirac distribution. As mentioned, this sample expression cannot be obtained
from observational data (7), since for each subject ¢, we only have either yg; or y7;.

The DTE (8) can capture the treatment effects on the potential outcomes that may
not be identified only by the average treatment effect (ATE) (Imbens, 2004), the difference
between the expectations of Y and Y7|*:

ATE := E[Yy] - E[Y/] (9)

or its corresponding sample version

1 Y 1 Y
i=1 i=1

For instance, even when the ATE is 0, the higher order moments of Pys and Py, such as
their variances, may differ. The DTE can capture such a difference, while the ATE cannot.
3.1.2 DISTRIBUTIONAL TREATMENT EFFECTS ON THE TREATED

This is defined as the difference in two conditional distributions as

Pyprir(1t) = Pypr(-|), t€{0,1}. (10)
For t = 1, this can be understood as the distributional treatment effect for the treated, and
the corresponding sample expression is given by

N

1 & 1
o Z 1(t; =1)6(- —y1) — - Z 1(t; = 1)0(- — y5:),
=1

i=1
where the second term is counterfactual. The details of the conditional treatment effect (10)
can be found, for example, in Chernozhukov et al. (2013, p.2214).

3.1.3 DISTRIBUTIONAL EFFECTS OF THE COVARIATE DISTRIBUTIONS

This is defined as the difference between the conditional distribution of Y given 7" = 0 and
that of Y given T = 1:
Pygr(-10) = Pyppr(-[1) (11)

where PYO*\T is the conditional distribution of Y given T'. A similar definition can be given
for Y}*. The corresponding sample expression is given by

N
> 1t =0)5(- - yi) *Zﬂ ~ ¥0i)- (12)
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Note that the second term in (11) and (12) are counterfactual in the sense that the potential
outcome yy, of subject ¢ with ¢; = 1 is not observable.

The above distributional differences capture the effects caused by the difference in the
characteristics (i.e., covariates) of subjects exposed to different treatments, e.g., selection
bias, rather than the effects caused by the treatment itself. For instance, let us assume
that a drug was assigned to subjects whose blood pressures were already high (¢; = 1) and
not assigned to subjects with low blood pressures (¢; = 0). Then the counterfactual blood
pressures y,; of the subjects with ¢; = 1, which would have been observed if they had not
taken the drug, would be higher than those yg,; with ¢; = 0.

This kind of “selection bias” can be captured in the above distributional difference, and
this helps understand how the difference in observed outcome distributions arises. To explain
this more precisely, however, we need the notation, definitions and assumptions introduced
in the next subsection. Thus, we defer further explanations to Section 3.3. There, we also
explain that this distributional difference is useful in studying counterfactual effects of a
policy defined as a specification of a covariate distribution. In fact, this is how we formulate
the problem of off-policy evaluation in Section 6.

3.2 Counterfactual Distributions

To deal with distributional treatment effects discussed in the previous subsection, we need
to introduce the notion of counterfactual distributions (Chernozhukov et al., 2013). We
first summarize the notation defined above and introduce new ones, which we follow Cher-
nozhukov et al. (2013, Appendix C).

Definition 2 Let Y and Y{* be random variables taking values in Y, and X and T be
random variables taking values in X and T = {0, 1}, respectively. The random variables Y,
Y: and Xy (t =0,1) are defined as

Y = LT =0)Y]+ LT =1)Yy,
Y, == Y |T=t (t=0,1),
X, == X|T=t (t=0,1).

In Definition 2, Y is the observed outcome variable. Thus, Y; is Y given that the
treatment assignment is 7' = ¢ (¢ = 0,1). By the definition of Y, this implies that Y; =
Y| (T = t), that is, Y; is the potential outcome conditional on 7" = t. Note that, since
Y;* and T' may be dependent, Y;*| (T" = t) may differ from Y;* as a random variable. The
variable X is the covariate variable X conditional on 7' = ¢. The pair of variables (X, Y;)
can thus be seen as observed random variables conditional on the treatment assignment
T=t.

The following is a key assumption, which is needed in general for counterfactual inference
with observational data.

Assumption 1 (A1) Conditional exogeneity: Yy, Y 1L T'| X almost surely for X.

(A2) Support condition: Xy = X1, where Xj is the support of the distribution Py, of X;
for 5 =0,1.

11
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Treatment Indicator

Covariates

Figure 1: A graphical representation of the conditional exogeneity assumption. An edge be-
tween two random variables indicates that they are dependent. The conditional
exogeneity assumption states that given the covariates X, the potential outcomes
Yy, Y] and the treatment assignment 7' are conditionally independent. The as-
sumption does not hold if there exists an edge between Y, Y}" and T, which is
the case, for instance, when there exists a hidden confounder Z that is dependent
to both Y, Y] and T

The conditional exogeneity (A1), also known as the unconfoundedness or ignorability,
is a common assumption in observational studies to guarantee the identifiability of causal
effects from observational data (Rosenbaum and Rubin, 1983; Imbens, 2004; Rubin, 2005).
It requires that there is no hidden confounder, say Z, that affects both the treatment as-
signment 7" and potential outcomes Y, Y;*. In other words, the covariates X include all
important characteristics regarding the potential outcomes. This assumption is described
further in Figure 1, where the graphical model represents the conditional independence
structure between the random variables. The support condition (A2) is needed to make
the counterfactual distribution (introduced in (13) below) well-defined, and is also made in
Chernozhukov et al. (2013, Eq. 2.3). It is analogous to the overlap assumption required for
propensity score methods (e.g. Imbens, 2004, Assumption 2.2).

We now define counterfactual distributions. Let Px, and Px, be the probability distribu-
tions of Xo and Xj, respectively. Denote by Py (o) and Py (q)1) the corresponding marginal
distributions of outcomes defined by

Py (y) = / Py, x, (/%) dPxo (x) = Py (¥)

Pya(y) = / Py, (¥1%) dPx, (%) = Py, (y)

where Py x, (y]x) is the conditional distribution of Yy given Xy, and Py, x, (y|x) is that of
Y7 given X;. Following Chernozhukov et al. (2013), counterfactual distributions are then
defined as

Py (y) = / Pyoyxo (¥1%) AP, (), (13)

12
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Py oy (y) = /PYI|X1(y‘X)dPXo(X>7 (14)

which are well-defined as long as the support condition in Assumption 1 is satisfied.

The distributions introduced above are defined in terms of the observed random variables
(Xt, Y2)t=0,1. We now see how these distributions are related to the distributions on potential
outcomes that appear in distributional causal effects (10) and (11). First, as summarized
in the following lemma, Py 9y and Py )1y are nothing but ]P’YO*‘T(y|O) and PY1*|T(Y|1)7
respectively. For completeness, we include the proof in Appendix C.1.

Lemma 3 We have Py (o)) (y) = Py (y|0) and Py 1)1)(y) = Py r(y[1).

On the other hand, the counterfactual distributions Py |1y and Py(;jg) are respectively
equal to distributions IP’YO*‘T(y\l) and PY1*|T(y|O) appearing in (11) and (10), provided that
Assumption 1 holds (Chernozhukov et al., 2013, Lemma 2.1); we provide a proof for com-
pleteness in Appendix C.2.

Lemma 4 (Causal interpretation) Suppose that Assumption 1 is satisfied. Then we
have Py o1y = Py r=1 and Py (1j0) = Py j7=0-

Lemma 4 shows that the distributions Py~7—; and Pyx7—o, which play the key role in
analyzing distributional treatment effects (10) (11), can be obtained by estimating the cor-
responding counterfactual distributions Py ;) and Py (1)g) defined in terms of observed ran-
dom variables (X, Y;)i—0,1. The key assumption in this regard is the conditional exogeneity
in Assumption 1.

3.3 Further Explanation on the Distributional Effects of Covariate
Distributions

We are now in a position to provide further explanation on the distributional difference
introduced in Section 3.1.3. To this end, let us assume that the conditional exogeneity in
Assumption 1 is satisfied. Then, by Lemmas 3 and 4, the distributional difference in (11)
can be written as

Pysi7(y [0) = Pyzr(y [ 1) = Py 00y () — Py oy ()

—/PYO|X0(3”X) dPx, (x) _/PYOXO(Y|X) dPy,(x).  (15)
The rhs of (15) shows that this distributional difference (if it exists) is due to the difference
between the covariate distributions Px, and Px,. In what follows, we provide two distinct
interpretations. First, it quantifies a selection bias that affects the difference in observed

outcome distributions. Second, it quantifies the causal effect for a policy implemented as a
specification of a covariate distribution.

3.3.1 QUANTIFYING A SELECTION BIAs

We can decompose the difference in the observed outcome distributions Py, and Py, as
Pyy(y) =Pyvi(y) = Pypir(y[0) —Pyrr(y[1)

13
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= Pyyir(y10) = Pyyir(y [ 1) + Py ir(y [ 1) = Pypir(y [ 1),
(4) (B)

where the first term (A) is the distributional effect of covariate distributions (15), and the
second term (B) is the distributional treatment effect on the treated. Thus, the difference
in the observed outcome distributions can arise from (A) and/or (B), and the estimation of
(A) and (B) is useful in studying the origin of the difference in observed outcome distribu-
tions. For instance, if we find that (A) is zero, the difference between the observed outcome
distributions is originated from the distributional difference on the treated (B). On the
other hand, if (B) is zero, then the difference between the observed outcome distributions
is due to (A), i.e., by the selection bias, and is not due to the effects of the treatment.

Note that this difference is different from the difference between the potential outcome
distributions Py, Py, which accounts for the effects of the treatments 0 and 1 and thus is
of primary interest. The observed outcome distributions Py, , Py; are biased approximations
to the potential outcome distributions, if the treatment assignment is not randomized (i.e.,
if X and T are not independent).

3.3.2 POLICY AS A SPECIFICATION OF A COVARIATE DISTRIBUTION

The distributional difference (15) can also be used to quantify the effects of a policy that
specifies a covariate distribution. Recall that we introduced the random variables Xg, X1 as
the covariate random variable X conditioned on T' = ¢, t € {0, 1}, i.e., Xy :== X | (T = t).
We can instead directly define two random variables Xy, X7 by specifying their probabil-
ity distributions Px, = Px|p(-|0) and Px, = Pxp(-|1), respectively. In this case, the
conditioning 7" = ¢ for t € {0,1} may be regarded as specifying the covariate distribution
Px, = Pxr(-|t) on the space of covariates X'. This specification of the covariate distribution
Px, = Pxp(-|t) itself can be regarded as a certain policy.?

For instance, Rothe (2010, Section 5.2) used this formulation to study the effects of
smoking of a pregnant mother on the birth weight of the baby. There, the observed outcome
Y > 0 is the birth weight of the baby, and covariates X := (X', X2 X3 X%) ¢ R? are
relevant features of the mother: X' is the number of cigarettes per day, X? is the age,
X3 is the weight gain and X is the marital status. The distribution Py, is the covariate
distribution of available data of smoking mothers, while Px, is a transformation of Px, so
that the number of cigarettes per day, X&, is reduced to 75%. Thus, T'=1 or Px, may be
regarded as a hypothetical policy that reduces the amount of cigarettes of smoking pregnant
women. Then, Py (y) = fIP)YO|X0 (y | x) dPx, (x) is the counterfactual distribution of the
birth weights of babies that would have been observed if the mothers had smoked 75 %
less amount of cigarettes than they actually did. The comparison to the observed outcome
distribution Po)(y) = / Pyyx, (¥ | x) dPx,(x) then enables studying the effects of the
amount of cigarettes on birth weights.

Another important instance is the off-policy evaluation task, which will be discussed
further in Section 6.

3. Here we use the terminology “policy” instead of “treatment” not to confuse the two notions. In our paper,
a “treatment” ¢ € {0, 1} specifies the corresponding potential outcome Y;" and its distribution Py ; thus,
the difference between Py and Py characterizes the treatment effects. On the other hand, a “policy”
here t € {0,1} specifies the corresponding covariate random variable X; and its distribution Px,.
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3.4 Kernel Mean Embeddings for Counterfactual Distributions

We now define counterfactual mean embeddings. Let ¢ be a positive definite kernel on Y
with RKHS %, and assume that the support condition in Assumption 1 is satisfied. We
then refer to the kernel mean embeddings of the counterfactual distributions (13) and (14)

By o1y = /5(',3’) dPy o1y (y) € 7, (16)

bra = / 0ry) dPy o) (¥) € (17)

as counterfactual mean embeddings (CME). Lemma 4 implies that, under Assumption 1,
these CMEs are respectively identical to the kernel mean embeddings of ]P’YO*‘T(y\l) and
Py 7(y|0) defined as

Py =1 = /ﬁ('d’) dPyyr(y[1),  pypir=0 = /f(',Y) dPy; 7 (y|0).

Therefore, by defining an empirical estimator of the CME (16), one can hope to estimate
the distributional treatment effects in (10) and (11), which will be done below.

Estimating counterfactual mean embeddings. In what follows, we introduce our es-
timator of the CME fiy- |1y defined in (16); one can define an estimator of (17) in a similar
manner. In practice, it is not possible to obtain a sample from Py (), and therefore the
counterfactual mean embedding py (1) cannot be estimated directly. Instead, we propose
an estimator that uses samples from Px,y, and Px, to estimate py (g|1). To this end, first
note that fy 1) in (16) can be written in terms of the conditional mean embedding (4) of

PYO\XO:xi
ty (o)1) = /MYOXO:X dPx, (x) € 7,

where py|xy—x = J e, y) dPy; x,=x(y) € #. This formulation suggests that iy (1) can
be estimated by i) constructlng an estimator of the conditional mean embedding py;)x,—x
and then ii) taking its average over Py, (x). This is how our estimator is derived below.

Suppose that we are given independent samples (x1,y1),- .., (Xp,¥n) from Py, x,(x,y)
and xi,...,x,, from Py, (x). For x € X, let jiy;x,—x denote the estimate (5) of the
conditional mean embedding iy, x,—x based on (x1,y1),...,(Xn,yn). Then, an empirical
estimator of iy (1) is defined and expressed as

Yoy = ZMYMXO_X/ _Zﬁl yi) with (Br,....B8,)T = (K+nel)"'K1,,, (18)

where £ > 0 is a regularization constant, 1, = (1/m,.. L 1/m)T € R™ K € R™" with
K;; = k(x;,%;), and K € R™™ with K; ij = k(xi, x}).

The proposed estimator (18) is nonparametric, and can be implemented without knowl-
edge about parametric forms of the conditional Py;x, and marginal Px,. Thus, the esti-
mator is useful when such knowledge is not available. In Section 4, we theoretically analyze
the asymptotic behavior of the estimator, proving its consistency and deriving convergence

15



MUANDET, KANAGAWA, SAENGKYONGAM, AND MARUKATAT

rates. In doing so, we elucidate conditions required for the consistency of the proposed
estimator.

The computational complexity of our estimator (18) is O(n?) because of the matrix
inversion, which may be expensive when the sample size n is huge. To reduce the complexity,
one can adopt existing approximation methods such as Nystrém method and random Fourier
features (Williams and Seeger, 2001; Rahimi and Recht, 2008).

We note that the form of the estimator is identical to the kernel sum rule (Song et al.,
2013, Section 4.1), a mean embedding approach to computing forward probabilities in
Bayesian inference. The way we use the estimator is different from this previous approach,
however. That is, we use our estimator to estimate the counterfactual distribution and dis-
tributional causal effects (11), and this requires Assumption 1 to hold for data (or for the
population random variables), as shown in Lemma 4.

3.5 Kernel Treatment Effects

We quantify distributional treatment effects by using the RKHS distance between the mean
embeddings of potential outcome distributions under consideration. We call this approach
Kernel Treatment Effects (KTE). We show below how KTEs can be defined for the different
distributional treatment effects discussed in Section 3.1.

3.5.1 KTE FOR DISTRIBUTIONAL TREATMENT EFFECTS

As before, let ¢ be a kernel on the output space ) and .# be its RKHS. For the distributional
treatment effect (8) discussed in Section 3.1.1, the corresponding KTE is defined as

KTE(YS, Y1, F) = vy — pyell 7, (19)

where piy» and pyr are the kernel mean embeddings of the distributions of potential out-
comes Py and Py, respectively, i.e.,

pyg = /5('73’) dPy; (y),  wyy = /5 ) APy (y). (20)

The KTE (19) may be regarded as a generalization of the ATE (9) in the sense that, if ¢
is the linear kernel /(y,y’) = (y,y’) on Y = R, then the KTE only distinguishes the means
of the two outcome distributions. By using a different kernel ¢, the KTE may capture the
differences between higher-order statistics of the outcome distributions IP’YO* and IP’yl*. For
instance, if £ is a polynomial kernel /(y,y’) = ({y,y’) +¢)™ of degree m € N with ¢ > 0,
then the KTE (19) is equal to 0 if and only if Pys and Py have the same moments up to
degree m (see, e.g., Muandet et al. 2017, Chapter 3).

If ¢ is a characteristic kernel, such as Gaussian and Matérn kernels, then the KTE (19)
is equal to 0 if and only if the two distributions IF’YO* and IP’yl* are the same. In this case,
the KTE takes a positive value if and only if there is a difference between Py and Py;.
This means that the KTE informs the existence of any difference in the potential outcome
distributions, quantifying the distributional treatment effect.

