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kernel machine overcomes such limitations regardless of the misspecifica-
tion of either the missing mechanism or the conditional distribution of
the response. Theoretical properties, including the oracle inequalities for
the excess risk, universal consistency, and learning rates are established.
We demonstrate the superiority of the proposed methods to some existing
methods by simulation and illustrate their application to a real data set
concerning a survey about homeless people.
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1. Introduction

We consider the problem of statistical learning in the presence of missing re-
sponses. Missing response is a type of data in which the response variable cannot
always be observed. Missing responses are common in market surveys, medical
research, and opinion polls. Our first motivating example is from the Los An-
geles County homeless survey directed by the Los Angeles Homeless Services
Authority (LAHSA) (Kriegler and Berk, 2010). The LAHSA was interested in
the number of homeless counts in the different survey tracts, among a total of
2,054. For each tract, information about the median household income, the per-
centage of unoccupied housing units, etc., were collected as covariates. It was
known that there were 244 tracts having a large homeless population. All of
these tracts, called “hot tracts”, were included in the survey. Out of the remain-
ing 1,810 tracts, 265 were randomly sampled. The sampling probability of such
a tract depends on the Service Provision Areas (SPAs). Different areas have a
different probability of being visited. Consequently, missing responses (number
of homeless count) occurred in those tracts (not included in the survey) while
having their covariates still available. (More details can be found in Kriegler and
Berk (2010).) Another example incurring missing responses concerns a biomed-
ical study where genetic information (treated as covariates) is collected on all
participants, but the level of a biomarker is collected only on a subset of them
based on the corresponding genetic information.
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The missing mechanism involved in these two examples can be cataloged as
missing at random (MAR), where the missingness depends only on the compo-
nents that are observed, but not on the components that are missing (Little and
Rubin, 2002, Chapter 1). In particular, in the first example, the sampled tracts
depend on the areas but are independent of the actual counts in these tracts.
In the second example, the observation of the responses of the biomarker levels
depends on the genetic profile but not on their actual values.

For the general missing data problem, there are four common approaches.
The first approach uses only the observations without any missing data, which
are referred to as complete cases. This approach is simple but subject to obvious
information loss and severe estimation bias. The second approach first imputes
the missing data and then conducts an analysis based on the imputed data
(Rubin, 2004). The imputation methods are typically more efficient. However,
they can involve extrapolation, which is difficult to diagnose and can lead to
bias. The third approach first imposes some distributional assumptions for both
response variable and covariates; then makes inferences using the likelihood
principle. In that case the distributional assumptions need to be justified in
practice. Finally, the inverse probability weighting (IPW) approach constructs
estimators by weighting complete cases (Horvitz and Thompson, 1952). We refer
to Pelckmans et al. (2005) and Tsiatis (2006, Chapter 6) for excellent summaries
of these approaches.

For the missing responses problem, various methods have been developed,
including the augmented inverse probability weighting (AIPW) methods, semi-
parametric methods, and kernel machine methods, among others.

The ATPW method was first introduced by Robins et al. (1994) to estimate
regression coefficients. Rotnitzky et al. (1998) proposed a semiparametic estima-
tor for repeated outcomes with nonignorable response. Scharfstein et al. (1999)
noted the double robustness of the AIPW estimator, which later attracted devel-
opment of many new estimation methods. Wang and Rao (2002) first imputed
the missing response values under the MAR assumption by kernel regression
imputation and then constructed a complete data empirical likelihood. Wang
et al. (2004) extended a semiparametric regression analysis method to include
missing responses and built a doubly-robust estimator for the population mean.
Tan (2010) built on a nonparametric likelihood approach and proposed a doubly-
robust estimator which is locally and intrinsically efficient and sample-bounded.
Vermeulen and Vansteelandt (2015) proposed an approach that locally mini-
mized the squared first-order asymptotic bias of the doubly-robust estimator
against the misspecification of both working models. Seaman and Vansteelandt
(2018) proposed to use an estimation equation with inverse probability weight-
ing and imputation to obtain a doubly-robust estimator. Wang et al. (2010)
proposed a class of augmented inverse probability weighted kernel estimating
equations for the nonparametric regression where the weights in the estimating
equations contain kernel functions. The aim of aforementioned methods, except
Wang et al. (2010), was to estimate the population mean but not to predict the
response.
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It is worthwhile to mention the difference between the doubly-robust kernel
machines and the AIPW method. In statistical analysis, under certain condi-
tions, one can construct different AIPW estimators of the population mean
(Scharfstein et al., 1999; Tsiatis, 2006, Chapter 6.5) and different estimating
equations (Wang et al., 2010; Seaman and Vansteelandt, 2018). The ATPW
estimators can possess the doubly-robust property. While for the kernel ma-
chines approach, the augmented inverse probability weighted loss should not
only ensure the doubly-robust property but also guarantee the convexity of the
augmented loss function. The convexity is essential to warrant the theoretical
properties of the kernel machine method. Under certain conditions, our proposed
augmented loss function fulfills this requirement.

For the semiparametric methods, Liang et al. (2007) proposed a partially
linear model for missing responses with measurement errors on the covariates.
Azriel et al. (2016) studied a regression problem with missing responses. They
showed that when the conditional expectation of the response is not linear in the
predictors, additional observations can provide more information. In their work,
they constructed the best linear predictor which depends also on the incomplete
data.

The kernel machines, which include support vector machines (SVM) as a
special case, are known for the advantages of easy computation and weak as-
sumption about the distributions (Steinwart and Christmann, 2008; Hofmann
et al., 2008; James et al., 2013, Chapter 9). In recent years, kernel methods
have been developed for many types of data including some missing data set-
tings (Goldberg and Kosorok, 2017; Stewart et al., 2018). For the kernel machine
methods, Smola et al. (2005) developed a framework where the kernel methods
are treated as an estimation problem in an exponential family, which can handle
missing responses as well as missing covariates. They extended the concave con-
vex procedure of Yuille and Rangarajan (2003) to find a local optimum of the
estimator. However, the convergence of the estimator is not clear, the computa-
tion can be demanding, and the exponential family condition is hardly satisfied
in real situations.

In this paper, we develop kernel machines with missing responses. We first
propose a family of kernel machines that use the estimated inverse probabilities
of the observed cases to weight the loss function of the complete cases. We call
it ‘inverse-weighted-probability complete-case estimator’ (Tsiatis, 2006). More
specifically, we first estimate the missing mechanism by a model and then show
that if the model is correctly specified, the empirical risk is consistent.

When the model for the missing mechanism is misspecified in the aforemen-
tioned kernel machine method, the resulting estimator can be biased. There-
fore, secondly, we propose a doubly-robust kernel machine estimator to over-
come this problem. The new doubly-robust kernel machine estimator is derived
with respect to an augmented loss, which is a kind of augmented inverse-
probability-weighted-complete-case estimator, introduced by Scharfstein et al.
(1999). See also Bang and Robins (2005) and Seaman and Vansteelandt (2018)
for an overview. There are two key challenging issues that have to be dealt
with when constructing a doubly-robust kernel-machine estimator. The first is-
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sue is that the augmented loss function needs to be both doubly-robust and
convex. As pointed out earlier, the convexity is not always satisfied by the usual
ATPW method. The second issue is that the augmented estimator has to con-
verge uniformly over a set of functions that grows with the sample size. We
are not aware of any such doubly-robust estimator in the context of kernel ma-
chines.

Our construction of the proposed doubly-robust kernel machine estimator
can be summarized in the following two steps. First, we estimate the missing
mechanism and the conditional distribution of the response given the covari-
ates. The latter is used to compute the conditional risk. Second, we augment
a weighted conditional risk to the weighted loss function. We show that the
proposed empirical risk is doubly-robust consistent against misspecification of
either the missing mechanism or the conditional distributions.

The second contribution of our paper is to establish the theoretical properties
for the proposed kernel machines including the oracle inequalities, universal
consistency and learning rates. Here we emphasize that the techniques that we
use to derive these properties can be applied to obtain doubly-robustness in the
general context of minimization problems.

The rest of the paper is organized as follows. Section 2 introduces some no-
tation and assumptions. Section 3 presents the main methods of the proposed
kernel machines. Section 4 provides the theoretical results, including the oracle
inequalities, consistency, and convergence rate. Section 5 contains the simulation
study of comparison with some existing methods and demonstrates the superi-
ority of the proposed methods in terms of the empirical risk of predicting a new
response, as well as the overall expectation. Section 6 illustrates the application
of the proposed methods to the Los Angeles homeless data. Section 7 concludes
the paper with some discussion about future directions. All technical proofs are
deferred to Appendix C. An R package called KMAICD that integrates easily to
the package mlr (Machine Learning in R) for the kernel machine estimators is
given in the Supplementary Materials.

2. Preliminaries

Let Y denote the response random variable taking values in Y C R, where )
can be {—1,1} for (binary) classification and a bounded compact set of R for
regression. Let R denote the missingness indicator with R =1 if Y is observed,
called the ‘complete case’, and R = 0 otherwise, called the ‘incomplete case’.
Let X denote the associated covariates taking values in a compact set X C Rf.

We make some assumptions as in Tsiatis (2006, Chapter 6).

Assumption 2.1. The missingness indicator R and the response Y are inde-
pendent given the covariate vector X, i.e., the missing mechanism is missing at

random (MAR).
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Under Assumption 2.1, the propensity score, defined by the conditional prob-
ability of observing Y given X, is

(X)=P(R=1|X)=P(R=1]|X,Y).

Assumption 2.2. There exists a positive constant ¢ < 1/2 such that
inf,cx 70(z) > 2e.

Assumption 2.2 implies that a certain portion of responses is always missing.

Let P be the set of all joint distributions (R, X,Y") for which Assumptions 2.1
and 2.2 hold. In what follows, we will focus our analysis on the probability
measures in P.

Let f : X — Y be a function. Let L : Y X R — [0,00) be a loss function
where L(Y, f(X)) can be interpreted as the cost of predicting Y by f(X).

Assumption 2.3. Assume that L is convex and locally Lipschitz continuous.
The latter is in the sense that for all uw > 0 there exists a constant Cp(u) > 0
such that sup,cy |L(y,t) — L(y,t')| < Cr(u)|t — | for t,t' € [~u,u].

Without loss of generality, assume that L(y,0) is bounded by 1. Denote the
risk with respect to the loss function L by Rz p(f) = E[L(Y, f(X))] and the
Bayes risk by R} p = inf7 is measurable RL,P (f)-

Let H be a separable reproducing kernel Hilbert space (RKHS) of a bounded
measurable kernel k : X x X — R. Denote its norm by || - ||. Assume that k is
a universal kernel which means H is dense in the space of bounded continuous
functions with respect to the supremum norm. Throughout the paper we assume
that || k||cc < 1. (Steinwart and Christmann, 2008; Hofmann et al., 2008). Denote
H.,, as a subspace of H that grows with the sample size n. Let A denote a positive
tuning parameter. A kernel machine fp ) is the minimizer of the regularized risk,

fex = 5}}51% MIFIE +Rep(f).

Given a simple random sample {(X;,Y;) : ¢ = 1,...,n} (without any miss-
ing data), denote Ry p(f) = n= 'Y i, L(Y;, f(X;)) as the empirical risk of
R p(f). A kernel machine estimator of fpy is

foa= ?élﬁ M3+ Re,p(f), (2.1)

where A can be obtained by cross validation in practice. We denote the associated
A by A, for later use.

Since L is a convex loss function, the representer theorem (Steinwart and
Christmann, 2008, Theorem 5.5) implies that there is a unique solution of fp x
in the form of

foa(x) = Zaik(ani)v (2.2)
i=1

where o = (aq, -+, a,)T € R™ is a vector of coefficients.
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3. Kernel machines with missing responses

In this section, we propose two types of kernel machines to estimate f with
missing responses. Suppose (R, X1, R1Y1), ..., (R, Xn, R, Yy ) are independent
and identically distributed samples of the triplet (R, X, RY') where Y; is observed
only when R; = 1.

