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Abstract: We consider the problem of testing significance of predictors
in multivariate nonparametric quantile regression. A stochastic process is
proposed, which is based on a comparison of the responses with a nonpara-
metric quantile regression estimate under the null hypothesis. It is demon-
strated that under the null hypothesis this process converges weakly to a
centered Gaussian process and the asymptotic properties of the test under
fixed and local alternatives are also discussed. In particular we show, that
- in contrast to the nonparametric approach based on estimation of L2-
distances - the new test is able to detect local alternatives which converge
to the null hypothesis with any rate an — 0 such that an+/n — oo (here n
denotes the sample size). We also present a small simulation study illustrat-
ing the finite sample properties of a bootstrap version of the corresponding
Kolmogorov-Smirnov test.
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1. Introduction

Nonparametric regression methods have become very popular in the last decades
because of the fact that employing a mis-specified parametric model will typ-
ically result in inconsistent estimates and as a consequence invalid statistical
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inference. In recent years many authors have developed nonparametric quantile
regression estimates, which provide an attractive supplement to least squares
methods by focussing on the estimation of the conditional quantiles instead of
the mean function [see Chaudhuri (1991), Yu and Jones (1997), Yu and Jones
(1998), Dette and Volgushev (2008), Chernozhukov et al. (2010) or Bondell et al.
(2010), among many others]. These references mainly discuss the case of a one
dimensional predictor, but from a theoretical point of view the methods can
easily be generalized to multivariate predictors. On the other hand it is well
known that in practical applications such nonparametric methods suffer from
the curse of dimensionality and therefore do not yield precise estimates of con-
ditional quantile surfaces for realistic sample sizes. In such cases a natural and
very important question is which predictor variables are significant.

The problem of testing significance has found considerable interest in multi-
variate mean regression models. Gozalo (1993) considered conditional moment
tests, while Yatchew (1992) constructed a test based on semi-parametric least-
squares residuals. Lavergne and Vuong (1996) suggested a directional testing
procedure for discriminating between two sets of regressors without specifying
the functional form of the mean regression, and Racine (1997) proposed a test
based on nonparametric estimates of the partial derivatives of the conditional
mean of the response. Lavergne and Vuong (2000) used the kernel method to de-
velop a test for the significance of a subset of explanatory variables and Delgado
and Gonzalez-Manteiga (2001) proposed a test which is based on functionals of
a U-process.

Because of the well known robustness properties of the conditional quantile
and the fact that conditional quantiles characterize the entire distribution it is
of particular interest to develop methods for testing significance of predictors in
quantile regression models. Surprisingly, in quantile regression this problem has
found much less attention. Variable selection in the framework of linear quantile
regression models has been recently considered by Zou and Yuan (2008), Wu
and Liu (2009) and Belloni and Chernozhukov (2011), among others. Jeong
et al. (2012) proposed a test for significance in a multivariate quantile regression
model. The work of these authors was motivated by Granger quantile causality
[Granger (1969)] and they employed an idea of Zheng (1998), who proposed to
transform quantile restrictions to mean restrictions. The corresponding test is
based on a U-statistic, which estimates the distance measure

A=E[(P(Y < ¢:(X)|X,Z) - ) f2(2)], (1.1)

where Y denotes the response, (X, Z) is the predictor, fz the density of Z
and ¢, (X) the conditional 7-quantile of Y given X. Note that the quantity A
vanishes if and only if the conditional quantile of Y given X and Z does not
depend on Z. A major drawback of this approach lies in the fact that non-
parametric smoothing over both X and Z is needed for the construction of the
estimate. This implies that the test is of very limited use when the dimension
of (X, Z) is larger than 3. Moreover, this test can only detect local alternatives
converging to the null hypothesis Hy : A = 0 at a rate n~/2h~(4+0/4 where d
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and ¢ are the dimensions of the predictors X and Z, respectively, and h denotes
a bandwidth converging to 0 with increasing sample size n.

The present paper is devoted to the problem of constructing a test for the
hypothesis of the insignificance of the predictor Z, i.e. A = 0, in the nonpara-
metric quantile regression model, which can detect local alternatives converging
to the null hypothesis at a parametric rate and at the same time does not depend
on the dimension of the predictor Z, such that smoothing with respect to the
covariate Z can be avoided. To be precise, the test proposed in this paper can
detect alternatives converging to Hy at any rate a,, — 0 such that a,/n — oo,
where n denotes the sample size. Our approach is based on an empirical process
T, (x, z), which estimates the functional

