Electronic Journal of Statistics
Vol. 11 (2017) 3446-3484

ISSN: 1935-7524

DOI: 10.1214/17-EJS1345

The nonparametric bootstrap for the
current status model

Piet Groeneboom

Delft University of Technology, Mekelweg 4, 2628 CD Delft, The Netherlands
e-mail: P.Groeneboom@tudelft.nl

and

Kim Hendrickx

Hasselt Unwersity, I-BioStat, Agoralaan, B3590 Diepenbeek, Belgium
e-mail: kim.hendrickx@uhasselt.be

Abstract: It has been proved that direct bootstrapping of the nonpara-
metric maximum likelihood estimator (MLE) of the distribution function
in the current status model leads to inconsistent confidence intervals. We
show that bootstrapping of functionals of the MLE can however be used to
produce valid intervals. To this end, we prove that the bootstrapped MLE
converges at the right rate in the Lp-distance. We also discuss applications
of this result to the current status regression model.

MSC 2010 subject classifications: Primary 62G09, 62N01.
Keywords and phrases: Bootstrap, current status, MLE, smooth func-
tionals.

Received January 2017.

1. Introduction

In the current status model, the variable of interest is a survival variable X
with distribution function Fj. However, instead of observing the exact survival
time X, a censoring variable T' ~ G is observed together with the indicator
A = 1x<7. Such data arise naturally in clinical trials when a patient can only
be checked at one measurement due to destructive testing. A lot of research has
been published on the behavior of the maximum likelihood estimator (MLE) F,
of the distribution function Fyy. The limiting distribution of n'/3(F, (t) — Fy(t))
is after scaling by the constant x = {4Fy(t)(1 — Fy(t)) fo(t)/g(t)}*/? given by

C= argmtax{W(t) -},

where W is a two-sided Brownian motion with W(0) = 0 (see [19]). Other esti-
mators with similar asymptotic properties are Chernoff’s estimator of the mode
([6]), the Grenander estimator ([10]) of a nonincreasing density, Manski’s max-
imum score estimator ([27]) and Rouseeuw’s least median of squares estimator
([29]). A general framework for cube-root n asymptotics is given in [25].
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In this paper we investigate the behavior of Efron’s nonparametric bootstrap
method ([9]) for constructing confidence intervals for smooth functionals of the
MLE. It is known that the nonparametric bootstrap is inconsistent for generat-
ing the limit distribution of the MLE. The authors of [2] prove that (conditional
on the data),

n! B4R ()1 — Fo() fo(t)/9()} /P {E(t) — Fu(t)}
2 arg mtaX(W(t) + W (t) —t?) — arg m?x(W(t) —1?),

where F), is the bootstrap MLE and W and W are two independent two-sided
Brownian motions originating at zero. A similar result is obtained in [26] and
n [31] for the Grenander estimator. The maximum score estimator of [27] is
another example of a cube-root n statistic with asymptotic distribution derived
in [25], where inconsistency of the nonparametric bootstrap for this estimator
is shown in [2].

Constructing asymptotic confidence intervals for the distribution function in
the current status model based on Chernoff’s distribution and the normalizing
constant x is complicated by the need to compute the critical values of C and to
estimate the density fo consistently. Since this turns out to be a rather difficult
task several alternative bootstrap methods have been proposed based on resam-
pling from a smooth estimate. [32] consider a smooth kernel estimate F of Fy
and resample the A; from a Bernoulli distribution with probability F (T3), while
keeping the censoring variables T; fixed and center the values of the bootstrap
samples by subtracting the smooth estimate of the distribution function. [26]
and [31] propose similar smooth respampling schemes for the Grenander esti-
mator and a model-based smoothed bootstrap procedure for making inference
on the maximum score estimator is developed in [28]. All methods result in
consistent estimation of the (suitably standardized) distribution C conditional
on the original data.

A drawback of this approach is that smoothness conditions of Fj are used
which allow faster than cube-root n estimation of Fp. This raises the question
if one should really use confidence intervals based on the MLE instead of on a
faster converging estimate.

This latter procedure is followed in [14], where the authors consider con-
structing confidence intervals around the smoothed maximum likelihood esti-
mator (SMLE) of Fj in the current status model. The SMLE is a kernel es-
timate based on the MLE with an asymptotic normal distribution, instead of
Chernoft’s limiting distribution ([16]). The bootstrap method proposed in [14]
is however still based on the smooth bootstrap procedure described in [32] and
not on Efron’s nonparametric bootstrap. We show in this paper that the con-
struction of confidence intervals around the SMLE based on the nonparametric
bootstrap can also be proved to be valid, where one does not resample from
a smooth estimate of Fp, but just resamples with replacement from the pairs
(T, A;) in the original sample. This method already has been used without
proof in [17] and also in [18] and the present manuscript intends to fill the gap
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of the missing proofs here. An important difference with the smooth bootstrap
in [14] is that for the centering of the estimates in the nonparametric bootstrap
samples the SMLE of the original sample is used, whereas this will not work for
the resampling as proposed in [14]; in the latter case one needs to center the
estimates in the bootstrap samples by a kernel convolution of the SMLE in the
original sample. It is not clear which method is better, and the most striking
fact is the similarity of the results of the two methods in our simulations. An ad-
vantage of the purely nonparametric bootstrap, discussed in the present paper,
might be its conceptual simplicity and the absence of the need to center with a
convolution of the SMLE in the centering of the bootstrap samples instead of
the SMLE itself. An advantage of the smooth bootstrap, discussed in [14] might
be the fact that only the indicators A; are being resampled, and that in this
sense one stays closest to the sample distribution of the observation times 75,
which stay fixed in this procedure.

Although it is argued in [8] that the naive bootstrap will not work for their
goodness-of-fit test for monotone functions, based on the Grenander estimator,
no theoretical justification for this conjecture is given. Other examples where a
smooth bootstrap procedure is used, are the likelihood ratio type two-sample
test for current status data proposed by [11] and the test for equality of functions
under monotonicity constraints proposed by [7]. Both tests establish asymptotic
normality for the test statistic considered.

The paper is organized as follows: In Section 2 we introduce the current sta-
tus model and review some interesting properties of the MLE. The validity of
the nonparametric bootstrap is discussed in Section 3. In Section 4 we provide
two examples to illustrate the applicability of our result. In the first example
we construct pointwise confidence intervals based on the smoothed MLE in the
current status model. The second example deals with doing inferences for a finite
dimensional regression parameter in the current status linear regression model.
For both examples, the theoretical and finite sample behavior of the nonpara-
metric bootstrap is discussed. Section 5 presents some concluding remarks. The
proofs of our results are given in Section 6.

2. The current status model and the MLE

Let Z; = (Th,Aq),...,Zy = (Tn,Ay) be an i.i.d. sample from the probabil-
ity space ([0, R] x {0,1}, A, P), where A; = 1x,<7, and R > 0. The X; are
interpreted as (nonnegative) survival times with distribution function Fp. In-
stead of observing X, a censoring variable T' ~ G is observed (with density g)
independent of X. One could say that in the current status model, each obser-
vation Z; represents the current status of the item ¢ at time 7;. The density of
Z; with respect to the product of Lebesgue measure and counting measure on
[0, R] x {0, 1} is given by

PRy (t,0) = [0Fo(t) + (1 — 6){1 — Fo(t)} g(t).
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The maximum likelihood estimator F), is defined as the maximizer of the log
likelihood given by (up to a constant not depending on F),

0a(F) =0 S [Alog F(T) + (1— A)log{1 — F(T)}],  (2.1)

i=1

over all distribution functions F : [0, 00] — [0,1]. [19] show that the MLE can
be characterized as the left-continuous slope of the greatest convex minorant of
a cumulative sum diagram consisting of the points (0,0) and

Ly Ag |

j<i

where we let Ty denote the jth order statistic of the T; and A(;) be the A;
corresponding to it (assuming no ties are present in the data). An important
property of the MLE is the so-called switch relation, see [17] p. 69. Let G,, be
the empirical distribution function of 71, ..., T, and define the process V,, by

Vn(t) = n_l Z Ail{TiSt}a (22)
=1

and the process (in a) U,, by
U, (a) = argmin{t € R: V,,(t) — aG,(t)}. (2.3)
Then, taking a = Fy(t), we get the switch relation:
F.(t) > a < U,(a) <t,
see also Figure 1.

Vi —

Line of slope a

|
|
|
|
Gn (Un(a))

Fic 1. The switch relation.

3. Bootstrapping the MLE

In this section we establish properties of the bootstrap MLE F}, based on the
nonparametric bootstrap proposed by [9]. Our main concern is to show that
conditional on the data Z1,..., Z,, we have

E {Hn1/3 {Fn - FO}HP ’ 7. .,Zn} =0,(1), (3.1)



3450 P. Groeneboom and K. Hendrickz

and

sup F { nl/3
tel0,R)]

Fo(t) —Fo(t)”Zl,...,Zn} =0,(1). (3.2)

Denote the empirical probability measure of Z1, ..., Z, by P,. The bootstrap
empirical measure is

Pn = n_l ZTL:MniIZm
i=1

where 1z, denotes the points mass at Z; = (T}, A;) and
M, = (M, ..., My,) ~ multinomial(n,n"*,...,n""),

is a vector of multinomial weights, independent of Zi,..., Z,. The bootstrap
MLE F,, is computed using the weighted cumulative sum diagram formed by
the point (0,0) and

1 7
D My, Y MunAg) |
j=1 j=1

where M,, ;) corresponds to the multinomial weight corresponding to 7(;). The

bootstrap MLE F, is then calculated from the left-continuous slope of the convex
minorant of this cusum diagram.

