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Abstract

This paper considers the problem of parameter estimation in a general class of
semiparametric models when observations are subject to missingness at random.
The semiparametric models allow for estimating functions that are non-smooth
with respect to the parameter. We propose a nonparametric imputation method for
the missing values, which then leads to imputed estimating equations for the finite
dimensional parameter of interest. The asymptotic normality of the parameter es-
timator is proved in a general setting, and is investigated in detail for a number of
specific semiparametric models. Finally, we study the small sample performance of

the proposed estimator via simulations.
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1 Introduction

Semiparametric models encompass a large class of statistical models. They have the
advantage of being more interpretable and parsimonious than nonparametric models, and
at the same time they are less restrictive than purely parametric models. Let (X,Y)
and (X;,Y;), i = 1,...,n, be independent and identically distributed random vectors.
We denote O for a finite dimensional parameter set (a compact subset of IR”) and H for
a set of infinite dimensional functions depending on X and/or Y. The functions in H
are allowed to depend on #. Suppose that g(X,Y, 0, h) is an estimating function which is
known up to the finite dimensional parameter # € © and the infinite dimensional nuisance

function h € H, and which satisfies
G(0,h) == E{g(X,Y.0,h)} = 0 (1.1)

at § = 0y and h = hg, which are respectively the true parameter value and the true infinite
dimensional nuisance function.

Model (1.1) includes as special cases many well known semiparametric models. For
instance, by adding a nonparametric functional component h(-) to the classical linear

regression model, we get the following partially linear model :
Y = 607X, 4+ h(Xs) +e, (1.2)

where X = (Xj, X3) is a covariate vector, Y is univariate response, and the error ¢ satisfies
some identifiability constraint, like E(¢|X) = 0 or med(e|X) = 0. Here h is a nuisance
function that summarizes the nonparametric covariate effect due to a group of predictors
Xs. In the context of the generalized linear model (McCullagh and Nelder, 1983), if the
known link function is replaced by an unknown nonparametric link function h, we arrive
at the single-index regression model Y = h(#7 X) + . Other semiparametric models that
are special cases of model (1.1) include copula models, semiparametric transformation
models, Cox models, among many others.

Missing values are commonly encountered in statistical applications. In survey sam-
pling e.g., there are typically non-responses of respondants to some survey questions.
In biological applications, part of the data vector is often incompletely collected. The
presence of missing values means that the entire sample {(X;,Y;)}, is not available.
Without loss of generality, we assume that Y; is subject to missingness, whereas X; is

always available. Note that this convention implies that if the vector (X;,Y;) follows



a regression model, the vector Y; possibly contains some covariates, and the vector X;
possibly contains the (or a) response.

There are basically two streams of inference methods for missing values. The first
one is the imputation approach. The celebrated multiple imputation method of Little
and Rubin (2002) is a popular representation of this approach. The idea of the second
approach is based on inverse weighting by the missing propensity function proposed by
James Robins and colleagues, see for instance Robins, Rotnitzky and Zhao (1994). The
implementation of both approaches usually requires a parametric model for the missing
propensity function or the missing at random mechanism (Rubin, 1976).

The aim of this paper is to provide a general estimator of the finite dimensional pa-
rameter ¢ in the presence of the nuisance function h and of missing values. To make the
estimation fully respective to the underlying missing values mechanism without assuming
a parametric model, we impute for each missing Y; multiple copies from a kernel estimator
of the conditional distribution of Y; given X;, under the assumption of missingness at ran-
dom. This nonparametric imputation method can be viewed as a nonparametric counter
part of the multiple imputation approach of Little and Rubin (2002). With the imputed
missing values and a separate estimator for the nonparametric function h, the estimator
of 0 is obtained by solving an estimating equation based on (1.1). The consistency and
asymptotic normality of the estimator are established under a set of mild conditions.

We end this section by mentioning some related papers on parametric and semipara-
metric models with missing data. Recent contributions have been made e.g. by Wang,
Wang, Gutierrez and Carroll (1998), Wang, Linton and Hérdle (2004), Miiller, Schick and
Wefelmeyer (2006), Chen, Zeng and Ibrahim (2007), Wang and Sun (2007), Liang (2008),
Miiller (2009), Wang (2009) and Wang, Shen, He and Wang (2010). All these contri-
butions are however limited to specific (often quite narrow) classes of models, whereas
we aim in this paper at developing a general approach, applicable not only to regression
models (with missing responses and/or covariates), but also to any other semiparametric
model with missing data.

The paper is organized as follows. The nonparametric imputation and the estimation
framework are introduced in Section 2. Section 3 reports the general asymptotic result
regarding the consistency and the asymptotic normality of the proposed estimator. The
general result is illustrated and applied to a set of popular semiparametric models in
Section 4. In Section 5 we study the small sample performance of the proposed estimator

via simulations. All the technical details are provided in the Appendix.



2 General method

Let X be a d,-dimensional vector that is always observable, and let Y be a d,-dimensional
vector that is subject to missingness. Define A = 1 if Y is observed, and A = 0 if Y
is missing. We assume that Y is missing at random, i.e. A and Y are conditionally

independent given X :
P(A=1]X,Y)=PA=1|X) = p(X).