The question is how to estimate the KTE (19) from data. As in (7), let (x;,%;,y:)Y.; be
observational data, which are i.i.d. with the random variables (X, 7,Y’). Recall that Y is the
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observed outcome and thus given by Y = 1(T = 0)Y; + 1(7 = 1)Y;* where Y and Y* are
the potential outcomes. In observational studies, it is common to use the propensity score
e(x) := E[T'| X = x], the conditional probability of the treatment assignment 7" being made
given that the covariates are X = x, to define an unbiased estimator of the average treatment
effect E[Y}*] — E[Y;] (Rosenbaum and Rubin, 1983). We show here that the same strategy
of inverse propensity weighting (Imbens, 2004, Section III-C) can be straightforwardly used
to define unbiased estimators of the mean embeddings p1y» and pyy of potential outcome
distributions Py» and Py, respectively, thus providing a way of estimating the KTE. That
is, assuming that the propensity e(x) is available, we define

L tlly) I~ (1))

myy = Z o) T h Z 1—e(x;) 20
i=1 7j=1

where m := Zf\il t;and n = Zj-vzl(l —t;) are the populations of treated and control groups,

respectively.

In the special case of a completely randomized experiment where X and T are inde-
pendent and thus the propensity is e(x) = 1/2 for all x € X, the above estimators reduce
to the standard empirical estimators of mean embeddings: fiy: = % Zfil til(-,y;) and
flyy = %Zévzl(l —t;)L(-,y;j). Note that these uniformly-weighted empirical estimators are
biased if the experiment is not completely randomized, i.e., in observational studies. This is
because, for instance, the sample y; contributing to fiy;+ follows the distribution of Y7* T =1,
which is different from the unconditional Y}*. Thus, we need the inverse propensity weighting
to obtain unbiased estimators in the case of observational studies.

The following result shows that the estimators (21) are indeed unbiased estimators of
the corresponding mean embeddings py; and pys of potential outcome distributions. The
proof is presented in Appendix C.3.

Theorem 5 Suppose that 0 < e(x) < 1 for all x € X and that the conditional exogeneity
in Assumption 1 is satisfied. Let (xi,ti,yi)f\il be i.i.d. with (X,T,Y), and let fiys and
fryg be the estimators (21) of the mean embeddings pyy and pyg of the potential outcome
distributions Pyx and Py in (20). Then, we have

Elayy] = pyy,  Elpyy] = pyg.

Theorem 5 shows that the estimators (21) are unbiased, but does not say anything about
their convergence rates as the sample size goes to infinity. The following result provides this;
it essentially shows that the estimators (21) converge to the mean embeddings py+ and pyyg
at the same rates as the standard kernel mean estimators, which are minimax optimal
(Tolstikhin et al., 2017). The key assumption here is that the propensity e(x) is uniformly
lower- and upper-bounded away from 0 and 1. The proof is presented in Appendix C.4.

Theorem 6 Suppose the propensity score e(x) satisfies infxecx e(x) > 0 and supycy e(x) <
1, that supyey £(y,y) < 0o, and that the conditional exogeneity in Assumption 1 is satisfied.
Let (xi,ti, i)Y, be ii.d. with (X,T,Y), and let fiy; and fiys be the estimators (21) of the
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mean embeddings jiy; and pyy of the potential outcome distributions Pyy and Py in (20).
Then, we have

Sl=om™, Bl —

N 2 _
E [HMY{‘ — Hyy 9} =0(n™1), (N — o0),
where m := sz\il t; and n := Zij\il(l —t;).

Based on the estimators (21), we can define a consistent estimator of (19) as

—2
KTEb(YO*,Yl*,ﬂ = | vy —ﬂy*\@ = |lave | —2<ﬂy*,ﬂy*> +lave 1% (22)
ttﬁyz,yg 2 tzl_t yz,yg (1 =) (1 —t)yi, y;)
ng Z o) nzz (= eGa)(L — (7))

where the last equality follows from the reproducing property of the kernel £. By the trian-
gle inequality, we have ]@b(YO*,Yl*,ﬁ) — KTE(Y, Y, Z)|= ]H[Lyl* — fiyg H@ — |y —
pyyll2|< vy = pyy || o+ vy — g || 5 |= Op(m™124+n712) as n,m — oo, which shows
that the estimator (22) is asymptotically unbiased.

Note that (22) is a biased estimator, while being asymptotically unbiased. This bias is
caused by the terms with identical indices (i = j) in the first and third summations of (22).
Thus, by subtracting these terms, an unbiased estimator of the KTE can be defined as

2 1 titil(yi, yj)
KTEu(YE) aYI ’ﬂ) = m(m . 1) Z e = (23)
i

elxi)elx;)

2 ti(1 —t;)(yi, y;) 1 (1—t)(1 =)0y, y;)
zz:l e(x:)(1 — e(x;)) " n(n —1) ; (1 —e(x:)(1—e(x;))

By similar arguments as in the proof of Theorem 6, it can be shown that this is indeed an
unbiased estimator of (the square of) KTE (19). Moreover, since it can be shown that

—2 —2
KTE, (Yy, Yy, #) — KTE, (Y, Y, Z)| = Op(m™ +n71)  (n,m — o)

given that the assumptions in Theorem 6 hold, this unbiased estimator (23) enjoys the
same convergence rate as the biased one (22): |KTE,(Y,Y)",.#) — KTE(Y], Y, .Z)|=
Op(m=12 4 n=12) as n,m — oo.

3.5.2 KTE FOR DISTRIBUTIONAL TREATMENT EFFECTS ON THE TREATED

We define KTE for the distributional effect Py.7(-[¢) — Pys7(-[t) introduced in Section
3.1.2, where t € {0,1}. We only consider the case ¢ = 1 here, which is interpreted as the
distributional treatment effect for the treated; the case ¢ = 0 can be defined similarly. The
definition is

KTE(Y|(T = 1), Y5 (T = 1), %) = |y res = pvgir=| (24)
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where fiy;7=1 and pysr= are the kernel mean embeddings of Py (- |1) and Py p(-[1),
respectively:

et = [ Prpv D, e [ €3) dPyr(y | D).

Lemma 3 shows that Py 1)1)(y) = Pysr(y|1), while Lemma 4 implies that Py 1) =
Pysir=1 under Assumption 1. Thus, we can define an estimator of the above KTE (24) as
follows. Let iy op)y = > i iz Bil(-,y;) be the estimator (18) of the CME, and let fiy () :=
T}L > e £(¥i,-) where ¥1,...,¥m is a sample from Py )3y. Note that such y1,...,¥m can
be obtained in practice, as Py )1y is the distribution of the observed outcome Y given that
the treatment assignment is 7" = 1. Then, we can define an empirical estimator of the KTE
n (24) as follows:

—2
KTE (Y7 |(T =1), Y5 |(T = 1),7)

= Hﬂy 1\1) — fy (o)) Ho‘*
Z U3, ¥5) ZZBJ Yoy + Y BiBil(yi ;). (25)
1,j=1 i=1 j=1 i,j=1

3.5.3 KTE FOR DISTRIBUTIONAL EFFECTS OF THE COVARIATE DISTRIBUTIONS

Similarly, we can define a KTE for the distributional effect Py |7 (- |0) — Py 7 (- | 1) defined
in (11) by

KTE(GN(T = 0), Y5 1(T = 1),%) = |ligprmo = igra | - (26)

where iy 7—9 and pys|r= are the kernel mean embeddings of Py 7(-|0) and Py p(-[1),
respectively, i.e.,

Hyg|T=0 = /f(w}’) dPYO*|T(Y|0)’ Kygir=1 = /5('7}’) dIP)YO*\T(YH)-

Lemma 3 shows that Py (y) = IP’YO*‘T(yIO), and Lemma 4, under Assumption 1,
implies that Py g1y = Pyz7=1. Therefore, we define an estimator of (26) in the following
way. Let fiy o)1y be the estimator (18) of the CME, and let fiy (gjo) = %Z?:l £(-,y;) where
Y1,---,¥n is a sample from Py ). Note that such yi,...,y, can be obtained in practice,
as Py |0y 1s the distribution of the observed outcome Y given that the treatment assignment
is T'= 0. Then, we can define an empirical estimator of the KTE in (26) as follows:

2
KTE (Yo |(T' = 0), Yy'|(T' = 1), #)

= HﬂY 0|0> — By (o|1) Hg

Z E YZ7YJ Z ﬁ] YZ7YJ Z 51‘5;‘5(}’1‘7}’]‘)- (27)

i,j=1 i,j=1 1,j=1

In the next section, we analyze the convergence behavior of the proposed CME estimator
in (18) as the sample size n goes to infinity. Readers who are interested in applications may
skip the next section and jump to Section 5 and Section 6 directly.
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4. Convergence Analysis of the CME Estimator

We provide here a convergence analysis of the CME estimator introduced in Section 3.4.
In Section 4.1, we first establish its consistency under mild assumptions. In Section 4.2,
we derive its convergence rates by making a quantitative assumption on the smoothness of
certain functions involved.

We first introduce necessary notation and definitions. We assume that the covariate
space X and the outcome space ) are measurable spaces, and that the kernels k£ and ¢ are
measurable on X' and ), respectively, with J# and .% being their respective RKHSs. Let
Px, and Px, be the probability distributions of the random variables Xy € X and X; € X,
respectively (see Definition 2 for the definition of these random variables).

Let Lo(Px,) be the Hilbert space of square-integral functions* with respect to Px,:

La(Fx) = {12 5 R | [ Pla) Py (o) < oo} ,

which is equipped with the inner product (f,g);, (Pxo) ° = [ f(z)g(z) dPx,(x) and the re-

sulting norm ||fHL2(pXO (f, f)L2 Px,)" Let Px, ® Px, be the product measure of Px,
and Px, on the product space X x X.

4.1 Consistency

To establish the consistency of the CME estimator, we require the following conditions.
Assumption 2 Assume that the following conditions are satisfied:

(i) The kernels k and ¢ are bounded on X and Y, respectively, that is, supycy k(x,%x) < 00
and supycy U(y,y) < oo.

(ii) The RKHS A of k is dense in La(Px,).

(iii) The distribution Px, is absolutely continuous with respect to Px, with the Radon-
Nikodym derivative g :== dPx, /dPx, satisfying g € La(Px,).

(iv) (x1,¥1),---,(Xn,¥n) are i.i.d. observations of the random wvariables (Xo,Yy), and

X}, ..., X}, are i.i.d. observations of the random variable X, with n = m.

Remark 7 We make the following comments on Assumption 2.

e The boundedness condition (i) is satisfied, for instance, if k£ and ¢ are shift-invariant
kernels, such as Gaussian and Matérn kernels.

e The condition (ii) requires that the RKHS be rich enough to approximate square-
integrable functions with respect to Px,. For instance, this is satisfied by the Gaussian
kernel (Steinwart and Christmann, 2008, Theorem 4.63), and therefore by any kernel
whose RKHS is larger than that of the Gaussian kernel, such as Laplace and Matérn
kernels (Steinwart and Christmann, 2008, Theorem 4.48).

4. More precisely, each element in L2 (Px,) is a Px,-equivalent class of functions; see Appendix D.1.
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e The condition (iii) requires the support of Px, be included in that of Px,, and thus
is related to the common support assumption in Assumption 1. If both Px, and
Px, have density functions px, and px,, respectively, with respect to a common
reference measure (e.g., the Lebesgue measure in the case of X C RY), then the
Radon-Nikodym derivative becomes the density ratio or the importance weight func-
tion g(z) = px, (x)/px,(x). Thus, the square-integrability of ¢ requires, intuitively,
that px, should not be very different from px,,.

e In the condition (iv), we assume n = m for simplicity of presentation.

Before presenting the result, we introduce a function 8 : X x X — R defined by

0(x, %) = / / Uy, 7) Py x, (¥1%) APy o (F15)- (28)

This function appears in the proof of consistency, and also is needed to derive convergence
rates in Section 4.2. Note that the assumption in (i) that ¢ being bounded implies that
0 € Ly(Px, ® Px,); this property is used in the proof of consistency.

Theorem 8 below shows the consistency of the CME estimator (18). The proof can be
found in Appendix E.2.

Theorem 8 (Consistency) Suppose that Assumption 2 is satisfied. Let fy o)1) be the
estimator defined in (18) with a regularization constant e, > 0. Then if ¢, — 0 and
n'/2e, — 0o as n — oo, we have

|ty o1y — by oy || 5 — 0

wn probability as n — oo.

Remark 9 As discussed, the form of the CME estimator (18) is the same as that of the
kernel sum rule, and Fukumizu et al. (2013, Theorem 8) proves its consistency. Unlike
ours, however, Fukumizu et al. (2013) assume that the function 6 in (28) belongs to the
tensor-product RKHS 57 ® 5, which is a rather strong assumption for proving just the
consistency. For instance, if 7 is the RKHS of the Gaussian kernel, then this assumption
requires that 6 be infinitely differentiable. The theoretical contribution of our analysis is in
removing this condition.

Recall that by Lemma 4 we have py (1) = Hyg|T=1 under the conditional exogeneity
condition (Assumption 1). Thus, Theorem 8 implies that the CME estimator is consistent
in estimating fiyr=1, as summarized in the following corollary. This justifies the use of the
CME estimator in dealing with counterfactual questions, as will be described in Section 5.

Corollary 10 Suppose that Assumptions 1 and 2 are satisfied. Let fiy )1y be the estimator
defined in (18) with a reqularization constant €, > 0. Then, if e, — 0 and nl/?

n — oo, we have

Ep — OO aS

HﬂY(om - MYO*\T:1H el

wn probability as n — oo.
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4.2 Convergence Rates

Next, we present a result on the convergence rate of the CME estimator (18). This result
is obtained based on certain smoothness assumptions on the Radon-Nikodym derivative
g = dPx, /dPx, and the function € defined in (28). To state these assumptions, we need to
introduce the following concepts, details of which can be found in Appendix D.1.

In the sequel, I C N denotes a set of indices, which is a finite set or an infinite set
depending on whether the RKHS .77 is finite dimensional (e.g., if k is a linear or polynomial
kernel) or infinite dimensional (e.g., if k is a Gaussian or Matérn kernel). We define an
integral operator T": Lo(Px,) — L2(Px,) by

Tf:= /k:(jx)f(x) dPx,(x), f € La(Px,)-

Intuitively, the output function T'f is a smoother version of the input function f, as T'f can
be seen as a convolution between f and the kernel k.

Under Assumption 2 (i) and (ii), there exist at most countable families of functions
(e3)icr C A and the associated positive constants (u;)ier C (0,00) such that i) py > g >
-+ >0, that ii) (uilpei)ie[ is an orthonormal basis (ONB) in .77, that iii) (e;);es is an ONB
in Ly(Px,), and that iv) the integral operator can be written as

Tf= Zﬂi (fs€i) Lypy,) 0o

il

with convergence in Ly(Px,); see Lemmas 16 and 18 in Appendix D.1. In other words, the
pairs (u;, e;)ies are eigenvalues and eigenfunctions of the integral operator: Te; = p;e; for
i € I. Based on this eigendecomposition, one can define a power of the integral operator T":
for a constant « > 0, the a-th power of T is defined as

Tf =) uf (frei) Loy € [ € L2(Pxo)
icl

We now make the following assumption about the smoothness of the Radon-Nikodym
derivative g = dPx, /dPx,, where Range(7®) denotes the range or image of T%. This way
of stating a smoothness condition is common in learning theory for kernel methods, e.g.,
Caponnetto and Vito (2007); Smale and Zhou (2007); Fukumizu et al. (2013).

Assumption 3 There exists a constant 0 < o < 1 such that the Radon-Nikodym derivative
g = dPx, /dPx, satisfies g € Range(T®).

Remark 11 e Assumption 3 quantifies the smoothness of the Radon-Nikodym deriva-
tive g = dPx, /dPx, by the constant 0 < o < 1. That is, g is smoother if « is close
to 1 and less smooth if « is close to 0. Since we have dPx,(z) = g(z)dPx,(z), a
larger o may therefore be understood as that Py, and Px, are more similar. This
interpretation can be obtained as follows.

e The assumption implies that there exists a square-integrable function f € Lo(Px,)
that ¢ = T*f. As mentioned, T acts as a smoother, outputting a smoothed version
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Tf of an input function f. Similarly, its power T acts as a smoother, but now «
determines the degree of smoothness of the output function. For o = 0, T is just
the identity map, and there is no effect of smoothing. As « increases, the degree of
smoothness increases. In fact, Steinwart and Scovel (2012, Theorem 4.6) shows that
Range(T%) for 0 < a < 1/2 is equal to an interpolation space between Lo(Px,) and the
RKHS 77 as a set of functions. In particular, we have Range(T*) = 5 for a = 1/2,
and thus the assumption implies g € 5. Thus, the case a > 1/2 is that g is smoother
than the least smooth functions in 72.

We next state a smoothness assumption about the function 6(x,x’) defined in (28). To
simplify the presentation, let X2 := X x X. Define a kernel on X? as the product kernel
Fprod : X2 x X% = R such that

kprod ((x1,%2), (X1,%2)) = k(x1,%1)k(x2,%2), (x1,%2), (X1,%2) € X2

We then define an integral operator Tyroq @ L2(Px, ® Px,) = L2(Px, ® Px,) by

Tprodn = /kprod ('7 (ilv iQ)) n ((5(17 )N(Q)) d (PXO ® IEDXo) ((ilv 5(2)) , me LQ(PXO ® IP)XO)‘
By Assumption 2 (i) and (ii), this can be written in terms of the eigensystem (u;, €;)icr as

TprOdn = Z ’U”LM] <,’77 €i ® ej>L2(PXO®PXO) ei ® 6]',
i,5€1

where e; ® ej : X 2 & R denotes the tensor product of e; and ej, and the convergence is in
Ly(Px, ® Px,); see Lemma 19 in Appendix D. That is, each e; ® e; is an eigenfunction of
Throd With the corresponding eigenvalue ji;p5. The S-th power of T},0q for 0 < 8 < 11is then
defined as
B _
Tprodn - Z (/,szj)ﬁ <7]7 e; ® ej>L2(PX0®PXO) e; X €;. (29)
ijel

Similar to Assumption 3, we make the following smoothness assumption for the function

0: X x X — R defined in (28), based on the range of the power Tfiod'

Assumption 4 There exists a constant 0 < 8 < 1 such that the function 6 defined in (28)
; B
satisfies 0 € Range(T] ).