To complete notation, we suppose that the vectors ((Z1,...,2,), My,),n =
1,2,... are defined on the product space (([0, R] x{0,1})>° xZ3°, B, Pzar), where
Z is the set of nonnegative integers and B is the collection of Borel sets, gen-
erated by the finite dimensional projections. We say that a real-valued function
I',, defined on the joint probability space is of order op,, (1) in probability if for
all e,7 > 0:

P* (Pyz {|ITn| > €} > 1) = 0asn — oo,

where P* denotes outer probability and Py z is the conditional probability
measure w.r.t. the weights, given the sample 7, ..., Z,.

To establish (3.1), we need the following result, which is a bootstrap version
of Lemma 11.5 in [17].

Lemma 3.1. Suppose Fy has a continuous density fo with support [0,R] that
satisfies,

0 < inf t) < su t) < o0.
te[0.R] fo(t) tE[OPR] fo(?)

Also suppose that the observation distribution G has a continuous derivative g
that stays away form zero and infinity on [0, R]. Let

U(a) = Fy '(a) 0<a<l,
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and define the process
U, (a) = argmin{t € [0, R] : V,,(t) — aG,(t)} 0<a<l,

with processes V,, and G, defined by

Vi (t) = / SdP,(u,6) and  Gn(t) = / dPo(u,8) te[0,R).
u€(0,t] u€(0,t]
(3.3)

Then there are positive constants K1 and Ka, such that, for all a € (0,1) and
for all large n:

{335 € [0,R]: Pz {n1/3

Un(a) — U(a)’ > x} > Kle_K”S/z} = 0,(1),

where { A} denotes the indicator 14 of the event A.
Lemma 3.1 implies that the probability that for all z € [0, R], and a = Fy(¢),
Parjz {n'/? |Un(@) = U(@)| > o} < Kye "o,

tends to 1 as n — co. The proof of Lemma 3.1 is given in Section 6. The proof
uses empirical process theory and results on tail probabilities for ||\/ﬁ(IP’n —
P,)||7 for classes F with finite entropy integrals. Similar results are proved
using martingale theory in Section 11.2 of [17] for the original sample and in
[14] for a smooth bootstrap empirical process. Since

N p oo A

EM\Z [n1/3{Fn<t) - Fo(t)}+:| = /PMlZ {nl/B{Fn(t) . Fo(t)} > Z‘}pﬂ?p_ldaj,
0

where {Fn(t) — Fy(t)}+ denotes the positive part of {Fn(t) — Fo(t)} and since,
PM\Z {ﬁn (a + n*1/3x) < t}

nl/3 {Un (aJrn*l/Sz) -U (a+n71/3x>}

< {10 (atn))

it follows from Lemma 3.1 and the bootstrapped switch relation given by

= Puz

Pz {n1/3{ﬁ’n(t) By} > x} = Pz {Un (a + n*l/%) < t} 7

that there exists a positive constant K > 0 such that,

{3t €0, R): Eagz [Fu(t) - Fo(t)’p > Kn /) = o, (1),
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In particular, there exists a K7 > 0 such that:

P{ sup EM|Z‘Fn(t)—FO(t)‘ >K1n_1/3} — 0, n — 00,
te[0,R]

and likewise there exists a K3 > 0 such that:

P{Euz| B - Rl

> K2n71/3} — 0, n — 0.

In the next section we show how (3.1) can be used to justify the bootstrap
validity for drawing inferences in models which can be estimated using smooth
functionals of the MLE. The proofs for deriving the asymptotic behavior of
these functionals are in general based on applications of the Cauchy-Schwarz
inequality and on showing asymptotic equicontinuity. Both steps involve calcu-
lating the Lo-distance which can often be reduced to the Lo-distance between
the MLE and the true underlying distribution function. Our main result given
in (3.1) is therefore important to show that the asymptotic properties of the
estimates obtained in the original sample are still valid in the bootstrap sample
conditionally on the data. The asymptotic behavior of the functionals does not
depend on the distribution function of the MLE, which is, as shown in The-
orem 5 of [2], not the same in the original sample and the bootstrap sample
(conditionally on the data). We note that the variances of the corresponding
asymptotic distributions however still have the same order n=2/3, just like our
squared L,-distances in (3.1).

4. Applications

In this Section we illustrate the applicability of our bootstrap results. In our
first example we consider the current status model described in Section 2 and
estimate Fy by the SMLE. In the second example we consider estimating a

finite dimensional regression parameter for the current status model, where in
addition to observing the vector (T, A), also a covariate vector X is observed.

4.1. The Smoothed Mazrimum Likelihood Estimator (SMLE)

We estimate Fy by the SMLE F,,, obtained by first estimating the MLE F;, and
then smoothing this using a smoothing kernel, i.e.,

Fun(t) = / K ((t - x)/h) dF, (x), (4.1)

where K is an integrated kernel,

K(u) = /_7;0 K(z)dz,
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and where h is a chosen bandwidth. Here dF,, represents the jumps of the
discrete distribution function F;,, and K is one of the usual symmetric twice
differentiable kernels with compact support, used in density estimation. In our
computer experiments, we used the triweight kernel

K(u) = g; (1—u?)* 1_y.9(u).

For a constant ¢ > 0 and h = en~/%, the SMLE has been proved to converge

at rate n~2/% with asymptotic limit distribution,

n2/5 { Fnt) = Fo(H) } > N(B(1), 0 (1)),
where

»B(t)_CQJ;M/UQK(U)du and o%(t) = Fo(t {1_F0 }/K
4.2)

(see [16]). The SMLE is often used in the smooth bootstrap procedures de-
scribed in Section 1 (see also the numerical example below). Let F%, () be the
bootstrapped SMLE based on replacing F,, in (4.1) by the bootstrapped MLE
F),, then we have the following result,

n2/5 {F;;h(t) - Fnh(t)} Dy N(0,02(1)), (4.3)

given the data (T1,A1),..., (T, A,), in probability. Note that, in contrast to
the smooth bootstrap method described in [14], we do not need to estimate the
convolution SMLE (see (4.7) below).

To prove the asymptotic normality result for the nonparametric bootstrap,
given in (4.3), we prove (in Section 6) the following Lemma:

Lemma 4.1. Assume that the conditions of Lemma 3.1 are satisfied and that
g has a bounded derivative g’ on [0, R]. Let t be an interior point of [0, R] such
that fo has a continuous derivative f att. If h ~ en~ Y5 then,

() = E7 (0) + oy, (n707),
in probability, where

K( t—U/h {0 — Fo(u)}

hg(u)

dP, (u,0).
(4.4)

Fltow= ) /K t —u)/h) dFy(u

Since

Fun(t) = E8 () + 0,(n=%/%), (4.5)

nh
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where Fé;‘)y) (t) is defined by (4.4) with P, replaced by P,,, we have by Lemma
4.1 that,

TL2/5 { ~7>:h(t) _ Fnh(t)} — n2/5/ K((t — U)g;)(if - FO(U)} d(ﬁpn _ Pn)(u’(;)

+opy (1)7

in probability, which converges, conditional on the data (77, A1), ... (T, Ay) to
the same asymptotic limit as

o [ BB =R yp, i, 5
glu

in probability (see e.g. [21] for more details about the use of the bootstrap for
kernel estimators). Finally, applying the central limit theorem on the expression
above proves the asymptotic normality result for the bootstrapped SMLE given
in (4.3). The proof of Lemma 4.1 is a generalization of the proof for the repre-
sentation of the SMLE F,(t) as the “toy-estimator” defined in (4.5). The proof
is outlined in Section 11.3 of [17] and uses the result of Theorem 11.3 given in
Section 11.2 which is the analogue of our Lemma 3.1 in the original sample.

Remark 4.1. In practice, one should use a boundary correction to ensure
consistent estimation of Fy near the boundaries of the support [0, R]. In our
experiments we used the method of [30], see also p. 328 in [17]. It is straight-
forward to show that the nonparametric bootstrap method remains valid under
this boundary correction. Moreover, one should also take into account the bias
defined in (4.2) when constructing confidence intervals around the SMLE. The
bias issue is discussed in more details via a simulation study in Section 4.1.1.

In the remainder part of this Section, we show the applicability of this boot-
strap result (4.3) by constructing pointwise confidence intervals (CIs) around
the SMLE. We consider two different simulation models and a real data example
to illustrate the performance of these Cls.

In the first simulation study we compare our nonparametric bootstrap Cls
with (a) the smooth bootstrap CIs proposed in [14], (b) the likelihood ratio inter-
vals around the MLE F,, proposed in [4], (c) the smooth bootstrap MLE-based
intervals proposed in [32] and (d) Wald-type CIs, derived from the asymptotic
normality of the SMLE.