Note that using Y to denote the missing vector does not mean that we work under a
regression model and that Y is the response in that model. It can in fact also include a
vector of covariates in case some of the covariates are missing.

In the absence of missing values, the semiparametric model is defined by an r-dimensio-
nal real valued estimation function g(X,Y, 6, h), where 6 is a finite dimensional parameter
taking values in a compact © C IR?, and h is an unknown function taking values in a
functional space H (an infinite dimensional parameter set of functions) and is depending
on X and/or Y. The functions in H are allowed to depend on € too. Let 6y and hy be the
true unknown finite and infinite dimensional parameters. We often suppress the arguments
of the function h for notational convenience, i.e. (6,h) = (0, hg), (6,ho) = (0, hoy) and
(6o, ho) = (0o, hog,). The estimating function g is known up to 6 and h. Suppose that
r > p, meaning that the number of estimating functions may be larger than the dimension
of 6, so we allow for an over-identified set of equations, popular in e.g. econometrics.
Moreover, by allowing the function g to be a non-smooth function of its arguments, our
general model also includes e.g. quantile regression models or change-point models.

Let G(0,h) = E[g(X,Y,0,h)], which is a non-random vector-valued function G :
© x H — IR", such that G(0,hy) = 0 for § = 6. If all data (X;,Y;), i = 1,...,n
were observed, the parameter 6 could be estimated by minimizing a weighted norm of
ntY L 9(XL Y, 9,29), where hg is an appropriate estimator of hg. See Chen, Linton
and Van Keilegom (2003) for more details.

The issue of interest here is the estimation of 6 in the presence of missing values.
Let (X;, AY;,A;), ¢ = 1,...,n, be i.i.d. random vectors having the same distribution

s (X,AY,A). We use a nonparametric approach to impute the missing values via a
nonparametric kernel estimator of F'(y|x) = P(Y < y|X = z), the conditional distribution
of Y given X = x. The kernel estimator of F(y|z) is

x)1(Y; <y)

Plyle) = Z S AR ) 2y
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based on the portion of the sample without missing data, where K is a d,-dimensional
kernel function, a = a,, is a bandwidth sequence and K,(-) = K(-/a,)/a%.

For each missing Y;, we generate « (conditionally) independent Y1, ..., Y; from F(-|X;)
as imputed values for the missing Y;. Define now the imputed estimating function :

n

! _.1”.,*}
Go(0.h) =n Zl {Azg(X“Y;,@, B+ (1= A lzlgog, 9.\,
Note that the value of k controls the variance of the imputed component. Theoretically
speaking, we will let k tend to infinity. We like to emphasize here that our general
model is not necessarily a regression model, and hence we cannot impute missing Y’s by
using conditional mean imputation. And even if we would have a regression structure,
the conditional mean imputation approach would still not be applicable in general, since
Y does not necessarily represent the response variable in that model. See also Wang
and Chen (2009), where a similar imputation approach has been used in the context of
parametric estimating equations with missing values.

From the imputed estimating function G, (0, h) and for a given estimator /};9 of hy,

depending on the particular model at hand, we define the estimator of 6 by :
0 = argming.e [|Gn (0, ho)|lw, (2.2)

where ||Allw = (tr(ATW A))Y/2 for any r-dimensional vector A and for some fixed sym-
metric 7 X r positive definite matrix W (and where ¢r stands for the trace of a matrix).
Note that when r = p (so the number of equations equals the number of parameters to be
estimated) and when the function g is smooth in 6, the system of equations G, (0, /f;g) =0
has a solution (namely 0 defined in (2.2)) under certain regularity conditions. In other
situations (e.g. in the case of quantile regression or in an overidentified case), there is
no vector 6 that solves this equation, in which case we have to use the (more general)

definition given in (2.2).

3 Main result

Below, we state the asymptotic normality of the estimator 9 and we also give the formula
of its asymptotic variance. The conditions under which this result is valid are given in
the Appendix, and they will be checked in detail in Section 4 for a number of specific

semiparametric models.



Theorem 3.1 Assume that conditions (A1)-(A5), (B1)-(B5) and (C1)-(C3) hold. Then,

and

é\— 90 = n_1 ZA_lk?(Xi, AZY;, Az) + Op(n_l/Q),

i=1

n'2(0 — 6y) % N(0,9),

where Q = (ATWA)TATW Var{k(X, AY, A) }JWAATWA) 1,

0
k([lf,(‘;y,é) = _g<xay700a hO) + (1 - E[g(l’,}/,eo,ho”X = £L’] + £<x75y76)7

)
)

p(x)
the function £ is defined in condition (A4), and A = A(6y), with
d o1
A(G) = @G(G» ho) = lli% P [G(Q + 7, h0,9+r) - 0(97 hoo) |-

The proof of this result can be found in the Appendix.

Remark 3.2

(i)

(iii)

Instead of using an imputation approach to take care of the missing values, we could

also estimate # by minimizing

" Aig(X., Y, 0,k
anlz 9(Xs, )

~

i=1 p(Xi, B) HW
with respect to 0, where p(X;) = p(X;, §) follows e.g. a logistic model, and /3 can
be estimated by

B = argmax; > {A;log p(X;, B) + (1 — A) log(1 — p(X;, 8)}

i=1
See Robins, Rotnitzky and Zhao (1994), among many other papers, for more de-
tails on this estimation procedure based on the inverse weighting by the missing

propensity function.