Remark 12 As for Assumption 3, we can interpret Assumption 4 as quantifying the smooth-
ness of 8 by the constant 5. That is, larger 8 implies that 6 is smoother. Note that 6 can
be written as 6(x,x’) = </’LY0|X():X?/"LY0‘X0:X/>3?7 where piyxo=x = [ £(-,¥) dPy;|x, (¥]%)
is the kernel mean of Py x,(:|x). Therefore, 6 is smooth if the mapping x — py;|x,—x 18
smooth. Thus, f may be interpreted as quantifying the smoothness of this mapping.

We are now ready to state Theorem 13 below, which establishes the convergence rate of

the CME estimator. The rate is given in terms of the constants a and 3 introduced in the
above assumptions. The proof is given in Appendix E.3.
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Theorem 13 (Convergence rates) Suppose that Assumptions 2, 3 and 4 hold with o +
B < 1. Let fiy oy be the estimator defined in (18) with a regularization constant €, > 0.

Let ¢ > 0 be an arbitrary constant, and set &, = en~ Y/ (HB+max(1-c.a)) = Then we have

iy oy = iy oy | 5 = Op (nleA2FFFm—0N) (1 o),

Remark 14 Let us interpret the rate of Theorem 13.

e The exponent (a+/3)/2(1+ S +max(l —a, «)) in the rate is smaller than 1/2 for any «
and §, and thus the rate is always slower than the parametric rate n~1/2. For instance,
the rate becomes n~'/4 if & = 8 = 1/2. This is due to the CME estimator being
nonparametric, as for other nonparametric statistical estimators in general (Tsybakov,
2008). We are not aware of, however, whether the obtained rate is minimax optimal.
We leave this question for future research.

e An important interpretation of the rate is as follows: if either the Radon-Nikodym
derivative ¢ = dPx,/dPx, or the function 6 is smooth, then the CME estimator
converges reasonably fast. For instance, the rate becomes n Y6 ifa=0and g =1,
and n /4 if o =1and 8 =0 (recall that o and 8 quantify the smoothness of g
and 6, respectively). Therefore, even in the situation where the change from Px, to
Px, is large, we may still expect a good performance for the CME estimator if the
relationship between X and Yj is smooth (and vice versa).

As for Corollary 10, we obtain the following corollary from Theorem 13.

Corollary 15 Suppose that Assumptions 1, 2, 3 and 4 hold with a+ 8 < 1. Let fiy (o) be
the estimator defined in (18) with a regqularization constant £, > 0. Let ¢ > 0 be an arbitrary
constant, and set £, = cn~ Y/ (IHB+max(1—c.0)) " Thepn we have

H[MO“) - “Yo*szlHy ~0, <n—(a+ﬂ)/2(1+ﬂ+max(1—a,a))) (n — 50).

5. Applications to Sampling and Testing

In this section, we discuss important applications of the proposed framework.

5.1 Sampling from Counterfactual Distributions

While a CME estimate can be seen as a weighted sample (5;,y;),, the coefficients
B1, ..., By may in general include negative values; thus it is not straightforward to interpret
them as importance weights. If one can generate sample points y1, ...,y from the CME
estimate, then these unweighted points may be more useful for an analyst. For instance, we
might use them for the purpose of visualization (e.g., scatter plot and histogram). Moreover,
as will be described below, such unweighted points can be straightforwardly used for testing
hypotheses regarding distributional treatment effects.

We propose a method for sampling from the counterfactual distribution based on the
CME estimator and the kernel herding algorithm (Chen et al., 2010; Kanagawa et al., 2016;
Kajihara et al., 2018). The method is summarized in Algorithm 1, which generates sample
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Algorithm 1 Sampling from a counterfactual mean embedding estimate

1: Input: A CME estimate fiy o)1y = D1y Bil(yi,-) with (8;,y:)j=; C R x Y and kernel
£:Y xY — R; the number m € N of sample points to generate.

2: Compute y; := argmaxycy > »q Bil(yi, y)-

3: for t =2 tom do ]

4:  Compute y; := arg maxyey » iy Bil(yi,y) — n Zf;i 0yi,y)-

5: end for

6: Output: y1,...,Vm.

points y1, ..., ¥m from fiy g1y in (18). When the kernel £ is shift-invariant (e.g., Gaussian),
the procedure in Algorithm 1 to generate yi,...,y: for t = 1,...,m € N is equivalent to
the greedy minimization of the RKHS distance between the CME estimate fiy (o)1) and the

empirical kernel mean } St 0(Fi, )

t

. 1 -
Ay (opy = 5 > 0Fi.-)

=1

= s Y By -5 5| (30)

7z Ifllz<1|;37 j=1

See Chen et al. (2010) for details. In other words, the points ¥1,...,¥m, are those greedily
minimizing the worst case error to the weighted points (8;,y;)i; in the unit ball of the
RKHS .Z; thus, this algorithm is a greedy variant of Quasi Monte Carlo methods (Dick
et al., 2013). Notice that therefore these points are, of course, not independent to each
other. The convergence rate O(n~'/?) is guaranteed for %Zﬁzl ¢(-,y;) (Bach et al., 2012),
which may hold even when the optimization problem (30) is solved approximately (Lacoste-
Julien et al., 2015; Kanagawa et al., 2016).

Lastly, to obtain high dimensional samples, e.g., images, from the counterfactual distri-
bution, one can train deep generative models using MMD-GAN (Li et al., 2015; Dziugaite
et al., 2015; Sutherland et al., 2017; Li et al., 2017) based the CME estimate. We defer this
promising application to future work.

5.2 Counterfactual Inference as Two-sample Testing

One can also identify distributional treatment effects by formulating the problem as that
of hypothesis testing, or more specifically, two-sample testing. To describe this, we assume
that we are given data (x;,;,y;)Y,, which are i.i.d. with random variables (X,T,Y) with
Y =Y, 1I(T =0)+Y;"1(T = 1) being the observed outcome and Y, Y;* being the potential
outcomes. Let n := Zﬁ\;l(l —t;) and m = Zf\il t;. See Section 3.5 for the notation.

Distributional treatment effects. Here we are interested in testing whether Py~ and
Py are equal or not (see Section 3.1.1). The null hypothesis Ho and the alternative hy-
pothesis H; are thus defined as

H() . PYO* = Pyl*, H1 : PYO* 7& ]P)yl*,

As a test statistic, we propose to use an estimate I(T\E(YO*,Yl*,f ) of the kernel treat-
ment effect, KTE(Yy, V)", F) = |pyy — pyy %, introduced in Section 3.5.1. This esti-
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mate K/T\E(YD*, Y}, %), computed from the data (x;,;,y;)Y,, can either be the biased one,
I?T\Eb(YO*,Yl*, F), defined in (22), or the unbiased one, I(T\EM(YO*,Yl*, F), in (23).

To decide a critical region, we need the distribution of the test statistic under the
null hypothesis Hy. One way to approximate this distribution is to use a bootstrap pro-
cedure (Efron and Tibshirani, 1993), as follows. Let B € N be the number of boot-
strap samples. For each b = 1,..., B, we randomly permute the indices 1,..., N to, say,
m(1),...,m(IN) C {1,...,N}. Then we compute the test statistic 7, := @(YO*, Y, F)
based on the permuted data (xi,tﬂb(i),yi)f\il. We then approximate the null distribution
by the histogram of n1,...,np, and determine a critical tail region for rejecting the null
hypothesis (e.g., with significance level a = 0.05).

Distributional effects of the covariate distributions. Here, we are interested in
whether the two distributions Py |7 (- [0) and Py 7 (| 1) are equal or not (see Section 3.1.3).
If they are different, there is a distributional effect on the outcomes arising from the dif-
ference in covariate distributions. The identification of such an effect can be phrased as a
hypothesis test with the null and alternative hypotheses being

Ho : Pyz (- 10) = Py (- [1),  Hi: Pypr(-[0) # Pyyr(- 1), (31)

To describe the approach, we rearrange the data (x;, t;, yl-)i]\i1 sothatt; =0fori=1,...,n
andt; =1fori=n+1,...,n+m = N. Note that yq,...,y, are a sample from ]P)YO*\T(' |0),
while the distribution PYO*lT(' | 1) is counterfactual and we do not have a sample from it.
However, we can estimate the kernel mean of Py \r(-[1) by the CME estimator (18) using
the data (x;,y;)i-; and (X;)72; := (Xn;)jL; under the conditional exogeneity assumption,
and let fi(|1) be the resulting estimate. We then apply kernel herding to fi|1) for obtaining
sample points y1,...,¥,, approximating PY0*|T(' | 1), as described in Algorithm 1.

We can then apply any method for two-sample test, e.g., those in Gretton et al. (2012),
to the two samples y1,...,y, and y1,...,¥m to test the hypotheses (31). We note that
this is a rather heuristic approach, since yi,...,¥,, are not drawn from ]P’yo*|T(' | 1), but
generated deterministically so as to approximate IP’YO*‘T(- |1). We leave a further theoretical
study regarding the validity of this approach for future research.

Finally, one can develop a testing procedure for identifying distributional treatment
effects on the treated (see Section 3.1.2) in the same way as described here, and thus we
omit the explanation.

5.3 Discussion

Here we discuss how the above sampling and testing procedures may be used in practice.
Suppose that an analyst is interested in the distributional effects of the difference in covariate
distributions, i.e., the hypotheses in (31), and that the null hypothesis has been rejected as a
result of applying the above testing procedure. This suggests the existence of a difference in
the two distributions, Py.7(-[0) and Pyz (- | 1). This is usually not the end of the analysis,
but is the starting point of a further exploratory analysis. There are several ways to proceed,
to understand how the two outcome distributions differ.

One way is to use the samples y1,...,y, and ¥1, ...,y (the latter being a counterfac-
tual sample generated from Algorithm 1) approximating the distributions }P’yo*|T(‘ |0) and

26



COUNTERFACTUAL MEAN EMBEDDINGS

PY0*|T(' | 1), respectively. The analyst can use any available statistical method for finding
the source of the difference in the two distributions. For instance, she may compute sum-
mary statistics of both samples (e.g., mean, variance, etc.) and compare them. It is also
possible to just plot both samples, or to estimate the densities, to visualize the difference
(as we demonstrate in Section 7.1). Another useful method in this context is the approach
of Jitkrittum et al. (2016) and their follow-up works, which returns interpretable features
for explaining the difference in the two samples, such as the sample locations on which
(smoothed version) of the two density values differ substantially.

Another important point for discussion is the use of non-characteristic kernels. If the
kernel £ is not characteristic, such as polynomial kernels, rejecting the null hypothesis implies
that there exist a certain kind of difference in the two distributions. For instance, if the kernel
¢ is a polynomial kernel of order 2, then rejecting the null hypothesis implies that there exists
a difference in the mean or in the variance of the two outcome distributions. In this sense, if
one is interested in the existence of a specific difference in the outcome distributions (such
as the mean and variance), non-characteristic kernels may be more useful.

6. Application to Off-Policy Evaluation (OPE)

We describe here how our approach can be applied to the off-policy evaluation task (OPE),
e.g., Dudik et al. (2011), which aims at evaluating the performance of a given target policy
of deciding a certain action given a context. The performance is measured in terms of the
resulting rewards. For instance, consider a recommendation system, where an action is a
list of items to be recommended to a user, and a policy determines which action to take,
given the features of the user. There will be a positive reward if the user clicks or buys one
of the recommended items, and no reward otherwise. The goal of OPE is to estimate how a
given policy would work, without actually implementing the policy. Instead, the evaluation
is to be done relying only on logged (or historical) data obtained from a possibly unknown
initial policy, which is different from the target policy. This task is important when actually
implementing a new policy is expensive or difficult, with wide applications including ad
placement, recommendation systems, and health care.

We first describe the OPE problem more formally in Section 6.1. We then interpret it
with the potential outcome framework and formulate the OPE problem as an estimation
of a counterfactual distribution in Section 6.2. Finally, we present a concrete algorithm in
Section 6.3.

6.1 Problem Description

Formally, the OPE task may be defined as follows. Let I/ be a space of context features,
A be a space of actions and R be a space of rewards. For instance, in the case of rec-
ommendation systems, each u € U represents a user’s features, a € A a recommendation
(e.g., a list of items), and r € R the number of clicks on the recommendation. A policy
m(aju) is a conditional distribution on the action space A given context features u € Y. In a
recommendation system, 7(a|u) determines the probability of providing a recommendation
a to a user having features u.

Assume that tuples {(u;,a;,7)}; C U x A x R of context features u; € U, action
a; € A and reward r; € R are available as logged (or historical) data. We assume that they
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were independently generated from a joint distribution Py(u, a,r) := go(u)m(aju)Py(r|u, a)
in the data collection phase, where go(u) is a marginal distribution on U, my(alu) is an
initial (or logging/behavior) policy, and Py(r | u,a) is a conditional distribution of a reward
r € R given (u,a) € U x A. In a recommendation system, for instance, Po(r | u, a) describes
whether a user with features u who has been recommended a list of items a would choose
one of the items. As such, it is typically unknown a priori. Similarly, gop(u) and m(alu)
may be unknown in practice, if {(u;, a;,r;)}"; are given as historical data.

Let 7 (alu) be another conditional distribution of actions a € A given context features
u € U, which represents the target policy that one wants to evaluate. By design, the target
policy is known and sampling from it is possible. Let g.(u) be a probability distribution
on U, which represents the distribution of context features under the target environment
(e.g., the distribution of user features when a recommendation system is deployed). In the
standard OPE setting, it is typically assumed that gop(u) = ¢.(u), i.e., the historical and
target environments are the same; but in general these can be different, go(u) # g«(u). The
latter situation is not uncommon in practice and has been recently studied by Uehara et al.
(2020). Finally, let P.(r|u,a) be the conditional distribution of a reward r given context
features u and action a under the target environment. We assume that this remains the
same as in the data collection phase, i.e.,

P*(T ‘ u, a) = PO(T ’ uaa)'

This assumption may be understood as the policy invariance assumption commonly made
in the econometric policy evaluation literature, e.g., Heckman and Vytlacil (2007).?

The task of off-policy evaluation is then to estimate the expected reward under the target
environment:

R, = /MXA/erIP’*(Hu,a) dmy(u,a) :/MXA/erPO(Tu,a)dW*(u,a), (32)

where the identity follows from the assumption P.(r|u,a) = Py(r|u,a), and 7. (u,a) :=
7« (aju)gs(u) is the joint distribution on U x A given by 7, (aju) and g.(u). This estimation
is to be done using logged data {(u;,a;,7;)}" ; and the target policy m.(ula).

6.2 OPE as Counterfactual Inference

We explain below how our CME estimator (18) can be applied to the OPE task. To this
end, we consider the marginal distribution of a reward under the target environment:

P.(r) := /u | B adn () - /u  Balr [ a)dr. () (33)

Note that the expected reward (32) is the mean of this distribution. We first show that the
distribution P.(r) can be interpreted as a counterfactual distribution, by formulating the
OPE task using the potential outcome framework® in Section 3.

5. More precisely, this assumption may be identified with the policy invariance assumptions PI-1 and PI-2
in Section 2.2 of Heckman and Vytlacil (2007), where s and w there correspond to a and u in our setting,
respectively, and tuple (a, b, 7) there essentially corresponds to a policy in our setting.

6. Our formulation of the OPE task using the potential outcome framework is different from the existing
formulation, e.g., Kallus and Zhou (2018), where each action a € A is defined as a treatment, and for
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Random variables. Consider a hypothetical subject in population. This subject is asso-
ciated with covariates X := (U, A), where U € U is context features and A € A is an action
taken. As such, we define the covariate space as X := U x A, the product of the context
feature space U and action space A. In a recommendation system, for instance, U is the
user features and A is a recommended list of items. We define two treatments 0 and 1 as
exposing the subject to the environment during the data collection phase and that during
the evaluation phase, respectively; and the associated potential outcomes Y and Y|* as the
rewards under the respective treatments 0 and 1. Let T' € {0,1} be a treatment indicator.

In a recommendation system, for example, an environment may refer to the situation
where a user is about to choose an item, such as the calendar year when this takes place.
For instance, treatment 0 may refer to the environment in the year 2000, and treatment 1
the environment in year 2020. Consider a user with the features U and the recommended
items A, and suppose that A consists of items which were popular in 2000 but are outdated
in 2020. Then this user may have chosen an item from A if it were in 2000, but may not
choose any item in 2020, i.e., we may have Y # Y*.

For ease of understanding, consider a finite population of N subjects with

(y:()vyfl?xhti)i]il (34)
being i.i.d. realizations of the random variables (Y, Y;*, X,T). That is, the i-th subject
is associated with covariates x; := (u;,a;) consisting of context features u; and action

a;. The treatment assignment ¢; € {0,1} indicates which environment the i-th subject is
exposed to. Thus, the potential outcomes yj, and y}; are the rewards from the i-th subject
(associated with x; := (u;,a;)) that would have been observed if she was exposed to the
environment during the data collection phase (treatment 0) and that during the evaluation
phase (treatment 1), respectively.