In a second simulation study, we discuss the difficulties with the construc-
tion of pointwise CIs around the SMLE that are not necessarily specific to the
bootstrap procedure but that have to be taken into account in order to obtain
good CIs around the SMLE under current status data. We first describe a band-
width selection procedure for choosing the bandwidth of the SMLE and we next
discuss the effect of the bias on the performance of the CIs. The algorithms to
produce the proposed Cls around the SMLE can be found in the R package
curstatCI.
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4.1.1. Simulation study 1: comparing Cls for the distribution function under
current status data

To illustrate the performance of the nonparametric bootstrap procedure for
constructing pointwise Cls of the distribution function, we consider a first sim-
ulation study based on N = 5,000 simulation runs from a model where both X
and T have a Uniform(0,2) distribution. In this model the bias 5(¢) defined in
(4.2) is zero for all t € [0,2]. The 1 — a bootstrap interval is given by

Funlt) = Q1o (0V/Son @), Funt) — Qi o0V/S®)] . (46)

where Q7 (t) is the ath quantile of B values of W, () defined by

an®) = {Ean®) = Fan®)} /y/ S5, 0),

where S, (t) resp. S, (t) are estimates of the variance o?(t) defined in (4.2)
(apart from the factor c¢g(t) which drops out in the Studentized bootstrap pro-
cedure) given by

Sunt) = 5 S Kt T (A — Fa(T)*
i=1

() = % Z My Ky (t — T;)? (Ai - Fn(Ti))Q

In Figure 2(a) we compare the proportion of times that Fy(t) is not in the
95% bootstrap CIs for t = 0.02,0.04, ...,2 with the corresponding proportions
obtained with (a) the smooth bootstrap procedure proposed in [14], (b) the like-
lihood ratio intervals around the MLE F), proposed in [4] and (c) the smooth

0.0 05 1.0 15 2.0 0.0 05 1.0 15 20 0.0 0.5 1.0 15 20

Fic 2. Uniform samples: Proportion of times that Fy(t), t = 0.02,0.04,... is not in
the 95% ClIs for the classical bootstrap Cls defined in (4.6) (black, solid) and (a) the
smooth bootstrap (blue, dashed) procedure in constructing Cls around the SMLE of
[14], (b) the likelihood ratio Cls of [4] (blue, dashed) and (c) the smooth MLE-based
CIs of [32] (blue, dashed). n =1,000, N = 5,000, B = 1,000 and h = 2n"/5,
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bootstrap MLE-based intervals proposed in [32]. For samples of size n = 1,000,
B = 1,000 bootstrap samples were generated for both methods and the tri-
weight kernel is used for calculation of the SMLE with A = 2n~/%, where the
constant ¢ = 2 corresponds to the length of the support of the observation vari-
able T'. For the smooth bootstrap procedures (a) and (c), first a bootstrap sam-
ple (Th,AY), ..., (T,, AY) is obtained by keeping the T; in the original sample
fixed and by resampling the A} from a Bernoulli distribution with probability
Fnh(Ti), then the bootstrap MLE F,, and SMLE F;h are estimated based on the
(T3, AY),i =1,...,n. The smooth bootstrap 1 — « intervals around the SMLE
proposed in [14] are then constructed via (4.6), except that the SMLE Flp(t)
in the definition of W}, (¢) is replaced by the convolution SMLE given by

t/&ﬁ—umﬁmw» (4.7)

and that the variance estimate in the bootstrap sample is given by
1 - 2 * - 2
= Y Kt =T)* (A7 = Fu(@))
i=1

The convolution SMLE corresponds to the extra level of smoothing introduced
by the smooth bootstrap procedure and is hence not required for the nonpara-
metric bootstrap. The smooth bootstrap Cls of [32] around the MLE are given
by

[Fnlt) = Zi_aalt), Fult) = Zio(8)]

where Z*(t) is the ath quantile of B values of F},(t) — Fy,;(t), where again the
extra level of smoothing is introduced (since one subtracts Fnh and not F),) to
justify the smooth bootstrap procedure.

The performance of the SMLE-based Cls is comparable. The bootstrap inter-
vals based on the classical bootstrap procedure avoid however calculation of the
convolution SMLE defined in (4.7). The CIs in (b) and (c¢) have similar coverage
proportions in the middle of the interval [0,2] but have a worse behavior near
the boundaries of the interval compared to the SMLE-based intervals.

Figure 3(a) shows the average length of both bootstrap intervals around the
SMLE in comparison with the average length of the likelihood ratio ClIs of [4]
and the smooth MLE-based CIs of [32]. The latter intervals are constructed
around the MLE F,, instead of the SMLE F},;,. The length of the MLE-based
intervals is larger than the length of the SMLE-based intervals due to the fact
that the MLE converges at the slower rate n'/3.

Instead of constructing the Studentized bootstrap intervals where the quan-
tiles of the limiting distribution of the SMLE are derived from the bootstrap
distribution, one can alternatively consider Wald-type confidence intervals us-
ing the quantiles of the normal distribution and an estimate of the asymptotic
variance.
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0.0 05 1.0 15 20 0.0 0.5 1.0 15 20
t
(a) (b)

Fig 3. Uniform samples: average length of the bootstrap Cls defined in (4.6) (black,
solid) and (a) the smooth bootstrap Cls (blue, dashed-dotted) of [14], the likelihood
ratio CIs of [4] (red, dashed) and the smooth MLE-based Cls of [32] (green,dotted);
and (b) Wald-type Cls using the first estimate 61,5 (red,dashed), the second estimate
G2,nh (blue,dashed-dotted) and the third estimate 63 nn (green,dotted). n = 1,000, N =
5,000, B =1,000 and h = 2n""/%.

We compare three different estimates &, (t) for o(t) defined in (4.2) and
construct Cls given by

[Fan(t) = 21-a/a(n=*P6un(t) — B(t)n =2/ (4.8)

Fon(t) = 2aya(n™ %6, (1)) — B(t)n =],

where z, is the ath quantile of the standard normal distribution. In this sim-
ulation study S(¢) defined in (4.2) is zero. The effect of B(¢) on the behavior
of the intervals will be discussed in the second simulation study below. A first
estimate for 6,5, (t) is given by

2 ntt) = OB O [ g2 (19

cqnn(t

where g, is a classical kernel estimate for the density g of the observation time
T ~ U(0,2), using again the triweight kernel with bandwidth h = 2n=1/5. A
second estimate for o(¢) is inspired by the fact that the SMLE is asymptotically
equivalent to the toy-estimator defined in (4.5), which has a sample variance

n _T.)2 - 1)) 2
2/5

This suggests taking the second estimate n~*/°Fg ,,(t) equal to the root of
(4.10) where Fp is replaced by the MLE F,, and g is replaced by the kernel
density estimate gnp.

Contrary to the bootstrap procedure for constructing Cls defined in (4.6),
both estimates &1, (t) and &2, (t) require estimating the density g. A boot-
strap based estimate for the variance, avoiding estimating g, is finally given
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(a) (b) (c)

Fic 4. Uniform samples: Proportion of times that Fy(t), t = 0.02,0.04,... is not in the
95% Cls for the bootstrap Cls defined in (4.6) (black, solid) and Wald-type Cls defined in
(4.8) using (a) the first estimate 62, (blue, dashed), (b) the second estimate 62, (blue,

dashed) and (c) the third estimate 62, (blue,dotted). n = 1,000, N = 5,000, B = 1,000
and h = 2n=1/5,

by
2 1< b ~ 2
a-3,nh(t) = E Z (Fn;,l (t) - Fnh(t)) 5 (411)
b=1

where ﬁ':;f’(t) is the SMLE in the bth bootstrap run. Figure 4 compares the
coverage proportions between the bootstrap Cls in (4.6) with the Wald-type
CIs in (4.8) using the three different variance estimates described above. Point-
wise confidence bands for the variance estimates are illustrated in Figure 5. The
curves show the average variance estimate and the 5% and 95% empirical quan-
tiles of the variance estimates at points ¢ = 0.02,0.04,...,2. The best results
for the Wald-type Cls are obtained with the second variance estimate 6§,nh(t)
but the coverage proportions and average lengths (shown in Figure 3(b)) are
inferior to the results obtained with the bootstrap Cls in (4.6). Estimating the
density ¢ in 61 ,4(t) and 2., (t) requires an additional bandwidth selection,
whereas the estimate 63 5, (t) is straightforward to obtain and does not depend
on an estimate of ¢g. The variance of the first estimate 6%% (t) is larger than
the variance of the second and third variance estimates 3 ,;,(t) and &3, (t) ,
especially near the boundaries of the support.

Although we have proven validity of the nonparametric bootstrap for con-
structing pointwise CIs around the SMLE, the performance of the CIs is often
influenced by several other aspects that are not specifically due to the nonpara-
metric bootstrap algorithm. In what follows we describe some of these issues
further and analyze the problems that can arise in the construction of the CIs.
In a second simulation study we investigate the bias effect. Estimation of the
bias defined in (4.2) is known to be a rather difficult task since it requires esti-
mating the derivative f} of the density fy under current status data. Sufficiently
accurate estimates of the bias are hard to obtain by direct estimation of fj. Be-
sides estimating the derivative directly we therefore also explore the effect of the
bandwidth choice on the performance of the pointwise CIs. We first describe a
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FiG 5. Uniform samples: True variance a? (black, solid), mean estimate (blue, dashed-dotted)
and the 5% and 95% empirical quantiles of the estimates (red, dashed) for (a) the first
estimate 62, , (b) the second estimate 62, and (c) the third estimate 6%, . n = 1,000,

N = 5,000, B=1,000 and h = 2n~1/5.

procedure for selecting the bandwidth and next examine the quality of (a) a
bootstrap based estimate of the bias, (b) a direct estimate of the bias using an
estimate of f{ and (c) undersmoothing the bandwidth on the reduction of the
bias effect present in the pointwise Cls.