3.1. Weighted-complete-case kernel machines

With missing responses, a naive estimator of Ry p(f) using the complete cases
is

_ >y RiL(Yi, f(X4))

Z?:l R;
When all R; = 1, i.e., there is no missing response, it reduces to the usual empir-
ical risk. By the law of large numbers, Ry p(f) converges to E{RL(Y, f(X))}/
E(R) in probability, which equals E{L(Y, f(X))} if and only if E{RL(Y, f(X))}
= E(R)E{L(Y, f(X))}. This equation holds when R is independent of (X,Y).
Thus, the consistency of Rr p(f) to Rr p(f) cannot be guaranteed in general.
On the other hand, observe that by Assumption 2.1,

() ol (2 )

Re,p(f) (3.1)

~E [E{L(Kf(X)) | X}E{% | XH
— E[E{L(Y. f(X)) | X}]
=E{L(Y, f(X))}. (3:2)

Therefore, an unbiased estimator of Ry, p(f) can be achieved by weighting the
complete cases appropriately (Tsiatis, 2006, Chapter 6).

Let w(X) € (0,1] denote a generic conditional probability R given X. Define
the weighted loss function for the data with missing responses by

LW (W,R,X,Y,f(X)) =

LY, f(X)) —
RL(Kf(X)):{ e R=L

m(X) 0 R=0,

where the weight function is W(X) = R/n(X). Note that for any n(X) €
(0,1], Lw (7, R, X, Y, f(X)) is a convex function, since L(Y, f(X)) is a convex
function.

Let 0 < 7(X) < 1 be an estimator of 7°(X). Write L = Lw (7, R, XY,
f(X)).

S|

Rigo(f) = 23 L (5B X Vi f () = 230 BERLID)
i=1 =1

T(Xi)
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We now propose the weighted-complete-case kernel machine as
W o= in A f]I2, + R 3.5
foa = arg Imin 1113 + Reg,.0(f), (3.5)
€

where the first term is the same as defined in (2.1).

Lemma 3.1. Assume that 7(X) converges to w°(X) in probability uniformly
and that Assumption 2.1 holds. Then, for any f € H, Ri_ p(f) N Rrp(f).

Proof. Since 7(X) is consistent,

Rigo() = —2{“%{5& }:%i{“ RO IO 4 o,

RL(Y, f(X
5 e

} — Rup(). O

The consistency assumption of 7(X) in Lemma 3.1 may not be easy to verify
in practice. We next propose a family of doubly-robust kernel machines with
this assumption relaxed.

3.2. Doubly-robust kernel machines

Denote the conditional distribution of Y given X by Fyx(y | =, BY), where
(% € B is an unknown parameter vector and B is the parameter space of finite
dimension. For any 8 € B, define

H(z, B, f(x)) = / L P (] .).

Then, the conditional expectation of the loss function L(Y, f(X)) given X, or
the conditional risk, is expressed as

1 f@) = [ L S@)iFy s (o] 87) = E{LY.S00) | X =},
ye
(3.6)
By the law of total expectation, E{H(X, 8%, f(X))} = E{L(Y, f(X))} =
Rrp(f).
Assumption 3.1. For any 3 € B, assume that Fy x(y | z, ) is continuously

differentiable with respect to B for x € X, y € Y, and that H(x, 3, f(x)) is a
continuous function of B for x € X.

Let B € B be some estimator of 3°. We make the following assumption about
B and 7T(X).

Assumption 3.2. Assume that 7(x) N m*(x) uniformly for x € X, where

7*(x) does not necessarily have to be 7°(z); and that B N B* € B, where 5*
does not necessarily equal 3°.
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Define the augmented loss function by

RL(Y, f(X)) R—mn(X)

LW,H (ﬂaHaRaXaKf(X))E 7_[_()() - W(X) H(X7/87f(X)) (37)

The corresponding empirical risk is

RLA = D(f) = n LW,H (%7ﬁaszX“}/laf(Xl))

Sy My (% B) |

Denote H = H(I7B0,f(l')), ﬁ =H (xaﬁaf(x))a LWO,HO = LW,H(W(J,HOa
R,X,Y, f(X)) and Ly 5 = L (7, B, R, XY, £(X)).

Unlike L(Y, f(X)) and Lw (7, R, X,Y, f(X)), Lw,u (7, H, R, XY, f(X)) is
not necessarily convex by the construction. In order to obtain the doubly-robust
kernel machine, we need both Lyyo o and LITV, 7 to be convex functions. The
following lemma gives a sufficient condition.

Lemma 3.2. Suppose that L(Y, f(X)) is the quadratic loss, i.e., L(Y, f(X)) =
{Y — f(X)}*. Then, Lyo go and Ly iz are both convex functions.

17‘L
P>
1 -~ [ R;L(Y;, f(X; R, — 7(X;
52{ Vi, f(Xi)) (Xi)

We propose the doubly-robust kernel machine to be

i = g min A3, + R, 0(0) (3.8)

W.,H’
Remark 3.1. (i) The kernel machine fp x in (2.1) is the decision function with
respect to the loss function L(Y, f(X)) when the data are fully observed. (ii) The

weighted-complete-case kernel machine fDA in (3.5) is the decision function
with respect to the weighted loss function LA when some responses are missing.

(iti) The doubly-robust kernel machine fD )\ n (3.8) is the decision function
with respect to the augmented loss functwn Lwﬁ when some responses are
missing. Additionally, we choose L(Y, f(X)) to be the quadratic loss to warrant

the convezity of Ly -

At last, we claim the consistency of the proposed doubly-robust kernel ma-
chine.

Lemma 3.3. Under Assumptions 2.1, 3.1, and 3.2, for any f € H, if either
T(X) = 70(X) or B = 3, then Riy, .o(f) = Rep(f).

W,H’

3.3. Estimation of the augmentation term

We present two explicit examples for estimating the augmentation term of (3.7).
We limit the loss function to the quadratic loss.
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3.3.1. Regression

Consider the following location-shift regression model (Tsiatis, 2006, Chapter 5)

Y = u(X,8°) + ¢

where ¢ is the random error with mean zero and variance o2. Assume that ¢ is
independent with X. The form of u(X, 3°) can be arbitrary, for example, linear
(X, B°), or log-linear, log(XT3Y). By the assumptions of L and &,

H(X, 8 £(X) = B [{n(X, 8°) + = - f(X)}" | X]|
= {u(X,8°) — F(X)}* + o2 (3.9)

We next estimate 3° and o2 by maximizing the likelihood. Let Fg x (r,z) and
F(r,z,y, B°) denote the joint distributions of (R, X) and (R, X,Y) respectively.
By Assumption 2.1,

F(T7$7y750) = FY|R,X(y | T’w7/BO)FR,X(T7 .’E) = FY\X(Z/ | r, ﬁO)FR,X(T>:E)'

Without loss of generality, suppose that the first ny triples of (R;, X;,Y;) are
the complete cases (with R; = 1), and that the last n — n; triples have missing
responses (with R; = 0). The likelihood of 8° is

ni n
[[FCawny8%) I Frox(riw)

i=1 i=ni1+1

—HFY\X yi | @i, 8°) Fr x (ri, ;) H Frx(ri, z;)

=1 i=n1+1
ni n

:HFY\X(yi | @i, 8°) HFR,X(TiaIi)- (3.10)
=1 =1

It suffices to maximize the first factor of (3.10) involving 3° (without knowing
the joint distributions). Denote the resulting maximum likelihood estimator
(MLE) of 3° by 3. Then, we estimate o2 by

2 _ Sty Ri {Yz’ - M(Xi,g)}Q
e — 1 )

-~

which is a consistent estimator whenever (X, /) is a consistent estimator of
(X, B°) since X is independent of .

Replacing 3° and o2 by B and 72 respectively in (3.9), we obtain the estimate
of the augmented term H(X, 3, f(X)) and consequently Ry p(f).

W,H?’
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3.8.2. Classification

Consider Y € {—1,1} in a classification problem. Suppose we use the logistic
model for the conditional probability of Y given X through

_ 0y _ exp (XTﬁO) — : T 20
P(Yy=1]|X,58° = T oxp (X759 = logit (XTp°).
In this case, we have
H (X, 8% [(X)) =B[{Y - [(X)}*| X]
=1+ f(X)* = 2f(X)E(Y | X)
=1+ f(X)*-2f(X){2P (Y =1|X,8%) —1}. (3.11)
Under the same assumption of the data as in Section 3.3.1, we obtain the

MLE of 8%, 3, by maximizing

yitl 1-vy;

I Fvix (il e 80) =[P (Y =1]2:8°) = {1-P(Y =1]x;,8°} *
=1 =1

Substituting H(X, 3, f(X)) in R._  p(f) and minimizing (3.8) lead to the

W,H’
doubly-robust kernel machine for classification.

3.4. Least-squares kernel machines with missing responses

In fact, under the quadratic loss function, the proposed kernel machines can be
obtained explicitly.

Let « = (a1, - ,a,)7, Y = (Y1,---,Y,)T, W = diag(R,/7(X1), -,
R,/7(X,)), and A = W'/2, Denote the kernel matrix K = (Kij)nxn with

-~

Kij = k(Xi, X;). Denote (X, B) = (u(X1,B), ..., u(Xn, B))T. For example, in
the considered classification problem, pu(X, ) = 2logit(XT38) — 1. Let I denote
the n X n identity matrix.

For the weighted-complete-case kernel machine, we have

oV = (A + WK)'WY. (3.12)
For the doubly-robust kernel machine, we have
o = (n\ + K)~! {WY+ (I-W)p (X, B)} (3.13)

The details are given in Appendix A.
In the end, the proposed kernel machine estimators with respect to the
weighted loss in (3.3) and the augmented loss in (3.7) are respectively

@ =3 alVk(@ X)) and (@) = ol Pz, X,).
=1 =1
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4. Theoretical results
4.1. Assumptions and conditions

In Section 3, we have shown that for any given f € H the empirical risk based on
the two proposed kernel machines are consistent estimators of the risk function
Rirp(f). In this section, we prove the universal consistency and derive the
learning rates of the proposed kernel machines. Here, the universal consistency
means when the training set is sufficiently large, the learning methods produce
nearly optimal decision functions with large probability for all P € P. The
learning rates provide a framework that is more closely related to the practical
needs. It answers the question of how fast R p(fp ) converges to the Bayes
risk R7 p. The learning rate of the learning method is defined in Steinwart and
Christmann (2008, Lemma 6.5). For universal consistency, we shall prove the
oracle inequalities which bound the finite-sample distance between the empirical
risk and the true risk of the omniscient oracle.
First, we make one additional assumption about the estimator 7(X).

Assumption 4.1. Assume that 7(X) satisfies
0<cpr<7(x)<cpu<l, forallze X

where 1/c, 1, and 1/(1 — ¢, y) are O(n?), for some 0 < d < 1/2.

The assumption is satisfied when 7(X) = min {max (¢, 1, T(X)), cnu}s
where 7(X) is some estimator. Moreover, if a lower bound of the constant ¢
in Assumption 2.2 is known, then we can choose d = 0.

Second, we introduce two conditions about the kernel space and the loss
function, which we need in order to show the universal consistency of the two
proposed kernel machines. Let By = {f € H : || f|l» < 1} denote the unit ball
in the RKHS H. Define N (By, || - [0, €) as the e-covering number of By with
respect to the supremum norm ||- ||, defined by || f|lcc = esssup{|f(z)|,z € X}.

Condition 4.1. There exist constants a > 1 and p > 0 such that for every
€ > 0, the entropy of By is bounded by log N' (B, || - |loo, €) < ae™2P.

Condition 4.2. There exist constants ¢ > 0 and m > 1 such that the locally
Lipschitz constant Cp(u) defined in Assumption 2.3 is bounded by mud.

Remark 4.1. (i) Condition 4.1 is used to bound the entropy of the function
space H. The linear, Taylor, and Gaussian radial basis function (RBF) kernels
satisfy Condition 4.1 for all p > 0 (Steinwart and Christmann, 2008, Section
6.4). (ii) For the hinge loss, Condition 4.2 holds with ¢ = 0. For the quadratic
loss, Condition 4.2 holds with ¢ = 1 (Steinwart and Christmann, 2008, Sec-
tion 2.2). (i) Both conditions can be verified.

