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Abstract In this paper, we consider a semiparametric partially linear regression model where missing data
occur in the response. We derive the asymptotic behavior of the robust estimators for the regression parameter
and of the weighted simplified location estimator introduced in Bianco, Boente, Gonzalez—Manteiga and
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1 Introduction

Consider the partially linear regression model y; = x78y + go (t;) + €, 1 < i < n, where the response
y; € R and the covariates (x],t;) are such that x; € R, t; € R, while the errors ¢; are i.i.d., independent of
(x7,t;) satisfying E(e;) = 0 and VAR (¢;) < oco. Partly linear models are more flexible than standard linear
models since they have a parametric and a nonparametric component. They can be a suitable choice when
one suspects that the response y linearly depends on x, but that it is nonlinearly related to t. This model
has gained attention in recent years. An extensive description of the different results obtained in partly
linear regression models can be found in Hirdle et al. (2000). He et al. (2002) considered M —type estimates
for repeated measurements using B—splines, while Bianco and Boente (2004) considered a kernel-based
three—step procedure to define robust estimates under the partly linear model.

In practice, some response variables may be missing, by design (as in two-stage studies) or by happen-
stance. As it is well known, the methods described above are designed for complete data sets and problems
arise when missing observations are present. Even if there are many situations in which both the response and
the explanatory variables are missing, we will focus our attention on those cases where missing data occur
only in the responses. Actually, missingness of responses is very common in opinion polls, market research sur-
veys, mail enquiries, social-economic investigations, medical studies and other scientific experiments. Wang
et al. (2004) considered inference on the mean of y under regression imputation of missing responses based
on the semiparametric regression model y; = x} B, + go (t;) + €;. The estimator of the regression parameter
By, introduced by Wang et al. (2004), is a least squares regression estimator defined by considering prelimi-
nary kernel estimators, of the quantities E(01x1[t; = t)/E(d1|t1 =t) and E(01y1|t1 =t)/E(d1|t1 = t), where
6; =1 if y; is observed and 9; = 0 if y; is missing. Based on this estimator, estimators of the marginal mean
of the responses y are defined using an imputation estimator and a number of propensity score weighting
estimators. On the other hand, Wang and Sun (2007) considered estimators of the regression coefficients
and the nonparametric function using either imputation, semiparametric regression surrogate or an inverse
marginal probability weighted approach. These estimators are based on weighted means of the response
variables and so, they are higly sensitive to anomalous data. This fact motivated the need of considering
procedures resistant to outliers as those given in Bianco et al. (2010), who introduced robust estimators
based on bounded score functions together with algorithms to compute them. Moreover, consistency of the
marginal estimators was derived therein.

In this paper, we go further and we focus our attention on the asymptotic behavior of the robust es-
timators of the regression parameter and the marginal location y, say 6, when the response variable has
missing observations, but the covariates (xT,¢) are totally observed. The paper is organized as follows. Sec-
tion 2 reviews the definition of the robust semiparametric estimators. The consistency and the asymptotic
distribution of the regression parameter are derived in Section 3, while the asymptotic distribution of the
marginal location estimator is studied in Section 4. For the marginal simplified location estimator, the as-
ymptotic distribution is derived in the situation in which the missing probability is known and also when it
is estimated under two different frameworks. In many situations, a parametric model can be assumed for the
missingness probability and the influence of estimating the parameters of the model on the distribution of
the marginal location estimators needs to be quantified. In particular, if a logistic model is assumed and the
parameters are estimated using the maximum likelihood estimator a reduction in the variance is obtained
with respect to the estimator computed with the true missingness probability, denoted p(x,¢). On the other
hand, if the parameters are estimated robustly we argue that a larger variance can be obtained. Besides,
if a kernel estimator is used to estimate p(x,t), then a reduction of variance is always achieved and so, as
recommended in Bianco et al. (2010), this estimator should be used whenever it is possible. Technical proofs
are left to the Appendix.



2 The robust estimators

Suppose we obtain a random sample of incomplete data (y;, x],%;,0;), 1 <4 < n , of a partially linear model
where §; = 1 if y; is observed, §; = 0 if y; is missing and

yi =X, By + go (t;) + ooe; 1<i<n, (1)

with errors ¢; independent, identically distributed with symmetric distribution Fy(-), i.e., we assume that
the error’s scale equals 1 to identify the parameter 0. Moreover, ¢; are independent of (X}, ;).

Let (y,x7,t,8) be a random vector with the same distribution as (y;,X],%;,d;). As mentioned in the
Introduction our aim is to study the asymptotic behavior of the robust estimators of the regression para-
meter and the marginal location. For that purpose, an ignorable missing mechanism will be imposed by
assuming that y is missing at random (MAR), that is, ¢ and y are conditionally independent given (x,t),
ie, P(6=1|(y,x,t)) = P (6 = 1|(x,t)) = p(x,t). For the sake of completeness, we will briefly remind the
definition of the estimators.

2.1 Estimators of the regression parameter and regression function

As mentioned in Bianco et al. (2010), the estimation of the robust location conditional functional related to
each component of x; causes no problem since the data set is complete, while that of the response y; is prob-
lematic since there are missing responses. Therein, a profile-likelihood approach was considered by combining
the M —smoothers defined in Boente et al. (2009) with robust regression estimators. Let ¢); be an odd and
bounded score funtion and p be a rho—function as defined in Maronna, Martin and Yohai (2006, Chapter 2),
i.e., a function p such that p(z) is a nondecreasing function of |z|, p(0) = 0, p(x) is increasing for x > 0 when
p(x) < ||plloo- If p is bounded, it is also assumed that ||p||cc = 1. We will consider kernel smoothers weights for

the nonparametric component which are given by w;(7) = K ((t; — 7)/hn) d; {22:1 K ((t; —7)/hy) 5j} ,
with K a kernel function, i.e., a nonnegative integrable function on R and h,, the bandwidth parameter.

To define a robust estimator, Bianco et al. (2010) proceed as follows

Step 1. For each 7 and B, define gg(7) and its related estimate gg(7) as the solutions of SM)(gg(7), B,7) =
0 and S,(})(?jg (1), 8,7) = 0, respectively, where

S (a,8,7) = E {51/)1 (3/_";:_“) v () |t = T} , 2)
S0(a,8,7) = izj;wm)wl (P2 v 3)

with $g a preliminary robust consistent scale estimator of og the scale of y —x™3 — gg(7) and v a weight
function.