Based on Theorem 3.1 the efficiency of the proposed estimator can be studied, and
the optimal choice of the weight matrix W can be obtained. We do not elaborate
on this in this paper, and refer e.g. to Section 6 in Ai and Chen (2003) for more
details.

In the above i.i.d. representation of f— 6y, the function £ comes from the estimation
of hy by h. Also, note that if there are no missing data, then § = 1 and p(:) = 1, so
k?(fl], 63/, 6) = g(ZL‘, Y, 907 hO) + g(l‘7 Y, ]-) in that case.
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(iv) Note that when r = p (i.e. there are as many equations as there are parameters to

be estimated), then Q reduces to
Q = A Var{k(X, AY, A) (AT,

provided A is of full rank.

4 Examples

4.1 Partially linear regression model

The first example we consider is that of a partial linear mean regression model :
Y =0"X; + h(Xs) +¢, (4.1)

where E(e|X) =0, X = (X{, X5)T is (d + 1)-dimensional, Y is one-dimensional and for
identifiability reasons we let E(h(X53)) = 0 (the linear part §7 X, contains an intercept).
We suppose that the response Y is missing at random. Let (X1,Y7),..., (X,,Y,) be i.i.d.
coming from model (4.1). Define g(x,y,0,h) = (y — 0Ty — h(x3))z1, and let

~

ho(x2) = ho(xs) —n ZEH(X%),

where

ho(w2) = > Wailws, b) { Aul¥; = 07X1i) + (1 = A)[(X;) — 07 X},
i=1
_ Ly(Xei —3)
> i1 Lo( Xz — 12)
L is a univariate kernel function, b = b,, — 0 is a bandwidth sequence, L;(-) = L(-/b)/b,
and m(z) = fydﬁ(y\x), with F(y|z) given in (2.1). Finally, let = argming||G.,(6, ko).

where || - || is the Euclidean norm. Instead of working with the above estimator of hg(z3),

Wni (x27 bn)

we could also work with a weighted average of the non-missing observations only.

We now verify conditions (A1)-(A5) and (B1)-(B5). Let hog(z2) = ho(zz) — (0 —
00)"E(X1| Xy = 23) = E(Y| X, = 23) — 0T E(X4| X3 = x2), and let ||h||3 = supg,, |ho(z2)]
for any h. First, note that

ho(a2) — hog(2) = {ho(r2) — Elhg a2) [ X]} + { Elho(2)|X] — hog(a2)}

= (T1 + Ty)(x2),



where X = (X1,..., X,). Denoting Y; = A;Y; + (1 — A;)i(X;), we have that E[Y;|X] =
p(X)m(X;) + (1 —p(X;)(m(X;) +O0p(al)) = m(X;) +op(n=/*), provided na’? — 0, and
where m(x) = E(Y|X = x) and ¢ is the order of the kernel k. Hence,

Ty (z2) = Z Whi(2, bn) AilY; — m(X;)]

+ Z Woi(22, b)) (1 = A9)[(X;) — m(X5)] + op(n~*)

= Op((nba)"2(logn)"/?) + Op((nay ™) ~*(log n)"/?) + op(n"/")
=op(n~'/"),

provided nb?(logn)~2 — oo and nas™ " (logn)~2 — co. Next, consider

Ty(xs) = Z Wi (22, b2) [m(X;) — 07 X 1] — hog(22) + op(n~/4)

=) Waila, b)) [E(Y|X;) — 07Xy, — BE(Y[Xo) + 07 E(X1] X))
=1

+O0p(bB2) + op(n~*)
= Op((nby,)"*(logn)""?) + op(n~/*) = op(n™/"),

uniformly in 6, provided nb® — 0. Hence, (A1) is verified. Next, for (A2), define H =
Ci/(Rx,), where the space Ci,(Ry,) is defined in Remark A.1, and where Ry, is the
(compact) support of X,. Using a similar derivation as for verifying condition (Al), we
can show that sup|s_g, o(1) SUPs, We(xg) — hjy(z2)| = 0p(1), provided nb? (logn) = — oo,
nadt1p?(logn)™! — oo and alb;' — 0. It then follows that P(hy € Ci/(Ryx,)) — 1.
Moreover, the second part of (A2) is valid for s = 1 by Remark A.1. For condition (A3)
note that for any 6 and h, I'(0, ho)[h — ho] = —E{(he(X2) — hoo(X2))X:1}. Hence,

|0, 1) = o) = P00, o) —
= ||~ 075 [i Wi Xa,bu) Xi = B(X:|X5)| X1 } | = 0p (116 = 6oll).