Define

Erry, = sup ’7?(33) — %)
reX

)
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Erry,, = sup sup|H(x, B, f(z)) — H(z,5° f(2))], (4.1)
fEH, zEX

as the estimation errors regarding the missing mechanism and the estimation
error regarding the conditional risk, respectively. Err ,, is used later in Ap-
pendix C to derive the oracle inequalities. Denote the approximation error func-
tion of fp , with respect to the Bayes risk by

As(N) = Ml fealld + Rep(fen) — Rip

Assumption 4.2. There exist constants b > 0 and v € (0, 1] such that A3(\) <
bAY for all X > 0.

4.2. Theoretical results of the weighted-complete-case kernel
machines

Recall that P is the set of all probability distributions for which Assumptions 2.1
and 2.2 hold.

Theorem 4.1. Let Assumptions 2.1, 2.2, and 4.1 hold. Suppose the universal
kernel k and the loss function L satisfy Conditions 4.1 and 4.2 respectively.
Assume that |7(X) — 7°(X)| = 0,(n~Y2). Suppose X, is a sequence in (0,1)
satisfying A, — 0 and

A?nmin(ﬁv%*d)’m?)d — 00, (4.2)
where d, p, and q are defined in Assumption 2.2, Conditions 4.1, and 4.2 re-
spectively. Then, the wetghted-complete-case kernel machine f}/)‘f)\ in (3.5) is

P-universally consistent, i.e., Rr p (fg‘f/\> N Rip forallP €P.

The proof of Theorem 4.1 is based on the oracle inequality derived for the
weighted-complete-case kernel machines in Theorem C.1 of Appendix C. When
L is the quadratic loss with ¢ = 1, the kernel k is Gaussian, and d = 0; (4.2)

reduces to A,n 270 which by (i) of Remark 4.1 holds for all p > 0 and therefore
is equivalent to )\nn%_é — oo for arbitrarily small € > 0.

Corollary 4.1. Let Assumptions 2.1, 2.2, 4.1, and 4.2 hold. Suppose the uni-
versal kernel k and the loss function L satisfy Conditions 4.1 and 4.2 respec-
tively. Assume that |7(X) — 7%(X)| = O,(n~'2). Then, the learning rate of

the weighted-complete-case kernel machine fgv’)\ in (3.5) is

n{fmi“(ﬁ’%*d)jLW}migﬂ ,
where d and v are defined in Assumptions 2.2 and 4.2, p and q are defined in
Conditions 4.1, and 4.2, respectively.

When L is the quadratic loss with ¢ = 1, the kernel k is Gaussian, and d = 0;
'Y
the learning rate reduces to n~ 20¥D@+D | which by (i) of Remark 4.1 holds for
all p > 0 and therefore is equivalent to n~ 2D T for arbitrarily small € > 0.
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4.3. Theoretical results of the doubly-robust kernel machines

First, we present some convergence orders related to this learning method.
Let P,g = 2 37 | g(X;) denote an operator taking the sample mean of g(X)
over Xi,...,X,. Denote

a, =P, [ m X }
h, = sup |P, {L Y, f(X)) - H(X, 5% f(X))}].
fEH,

By the central limit theorem, a,, = O,(n~'/2). The term h,, is a supremum of
a random process over H,. The following lemma gives the order of h,,.

Lemma 4.1. Let Assumption 4.1 hold. Suppose the loss function L satisfies
Condition 4.2. Then,
b= 0, (n~37%1071).

We will discuss more about the functional space H., in the proof of Lemma 4.1.

Lemma 4.2. Let Assumptions 3.1 and 4.1 hold. Suppose the loss function L
satisfies Condition 4.2. Assume |B B = O,(n=Y2). Then, the estimation
error Erry ,, defined in (4.1) is of Op(n~ 3tad)—q),

Under the quadratic loss with ¢ = 1, Lemmas 4.1 and 4.2 imply that
hn =0y (n_%+%)\_%> and Errg, = O, (n_%+d)\_1) .
With the convergence orders of a,,, h,,, and Errs ,, in position, we are ready to

show the universal consistency and derive the learning rate of the doubly-robust

. W, H
kernel machine fp i~ .

Theorem 4.2. Let Assumptions 2.1, 2.2, 3.1, 3.2, and 4.1 hold. Suppose that
the universal kernel k satisfies Condmon 4.1 and the loss function L is the
quadratic loss. Assume that either |#(X) — 7°(X)| = O,(n"1/2) or \ﬁ B =
0,(n~Y/2). Suppose \,, is a sequence in (0,1) satisfying A, — 0 and

)\nnmin(ﬁ’%fd)fd — 0.

Then, the doubly-robust kernel machine f}:},v;\ﬁ in (3.8) is P-universally consis-
tent, i.e., Ry p( g;\H) N Rip foral P eP.

The proof of Theorem 4.2 is based on the oracle inequality derived for the
doubly-robust kernel machines in Theorem C.2 of Appendix C.

Corollary 4.2. Let Assumptions 2.1, 2.2, 3.1, 3.2, 4.1, and 4.2 hold. Suppose
that the universal kernel k satisfies Condition 4.1 and the loss function L is the
quadratic loss. Assume that either |7(X) — 7°(X)| = Op(n™2) or |3 — B°| =
Op(nfl/Q). Then, the learning rate of the doubly-robust kernel machine fgfj\H
in (3.8) is nt=min(zre 3 =d)+d}
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When the kernel k is Gaussian and d = 0, the learning rate is n~ TGTFDGFD ,
which by (i) of Remark 4.1 holds for all p > 0 and therefore is equivalent to
n~ 772+ for arbitrarily small e > 0.

Remark 4.2. When L is the quadratic loss, for the doubly-robust kernel ma-
chine estimator, using the similar argument as in Appendiz A.2, we can show
that one can estimate E{L(Y, f(X)) | X = 2} by estimating BE(Y | X) = u°(X)
directly.

Let 1i(X) be the estimator of u°(X). In this case, the requirement 3 L, 8% in

Assumption 3.2 can be replaced with p(X) N w*(X) where u*(X) does not nec-
essarily equal p°(X). The requirement \3—50| = 0,(n~Y2) that in Lemma 4.2,
Theorem 4.2, and Corollary 4.2 can be replaced with |fi(X)—p°(X)| =
Op(nfl/Q). We have the following theoretical results for the doubly-robust kernel

machines.

1. The estimation error of the conditional risk Erry,, in Lemma 4.2 is of
Op(n’%+%)ﬁ%). (The proof is given in Remark C.1 of Appendix C.8.)

2. When |7(X)—7%(X)| = O,(n~'/2), the P-universally consistency in The-
orem 4.2 and the learning rate in Corollary 4.2 remain to hold.

3. When |ﬁ(X) - uO(X)| = 0,(n~/2), the P-universally consistency in The-
orem 4.2 holds if

1 l,i),d
220272 — 00.

)\nnmin(
The learning rate in Corollary 4.2 is pl-min(ae 3 -8)+d} 53 The
proofs are given in Remark C.2 of Appendix C.9 and Remark C.3 of Ap-
pendiz C.10.

Remark 4.3. Let L be the quadratic loss and [i(X) be the estimator of u°(X).
Assume that the conditions in Theorem 4.1 hold for the weighted-complete-case
kernel machine and the conditions in Theorem 4.2 hold for the doubly-robust
kernel machine.

(i) First, when \, satisfies

; 11
)\nnmln(m@fd)fd o,

the weighted-complete-case kernel machine is P-universally consistent. When
[7(X) — 7°(X)| = O,(n"/2) and \,, satisfies

; 11
)\nnmm(m,i—d)—d 0,

or |ﬁ(X) — uO(X)| = 0,(n"Y2) and X, satisfies

1

min(2p+2,%7%)7d — 0

Anl

the doubly-robust kernel machine is P-universally consistent. This shows that the
doubly-robust kernel machine requires no stronger condition than the weighted-
complete-case kernel machine to warrant P-universally consistency.
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(i) Second, when Assumption 4.2 holds, the learning rate of the weighted-
complete-case kernel machine is

= min(tes A=)}

When |7(X)—7°(X)| = O,(n~Y/2), the learning rate of the doubly-robust kernel

machine is
- min(s 3 —d)+d} 537

When |i(X) — p°(X)| = 0, (n~Y/2) the learning rate of the doubly-robust kernel
machine is

pl-min(m3-9)+d} 51

This indicates that the doubly-robust kernel machine has equal or faster learning
rate than the weighted-complete-case kernel machine.

5. Simulation

We conduct simulation studies to compare the finite-sample performance of the
proposed kernel methods with some existing methods in terms of predicting a
new response of either a regression or classification model and estimating the
mean of a regression model.

We denote the competing methods as follows.

Reg: the linear regression method which uses only complete cases.

SSLR: the semi-supervised linear regression method by Azriel et al. (2016)
which takes into account the missing responses.

BEDR: the bounded, efficient and doubly-robust estimation by Tan (2010).

BRDR: the bias-reduced doubly-robust estimation by Vermeulen and Vanstee-
landt (2015).

CC: the naive kernel machines which use only the complete observations.

WCC: the proposed weighted-complete-case kernel machines.

DR: the proposed doubly-robust kernel machines.

Note that the BEDR and BRDR are only used to compare the population
mean estimation since they are not designed for predicting new responses. For
all kernel machine methods, we use Gaussian RBF kernel function, where the
kernel width parameter and the tuning parameter A are chosen by (five-fold)
cross validation.

For the WCC, the missing mechanism needs to be estimated. For the BEDR,
BRDR, both the missing mechanism and the condition mean E(Y | X) need to
be estimated. For the DR, both the missing mechanism and the conditional dis-
tribution Fy|x (y | X, 60) need to be estimated. Here, we consider the following
four scenarios regarding misspecification.

S-1 Both the missing mechanism and the conditional distribution working
model are correctly specified.

S-2 The missing mechanism is misspecified while the conditional distribution
working model is correctly specified.
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X

F1G 1. Plot of Setting 1 with sample size 1000: The blue triangle points are observed responses
and the red circle points are missing responses. Observations with X on [0,2] have lower
probability to be generated than X on (2,4] and is more easily observed.

S-3 The conditional distribution working model is misspecified while the miss-
ing mechanism is correctly specified.

S-4 Both the missing mechanism and the conditional distribution working
model are misspecified.

5.1. Setup

We consider the four settings to generate data with missing responses.
In the first setting, the response is generated by

Y=exp(X)+Us+Us+ Uy + Us + ¢,

where X ~ 4 x Beta(5,3), Us,...Us ~ Unif(0,4), e ~ N(0,1), and X, Us ... Us,
and ¢ are mutually independent. The missing mechanism is given by

P(R=1|X)= {[1 +exp {2(X — 2)}]_11 X € (0,2,
[14+exp{—(X —4)}] X € (2,4).

The missing rates for X in (0, 2] and (2, 4) are about 22% and 77%, respectively.
The overall missing rate is about 64%. In this example, both the probability of
the appearance of the large value of Y and the missing rate increase in X. That
means larger responses are more likely to be missed, as illustrated in Figure 1.
Thus, ignoring the missingness will yield a biased estimator of the nonlinear
predictor of Y, as the estimation is based on the smaller values of X.
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Setting 2 is an example of the classification used by Laber and Murphy (2011).
The response is generated as

Y =sign (Xz — 0.16X7 — 1 +¢),
where X1, Xo ~ Unif(0,5), e ~ N(0,0.25). The missing mechanism is
P(R=1|X) =logit{1.5(Xs — X1)}.

The missing rate when Y = 1 and —1 are about 20% and 84%, respectively.
This implies that the positive labels of Y are more easily observed. The overall
missing rate is about 50%.

Settings 3 and 4 are taken from Liu et al. (2007), where they studied the
generic pathway effect of the prostate-specific antigen (PSA), a biomarker for
prostate cancer screening. Consider generating the response by a generic regres-
sion model through

Y =3cos(X1) +2U + h(X1,..., X,) +¢,

where U, X1, ... X, ~ Unif(0, 1), ¢ ~ N(0,1), which are mutually independent,
and h(-) is a centered smooth function. In Setting 3, p =5 and

h(X1,...,X5) = 10cos(X1) — 15X3 + 10 exp(—X3) X, — 8sin(X5) cos(X3)
+ 20X, X5.