T(z,2) = E[(P(Y < ¢ (X)[X.2) -){X <a}[{Z<z)]  (12)
= B[(I{Y < ¢-(X)} — DI{X < 2}I{Z < 2)]

for all (z, z) in the support of the distribution of the predictor (X, Z), where the
inequality X < z between the vectors X and z is understood as the vector of
inequalities between the corresponding coordinates and I{A} denotes the char-
acteristic function of the event A. The model, necessary notation and definition
of this process are introduced in Section 2 and a stochastic expansion of the pro-
cess T, (z, z) is established in Section 3. This result allows us to obtain the weak
convergence of an appropriately scaled and centered version of T;,(x, z) under the
null hypothesis, fixed and local alternatives. As a result we obtain a Kolmogorov-
Smirnov or a Cramer von Mises type statistic for the hypothesis of the signifi-
cance of the predictor Z in the nonparametric quantile regression model. More-
over, we are also able to extend the result to the case, where the dimension ¢ of
the predictor Z is growing with the sample size, that is ¢ = ¢, — 00 as n — oo.
The finite sample properties of a corresponding bootstrap test are investigated
in Section 4. As a by-product of our theoretical analysis we also obtain new re-
sults on the uniform convergence of the conditional quantile estimator proposed
by Dette and Volgushev (2008). Finally all proofs, which are complicated, are
deferred to an Appendix in Section A, whereas Section B contains some technical
results and Section C a sketch for validity of the bootstrap procedure.

2. Model, assumptions and test statistic

Let Y, X and Z denote one-, d and g dimensional random variables, respectively,
where Y corresponds to the response and X and Z are the covariates. We as-
sume that the random variables {(Y;, X;, Z;) }i=1,... » are independent identically
distributed with the same distribution as (Y, X, Z). Let 7 € (0,1) be fixed. Our
aim is to test whether the predictor Z has influence on the conditional 7-quantile
of Y, given (X, Z), or whether the variable Z can be omitted. Note that this
problem fundamentally differs from the question whether Y is independent of Z
given X. In fact, the latter is equivalent to testing whether all quantile curves
do not depend on Z as opposed to looking at a particular quantile. Thus for
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fixed 7 € (0,1) we formulate the null hypothesis as
Ho:E[I{Y <¢;(X)}-7|X,Z]=P(Y < ¢.(X) | X,Z) —7=0 as., (2.1)
where ¢, (X) is defined as the conditional 7-quantile of Y, given X, that is
PY<q¢@X)|X)=r. (2.2)
It is easy to see that the null hypothesis (2.1) is equivalent to
T(x,z) =0

for all (x, z) in the support of the random variable (X, Z), where the functional
T is defined in (1.2). This functional can be be estimated by the stochastic
process
1 n
To(w,2) =~ SV <4 (X)} —7){X; <2} {Zi <z}, (2.3)
i=1
where (z,2) € Rx X Rz, Rx and Rz denote the support of the distributions of
the random variables X and Z, respectively, and ¢, is an appropriate estimate
of the conditional quantile of Y given X, which will be specified below. A test
for the hypothesis of significance of the variable Z for the 7th quantile curve of
Y can now easily be obtained by considering a Kolmogorov-Smirnov or Cramer
von Mises type statistic based on 7T, and rejecting the null hypothesis for large
values of this statistic. Throughout this paper we assume that the sets Rx and
Rz are compact.

In the literature, several non-parametric quantile regression estimators have
been proposed [see e. g. Yu and Jones (1997, 1998), Takeuchi et al. (2006), Cher-
nozhukov et al. (2010) or Bondell et al. (2010), among others]. In this paper we
will use an approach proposed by Dette and Volgushev (2008) who constructed
non-crossing estimates of quantile curves using a simultaneous inversion and
isotonization of a preliminary estimator of the conditional distribution function
Fy|x of Y given X. For this estimator, say FY‘X(y|a:;p), we will use a smoothed
local polynomial estimator of order p, see e.g. Fan and Gijbels (1996). Before
defining this estimator, it is necessary to introduce some notation.

e For d-dimensional vectors z = (z(1),...,2(d)) € R? and k = (k(1),...k(d))

€ N¢ define
2 = ()DL a(d)*D) | r(z) = 2(1) - 2(2) ... 2(d)
ok) = k(1)+---+k(d), k! :=k(1)!-... -k(d)!
e For d-dimensional vectors z € R% k € NZ and a function K : R — R
define

Kn, k(@) == K(@/hn)m((/hn)*)
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where m = (m(1)...,m(d)) is a d-dimensional vector with entries from
Ny and K@ is the ¢th derivative of a function K.

e Define N; := #{k € Nd|o(k) = j} as the number of distinct d-tuples with
size j, and denote the elements of this set by ki, ..., Kkn,, m-

With these notational conventions the local polynomial estimator Fy‘ x(ylz;p)
of order p can be represented as [see e.g. Fan and Gijbels (1996)]