4.1.2. Bandwidth selection

In the previous simulation study, we considered taking the bandwidth equal to
h = 2n~1/% where the factor 2 is based on the size of the support [0, 2] of the
density fo. This choice gave satisfactory results on the performance of the ClIs
discussed above. A bad choice of the bandwidth can however seriously affect
the performance of the SMLE. It is therefore advisable to use an approach that
selects the bandwidth with respect to some optimization criteria. We apply the
method proposed in [20] to select the bandwidth which uses bootstrap subsam-
ples of smaller size from the original sample to estimate the pointwise mean
squared error (MSE) of the SMLE. The method works as follows: to obtain an
approximation to the optimal bandwidth minimizing the pointwise MSE, we
generate B bootstrap subsamples of size m = o(n) from the original sample
using the subsampling principle and take c; op¢ as the minimizer of

MSE 12{ mcm—1/5 t) _Fn,con*1/5(t)}27 (412)

where F), con—1/5 18 the SMLE in the original sample of size n using an initial

bandwidth con='/® for some constant ¢o. The bandwidth used for estimating
the SMLE is next given by h = ct’optn_1/5 where ¢ op; minimizes m(c) as a
function of ¢. In the simulation study below we show the results for m = 50 when
generating subsamples from a sample of size n = 1,000. Other subsample sizes
m = 30, 100 were considered as well which resulted in similar optimal bandwidth
choices. We used subsamples m = 100 resp. m = 250 when we generated data
sets of size n = 5,000 resp. n = 10,000 from the model.
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4.1.8. Simulation study 2: correcting the asymptotic bias

To investigate the effect of the bias on the construction of the pointwise Cls in
(4.6), we consider a second simulation study where the event times are generated
from a truncated exponential distribution on [0, 2] and the censoring times are
uniformly distributed on [0, 2]. The density of the event times is given by fo(t) =
exp(—t)/(1 — exp(—2))1j,2(t) and therefore the bias 3(t) defined in (4.2) will
influence the performance of the Cls.

Figure 6 compares the proportion of times that Fy(t) is not in the 95%
bootstrap Cls for ¢ = 0.02,0.04,...,2 with the corresponding proportions in
the bias corrected Cls given by

[Fnh(t) - Qikfa/Q(t) vV Snn(t) — B(t) n=,

Fun(t) = Qhyo(0)V/Sun(t) = B(t)n /%), (4.13)
where Q] _, /2(25) and S, (t) are defined above and where §(t) is the true bias
of the SMLE at timepoint ¢ defined in (4.2). The bandwidth of the SMLE is
selected by the procedure described in Section 4.1.2. The coverage proportions
of the uncorrected Cls are clearly smaller than the nominal 95%-level at the
left endpoint of the interval [0, 2] in correspondence to the region where 3(t) is
largest and correcting for the bias effect is needed to obtain good Cls. Figure 6
suggests that the coverage proportions of the intervals will be satisfying if the

bias can be estimated sufficiently accurately. Estimation of the bias requires
estimating the density fp, which is a rather difficult task with current status

0.45 +
0.35
0.25 +
0.15 4

0.05 +———— B I _

Fic 6. Exzponential samples: Proportion of times that Fo(t), t = 0.02,0.04, ... is not in
the 95% Cls for the bootstrap Cls defined in (4.6) (blue, dashed) and the bias corrected
Cls defined in (4.13) (black, solid). n = 1,000, N = 5,000, B = 1,000, m = 50 and

—1
h = Ct,optT /5
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data. A kernel based estimate of f} using the MLE F,, is given by

) = B*Z/K/ ((t—2)/h) dF,(z), (4.14)

where the bandwidth h ~ n~1/9 In our experiments, we take the bandwidth of
the estimate f'-(t) equal to h= Etyoptn_l/g where €, op; is selected by the same
bootstrap-MSE approach discussed in Section 4.1.2, but with the SMLE replaced
by this derivative estimate. To obtain good estimates of fj near the boundaries
of the support, we consider the boundary correction method explained in Section
9.2 of [17]. A direct estimator of the actual bias is then obtained by first replacing
fi(t) in (4.2) by the estimate f,(t) and next multiplying with n=2/ i.e. the
order of the actual bias that has to be taken into account when constructing
the ClIs.

Similarly to the estimate of the pointwise MSE defined in (4.12), we can also
construct a bootstrap method for estimating the bias by using the subsampling
principle described in [20]. Our estimate @(t) of the actual bias B(t)n=2/°,
is given by

B

=T _ F%,b ” my?/?
Bzas(t) = {B ! Z {F’rn,ct,opt'ﬂfl/5 (t) - Fncon*1/5 (t)}} (E) :
b=1

Figure 7 compares the average true bias effect S(t)n~2/> and the average bias
estimates obtained by either the direct estimation approach or the bootstrap
based bias estimate for sample sizes n = 1000, 5000 and n = 10, 000. Note that,
since the bandwidth constant c; op+ used for estimating the SMLE is different
in each simulation run, the true bias (depending on ¢; ¢, see (4.2)) in each run
is also different and therefore the average true bias is shown in Figure 7. The
actual size of the bias decreases with increasing sample size.
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Fic 7. Ezponential samples: Average true bias (black solid) and average estimated
bias for the bootstrap based estimate (blue, dashed) and the direct estimate (red,
dashed-dotted) for samples (and subsamples) of size (a) n = 1,000,m = 50, (b)
n = 5,000,m = 100 and (c) n = 10,000,m = 250. N = 5,000, B = 1,000 and
h = Ct7optn_1/5.
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Fig 8. Ezponential samples without undersmoothing: Proportion of times that Fo(t), t =
0.02,0.04, ... is not in the 95% ClIs defined in (4.6) (black, solid) and the bias corrected
ClIs defined in (4.13) with bootstrap based bias estimate (blue, dashed) and direct bias
estimate (red, dashed-dotted) for samples (and subsamples) of size (a) n = 1,000,m =
50, (b) n = 5,000, m = 100 and (c) n = 10,000, m = 250. N = 5,000, B = 1,000 and

h = Ctyopt’ﬂil/s.

The proportion of times that Fy(t) is not in the 95% bootstrap Cls, shown
in Figure 8, decreases if one corrects for the bias by one of the discussed bias
estimates. The results for the direct bias estimate using the estimate f;l ; are
slightly better than the results for the bootstrap estimate of f(t)n=2/5. The
coverage proportions are however still anti-conservative for points at the left
end of the support. We also considered constructing the bias corrected Cls in
the uniform model used in Section 4.1.1 where the actual bias is zero (results
not shown). The results of the uncorrected CIs in (4.6) were slightly better and
estimating the bias in this model has a somewhat negative effect on the coverage
proportions of the pointwise CIs around the SMLE.

Similarly to the methods proposed in [14] we next investigate how the choice
of the bandwidth can affect the coverage proportions and average length of our
CIs. To this end, we consider the concept of undersmoothing proposed by [22]
and take ct,optn_l/ 4 as the bandwidth used in constructing the CIs defined in
(4.6). The coverage proportions of the Cls for the exponential model, shown in
Figure 9, illustrate that the performance of the ClIs around the SMLE improve
by undersmoothing. We also observed that if we considered a smaller bandwidth
choice h = (1/ 3)ct7optn*1/ 5 | the coverage proportions even improve further and
give satisfactory results in the left end point of the support. This illustrates that
a smaller bandwidth choice can indeed correct for the bias in the Cls.

The results of the CIs in (4.6) in the uniform model with a bandwidth h =
Ct’optn_l/‘l or h = (1/3)ct,optn_1/5 are in line with the results obtained with a
bandwidth h = ctyoptn_l/ 5 and similar to the results shown in Figure 4. This
shows that undersmoothing in a model without bias has no negative effect on
the coverage proportions of our Cls.

By undersmoothing, the length of our SMLE-based Cls increases but the
average length of the Cls remains remarkably smaller than the average length
of the CIs around the MLE proposed by [4] and [32] (see Table 1).
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Fig 9. Proportion of times that Fo(t), t = 0.02,0.04, ... is not in the 95% ClIs defined
in (4.6) with h = ¢t opn™ Y (black, solid), h = ¢t .open ™/ (red, dashed-dotted) and
h = (1/3)ctopen™*/° (blue, dashed) for samples (and subsamples) of size (a) n =
1,000,m = 50, (b) n = 5,000, m = 100 and (¢) n = 10,000, m = 250. N = 5,000 and
B = 1,000.

TABLE 1
Average length of the SMLE-based ClIs defined in (4.6) for different bandwidth choices
(h ~n~1% and h ~ n=/4) and average length of the MLE-based Cls proposed by [4] and
[82] at timepoints t = 0.5,1,1.5.