Distributions of the potential outcomes. The distributions of the potential outcomes
Y, Y} are defined via their conditional distributions given X = (U, A), i.e., Py x(y|x) and
Py x(y|x) where y = r and x = (u,a). These are the conditional distributions of rewards
r € R given context features u € U and action a € A, under the environment during the
data collection phase (treatment 0) and that during the evaluation phase (treatment 1),
respectively:

Py ix(yx) = Po(rlu,a), Py x(y[x) =Pu(rlu,a) (y =7, x=(ua)).
Note that our assumption Py(r|u,a) = P,(r|u, a) implies that

Pyyx (y[x) = Py x (y]x), (35)

each action a there is a corresponding potential outcome Y, . In our formulation, on the other hand,
an action a taken for the subject is defined as a part of covariates x = (u,a), and binary treatments, 0
and 1, are considered, each of which is defined as exposing the subject to a certain environment. Our
formulation enables us to interpret the OPE task as counterfactual inference of changing the covariate
distribution, so that our CME estimator can be naturally applied. Thus, our motivation of introducing
this formulation is rather pragmatic, and we do not argue whether it is more reasonable than the existing
one. One benefit may exist, however: In our formulation, we explicitly model the assumption on the
conditional distributions of rewards being the same for the data collection and evaluation phases via the
potential outcome notation (35), while this assumption is implicitly made in the existing formulation.
This explicit statement of the assumption helps a researcher to understand when the OPE may be
justified.
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i.e., the conditional distributions of the potential outcomes (rewards) Y and Y;* are the
same, given the covariates X = x := (u,a).

For instance, consider a recommendation system with a finite population (34) with the
i-th user equipped with covariates x; = (u;, a;) consisting of features u; and recommended
items a;. The identity (35) then implies that, for the i-th user, the distributions of the
potential outcomes (rewards) y}; and y}; are the same. This means that this user should have
the same stochastic behavior in choosing (or not choosing) an item from the recommended
ones during the data collection (treatment 0) and evaluation (treatment 1) phases. In other
words, the environmental factors that affect the user behavior should be the same for the
data collection and evaluation phases. This excludes, for instance, the above example where
the data collection phase is in year 2000 and the evaluation phase is in 2020, in which case
user preferences are different.

Distributions of covariates. As in Section 3.3.2, we interpret here a policy as specifying
a distribution on the covariate space X = U x R. More specifically, consider the conditioning
T =0 or T =1, which imply that the hypothetical subject is exposed to the environment
of the data collection phase (7" = 0) or to that of the evaluation phase (" = 1). Then the
corresponding distributions of the covariates Xo = X |(T = 0) and X; = X|T =1 are given
by the logging policy mp(u|a) and the target policy m.(u|a), respectively:

Px,(x) = mp(alu)go(u), Px,(x) =m(alu)g.(u) (x=(u,a) el x A). (36)

To describe this, consider the finite population (34), and assume that for the i-th user
the treatment indicator is ¢; = 0, which implies that her data are given in the data collection
phase. In this case, her covariates x; = (u;,a;) are generated according to the joint distri-
bution 7p(aju)go(u) involving the logging policy mp(aju). On the other hand, if ¢; = 1, her
covariates x; = (u;, a;) are generated from the joint distribution 7, (aju)g.(u) given by the
target policy m.(aju). Note that in the OPE setting, if ¢; = 1 we have access to neither y?,
nor y7;; note also that in this case this “user” may be imaginary, with covariates x; = (u;, a;)
generated artificially.

Distributions of observed outcomes. The observed outcome (reward) from the hypo-
thetical subject is defined as ¥ = 1(T' = 0)Yy + L(T' = 1)Y{". Let Yy = Y|(T = 0) =
Y (T =0)and Y7 =Y |(T'=1) = Y*|(T = 1) be the observed outcome Y conditioned on
T =0 or T =1, respectively. Then Y conditioned on Xy = X|(T = 0) and Y7 conditioned
on X; = X|(T = 1) can be written in terms of the potential outcomes Y and Y}* as

YO‘XO:YE]*‘Xa (T:O)7 Y1’X1:Y1*’X,(T:1)

Note that the potential outcomes Y and Y;* are independent to the treatment indicator
T given the covariates X under the conditional exogeneity in Assumption 1. Therefore,
Yi|X, (T =0) =Y|X and Y| X, (T = 1) = Y| X.

Thus, we can identify the conditional distributions Py; x, and Py, x, as Po(r|u,a) and
P, (r|u, a), respectively:

Pyoxo (V%) = Py x (v[%) = Po(rlu,a),  Pyjx, (y[%) = Pyrx (y[x) = Pu(rlu,a),  (37)

where y = r and x = (u,a). Therefore, the assumption Py(r|u,a) = P.(r|u,a) (or (35))
implies that
]P)Y0|X0 (y|x) = ]P)Yl‘Xl (y|X)
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Reward distribution as a counterfactual distribution. Finally, the reward distribu-
tion (33) under the target environment can be written as a counterfactual distribution using
the identities (36) and (37) (assuming the conditional exogeneity) as

P.(r) = / Py, xo (y1%) AP, (x) = Py o) ().

with y = r and x = (u,a). Thus, we can use the CME estimator (18) to estimate the kernel
mean of this reward distribution, which is described below.

6.3 Off-Policy Evaluation by the CME Estimator

Let ¢ be a kernel on the outcome (reward) space Y = R with .# its RKHS. Then the mean
embedding of the reward distribution under the target environment is defined as

o, = /a-,r) dP.(r) € Z. (38)

Note that this becomes the expected reward (32) if we define ¢ as a linear kernel: £(r,r’) :=
rr’, which we use in our experiments in Section 7.2. In principle, however, the use of other
nonlinear kernels (in particular characteristic kernels) makes the mean embedding more
informative, and this may be beneficial in assessing the effectiveness of the target policy.

Kernel on covariates. To use the CME estimator, we also need to define a kernel k on
the covariate space X = U x A. To this end, we first define kernels k;; and k4 on the context
feature space U and the action space A, respectively. Then we can define k as the product
kernel of ki and k4: k((u,a), (u',a’)) := ky(u,u')ka(a,a’) for (u,a), (u',a’) e U x A.

Joint sample. Recall that logged data {(u;, a;,7;)}" ; are i.i.d. with the joint distribution
Po(u,a,7) = Po(r|u, a)mo(alu)go(u), which is identified as Px,y, (x,y) = Py;|x, (¥1%)Px, (%)
for x = (u,a) and y = r because of (36) and (37). Thus, by defining x; := (u;,a;) and
yi :=rj, we have an i.i.d. sample (x;,y;)/~; from the joint distribution Px,y,(x,y).

Covariate sample. We also need to express Py, in terms of a sample in the form (x;);"zl .
As in (36), the covariate distribution Px, is the joint distribution given by the target policy
m«(alu) and the marginal distribution ¢.(u) of context features. Thus, if we can sample
from both 7. (aju) and ¢.(u) (the former is typically possible because it is defined by the

designer of the target policy, while the latter depends on the problem), then (X;)Tzl may
be given by
X; = (uj,a}), where uj~g.(u), aj~m(auj), j=1,...,m. (39)

In the particular case where g,(u) = go(u), we can use the sample (u;)?_; in the logged data
{(u;,a;,r;)}~,, which are from gg(u), as a sample from ¢, (u): uji=ujforj=1,...,m:=
n. Note that even if g.(u) # go(u), we can use the CME estimator as long as we have
a sample of context features (u;)gnzl from the target environment, i.e., the covariate shift

setting of Uehara et al. (2020).

Algorithm. The resulting algorithm is described in Algorithm 2, which only requires
matrix operations and thus is simple to implement. We note that the expected reward (32)
under the target environment can be estimated as fip, ;) = Y oiy Biry; this is obtained by
setting ¢ as a linear kernel on R.
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Algorithm 2 Off-Policy Evaluation using the CME estimator (18)
1: Requirement: A kernel k;; on the context space U, a kernel k4 on the action space A,
a kernel ¢ on the reward space R, and a regularization constant ¢ > 0.
2: Input: Logged data (u;,a;, ;) , a target policy m.(ula) and a sample of context
features (u})7L;. (If ¢«(u) = go(u), set uj :=u;,j=1,...,m:=n.)

3: for j=1ton do

4 aj ~m(aluj)

5: end for

6: Compute K € R™" with K;; := ky(u;,uj)ka(ai,a;), i,j=1,...,n.

7. Compute K € R™ ™ with K;j := ku(ui,u;f)k:A(ai,a;), i=1,...,n,5j=1,...,m.
8:

J
Compute B := (B1,...,8,) " = (K+neI)*1Iz1m € R™ where 1,,, := %(17 1D eR™,

9: Output: An estimate fip, = > Bil(-,r;) of the mean embedding (38) or an estimate
R, = >oiy Biri of the expected reward (32).

Extensions. Note that the above method of approximating the covariate distribution Py,
via the sampling procedure in (39) does not fully exploit the information of the target policy
m«(alu), since for each uj we only sample one action aj ~ m.(alu}). In Appendix A, we
discuss extensions of Algorithm 2 to make use of more information from the target policy.

7. Experiments

This section provides empirical results that demonstrate the advantages of the proposed
framework. The codes to reproduce the experiments are available at https://github.com/
sorawitj/counterfactual-mean-embedding.

7.1 Simulations: Distributional Treatment Effects

We first conduct simulation experiments on distributional treatment effects in Section 7.1.1
and on distributional effects of covariate distributions in Section 7.1.2.

7.1.1 DISTRIBUTIONAL TREATMENT ErreECTS (DTE)

We first deal with the identification of DTE (Sections 3.1.1), defined as the difference between
the distributions Py+ and Py+ of two potential outcomes Y, Y7 € R. As discussed in Section
5.2, this identification problem can be formulated as hypothesis testing of the null hypothesis
Hy : IP’yl* = IF’YO* against the alternative Hi : IF’yl* # IPYO*. For this purpose, we assume that
i.i.d. observations {(x;,t;,y:)}X, of random variables (X, T,Y) are available, where X € R®
is covariates, T' € {0,1} is a treatment indicator, and Y = 1(T' = 0)Yy + 1(T' = 1)Y* € R
is the observed outcome.

The purpose here is to demonstrate the validity of our approach to identifying DTE,
described in Sections 3.5.1 and Section 5.2. To this end, we compare it with a baseline
approach that uses an estimate of ATE (9) as a test statistic. For simplicity, we call here
our approach “DTE” and the baseline “ATE”. We consider the following three scenarios:
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Scenario I Scenario 1T Scenario 111

Figure 2: Histograms of observed outcomes (y;)¥ ; from the data {(x;,#;,y:)}Y, generated
under the three scenarios in Section 7.1.1, with N = 500. For each scenario,
the green histogram consists of outcomes y; with ¢; = 0, which are i.i.d. with
Yy = Y|(T = 0)), and the blue histogram consists of y; with ¢; = 1, which are
iid. with Y7 = Y|(T = 1). Note that Yo = Y;|(T'=0) and Y7 = Y*[(T' = 1), so
the distributions of Y and Y; (described here) are slightly different from those of
the potential outcomes Y and Y7".

Scenario I. There exists no treatment effect so that the distributions of the potential
outcomes Y, Y7" are the same: Py» = Py+. Hence, we expect that both ATE and DTE do
not detect any treatment effect.

Scenario II. There exists a treatment effect that only makes the means of IP’YO* and IP’yl*
different: i.e., the mean-shift scenario. Hence, we expect that both ATE and DTE can
detect the treatment effect.

Scenario III. There exists a treatment effect that does not change the means of Py,» and
Pyy, but changes their higher order moments. Hence, we expect that ATE fails to detect
any treatment effect, whereas DTE with non-linear kernels can detect the difference.

To realize these scenarios, we define the random variables X, T', Y and Y}* as

1
X ~ N(0, 041 T~B 1l
N(0,041I5), ernou 1<1+exp(—aTX—ag))

Yo =B"X +e, Yy =8"X+b+tel,

where gg,e1 ~ N(0,02) are independent noises. Throughout the experiment, we set 3 =
[0.1,0.2,0.3,0.4,0.5]T, @ = [0.05,0.04,0.03,0.02,0.01]", ap = 0.05, and 02 = 02 = 0.1.
We set b = 0 for the Scenario I and b = 2 for the Scenario II. For Scenario III, we set
b=2z—1, where z € {0,1} is an independent Bernoulli random variable z ~ Bernoulli(0.5)
generated for every observation. By construction, the conditional exogeneity Yy, Y L
T|X in Assumption 1 is satisfied. For each scenario, we generate data {(x;,t;,y:)}, as
iid. observations of X, T"and Y = 1(T' = 0)Y; + 1(T = 1)Y}*, with NV € {50,100}. Figure
2 describes the empirical distributions of observed outcomes for the three scenarios, where
Yo=Y|(T=0)and Vs = Y|(T = 1).

For DTE and ATE, we perform the following tests using data {(x;,t;,yi, )}, aug-
mented with propensity scores e; := e(x;) := E[T'|X = x;]. For DTE, we use the
unbiased KTE estimate in (23) as a test statistic, with the Gaussian kernel {(y,y’) =
exp(—||x — y||3/20?%) whose bandwidth parameter o is chosen using the median heuristic
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N =50 N =100
ATE DTE ATE DTE
Scenario I: No Treatment Effect 0.013 0.012 0.013 0.012
Scenario II: Mean Shift Effect 1.000  1.000 1.000  1.000
Scenario III: High-order Treatment Effect 0.012 0.224 0.012 0.639

Table 1: The frequencies of rejecting the null hypothesis Hy : Py+ = Py when the null
hypothesis is true (i.e., the probability of the Type-I error in Scenario I) and when
the alternative hypothesis Hy : Py =+ Pys is true (i.e., the power of the test in
Scenario II & IIT), computed from 1000 repetitions. The significance level «v is 0.01.

(Garreau et al., 2017). For ATE, we also use (23) as a test statistic, but with the linear
kernel £(y,y’) = y 'y’, resulting in a test that distinguishes only the means of two distribu-
tions. We use the bootstrap procedure described in Section 5.2 to construct the distribution
of the test statistic under the null Hy : Pys = Py, with B = 10,000 bootstrap samples.
The significance level « is set to 0.01 in all experiments.

Table 1 reports the frequencies of rejecting the null hypothesis Hy : Pys = Py over 1000
repetitions, for each of the three scenarios. When the null hypothesis Hy is true (Scenario
I), these are the frequencies of Type-I errors, which are well calibrated approximately at
the designed level o = 0.01 for both ATE and DTE. When the alternative hypothesis
Hy : Pys # Pyy is true (Scenarios II and III), these represent test powers (i.e., one minus
the probability of Type II error). In Scenario II, both ATE and DTE successfully reject
the null hypothesis, capable of detecting the mean shift effect in the potential outcome
distributions. In Scenario III, where the treatment effects do not appear in the mean but
in the higher order moments, DTE has significantly higher power than ATE, demonstrating
that DTE can identify higher order distributional effects.

7.1.2 DISTRIBUTIONAL EFFECTS OF COVARIATE DISTRIBUTIONS

We next consider the identification of distributional effects of covariate distributions (see
Sections 3.1.3, 3.3 and 3.5.3). As before, let Y, Y* € R be potential outcomes, T' € {0, 1} be
a treatment indicator, Y = 1(T = 0)Y;+1(T = 1)Y;* be the observed outcome, and X € R®
be covariates. Let Xog = X|(T' =0), X1 = X|(T =1) and Yo = Y|(T = 0) = Y;|(T = 0).

Here we are interested in the distributional effects defined as
Py 7(-10) = Py (- [ 1) = Py(oj0) — Py
— [ Pripra (5P 00 = [ Py ()P, (0
where the first identity holds under the conditional exogeneity. As discussed in Section
5.2, the identification of this distributional effect can be cast as testing the null hypothesis
Hy: PY0*|T(‘ |0) = PYO*|T(' | 1) against the alternative Hj : PY0*|T(' |0) # PYO*\T(‘ |1).

For this experiment, we define the joint distribution of 7', X and Y} by first specifying the
distribution of 7', and then specifying the conditional distributions of X, Y and Y;* given
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T (note that Y7 is not relevant in this experiment). To this end, we define the distribution
Pr of T as Pr(0) = Pr(1) = 1/2. Then, we define the conditional distributions of X and
Y given T as

Yy [(T=0)=8"Xo+e0, Xo=X|(T=0)~N(0,0,I5),

3
Yo l(T=1)=B"X1+e1, Xi=X|(T=1)~> N o.l;),
j=1

where £9,e1 ~ N(0,02) are independent, 8 = [0.1,0.2,0.3,0.4,0.5]", 0. = 0, = 0.1, and
v =7 =93 = 1/3. We set vy = [-5,2.5,0,0,2.5], vo = [2.5,2.5,0,0,—5], and v3 =
[2.5,—5,0,0,2.5], so that X and X; have the same zero mean. By construction, Yy |7 = 0
and Y| T = 1 have the same mean, which is zero, while their higher-order moments differ.
In other words, the distributional effects of the covariate distributions appear only in the
higher-order moments. We generate data (x;,y;);—; as i.i.d. observations of (X, Yj) (recall
that Yo = Yi'[(T = 0)) and (x})2; asii.d. observations of X1, where n = m (which amounts
to Pp(0) = Pp(1) =1/2).