Step 2. The functional B(F') where F is the distribution of (y,x",t, ) is defined as B(F') = argming H(83),
where H(B) = E [0p ((y — x"8 — g5(t))/00) v (x)]. Its related estimate is defined as 8= Bn = argming H,(8),
where

,(8) = 2 3 (LI )
=1

with & a preliminary estimate of the scale o, i.e., a robust M —scale computed using an initial (possibly
inefficient) estimate of 3 with high breakdown point.



Step 3. Then, the functional g(7, F) is defined as g(7, ') = gg(r)(7), while the estimate of the nonpara-
metric component is g, (1) = g5(7).

As in any regression model, leverage points in the explanatory variables x, can cause breakdown. To
overcome this problem, GM —, S— and M M —estimators have been introduced, see for instance, Maronna
et al. (2006). In Step 2, a score function p combined with a weight v is introduced to include both families
of estimators. This proposal is thus resistant against outliers in the residuals and in the carriers x as well. In
most situations, when considering M M —estimators, one chooses v (x) = 1 since M M —estimators already
control high—leverage points. An algorithm to compute these estimators is described in Bianco et al. (2010),
where M M —estimators with initial LM S—estimators combined with S—estimators adapted to the partly
linear setting are considered.

Let v = p’ be the derivative of the loss function p. Thus, the regression estimator defined in Step 2 is
the solution of

~ n P X;I‘B — G5 ti =N
HVB) =3 6 (‘” — % )> v (x:) <xi+ 9 Galt) M) 9. 4)

i=1 op

2.2 Estimators of the marginal location

Let us denote by 0 the marginal location of y, for instance, we are interested in the M —location parameter
of y solution of A(a,s) = Es ((y — a)/s) = 0 for all ¢, where 15 is an odd and bounded score funtion. When
Ya(u) = sg(u) = I(g,00) (1) = {(—o0,0)(), 0 is the median of y. The same score functions 1)1 and 2 can be
considered both in Step 1 and when computing the marginal parameter estimators defined below.

Denote by ¢ any robust consistent estimator of the marginal scale ¢y of the responses y, such as the MAD.
To correct the bias caused in the estimation by the missing mechanism, an estimator of the missingness
probability needs to be considered. Denote by p,(x,t) any estimator of p(x,t). The weighted simplified

M —estimate was introduced in Bianco et al. (2010) where its consistency was derived. It is the solution, 6,
of Uy (pn, <, 0) = 0 with

Ualars.0) =3 o (220 )

i—1 q(x’ivti S

3 Asymptotic behavior of the regression parameter estimators

In this section, we will derive the strong consistency and the asymptotic normality of the regression para-
meter.

3.1 Consistency of B

We will assume that ¢ € 7 C R, and let 7y C 7 be a compact set. For any continuous function v : 7 — R, we
will denote ||v||oc = sup;e7 |v(t)] and [[v||o,c0 = supser, |v(t)]. We will need the following set of assumptions

C1. The function p and 7 are continuous and bounded. Moreover, the function p is Lipschitz and v is
bounded.

C2. The kernel K : R — R is an even, nonnegative, continuous and bounded function, with bounded
variation, satisfying [ K (u)du =1, [u?K (u)du < 0o [u|K (u) — 0 as |u| — co.



C3. The bandwidth sequence h,, is such that h, — 0, nh,/log(n) — oco.

C4. The marginal density fr of ¢ is a bounded function. Moreover, given any compact set 7o C 7 there
exists a positive constant Ay (7p) such that Ay (7p) < fr(7) for all 7 € Tp.

C5. The function S (a, 3, 7) satisfies the following equicontinuity condition: for any e > 0 there exists
0 > 0 such that for any 7,72 € 7p and 34, 85 € K, a compact set in RP,

|7—1 - 7_2| <4 and ||/31 - /@2H <d= sup |S(1)(a751a7—1) - S(l)(aaﬁ277—2)| <e€.
a€R
C6. The function S™)(a,3,7) is continuous, and gg(7) is a continuous function of (3, 7).

Remark 3.1.1. If the conditional distribution of x|t = 7 is continuous with respect to 7, the continuity and
boundness of 1, stated in C1 entail that S (a, 3, 7) is continuous. Assumption C3 ensures that for each
fixed a and B we have convergence of the kernel estimates to their mean, while C5 guarantees that the bias
term converges to 0. Assumption C4 is a standard condition in semiparametric models. Assumption C5 is
fulfilled under C1 if the following equicontinuity condition holds: for any e > 0 there exist compact sets
K1 C Rand K, C R? such that for any 7 € Ty P ((y,x) € K1 x K|t = 7) > 1 —¢, which holds for instance if
xij = ¢;(ti) Fusj, 1 <i<n, 1< j<p, where ¢; are continuous functions and u,; are i.i.d and independent
of t;.

Theorem 3.1. Let K C RP and Ty C T be compact sets such that Ty C 7 where 75 is the closure of a §
neighborhood of Ty . Assume that C1 to C6 and the following conditions hold

i) 11 is of bounded variation
ii) inf og >0 and sup |Sg — og| == 0, where o as defined in Step 1.
BeK Bek

Then, we have

) supacc 517 8. = 50,8 ooe 50,

b) If, in addition, S1)(a,B,7) = 0 has a unique root gs(7), then sup ||gs — gall0.c0 —3 0 .
Bexk

The proof of Theorem 3.1 follows the same arguments of those used in Theorem 3.1 of Boente et al. (2006)
using the fact that asumption ii) implies that the family of functions F = { f(y,x) = ¢1 ((y —x*B + a) /o) v(x),
B € K,a € R,0 > 0} has covering number N (e, F, L'(Q)) < Ae=" for any probability Q and 0 < e < 1.
Besides, the condition that S (a,3,7) = 0 has a unique root is fulfilled if v; is a nondecresing function
and strictly increasing in a neighborhood of 0.