Next, consider (A4). Using the above derivations, write

Ry () — ho(x2)

= 3 Waila ) [A{Y: = m(X0)} + (1 = A){(X) = m(X)}] + 0p(n ),

8



provided na2? — 0 and nb} — 0. Replacing Wi(2,b,) by (nby) 'K (X8=22)/ fx, (z,),
and noting that

X1 Xoj — X
K
fxa (X2) < by

b;lE{ )} = B(Xy|X, = Xy) + O(b2),

uniformly in ¢, we obtain
(6o, ho)[h — ho) = —E{(hay(X2) — ho(X2)) X1}

= ™ ST BOG1Xa) [AYi - m(X0)} + (1= AYA(X) — m(X))}] + op(n).
i=1
It can be easily seen that

n! Z B(X1]X2) (1 — A {m(X;) — m(X;)}

=n! Z %}(%(Z)E(Xl‘XQJAZ{Y; — m(Xl)} + 0P<n71/2)’

and hence

E(XL AV, A) = —E(Xﬂ)@»}%m (X)),

For (Ab) consider

i=1 =1

—n 31 -4 (m(xi) . m(XZ-)>X1i +op(1) = op(1),

i=1

as k and n tend to infinity. Since this does not depend on 6, the second part of (A5) is
obvious.

We now turn to the B-conditions. Condition (B1) is an identifiability condition,
whereas (B2) holds true provided E|X;;| < oo for j = 1,...,d. Next, for (B3) it is

easily seen that
A=—F|(X, - E(X1|X2)"X,| = —Var[X,|X3],

which we assume to be of full rank. Condition (B4) is automatically fulfilled since G (6, h)

is linear in h. Finally, condition (B5) holds true for s = 1.



It now follows from Theorem 3.1 that n'/2(6 — 6,) is asymptotically normally dis-
tributed with asymptotic variance given by

A

Q= A"'Var
p(X)

{Y = 67X, — ho(X2) X1 — B(X|Xa)} | (A7),

since Eg(z,Y, 0y, ho)| X = z] = 0. Note that if all data would be observed, the matrix
equals the variance-covariance matrix given in Robinson (1988), who considers the special

case where ¢ is independent of X.

4.2 Single index regression model

We now consider a single index regression model :
Y = h(07X) + ¢, (4.2)

where X is d-dimensional, Y is one-dimensional, F(¢|X) = 0 and § € © = {# € R? :
|0|| = 1} for identifiability reasons. The response Y is supposed to be missing at random.
Let (X1,Y1),...,(X,,Y,) be a sample of i.i.d. data drawn from model (4.2). Define
g(z,y,0,h,h') = (y — h(0Tx))W (6T x)x, and let

holu) = 3 Way(w)Y;

be a kernel estimator of hgg(u) = E(Y |07 X = u), where

_ Aij(QTXj — u)
Z?:l AZL(,<9TX4 — U) ’

Wi (u)

L is a kernel function and b is an appropriate bandwidth. Finally, let 0 be a solution of
the equation Gn(H,/ﬁg,/ﬁ’a) = 0.

We restrict attention here to the calculation of the matrix A and the function &, which
determine the asymptotic variance of 8. The verification of conditions (A1)-(A5) and
(B1)-(B5) can be done by adapting the arguments used in the previous example to the

context of single index models. Details are omitted. Note that

A= LE[(v — (0" X)) iy (6" X)X] |

do 0=00

It can be easily seen that A can also be written as
A = —B[BEOF X)X — ux (03 X)HX — ux (05 X)),

10



where px(u) = E(X|0f' X = u). Also note that
D(0, ho)[h = ho, ' = hy] = — B | {hay (6 X) — hol03 X) (6] X) X |
+E[{Y = hol0 X) R, (03 X) — y(05 X)}X ]
Since the latter term equals zero, we have that

T(6o, ho)[h — ho, b — h})]
-1 = Az

(X)) {Yi — ho(6 Xi) }ho (65 X)) E(X 105 X = 05 Xi) + op(n™"/?).

= —"Nn

=1

It now follows that the asymptotic variance of ) equals

A
p(X)

It is easily seen that if all data would be observed and the model is homoscedastic, the

{Y" = ho(0 X) o (0 X){X — E(X]0g X)}H (AT) "

Q=A"'Var [

matrix ) reduces to the asymptotic variance formula given in Hardle, Hall and Ichimura
(1993) (see their section 2.5).

4.3 Copula model

In the third example we consider a copula model for two random variables X and Y, with
X being always observed and Y being missing at random. We suppose that the copula
belongs to a parametric family {Cy : 6§ € ©} where © is a subset of IRF. Hence, for any

z,Y,
F(I,y) = P<X < :L’,Y < y) - C@(FX(x)vFY(y»?

where Fx(z) = P(X < z) and Fy(y) = P(Y < y) are the marginals of X and Y, which
are completely unspecified and will be estimated nonparametrically. We assume that Fx
and Fy are continuous, so that 6 is unique. Let (X;,Y;), ¢ = 1,...,n be i.id. with

common distribution F. Define Fi(z) = (n+ 1)~ Yo I(X; <) and

n
~

Fy(y)=(n+1)"" Z {Ail(yz‘ <y +(1- Az)ﬁ(y‘Xz>}7

=1

where F\(y|m) is defined in (2.1). Note that in a second step the estimator ﬁy(y) could
be improved, by replacing ﬁ(y|x) by Fyly|lz) = Cg(ﬁx(x), ﬁy(y)), where C? denotes the

derivative of Cy with respect to the second argument (similar notations are used to denote

11



higher order derivatives). In what follows we restrict attention to the estimator defined

in the first step. Now, define

Gy (Fx (@), Fy(y))
Cy*(Fx(z), Fy(y))

(the prime in C4? stands for the derivative with respect to 6), i.e. g(z,y,0, Fx, Fy) is

g(xvyaeaFXaFY)

the derivative of the log-likelihood function under the copula model, and define h =
argmingo || G (0, P, Fy ).