We estimate the embedding piy,r—1 = Je,y) dPy,r(y|1) of the counterfactual distri-
bution Py, (-[1) = Py 1y with the CME estimator (18) based on (x;,y;){; and (x})7;.
We set the kernel ¢ on the outcome space as the Gaussian kernel {(y,y’) = exp(—|y —
y'lI3/20%) whose bandwidth parameter oy is chosen by the median heuristic using (y;)™ ;.
We also set the kernel & on the covariate space as the Gaussian kernel k(x,x") = exp(—||x —
x'||3/20%), whose parameter ox as well as the regularization constant ¢ in the CME estima-
tor are chosen by 5-fold cross validation from ox € {0.01,0.1,1,10} and € € {0.01,0.1, 1, 10}.
This cross validation is done by regarding the joint sample (x;,y;)!_, as training data for
regression from x; to y;, and by performing kernel ridge regression with kernel k£ and regu-
larization parameter €, motivated by the interpretation of conditional mean embedding as
kernel ridge regression (Griinewélder et al., 2012).

We apply Algorithm 1 to the resulting CME estimate fiy o1y = >_;—; Bil(-, ¥:) to gener-
ate counterfactual samples (y})?zl. We now have (y;);; as an i.i.d. sample from }P’YO*|T(- |0)
and (y’)_; as an approximate sample of the counterfactual distribution Py (- [1). As dis-
cussed in Section 5.2, we can test the null hypothesis Hy : IP’YO*|T(- |0) = PYO*|T(' | 1) against
the alternative Hy : Pyxp(-0) # Py 7(-|1) by performing a two sample test using the sam-
ples (y;)i*, and (y;);-‘zl. For this purpose, we perform the kernel two-sample test with the
unbiased MMD statistic (Gretton et al., 2012, Eq. 3), with permutation-based bootstrapping
using B = 10,000 bootstrap samples and with significance level « = 0.01. For comparison,
we also perform the same kernel two-sample test, but with linear kernel ((y,y’) = y'y/,
resulting in a test that only uses the means of (y;);L; and (y})_;.

Figure 3 describes the experimental results. Figure 3(a) illustrates the observed out-
comes (y;)i; of Y|(T = 0) (red), a counterfactual sample of Y|(T' = 1) (blue) and the
approximate counterfactual sample (y;)?zl generated with Algorithm 1 applied to our CME
estimate (green). Note that the sample of Y '|(T" = 1) is shown here for an illustration pur-
pose; in practice we never have access to such a sample, but we can generate it here as
we know the ground-truth model. For illustration, we also show the corresponding density
curves obtained from the respective samples using kernel density estimation. The approxi-
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Figure 3: Results of the experiments in Section 7.1.2. (a) Histograms of observed outcomes
(i), of Y§|(T = 0) (red), a counterfactual sample of Y;|(T" = 1) (blue) and the
approximate counterfactual sample (y})?zl generated with Algorithm 1 applied to
our CME estimate (green), obtained from data with size n = 500. For illustration,
we also show density curves obtained from the corresponding samples of the same
colors, estimated with kernel density estimation. (b) Powers of the two sample
tests based on the generated counterfactual sample (y})?zl and observed outcomes
(¥i)i—;, using the unbiased MMD statistic with the Gaussian or the linear kernel
with significance level & = 0.01. The powers are obtained from 1,000 repetitions,
for each of different sample sizes.

mate counterfactual sample (y;-);?zl resembles that from the ground-truth model, supporting
the validity of our CME estimator (18) and the sampling method (Algorithm 1).

Figure 3(b) describes the test powers (i.e., the frequencies of rejecting the null hypothesis
Ho : Py (-] 0) = Pyg7(-| 1)) over 1,000 repetitions of the above testing procedure for each
case of using the Gaussian or the linear kernel for computing the test statistic, for different
sample sizes. The test with the linear kernel has very low power. This implies that the mean
of the generated counterfactual sample (y;-);-lzl is close to the mean of the observed sample
(vi)i; from Yy|(T" = 0) since the kernel two-sample test with the linear kernel only uses the
information of the sample means. On the other hand, the power of the test with the Gaussian
kernel increases as the size n of observed data increases, suggesting that the higher-order
moments of the generated counterfactual sample (y})?zl differ substantially from those of the
observed sample (y;)i“;. These observations suggest that the approximate counterfactual
sample (y})?zl has properties consistent with the ground-truth counterfactual distribution
Y, |T = 1. Thus our CME estimator (18) and Algorithm 1 are capable of producing an
approximate counterfactual sample based on which a test for distributional effects can be
constructed.

7.2 Off-Policy Evaluation

We conduct experiments on the off-policy evaluation (OPE) task for a recommendation
system, described in Section 6. Let n: U x A — R be the regression function that takes a
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pair (u,a) of user features u € U and recommendation a € A as an input and outputs the
conditional expectation of the reward r:

n(u,a) := E[r|u,a] ::/erIP’*(r\u,a):/erIP’o(ru,a),

where P, (r|u,a) = Py(r | u,a) is the conditional distribution of the reward r given the pair
(u,a), which is assumed to be invariant under the target and logging environments.

For a given target policy m,(a|u), the OPE task is to estimate the expected reward under
the target environment defined by

R, ::/ /rd]P*(r]u,a) dmy(u, a) :/ n(u,a)dm.(u,a),
UxAJR UxA

where 7, (u,a) = m(a|u)g(u) = m(alu)go(u) is the joint distribution of context features
u € U and action a € A. Here we consider the standard setting where the marginal
distributions of the user features u are the same under the target and logging environments:
¢«(u) = go(u). The above estimation is to be done based on the logged data Dini :=
{(u;,a;,r;)}I"; obtained from the joint distribution Py(u,a,r) = Py(r | u,a)mp(a, u) during
the data collection phase, where my(u,a) = mp(ula)go(u).

We compare our approach in Algorithm 2, which we call CME below, to the following
benchmark estimators using both simulated and real-world data.

Direct method with a parametric regressor (DM). The direct method (Dudik et al.,
2011) first learns the regression function 1 based on the logged data Dj,;y with a regression
model of one’s choice. Let 7 : & x A — R be the learned regressor. Then the expected
reward R, is estimated as

~ 1 — R
Rpm = n Z Ear\am(a|u¢) [n(uiﬂ a)]

i=1

The direct method obtains the approximation 7 based on the logged data Diny =
{(u;, a;, )}, in which input pairs (u;,a;) are generated from the covariate distribution
mo(u,a) = mo(ula)go(u) that is different from the target covariate distribution m,(u,a) =
m«(ula)go(u). Recall that we interpret the paired variables (u,a) as “covariates” in our
discussion. This situation is known as covariate shift in the literature. It is well known
that under the covariate shift, a parametric regression model may produce a significant
bias (Shimodaira, 2000). That is, the approximation quality of the learned model 7 ob-
tained with the logged data Dj,;x may be good with respect to the covariate distribution
mo(u,a) under the data collection environment, but can be poor with respect to the tar-
get covariate distribution 7. (u,a), e.g., ||n — ﬁ||%2(7r*):: [(n(u,a) —7H(u,a))? dr.(u,a) may
be large. This in turn may induce a large bias in the estimation of the expected reward
R. = [n(u,a)dr.(u,a). To demonstrate this, we use a 3-layer feedforward neural network,
which is an (overparametrized) parametric model, as a regressor for the direct method.

Weighted inverse propensity score (WIPS). The wIPS estimator obtains an unbiased
estimate of the target reward by re-weighting each observation in the logged dataset by the
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ratio of the propensity scores under the target and initial policies (Horvitz and Thompson,
1952; Precup et al., 2000). The wIPS estimator is defined by

where w; := . (a;, w;)/mo(a;, u;) = me(a;|u;)/mo(a;|u;) are the propensity weights.

Doubly robust (DR). The DR estimator combines the two aforementioned estimators by
exploiting both the regression model 77(u,a) and the propensity scores (Cassel et al., 1976;
Dudik et al., 2011). The estimator is given by

n

~ 1 « A
Rpr = n Z (anm(alm)[n(uia a)] + wi(ri — 7(u, ai))) )
=1

It has been proved to be unbiased if at least one of the estimators, 7 and /7 is correctly
specified; see, e.g., Cassel et al. (1976); Dudik et al. (2011).

Slate estimator. The Slate estimator, proposed for recommendation systems, makes
use of the structure within a recommendation (= action) by assuming a certain linearity
assumption on the regression function with respect to the recommendation (Swaminathan
et al., 2017). More precisely, Swaminathan et al. (2017) consider a recommendation system
in which an action a € A is an ordered list (called slate) of K € N items chosen from
M € N possible items. Let 1, € RXM be the indicator vector whose (k,m)-th element
is 1 if a contains the item m € {1,..., M} in the slot k¥ € {1,..., K}, and 0 otherwise.
Swaminathan et al. (2017, Assumption 1) then model the regression function n(u,a) as a
linear function of this indicator vector: n(u,a) = w, 1,, where wy is an unknown feature
vector of the context u (Note that w, can be a nonlinear function of u € U/). Under this
assumption, the authors derive the slate estimator as

~ 1 <& -
Rgate = E Zl i qUiFLilaia
1=

where FLZ. is the Moore-Penrose pseudoinverse of the matrix I'y, := anw*(a\ui)[lalz} €
REMXKM " and qq, = Eqor.(a|u)[la) € RAEM - Thanks to the linearity assumption, the
slate estimator may enjoy a lower variance than the wIPS estimator, while the assumption

may also lead to a non-vanishing bias if it does not hold.

For the CME, we use a kernel defined as k((u,a), (u’,a’)) := ky(u,u’)k4(a,a’) where
ky(u,u') :=exp (—|lu—u'||3/202) and ka(a,a’) := exp (—|la— a'[|3/202). For this exper-
iment, the linear kernel £(r,7’) := 7’ is used as a reward kernel since we only compare
the estimation of the expected reward. The regularization parameter ¢ is selected by the
cross validation procedure in Appendix B, while we determined o, and o, by the median
heuristic, i.e., 02 = median{||w; — u;||3}1<i<j<n and o2 = median{||a; — a;||3}1<i<j<n-

Before proceeding, we point out here a connection between our approach and the direct
method. Assume that we use kernel ridge regression to obtain the approximation 7 of
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the regression function 7 using the logged data: 7j(u,a) = r' (K + nel)~'k(u, a), where
r:=(r,...,m)" € R" and k(u,a) := (k((u;,a;), (u, a)))7_; € R™ Then, the estimate of
the direct method can be related to the CME estimate as

N I, .
Rpm = *Zan* (a|uy[0(wi, a)] ~ Zn(ui,a@')
i:1
IR
= - (K +nel) k(w,al) =r (K +ne) =S k(u;, aF 40
Z +nel)” k(u;,a7) =1 (K + nel) n; (ui;a7), (40

where the approximation in the first line is a Monte Carlo approximation based on a single
draw a’ from the target policy 7 (a|u;) for each i. As we can see from (40), the estimate
has the same form as the CME estimate given in Algorithm 2 when the output kernel £ is
a linear kernel, i.e., when we are only interested in the expected reward.

In this sense, the CME estimate can be interpreted as the direct method with kernel
ridge regressor. Note that the kernel ridge regression is a nonparametric method (as long
as the RKHS of the kernel on covariates is infinite dimensional such as the RKHS of the
Gaussian kernel), and thus less prone to the effects of covariate shift. In fact, our convergence
results in Section 4 show that the CME is consistent and thus asymptotically unbiased. This
explains why our method, even if it can be related to the direct method, works well in the
off-policy evaluation task compared to the direct method using a parametric model (as we
will show shortly).

7.2.1 SIMULATED DATA

We consider the following setting for our simulation experiment. When a user visits a
website, the system provides a recommendation as an ordered list of K € N items out of M €
N available items to that user. Each item m € {1,..., M} is represented by a feature vector
Vi € R? generated randomly as v, ~ N (0,14), where d € N. Hence, a recommendation
is an ordered list @ = (Viny, Ving, s Vg ) € R where my,ma,...,mxg C {1,...,M}.
Likewise, each user j € {1,..., N} has a feature vector u; € R? generated as u; ~ N(0,1),
where N € N is the number of users. The reward from a user is 1 if the user clicks
any of the recommended items and 0 otherwise. Specifically, for each (a;,u;) pair, let
0;; = P(click | a;,u;) = 1/(1 + exp(—a; u; + €;;)) be the probability of a click, where a; is
the mean vector of the item vectors listed in a;, and €;; ~ N(0,1) is an independent noise.
The reward from user j receiving recommendation a; is defined as 7;; ~ Bernoulli(6;;).

In this experiment, we consider the following policy setup. For each user j, a policy
m(aju) generates a list a = (Vin,, Ving, -+, Vi ) Of K recommended items by sampling with-
out replacement with respect to a multinomial distribution over all items. The probability of
item [ € {1,..., M} being selected for user j is exp(b;-rvl)/zyzl exp(b;-rvk), where {bj}évzl
are parameter vectors of the policy m(aju). Note that we obtain an optimal policy if b; = u;
for all j € {1,..., N}. To construct initial policy mo(aju) and target policy m.(a|u), we first
randomly generate user feature vectors uy,...,uy. Then, for the target policy m,, we set
b} = p;»ruj for j = 1,..., N where p; := (pjk)ﬁzl with p;, ~ Bernoulli(0.5). That is,
the parameter vector b’ is equal to the user feature vector with about half of its entries
randomly set to zero. For the initial policy m, we set b; = ab} where a € [—1,1]. The

39



MUANDET, KANAGAWA, SAENGKYONGAM, AND MARUKATAT

N=50,M=20,K=4,n=5000,d=10 m N=50,M=20,K=4,n=5000,a= -0.3 N=50,K=4,n=5000,d=10,a= —0.3
=107t =
u 8 £ . /"“ﬂ u X CME A WIPS +
% *'*i:' — ‘S’IO P %10_1 v Direct (] S]ate e
61072 X } I X S ® DR
2 & ., e
£ T\E.. w w
< 2! ¢ L& N L1072 o oy, __,,,;:--‘“‘
S 1073 k> L] 5} S 1072 5
o ' o o
] A ]
c c -3 c
o 10-4 < 10 o ?__*__%/}
= 2 =103

-0.9-0.7-0.5-0.3-0.1 0.1 0.3 0.5 0.7 0.9 5 10 15 20 25 30 20.0 40.0 60.0 80.0

Multiplier a Context dimension (d) Number of items (M)
(a) Policy shift (b) Context dimension (c) Item size

M=20,K=4,n=5000,d=10,a= —0.3 N=50,M=20,n=5000,d=10,a= —0.3 N=50,M=20,K=4,d=10,a= —0.3
g g =8 Fw g x cue
= 2 e Sl £ T v Direct
S S §10’1 ® DR
w1072 i b C.ON. A wes
o o o N TN \- Slate
© © [ B
= = 310
(%] (%] ()
s c c .
© © © \
2103 2 g 10-3 ,

50.0 100.0 150.0 200.0 250.0 300.0 20 30 40 50 60 7.0 100.0 1000.0 10000.0
Users (N) Recommended Items (K) Number of observations (n)
(d) Users (e) Recommended items (f) Sample size

Figure 4: Mean square error (MSE) of the expected reward estimated by different estimators
as we vary the value of (a) the multiplier «, (b) the context dimension d, (c) the
number of available items M, (d) the number of users N, (e) the number of
recommended items K, and (f) the number of observations n. Each error bar
represents a 95% confidence interval.

parameter o controls how similar the policies are. If & = 1, we obtain 7wy = 7., whereas m
and 7, differ the most when o = —1.
We generate two datasets Dinie = { (s, a;,7)};; and Diarget = {(u},a},77)}"; using

171
mo(alu) and 7, (alu), respectively, where u; = u} for ¢ = 1,...,n. Note that the target
rewards 77,75,...,7), are only used for evaluation. Our task is to estimate the expected

reward of the target policy from the remaining information. We perform 5-fold CV over
parameter grids, i.e., the number of hidden units n € {50,100, 150,200} for the Direct
and DR estimators, and the regularization parameter ¢ € {1078 ... 10°} for our CME. We
repeat the experiments 30 times independently to obtain the mean square errors (MSE) and
their 95% confidence intervals in the estimation of the expected reward for each estimator.

We investigate the behavior of different estimators as we vary different experimental
conditions including the degree of difference between initial and target policies («), the
context dimensionality (d), the number of items (M), the number of users (N), the number
of recommended items (K), and the number of observations (n). Figure 4 depicts the
experimental results (note that vertical axis is in log scale). In brief, we find that a) the
performance of all estimators degrade as the difference between 7y and 7, increases (i.e., as
a tends to —1), but the CME is least susceptible to this difference, b) the Slate estimator
does not perform well in this setting because its linearity assumption does not hold, c) all
estimators deteriorate as the context dimension increases, but the effect appears to be more
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Figure 5: The performance of different estimators on the MSLR-WEB30K dataset.

pronounced for the Direct, DR, and CME estimators than for the wIPS and Slate estimators as
they do not rely directly on the covariates, d) the opposite effect is observed if we increase
the number of available items M, as illustrated in Figure 4(c), and e) the CME estimator
achieves better performance than other estimators in most experiments.

7.2.2 REAL DATA

For our real data experiment, we use the data from the Microsoft Learning to Rank Challenge
dataset (MSLR-WEB30K) (Qin and Liu, 2013) and treat them as an off-policy evaluation
problem. We follow the same experiment setting as described in Swaminathan et al. (2017,
Section 4.1). The data contains a set of queries and the corresponding URLs. Each pair of
query ¢ and URL wu is represented by a feature vector f,, and accompanied by a relevance
judgment p(q,u) € {0,...,4}. We consider the expected reciprocal rank (ERR) (Chapelle
et al., 2009) as our reward function, which is defined as ERR(q,u) := Y, z Hf;ll(l -

R(q,u;))R(q,ur), where R(q,u) = % with maxrel := 4. In order to obtain distinct
initial and target policies mp(alu) and m.(alu), the feature vector fg, is split into URL
features f;‘;l and body features f; Zdy , which are used to train two regression models to
predict the relevance score p(q,u): a Lasso regression model is trained to predict p(q,u)

from f;ful (denoted by lassoy), and a regression tree model is trained to predict p(q,u) from

; Zdy (denoted by treepody). These two regression models are then used in the initial and
target policies as will be described below.