Uniform Exponential
Method t=0.5 t=1 t=1.5 t=0.5 t=1 t=1.5
SMLE (h ~ n1 5) 0.064819 0.077020 0.064976 | 0.085540 0.087565 0.057716
SMLE (h ~n~1/4) | 0.079671 0.092096 0.079757 | 0.085540 0.087565 0.057716
MLE ([4]) 0.164767  0.184590 0.165699 | 0.204079 0.161122  0.104002
MLE ([32]) 0.183982 0.202430 0.186452 | 0.225882 0.176159 0.118541

4.1.4. Rubella data

We also applied the bootstrap procedures to the Rubella data set described
by [24]. The data set contains 230 observations on the prevalence of rubella in
Austrian males. For the smooth bootstrap, CIs were calculated in [14] using the
bandwidth h = ct,optnfl/ 4, Figure 10 shows the CIs obtained with the nonpara-
metric bootstrap and illustrates the applicability of our method in a real data
example. For comparison, we also show the CIs obtained by the methods of [4]
and [32]. The latter CIs were obtained by the Repp scripts in [13]. The non-
parametric bootstrap SMLE-based Cls, including the data-driven bandwidth
procedure, can be generated with the R package curstatCI.

4.2. The current status linear regression model

In the current status linear regression model we are interested in the esti-
mation of the regression parameter By based on observations (71, X;,A; =
Livi<tiy)s -« (Tny Xy Ap = gy, <1,3) from (T, X, A) where we assume that
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Fic 10. Rubella data: (a) SMLE (red, solid) and CI defined in (4.6) based on n = 230
observations using B = 1,000 bootstrap samples and bandwidth h = ct,optn_1/4 (Ct,opt
obtained by subsampling with B = 1,000 bootstrap samples of smaller size m = 50).
(b) MLE (red, solid) and CI obtained by the method of Banerjee and Wellner [4], (c)
MLE (red, solid) and CI obtained by the method of Sen and Xu [32] with B = 1,000
‘smooth’ bootstrap samples from the SMLE with bandwidth h = 80n~ /5.

with i.i.d. random error terms ¢;, independent of (T3, X;) with unknown distri-
bution function Fj.

In [15] a simple score estimator 3, was introduced depending on the MLE
F, g for fixed 3, defined as,

Fos™ argmax | [Ailog F(Ti — §'X:) + (1 Ai)log{1 — F(T; — /'X:)}],
S
i=1
(4.15)

where F = {F': R — [0,1] : F is a distribution function}. The estimator 3, for
Bo is next defined as a zero-crossing (see Definition 4.1 in [15]) of

> Xi{Ai — Fop(Ti — X))}, (4.16)

F, g(Ti—B'X;)€e,1—¢€]

for some fixed truncation parameter ¢ € (0,1/2). It is proved in [15] that
\/ﬁ{ Bn — BO} is asymptotically normal with mean zero and variance VWV !
where

V = B[ fo(T = 83X) {X = E(X|T = BX)}{X - B(X|T - 5,0} ],
W = E[Fo(T = B3X){1 = (T = BX)}H{X — B(X|T = 5X)} x

{X - B(X|T - X)) .
where E.(w(T,X,A)) = fFO(FBém)E[E,H] w(t,z,0)dP(t,x,5) is the truncated

expectation of w(T, X, A) for some deterministic function w and where P de-
notes the probability measure of (T, X, A).
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A bootstrap version Bn based on a bootstrap sample from P,, is then defined
as the zero-crossing of

> My Xi{ i — Fop(Ti — B'X:)} =0, (4.17)
F7L,B(Ti_6/Xi)€[€71_E]

where Fn g is the MLE in the bootstrap sample. A straightforward extension of
the results given in Section 3 shows that, as n tends to infinity,

. P
Eaajz [0 { Bt = 8') = Fy(t - 8'o) }|
stays bounded in probability for all (t,z) € {(t,x) : Fg(t — 'z) € [e,1 —¢€]} and
for all 8 in a neighborhood of 3y where Fj is defined by
Fﬁ(u) =P {Az =1 ‘ T‘z - B/Xz = u} = /Fo(u + (ﬂ - ﬁo)’x)fX|T_ﬁ/X(ac|u) dx.
(4.18)
The validity of the bootstrap method follows from the fact that, in probability,

we have conditionally on the data (71, X1,Aq),...,(Th, Xn, Ay) that,

_\/EV(Bn_ﬁn):\/ﬁ {m_E(X‘T_B{)X:t_ﬁéx)}

Fo(t—pyz)€le,1—¢]
A6 — Fo(t — Bha)Y d(P, — P, (L, x, 6)
+opy, (1+ V(B — Bn)), (4.19)

where the dominant term in the right-hand side of the display above is normally
distributed with mean zero and variance W conditional on (71, X1,4q),..
(T’I’L7 Xn7 An) .

)

Remark 4.2. The nonparametric bootstrap is also valid for the second esti-
mator of Sy proposed in [15] based on a different score function involving the
MLE Fm g and the derivative of the SMLE Fnh, 3 (constructed by the procedure
described in Section 4.1).

To provide more insight into the finite sample behavior of the classical boot-
strap estimators, we show in Tables 2 and 3 the results of two simulation stud-
ies for a one-dimensional regression model Y = Sy X + e. In the first simu-
lation setting we take Sy = 0.5 and consider Uniform(0,2) distributions for
the variables T' and X; for the distribution of the random error ¢ we take
fo(e) = 384(e — 3/8)(5/8 — e)1j3/8,5/8)(e). A picture of the density and distri-
bution function of the random error in model 1 is shown in Figure 11. The
first model is also analyzed in [15]. In the second simulation model T, X and e
are independently sampled from a standard normal distribution and gy = 1. A
similar model was considered in [1].

With these simulations we want to point out that it is not necessary to use
smoothing techniques for doing inferences in the current status linear regres-
sion model. We compare the simple score estimator (SSE) described above with
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TABLE 2
Simulation model 1: mean, n times the variance and n times MSE. CP: coverage proportion
of 95% CIs (Wald-type intervals based on a kernel variance estimate and classical bootstrap
intervals) that contain the true parameter value 8o = 0.5, AL: Average length of the ClIs, for
different samples sizes n based on N = 1,000 simulation runs and B = 1,000 bootstrap
samples. € = 0.001. SSE = simple score estimator, MRCE = maximum rank correlation
estimator and ESE = efficient score estimator.

Estimate n mean nxvar nxMSE Wald-type CI Bootstrap CI
CP AL CP AL
SSE 100 0.498943  0.310723 0.310968 || 0.978 0.265883 | 0.824  0.204163

500 0.499717  0.220885  0.220925 || 0.982  0.097457 | 0.897  0.080317
1000 | 0.500720  0.217415 0.217933 || 0.977 0.065837 | 0.924  0.055648
5000 | 0.499993 0.195111 0.195112 || 0.977 0.027159 | 0.945 0.024423

MRCE 100 0.497996  0.308180  0.308582 || 0.979 0.268731 | 0.821  0.205522
500 0.499761  0.251232  0.251260 || 0.978 0.098028 | 0.862  0.089143
1000 | 0.500553  0.246388  0.246693 || 0.973 0.063990 | 0.911 0.053129
5000 | 0.499876  0.208386  0.208462 || 0.965 0.027197 | 0.922  0.026987

ESE 100 0.500145  0.337755  0.337757 || 0.964 0.252687 | 0.824  0.223849
500 0.499671  0.217428  0.217482 || 0.978 0.094390 | 0.896  0.080003
1000 | 0.500742  0.207401  0.207953 || 0.973 0.063990 | 0.911 0.053129
5000 | 0.500228 0.185614 0.185874 || 0.972 0.026396 | 0.904 0.022285

TABLE 3
Simulation model 2: mean, n times the variance and n times MSE. CP: coverage proportion
of 95% CIs (Wald-type intervals based on a kernel variance estimate and classical bootstrap
intervals) that contain the true parameter value Bop = 1, AL: Average length of the Cls, for
different samples sizes n based on N = 1,000 simulation runs and B = 1,000 bootstrap
samples. € = 0.001. SSE = simple score estimator, MRCE = maximum rank correlation
estimator and ESE = efficient score estimator.

Estimate n mean nxvar nxMSE Wald-type CI Bootstrap CI
CP AL CP AL
SSE 100 0.935732  4.525330  4.938096 || 0.922  1.000283 | 0.855  0.79952

500 0.966217  4.676249  5.246881 || 0.926  0.399728 | 0.902  0.364210
1000 | 0.977799  5.032432  5.525339 || 0.933 0.279928 | 0.914  0.262449
5000 | 0.989466  4.580756  5.135616 || 0.945 0.124375 | 0.948 0.121388

MRCE 100 1.038510  8.500588  8.648890 || 0.925 1.125225 | 0.889  1.364034
500 1.006050  6.443404  6.461690 || 0.932  0.429007 | 0.912 0.473787
1000 | 1.002680 6.294143  6.301326 || 0.939  0.296537 | 0.903  0.320908
5000 | 0.998502  5.160694 5.171915 || 0.962 0.129512 | 0.954  0.136487

ESE 100 0.974199  5.722576  5.789144 || 0.768 0.604649 | 0.827  0.910229
500 0.998806  5.984291  5.985003 || 0.823  0.290297 | 0.902  0.430819
1000 | 1.005545 6.032743  6.063495 || 0.841  0.214280 | 0.928 0.302124
5000 | 1.002462  5.244373  5.274692 || 0.892 0.104281 | 0.951  0.131427

Han’s maximum rank correlation estimator ([23], MRCE) and with the efficient
score estimator (ESE) proposed in [15]. The asymptotic behavior of the MRCE
for the current status model, also obtained without any smoothing techniques,
is established in [1] where the author also proposes consistent kernel-based esti-
mates of the asymptotic variance of the MRCE. We use these variance estimates
to construct estimates for V, W and the almost (determined by the truncation
parameter ¢) efficient variance of the SSE. For more details about the variance
estimation we refer to [1].
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Fic 11. The density fo (left panel) and distribution function Fy (right panel) of the
random error € in simulation model 1.