Theorem 3.2. Let B be the minimizer of H,(B) where H,(8) is defined in Step 2 with gg satisfying
sup ||gs — 98ll0.00 =2 0 for any compact sets K C R? and Ty C 7. If C1 holds and ¢ > oy, then
BeK

a) supgex [Hn(B) — H(B)| == 0,
b) If, in addition, there exists a compact set K1 such that lim,, .. P (ﬂn>m Be lCl) =1 and H(B) has a

unique minimum at 3, then ,[A")' ks Bo-
We also omit the proof of Theorem 3.2, since it follows as Theorem 3.2 of Boente et al. (2006).

Remark 3.2. Theorems 3.1 and 3.2 entail that [|g5 — gol/0,00 220, for any compact set 7y C 7, since gg(t)
is continuous.
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3.2 Asymptotic Normality of ,@

From now on, 7 is assumed to be a compact set. The assumptions N1 to N6 under which the resulting
estimates are asymptotically normally distributed are detailed in the Appendix.

Theorem 3.3. Assume that t, is a random variable with distribution on a compact set 7. Assume that N1
to N6 in the Appendix hold and that & - oy, then for any consistent solution 3 of (4), we have

Vi (B-80) 2 N (0,034 XA

where the symmetric matrix A is defined in N3 and X is defined in IN4.

It is worth noticing that, when v (x) = 1, the efficiency of the robust estimator B with respect to its linear
relative, i.e., the least square estimator, equals [E'1)’ (e)]_2 E4? (¢), which corresponds to the very well known
efficiency of any robust location M —estimator. This situation includes, in particular, M M —estimators and
so, the same asymptotic efficiency as in the regression model is obtained in this case.

4 Asymptotic Normality of 0

In this section, we will derive the asymptotic distribution of the weighted simplified M —estimate, 5, under
different situations, i.e., when the missingness probability is assumed to be known or when it is estimated
either parametrically or using a kernel approach. Different asymptotic variances are obtained in each situa-
tion. The goal is to see if we can validate theoretically the results observed in the simulation study performed
in Bianco et al. (2010), i.e., if we can prove that estimating nonparametrically the missingness probability
reduces the variance of the estimator. It is worth noticing that our results require consistency of the proposed
estimators, i.e., that 9 -2 0. Conditions that guarantee strongly consistent estimators are given in Theorem
4.1 of Bianco et al. (2010) and include among others, uniform consistency of the missingness probability,
Le., sup(y 4 Ipn(x,t) — p(x,t)| =% 0, smootheness conditions to the score function 1 and the assumption
that inf () p(x,t) = A > 0, which states that some response variables are observed at each neighborhood
of (x,t).

Assumptions NM1 to NM8 under which the estimators are asymptotically normally distributed are
stated in the Appendix. From now on, we will denote by u = (y — ) /<.

Theorem 4.1. Let U,, be defined in (5). Assume that NM1 to NM3 in the Appendix hold and that
¢ 25 . Denote by 5(1), the solution of U,(p,<,0) = 0, ie., the weighted simplified estimator assuming
that the missingness probability is known. If 81 -5 8, we have that \/5(5(1) —0) N N(0,0M), where
v = B (43 (u)/p(x,1)) (B (u) .

Note that in this situation, the efficiency with respect to the classical simplified estimator, i.e., when
Yo(u) = u, is not the efficiency of the location estimator when no missing data are present, since a factor
1/p(x,t) depending on the missingness probability appears in the numerator’s expectation. Therefore, the
efficiency of the estimators depends on the proportion of missing data appearing in the sample.

Theorem 4.2. Let U,, be defined in (5). Assume that NM1 to NM5 in the Appendix hold and that < 2, .
Moreover, assume that p(x;,t;) = G(X;,ti, Xo), where Ao € R?, and let p, 5(xi,t;) = G(xi,t;, X), where A



is an estimator of A such that A —» Ag. Denote by 5(2), the solution of Un(p,, 5,<,0) = 0, i.e., assuming a

parametric model for the missingness probability. If #® 2 0, we have that /n(0® — 6) -2+ N(0,v®),
where v = 42 (B (u)) " with

72_E{m¢() n(5xtTE<G(:;f;§ ﬂ

sk e s (o i) (2o (oo Snag) o0 (Mg

and n and ¥ given in NM5.

Remark 4.1. Denote by Fy(s) = (14 e~%)~! the logistic distribution function and let us assume that the
missingness probablity is given by the logistic model, i.e., that p(x,t) = Fy,(vTA¢) and G(x,t,A) = FL(VTA)
where v = (1,x7,1)". Hence, G/(x,t,A) = F(vTA)[1 — F,(vTA)]v. Moreover, let us assume that X is the
maximum likelihood estimator. This estimator can be consider instead of a robust one, such as that defined
in Croux and Haesbroeck (2003), if we suspect that no outliers are present in the covariates x or if we know
that p(x,t) only depends on ¢ where no outliers appear, i.e., if in the above model, v = (1,¢)T. This last
situation is also included in the sequel just by taking into account the new expression for v. The calculations
to be done include in particular, the classical estimators, for which up to our knowledge there are no results
regarding the theoretical comparison of the asymptotic variances of the marginal location estimator when
the missing probability is known and when it is parametrically estimated. In this situation, we have that

o G'(x,t,A0) = p(x,8)[1 — p(x,t)]v,
o (6, x,t) = AT (6 — p(x,t))v where A; = Ep(x,t)(1 — p(x, t))VVT7 implying that X = AT!,
o E(G'(x,t,A0)2 (u)/p(x,t)) = E((1 — p(x,t)p2 (w)v).

Therefore, v* = E (¢3 (u)/p(x,t)) + v with

= B (1w (0v) AT { B = plx ) wv) = 26 [ () L LI |
= B (1~ p(x, ) (V) AT E (1~ plox, ) (u)v)

where we have used that

0 )
E 6 —p(x,t ,x,t) | = F 0 —p(x,t))|(x,t) ) =1—p(x,t). 6
(o @ pex i) =2 (0 6= pxlxn) ) =1t 0
Hence, v < 0 which entails that v < v and equality holds if and only if E ((1 — p(x,t))12 (u)v) = 0
that happens obviously if there are no missing observations.