The missing mechanism is given by

5
. 4log3  2log3 X;
P(R=1]|X) = logit | — — .
( | X) = logi ( 3+ 3 ;:1 5)

In Setting 4, p = 10 and

h(X1,...,X1)

=10cos(X1) — 15X3 + 10 exp(—X3) X4 — 8sin(X5) cos(X3)
+20X1 X5 + 9Xgsin(X7) — 8 cos(Xg) X7 + 20X sin(Xg) sin(X19)
—15X3 — 10Xg Xy — exp(X10) cos(X1g).

The missing mechanism is given by

10
. 4log3 = 2log3 X;
P(R=1]|X) =logit [ — -,
(R=1]X) ogl( 53 2lo ;m)

In these two settings, the missing rates are both about 75%.

For the misspecification of the missing mechanism, we use the generalized
linear model with the probit link to estimate the missing mechanism. For the
misspecification of the conditional distribution working model, we used the sim-
ple linear model.
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Throughout, we set the (training) sample size n to be 100, 200, 400, and 800,
respectively, for each data set.

We examine the performance of the competing estimation methods by the
following two quantities. The first quantity is the empirical risk of predicting a
new response, given by

1 -
Q=5 D Vi— F(x)},
i=1

where ]?denotes a generic estimator of the decision function obtained by various
methods, {(X;,Y;) : ¢ =1,...,N} is the testing sample of size N = 100,000.
The second quantity is the absolute bias of estimating the overall expectation
of the response, given by

Q2 = [E(Y) —E(Y)],

where E(Y) = N! vazl f(Xz) and E(Y) is approximated by N~! Zivzl Y,
{(X:,Y;):i=1,...,N} and N are as defined for Q1. Throughout, we set the
number of replications (simulation size) to be 100.

5.2. Results

Table 2 presents the sample mean, median, and standard deviation of @ (over
100 replications) obtained by the five competing methods (Reg, SSL, CC, WCC,
DR) under four settings, four different sample sizes, and four different scenarios
of misspecification. The corresponding distributions of ()1 are displayed by the
boxplots in Figures 2 to 5.

Tt is seen that (i) when little information about the conditional distribution
or regression model is given, e.g., there is no information about the correct
covariates, the proposed weighted-complete-case kernel machine performs better
than Reg, SSL, and CC, especially for large sample-size datasets; (i) when
either the conditional distribution model or the missing mechanism is correctly
specified, the proposed doubly-robust kernel machine performs the best; (iii)
for Settings 2 and 3, even if both the missing mechanism and the condition
distribution model are misspecified, the proposed doubly-robust kernel machine
performs the best.

Table 3 presents the sample mean, median, and standard deviation of Q2 (over
100 replications) obtained by the seven competing methods (Reg, SSL, BEDR,
BRDR, CC, WCC, DR) under Settings 1, 3, and 4, four different sample sizes,
and four different scenarios of misspecification. The corresponding distributions
of E(Y') are displayed by the boxplots in Figures 6 to 8.

It is seen that (i) the proposed weighted-completed-case kernel machine out-
performs the considered five existing methods; (ii) the proposed doubly-robust
kernel machine yields the most precise estimation in terms of absolute bias, even
when the missing mechanism and the conditional distribution working model
are both misspecified.
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Fia 2. Bozplots of the empirical risk over 100 replications obtained by the five competing
methods under various sample size of n in Setting 1. Rows A-D present the results under
misspecification scenarios S-1 to S-4, respectively. The results of Reg, SSLR, and CC are the

same across all four scenarios/rows.
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Fia 3. Bozplots of the empirical risk over 100 replications obtained by the five competing
methods under various sample size of n in Setting 2. Rows A-D present the results under
misspecification scenarios S-1 to S-4, respectively. The results of Reg, SSLR, and CC are the
same across all four scenarios/rows.
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Fia 4. Bozplots of the empirical risk over 100 replications obtained by the five competing
methods under various sample size of n in Setting 3. Rows A-D present the results under
misspecification scenarios S-1 to S-/4, respectively. The results of Reg, SSLR, and CC are the
same across all four scenarios/rows.
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Fia 5. Bozplots of the empirical risk over 100 replications obtained by the five competing
methods under sample size of n in Setting 4. Rows A-D present the results under misspeci-
fication scenarios S-1 to S-/, respectively. The results of Reg, SSLR, and CC are the same
across all four scenarios/rows.
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F1G 6. Bozplots of the estimated population mean over 100 replications obtained by the seven
competing methods under various sample size of n in Setting 1. Rows A-D present the results
under misspecification scenarios S-1 to S-/4, respectively. The dashed line is the approrimated
mean. The results of Reg, SSLR, and CC are the same across all four scenarios/rows.
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F1a 7. Boxplots of the estimated population mean over 100 replications obtained by the seven
competing methods under various sample size of n in Setting 8. Rows A-D present the results
under misspecification scenarios S-1 to S-4, respectively. The dashed line is the approzimated
mean. The results of Reg, SSLR, and CC methods are the same across all four scenarios/rows.
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F1c 8. Bozplots of the estimated population mean over 100 replications obtained by the seven
competing methods under various sample size of n in Setting 4. Rows A-D present the results
under misspecification scenarios S-1 to S-/4, respectively. The dashed line is the approrimated
mean. The results of Reg, SSLR, and CC methods are the same across all four scenarios/rows.
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6. Application to Los Angeles homeless population data

We applied the proposed kernel machine methods to the Los Angeles home-
less data, where the goal is to estimate the number of homeless in each tract
(Kriegler and Berk, 2010; Azriel et al., 2016). The data set contains information
about 2,054 census tracts in the Los Angeles county. Due to the budget limita-
tion, some tracts were not visited, and consequently, the numbers of homeless
in these tracts are missing. The missing mechanism depends on the service pro-
vision areas (SPA) to which the tract belongs. We used the same covariates
of “Industrial” (percentage of land for industrial purposes), “PctVacant” (per-
centage of unoccupied housing units), “Commercial” (percentage of land used
for commercial purposes), “MedianHouselncome”, “Residential” (percentage of
land used for residential purposes) and “PctMinority” (percentage population
that is non-Caucasian) as in Azriel et al. (2016).

We pre-process the data in the following three steps. First, similar to Azriel
et al. (2016), we delete all tracts with zero median household income and the
244 highly-populated “hot tracts”, which results in 1,797 tracts for subsequent
analysis. The missing rate in this data set is about 85%. Second, to correct the
skewness of variables (as a common preprocess for the SVM), we applied log
transformation to the response variable of the number of homeless, the covariates
“Industrial”, “PctVacant”, “Commercial”, and “MedianHouseIncome”. Third,
all variables are standardized to have zero mean and unit standard deviation.

The boxplots of the data after transformation and normalization are shown
in Figure 9.

We applied the same five competing methods (Reg, SSLR, CC, WCC, and
DR) as in Table 2 to the dataset. We used the semi-supervised linear regression
method to estimate the conditional expectation u(X, B\) in the doubly-robust
kernel machine. In this data, the missing mechanism is known; the weights
are the inverse probability of the number of tracts assigned to each SPA. To
evaluate the performance of these methods, we randomly sample 1,597 tracts as
the training set and use the remaining 200 tracts as the testing set. Since some
of the responses (of the number of homeless) of these 200 tracts are missing,
we consider the empirical risks with respect to two different loss functions. The
first loss function is the complete-case quadratic loss in (3.1). The second loss
function is the weighted complete-case quadratic loss in (3.4), where the weights
are the inverse probability that tract would have been included in the survey.
Tracts for which the responses are observed are used to compute the empirical
risk.

Table 1 shows the sample mean, median, and standard deviation of the empir-
ical risk over 100 replications obtained by the five competing methods. It is seen
that overall these five methods produce similar results. The proposed weighted-
complete-case kernel machines performed the best with the minimum mean of
empirical risk together with the smallest variation in terms of the standard devi-
ation. The proposed doubly-robust kernel machine did not show its superiority
as in the simulation studies. It is possibly due to the inferior performance of the
semi-supervised linear regression used for the augmentation term.
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©
-

Observed number of homeless  Industrial PctVacant Commercial Median house income Residential PctMinority

Fic 9. From left to right, boxplots of the observed number of homeless, and the covariates
Industrial, PctVacant, Commercial, and Median house income, after log transformation and
normalization. The last two bozplots are of the covariates Residential and PctMinority after
normalization.

7. Conclusion and discussion

We proposed two kernel machines with missing responses. In particular, the
proposed inverse-probability complete-case estimator can be applied under any
convex loss function. The proposed doubly-robust estimator has the feature of
being doubly-robust against misspecification of either the missing mechanism
or the conditional distribution working model. The empirical risks of these new
data-dependent loss functions are shown to be consistent under mild conditions.
We also establish the universal consistency via the oracle inequalities for both
kernel machines.

In the present work, we posited two parametric models for estimating the
missing mechanism and the conditional distribution of Y given the covatiates
X. These two working models can be replaced by either semi-parametric mod-
els or nonparametric models such as smoothing kernel estimators and kernel
machine estimators. The theoretical results can be adapted depending on the
convergence rates of these working models. As recommended by Chernozhukov
et al. (2018), one can split the dataset into two subsets and use the first one
to estimate the two working models and the second one to obtain the kernel
machine decision function. This strategy is worth a new investigation for our
method. Other possible directions are some generalizations and extensions, for
example, the extension of the doubly-robust estimator to include other convex
loss functions. and the generalization of the data-dependent loss function to
handle the situation of missing covariates. We shall report these investigations
in separate works.
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TABLE 1
Sample median, mean, and standard deviation of the empirical risk under two loss functions
over 100 replications obtained by the five competing methods.

Reg SSLR CC WCC DR

mean weighted quadratic loss 9488 9735 9488 9100 9585

quadratic loss 1097 1116 1096 1054 1093
median weighted 9399 9868 8441 8293 9320
not weighted 943 1007 973 902 952
std weighted 6811 6691 7173 6825 7141
not weighted 872 842 921 884 914

Appendix A: Computation details in Subsection 3.4
A.1. Weighted-complete-case kernel machines

On replacing f(x) by (2.2), the regularized empirical risk in (3.5) is expressed
as

1 & Rz‘{Yi—Z?:ﬂjk(Xqu)}z

g(a) :EZZ 7AT(XZ) —I—)\ZZaiajk(Xi,Xj)

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

=(AY - AKa)T(AY — AKa)/n+ Aa"Ka
=YTWY —22"KTWY + " KTWKa)/n+ Aa"Ka,

where o, A and W are defined as in Section 3.4.
Setting dg(a)/0a = 0 leads to (3.12).

A.2. Doubly-robust kernel machines

(i) For regression, by (2.2) and (3.9),
2

j=1

N N2
Ej:l R; {YJ - M(Xjaﬂ)}
Z?:l R; 7

where the second term is free of . Denote the first term by Hi (X, B, f(X5)).



Kernel machines with missing responses 3795

The regularized empirical risk in (3.8) with H(Xi,B,f(Xi)) replaced by
Hq(X;, 8, f(X;)) is expressed as

2
1 R; {Yz - Zj:l O‘jk(Xi’Xj)} _ Riﬂ_ %(Xi)Hl (Xi,g, f(Xz))

gi(a) = — = =
"= T(Xi) (X5)
+ )\ZZaiajk(Xi,Xj)
i=1 j=1
1 -~ ~
=—{YTWY -22"KTWY + " KTWKa + u(X,5)7T(I — W)u(X, 8)
n

—2aTKT(I - W)u(X,B) + o' KT(I — W)Ka} + AaTKTa,

where (X, B) and W are defined as in Subsection 3.4,
Setting dg; (a) /O = 0 solves (3.13).
(ii) For classification, by (3.11),

H(X;, B, f(X0) = 1+ £(Xi)* + 2 (X0) — 4f(X,)logit (X B)
[£(X2) — {210git(XTB) - 1}}2 +1 - {2logit(xTB) - 1}2 ,

where the second term is free of a. Denote the first term by Ha (X, B, f(X0).
The regularized empirical risk in (3.8) with H(Xi,B,f(Xi)) replaced by

Hy(X;, B, f(X;)) is expressed as

e =5, 7K

+ )\Z Zaiajk(Xi7Xj)

i=1 j=1
L yTWY 20T KTWY + aTKTW K
n
+ {2logit(X75) - 1}T (1 - w) {2ogit(x7B) - 1}
—2aTKT(I — W) {210git(XTB) - 1} FaTKT(I - W)Ka]

+Aa"KTa.