In order to generate logged data Dj,y, we first sample a query ¢ uniformly from the
dataset, and select top M candidate URLs based on the relevance scores predicted by the
treepoqy model. We then generate K recommended URLs out of these top M candidates
using an initial policy mp and compute its corresponding reward. The initial policy is a
stochastic policy which recommends K URLs by sampling without replacement according
to a multinomial distribution parameterized by pe(u|q) oc 2~ 08z rank(w.a)] where rank(u, q)
is the ERR of the relevance score p(g,u) predicted by the treepoqy model and a > 0 is

41



MUANDET, KANAGAWA, SAENGKYONGAM, AND MARUKATAT

an exploration rate parameter. For target data Diarget, We consider both stochastic and
deterministic target policies. The stochastic target policy m.(aju) is similar to the initial
policy described earlier except that it employs lasso,,; model for the predicted relevance
scores, but this makes the two policies distinct; their top-10 rankings are only overlapping
by 2.5 URLs, on average. On the other hand, the deterministic target policy directly selects
top-K URLs ranked by the predicted relevance scores obtained from the lassoy model. In
this experiment, we set the exploration rate parameter o = 1 for the stochastic initial policy,
and set o = 2 for the stochastic target policy.

We compare our estimator (CME) with the benchmark estimators Direct, wIPS, DR and
Slate. In addition, we include the OnPolicy method as a baseline, which estimates rewards
directly from the target policies (and thus, this baseline should always perform the best). To
accelerate the computation of the CME, we make use of the Nystrom approximation method
(Williams and Seeger, 2001). We repeat the experiments 10 times independently to obtain
the mean square errors (MSEs) and their 95% confidence intervals in the estimation of the
expected reward for each estimator.

Figure 5 depicts the results. In short, our CME dominates other estimators in most of
experimental conditions (note that the vertical axis is in log scale, so the margins are sig-
nificantly large). The wIPS clearly suffers from high variance, especially in the deterministic
target policy. The reason is that, in the deterministic setting, the propensity score ad-
justment requires that the treatments picked by logged and target policies match exactly.
Otherwise, the propensity ratio 7, (a|u)/mg(aju) will be zero. The exact match is likely not
to happen in practice and leads to higher variance in estimation of rewards. The Slate,
Direct and CME are relatively robust across different conditions. The Direct method and
CME perform particularly well when sample size is small, regardless of the action space, while
the Slate estimator is less sample-efficient, especially in the large action space.

8. Discussion

This paper presents a general-purpose kernel mean representation of counterfactual dis-
tributions called the counterfactual mean embedding (CME). It draws insights and tools
from kernel methods in machine learning and the potential outcome framework in causal
inference. We show that our estimator of counterfactual distributions exhibits appealing
theoretical properties, and also serves as a practical tool for causal inference. Ultimately,
we hope that our work will be useful not only for researchers in disciplines that rely on the
potential outcome framework, such as social and biomedical sciences, but also for researchers
in machine learning and statistics to develop novel methodology for counterfactual inference,
since several important open questions still remain: e.g., the use of high-order moments of
counterfactual distributions, and how to handle a hidden confounder and an instrumental
variable.

One promising application of our framework is in generating a sample from the counter-
factual distribution. For instance, neuroscientists can visualize the fMRI images of subjects
under alternative setups without explicitly conducting invasive experiments. In this case,
the outcome variable corresponds to an fMRI image. Let Gg be a generative model over the
outcome parametrized by a parameter vector 8. The choice of GGy can range from a mixture
of Gaussians to deep generative models, e.g., generative adversarial networks (GAN). An

42



COUNTERFACTUAL MEAN EMBEDDINGS

estimate of the counterfactual distribution, denoted by G, can be obtained via an optimiza-
tion problem: Gy = arg ming H/ly<o|1) — fiGy Hi], where fiy (o)1) is our CME estimate and fic,
denotes the mean embedding of Gg in the RKHS .%#. Counterfactual sample generation is
ubiquitous for qualitative analysis in many application domains. We leave it as an open
problem to future research.
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Appendix A. Possible Extensions for Off-Policy Evaluation

Here we describe possible extensions of the proposed approach to the off-policy evaluation
task described in Section 6.3 (Algorithm 2). As mentioned there, Algorithm 2 only generates
one action aj ~ m.(aluj) for each u}, which does not fully exploit the information of the
target policy 7r*(a|u ). We show a possible approach to using more information from the
target policy, thereby improving the quality of the algorithm.

First, notice that the weight vector 8 € R™ in Algorithm 2 depends on the sample
(x})7L; = (u},a})j2, only through the vector K1,, € R, where K = (k(x;,x 1)) € R
and 1,, = £(1,...,1)T € R™. This vector can be written as

ka iz = (fix, (xi))1y € R™, (41)

where (x;)I"; = (u;, a;)}"_; are from the logged data, and fip, is an empirical approximation
of the mean embedding PPy, of the covariate distribution Px,, given by

fix, = %Zk(WX;% Xy = /k(‘,X)dPXI(X). (42)
j=1

This implies that the role of the sample (X;);nzl is essentially to approximate the kernel mean
ppy, - In fact, the quality of the CME estimator (based on which Algorithm 2 is constructed)
depends on the sample (x})72; only through the the approximation error ||fix, —px, [|# (see
e.g., the proof of Theorem 30)

Thus, Algorithm 2 may be improved by constructing a better approximation, say fix,,
of the kernel mean fix,, and replace (41) in the computation of the weight vector 3 by the
evaluations of this new approximation:

B:=(K+nel)'v e R", wv:= (ix,(x;)) € R,

where K := (k(x;,x;)); ;- € R™™
To construct fix,, recall that the kernel k is given as a product kernel k(x,x’) =
ka(a,a’)ky(u,u’) for x = (u,a), x = (u',a’), and rewrite the kernel mean px, as

;mwzwmm:LAM@wmmwmmmwmw

= [ ([ kataat) amtal)) ) )
s

L (/,4 ka(a,a’) dm( ’|uj)> Ky (u,uj).

m

Q

Thus, if we can approximate the 1ntegra1 in the last expression accurately, we can obtain a
good approximation for the kernel mean.

One approach is to generate M > 1 actions aji,...,ajy ~ m(a\u;) from the target
policy for each uj}, and the approximate the integral as

721644 a, ]1/ AkA(ava/)dW*(a/|u;)
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Thus, a new approximation of px, may be defined as

m M
- - 1 § : 1 § : * *
125:¢1 (X) = M (u7a) = E (M kA<a7 ajy)) kU(uv uj)7
j=1 v=1

where x := (u,a). Note that M = 1 recovers Algorithm 2.
Another approach is to evactly compute the integral [, k4(a,a’) dm(a’|u}) when it is
possible, and define a new approximation of px, as

m

fix, () = . (2) 1= - > (/ kataa)am el )
j=

This essentially is the case of M = co. For instance, the integral can be computed analyti-

cally when the kernel k 4 is Gaussian and the target policy 7. (aju) is an additive Gaussian

noise model of the form m,(aju) = N (a|F(u),c?) for some function F : U/ — A and o2 > 0.

This way of using an analytic integral for approximating the kernel mean is studied in

Nishiyama et al. (2020); we refer to this paper for details and other examples.

Appendix B. Cross Validation Procedure for Counterfactual Prediction

Here we describe an approach to cross validation for model selection in counterfactual pre-
diction, focusing on the problem of off-policy evaluation (OPE). We use below the notation
defined in Section 6. Unlike the standard situation in machine learning, performing cross
validation directly on the logged data D := {(u;,a;,7;)}; may lead to a biased estimate
on the performance measure for counterfactual prediction, resulting in sub-optimal model
selection. This is due to the covariate shift — the change of the covariate distribution from
mo(u,a) in the data collection environment to m.(u,a) in the target environment. To cor-
rect for the bias due to this distributional shift, we propose the following procedure for cross
validation. A similar cross validation approach has been proposed by Sugiyama et al. (2007).

Let M :={1,..., M} be a set of indicators for candidate models. (e.g., each m € M
may represent a specific choice of the kernel k and regularization constant € in our CME
estimator.)

1. Split D into K folds: Dy = {(u;, aj,?”j)}qk

imq(h—1)+1 fork=1,...,K and ¢ = [n/K|.

2. For each model m € M:

(a) For each fold k =1,2,..., K:

i. Calculate wr,...,wy > 0 using propensity scores or covariate matching.

ii. Re-weight the validation reward 7 = 3>2%_; wjryx—1)4,; (bias correction).
iii. Use the remaining logged data D and validation data {(x7, s}f)}?:q(kil) 41
to compute the estimated reward 7, and corresponding error ey = (7 — 1*;;)2.

(b) Calculate the mean CV error &, = 7 > 5:1 e (variance reduction).

3. Pick the m-th parameter setting whose é,, is the smallest.
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The algorithm above follows the standard cross validation procedure, except the bias
correction step on validation sets. In the bias correction step, we re-weight the sample in
the validation set so that the performance estimate computed from this set is unbiased.
Nevertheless, the estimate may have high variance, e.g., when the propensity weights are
used. This pitfall is alleviated by the variance reduction step.

Appendix C. Proofs for Section 3
C.1 Proof of Lemma 3

Proof We only show Py g0y (y) = IP)YO*‘T(y|O); the other identity Py (11)(y) = PY;\T(YH)
can be shown similarly. First notice that Yy :=Y | (T =0) = Z% o T =) | (T'=0) =

Yy | (T = 0). From this and Definition 2, it follows that Py@m = [ Py, ix, (y]x) dPx, (x) =
I Pyir,x (10, %) dPxp(x[0) = fPY0*|T,X(Y|0 x) dPx7(x|0) = PYO 7 (¥10). u

C.2 Proof of Lemma 4

Proof We only show here Py ) = Pysir=1; the other identity Py (19 = Pysr=o can
be shown similarly. We first derive basic identities: (a) The conditional exogeneity implies
that IP’YO*‘TX(y]l, X) = IP’YO*|X(y]x) =Pysrx (y]0,x) for almost every x with respect to the
distribution of X; (b) Recalling that Y = 1(T" = 0)Y; + 1(7 = 1)Y7*, we have Y |(T' =
0) = Y5 [(T" = 0); (¢) By Definition 2, we have Py, x,(y[x) = Pry|r=0)x|r=0)(¥[X) =
Py |7 x(y]0,x). Using these, we have

(a)
PYO*\T(YH) = /PYO*T,X(yuvx)dPXT(XH) = /PYO*T,X(ymaX)dPXT(XH)

—
=
=

/PYT,X(Y|07X) dPx 7 (x[1) © /PYOXO(Y|X) dPx, (x) = Py (o) (¥),

as required. |

C.3 Proof of Theorem 5

Proof We prove here E[fiy+] = py;; the proof of E[fiy+] = py is similar and thus omitted.
First note that, since (x;,#;,y;)Y, are i.i.d. with (X,T,Y) and m := Zf\[zl t;, we have

o] ]

By the definition of Y, the conditional exogeneity and the definition of the propensity e(x),
we then have

- -
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_ By E[TIX]E[E(le*)IX]] _Ey {6(X)E[f(-,Y1*)!X]
e(X)
= Ex [E[(, Y7)X]) = E[C,YT)] = pyys

where Ex denotes the expectation with respect to X. |

C.4 Proof of Theorem 6

Proof We derive the convergence rate of jiyy; the rate of fiyy can be derived in a similar
way, and thus is omitted. Let }71* be an independent copy of Y7*.

m e(x;) Hyy

i=1

2
*Z}ZE
1 11,

E |[lav; -

F

+E[O(Y?, V)] (43)

t t e yl7y] 1 tlEY* [E(Y’Lv}/l*)]
- m2 Z —2E [ Z :

m e(x;)

(4) B
We first deal with the term (A). It can be expanded as
1 titil(yi, y;) 0y, yi)
A)=—F YY) g | § ALY
(4) m? ; e(x;)e(x;) m2 Zz: e2(x;)

Let (X, Tlffo*, }71*) be an independent copy of (X, T, Yy, Y}"), and write Y = Il( = O)Y0
I(T = 1)Y7. Since in the first term of (A), (x;,%:,y;) and (xj,t;,y;) are independent but
distributed as (X,7,Y), the first term can be written as

1 TTUY,Y)| m—1_|TTUY,Y)
2 oam | = E o
m? | S e(X)e(X) m e(X)e(X)
For the right hand side, we have
o [T )] @ [Ty v [T TUYT YD) | g
e(X)e(X) e(X)e(X) NIV (X)) e(X) !
I e R IR 7
XLV o) | e(X) '
®) [T [Eg[T | X|Ey (Y7, Y7) | X] |
== E~ AR = E ! Y*
X,T,Y; (X) X B(X) | 1
(_C) o | T * ok Yo o i * K
2 Beas | g B[V Y0 | X) | 7)) | =By |y B 0T 0] 1 1)
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1 T " ~ ~
Ex {MET[T!X]EYWF [0(Y7,Y7) | X]

S
=

- 5[

e) * V) * ok
9 By [Eye g 007, V7) | X]) = By 5 607, V7).

B [Tovle T 1 5211 %]

—

where (a) follows from the definitions of Y and Y, (b) from the conditional exogeneity, (c
from E[T | X] = e(X), (d) from the conditional exogeneity, and (e) from E[T | X]| = e(X).
On the other hand, the second term of (A) can be written as

1 t2(yiyi) 1 [T*(Y,Y)
o) RAACADAY RN o it Sl
m? [ZI: e2(x;) m [ e2(X)
For the last expression, we have

[ s

c)

2(X) 2(X)

Erys [TOY7,Y7) | X]] (. [E [T|X]IE [,y | X]
N sl ] e
D gy |2 [m;l( )’;)/” ’Xq < Ty o, Y,

where (a) follows from T taking values in {0,1}, (b) from Y being Y;* if T = 1, (¢) from
the conditional exogeneity, (d) from E[T|X] = e(X), and (e) from our assumptions that
supyecy £(y,y) < oo and infxex e(z) > 0. Thus, the term (A) is upper-bounded as

-1

m . Tox 1
TEYI*S,I* [f(}/l ,Y1 )] + EC&E.

(4) <

Next we deal with the term (B), which can be written as

E [1 3 tiEyy [E(ys, Y7')]

m e(x;)

TEy; [((Y,Y]))
e(X)

i

where, as lzefore,N()N(,T, }70*, 171*) is an independent copy of (X, T,Yy,Y;") and Y = ]l('f =
0)Yy + 1L(T =1)Y}" . The right expression can be expanded as

o[ TE 6T )] @ [TEve e ] B [TIEYI*[K Y’l*,Yl*)HX}
e(X) B e(X) X e(X)
E[T | X]Ey. 5. [0V, Y] | X]] - . -
2 Eg | Yleim 1 LBy [By gy (077 Y0 | K] = By g 07, Y1)

where (a) follows from Y being Y;* if T = 1, (b) from the conditional exogeneity and (c)
from E#[T | X] = e(X).

Using the obtained results for (A) and (B) in (43), we now have
1

2 m — % VK 1 PERYS | * %
S| < TEIOE Y] + —Cre — 2E[YF V)] + B[V T

B [lv; - v
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= (Che —ElYT VD))

1
m

which completes the proof. |

Appendix D. Preliminaries to the Proofs for Section 4

We collect here preliminary results required for proving the theoretical results in Section 4.
Thus, the interested reader may first look at Appendix E, where the proofs for the main
theoretical results are presented. We use here the notation and basic definitions provided
in Section 4 of the main body. In Appendix D.1, we introduce certain integral operators
and collect basic facts regarding them. Based on them, in Appendix D.2 we present various
lemmas needed for the proofs of the convernce results in Appendix E.

D.1 Integral Operators

To be rigorous, we employ the following notation used in Steinwart and Scovel (2012): For
a measurable function f : X — R, [f]~ denotes the class of measurable functions that are
Px,-equivalent to f:

[flvi={g: X =2 R| Px,({xr € X | f(z) # g(2)}) = 0} .

Integral operators. Define three integral operators T' : La(Px,) — L2(Px,), S : L2(Px,) —
H and Cxx : . — I by

Tf = / (%) £ (%) dPx (x) € L (P, ), f € Lo(Px,), (44)
Sf / CH[DXO( ) & %, f ~ LQ(]PXO), (45)
Cxx f —/ ()1 (x) dPxy (x) € A, fex.  (46)

Note that while these operators look similar, they are different in their domains and ranges.
In particular, Cxx is the covariance operator. Under Assumption 2 (i), i.e., supycy k(X, %) <
0o, Steinwart and Scovel (2012, Lemma 2.3) implies that the operator S* : 7 — Lo(Px,)
defined by

S*g=1[g]~, geH

is compact, and thus continuous. This operator S* is the adjoint of the operator S defined
n (45). Since S* is continuous, by Steinwart and Scovel (2012, Lemma 2.3), the operators
T and Cxx can be written as

T =8*S, Cxx =SS".

The following lemma summarizes conditions required for eigen-decompositions of (44),
(45) and (46). In the sequel, “ONS” and “ONB” mean “orthonormal series” and “orthonormal
basis,” respectively. The set I C N is a set of indices, which is finite if the RKHS 7 is finite
dimensional, and infinite if 77 is infinite dimensional.