Remark 4.2. In some situations, the parameters of the logistic model need to be estimated robustly, for
instance, if we suspect that high leverage points in the carriers x are present. We can carry on the robust
estimation using, for instance, a weighted maximum likelihood estimator or the estimator defined in Croux
and Haesbroeck (2003), i.e., X = argminy Y . w(x;)o(ViA;6;) where o(s;0) = p(—s;1) and ¢(s;0) =

p(—In(1— Fi(s))) +C (FL(S)) +C(1—F.(s))—C(1) and C(s) fo —Inu)du. The weighted maximum
likelihood estimator corresponds to the choice p(s) = s. Then, using the resultb in Bianco and Martinez
(2009), we have that n(d,x,t) = —Aiéw(x)W(VTAo; 0)v, where ¥ (s;0) = 0p(s;0)/0s, ¥(s;1) = =¥ (—s;0)

and

2
AN
s=vTXq

0
Apn=F {w(x)@@(s; J)




Straightforward calculations lead to

o u) ) = A, u)w(x) (1 —p(x x,t)v
E< p(x,t) va )> AL RE (Y2 (u) w(x) (1 = p(x,1)) D(x,t)v)

Y= Al_,rltE (w?(x) (1 — p(x,1)) p(x,t) D*(x,t)vv") AT}

1,R

where D(x,t) = (1 — p(x,t))C’(p(x,t)) + p(x,t)C’'(1 — p(x, t)). Therefore, v* = E (¢3 (u)/p(x,t)) + v with
v =E (1= p(x,0)2 (wv") {2 E((1 - px )2 (u)v) = 2A7E (2 (u) w(x) (1 - p(x, 1)) D(x,1)v)} .

In particular, if w(x) = w?(x) which corresponds to a 0—1 weight function and p(s) = s, i.e., when considering
the weighted maximum likelihood, we have that A; x = E{w(x)p(x,t)(1 — p(x,t))vv'}, D(x,t) = 1 and so,
E (w?(x) (1 = p(x,t)) p(x, t)D?*(x,t)vv") = Ay that implies

v =B ((1=pet)vs (V") {Arg B ((1=p(x, )t (u)v) = 287 1B (Y2 (u) w(x) (1 = p(x, 1)) v) }
=b"A7b—2b"A] b, ,

where b = E ((1 — p(x,t))¢s (u)v) and by, = E (2 (u) w(x) (1 — p(x,t)) v). Depending on the choice of the
weight function w, i.e., on the tuning constant selected to cutoff outliers, the inner product bTAi}l{bw can be
much smaller than the squared norm bTAf,}l{b, leading to a positive value of v. In this situation, the variance
of the robust marginal location estimator 0 will be larger than that of the estimator o computed with
the true missingness probability. This fact is consistent with the simulation results obtained in Bianco et
al. (2010) and opposite to the conclusions obtained when the parameters of the missing probability are
estimated using the classical maximum likelihood estimator, leading to a larger loss of eficiency when robust
estimators are used.

We will now study the asymptotic distribution of the weighted simplified estimator when the missingness
probability is estimated using a kernel estimator

-1

i W, — W i W, — W
pn,bn<x,t>:zm( . )& zm( i ) , ™)
i=1 " j=1 "

where K7 : RP*! — R is a kernel function, w = (x*,#)T and b,, denotes the smoothing parameter.

Theorem 4.3. Let U,, be defined in (5). Assume that NM1 to NM3 and NM6 to NM8 in the Appendix
hold and that 2 ¢y. Let pnp, (xi,t;) be the kernel estimator defined in (7). Denote by 93, the solution
of Uy, (pnp, S, 0) = 0, i.e., using the nonparametric estimator of the missingness probability. If 9B L, 0, we
have that \/n(0® — 6) 2, N(0,0®)) where v® = 42 (B¢} (u)) ™ and

2o (p(a " (y—9> - “‘MW”T(W))Q 7

w) So p(w)

with r(w) = E (2 (u) |w).

Remark 4.3. Using (6) and after some algebra, we get that

g g (Lo )

p(w) w)
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Hence, v® < v and so, the marginal location estimator 93 using the kernel estimator for the miss-
ing probability is more efficient than #(Y). Note that both estimators have equal variance if and only if
E ((1 = p(w))r*(w)/p(w)) = 0, i.e., if and only if there are no missing observations, since E (¢ (u) |w) =0

a.e. holds only if xT3 + g(t) is constant, which is a situation to be discarded in practice.

Remark 4.4. As in Remark 4.1 let us assume that the missingness probablity is given by the logistic
model, i.e., that p(x,t) = FL.(vTAg) and G(x,t,A) = F(vTA) where v = (1,x%,¢)" and Fj, is the logistic
function. Moreover, let us assume that X is estimated using the maximum likelihood estimator. In this case,
we can compare the asymptotic variances of the marginal location estimator when the missing probability is
estimated parametrically or using a kernel estimator. We want to show that 42 < v2 and hence, v < p®)
which means that the nonparametric estimator of the missing probability gives whenever it is possible to
compute the smallest asymptotic variance. As above, our conclusions include in particular, the classical
estimators, for which up to our knowledge there are no results regarding the theoretical comparison of the
asymptotic variances a parametric or a nonparametric approach is used to estimate the missing probability.
Let us recall that for the parametric situation, the asymptotic variance is given by v2 = E (¢3 (u)/p(x, t)) +v
with v = —E (1 — p(w))¢ (u)v") AT E (1 — p(w))s (u)v), where A; = Ep(x,t)(1 — p(x, t))va. Note
that £ ((1 — p(w))v2 (u)vT) = E((1 — p(w))r(w)vT), and so, in order to compare the asymptotic variances
and using the expression given in Remark 4.3, we only need to compare, the quantities

ve = B ((1 = p(w)r(w)v") AT E (1 = p(w))r(w)v)

Clearly, if vs = 0 then vp = 0, so we can assume that vs > 0. Let A; = C;C] and denote by z =
Ci (6 —p(w))v and by € = (§ — p(w))p(w)~'r(w). Then, E(z) =0, E(¢) =0, E(zz") =1, vp = | E (¢2) ||?
while vs = E(£2) = Var(¢). If we denote by p = F (£z) and X* = E (ss") with s = (£,2")", we have that

T

Xr = (I:)S pI > is a non-negative definite matrix. Note that since det (X*) = vg det (I — vt pp") >0, the

eigenvalue 1 — vg ' pTp of I — 15 ! pp™ is non—negative and so, vp = ||p||? < vs, as desired.