Setting dg2(a)/0a = 0 solves (3.13).
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Appendix B: Tables of simulations

TABLE 2

The median, mean, and standard deviation of the empirical risk for Settings 1-4. A
superscript j means that the method was evaluated with respect to scenario S-j. For
example, WCC' means the WCC method with correctly specified the missing mechanism;
DR!' means the DR method with correctly specified both the missing mechanism and the

conditional distribution model.

Setting n Reg SSL cc wcc!  wecc? DR! DR? DR3 DR*
1 median 25.06 15.87 19.80 16.34 16.24 12.37 12.36 18.80 19.15
100 mean 25.84  16.92 21.43  22.54 17.22 14.30  12.30  26.88  22.34
std 2.64 4.49 5.98 51.82 4.12 19.90  1.55  58.32  13.97

median  24.01  15.09  15.19 11.83 11.80 6.63 6.67  13.59  13.65

200 mean 24.27 1523  15.57 11.94 11.86 6.81 6.85  14.59  15.12
std 1.72 2.47 2.06 1.85 1.91 0.97 1.07 3.98 6.19

median  23.21  14.65  8.61 5.56 5.60 4.09 4.09 9.92 9.89

400 mean 23.35 14.86  8.99 5.77 5.83 4.10 411  10.11  10.08
std 1.06 1.92 1.54 1.04 1.11 0.42 0.42 1.60 1.56

median  22.64 14.34  5.10 3.39 3.40 2.85 2.85 6.68 6.69

800 mean 22.79  14.55  5.14 3.46 3.47 2.86 2.86 6.66 6.65

std 0.61 1.26 0.48 0.31 0.31 0.18 0.18 0.84 0.85

2 median  0.64 0.51 0.57 0.54 0.51 0.39 0.40 0.43 0.43
100 mean 0.73 0.63 0.67 0.65 0.63 0.41 0.41 0.45 0.45
std 0.33 0.32 0.32 0.32 0.31 0.07 0.07 0.11 0.11

median  0.60 0.46 0.40 0.38 0.37 0.36 0.36 0.37 0.37

200 mean 0.67 0.53 0.46 0.43 0.41 0.37 0.38 0.39 0.38
std 0.23 0.21 0.17 0.15 0.12 0.05 0.05 0.05 0.05

median  0.63 0.45 0.36 0.35 0.35 0.34 0.34 0.35 0.35

400 mean 0.67 0.48 0.39 0.39 0.39 0.36 0.35 0.37 0.36
std 0.19 0.11 0.09 0.12 0.12 0.04 0.04 0.05 0.05

median  0.61 0.43 0.34 0.33 0.33 0.33 0.32 0.33 0.33

800 mean 0.63 0.45 0.35 0.35 0.35 0.33 0.33 0.33 0.33
std 0.11 0.07 0.04 0.07 0.07 0.01 0.01 0.02 0.01

3 median 12.16 8.23 15.48 11.24 11.33 7.41 7.43 8.20 8.16
100 mean 12.69  8.75  16.65 14.08 13.34 7.64 7.70 9.05 9.02
std 2.31 2.63 5.75 10.24 5.41 1.32 1.59 2.75 2.88

median  10.58  6.51 9.35 8.01 8.02 4.88 4.71 5.93 5.93

200 mean 10.77  6.56 9.85 8.32 8.22 4.99 4.93 6.10 6.13

std 0.75 0.62 1.64 1.66 1.31 0.75 0.72 1.13 1.14

median  10.09  5.95 6.65 5.34 5.42 2.97 2.97 3.65 3.68

400 mean 10.18  5.99 6.91 5.47 5.51 3.02 3.02 3.69 3.72
std 0.37 0.29 0.98 0.85 0.85 0.27 0.27 0.45 0.45

median  22.64 14.34  5.10 3.39 3.40 2.85 2.85 6.68 6.69

800 mean 22.79  14.55  5.14 3.46 3.47 2.86 2.86 6.66 6.65

std 0.61 1.26 0.48 0.31 0.31 0.18 0.18 0.84 0.85

4 median  19.83  24.40  33.46  25.91 25.59 16.24  16.36  21.22  23.12
100 mean 21.55  26.36 35.15  20.47 30.77  19.97 23.26  26.70  31.65

std 5.67  10.22  9.68 12.23 14.92 13.35  17.42  14.90 19.74

median 14.76 14.27 21.88 17.54 17.17 11.18 11.18 14.83 14.90

200 mean 15.59  15.17  22.61 18.39 18.71 11.30  11.37  15.68  15.90
std 3.01 3.26 4.30 3.93 6.58 1.06 1.32 3.40 4.31

median  12.97  11.99  14.89 12.94 12.99 7.45 7.45 1112 11.17

400 mean 13.15 12.07 15.15 13.14 13.17 7.45 7.45 11.13 11.12

std 0.84 0.86 1.62 1.30 1.29 0.42 0.42 1.28 1.42

median  22.64 14.34  5.10 3.39 3.40 2.85 2.85 6.68 6.69

800 mean 22,79  14.55  5.14 3.46 3.47 2.86 2.86 6.66 6.65

std 0.61 1.26 0.48 0.31 0.31 0.18 0.18 0.84 0.85




TABLE 3. The median, mean, and standard deviation of the estimated population mean absolute bias for Settings 1, 8, and 4. A superscript j means
that the method was evaluated with respect to scenario S-j. For example, BEDR' means the BEDR method with correctly specified both the missing
mechanism and the conditional distribution model; WCC' means the WCC method with correctly specified missing mechanism.

Setting n Reg SSLR BEDR! BEDR2? BEDR3 BEDR? BRDR! BRDR2? BRDR3 BRDR?% ccC wcel wee? prl DR2 DR3 DR4
1 median  1.08 1.58 0.73 0.74 0.78 0.77 0.73 0.73 0.75 0.75 0.53 0.36 0.36 0.37 0.33 0.46 0.50
100 mean 1.18 1.59 0.76 0.76 0.91 0.91 0.77 0.77 0.91 0.91 0.68 0.70 0.49 0.39 0.36 0.80 0.61

std 0.73 0.84 0.53 0.53 0.64 0.64 0.52 0.52 0.68 0.68 0.56 2.12 0.44 0.26 0.24 2.24 0.56

median  1.15 1.70 0.51 0.51 0.53 0.53 0.73 0.73 0.75 0.75 0.67 0.33 0.33 0.25 0.25 0.37 0.40

200 mean 1.19 1.66 0.56 0.56 0.64 0.64 0.77 0.77 0.91 0.91 0.68 0.39 0.38 0.26 0.26 0.45 0.46

std 0.66 0.59 0.37 0.37 0.46 0.46 0.52 0.52 0.68 0.68 0.40 0.31 0.30 0.18 0.18 0.39 0.39

median  1.19 1.74 0.33 0.33 0.38 0.37 0.73 0.73 0.75 0.75 0.30 0.16 0.16 0.11 0.11 0.26 0.26

400 mean 1.21 1.72 0.36 0.36 0.45 0.45 0.77 0.77 0.91 0.91 0.36 0.19 0.19 0.13 0.13 0.33 0.33

std 0.51 0.44 0.26 0.26 0.33 0.33 0.52 0.52 0.68 0.68 0.25 0.13 0.14 0.09 0.09 0.25 0.25

median  1.11 1.66 0.20 0.20 0.21 0.22 0.73 0.73 0.75 0.75 0.23 0.10 0.10 0.06 0.06 0.17 0.15

800 mean 1.16 1.71 0.25 0.25 0.28 0.28 0.77 0.77 0.91 0.91 0.25 0.11 0.11 0.07 0.08 0.20 0.21

std 0.33 0.29 0.19 0.19 0.23 0.23 0.52 0.52 0.68 0.68 0.14 0.08 0.07 0.06 0.06 0.16 0.16

3 median  0.63 0.40 0.37 0.37 0.41 0.40 0.40 0.40 0.36 0.36 0.54 0.46 0.44 0.22 0.23 0.34 0.31
100 mean 0.69 0.48 0.49 0.49 0.52 0.52 0.49 0.49 0.51 0.51 0.69 0.62 0.55 0.29 0.29 0.35 0.36

std 0.44 0.37 0.39 0.39 0.43 0.43 0.38 0.38 0.43 0.43 0.56 0.88 0.52 0.25 0.27 0.28 0.30

median  0.52 0.28 0.32 0.32 0.33 0.33 0.40 0.40 0.36 0.36 0.33 0.29 0.28 0.15 0.15 0.21 0.21

200 mean 0.56 0.33 0.36 0.36 0.39 0.39 0.49 0.49 0.51 0.51 0.37 0.34 0.34 0.18 0.18 0.23 0.22

std 0.30 0.24 0.28 0.28 0.29 0.29 0.38 0.38 0.43 0.43 0.28 0.28 0.27 0.14 0.14 0.16 0.16

median  0.58 0.18 0.20 0.20 0.24 0.24 0.40 0.40 0.36 0.36 0.20 0.16 0.17 0.08 0.08 0.11 0.11

400 mean 0.58 0.20 0.24 0.24 0.25 0.25 0.49 0.49 0.51 0.51 0.24 0.19 0.19 0.10 0.10 0.13 0.13

std 0.26 0.14 0.17 0.17 0.17 0.17 0.38 0.38 0.43 0.43 0.17 0.13 0.13 0.08 0.08 0.10 0.10

median  0.56 0.13 0.13 0.13 0.14 0.14 0.40 0.40 0.36 0.36 0.11 0.09 0.09 0.05 0.05 0.07 0.07

800 mean 0.57 0.14 0.16 0.16 0.17 0.17 0.49 0.49 0.51 0.51 0.13 0.11 0.11 0.06 0.06 0.08 0.08

std 0.19 0.11 0.11 0.11 0.13 0.13 0.38 0.38 0.43 0.43 0.10 0.08 0.08 0.05 0.05 0.06 0.06

4 median  0.61 0.72 0.57 0.57 0.69 0.71 0.68 0.68 0.69 0.69 0.74 0.68 0.73 0.42 0.45 0.51 0.61
100 mean 0.79 0.92 0.69 0.69 0.78 0.79 0.75 0.75 0.95 0.92 0.96 0.95 1.02 0.59 0.71 0.74 0.99

std 0.64 0.79 0.54 0.54 0.56 0.56 0.57 0.57 0.77 0.67 0.82 0.80 0.96 0.81 0.95 0.90 1.21

median  0.45 0.41 0.36 0.36 0.45 0.46 0.68 0.68 0.69 0.69 0.48 0.48 0.49 0.21 0.21 0.31 0.32

200 mean 0.51 0.48 0.46 0.46 0.54 0.54 0.75 0.75 0.95 0.92 0.59 0.54 0.57 0.25 0.25 0.38 0.40

std 0.42 0.46 0.35 0.35 0.40 0.40 0.57 0.57 0.77 0.67 0.46 0.44 0.53 0.19 0.18 0.30 0.35

median  0.32 0.23 0.24 0.24 0.26 0.26 0.68 0.68 0.69 0.69 0.31 0.30 0.30 0.11 0.11 0.19 0.21

400 mean 0.37 0.28 0.28 0.28 0.30 0.30 0.75 0.75 0.95 0.92 0.32 0.31 0.31 0.14 0.14 0.22 0.22

std 0.25 0.22 0.23 0.23 0.24 0.24 0.57 0.57 0.77 0.67 0.23 0.21 0.21 0.11 0.11 0.14 0.15

median  0.19 0.16 0.19 0.19 0.21 0.21 0.68 0.68 0.69 0.69 0.17 0.17 0.17 0.09 0.09 0.10 0.10

800 mean 0.24 0.19 0.22 0.22 0.24 0.23 0.75 0.75 0.95 0.92 0.20 0.19 0.19 0.10 0.10 0.12 0.12

std 0.17 0.15 0.16 0.16 0.17 0.17 0.57 0.57 0.77 0.67 0.14 0.12 0.12 0.07 0.07 0.10 0.10

sasuodsas BulssIuL Ypum souYIDUL |9ULD 3]

L6LE
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Appendix C: Proofs

C.1. Proof of Lemma 3.2

Proof. Let L(y,t) = (y — t)?. We now prove that L 7 1s convex. The same

argument can be used for Lyyo go.
Recall that

H (X, 3 t) - /ey L(y, t)dFy x (y | X, B) .