We now calculate the function ¢ defined in condition (A4), from which the formula
of the asymptotic variance of 0 can be easily obtained. We omit the verification of the
conditions of Theorem 3.1, but more details can be obtained from the authors. Let
do(u,v) = C}? (u,v)/C4*(u,v). Then, straightforward calculations show that

[0, Fx, Fy)[Fx — Fx, Fy — Fy] = E[%de(ua Fy (Y))luery () (Fx (X) = Fx(X))

+%d0(FX (X)7 U)|v:FY(Y)(F\Y(Y> N FY(Y))] .

Next, note that

n

Fely) = Fely) =n" S0 [Ad( < 9)+ (1= A)F(IX) — Fy(y)]
i=1
(1= A [Flx) - Pyl X))
i=1
For the second term above it can be shown that
“ 0
1S (1 - ANE [ ~

=1

Ao (Fx (X), 0)lmry o) (F(YX3) = F(Y]X0)]

=n ! Z %}?E[%dNFX(X)yU)|v:Fy(Y)(I(}/i < Y) — F(Y|Xz))] + OP(TL_I/Q),

It now follows that

6y, Fx, Fy)[Fx — Fx, Fy — Fy]

JZE[ oo (1, By (V) e { T(X; < X) = Fx(X) |

+%deo(FX(X)7U)|vFy(Y){Az'I(Yz‘ SY)+ (1= A)F(Y[X;) — Fy(Y)

1 —p(Xi)
p(Xi)

The formula of the asymptotic variance can now be easily obtained from Theorem 3.1.

(I(Y; <Y) = FY|X)) }] + op(n72).

12



5 Simulation study

In this section we present simulation results for a single index mean regression model.
Consider
Y = h(07X) +e,

where X = (X1, X, X3)T, X; ~ Unif[0,1] (j = 1,2,3), (X1, X, X3) are mutually in-
dependent, e ~ N(0,0.5%), 6 € © = {# € R’ : ||0| = 1}, and h(u) = exp(u). The
probability that the response Y is missing depends on the covariate X via a logistic

model :
exp(67X)
1+ exp(fTX)

Note that © can be regarded as compact by reparametrizing the unit circle via a polar

P(A=1|X,Y) =

transformation and using the angles of the polar transformation as the new parameter to
replace 6, i.e. we write 8(a) = (sin(ay) sin(as), sin(aq) cos(ay), cos(ay))? for some ay, as.
Note that ||| = 1 for any value of a; and . In the simulations, we work with a; = 7/3
and oy = m/6, and we take 8 = (1,1,0)7 in Table 1, and § = (0.5,0.5,0) in Table 2.

The estimating function for oy and «y is given by
9(z,y, 0, h)

— {y — h(@(a)Tx)}h/(e(Oé)Tx) <

cos(aq) sin(ag)xy + cos(ay ) cos(ag)xe — sin(ay )z > '

sin(aq) cos(ag)zy — sin(aq) sin(ag )z
Next, define h(u) = > iy Waj(u)Yj, where

__ AK(u=0()"'X;)
XL A (u = 0(a)TX)

Wj(u)

The imputed estimating equation is

n K

Galo ) =13 [Ag(X Yoo )+ (1 - A)E 30X Vi am)]. (51)

- K
=1 =1

We now define & as the solution of the equation Gn(a,ﬁ) = 0 with respect to all vectors
a € [0, 27)2.

Two bandwidths need to be selected. The first one is the bandwidth a in the kernel
estimator of the conditional distribution function F'(y|z) defined in (2.1), which is used for
the imputation procedure. The second one is in the bandwidth b in the kernel estimator
of the function h. Because the cross-validation method for selecting bandwidths is com-

plicated when imputation is involved, and because it can only produce one combination of

13



bandwidths, we prefer to use a sequence of bandwidths for a and b to study the influence
of the bandwidths on the estimator. In our simulation, we considered for a and b all
values between 0.02 and 0.30 with step size 0.02. We so obtain 225 combinations of the
bandwidths used for estimating a. We report in Tables 1 and 2 the results corresponding
to the 9 pairs of bandwidths a and b that lead to the smallest MSEs.

Table 1 summarizes the bias, standard deviation and MSE of the estimators of «; and
o based on the selected a and b. The MSE is the sum of the MSEs of &; and a,. Each
entry is based on 500 simulations. The table shows that the influence of the bandwidth
is rather small. We also notice that the bias is reasonably close to 0 and as the sample
size increases, the standard deviation and MSE of @; and a, decrease. In Table 2 the
percentage of missing values is 38% compared to 27% in Table 1. As can be expected,

the standard deviation and the MSE of a; and @y are larger compared to Table 1.

Appendix

Below we list the assumptions that are needed for the main result in Section 3. The
following notations are needed. We equip the space H with a semi-norm || - ||, defined by
|h||% = supgeg ||hol|s for any h € H, i.e. ||-||% is a sup-norm with respect to the f-argument
and a semi-norm || - ||s with respect to all the other arguments. Also, N(\, H, ||-||%) is the
covering number of the class H with respect to the norm || - |3, i.e. the minimal number
of balls of || - || -radius A needed to cover . We use the notation A(6) = LG(6, ho) to
denote the complete derivative of G (0, hy) with respect to 6, i.e.

d 1
A(0) = G (0. h) = i~ [G(0 + 7, hogsr) — G (6, hog)|. (A1)

and the notation I'(0, hg)[h — ho] to denote the functional derivative of G(6, ho) in the

direction [h — hyl, i.e.