A summary of N = 1,000 simulation runs from models 1 and 2 for different
sample sizes n is given in Tables 2 and 3. For each estimator, the mean, n times
the variance and n times the mean squared-error (MSE) is given in columns
3-5. The asymptotic variance of the estimators equals 0.193612 for the SSE,
0.158699 for the ESE and 0.192857 for the MRCE in model 1 using truncation
parameter € = 0.001. The corresponding asymptotic variances in model 2 equal
5.046413, 4.994988 and 5.35448 respectively. The asymptotic variance of the SSE
without truncation (i.e. e = 0) equals the asymptotic variance of the MRCE in
model 1. The efficient variances are 0.151706 in model 1 and 4.994987 in model
2. Note that the differences between the limiting variances for the different
estimation methods are tiny and that the effect of the truncation parameter
€ on the asymptotic behavior of the score estimators is small. Tables 2 and 3
show that n times the variance tends to converge to the asymptotic variance for
all estimators. The ESE performs worse for small sample sizes and the results
suggest to use the SSE for point estimation of the regression parameter f.

We constructed Wald-type Cls, similar to the intervals proposed in [1], using
the asymptotic normal limiting distribution of the estimators and compared the
coverage proportion and average length of these intervals with bootstrap ClIs
based on the nonparametric bootstrap described in this paper using B = 1,000
samples from the original data. For the MRCE, the validity of the classical
bootstrap is proved in [33]. The Wald-type Cls remain anti-conservative for the
ESE in model 2.

We observed (result not shown) that, in both models, the bias in estimating
the efficient variance of the ESE remains larger than the bias of the asymptotic
variance estimates for the SSE and the MRCE. Tables 2 and 3 show that the
coverage proportion of the classical bootstrap CIs converges to the nominal
95%—level and the average length of the CIs obtained by resampling from the
original data is smaller than the corresponding length of the Wald-type Cls. We
also investigated the behavior of Studentized bootstrap ClIs (results not shown)
based on the variance estimate used in the construction of the Wald-type Cls,
but no improvement was observed for the behavior of the bootstrap intervals.

Our results do not indicate better performances corresponding to smoothing
techniques and therefore suggest that smoothing should not be the primary con-
cern in inferences for the current status linear regression model. Note that the



3468 P. Groeneboom and K. Hendrickz

Wald-type Cls are constructed using smoothing kernel estimation for the vari-
ance estimate and that the only results obtained without any smoothing are the
bootstrap Cls for the SSE and the MRCE. It is noteworthy that the SSE tends
to perform better than the MRCE, which is not based on a nuisance parameter
that is not estimable at /n—rate. Based on these results, we recommend the
use of the SSE in combination with the nonparametric bootstrap procedure for
doing inference in the current status linear regression model.

5. Discussion

In this paper we studied the behavior of the nonparametric bootstrap in current
status models. Asymptotic results show that, given the data, the Lo—distance
between the bootstrap MLE F, and the underlying distribution function Fy is
of order n=1/3. This result is noteworthy given the fact that the nonparametric
bootstrap is inconsistent for generating the distribution of the MLE. Despite
this negative result, we show that it is still possible to use the MLE while doing
inferences for certain functionals in the current status model. We illustrated the
effectiveness of this result by constructing pointwise confidence intervals around
the SMLE and proved the validity of interval estimation in the current status
linear regression model.

The result is applicable to several other nonparametric estimators depending
on a cube-root n convergence class. Because of its connection with the MLE,
applications of the nonparametric bootstrap involving the Grenander estimator,
such as the smoothed Grenander estimator used in [7] or the goodness-of-fit tests
described in [8], are worthy of study in further research.

Extensions to semiparametric models, where one considers bootstrapping a
finite dimensional parameter, are also possible such as the score estimator for
the semiparametric monotone single index model proposed by [3], which is sim-
ilar to the current status linear regression estimator discussed in Section 4.2. A
general bootstrap consistency result for semiparametric M-estimators is derived
in [5]. However, if computations are in first instance based on nonparametric
maximum likelihood estimators or least squares estimators of the infinite di-
mensional parameter, fixing temporarily the finite-dimensional parameter, the
use of local smooth functional theory is needed, where the remainder terms in-
volving the cube-root-n M-estimator of the nuisance parameter are shown to be
negligible by an application of a result of the type (3.1). The treatment of the
remainder terms in this local smooth functional theory is a highly non-trivial
matter. On the other hand, in [5], this negligibility is assumed to hold by their
condition SB3.

Furthermore, the results in [5] hold for a class of exchangeable bootstrap
weights of which the multinomial weights considered in this paper are a special
case. Although we did not investigate this in the present paper, extensions of
our nonparametric bootstrap results to the more general bootstrap resampling
schemes seem possible as well.

Another interesting extension of this research is the construction of confidence
bands for the distribution instead of the currently proposed pointwise confidence
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intervals. Note that our main result (3.2) does not imply:

E{ sup nl/3|F, () — Fo(t)” zl,...,zn} = 0,(1). (5.1)
te(0,R]

A bound on sup,¢g g n1/3‘Fn(t) - Fo(t)” which no doubt would contain loga-

rithmic factors, would be needed for confidence bands instead of our pointwise
confidence intervals. The idea is that the process ¢ — nl/g{ﬁ'n(t) — Fo(t)} will
fall apart into asymptotically independent pieces, and that we therefore expect
Gumbel-type distributions to enter, via the maximum of independent random
variables. The theory for this still has to be developed, however. What struck
us in the present simulation studies is how comparatively well the global be-
havior of our pointwise confidence intervals still was, indicating that the extra
logarithmic factors do not have such a very large impact.

Probably results similar to those presented in the current paper will follow for
the more challenging interval censoring, type II models where the development
of the local limit theory for the MLE has not yet been settled. It is reasonable
to believe that the nonparametric bootstrap also allows for inferences with the
maximum smoothed likelihood estimator studied in [12].

6. Appendix
6.1. Proof of Lemma 3.1

Before proving Lemma 3.1 we provide two technical lemmas.

Lemma 6.1. Let a > 0. There exist constants K1, Ko > 0 such that, for each
j=z1j€eN,
PMZ{Hy € [ =1 3, gm0

{6 — Fo(u)} d(I@’n —Pp)(u,0)| > afj — 1)2p72/3

[Jew(aw(a)m
< Ky exp {—Kz(j - 1)3/2} , (6.1)

in probability.
Likewise, there exist constants K1, Ko > 0 such that, for each 7 > 1, j € N,

PMz{ay e [—in 3 = — n13)

/ (6= Fo(w)} d(Br — Pr) (w1, 8)
u€(U(a)+y,U(a)]

> Oé(j _ 1)2n—2/3}
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< Kyexp { K (i — 1)/} (6.2)
in probability.

Proof. We only prove (6.1), since the proof of (6.2) is similar. Let F; be the
(Vapnik-Cervonenkis) class of functions

.Ft = {(5 — FO(U))]-(U(a),U(a)+u] (v) LU € [O,t], = {O, 1}} s
with envelope
Fi(v,0) = Lw(a),u(a)+y (v), v € [0,¢].

To prove (6.1), we use that an exponential tail bound can be derived from a
bounded Orlicz norm || - || p,y, i.¢., when taking ¢ (z) = exp(z) — 1, for x > 0,
we get, for > 0 the inequality

P(IX]>z) <2exp{—z/[|X| Py}, (6.3)

where

X
||XHP,1/11 = mf{C’ >0: FEyn (|Cj|> < ].} .

Using the second statement of Theorem 2.14.5 in [34], with p = 1, we get, the
following inequality:

[l @ )

*

T anwl

S HH‘/H(P" *P"> +n 21+ logn} || Flle, v » (6.4)

Pr,1

t

where |[|-[|%z, denotes the so-called measurable majorant of [|-|| 7, (see [34]). (Note
that we use temporarily the ”*” notation which is used for bootstrap variables
in the rest of the paper.)