Y

We first show that for every convex loss L, H (X , B , t) is convex. For any a €
(0,1), by the convexity of L(y,t) with respect to t,

H (X, Boat+(1— a)t’)
:/ L{y, ot + (1 — a)t' }dFy (y | X, B)
yey
< /ey {aL(y,t)+ (1 —a)L(y,t')} dFy|x (y | X, B)
=a /yey Ly, DdFy x (y] X, B) + (1 - a) /yey Liy,t)dFy x (y] X.5)
—aH (X, 3, t) +(1-a)H (X, 3, t’) :

which indicates that H (X , 37 t) is a convex function with respect to t.
Recall that

L i = L (7,01, RXYf(X)
2505 0)

Therefore, when R =0, Ly g (ﬁ, ﬁ, 0,X.,Y, t) =H (X, 37 t) which is a convex
function for any loss L. When R =1 and L is the quadratic loss,

H(X,B,t) :/ey (y— )2 dFy)x (y|X,§) — 2 _ U (X,B) +V(X,,§),

Y

where U(X, B fey ydFy x (y|X, 5) and V(X ﬂ feyy dFy x (y X, B)
Note that U and V are not functions of ¢. Hence, for R =1,

Lw.n (% H,R, X,Y,t)

_= R Y2 {1-7(X)V(X,B
:tz_zt{%&)_1%()80(]()(75)% e ( )
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Since the second derivative with respect to ¢ is positive, Ly, g (7?, fI, R, XY, t)

is convex with respect to t. O

C.2. Proof of Lemma 3.3

Proof. Case 1: The missing mechanism is correctly specified, that is 7(X) RN
7 (X) = 7 (X), but B\ N B*, where 5* does not necessarily equal 3°.

Lw.xr (%,ﬁ, R, X,Y,f(X))
CRLY,J(X))  R—n"(X)

H(X, 5%, f(X)) + op(1)

w0(X) w0 (X)
— 0
—2v, ) + P S L 00) = HOGB7 S00) + 0,1
By the Law of Large Numbers (LLN), we have
_ 0
Rig () 5> Rep + B [ EEE v, ) - e, 5,00y
Note that

B[ v 00 - O 0|
Ao W 0) - xS0 x|
) - s seope [For ke ])

. R— %X
—E ({L(Y, F(X) = H(X, 8, (X))} E [WO(X())]X]) =0,
The third equality holds because by Assumption 2.1, R and Y are independent
given X. As a conclusion, we have, Rrg E’D(f) N Rrp(f).
Case 2: When B\ N B* = B9, but 7(X) LN 7*(X) which is not necessarily
(X)),
LW,H (%7ﬁ7RaX7Kf(X)>

. R{L(Y, f(X)) — H (X, 8°, f(X))}
™(X)

=H (X,5° f(X)) +0p(1).

Then
Rig 0 (F) = BUH (X, 8° £(X))}

R{L(Y, (X)) = H (X, 8% f(X))} |

+E =)
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The second expression can be shown equal to 0. Indeed,

R{L(Y, f(X)) - H (X,ﬂ(%f(X))}}

m™(X)
(s
(

R{L(Y, J(X)) ~ H (X,8°, F(X)} |, ]
m(X) ‘RX>

=E ﬂ*RX LV S ( ))—H(X,Bo,f(X))HX])
=B L*(X E{L(Y, f(X)) IX}*H(X,BO,f(X))_ =0,

where the last equation holds since by (3.6), H (X, f(X)) is defined as
E{L(Y, f(X)) | X}. Note that E {H (X, f(X))} = Rr,p(f) and the result
follows. U

C.3. Oracle inequality for the weighted-complete-case kernel
machines

Theorem C.1. Let Assumptions 2.1, 2.2, and 4.1 hold. Then, for fited A > 0,
n>1,¢e>0, and n > 0, with probability not less than 1 —e™",

— 2 e
A Hfg/)‘HH + RL*P (fB/J\) - flg”}f-t RL,P(f)
<Az(\) + dan(N)e
() [\/2n+ 210g (2N (Byo, [ [oe: d1a(Ne)} , Erra

n Cn,L

1 1 1

L 20L((en,2A) "2 Cr{(en,LA)" 2 )(cn,LA) 241
where dln:(cn,L)\)E,dQn:M, = p((en ) ZC)( A2+ '
PTOOf. Recall that LW (7TO7R7 X7 Y?f(X)) = RL(Y’J"(X))‘, Similarly, write LWO

70 (X)
for short. By the definition of f B{ A3

— 12 —
ML, + Regp (F5) < Mfeall+Rigp (fen) . (C1)

Recall that
As(N) = A fe sl + Rep(fen) — Rip.
Let

_ 2 By
AV (X)) = A HJ%V,AHH +RLp (fB/,)\) —RLp-
Hence,

AV (\) = Ax(N)

=\ HfEVAHi +Rrp <fgv,,\> = Alfenlz —Rep(fen)
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+Reig.0 (f]%) —Rig,D (f}:};v,,\)
<A feall3 +Rey p(fen) + Rep (f}:/)V,,\) —Rrp(fer)
~Rugn (F5) = Al el
_ w W
=Rirg.0(fex) = Rep(fen) +Rep (fD,)\) ~RiLg.D (fD,A)
=B (N,

where the inequality follows from (C.1).
Note that by (3.2),

70

Rir(h) =B (L0100} =6 [B{ TEEAD v ]

where the second equality holds for Assumption 2.1 and the third equality holds
by conditional expectation. Hence,

BW()\) = RLVVvD(va/\) — RLWO,P(fP,A) +RLW0,P (fgv)\) - RL‘TV’D (fg[/)\> :

Therefore,

BY(N) =Re p(fer) = Riyo.n(fen) + Riyo.n(fen) = Riyo.p(fpn)
+Rer 0P (ng,A) —ReLy0,D (fgv,,\)
+ReLy0,D (ng,A) —Rerg.p (fgv,x)
< ‘RLWU,P (fgv,,\) —RLy0,D (f}:/)[f,\)‘
+|RLyo.0(fpx) = Riyop(fen)]
+ |RL‘7V,D(fP,>\) RrLy0.0 (fp, )|

+[Reo0 (55) = Rego (15,)]
=A,+B,+C,+D,.

We first bound expressions A,, and B,,. Note that L(y,0) <1 for all y € ).

By Assumption 4.1, Ly (7, R, X,Y,0) = RIJ((;)O) < cnlL

1

ML, < Reg o) < —
n,L

for fo(X) =0 for all X.
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By Assumption 2.2, for every f € (cmL/\)_%BH, where By, is the unit ball
of H,
Lo = Lw (7, R, X, Y, f(X))
< }LW (’/TO,R>X,Y7f(X)) - Lw (WOaRaXaKO)| + |LW (WO,R,X7Ya 0)|
_ | RALY. (X)) — LY. 0)}
- m(X)
LY, f(X)) - L(Y,0)| 1
+ R
m0(X) 2c

L1
2c

A

< o ALY, (X)) ~ (Y, 0)} + o
2% {CL ((cn,LA)—%) (en.L)"% + 1} = O (C.2)

¢ is defined in Assumption 2.2 and Cp(+) is a Lipschiz constant defined in As-
sumption 2.3.

Let F. be an e-net with cardinality |F.| = N ((cn_,L/\)’%BH, Il - Hoo,5> =

IN

N (BrH7 Il oo, (cn?L)\)%s) For every function f € (¢,,z\)~ % By, there exists a
function g € F. such that ||f — g||c < €. Since,

MKﬂXD—MKﬂXNH
m0(X)

1 _1
%CL ((Cn,L)\) 2) E.
This inequality also holds for |RLW0,D(f) —RL

IRL,0p(f) =R, 0.0(f)
< Reyo P () = Riyo.p(9)| + [Ripo.0(f) = Riyyo,0(9)]
+|Re,0p(9) = Re,0.0(9)|

1
SECL ((Cn,L/\)7%> €+ |RLW07P(9) - RLWO,D(9)| for some g € F..

Riyop(f) = Ripow(9)] = ‘E{

IN

D(g) | . Thusv

wo,

Using Hoeffding’s inequality (Steinwart and Christmann, 2008, Theorem 6.10),
and similarly to the proof of Theorem 6.25 therein, for any n > 0, we have

12 2 1
P (An + B, > Qn ;77 + EOL ((Cn,L)\)7§> 5)

2
<P (2 sup ‘RLWO,p(g) — RLWO,D(9)| > Qny/ _77>
g€Fe n

<3 P (IRaporl0) = Ry 0] = @[22

2n
gEFe

<N (B, |- loos (a2 ) Ee) 7.
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Elementary algebraic transformation shows that for fixed A > 0,n > 1,¢ > 0,
and 1 > 0, with probability not less than 1 —e™7,

A, + B,
Cr ((enA)"2) (cnzA) "2 +1 | |20+ 21log< 2N ( By, || - lleo, (cn.p\)2e
O ((naN) ) (enc) \ln g {2V (Br, |- loos (eni V) 2e) }
- 2c n
2Cy, ((Cn’[,)\)_%) 15
+ . (C.3)
c
Next, we bound C,, + D,,.
RL(Y, f(X)) RL(Y, f(X))
— Ry =P, - —
|RLW07 (f) RLW7D(f)| { WO(X) 7T(X)
RL(Y, f
:Pn[wo X ) ((x )}”
CL ((%LA)*%) (cnz)) "% +1
< Errq .
2c-cp,L ’
Then
Cy, ((Cn’L)\)_i) (Cn,L)\)_E +1
Cn+ D, < Erry . (C.4)
C:Cn,L
By the definition of AW(/\) and BVAV()\)7
AV (\) — Ay(\) < BY(\) < A, + By + Cp + Dy,
and the result thus follows from (C.3) and (C.4). O

C.4. Proof of Theorem J.1

Proof. By Condition 4.2,

wle

Cr, ((cmL)\)_%) < m(cn,L)_%)\_‘ .

Then, together with Condition 4.1, we have

21og {2/\/ (BH, - lloos (cn,LA)%s)}

n

1 )2
21n2+2a{(cn,LA)aa} 5
<

n

INA
—
—
o

3
h
>
S—
N
™
—
|
=
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Therefore, combined with the oracle inequality in Theorem C.1, for fixed A > 0,
n>1,¢ >0, and n > 0, with probability not less than 1 —e™",
AT (A) = Ax(N)
_mlenn) "IN R (ennN) "2 £ 1

C
1
1 2 1 -p 2 2 E n
X [2(Cn7LA)2€+\/£{(CH?L)\)25} + <_77> +L
n n Cn,L

1

Then using some algebra,

2 —p O\ 7T /90 T2 20\ 772
2(cn’LA)%€+\/E{(Cn,L>\)%E} _ (p+1) (_) P (_a) P < 3 (_a) P 7
n p n n

where the last inequality can be verified by Steinwart and Christmann (2008,
Lemma A.1.5).
1

Since |%(X) — ’/TO(X)| =0, (n’i), we have Erry , = O, (n*%), and there
exists a constant by (n) such that for all n > 1

Let

P (Errlvn > bl(n)nfé) <e M.