T(0, ho)[h — ho] — Tim = (GO o+ 7 — h)) — G0, o).

=0 T

We also need to introduce the function

Gn(0,h) =n~" zn:[Aig(Xi, Y, 0,h) + (1 — A)E{g(X;,Y,0,h)|X = X;}].

=1

Finally, || - || denotes the Euclidean norm.
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Assumptions on the estimator h

(A1) supgep [[ho—hoolls = 0p(1), and supyg_g,<s, [lhe—hoslls = op(n'/*), where &, — 0,

and where hgg is such that hgg, = ho.

(A2) P(hy € H) — 1 as n tends to infinity, uniformly over all § with ||6 — || = o(1), and
Jo7 AV log NS, 1, || - [l2)dA < oo, where 0 < s < 1 is defined in condition (B5).

o~ ~

(A3) For 6 in a neighborhood of 6y, ||I'(6, ho)[h — ho] — (6o, ho)[h — ho]|lw = op(||0 —00]]).

(A4) T(0g, ho)[h — ho) = 2 3", €(Xi, AY;, A;) + op(n™/2), where the function & =
(&, ..., &) satisfies E[§;(X,AY, A)] = 0 and E[F(X,AY,A)] < oo for j =1,...,7.

(A5) SUPgpco ”Gn(&/fz) - én(eaﬁ)”W = OP(1>7 and for any 571 — 07

H Suﬁ) 1Gn(0,]) — Gn(0, 1) — Gr(o, ho) + Gn (6o, ho)|lw = op(n~1?).
0—00]|<5n

Assumptions on the function G
(B1) For all § > 0, there exists € > 0 such that infjg_g, s [|G(6, ho)|lw > € > 0.

(B2) Uniformly for all # € ©, G(6, h) is continuous in h with respect to the || - ||3-norm
at h = ho.

(B3) The matrix A(f) exists for 6 in a neighborhood of 6y, and is continuous at 6 = 6.
Moreover, A = A(fp) is of full rank.

(B4) For all # in a neighborhood of 6y, T'(0, hg)[h — ho| exists in all directions [h — hg,
and for some 0 < ¢ < oo, ||G(6,h) — G(0, ho) — T'(0, ho)[h — hol|lw < c||h — hol3,-

(B5) For each j =1,...,r,

B| sup 9, Y, 0 1) — g5(X. Y. 0,h)2] <Ko%,

(07,h7):(16" =Bl <6, [|h' —hll3 <5

for all (6,h) € © x H and 6 > 0, and for some constants 0 < K < oo and 0 < s < 1.
Regularity assumptions

(C1) The kernel K satisfies K(uy,...,uq,) = H;.lil k(uj), where k is a gth-order (¢ > 2)
univariate probability density function supported on [—1,1], and k is bounded,
symmetric and Lipschitz continuous. The bandwidth a,, satisfies nad* — oo and

na2? — 0. Moreover, £ — 0.
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(C2) For all o € X and 6 € O, the function x — E[¢*(z0,Y,0, ho)| X = 2] is uniformly
continuous in z for £ =1 and 2, and E[¢*(X,Y, 0, hy)] < .

(C3) For all zp € X and 0§ € O, the functions x — p(z), fx(z), my(zo,x,0, hy) and
mygz2 (o, , 0, hy) are ¢ times continuously differentiable with respect to the compo-
nents of x. Here, fx is the probability density function of X and mgy(zo,x,0,h) =
El¢'(z0,Y,0,h)| X = x]. Moreover, inf,cx p(z) > 0.

Remark A.1 Suppose the functions in H have a compact support R of dimension d <
d; + d,. In order to check condition (A2), define for any vector a = (ay,...,aq) of d

integers, the differential operator

Hlal

= al aq’?
oui' ... 0uy

D(l

where |a| = Zle a;. For any smooth function h : R — IR and some a > 0, let a be the

largest integer smaller than «, and

D¢ — Do /
|1 ]]oo,e = maxsup |D*h(u)| + max sup | D*h(w) h(u )|

lal<a lal=a yz  |Ju— ||

Further, let C¢,(R) be the set of all continuous functions h : R — IR with ||| < M.
If H C O(R) with || - [ = || - [|so, then log N\, H, || - |loo) < K(M/A)¥, where K is a

constant depending only on d, @ and the Lebesgue measure of the domain R. Hence,

/ \/logN()\l/s,H,||-||oo)d/\<oo if a>2i
0 $

(see Theorem 2.7.1 in Van der Vaart and Wellner (1996)).