5 Concluding Remarks

Under a partially linear model when there are missing observations in the response variable, but the co-
variates (xT,t) are totally observed, the classical procedures fail to give reliable estimations when it can
be suspected that anomalous observations are present in the sample. Robust procedures to estimate the
regression parameter and the marginal location y were introduced in Bianco et al. (2010). These methods
lead to strongly consistent estimators. Moreover, in this paper, we derive their asymptotic distribution. In
particular, for the weighted simplified M —estimate, 8, we obtain the asymptotic distribution when the miss-
ingness probability is assumed to be known or when it is estimated either parametrically or using a kernel
approach. Different asymptotic variances are obtained in each situation.

The obtained theoretical results validate the numerical results observed in the simulation study per-
formed in Bianco et al. (2010), since they allow to show that estimating nonparametrically the missingness
probability reduces the variance of the marginal estimator either when the probability is known or when
it is estimated parametrically using the maximum likelihood estimator under a logistic missingness model.
This counterintuitive phenomenon was also observed by several authors, such as, Pierce (1982), Rosenbaum
(1987), Robins et al. (1994, 1995), Wang et al. (1998) and the references given therein. When the covariates
are missing, Wang et al. (1997) discussed the gain of efficiency of the estimators of 6 via adjustment of the
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missing probability. An heuristical argument justifying this behavior for general parameter estimation with
missing covariates was given in Robins et al. (1994). The same arguments can be applied for missing re-
sponses. When the missing probability is modeled parametrically and the unknown quantities are estimated
using maximum likelihood estimators, the gain of efficiency is related to the linear expansion given in the

Appendix together with the joint asymptotic distribution of "1 | &;p~!(w;)t2 (u;) /+/n and of \/n (X - )\0)

and so, the optimality arguments used in Pierce (1982) can be considered to explain the effect of replacing
estimators for the true paramaters.

On the other hand, when the parameters are estimated robustly using a weighted maximum likelihood
method with weight function w, the robust estimators of the marginal location #(*) may have a higher loss
of efficiency. To be more precise, depending on the tuning constant selected to cutoff outliers, the variance of
the robust marginal location estimator #® may be larger ' than that of the estimator 0 computed with the
true missingness probability and so, larger than that of #®®), the estimator based on a kernel approach. In
this sense, we recommend using a smooth estimator of the missing probabilities instead of a parametric one,
if the dimension of the covariates and the number of observations allow to compute the kernel estimator.

6 Appendix
6.1 Proof of the asymptotic normality of the regression estimates

For the sake of simplicity, we denote 1)’ and ¢ the first and second derivatives of 1. Moreover, let z =
z(By) = x+ (99a(t)/08) |p=p,: i = 2:(Bo) = xi + (0ga(t:)/98) |3=p, and

B, =Ga() —ga(r)  Ao(r) = (6o ©
5.7 = T2 () =980 )

We list the conditions needed for the asymptotic normality of the regression parameter estimators, fol-
lowed by general comments on those conditions. The first condition is on the preliminary estimate of gg(7),
while the other ones concern the score functions and the underlying model distributions.

N1. a) The functions gg(7) and gg(7) are continuously differentiable with respect to (3,7) and twice
continuously differentiable with respect to 3 such that (9%gg(7)/03;03.)| B=8, is bounded. Furthermore,
for any 1 < j,¢ < p, 0%gg(7)/0B;0 satisfies the following equicontinuity condition:

2

0 0?
08;08¢ 98 3

-5 08;08¢

1

Ye>0,30>0: |8, —Byl<d= <e.

98

=Pollso
b) H@B — goH 2,0, for any consistent estimate B of B,.
o0

c) For each 7 € T and B, (8,7) - 0. Moreover, n'/*|[o||,, - 0 and n'/*|¥;,], - 0 for all
I<j<p

d) There exists a neighborhood of B, with closure K such that for any
1< £ < p, supper (9508, )+ 109(8,)/96e] ) = 0.

e) [[07/07| o + 10V5,0/07]| L. 0forany 1 <j<p.

N2. The functions v and 7'(x) = xv(x) are bounded and continuous. The function 1) = p’ is an odd,
bounded and twice continuously differentiable function with bounded derivatives 1’ and v, such that
v1(s) = s1'(s) and pa(s) = sy (s) are bounded. Moreover, the function ; is a bounded and continuously
differentiable function with bounded derivative 1.
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N3. The matrix A = E¢’ (¢) E (v(x)p(x,t)z(8y)z(8,)") is non-singular.
N4. The matrix X = E¢? (¢) E (v(x)p(x,t)2(8)z(B,)") is positive definite.
N5. B(Y] (6)) £ 0 and B/ (¢)) # 0.

N6. £ (p(x, 1)o(x) 2(8,)[]*) < o0

Remark 6.1.1. Condition N1b) follows from the continuity of gg(7) = ¢g(3, 7) with respect to (3, 7) and
Theorem 3.1 that leads to supgex 198 — 981l 2% 0. Conditions N1a) and d) entail that for any consistent
estimator 3 of 3, we have that

(9 gg 82gg

8gﬁl 8‘% |B 8 ls—3 — 55 |B=5
p= 0 85,050 P=B " 85,05, "0 _

L,0and ma 2.0.
1<]/<p

max
1<j<p oo

Remark 6.1.2. When the kernel K is continuously differentiable with bounded derivative K’ and with
bounded variation, the uniform convergence required in N1d) and e) can be derived through analogous
arguments to those considered in Theorem 3.1 by using that

- ‘1ZK’( PNEE (S LS

9 5a(r) e
5 o - — tz 7 6
(nhn) 1;1{( . )51/}1( 5 gﬁ(7)>
- Tt c(Yi =X B — yi —x;B—gp(r) 0
) o () ) (2 £
7‘9/3 T)=— n
5 (ot (22

and requiring that ui](u) is a bounded function and

sup £ ( sup |1 (M) Ix|| |t = 7') < 00

T€T BeK, ek,

—x'B3 —gg(T
Sk ( ot (4 ) = ) N
T ,0EK,

. —-x'8 - T
(e (s
TeT

The uniform convergence rates required in Nlc) are fulfilled when gg is defined in Step 1 using kernel
weights and a rate-optimal bandwidth is used for the kernel.