For fixed A > 0, n > 1, ¢ > 0, and n > 0, with probability not less than
1—2e™ 7,
AY(N) = 42()
a4l a4l

<m(cn7L) z A7z 41

c

Note that by Assumption 4.1, ¢, 1, = O (n*d),
+

m(cmL)*% =0 (n(q 2 ) . (C.6)
Recall that

AVAV()\) = A Hfgv,\Hi +Rerp (fg‘f,\) —RLp-

2
Taking A = A, then A, fz%V,AH

H + (q+1)d
g+1 . 1 1 q
(2008, Lemma 5.15) A3(An) — 0. When A,? n™n(3 =03 =570 oo
n— o0

the right-hand side of (C.5) converges to zero. Therefore, for all € > 0, we have
lim P(Rup (f52) <Rip+e) =1

Since it is true for all P € P, the P-universal consistency holds. O

——— 0, and by Steinwart and Christmann
n—oo
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C.5. Proof of Corollary 4.1

Proof. By (C.5) and Assumption 4.2, for fixed A > 0,n > 1, ¢ > 0, and n > 0,
with probability not less than 1 — 2¢™"

AY(A)
q+1 q+1 1 1 i
nL) 2 A2 41 2a'\ 27 ¥? 2n\2 b -3
chere B )7 (]
n,L
_atl 1 1 _1
¢ n Cn,L
Let
G1(N)
pES) - 1 1
¢ ¢ n n Cn,L

Taking the derivative with respect to A and setting it equal to 0,

gq+1 _1 1 1

- — 5 1 q 2 2p+2 2 2 b Y

by AT = m(cnL)” 2 g+ N2 [3 <_‘1> + (_77> + 1(n)n "2
c 2 n n Cn,L

—_

By (C.6) and Assumption 4.1

(g+1)d
n 2
n

o (1)min(2pl+2,éd)
44T
)\’Y 2 X —

= )\ n{fmin(ﬁ’%fd)jL(qzl>d}2w+24+1 .

Note that by choosing large m where m is defined in Condition 4.2,
1" {_min(; L_d)_‘_M}# ors
GY (n Zp+272 2 JZv+¢+T ) can be positive. Then, for

An = Tl{_min(ﬁ’%_d)'i'(qtl)d}zwﬁwl s
Gl()‘n)

e A N

q+1
+{—m<w> : n{—min(ﬁ,%—m—w}—qu“(—%l)+1}
&

1 1 1
2p+2 2 -3
. F(%) g +<2_’7) +M]
n n Cn,L

<ppi-min(m 3 -0+ 5 bty
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—|—n{ min( 5t 5 - d)+(q+l)d}2v+q+1(*QT“)*mi“(zwz’z )+(q+1)d

x cp (Cq + /N +b1(n))
<Q (vn+b1(n) + cap) p{-min(ss - )+(q+l)d}2w+q+1

where ¢, is a constant related to a, ¢4 is a constant related to a, b, and ¢, cp
and @ are constants related to P. None of them is related to 7.

Consequently, for fixed A > 0, n > 1, ¢ > 0, and 5 > 0, with probability not
less than 1 — 2e™7,

AV () < GL(N) < Q (VT + bi(n) + cap) nl= ™ (e 3=+ 57 i

. . —min( -1 1_ (q+1)d
Therefore, the learning rate is p{-min(r s -+ b it O

C.6. Oracle inequality for the doubly-robust kernel machines

Theorem C.2. Let Assumptions 2.1, 2.2, and 4.1 hold. When L is the quadratic
loss, for fited A > 0, n > 1, € > 0, and n > 0, with probability not less than
1—e™"

MBS+ Rew (7B57) - int R

\/277 + 2log {2N (B, | - lloc, tan(Me)}

n

<A2(A) + uzn(ANe + 3usn ()

2u3 A 1
+ AEHL” +2( —— +1)Erry,,
Cn,L Cn,L
1
1 67(ca,n ) 2 T(CQ),,,)\)71+1 Cn,L
where uy, = (02,7z/\)2; Ugp = — ¢, Wn = — o C2;n = 2¥en v’

cn,1, and ¢, iy are defined as in Assumption 4.1.

Proof. Let ¢; = 2 , where ¢ is defined as in Assumption 2.2. Since L(Y,0) < 1,
we also have H (X 8°,0) = E{L(Y,0) | X} < 1. Recall that

LWO,HO = LW,H (WO;HOaRvXaKf(X))
_ RL(Y, f(X))  R-—7°(X)

0X) (%) H(X,5°0).
We have,
|Lw,u (7%, H°, R, X, Y,0)| = A{rﬁg(’)o) - RFOW;)(()X)H(X, 38°,0)

where the last inequality follows from Assumption 2.2.
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-~

Since H (X, 3, o) = J, ey L(y.0)dFy x(y | X.B) < 1,

IS _|RL(Y,0) R-#(X) .
(5.0 - |0 R ()
RL(Y,0) R+#(X) -~
H(X,5,0
- m(X) 7(X) ( B, )
2R+F(X) _2+cnu _ 1
(X)) T cwr  can
Note that
2 —~ ~ 2 = = 1
W,H W,H W,H
s, < a8, + Reg mn (F537) < Rig50(0) < oo ()

For every f € (c;n)\)_%BH,
IL(Y, f(X))| < [L(Y, f(X)) — L(Y, 0)| + L(Y, 0)
<0 (a7 F) (o) HH 1S mlea)) T+ (C8)
The last inequality holds since by Condition 4.2, for the quadratic loss
Cr ((e2nN) %) < mlean)
Using the argument as in (C.2) in Theorem C.1,
3 {m(cln/\)*l + 1} _
2¢ -

LW,H (WovHovRa Xv va(X)) <

Let

—~— o~ 2 —~ ~
AWE) =155+ Rew (£557) — R

Since Rprp(f) = Rryo ,0.p(f), using the same technique as in the proof of
Theorem C.1, 1

AT () — A5(N)
S’RLWO’HO,P(fP,)\)*RLWDYHO,D(fP,A)‘
HRewo o (1557 ) Rt o0 (157)]
+ ‘RLWOYHO,D(fP,A)*RLVAVﬁ,D(fP,)\)‘
R 0.0 (1537 R0 (15.7)]
=A, + B, + C,, + D,. (C.9)
Let F. be an e-net of (¢y.,A) ™2 By, with cardinality | F.| = N((Cz’n)\)_%B’H, |-

Hoo,a) =N (BH7 Il oo, (cz}n)\)%e). For every function f € (ca.,\) "2 By, there
exists a function g € F, such that || f — gl < . Thus,

LY. F(X)) = LY. g(X))] < Cr ((canh) ) I = glloe < milean))He,
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and
|H (X,8°, /(X)) = H (X,8°,g(X))]
< / VB S00) = By g ()] Py x (] X, )
Sm(CQ’n)\)_%s.
Therefore
‘RLWoﬁHo,P(f) - RLW()’HU,P(Q)‘
_ ’E [R{Loc f(X)) — L(Y,9(X))}
m0(X)
AR COMH (X% f(X)) — H (X, 6°,g<x>)}] ’
m0(X)
R{L(Y, f(X)) = L(Y, g(X))}
=F H 70 (X)
{R—m(OMH (X, 8° F(X)) — H (X, 8°,9(X))} H
m0(X)
R|L(Y, f(X)) — L(Y, g(X))]
=k [ (X)
L AR+ CO}MH (X, 8° F(X)) — H (X, ﬂ‘%g@f))'}
w0 (X)
g% (C.10)
Similarly,

3m(02,n)\)_%5

‘RLWOYHO;D(-}() _RLWO,HO,D(9>‘ < %

Using (C.10) we can bound A,, and B,, of (C.9)

‘RLWO HO,P(f) - RLWO HO;D(f)‘
é ‘RLW(),Ho,P(f) - RLW()’H(),P(Q)‘ + ’RLW()’HO,D(f) - RLWU’HO’D(g)

+ ’RLWOYHO,P(g) - RLWOYHO;D(Q)‘

Sm(cZ”/\)_%s
Sf T RLWU,HO,P(Q) - RLWO,HO’D(Q) )
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Using the similar argument as Steinwart and Christmann (2008, Theorem 6.25)
for any 1 > 0, we have

2 W)
P(An+Bn2Tn 2y Gm(cznd)72e 26)
n

2n
<pb <2 Su]I__) ‘RLWDYHOJD(Q) _RLWO,HO7D(9)’ > T, _>
ge €

< 3 P ([Rero o 00) ~ R o006 2 Ty [
geFe

<N (Boi, ||+ s (c2nd) e ) 7,

where the last inequality is from Hoeffding’s inequality (Steinwart and Christ-
mann, 2008, Theorem 6.10).

Elementary algebraic transformation shows that for fixed A > 0,n > 1,e > 0,
and 1 > 0, with probability not less than 1 —e™",

A, + B,

_3{mle2n)) " +1} J 2+ 210g{2/\/ (BH, [l lloos (CQm)\)%a)}

c n

Gmleand) 72 (C.11)

c

Next bound C,, and D,,

Revo o0 (f) = Rig 50 (F)|

RL(Y, f(X)) _RL(Y, f(X))  R-7(X) 3
R—7(X)
- 70 X) H(Xaﬁovf(X))‘

<P, {% |70(X) - 7(X)| + ‘H (X, B, f(X)) — H (X, 8° f(X)) ‘

RH (X, B,f(X)) _ RH (X, 8% f(X))

+ A(X) (X)

(C.12)

Then,

RH (X.5./(X))  RH (x,0°, (X))
7(X) m(X)




3810 T. Liu and Y. Goldberg

RH (X, 5, /(X))  RH (X, 8, f(X))
#(X) (X)

RH (X,8° /(X)) RH (X, f(X))
m(X) m0(X)
<= [1 (X.5.100) — 1 (.80, 5(20)|

RH (X, 8% f(X))
0 (X)m(X)

|70(X) — 7(X)]. (C.13)

Hence, by inequality (C.12) and (C.13), and definition of Err; ,, and Errs,, in
Subsection 4.1,

RLWO,HO7D(f) - RLVAV,I;,D(f)‘

H(X,8% f(X
LSO g B )

Errq .
2c- Cn,L Cn,L 2c- Cn,L

Similarly to inequality (C.8), |H (X, 8%, f(X))| < m(c2,nA)"* + 1. Then we

have
m(canA)"t+1 1
RLWO‘HoyD(f) — RLVV,§>D(f)’ S ﬁErrl,n -+ Cn,L -+ 1 EI‘I‘Q,n.
(C.14)
By (C.11) and (C.14), and using
the result follows. O

C.7. Proof of Lemma 4.1

Proof. Define X;(f) = L(X;,Y;, f(X;)) — H (X;,8°, f(X;)) and let

ha(f) = %ZL(XuYij(Xi)) - H (X;,8% f(X3) = %ZXz‘(f)

By inequality (C.7) we have ||f]l2, < (c2,nN) %, where ¢y, = 5725~ By the

Cauchy-Schwarz inequality and the reproducing property (see Steinwart and
Christmann (2008, Lemma 4.23)),

\f(@)] = (f, k(G 2)) < 1F @)l VR, 2) < (@) |, 1 lloo-

Consequently, || fllco < Ifll#, 1Ellco < || f]l2¢,,, where the inequality follows since
we assume that ||kl < 1.
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Since || flloo < || flln,,, the space H,, over which the supremum h,, is taken is
_d
contained in (cz,A)” % By.

By (C.8), | Xi(f)leo <2 {m (can ) T+ 1}. Using the functional Hoeffding’s
inequality (Berestycki et al., 2009, Section 6.5),

1

\/2 {m (comN) "+ 1}

where K, is a universal constant and C' is any constant.
Let C = %, so C'= /nC. Then,

P

i=1 o

1« ~ 1 ~
p Vi —ZXi(f) >C| < —exp (—const 02).
-1 n Ku
\/2 {m (camA)” " + 1} i=1 oo
(C.15)
Since ¢z, = 24?2511 for 0 < ¢,y < 1, and ﬁ =0 (n%), then Czln =0 (n4).
Thus, 1 Y Y
m (con) "7 =0 (n49279).
Consequently,
v ) (n%—%dA%) . (C.16)
\/2 {m (cz,n)\)fl + 1}
We have, from (C.15) that h,, = O, (n_(%_q?d))\_%). O
C.8. Proof of Lemma 4.2
Proof. Note that for every f,
sup |H (2,8, f(2)) = H (. 8" (z)|
TeX
—swp| [ L s@)dFvix (v]2.5) - [ L S@)dFx (|2 6°)
zeX |Jyey yey
reX yey
By (C.8)
Ly, f(2))] < m(can)) ™+ 1=0 (n®A77).
We have

Erry,, = sup sup |H (%@f(ﬂ?)) - H(w7ﬁ°7f($))‘
fEH, zEX
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[t (v1:8)  Fox 1)} |

Define the function ¢ : B — Loo(X) by ¢(8) = [ dFy|x (y |-, B). Note
that ¢ is Hadamard differentiable as a composite of § — Fyx (-|-,3) —
fy dFy|x (y |-, B). The first mapping is Hadamard differentiable by the as-
sumption of continuous differentiability with respect to g and the definition
of Hadamard differentiability (Kosorok, 2008, Section 2.2.4), and the second by
Kosorok (2008, Lemma 12.3). Thus, by the function delta method (Kosorok,
2008, Theorem 2.8),

< {mle2nA) ™+ 1} sup
reX

/yeyd{FYX (y | JJ’B\) — Fyx (y | xvﬁo)} =0, (”_%) : (C.17)

Consequently, by the definition of convergence in probability (Kosorok, 2008,
Section 2.2.1), we conclude that Errs,, = O, (n’%ﬂd)\*q).