FY\X(y|I§p) = el (X'WX)'X'WY, (2.4)

where e denotes a vector of suitable dimension with first entry one and remain-
ing entries zero, the matrices X, W and the vector Y are given by

L (@@= X)L (= X)L (@ X))
X = | 5 z s s :
1 (:I: - Xn)klvl e (fl; - Xn)kNl’l e (.'L' — _Xn)kNp’P
.
W= n—thlag(Khn’O(x_Xl)""’KhnvO(x_Xn))v
. y—" y—Yo\\*
Yy = (of . )9 . ) 25)

and ) denotes a smoothed version of the indicator function I{- < 0}, that is
Qv) = / w(u)du (2.6)

for a given kernel w with support [—1, 1]. Following Dette and Volgushev (2008)
we consider a strictly increasing distribution function G : R — (0, 1), a nonneg-
ative kernel x with bandwidth b,,, and define the functional

He orn, (F) = i/ol /Tmﬁ(%:))_z))dvdu. (2.7)

If ﬁ'y| x is the estimator of the conditional distribution function defined in

(2.4), it is intuitively clear that Hg x rp, (Fylx(|17)> is a consistent estimate
of Hg kv, (Fy|x (|z)). If b, — 0, this quantity can be approximated as follows

Hepor, (Fyix (1))~ / [{Fy x(yl) < r}dG(y)

= [ HPx(@ 0l) < 7o = Go B (rla),

and as a consequence an estimate of the conditional quantile function ¢, (x) =
F ' (7|z) can be defined by

vix
Gr (@) = G (Ho i, (Fy x (1)) (238)

Throughout this paper, we will assume that the kernels, the function G and
the bandwidth parameters used to build the estimator satisfy the following
conditions.
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(K1) The kernel K has support [—1,1] and is p + 1 > d + 2 times continuously
differentiable with uniformly bounded derivatives. Additionally the first
p + 1 derivatives of K vanish at the boundary points —1 and 1.

(K2) The function w in (2.6) is a kernel of order s > d + 1, has support [—1,1]
and is d times continuously differentiable. Additionally w has uniformly
bounded derivatives that vanish at the boundary points —1 and 1.

(K3) The kernel s is symmetric, positive with support [—1,1] and has one
Lipschitz-continuous derivative.

(K4) G : R — [0,1] is a strictly increasing distribution function such that
G,G~1 are two times continuously differentiable.

(K5) d?* + h*! = 0(1/y/n) and logn/(nh3?+2) + logn/(nhdd??=1) = o(1)

(K6) 7y = o(1), ¥, + i + /B8 = o(1/ )

Remark 2.1. Dette and Volgushev (2008) demonstrate that the choice of the

distribution function G has a negligible impact on the quality of the resulting

estimate provided that an obvious centering and standardization is performed.

Similarly, the estimate ¢ (x) is robust with respect to the choice of the band-

width b, if it is chosen sufficiently small [see Dette et al. (2006)].

Remark 2.2. Dette and Volgushev (2008) only established point-wise weak
convergence of their estimator. However, for most applications such as the con-
struction of tests on the basis of this estimator, uniform results are needed.
In the present paper, we provide general inequalities for the operator He « rb,
defined in (2.7), see Lemma B.4 in the Appendix. In particular, these findings
allow us to describe uniform properties of the quantile estimator ¢, in terms
of the properties of the underlying distribution function estimator Fy‘ x. For
example, in Theorem A.1 in the appendix we exploit those bounds to derive a
uniform Bahadur-type representation for the estimate ¢, defined in (2.8).

In the following discussion it turns out to be advantageous to consider a
generalization of the test statistic T}, defined in (2.3), where the indicator
functions I{X; < x} are replaced by indicators of more general sets ©. To
be precise let = denote a collection of subsets of R? and define D,, := {z €
Rx|[zr — hpl,z + hyl] C Rx} (here 1 denotes the d-dimensional vector with
all entries equal to 1), then all theoretical developments will be based on the
statistic

1 n
T.(0,2) = -~ Z(I{Yi <¢GX)t—nI{X;e0nD,}I{Z; <z}, (29)

i=1
where © € =,z € Ryz. The intersection of the sets © € = with the set D,, is
needed in the theoretical developments to exclude “residuals” I{Y; < ¢, (X;)}—71
corresponding to predictors close to the boundary of Rx. In what follows, we
will use the abbreviation ©,, := © N D,,. Note that if Ugecz® has a positive
distance to the boundary of Rx, the collection of sets =,, := Uge=®,, will equal
= whenever h,, is sufficiently small. Note also that we use the same symbol T},
for the processes in (2.3) and (2.9) but the meaning is always clear from the

context.
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Additionally to its advantages from a theoretical point of view, the consider-
ation of a collection of sets that are more general than sets defined by indicators
of rectangles will for example allow to investigate the problem of testing the
significance of the variable Z on a certain subset, say S C Ry, that is

HE)SE[I{YSqT(X)}I{XGS}|X,Z] = PY<¢(X),XeS|X,Z)
= TP(X €S) (2.10)

Note that H$ means that the conditional 7—quantile of Y given (X, Z) can be
represented as a function ¢,(X) for X € S C Ry. In this case a natural choice
for the collection = is given by = := {(—o00,t] N S|t € R}, but other choices are
of course possible as well.