Remark 6.1.3. Note that if P(v(x) > 0) = 1 and Ev’(e) # 0, N3 holds, i.e., A will be non-singular
unless P (a"z(8,) = 0) = 1, for some a € RP, that is, unless there is a linear combination of x which can
be completely determined by ¢. The condition Ev’(e) # 0 is a standard requirement in robust regression in
order to get root-n estimators of 3.

Again, if N4 is fulfilled the columns of x 4 (0gg(t)/98)|a=p, Will not be collinear. It is necessary not to
allow x to be predicted by ¢ to get root-n regression estimates.

N5 is a standard condition in robustness in order to get root—n estimators. It is worth noticing that N5
entails

B |(x+ 500r),_, ) veoxnle =] 0. (10)
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Effectively, since gg(7) satisfies (2) for each 7 differentiating with respect to 3, we get

5 {5% (yXTﬁga(T)> <x+§—ﬁgg(7)+ yXTﬁgﬁ(7)20ﬁ> U(X)H:T} —0 V3.

op o 0B

Thus, specializing at 8 = 3, we get that
_E{éwi (¢) (x—l—é% a8(T )‘ﬁ:ﬁo—i- — ’ >’U(X)t=7’}
— B} () B |plot) (x+ a%gam\m) )l £ =7 | + Blett (DB x,0veo)] t = 7] 5o

= B 0) £ |pbxt) (x+ an(r)]_, Yool =]

ﬁ:ﬁo

where the last equality holds since ¢} is an even function and € has a symmetric distribution. Thus, (10)

holds.

Assumption N6 is used to ensure the consistency of the estimates of A based on preliminary estimates

of the regression parameter 3 and of the functions gg.

Lemma 6.1.1. Let (y;,%;,t;) be independent observations satisfying (1). Assume that t; are random vari-
ables with distribution on a compact set T and that N1 to N3 and N6 hold. Let 3 be such that 3 — Bo

and 7;(B) = x; + (098(ti)/9B) | g—j3- Then, Ay, L. A where A is given in N3

N B e () A W yi—xIB-g5(t)\  8°
An‘zz<¢ ( e )Z"(ﬂ)zi(ﬁ) w( o ) 550571

=1

PRrROOF. Note that A,, can be written as A,, = Z?=1 Aq(lj) where
IS yi —xIB — go(t:)
AD == "6 : i 2 V(X
n o ; (G = z; 2, V(X;)
IS yi — xIB — go(t:)
AP ==3"5 L
o= ; ¥ =

AD — Zaw”<yl_ aﬁ . )“A%mziz}‘u(xi)

AP = % S o <y" = ﬁa_ gﬁ(ti)) [W(t)z! + 2W(t)" + W(t) W(t)"] v(x)
i=1

A;G) N %251’#} (yz —X; /@8_ 95(%)) \A/'(ti)TU(Xi) 7

where &1 and & 2 are intermediate points and z; = z;(8), Wo(t) = /g\ﬁ(t) — go(t) and

() = 20|~ Lgar) V) = o gplt)| |~ —caa(t)
~ 967 a=p 967" p=s, ~ 98057l 9p05™ P lp=p,

ﬁ_ﬁ> 5iU(Xi)
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Using N1a), b) and d), N6, the boundness of ¢, ¢’, 9", v and 7" and the fact that B £, By, it follows
easily that A%J ) 20 for 3 < j < 6. From N6, the consistency of 3 and the continuity of 1) and 1), we get
easily that A%l) + Ag) LA O

PROOF OF THEOREM 3.3. Let 3 is a solution of HS”(8) = 0 defined in (4) and denote by 2;(8) =
x; + (093(t;)/9B) |g. Using a Taylor’s expansion of order one we get

0= Zéiw <yz - X /38* g@(tﬂ) v (Xz)zz(,g)
i=1

_ Z(Sﬂﬁ (yl _Xq,ﬂ(l_ gﬁo(tz)) U(Xz)/z\z(ﬁo) _ %nAn (B_ﬁo) ,
i=1

(o

where

=1
- Bt o = i—xIB-gpt)\ 2
=%Z( ( —= % )>zi<ﬁ>zz-<ﬁ> —w(y —= % )> () B=E> s0(x:)

with ,[~3 an intermediate point between 3, and ,@ From Lemma 6.1.1, we have that A,, 2> A, where A is

defined in IN3. Therefore, in order to obtain the asymptotic distribution of @ it will be enough to derive the
asymptotic behavior of

a

L, =n"12 Zc;ﬂ/) (yl — XiTIBOA_ §B°(ti)) v (x3)Zi(By) -
i1

Let

Lo=n/23 5 (y %4 Bo gﬁo(“)) (x:) 2:(By) —n*”zaw (520 v () (B,
=1

g

since gg, = go. Using that ¢ is odd and the errors have a symmetric distribution and are independent of the
carriers, we have that E [¢ (¢;00/0) |(x;,t;)] = Ev (e;00/0) = 0, for all o. Then, the consistency of ¢ and
standard tightness arguments entail that L,, is asymptotically normally distributed with covariance matrix
Y. Therefore, it remains to show that L,, — fn 250.

We have the following expansion L, — L, = =6 2L. + 5 1L2 — 5 1L3 + 5 2L, with

LY =0 %Y s (=B ) 4y oot
)

=1

Li _ 71/2/\25 ’l/J <yl - /88_ g,@o(ti U(Xi)VQ(ti)
i — X — t; ~ ~
L3 =n"t ;51'12/ (y x 6% 90 )> v(x) (ﬂ1/4V0(ti)) (ﬂ1/470(ti))

2t = (o) o (LB 4 ) (500
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where 30(7) = gg, (1) — g0(7), Vo() = (F1,0(7),... ,?p,O(T))T = 0V(B,7)/9B|p=p, is defined in (9), 7 is
defined in (8) and £(t;) an intermediate point between gg, (t;) and go(t;). It is easy to see that L 2.0 and

L2 25 0 follow from N1c) and N2.

To complete the proof, we will show that L7 L, 0 for j = 1,2 which will follow from N1c) to e) and
(10), using similar arguments to those considered in Bianco and Boente (2004).