Proof of Theorem 3.1. The proof is based on Theorems 1 and 2 in Chen, Linton and
Van Keilegom (2003) (CLV hereafter). In these theorems high-level conditions are given
under which the estimator é\is, respectively, weakly consistent and asymptotically normal.
We start with verifying the conditions of Theorem 1 in CLV. Condition (1.1) holds by
definition of 5, while the second, third and fourth condition are guaranteed by assumptions
(B1), (B2) and (A1l). Finally, condition (1.5) can be treated in a similar way as condition
(2.5) of Theorem 2 of CLV, which we check below. Next, we verify conditions (2.1)—(2.6)
of Theorem 2 in CLV. Condition (2.1) is, as for condition (1.1), valid by construction of
the estimator 6. For (2.2) and the first part of (2.3), use assumptions (B3) and (B4). For
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the second part of (2.3), it follows from the proof in CLV that it suffices to assume (A3).
Next, for condition (2.4), we use assumptions (Al) and (A2). For (2.5), note that

|G (0, h) — G(O,h) — G,(0, ho) + G(Oo, ho)||w
< |G (8, h) = Gu(8, h) — G(Bo, ho) + Gn(Bo, ho)llw
+|Gn(8, h) — G(8, h) — G (6o, ho) + G (B, ho)||w-

For the first term above, note that it follows from the proof of Theorem 2 in CLV that it
suffices to take h = h. Hence, assumption (A5) gives the required rate. For the second

term we verify the conditions of Theorem 3 in CLV. For condition (3.2) note that for

j=1,...,r and for fixed (6,h) € © x H,

E [sup* Agi(X,Y,0, 1Y) — Ag;(X,Y,0,h) — (1 — A)E{g;(X,Y,0,l)| X}
H(1 - A)E{g(X,Y,0, W)X} ]

<2F [sup*

gj<X7Y70,7h/> - g]<X7Y70a h)

|

where sup* is the supremum over all ||¢' — 6| < ¢, and ||’ — bl < 0p, with 6, — 0.
Hence, condition (3.2) follows from assumption (B5), whereas condition (3.3) is given in
(A2). Finally, condition (2.6) is valid by combining assumption (A4), Proposition A.1

and the central limit theorem. O

Proposition A.1 Assume that conditions (A1)-(A5), (B1)-(B5) and (C1)-(C3) hold.
Then,

A
p(Xi)

Gn(eo, ho) = n_l Z { Al g(Xz, Y;', ‘90, ho) + (1 —

— {p(X;) )E[Q(Xz‘,Y,GO,hOﬂX — Xz]}

+op(n~Y?).

Proof. First we consider

Gy (0o, ho) — Gn(bo, ho)

— L Z(l — Ai){% Zg(Xi, Y, 60, ho) — Tga(Xi, 6o, ho)}
=1

=1

3 Ai){mga(xi, 0o, ho) — my(Xi, b, ho)}

=1

= an (00, h()) + Vn2(007 h0)7
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where my(z, 0y, ho) = Elg(x,Y, 6y, ho)| X = =] and

n

A Kq(X; — )
— Do Ao (X — x)

mga(x7907h’0) = g(ﬂf,Y}',eo,ho)

is the conditional mean imputation based on the kernel estimator of the conditional dis-
tribution. We will first show that V1 (6o, ho) = op(n~'/?), which means that we can just
substitute k1 >, 9(Xi, YT, 6o, ho) by the conditional mean imputation m,(X;, 6o, ho),
which would simplify the theoretical analysis. However, the proposed imputation is at-
tractive in practical implementations as it separates the imputation and analysis steps,
as proposed by Little and Rubin (2002). Let x,. = {(X;,Y;,A; =1):j=1,...,n} be
the complete part of the sample with no missing values. Given X; with A; = 0, write
Mg (Xiy 00, ho) = K710, 9(Xi, YT, 0o, ho). From the way we impute Y

il

E{mgH<Xi7 607 hO)’cha Xi7 Al - O} - mg(Z(XiJ 607 hO) (AQ)

Hence, E{V,1(0y, ho)} = 0. We next calculate the variance of V,,1(6y, ho). Note that
Var{an (60, h() Z COV{ ]_ — [ng(XZ, ‘90, ho) ﬁlga(Xi, 90, ho)],

(1= 4;)[Mgx(X;, 0o, ho) — 11190 (X;, 0o, hO)]}-
If i # j, then conditioning on Xy, (X;, A; =0) and (X;, A; = 0),
Cov | {ingn (X, B, ho). Fign (X5, B0, ho) nes (X2 Ay = 0), (X5, 4, = 0)] = 0.
This together with (A.2) implies that
Var{Vy.1 (0o, ho) } (A.3)
ZVar{ B0) g1, 0o, o) = igal X, 0o, ho)]

= n‘lE[Var{ﬁng(Xi, 00, ho) — Mga(Xi, 00, ho) [Xne, (Xi, Ay = O)H

) S AKX — X0)(g9") (X Yis 6o, o)
= () B ST AKX~ X))

— O{(nK) "}, (A4)

— (fivga %) (X, B0, ho)}

provided (C2) and (C3) hold true. Hence, V,,1 (6o, ho) = op(n~'/?). Next, we consider the
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term V,2(6o, ho). Defining w;(z,a) = A; K, (X; — ) /{D L, MK (X; — x)}, we have,

Vaa(fo, ho) = n " Y (1= A) > wi(X;, G){Q(Xu Yy, 0o, ho) — my(Xi, 6o, ho)
: k=1

=1

—~g(Xi Vi, 0o, ho) + (X, 0o, o) §

+n! 2(1 SRAY) Z wi (X, a){g(Xk, Yk, 0o, ho) — mg(X, 6o, ho)}
i=1 k=1
= Va21(0o, ho) + Vazz (0o, ho).