49



MUANDET, KANAGAWA, SAENGKYONGAM, AND MARUKATAT

Lemma 16 (Spectral decomposition of integral operators) Let X, k and Px, be such
that Assumption 2 (i) is satisfied. Then there exist at most countable families (e;)icr C H
and (pi)ier C (0,00) such that g > pg > -+ >0, (uil/zei)ie] is an ONS in A, ([ei]~)icr
is an ONS in La(Px,), and

Tf =3 tiledns ) iy(pyy) e~ f € La(Px,), (47)
el
Sf=2_miledn: )y € f € La(Px,), (48)
icl
Cxxg=>_ i <Mz‘1/2€i79>%ﬂ/$2/23i7 geH, (49)
il ‘

where the convergence is in La(Px,) for (47), and in F for (48) and (49).

Proof Since k and Px, satisfy Assumption 2 (i), it follows from Steinwart and Scovel (2012,
Lemma 2.3) that 77 is compactly embedded into La(Px,). As a result, Steinwart and Scovel
(2012, Lemma 2.12) implies that there exist at most countable families (e);e; C % and

(i)ier C (0,00) such that py > pz > - > 0, ([ei]~)ies is an ONS in Ly(Px, ), (11 *er)ier
is an ONS in 7, and (47) holds with convergence in La(Px,).
To show (48), since ([e;]~)ier is an ONS in Lo(Px,), any f € La(Px,) can be written as

£ =3 e F)iygor el + £
icl
with convergence in La(Px,), where f+ € La(Px,) is such that ([e;]~, fJ->L2(PX =0 for
0

all i € I. By Steinwart and Scovel (2012, Lemma 2.12, Eq.15) we have u;e; = Sle;|~. for all
1 € I. It then holds that

Sf = illeils )Ly, € + ST

i€l
where the convergence is in J# since S is continuous. Note that we have T'f+ = 0, since

we have (47) and ([e;]~, fL>L2(IPX0) =0 for all i € I. That is, f* is in the null space of

T. Since the null spaces of S and T' are equal (Steinwart and Scovel, 2012, Lemma 2.12,
Eq.16), it follows that Sf+ = 0, which implies (48).

Finally we show (49). First note that Cxxe; = SS*e; = S[e;]~ = pe; for all i € I. Using
this and (48), for any g € ## we have

Cxxg = SS"g=) ([eil "9 Loy, ) € = > oui (5570 9) 1, () €
icl icl

= ZM (Cxxe€i, 9) €0 = Zﬂi (piei, 9) 0 €,

el el

where the convergence is in .7, which implies (49). |
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Definition 17 Let X, k and Px, be such that Assumption 2 (1) is satisfied. Let (e;)ic; C H
and (ui)ier C (0,00) be as in Lemma 16. Then for a constant B > 0, the B-th power of T,
S and Cxx are respectively defined by

Tﬁf = Z:u’zﬁ <[ei]N7 f>L2(IPX0) [ei]wv f c LQ(PX0)7
iel

SPf = ZN;B ([eil~s P ryey,) €00 f € La(Px,),
il

Chxf => ul <u3/zei,f>%u§/zeu fe
iel

Lemma 18 Let X, k and Px, be such that Assumption 2 (i) and (ii) hold. Let (e;)ic;r C H
and (pi)ier C (0,00) be as in Lemma 16. Then, ([e]~)icr is an ONB of La(Px,).

Proof Since k and Px, satisfy Assumption 2 (i), it follows from Steinwart and Scovel (2012,
Lemma 2.3) that /¢ is compactly embedded into Ly(Px,). Then one can use Steinwart and
Scovel (2012, Theorem 3.1), which states that the assertion is equivalent to the Assumption
2 (ii) that the embedding S* : ## — La(Px,) has a dense image in Lo (Px,). ]

We provide a condition for the integral operator T},;,q defined in Section 4.2 to admit

an eigen-decomposition, which is needed for its power Tfro 4 in (29) to be well-defined.

Lemma 19 Let X, k and Px, be such that Assumption 2 (i) and (ii) are satisfied. Let
Torod : Lo(Px, ® Px,) = L2(Px, ® Px,) be the integral operator defined as in Section 4.2,
and let (e;)ier C € and (p;)ier C (0,00) be as in Lemma 16. Then we have

Torodt = Y pitty (1, [ei]~ ® [ej1n) L (B, ey (€1~ @ L6~y 1 € La(Px, @ Px,),
i,j€l

where the convergence is in La(Px, ® Px,).

Proof By Assumption 2 (ii) that S* has a dense image in Ly (Px,) and Lemma 18, ([e;]~)ier
is an ONB in Ly(Px,). This implies that ([e;]~ ® [ej]~)ijer is an ONB in Ly(Px, ® Px,);
see e.g., Folland (1999, Ex. 61, p.178). Therefore any n € L2(Px, ® Px,) can be written as

n=> (e ® [€]n) Ly (B, o) (€1~ @ le5]~
i,j€l

with convergence in Lo (Px, ®Px,). Note that [e;]~ ®[e;|~ for any i, € I is an eigenfunction
of Throq With the corresponding eigenvalue being g4, since

Tproalledn ® [ej]2) = / B %) e (%) P, (%) © / k(- %) 5] (%) APy, (%)
= (Tleil~) ® (Tejl~) = pipiles]~ ® [ej]~.

The assertion follows from this and the above eigendecomposition of 1 in Assumption 4. H

As a direct corollary of Lemma 19, we have the following result, which provides an
eigenbasis expression of the range assumption 6 € Range(Tpﬁrod).
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Corollary 20 Let X, k and Px, be such that Assumption 2 (i) and (ii) are satisfied, and
let (€:)icr C H and (u;)icr C (0,00) be as in Lemma 16. Suppose that Assumption 4 is
satisfied, i.e., 6 € Range(Tﬁmd) holds for 6 € La(Px, ® Px,) and 0 < 8 < 1, where TpﬁrOd 18
defined in (29). Then there exist (a;;)ijer C R such that 3, o) a?’j < 00 and

0= ai;(pip;)’lel~ @ lej]~,

ijel

where the convergence is in La(Px, ® Px,).
Proof The assumption 6 € Range(7’ pﬁr od
such that @ = TPn. Therefore

0= Z (Nz‘ﬂj)ﬁ (n, [eil~ ® [ej]N>L2(PXO®PXO) [ei]~ ® [ej]~

) implies that there exists some 7 € Lo (Px, ® Px,)

i,j€l
where the convergence is in Ly(Px, ® Px,). Defining a;; := (1, [e;]~ ® [BJ]N>L2(PX ®Px. )’
0 0
we have >, ., a%j < oo from n € Ly(Px, ® Px,), which completes the proof. |

Lastly, let Cyx : ¢ — % be the covariance operator of the random variables Xy and
Yy defined as (see e.g., Fukumizu et al. (2013))

Cyxf= /5('7Y)f(x) dPxov, (%,¥) = Exo o [€( Yo) f(X0)],  fe A (50)

where Px,y, is the joint distribution of X and Yy. Under Assumption 2 (i), this covariance
operator satisfies

Cyxf,9)7 = Exo v (-, X0)[(X0)],9) 7 = Exovol9(Yo) f(Xo)], feHt, geF.
The conjugate operator of Cy x is denoted by Cxy : .# — S and given by
Cxyg = /k:(~,x)g(y) dPx,y, (%, y) = Ex, v [k(, X0)g(Yo)],
since for any f € 7 and g € % it holds that
(f:Crx9) e = (f Exo,vo [k (- X0)9(Y0)]) 1 = Exo,v, [f (X0)g(Yo)] = (Cyx f,9) 7 -

D.2 Lemmas

We collect here lemmas used in the proofs for the convergence results in Appendix E.

Lemma 21 Let X, k, Px,, Px, and g := dPx,/dPx, be such that Assumption 2 (i) and
(iii) are satisfied. Then we have px, = Sg.

Proof By definitions of the kernel mean px, and the Radon-Nikodym derivative g, we have

pUx, = /k(-,x) dPx, (x) = /k(-,x)g(x) dPx,(x) = Sg € 2,

where the expression Sg is justified from Assumption 2 (iii) that g € La(Px,). [
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Lemma 22 Let X, k and Px, be such that Assumption 2 (i) is satisfied. Then for any
f € Ly(Px,) and € > 0, we have S*(Cxx +el)7'Sf = (T +&I)~'T¥f.

Proof Let (e;)icr C ¢ and (u;)icr C (0,00) as in Lemma 16. Then we have

S*(Cxx +el)'Sf =S"Cxx +el)™" )y (f, e~ Ly, €

jel
* — 1/2 1
= S (mi+e)! <u/ ¢is ) 15 (Foled)~) e €j> ui'%ei
i€l jel w
= 5 (wit+e) i (f,[edn) ey, 6 = D (i + )" i (el ) ey i~
el el
= (T+el)'Tf,
as required. |

Lemma 23 Let X, k and Px, be such that Assumption 2 (i) is satisfied. Then for any
f € La(Px,) and o > 0, we have ST f = C;(/)?JraSlﬂf.

Proof Let (e;)ier C ¢ and (pi)ier C (0,00) as in Lemma 16. Then we have

LS = G D e D

el
1/2+4a 1/2 1/2
— /’1’[/ <,LL€/ ey Z /‘LZ 61 N, L2(PX0) €i> :U'g/ €y
el icl H
1 2+a
= ZM / ([es ~7f>L2 Px,) ZW LQ(PX ) Heee
tel Lel
. [e% _ [0
= Z#z ([ee]~, f>L2(]P’XO) Sled~ = SZW <[€£]~af>L2(]P=XO) [ec]~
el el
= ST°f,
as required. u

Lemma 24 Let X, k, Px,, Px, and g :== dPx,/dPx, be such that Assumption 2 (i) and
(iii) are satisfied. Assume also that Assumption 3 holds, i.e., g € Range(T®) for a constant
a > 0. Then for any € > 0, we have

e~l/24e(if o < 1/2)

1 Ca
[Cxx +e) " ux, ||, < {Ca s, Gt a>1/2),

where co = ||hl|L,py,) 5 @ constant defined by h € Ly(Px,) such that g =T"h.
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Proof Asin the assertion, write g = T%h for h € Ls(Px, ), which exists from the assumption
g € Range(T%). By Lemmas 21 and 23, we can then write px, as

px, = Sg = ST*h = C3/ZT 512,
Since (,ugmei)ie[ is an ONS of JZ, ([ei]~)ier is an ONS in Ly(Px,) and

1/2
§Y2h = 3 (el ooy 11 e
el

it holds that [|SY/2h|%,= 3¢ ([eil~, h>§2(PXO) < |IAl17, @y ) and thus S'/2h € . There-

fore we have

o)

|[(Cxx + EI)_luXIH% = H(CXX + 6])_1C}(/§+a51/2h“%

< fewcven | o, < ows o ey

Below we focus on bounding the first term in the above bound. If a < 1/2,

H(CXX + 61)71(3;(/)?4‘06 < H(CXX + EI)*l/QJra H(CXX + 61)71/27(16}(/)?-%04 < 671/2+a.
On the other hand, if o > 1/2,
Jiexs +en71ele ] < s +on el o] < es]|
This completes the proof. |

Lemma 25 Let X, k and Px, be such that Assumption 2 (i) and (ii) are satisfied. Then,
for any g € La(Px,), we have

. —1 _
lim |[(T +el) ™' Tg = gllLy(e,)= 0

Proof Let (e;);c; C 7 and (u;)icr C (0,00) be as in Lemma 16. By Lemma 18, ([e;]~)ier
is an ONB of Ly(Px,), which implies that g can be expanded using ([e;]~)ics. From this
and Lemma 16, we then have

(T+el)'Tg—g = Z(Mz +e) i (g, [eil~) L@y, [€il~ — Z (9, [ei)~) o ey, [ei)~
iel i€l

= D> —elui +e)7H g el Loy, ) leil-
i€l

Thus, by Parseval’s identity,

— —112
il
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12 .
Note that |e(u; +¢€)7'|" < 1 for all ¢ € I, that Y, ;|(g, [ei]N>L2(Px0) |>= Hg”%2(PXO)< 00,

and that lim._g !6(/% + 5)*1‘2 = 0 (which follows from p; > 0 for all ¢ € I). These facts
enable the use of the dominated convergence theorem, from which we have

. -1 2 o ) -1)2 ) 2
lig W7+ <177 =gl =l 1o+l e, |
(2
2
= 3t [l )7 g [ed) e, 2= 0
i€l
This completes the proof. |

Lemma 26 Let X, k and Px, be such that Assumption 2 (i) is satisfied. Let g € La(Px,)
be such that g € Range(T?%) for a constant 0 < o < 1. Then, for all € > 0, we have

(T +eD)™'Tg = gllLy(px,) < Cat®
where cq 1= ||hHL2(pXO) with h € Ly(Px,) being such that g = Th.

Proof Let (e;)icr C # and (pi)ier C (0,00) be as in Lemma 16. From g € Range(T?)
there exists h € Ly(Px,) such that g = Th. Therefore g can be written as

g=T% = puibiei-, (51)
el

where the convergence is in La(Px,), and b; := (h, [ei]~), (Pxg)" It then follows that

(T+el)'Tg—g = Y (pi+e)  mpfbilede — > pfbilei
1€l i€l
= > —e(pi+ ) ulbles]~.
el

Therefore, by Parseval’s identity, we have
(T +eI)~'Tg — g||%2(]P,XO): > (it e) 2]
i€l
The rhs of the above equation can be bounded from above as
(i +e) P = i+ )T (s 4 &) T2
52(,“1' + 6)_2+2ab2 _ €2a€2 2a(ﬂi + 8)—2—}—204(%2 S €2ab?,

IN

where the above two inequalities follow from € > 0 and p; > 0, and the last inequality uses
a < 1. Thus, we have

2
I(T 42D Tg = g3 o) < 220 D0 =2 (el ) yeny)) < 20l ey )
el el

where the last inequality follows from ([e;]~)ier being an ONS in Lo(Px,). [ |
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Remark 27 Different from Lemma 25, Lemma 26 does not require Assumption 2 (ii) that
S* has a dense image in La(Px,). In Lemma 25, this condition is required to guarantee that
([es]~)ier is an ONB in Lo(Px,), so that g can be expanded by this ONB. On the other hand,
in Lemma 26, g can be written as (51), thanks to the assumption g € Range(T?); this is the
reason why Lemma 26 does not need Assumption 2 (ii).

The following is a key lemma, based on which we show the consistency and convergence
rates of our estimator.

Lemma 28 Let X, Y, k, {, Px,, Px,, g .= dPx,/dPx, and 0 : X x X — R defined in
(28) be such that Assumption 2 (i) and (iii) are satisfied. Then for any € > 0, we have

ICyx (Cxx +el) " ux, — py o |7

LZ(HDX())

+ / / 6(x, %) dPx, (x) dPx, ()
where g. := (T +eI)"'Tgq. In the second term of the right hand side, the inner product is
well defined, since we have (T + e,I)7'T [0(-,%) dPx, (X) € La(Px,).

Proof First note that, because ¢ is bounded (Assumption 2 (i)), the function € in (28)
satisfies 0 € La(Px, ® Px,). Therefore, the right hand side of the assertion is well defined.
The left hand side of the assertion can be written as

ICyx (Cxx +eI) ™ x, — iy oyl (52)
= |ICyx(Cxx + &) ux, [ 5=2 (Cyx (Cxx + D)™ puxy, by opy) 5 + sy oy 1 -
As in the proof of Fukumizu et al. (2013, Thm. 8), the third term in (52) can be written as

oy oy |5 = / / 6(x, %) dPy, (x) dPx, (%). (53)

We thus derive the expressions for the first two terms in (52) in the sequel.

The first term in (52). Let f €  be arbitrary, and let (Xp,Yp) denote an independent
copy of (Xo,Yp). By the property of Cyx that (Cyxf,h)z = Ex, v, [f(X0)h(Yp))] for any
h € .7 and the expression 0(x,x) = Ey, v [((Y0, Y0)|Xo = x, Xo = X|, we have

ICyxfll% = (Cyxf.Cyxf)sz =Exyx [f(X0)(Cyx f)(Y0))]
= Exqv[f(X0)Eg, v, [€(Yo, Y0) f(Xo)]]
= Ey %, [f(XO)f(XO)Eyoyo [0(Yo, Yo)| X0, Xo]] (. Fubini theorem)
= Ex % [f(Xo) f(X0)8(Xo, Xo)], (54)

where the use of Fubini’s theorem is enabled by ¢ and f being bounded, the latter implied
by k being bounded. Now define f := (Cxx +el) 'ux, € . With this choice of f, the
quantity ||Cyx f||% is equal to the first term in (52). From (54), it follows that

ICyx flI% = Ex, x,[f(Xo0)f(X0)0(Xo, Xo)]
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=[] 760530000 %) AP, () P, () = (57 © 8" L) 0 s,
(S*(Cxx +el) ™ ux, @ S*(Cxx +el)” MX170>L2 (Px,@Px,)

= (S*(Cxx +el) ' Sg® S*(Cxx +eI)~ 'Sy, 9>L2(PXO ey, (-
= (T+e) 'Tge (T +el) Ty, 9>L2(PX0®PXO> (" Lemma 22)

= (9: ® ¢, 9>L2(IP>XO®[P>XO) ) (55)

* Lemma 21)

where g. := (T +¢l)"'Tyg.
The second term in (52). First we have

B oy o )10 =x] = By, | [ By 136, T %o = K] aPx, (9] X0 =]
_ / Ey, v, [0V, ¥o)| Xo = x, Xo = %| dBx, (%) (.- Fubini)

_ / 0(x, %) dPx. (%) (56)

where (f((b f’o) is an independent copy of (Xp, Yp). Note that for the first expression in (56),
we have Ey; [11y o1y (Y0)| Xo = -] € L2(Px,) since £ is bounded. Using this and (56), we have

Cxypy oy = EXO,YO[’C(',Xo)ﬂwou)(Yo)] = Ex, [k(-, X0)Ey, [ty o1y (Y0) | Xo]]
— SEy v o) (Vo) Xo = ] =5 [ 6%) dP, (%) (57)
Now for the second term in (52), we have

(Cyx (Cxx +end) xy, pyopy) 5 = (pxr, (Cxx +end) "' Cxy iy opy) o,

<Sg, (Cxx +enl) 1S/ x)dPx, (x )> (. Lemma 21 and (57))
A
<g,S (CXX —i—En 15/9 dPXl( )>
La(Px,)
= <g7 (T + 5nI)_1T/9(-, x) dPx, (5()> (" Lemma 22).
La(Px)
This completes the proof. |

Appendix E. Proofs for Section 4

We provide proofs for the convergence results presented in Section 4 of the main paper.
The proofs rely on several lemmas collected and proved in Appendix D. The notation and
definitions follow those in these sections. In the following, for any bounded linear operator
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A : 'V — W between normed vector spaces V and W, we denote by || A|| its operator norm:
| All:= supyjy|j, <1 | A(v)[[w, where |||y and |||l denote the norms of V" and W, respectively.