Effectively, fix the coordinate j, 1 < j < p. For any function v and any positive fixed number o, if z; ;
and ; denote the j—th coordinate of x; and B respectively, we define

_ ~ (yi —x]By — go(ts) 9
Tui (v,0) =n"?0 Y " < (;) - Tij + a—ﬁjgﬁ(ti)

i=1

| ate)

=Po

g

Jn,2 (770_) _ n*l/Qin (yz - X;FﬂO - gO(ti)> ’U(Xi) ’Y(tz)
=1

where we have omitted the subscript j for the sake of simplicity.
Let V={y€CYT): |7lloc £1 |7'llcc < 1}. Note that, for any probability measure Q, the bracketing
number Nj| (¢, V, L*(Q)), and so the covering number N (e,V, L*(Q)), satisfy
log N (¢/2,V, L*(Q)) < log Njj (e,V, L*(Q)) < Ae™ ',
for 0 < € < 2, where the constant A is independent of the probability measure Q (see Corollary 2.7.2 in van
der Vaart and Wellner (1996)).
Denote Z = [0(/2, 20¢]. Consider the classes of functions
y—x"By —golt 9
F1 = {fl,’y,o(yvxat) = oy’ <—O()> [xj + —g@(t)’
o &Bj

y —x"Bo — go(t)
o

s | 10020 1€V, aeT]

Fo={ faalit) =0 )ot a0 vev. sez}.

F1 and F, have as envelopes the constants

A1 = 200][9 oo [1Tllc + [[(098)/08518=p, || o0 0lls] = 200/1¢"[loc Ao

and Ay = 20¢]|%||oo||v |00, respectively. On the other hand, (10), the oddness of ¢ and the symmetry of the
error’s distribution imply that, for any f € F1 U Fa, E f (v, %4, ;) = 0.

Write ¢, (r) = o ¢(r/o) and ¢, (r) = o¢'(r/o). From N2, we have that ¢1 and @2 are bounded, which
entails that

95, () = Y, (] < (19" lloo + llp2lloo) [s1 = s2|  and  [ths, (1) = thay ()] < ([Wlloc + llp1llsc) |51 = 52| -

Let By = Ao (|[¢[loo(3 + 200) + 3[|¢2[lsc) and Ba = [[v]|oc ([[¢[lsc(3 + 200) + 3[|¢1[lsc). Denote || fllg.2 =
(E@(fz))l/Q. It is easy to see that, for any y € V, 0 € T and 0 < € < 2, ||7s — 7|lg,2 < € and |0y — o] < ¢,
entail that || f1,y.,0, — f1,4,0]l0,2 < B1 € which allows to conclude that

N (e By, F1,L*(Q)) < N (e,V,L*(Q)) N (e, Z,] - |) .

Similarly, we get that N (e Bz, F2, L*(Q)) < N (e,V, L*(Q)) N (¢, Z,| - |). Therefore, these classes of functions
have finite uniform-entropy.

For any class of functions F, denote by J(d,F) = supg f06 V/1+1og (N (e[|Fllg,2, F, L*(Q))) de, where the
supremum is taken over all discrete probability measures Q with ||F'||g,2 > 0 and F is the envelope of F. The
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function J is increasing, J(0,F) = 0 and J(1,F) < oo and J (8, F) — 0 as § — 0 for classes of functions F
which satisfies the uniform—entropy condition. Moreover, if 7y C F and the envelope F' is used for Fy, then

For any € > 0 and 0 < § < 1, consider the subclasses

Fis ={f14,0U,x,t) € F1 with ||v]lec <0} and Fao5={fo~,0(y,x,t) € Fa with ||v]ec < 6} .

Remind that 3y(7) = gg,(7) — go(7) and v;,0(7) = (97(B,7))/98;|p=8,- Using that N1c) and e) entail that
sup, ez [30(7)] = 0, sup, ez [070(7) /07| L 0, sup, e [950(7)] = 0, sup, 7 [0%,0(7)/07] < 0 and the
consistency of &, we have that, for 1 < j < p and n large enough,

P el ,q €V and |Jollec <6) >1—-7/2
P¥j0€Vand [Vjollec <0) >1—-6/2.

It is clear that sup ser, , >oiy f2(ri, zi,ti)/n < A30* and supjcr, , Doy f2(ri, 24, ti) /n < A3 62, Therefore,
the maximal inequality for covering numbers entails that, for any 0 < £ < p,

P(|Jn1 (o, 0)| >€) < P(|Jn1(F0,0) | >€, 0 €I, 70 €V and |[Jollec <)+ 6

P sup |[n1/? flyi, xi,t)| >€] +9
<f€-7:1 5 Z
where D; is a constant not depending on n.

=1
e 'DyALT (5, F1) 40,
Similarly, P (|Jn2 (Vj0,0)| > €) < e 1Dy A3 J (8, F2) + 4. Using that the classes F; and F» satisfy the
uniform-— entropy condition, we get hmgﬂgj(é fl) = 0 and lims_0 J (0, F2) = 0. Thus, we have that
LY = Jn1 (F0) 25 0and L2 = (Jn2 (31.0) - - s Jn2 (Vpo)) " —= 0, as desired. (]

IN

IN

6.2 Proof of the asymptotic distribution of the marginal estimators

When estimating the marginal location, we will assume, without loss of generality, that the marginal scale
6o is known and so we will replace < by . Recall that u = (y — 6) /sy and denote u; = (y; — 6) /.

NM1. The function )5 is twice continuously differentiable with bounded derivatives.

NM2. A(bs) = B [0 () /p(x, 1)) = Evh (u) # 0.

NMS. inf x4 p(x,t) = ¢(p) > 0.

NM4. The missingness probability p(x,t) = G(x,t,Ao), Ao € RY, is such that

a) the family of functions G = {G(x,t,A) : A € R?} has finite entropy.

b) G(x,t,A) is twice continuously differentiable with respect to A. We will denote by G'(x,t,A) and
G"(x,t,A) the gradient and hessian matrix of G(x,t, A) with respect to A.

) E(|G5(x,t, Xo)[y (u) /p(x,t)) < oo for 1 <j <gq.

d) For some A >0, E (sup||>\7>\0|<A |Gy (x,t, M) (u) |/p(x, t)) <ooforl <y l<gq.

NM5. X admits a Bahadur expansion given by v/n (3\ - )\0) = (1/vn) X7 n(di, x4, t;) + 0p(1) where

Em(bi,x,t;) = 0 and E[[n(di,x;,t; )|I? < 0co. We will denote by X' = En(d,x,t)n(d,x,t)" the asymptotic
covariance matrix of A.
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Assumption NM4 holds in most parametric situations such as the logistic missingness model.