Remark C.1. When L is the quadratic loss, as mentioned in Remark 4.2, one
can directly estimate the conditional expectation °(X). When |i(X) — p°(X)| =

Op(n_l/z):

Erry,, = sup sup |H (%@f(@) - H (%/D’O,f(iv))‘
feEH, zEX

— sup sup [E(Y2 | X) + F2(X) - 27(X) f(X)
fEH, zEX

~E(Y? | X) = f2(X) + 26" (X) £(X)].

= sup sup |2u°(X)f(X) — 2a(X) f(X)]
feH, zEX

By (C.8), (Y — f(X))> <O (n?A7!) and Y is bounded, thus,
@) <0 (nfx72).
Consequently,

Erryn = 0, (n74807) <0, (n-d40071) =

C.9. Proof of Theorem .2

Proof. In the proof of Theorem C.2,

AWH(\) = A5(\) < Ay, + By + Cy + D,

where A,,, By, Cp, and D,, are the same as defined in (C.9). For A, + B,,, we
have the same result as (C.11). Next we bound C,, and D,, in the two different
situations of (i) and (ii).
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Recall that

RLWO,HO,D = Pn {LW,H (7T07H07R7 X7 Y’ f(X))}

_p {RL(Y,f(X))  R-7°(X)
" 70 (X) (X))

HX, 5, f(X))} .

By Assumption 3.2, we have 7 Py and E LN 8*.
1

Case 1: |#(X) — 7%(X)| = O, (n*E) which means Erry ,, = O, (n’%>, and

~ P . . .
B — B* where B* is not necessarily £°. Since

Rig 4.0(f)
RL(Y, f(X)) R-7(X) 3
—p, | P B R (x.5.5x) |
RL(Y, f(X R— 79X =
RL(Y, (X)) - RH (X5, f(X)) (#(X) — ()
¥ AOm(X) e

Then,

RL(Y, f(X)) ~ RH (X, 5. /(X))
= Xm0(X)

+P, (m°(X) - 7(X))

m(canN)t 41

C~Cn,L

<P

]
m(conN) "1+ 1
C:Cn,L

Erry , + Errq

=|a,|Errs,, + Erry .

Since both a,, and Err;, are O, (n_%), for every given 1 > 0, there exists a

constant bs(n) such that for all n > 1,
P (max{|an|,Err17n} > b3(7])ﬂ7%> <e
Note that

Erryn = sup sup |H (wﬁ, f(af)) — H (x,8°, f(a:))‘ < 2{m(ca,\) "t +1}.
feEH, zEX
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Therefore, with probability not less than 1 —e™",

2{mlca ,A\)" 1+ 1
Cp + Dy < bs(n)n™% l4 {mlcanN) ™t +1} + { (62’ . ) } :
*Cn,L
Combining this bound with (C.11), for every fixed A > 0, n > 1, ¢ > 0, and
n > 0, with probability not less than 1 — 2e™",

AW ()

N 3 {m(cZn)\)_l + 1}

<Az (M) B

2(02,71)\)%5

$ 21+ 2log {QN(BHa [l lloos (C2m/\)%5)} 4cb3(77)n_% bg(n)n—%
+ + +
n 3 Cn,L

Together with Condition 4.1 and letting

1 20, 2p1+2
_ A -1 (E) Pl [ 20 7
e=(e2nd) 72 (5 -

with probability not less than 1 — 2e7,
AW ()
< 3 {m(czyn)\)’l + 1}

2a\ 77 [\  ba(q)n=%  Adchs(n)n=3
3(_a> +<_77) L balmn=2 | debs(n)n”
c n n Cn,L 3

+ Az(N). (C.18)

1
C2,n

when )\nnmm(ﬁ’%_d)_d — 00, the P-universal consistency holds.
Case 2: ‘3— BO‘ =0, (n_%), whereas 7(X) RN 7*(X) which is not neces-
sarily equal to m9(X).

Since = O(n?), using the similar argument as in the proof of Theorem 4.1,

S H(x,ﬁo,ﬂX))}
- [T (x500) (00}
Then,

‘RLW;{,D(f) - RLWO,HmD(f)‘

RL(Y, f(X)) — RH (X, 8°, f(X)) | , =
7(X)m0(X) {W (X) (X)}]

n
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5 [P0 i ) - g0 |

Errq , 1
5o e [P {10 = H (X601 OV + ks ,
<h, Erri g + 1+ C”’UErrg n-
2c- Cn,L Cn,L '

Note that Err;, < 2. By Lemma 4.1, h,, = O, (nf(%fd))ﬁ%) and thus there
>1

exists a constant by(n) such that for all n >

By Lemma 4.2, Errp,, = O, (nf(%fd))\ﬂ)

P {Errg,n > bg(n)nf(%fd))\_l} <e M.

For a fixed n > 0, with probability not less than 1 — 2e™",

2(1 + cn,U)bz(n)n,(%,d)/\,l N 1

b4(77)n7(%7%))\7%.
Cn,L C:Cn,L

Combining this bound with (C.11), using Condition 4.1, and letting

et () ()7

for every fixed A > 0, n > 1, ¢ > 0, and n > 0, with probability not less than
1—3e™,

AV — 45(N)

3 ALl i 2 . .
3{mlean )7t +1} {3 <2_a) . (2_17) }+ 20t ent)y o (5-d) y 1
C n n Cn,L
1 , ,
+ ba(mn~(=8)A -2, (C.19)
C:Cn,L

Note that Hc'j—”LU =0 (nd), and that 1 — 2d > % — d. Hence, using the similar

argument as in the proof of Theorem 4.1, when )\nnmin(ﬁ’%f‘i)*d — 00, the
‘P-universal consistency holds.

Remark C.2. Let L be the quadmtic loss C’onsz’der estimating the conditional
expectation p°(X). If [A(X) — p(X)| = ~1/2) by Remark C.1, Erry,, =

0, (n_%“'%/\_%). Then, the RHS of (C.19) becomes

c n n Cn, L

(SIS

N
p
|

=
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el
2

=

IA—3.

+ b4(77)”_(%_

C~Cn,L

Hence, when
g 1 1 d
)\nnmm(%ﬁ’f*?)*d — 00,

the doubly-robust kernel machine in (3.8) is P-universally consistent. O

C.10. Proof of Corollary 4.2

Proof. Case 1: |#(X) — n°(X)| = O, (n*%) By (C.18) and Assumption 4.2,
for every fixed A > 0, n > 1, e > 0, and n > 0, with probability not less 1 —2e™"

§3 {m(canA)~t +1} {3 <2_a) w72 N (2_77>% n bs(n)n~2 n debs(n)n~2 }
c n n Cn, L 3
+bA7.
Let
G2(N)
3 A1 2\ 77 (m\*  bs(pn~F 4 ,
c n n Cn,L 3
+bA7.

Taking the derivative with respect to A and setting it equal to 0,

3 N -1 2) ﬁ 2 % b _% 4 1
bym—1:%)52 {3 (#) + (;77) +M+—Cb1(n)n_§} :

Cn,L 3

Note that =— = O (nd). Thus,
Coon

1\ min( 55205 —d)—d
)

AT (—
= 3 oc - (ot d o) e}
Note that by choosing large m, we have G5 (n{’min(ﬁ’%*d)ﬂl}ﬁ) > 0.
Then for \,, = n{_mi“(Tizv%—de}ﬁ,

G2 ()

—pp i min(zr 3 -+t
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c

1 1 1
2\ (o\?  bs(mn~3 4
y {3(a> . <’7) +3<n>nz+cb3(n)n;}
n n Cn,L 3

<bnd-min(zts d-d) ) sk

—1
. {Mn{mmmwmw—é " g}

F b (ch 4 /17 + 2bs(n)) n{m min(apr 3 —d)td} sy —min( 55k 5 —d) +d
Q" {ehy + Vi + 2a() ol (e R

where c; is a constant related to a, ¢ , is a constant related to a, b, and ¢, cp
and Q* are constants related to P. None of them is related to 7.

Therefore, for fixed A > 0, n > 1, £ > 0, and 1 > 0, with probability not less
than 1 — 3e",

AT () < Ga(Aa) < Q" {ehy + VAT + buln) + ba(m)} nl i ame =) e,

The obtained learning rate is = min(ag 3 —d)+d} 3
Case 2: ‘B— BO‘ =0, (n_%). By (C.19) and Assumption 4.2, for every fixed
A>0,n>1,¢>0,and n > 0, with probability not less than 1 — 3e™",

AVH () < pAT 1 S{m(CQ,nC/\)_l +1} {3 <2na>21+2 . <277>§}

n

+ 2L+ enu) c”’U)bg(n)n*(%fd),\—l +

b4(n)n7(%7%))\_§.
Cn,L C:Cn,L

Choosing 0 < A < 1, we have

1

AWH () < b\ 3 {m(canA) "t +1} {3 (%>% N (2_77)‘}

c n n
n M@(n)n—(%—d)/\*l + ba(mpn~ (3= 8)A 1,
Cn,L € Cn,L
Let
3 n>\ —1 1 2 Tl-%-? 2 %
Gs(\) = bAY + {m(c2nV) " + 1} {3 (—a) + (—77> }
c n n
+ sz(ﬁ)nf(%*db\*l - ba(n)n~ (=321
Cn,L C:Cn,L

Taking the derivative with respect to A and setting it equal to 0,

. 1 1
byA1 = 3m(can) \-2 {3 (&) 32 N (2_T)> 2}
C n n
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2(1 n —(L1_g)—
2R enn) ()2 4
Cn,L C:Cp,L

Then

min(;,l—d)—d
A <l> e = A\ n{fmi“(ﬁ’%’d)+d}ﬁ.
n

Note that by choosing large m, we have G4 (n{_mi“(ﬁv%—d)ﬂl}ﬁ) > 0.
Then for \, = n{*mi“(ﬁ’%*d)ﬂi}ﬁ,
G3(/\n)

—ppi-min(ggfr 2 —d)+d} 57

1 1
n 3m(62,n)71n{*mi“(ﬁx%*d)”}% +1 3 2a ) 72 + 20\ °
¢ ¢ n n

L Loty o () min (gt ) )
Cn,L

42y Gl min(a )
C:Cnp,L

<= min(ater =) +d}
+ ¢ (¢l + /7 + ba (1) + ba()) nd = min(arr B =) e} mmin(ager 5 —d) +d
<Q* (et + v/ + ba(n) + ba(n)) - min(ar A=) rd} 2

where ¢ is a constant related to a, ¢} , is a constant related to a, b, and ¢, ¢p
and Q* are constants related to P. None of them is related to 7.

Therefore, for fixed 0 < A <1, n>1,e >0, and > 0, with probability not
less than 1 — 3e”,

ATH(N) < Gy(An) < Q" (€ + v/ + ba(n) + ba()) nl = minair b=)+dh =,
The obtained learning rate is n{* min(ﬁ’%*d)”}ﬁ.

Remark C.3. When L is the quadratic loss and |[i(X) — p°(X)| = Op(n="/2).
By Remark C.2, we have

_1 —— 1
by = 3m(can) \-2 {3 (2_a> 213 N (2_,7) 2}
C n n

21+c,
N ( ,U)277

Cn,L C:Cn,L

and

By the similar argument as in case 2 of the proof, the learning rate is

n —min(Qpl_H,%—%)—i-d}%. O
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Supplementary material

Supplement: R code

(https://tinyurl.com/KM4ICDcode). R package KM4AICD for the weighted-com-
plete-case kernel machine estimator and the doubly-robust kernel machine esti-
mator, and R code for Section 5 and Section 6.
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