We first show that the CME estimator fi(g1) in (18) can be expressed in terms of certain
empirical covariance operators. Given an i.i.d. sample (x;,y;)i—; from Px,y,, the covari-
ance operators Cxx : 2 — J in (4@ and Cyx : S — % in (50) can be respectively
approximated by Cxx : 7 — 5 and Cyyx : H — F, defined as

Coef o= = STRCx)f0), Crxf = - S Uy fGx), fe .
i=1 1=1

Under Assumption 2 (i) that the kernels k£ and ¢ are bounded, these satisfy ||CA xx —Cxx||=
Op(n~1/?) and ICyx — Cyx||= Op(n1/?) as n — oco. Similarly, given an i.i.d. sample
(x})72, from Px,, the kernel mean px, := [k(-,x)dPx,(x) of Px, can be estimated as
fix, == = 3" k(-,x;), with the error rate ||ux, — fix, | 2= Op(m~1/%) as m — oo under
Assumption 2 (i).

Proposition 29 Let fi1y be the CME estimator in (18). Then we have
fuopy = Cyx (Cxx +el) " ix,. (58)

Proof Define g := (Cxx +el)tx,. Since fix, = (Cxx +el)g = %Z?Zl k(-,x;)9(x;)+eg,
we have [ix, (x¢) = %Z?zl k(xe,%x)9(x;) + eg(x¢) = 1(Kg)e + ege for all £ = 1,...,n,
where K € R™*" with K; ; = k(x;,%;) and g = (g(x1),...,9(xn))" € R™. Therefore p =
%(Kj— nel)g, where p= (fix, (X1)s -+ s fix, (%0)) T = K1, where 1,, = (1/m,...,1/m)"
and K € R™™ with K;; = k(x;,x}). Thus g = n(K + nel)'p. Lastly, the right hand side

of (58) can be expressed as L 3% | £(-,yi)g(x;) = Soiy Bil(-,yi), where B = (B1,...,B,) " =
n~lg = (K 4 nel)~ !, which is the expression of the CME estimator fiopy in (18). [ |

E.1 Convergence Rates of the Stochastic Error

The proofs of Theorems 8 and 13 rely on the following result, which characterizes the
“stochastic error” of the CME estimator. As stated in Assumption (iv), we assume m = n
in the following.

Theorem 30 Let X be a measurable space, k be a measurable kernel on X and Px, be a

probability measure on X such that Assumption 2 (i), (iii) and (iv) are satisfied. Assume

that the Radon-Nikodym derivative g := dPx, /dPx, satisfies g € Range(T?) for a constant

a > 0. Then for any €, > 0 such that €, — 0 as n — 0o, we have

ICyx (Cxx+enl) ™ fix, —Cyx (Cxx+end) ™ pix, | 7= O, (”_1/2€?in(_1+a’_1/2)) (n — o0)

Proof As in the proof of Fukumizu et al. (2013, Theorem 11), the lhs can be bounded as
ICyx (Coxx +enD) ™ fix, — Cyx (Cxx +enl) ™ i, | 7
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< [Cyx (Cxx +end) M (iix, — x| 7+ Cyx — Cyx)(Cxx +enl) x|l 7
+[|Cyx (Cxx + end) H(Cxx — Cxx)(Cxx + enl) pux, |7 (59)

By Baker (1973, Theorem 1), é\yx can be decomposed as é\yx = é\ygw\yxé}/}? for a bounded
linear operator Wyy : # — .F with HWYXH< 1, where C / F — F and 61/2 H =
are such that ny = C%%Clm and CXX = C}(/)?C}(/)? Therefore,

o= ICAWrxCR Cxx +ead) '

ICY N 1 Coxx + enD) 7 2)1< 10l 2 (60)

ICyx (Cxx +enl)™

IN

Thus, the rate of the first term in (59) is

A1/2 _—1/2 _1/2n_1/2).

ICvx (Cxx +end) " (fix, — x) | #< ICYy Nl

||ﬂX1 — KX, ||3f: Op(é‘

Next, the rate of the second term in (59) is given by

ICyx — Cyx)(Cxx + enl) 'ux,llz < NICvx — Cyxlll(Cxx + enl)  pix, |l
< [ICyx — Cyx||caem(1/2+a0) (- Lemma 24)
0, (n—l/QE?m(—l/%i—a,O)) ’

where ¢, is a constant depending only on « and g. Finally, for the third term in (59), the
rate is given as

ICyx (Cxx +end) " (Cxx — Cxx)(Cxx +en) ux, || 7

< [[Cvx Cxx +nd) T ICxx — Cxx (Cxx + &nd) ™ i, [l
”61/2”5_1/2”CXX Cxx||ca gimin(—1/2+0.0) (. (60) and Lemma 24)
0, (n—1/2€§1n(—1+a,—1/2)) .

IN

Since we will set €, so that £, — 0 as n — o0, the rate of the third term is the slowest in
the three terms in (59). This completes the proof. [ |

E.2 Proof of Theorem 8

Proof By the triangle inequality, we can bound the error of our estimator as

Hé\YX(é\XX +end) x, — NY(O\I)Hy

H(?YX (5XX +enD)Vix, — Cyx(Cxx +enl) P ux, gz
+|Cyx (Cxx +end) ™ pixy — iy ioy || 5 » (62)

where (61) can be interpreted as the stochastic error and (62) as the approximation error.
Note that the assumption g € Lo(Px,) enables the use of Theorem 30 with a = 0, which
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implies that the estimation error (61) converges to 0 at rate Op(n~'/2e;') as n — oo,
provided that &, — 0 and n1/25n — 00 as N — 0Q.

Here we aim to prove that the approximation error (62) goes to zero as £, — 0. Note
that to this end, we cannot apply the proof of Theorem 8 in Fukumizu et al. (2013), since
it relies on stronger assumptions than ours. We do this by using Lemma 28, which shows
that the approximation error can be written as

_ 2

[Cyx (Cxx +enl) ux, =yl ; = (9en ® Gens O) 1, (b, 0P, (63)
_2<g, (T +e,1) 1T/9 ) dPx, (% )> (64)

La(Px,)

+ / / 0(x, %) dPx, (x) dPx, (X),

where g., = (T +&,I)"'Tg with ¢ = dPy, /dPx, being the Radon-Nikodym derivative.
Below we show the convergence limits of (63) and (64) as £, — 0, which conclude the proof.

Convergence of (63). We will show that

(G, © 9eu ) oo o) = / / 6(x, %) dPx, (x) dPx, (%) (en = 0).  (65)
Note that we have
<g ® g, 9>L2 (Bxo®Px,) — // X X) d]P)XO( d]PXO // dIP)X1 )dIP)X1 ()NC)

Therefore it suffices to show that

<gen ® gEn70>L2(]P)XO®]P)XO) - <-g ® 9, 9>L2(PXO®PXO) (En — O)
Note that by the Cauchy-Schwartz inequality, we have

‘<g€n ®g€n70>L2(PXO®PXO) —{9® 9’0>L2(PXO®PXO)

Thus we focus on showing that
ngn ® 9en — 9 ® g|’L2(PXO®PXO)_> 0 (ETL - 0) (66>
By the triangle inequality we have
196 ® Ger — 9 @ 9l Lo By, 0Px,)

< N9en ® G = 9 @ Genll Loy, @Pxy) HII @ Ge — 9 @ gll Loy, 0Py, )- (67)
The first term of (67) can be written as

19, ® Ge, — 9 @ e, ||L2(]P’XO®]P’XO): (e, — 9) ® gEnHLz(]P’XO@]P’XO)

= ||g€n - g”LQ(]PXO)Hggn||L2(]P)XO)_> 0 (En — 0) ( Lemma‘ 25)7

Similarly, the second term of (67) can be written as

19 ® ger — 9 @ gllLa@x,ePxy)= 19 ® (9en — 912 x,0Px,)

— glliaen 1900 — 9llraex, )= O (en = 0) (- Lemma 25),

We have shown (66), which concludes (65).
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Convergence of (64). We show that as e, — 0,

<g, (T+5nI)1T/9(‘,5c) dJP’Xl(Sc)> — //Q(X,Sc) dPx, (x) dPx, (x). (68)

La(Px,)

From Lemma 25, as ¢, — 0, the lhs converges to

<g, [ o2 >>L2(PX) = [ o) 4P, (090) B, (0

- / / %) dPy, (x) APy, (X).

Thus we have shown (68). The proof completes by substituting (65) and (68) in (63) and
(64) respectively. [ |

E.3 Proof of Theorem 13

Proof By the triangle inequality we can bound the error of our estimator as

ICyx (Cxx + end) ™ i, — iy oyl
< |Cyx(Cxx +end) ' fix, — Cyx(Cxx +end)  ux, ||l # (69)
+[Cyx (Cxx + en) ™ 1x, — py oyl 75 (70)

where (69) is the estimation error, and (70) is the approximation error. By Theorem 30, the
estimation error decays at the rate

ICyx (Cxx +enl) Yiix, — Cyx (Cxx +end) x| 5= Oy <n71/2€§1nm(71+°"71/2)> (71)

as n — oo. Hence we focus below on deriving a convergence rate for the approximation
error. We then determine the optimal schedule for the decay of the regularization constant
€n as m — 0o in order to derive a convergence rate for the overall error.

Rate for the approximation error (70). We will show that the approximation error
decays at the rate

ICyx (Cxx + end) ' ix, — py oyl z= O <€$za+6)/2) (en —0). (72)
First note that, by the definition of ¢ = dPx, /dPx,, we have

/ / 0(x (%) dPx, (x) dPx, (X)

= g®979>L2(PX ®Px,) (73)

/ 0(x,%x)dPyx, (x) dPx, (x)

Therefore, using Lemma 28 and the notation g., := (T'+&,I)~'Tg, we can bound the square
of the approximation error (70) as

ICyx (Cxx +end)  ux, — iy o)l %
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= (Gen @ Gens ) 1, (bx, @B x,y) —2< (T +enl) 1T/9 ) dPx, (x )>
La(Pxy)

+ / 0(x,%x)dPyx, (x) dPx, (X)

— ‘(gen ® gEn79>L2(IPX ®IPX ) <g ®g79>L2(PX ®PX0) (74)

)

+2/(08 000,000 — (9 (T +2a) T [ 00,5 0Ex, (& >>(
Lo

IPXQ)

Bound on the first term in (74). By Corollary 20 (which follows from Assumption 4),
0=>jer ai’j(uf[ei]m) ® (Mf[ej]w) with ZHE[ #; < 00. Using this, we have

<gan ®gan70>L2(PX0®PXO) - <g ® g7 9>L2(IPX0®IPX0)

- <gsn © ens Y aig (1} lei]~) ® (1 lej])

Ljel L2(Px,®Px,)
_ (B B, .
<g ®g, > i leil~) ® (] [6;]~)>
B,j€l L (PXO®PXO)
_ - Br,. > < Bre. >
- a; ny Mg €i|~ n €|~
36]: J <gs 1 [ed] Lo(Px,) ge '“j[ ] Lo(Px,)
B B
;je[: i {9, 1 [ei] Lo\ 15 lej] La®xy)
B B
— E ai’.<gn_g,ui [ei}N> <gn,u4[e‘]w>
ijel T La(Pxy) N7 (e
B B
+E az“<,¢€i~> < w =9, -e*N> .
~ 49,y [ed] La(Pxy) 9e g Mj[ il La(Px,)

Therefore,

’<ggn ® YGens 0>L2(PXO®PXO) - <g ® 9 9>L2(PXO®PXO)

< Z s j <gsn - g?/’tf[ei]N>L2(Px ) <g€n7'u5[ej]N>L2(PX )
o 0

1,5€l

+ Z a; <g,uf[ei]~>L2(Pxo) <Qan -9, M?[ej]~>L2(PX0)

i,j€l

B 2
F Z A He A
2
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- (Sl I
ijer ’j H (92 = L2 (Pxy) Gen La(Pxq)
2 [, 70 -0
e ’] Lz (Pxy) 9 L2(Px,)

ooy t1Pl,)

— 2 B
= ai,j HT (9en — g) <HT 9e
\ iger L2(Pxo)
Note that T8¢ € Range(T°"?) holds because of the assumption g € Range(T®). There-
fore by Lemma 26 (which can be used because ao+ 5 < 1), we have
<:ca+553+ﬂ’ (76)

HTﬁgan —Tﬁg‘

- H(T+snl) L8y — Tﬁg)

La(Pxq) La(Px,)

where c,4 is a constant depending only on «, 8 and g. We also have

IN

HTﬂggn —Tﬁg‘

+ HTB

HTﬂgsn g‘

LQ(PXO) L2(]P)XO) LZ(PX())

(. (76))

IN

Catpel™P 4 HT/BQ‘

La(Px,)

Therefore (75), and thus the first term in (74), is bounded by

I3 a2 jcarsei™ (carssa™ + 2Tl ey, ) - (77)
i,5€1

Bound on the second term in (74). From the equivalence (73), (the half of) the second
term in (74) can be written as

X X - nl) 7t %) dPx, (% :

<g, JE N )>L2<PX0> <g,<T+e N [o(.5) Py, >>L2(PXO) (78)

Note that, using 6 =3, ., a,-J(uf [ei]l~) ® (,uf [ej]~), we can write
Joen@ = [ 3 asllel) © (- (0) dex, ()
i,j€l
= Y s (ilei) / (12 [e;)~(5) P, (%).
i,j€l

Therefore,
(o foemienw) <ng fled) [ Wles)~(x >>dﬂ>x1<>z>>L2(Pxo)

= Y il (9. [ ey [ 51550 dPx, ().

i,J€1
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Similarly,

<g, (T + 5nI)_1T/0(-,5<) dPy, (5()>

La(Px,)

- <<T beal) 70, S ans(ulled) [ (e ) dy, <>~<>>

i,j€l LQ(PXO)

= Y ol (@ eal) T e, [ 05 (0) AP, ()

i,J€l

Because of the properties that u; > pug > --- > 0, that ([ej]~);ecr is an ONS in Ly(Px,) and
that g € La(Px,), we have

Z(/mf[ej] © ) i3 ([l @an )

jel jel

2
= ﬂz (/ )dPXo( )) = Mlﬁz 6] N7g>L2(IPX ) = :U’l HgHL2 Px,) < 0.

Jjel jerl

Therefore, using the Cauchy-Schwartz, the above identities and inequality, we have

= |3 e (g (T eal) T e ) [T (80) P, 5)
i,j€l
2
< 2ok 29— (Tt enD Ty e ey, D ( [ e aey, <f<>)
(NS el jeI
< Y alglliaesy) [Do 8 (g = (T + )T, e )T ey, )
t,j€l iel
< T8 (g — (T + anI)’ng)‘

b
L2(]PX0)

> a2 llgll oy,
i,j€l

where the last inequality follows from ([e;]~);jer being an ONS in La(Px,) and the definition
of T8. Note that we have T%g € Range(T*"?) from the assumption g € Range(T).
Therefore by Lemma 26,

= |TPg — (T + &) " TT?g] Ly s

<c E
Px,)S Cadtf
La(Px,) o)

HTﬁ (9— (T + EnI)*ng)‘

where ¢,y > 0 is a constant depending only on «, 8 and g. Thus, we finally obtain

(78) < /ji: a@jﬂlngnLgmyb Catp €077 (79)
i,J€l
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Resulting approximation error rate. Using (77) and (79) in (74), the rate (72) is
finally obtained as

ICyx (Cxx + end) ™ 1ix, — iy o1 %

< D a2jcarsmn ™ (carssa™ + 2T i) il 9l naiesy))
i,j€I
= O(e?“’g) (en — 0).

Balancing the estimation and approximation error rates. For an arbitrary constant
¢ > 0 independent of n, let &, = en~? for some constant b > 0. We determine b by balancing
the two rates (71) and (72). This yields b=1/(2—a+f) fora <1/2,and b= 1/(1+a+pf)
for a > 1/2; equivalently, b = 1/(1+ 8+ max(1 — a, «)) for 0 < a < 1. The proof completes
by substituting the resulting &, = n~" in (71) and (72). [ |
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