Furthermore, we have by the rightmost inequality of Theorem 2.14.1 of [34]
that

SJTLF) [ Flp, o
P,,1

e

where J (8, F;) is defined by

Fi

8
J((sv}—t) = Sgp/ \/1 +IOgN(EHFHQ,Q’]:t’LQ(Q))dgv
0

and where the supremum is over all discrete probability measure Q with || Fy||g,2
> 0. Since F; C Fr_y(a) for all t € [0, R—U(a)], and since Fr_r(q) is a Vapnik-
Cervonenkis class, J(0, F;) is bounded by a fixed constant for all ¢t € [0, R—U(a)],
and we get:

Jon(e.-)

*
< || Fy
N LT
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uniformly for all ¢t € [0, R — U(a)]. Note that

1703, = [ 2 (u5) = | o), (6.5)
weU(a),U(a)+t] weU (a),U(a)+t]

t € [U(a), R — U(a)]. We next evaluate the second term on the right-hand side
of (6.4). We have:

/¢1 (M) dPy, (u,d) = {61/0 - 1}/1(U(a),U(a)+t] (u) dGp, (u),

and

{61/0 — 1}/1(U(a)7U(a)+ﬂ(u) dGn(u) <1
1

log {1 +1/ frct (v dGn(u)}

Thus (6.4) becomes, using (6.5),

<= c>

*

[,

T Prn,1

1/2
<e {/ dG (u)}/ + Ltlogn
>~ 1 n )
w€U(a),U(a)+1] 02108 {141/ [0y 00y 1) 4Cn(®)
(6.6)

for a constant ¢; > 0. If t > Kn~/3 we get for the second term in probability,

1 1 1/2
s el
02108 {141/ [, ey 0y 2y 4n()} wEU(@).U(a) +1

We have:

/ dG,,(u)
uw€[U(a),U(a)+t]

- / 4G (u) + / d(G, — G)(u)
we[U(a),U(a)+t] we[U(a),U(a)+t]

- /UG[U(G),U(a)-;-t] dGi(u) + Op (n—l/z) =0(t) + O, (n_1/2>

= O(t) + Op,, (mlﬁ) ,

in probability (since a term defined only on the probability space (X, A, P) of
order O,(1) is also of order Op,, (1) in probability). So we obtain, for j > K in
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probability, conditioning on (T3, A1), (T, As), . .. using the inequality on Orlicz
norms on p. 96 or 239 of [34]:

PMZ{EIy €[(- 1)7171/373'7171/3) :

/ {6 — Fo(w)} d(B,, — P,) (u, )
w€(U(a),U(a)+y]

= PM|Z{EIy € [(j—1n 3 jn 3

Vn / {6—F0(u)}d(1@’n—Pn)(u,5) 204(]'—1)271_1/6}
u€(U(a),U(a)+y]
< 2exp ¢ —m(j = 12/ || v (B~ P )|
Fin—1/3
7 Pp 1
< 2exp {-eam(y - 7).
for some co > 0. This proves the statement. |

Lemma 6.2. For each e >0 and x € [0, R — U(a)],

{5 - FO(U)}d(]P)n - P)(U,(S) < 63}2 —+ Op (’I’L72/3> .

LG(U(a) U (a)+z)

Proof. As in the proof of Lemma 6.1, we consider the Vapnik-Cervonenkis col-
lection of functions:

Fi = {(5 - FO(U))l(U(a),U(a)-‘ru](U) HAS [Ovt]v de {07 1}}7

with envelope

Ft(’U,5) = 1(U(a),U(a)+t] (’U), v e [O,t].

We have, using Theorem 2.14.1 of [34]:

2
Ex{sup [Py — P| (f)} < Kn V|F | ps (6.7)
feF:

for some K > 0. Since,

172 = [ ap(u.0) = [ aG(u) = Ol
u€eU(a),U(a)+t] uw€eU(a),U(a)+t]
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for t € [U(a), R — U(a)], we get, by Markov’s inequality,

P{nz/3

<Kj/{A+e(j - 1%}
The result now easily follows, see, e.g., [25]. p. 201. |

/ {6 — Fo(u)} d(P, — P)(u,0)
we(U(a).U(a)+jn~1/7]

>A+e(j— 1)2}

As a consequence of Lemma 6.1 and Lemma 6.2 we get the following result.

Lemma 6.3. Let V,, and ‘7” be defined by

vn(t)z/e[w(scz@n(u,a), ﬁn(t)z/e[Ot]Fo(u)d@n(u), te[0,R).
7 7 (6.8)

where the process Gn is defined in (3.3), and let ﬁn = Vn — ‘ﬁfn Then there exist
constants Ky, Ko > 0 such that, for each j > 1, 7 € N,

Pz {3y € [G = Dn %, jn %) Du(U(a) + ) = Da(Ula))

U(a)+y R

< 7/ {Fo(u) — Fo(U(a))} dG, (u)
U(a)

< Kiexp {—Kg(j - 1)3/2} , (6.9)

in probability. Likewise, there exist constants K1, Ko > 0 such that, for each
j=z1jeN,

Pz {Hy € [—jn_l/g, —(j - 1)n‘1/3) : D (U(a) + ) — D (U(a))
U(a) .
< —/ [Fo(w) — Fo(U(a))} dB ()
U(a)+y
< K, exp {—Kg(j - 1)3/2} : (6.10)
in probability.
Proof. We again only prove (6.1), since the proof of (6.2) is similar. First note:

PMz{ay € [(j—n 3, n ) DL(U(a) +y) — Du(Ula))

U(a)+y R
< —/ {Fo(u) - Fo(U(a))} dGn(U)}

U(a)

< PMz{ﬂy € [(G =102 jn %) 1 | Da(U(a) +y) = Da(U(a)]

U(a)+y R
> / {Fo(u) —FO(U(a))}dGn(u)}.

U(a)
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Furthermore:

U(a)+y R
/ {Fo(u) — Fo(U(a)) } dG (u)

U(a)

U(a)+y
:/ {Fo(u) — Fo(U(a)) } dGy(u)

U(a)

U(a)+y N
+ / {Fo(u) — Fo(U(a))} d(Gy, — Gy (u)
U(a)

U(a)+y
= [ () - (@)} d6t)
U(a)

U(a)+y
+ / {Fo(u) — Fo(U(a))} d(G,, — G) ()

U(a)
U(a)+y R
+ / L W - RE@) G -G, G
Ul(a
and for the dominant term on the right-hand side we get:
Ula)+y U(a)+y
/ L B~ FU) a6 2 mg / L lavE@)acw
Ul(a Ul(a

U(a)+y
> momq / {u—-U(a)}du = %moml{y - U(a)}z,
Ul(a)

where mg = inf,cr(a),r) fo(u) and my = inf, e[ (q),r 9(u). We therefore con-
sider the probability:

PM|Z{3y € [(j—1)n 3, jn 3

Du(U(0) +9) = Du(Ul@))]  (612)
>m(j — 1)2n72/3}.
where

m:%min{ inf  fo(u), inf g(u)}.

u€lto,R] 7UG[to,R]

We also have:

Dn(U(a) +y) — Dn(U(a)) = {6 — Fo(u)} dPy(u,6)

/ue(U(a),U(a)er}

/ {6 — Fo(w)} d(P, — P)(u,d)
ue(U(a),U(a)+y]

/ {6 — Fo(w)} d(Br — B,)(u, 8)
ue(U(a),U(a)+y]

+/ {6 — Fo(u)} d(P,, — P)(u,d).
uw€(U(a),U(a)+y]
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By Lemma 6.2, we may assume that for z € [0, R — U(a)],

{6 — Fo(w)} d(Pn, — P)(u,0)| < ex? + Kn~?/>3, (6.13)

/ue(U(a),U(a)Jrz]

for some K > 0 and 0 < ¢ < m/2. Considering sequences X = (T1,A1),
(Ty, As) ..., satisfying (6.13), we get:

Panz{3y € [G = D2, jn%) : [ Du(U(a) + ) = Du(U(a)|

< PM|Z{E|y ell- 1)”71/3»]'7171/3) :

{6 — Fo(w)} d(B,, — P,) (u,5)

| —
u€(U(a),U(a)+y]

< Kjexp {—Kg(j — 1)3/2} ,
with probability tending to one, using Lemma 6.1. U

We now prove Lemma 3.1.

Proof of Lemma 3.1. Suppose that n'/3|U,(a) — U(a)| > z for some z > 0
then there exists a y such that, n'/3 |y — U(a)| > z and V,,(y) — aG,(y)
Vi(U(a)) — aG,(U(a)). Hence,

IN

Puiz {n1/3 jUn(a) - U(a)‘ > x}

< Pyiz (yU(ainf Dy(y) — Dy (Ula))

y>n—1/3g
< —/y {Fo(u) - FO(U(G))}dGn(U)>
U(a)

<Y Puz (iy € [(G—Vn~3 jn 1) : D,u(U(a) +y) — Da(U(a))

j=i

U(a)+y N
< —/ {Fo(u) — Fo(U(a))} dGn(u))

U(a)

where z € [(i — 1)n~'/3,in~'/3]. By Lemma 6.3, this is bounded above by

iKl exp {Kg(j — 1)3/2}

j=i
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:Klexp{ 2—13/2}Zexp{ —Ko[(j —1)%% — (i — 1)3/2]}
SKieXP{Kﬂi_l)B/Q},
for constants K1, K|, Ko, K5 > 0. O
6.2. Proof of Lemma 4.1

We introduce notations K and K, to denote the scaled versions of K and K
respectively:

Kn(u)=h 'K(u/h)  and  Kp(u) = K(u/h).

Proof. Define the function

Kp(t —u)
Yep(u) = ———.
o) = =)

Denote the points of jump of the MLE F, by 71, ..., 7m and define the piecewise
constant function v ; with only jumps at 71,..., 7, by

_ l[}t,h(%i)a if FO(U) > F:1n(7'z) u € [7-277.1+1)

Yen(u) = ¢ Yen(s), if }jo(u) = li’n( s), for some s € [7;, Tit1),

d}t,h(%ﬂrl)a if FO(U) < Fn(Tz) u € [szTerl)

By the convex minorant interpretation of Fn, we have

/ Ve (u) (8 — Fy(u))dP,, (u, ) = 0,

(see the discussion of the SMLE in [17], p. 332).
We can write

P = / Ko (t — ) dFy ()
/Kh t—u)d(E, — F)( /Kh t — ) dFy(u)
— [ eat) {Futw) - Fo<u>} 4G(a) + [ Kn(t — ) dFo(a)
— [ e = Faw) } (G, ~ G)w) + [ G (w) (6~ Fo(w)} By (1)
/{wth ~ Dun()} { Fulw) = 8} dBo(u,0) +/Kh(t—u) dFy (u)
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We first evaluate A; and show that this term is op,, (n~2/%) in probability, we
have:

Ar = [t {Fotw) = Bl } d(@, - G)(ws0)
:/wt}h(u) W) } (G — G, 0)
/wth — Faw) } d(Gn — G)(u,)
An argument similar to that of Lemma A.7 in [16] shows that
[ et {Fotw) = Eaw)} d(G. - G)(a,) = 0, (077),
and hence,
[ eatu) {Fatw) = Fulu)} (G, = G)(w.8) = oy (072,

in probability. Similarly to the proof of Lemma A.7 in [16], we can also show
that

[t {Fow) — B} @0~ G)(w.0) = omy, (072, (619
in probability, such that,
Ar = op,, (n™%/?) in probability.