First, we will show that V,21 (0o, ko) = op(n™/2). Note that E[V,21(0o, ho)] = 0 and using
the notation
Ynj (@1, 22) = (1 = p(21))(1 = p(22))Covlg(x1,Y;, 00, ho) — 9(X;, Y5, 00, ho),

g(x%YjveO’ hO) - g<Xj>Yjv€0’ ho) |Xj]7
we have,

Var[Via: (60, ho)] = E{Var[vn21(90, ho)| X1, . .. ,Xn]}

—=n2 i E{wj(XZ-,a)wj(Xk,a)’ynj(Xi,Xk)}

i k=1
=n" Z E{wj(Xia a)w; (X, a)vn; (X;, Xj)} +O0(nta?)
i k=1

=0(n""a}),
since v,,;(X;, X;) = 0. Hence, Vi91(0o, ho) = op(n~1/2). Next, note that

1 —p(X;)

op(n~Y?),

Vn22(90, ho) =n"" Z Ai{g(Xia Y;, 0o, ho) - mg(Xia 0o, ho)}

i=1

where the rate of the remainder term can be shown in a similar way as for V,,21(6, ho)-
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This shows that

Gn(e(b hO)
— Gall, ho) + | Gu(B, ho) = GinlB0, o)

=n"") [Ajg(X;, Y], 600, ho) + (1= Aj)my(X;, 6o, o))

j=1

1 —p(Xj)

op(n~1/2
pxy et

+n7 " AG[g(X;, Y5, 00, ho) — my(X;, 60, ho)]
7j=1

- i [pééj)g(Xj’ Y;, 0o, ho) + <1 B p(A—)é)>m9(Xja 0o, ho)] +op(n?).
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Bandwidths ay Qs
n kK a b Bias Std Bias Std  MSE
50 50 0.14 0.30 -0.0161 0.114 0.0318 0.137 0.0331
0.14 0.28 -0.0203 0.119 0.0234 0.142 0.0351
0.12 0.22 -0.0131 0.123 0.0131 0.141 0.0355
0.18 0.30 -0.0205 0.111 0.0255 0.149 0.0356
0.14 0.20 -0.0078 0.128 0.0171 0.140 0.0363
0.08 0.26 -0.0001 0.126 0.0121 0.144 0.0366
0.12 0.26 -0.0004 0.124 0.0180 0.145 0.0367
0.02 0.28 -0.0167 0.133 0.0202 0.136 0.0369
0.16 0.24 -0.0103 0.127 0.0088 0.146 0.0375
100 50 0.14 0.24 -0.0135 0.083 0.0192 0.091 0.0156
0.12 0.26 -0.0080 0.081 0.0206 0.093 0.0158
0.14 0.28 -0.0068 0.078 0.0284 0.094 0.0159
0.12 0.16 -0.0062 0.082 0.0108 0.096 0.0160
0.16 0.30 -0.0116 0.078 0.0193 0.097 0.0161
0.08 0.24 -0.0171 0.081 0.0210 0.095 0.0164
0.10 0.20 -0.0069 0.084 0.0069 0.098 0.0167
0.10  0.30 -0.0238 0.081 0.0347 0.093 0.0169
0.14 0.20 -0.0109 0.083 0.0151 0.099 0.0170

Table 1: Bias, standard deviation and MSE of &, and &y when 3 = (1,1,0)T (leading to

27% of missing values).
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Bandwidths ay Qs

n kK a b Bias Std Bias Std  MSE

50 50 0.02 0.22 -0.0125 0.147 0.0120 0.150 0.0442
0.18 0.30 -0.0076 0.132 0.0175 0.164 0.0447
0.12 0.26 -0.0009 0.144 0.0138 0.160 0.0463
0.14 0.22 -0.0224 0.142 0.0123 0.161 0.0469
0.18 0.26 -0.0078 0.147 0.0178 0.162 0.0481
0.02 0.26 -0.0199 0.151 0.0267 0.157 0.0486
0.14 0.28 -0.0069 0.140 0.0173 0.170 0.0486
0.12 0.24 -0.0084 0.144 0.0102 0.167 0.0487
0.18 0.28 -0.0034 0.146 0.0159 0.166 0.0490

100 50 0.12 0.30 -0.0166 0.092 0.0225 0.103 0.0199
0.14 0.18 -0.0068 0.092 0.0119 0.107 0.0202
0.10 0.28 -0.0092 0.091 0.0119 0.110 0.0207
0.20 0.30 -0.0046 0.089 0.0304 0.108 0.0207
0.14 0.24 -0.0079 0.094 0.0125 0.110 0.0211
0.14 0.28 -0.0111 0.093 0.0276 0.108 0.0211
0.12 0.16 -0.0028 0.096 0.0126 0.109 0.0211
0.14 0.22 -0.0097 0.094 0.0136 0.112 0.0216
0.20 0.22 -0.0038 0.094 0.0122 0.112 0.0216

Table 2: Bias, standard deviation and MSE of &, and ds when 3 = (0.5,0.5,0)7 (leading

to 38% of missing values).
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