PRrROOF OF THEOREM 4.1. A Taylor’s expansion of order two leads to

0= VI Unp.s0, 0 = 723 Z e Ve (W) = VY —0)An(wa)

’l)’L

where

Ly~ w)+ Lao _ s 0 (v
A (o) = Z (X“t)%(z) 2(9 e)nzp(xi,ti) 2( < )

i=1
and &, is an intermediate point between 0 and 0. Using that A, (¢2) 2, A(p2) and
Vi Un(p,50,0) == N(0,73) with 22 = E (62 (u) /p(x,)2) = E¢3 (u) /p(x, t), the proof follows. []

PROOF OF THEOREM 4.2. As in the proof of Theorem 4.1, using a Taylor’s expansion of order two, we get

that 0 = (1//n) z;;l@/pn,;(xi,m)wz (ur) — /(0@ — 0) AL (1), where

- w a2 _ S 0; " <y1_£”>
Zp ¢2(1)+ (92 e)nz s(xi,ti) 2 S

i=1 Yn,A i=1 Fn,A

AP (py) =

§|>—‘

and &, is an intermediate point between 6 and 6. Using NM3, it follows that Ag) (v2) L, A(ha).
Therefore, it is enough to show that B, = (1/v/n) >, (6i/pn 5 (xi, tz)) ¥y (1) = N(0,v2). Note that

_ 1y %y L (P ti) G
Bn_\/ﬁ;p(xi,ti) nz< E— 1) p(xi,ti)wQ( i) -

=1

Denote by
X’L7 tl) A0
R (A \/— Z < Xlatu A) 1) p(Xz,tz) [wz (UZ) (XZ’ l)] ’

where r(x,t) = Et (u) |(x, t). Then, using NM4a), the fact that A —— Ao and standard empirical processes
arguments as those considered in the proof of Theorem 3.3, we get easily that R, (\) -, 0 and so, B, =
Bin + B2y + Bs., + 0p(1) where

1 " 5Z 1 - G’ (Xia ti7 >\0) 51
Bin=—7Y ———ts(u;), Brn=-—2Y (Ao— i r(xit;
" ﬁ;p(xi,ti)wz( ) B ﬁz( ° ) Gl ts,3) P t) )

=1

1 AT 1 1 5
Bg}n = 5 ()\0 — )\) ﬁ ZG//(Xiatug)G(Xi’ti’X) p(Xi7tz‘)T(X“ z)\/_ <>‘0 - )‘) .

The Bahadur expansion given in NMS5 implies that \/n (X - )\0) = Op(1), thus, using NM4d) we obtain
'~ T
that Bs, —2 0. Therefore, since By, = —/n (A— )\0) E((G'(x,£, X0)/G(x, £, Ao))r(x, 1)) + 0p(1), to
derive the asymptotic distribution of B,, it is enough to study that of
1 & & N T (G(x,t,Ao)
Cp = — D=V (X=x) B L et 1
7 2 gty 2 () VR (A= %o <G<x,t, x) 050) enl)

- 75 2 [yt ) =t t07 ()| 0.
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where the last equality follows from NMS5. The proof follows now from the Central Limit Theorem. O
To derive the asymptotic distribution of 03 we will need the following additional assumptions. For the

sake of simplicity we will denote by w = (x*, ).

NMS6. The missingness probability p(w) is twice continuously differentiable.
NMY7. The bandwidth b, satisfies that p2 = {nb4 + (an(pH) ’1} —0
NMBS. The kernel K; : RP"! — R is bounded, nonnegative, has compact support and | K;(u)du > 0,
JujKi(u)du=0,for 1 <j<p+1, [ Hu||2K1( )du >0 and [ 5K (u)du > 0.
For the sake of simplicity, we will assume that [ K;(u)du = 1.

PROOF OF THEOREM 4.3. As in the proof of Theorem 4.2, using a Taylor’s expansion of order two, we get

that 0 = (1/v/7) S0 81/, (Xis 1) 2 ((yi — 6)/50) — V/A(@P®) — B) AT (105) where

n n

1 5; 1 i " i Sn
AP ($2) = —mez (i) + 5 (9(3) _9)n2 Rk (y cog )

1 pn,b” (Xu i

and &, is an intermediate point between 9® and 6. Using NM3, it is easy to see that S (1)) -2 A(1hy).
Therefore, it is enough to show that B, = (1/v/n) > i1 (8;/Pnb, (Xi, t:)) 2 (u;) N N(0,72). Note that

1 n 5 6
= 7 [ ;) = B(l) B(Q) 7
v ; p(wi)wg s Z (pn br, 1) p(w;) W2 (i) no + by

where prp, (W) is defined in (7). Denote by fn(w) = Y7, K1 ((w; —w)/by)/ (nbET!). As in Wang et al.
(1997), we have that

Bff) = % ; (p(Wi) — Db, (W) %wQ (u;) + Op(pn)
B S Ui
- 7% nbh ! ; = fn(wi)p?(wi) V2 () Onlon)
R » (Wﬂbiw) (65 — p(w:)) (3 — pl(w1))
NI 2 fn(wi)p?(w;) b2 ()

=1

> s (20 6 - i)

berl Z Fn(wi)p(w;)

¢2 (ui) + Op(pn) - _Bl,n - B2,n + Op(pn) .

Besides,

—W;

K (b—) (6, — p(w:))
Ban = pr g g ACATCD) (2 (us) — r(wy))

" (—‘”) (65 — p(wi)) r(ws)
bn
prrl ZZ fn(wt)p(wl) .

j=11i=1
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Then, arguing as in Wang et al. (1997) and using standard U—statistics arguments, we get that B, =
(1/v/n) 325, r(wy) (85 — p(w;)) /p(W;) + Op(pn). On the other hand, using the same arguments as in Wang
et al. (1997), we get that By, = O,(py). Hence, we obtain that

R GUE) yi =0\ _ @G —p(wj))
B"x/ﬁj;p(wj)wz( ) p(w;) () + Oplon)

S0

and so, the Central Limit Theorem entails that B, 2, N(0,~2) concluding the proof. (]
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