We now study the term Aj;. Using the same inequality for i, — QZ“L as used
in the second display after (11.49) on p. 333 of [17], we get for some constant
C > 0 that:

2\Fy(u) — Fo(u)],

for all w such that fy is positive and continuous in a neighborhood around u.
We decompose the term Aj; as follows,

| (1) — Yon(u)| < Ch™ (6.15)

Arr = [ (B = e} {Fu(w) ~ Fo(u)} dBo(a,5)
4 / {Bun(u) = Yon(w)} {Fo(w) — 8} dPo(u, ). (6.16)
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For the first term on the right-hand side of the above display we write,

/{wt n (1) — yp(u)} {Fn(u) — Fo(u)} P, (u, 6)
_ / {Bun(w) = ()} { Fu(w) = Fo(w) } d(Bo — P)(w,6)

+Oh? /t o { Fr(u) — Fo(u)}2 dP,,(u, 5), (6.17)

—h

where we use (6.15) in the last inequality. The first term in the display above is
op,, (n~2/%) in probability by (6.14) and (6.15). Since

N 2 .
Bupz {Falt) — Fo(0)} < Kn™2*  vie (0,R),

in probability, we have by Markov’s inequality and Fubini’s theorem that,

t+h R 2
/ {Fn(u) - Fo(u)} dP,(u,d) = Op,, (hn_2/3) in probability.  (6.18)
t—h

Hence, for h < n=1/5, we get for the second term in (6.17):
t+h R 2
Ch~? {Fn(u) —Fo(u)} dP,,(u, 6)
t—h

= Op,, (h*lnfz/s) — Op,, (n*7/15> = op,, (n’2/5) 7

in probability. For the second term of (6.16) we have
[ 5@ = v} (Folw) = 3} dBau.5)
= [ {Bunta) = vunl)} {Fo(w) — S d(By — Pa)(w.0)
+/{wth( — e (u) } {Fo(u) — 6} d(Pn, — P)(u, ).

Similar to the arguments used in the treatment of term Aj above, we get by
using again arguments similar to that of Lemma A.7 in [16] that:

/ {rn(u) = Yo n(u)} {Fo(u) — 6} d(P, — Py (u,8) = op,, (n=/7),
and
/ {ven(w) — e n(u)} {Fo(u) — 6} d(Pr, — P)(u,8) = op,, (n=2/%),

in probability. O
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6.3. The current status linear regression model: bootstrap validity

In this section we give a road map for the proof of the bootstrap validity in
the current status linear regression model. We assume that the assumptions
stated in Theorem 4.1 of [15] hold. Since the proof is very similar to the proof
of Theorem 4.1 in [15], we leave the details to the interested reader. Consider
the bootstrap score function

0O(3) = / 2{8 = Fop(t — o)y dP,(t,2,8),  (6.19)

F, g(t—p'z)€le,1—¢]

for some fixed truncation parameter € € (0,1/2).
The main idea is to show that

DO (Ba) = V(B — o) + / {z -~ B(X|T — B)X =t - )}
Fo(t—B{x)€Ele,1—¢]
{0 = Pyt — Byw)} d(B, — o) (t, 2, 6)
+/ {2 — E(X|T — 84X = t — Bia)}
Fo(t—pByx)€Ele,1—¢]
{0 — Folt — Byz)} d(P, — P)(t,,0)
+o0p,, (N2 + (Bn — o)), (6.20)

in probability, where E denotes the unconditional expectation. As in [15] we
can work with the definition

7&516) (Bn) =0,
for the score estimator 3,. Since by the proof of Theorem 4.1 in [15],

—VnV (B, = Bo)
— v [ {o— B(X|T - B)X =t - Bja)}
Fo(t—pBHx)€le,1—€]
{8 = Folt — Bya)} d(Br — P)(t,,)
+ OP<1 + \/ﬁ(ﬁn - 50))7

we get that,

—VV (By — Bn)
—Jn {z — E(X|T - ByX =t — Bjz)}

Fo(t—B)m)€le,1—¢]
A6 — Fy(t — Bha)} d(P, — P, (¢, 2, 0)

+ OPM(l + \/E(Bn - 60))
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The validity of the bootstrap then follows by the arguments given in Section 4.2.
Very important in the proof of (6.20) is the conditional bootstrapped Lo-result,

sup / {Fnﬂ(t — B'z) — Fa(t — B’:c)}2 dP,(t,z,5) = Op,, (n*2/3) . (6.21)

in probability, where Fj is defined in (4.18).
Let (;SB 7 _ bea (random) piecewise constant version of ‘% , where
ot Bn n

és < E{X|T - B'X =u},

and where, for a piecewise constant distribution function F' with finitely many

jumps at 7 < 79 < ..., the function (;_557 r is defined in the following way.
B ¢5(Ti), if Fﬂ(u) >F(Ti),’u€ [Ti,Ti+1),
dp.r(u) =13 ¢s(s), if Fg(u) = F(s), for some s € [1;, Ti41), (6.22)
¢p(Titr1), i Fp(u) < F(7), u € [15, Tiq).

Similar to the proof of Theorem 4.1 in [15], we get that,

65, () = 05, 5 (W < KIE, 5 (u) ~ 3 (w)], (6.23)

n

for some constant K > 0 not depending on §. By the definition of the MLE
F, 5 as the slope of the greatest convex minorant of the corresponding cusum

n?

diagram, we can write:
D (Bn)

- {z—¢5 (t—BL2) {0 - F, 5 (t = Bhz)} dPpu(t,z,0)
an[;n(t_B’:Lw)e[€71—€] n A,

+ {85, (6~ Bir) 65, (¢ B}

F, 5, t=BLz)€[e,1—€]

n,

A6 = F, ;5 (t—Byz)} dPp(t,z,0)
=T +1I,

For the second term, we have:

- [ 05, (t— Bow) — b5 4 (t— o)
Fn,amﬂ‘;w)e[e,le]{ o P B j

+ (o5t Bha) 85, 5 (t—Biw)}
o -Bmeei—g Lo T Probagn 0

A5 = F, 5, (t = Byo) } dPu(t,,6)
=11, + 11



Current status bootstrap 3481

It is shown in the proof of Theorem 4.1 in [15] that
1T, = op(n™2 + (B — Bo)),
and therefore
IT, = op,, (n"*'? + (8, — Bo)) in probability.

Using similar arguments as in in the proof of Theorem 4.1 in [15] we can also
show that
I1, = op,, (n~/?) in probability.

Hence, we get:
D (B)

= / ) {z— 05 (t—BL2) {0 — F, 5 (t = Bho)} dPu(t,z,0)
F, 5, (t=B2)€le1—¢]

+ 0Py, (n71/2 + (Bn - BO))?

in probability. We now write,

/F (w65 (t— Qo) {6 — B, ;5 (t— Ba)} dPp(t, 2, 0)

5, (E=BLT)Ele,1—¢]

:/ ; {z—a5,(t=B2)}
E, 5, (t=BlLz)€le,1—¢]

A0 —F, 5 (t—BL2)} d(Pn — P)(t,2,0)

[§n(t_5;1:c)€[e,1—e] ,Bn

F

n,

It follows from the proof of Theorem 4.1 in [15] that there exists a random
variable R,, of order o,(n~'/2+4 3, — ) (and hence of order op,, (n='/2+ 33, — o)
in probability) such that,

/ ; {e =05 (t—Ba)} {0 - F, 5 (t — B,2)} dPy(t,2,0)
F, 5, (t=Bx)€le,1—€]

:/ {2~ ot By) {5 — Fu(t — ) } (B, — P)(1.2,0)
Fo(t—pyx)€Ele,1—¢]
+ 11 (B0)(Br — Bo) + R (6.24)

where ¢g = ¢p,. Therefore, (6.20) follows if we can show that,

[ oo - Ba)Ho- B (- B} (B — )12,
n (t—Bl7)Ele,1—¢]

F

n,

- /F’O(t—ﬁ(’)x)e[e,l—e] {x ~olt - 5(’)9@)}{5 — Fo(t - 56%)} d(P, — P,)(t,z,8)

topy (n_1/2 + (Bn - 50)) (625)
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Equality (6.25) follows by similar arguments used in the proof of (6.24) based on
asymptotic equicontinuity using the closeness of Fnﬁ to Fg and using entropy
results for the functions u — Fn@(u) and the simpler parametric functions
u — Fg(u) and u — ¢g(u), parametrized by the finite dimensional parameter 3.
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