3. Main asymptotic results

In this section we investigate the asymptotic properties of the stochastic process
defined in (2.9). For this purpose we need some additional notation and technical
assumptions which are collected here for convenience and for later reference.

Define the ‘error’ variables as ¢ = Y — ¢,(X) and ¢; = Y; — ¢, (X;), i =
1,...,n. We assume that the conditional distribution function F_ x(:|z) of €
given X =z has a density, say fx(y|z). Note that by definition we have that
F,x(0[X) = P(e < 0]X) = 7. In particular, this identity continues to hold
even if the null hypothesis is violated. Throughout this paper we denote by
Fyx.c(-|z,e) the conditional distribution function of Z given (X, ¢) = (z,e).

Define D := Uge=0, then we assume that the data-generating process satis-
fies the following conditions.

(A1) The conditional distribution function Fy|x (y|x) is p+1 times continuously
differentiable with respect to =,y and all partial derivatives are uniformly
bounded on R x Rx. The joint density of (X,Y") is uniformly bounded on
Rx x R. Moreover, p > max(s,d + 1).

(A2) The density fx of the predictor X is d + 1+ ny times continuously differ-
entiable with uniformly bounded partial derivatives on Rx and ny > d/2.
Moreover inf,er, fx(z) > 0.

(A3) There exist constants a, C; > 0 such that

inf 2> O
(Ify):IeRny—qT(m)lgafY‘X(y| ) - 1

(A4) The function (z,z) + Fyz|x(z|7,0) is Holder-continuous of order v > 0
with respect to z and x uniformly in z € D, i.e.

[Fz1x.(sl2,0) — Fz1x £ (tS, 0)| < Cll(s,2) — (£, %

for some finite constant C.
(A5) SUPzeD,yeR,ze Ry |fé|X,Z(y | z,2)] < oo.
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In conditions (A1)-(A4), Rx can be replaced by a set X C Ry provided
that D C X. Finally, the following assumptions on the collection of sets = are
required.

(S1) The bracketing numbers of class of functions 71 = {u — I'{u € ©}|© € =}
satisfy Njj(Fi,e,L?(Px)) < Ce™“ for any sufficiently small ¢ > 0 and a
constant C, where N[j denotes the bracketing number [see van der Vaart
and Wellner (1996)].

(82) supgez P(Xi € ©,35 : [Xi(J) — hn, Xi(j§) + hn] € ©) = 0o(1) for hy, — 0.

Remark 3.1. Conditions (S1) and (S2) are not strong and for example satisfied
for the collection of rectangles = = {{s < X < t}|s,t € R?} if X has a uniformly
bounded density with compact support. For more details on bracketing numbers
and their properties we refer to the monograph of van der Vaart and Wellner
(1996).

The following result gives a stochastic expansion of the process T, (0, z) under
general conditions, which is crucial for deriving the asymptotic properties of the
process T,,. In particular, observe that this representation continues to hold
under the alternative.

Theorem 3.2. If the assumptions (K1)-(K6), (A1)-(A5) and (S1), (S2) are
satisfied, the process T, can be represented as

T,(0,2) = % S (Hei < 0} = NI{X: € ©NDL}(I{Z: < 2} — Fypx . (2]X:,0))
=1
+op(n~1/?) (3.1)

uniformly with respect to z € Rz, 0 € Z.

The proof of Theorem 3.2 is complicated and is given in the Appendix. As
an immediate consequence, we obtain that under the null hypothesis Hy the
rescaled process v/nT, (0, z) converges weakly to a centered Gaussian process.

Corollary 3.3. If the assumptions of Theorem 3.2 and the null hypothesis Hy
in (2.1) are satisfied, the process \/nT,, converges weakly in {°(Z x Rz) to a
centered Gaussian process T with covariance kernel

k(61,y, O3, 2) = Cov(T(O1,9), T(Os, 2)) = 7(1 — T)E[I{X €0,N0,} (3.2)
% B[(1{Z <y} = Frix-01X,0)) (12 < 2} = Frx o (21X,0)) | X.e]].

As a consequence of this result we obtain the weak convergence of functionals
such as the Kolmogorov-Smirnov statistic

K, = sup sup |T,,(0,z)|
OcEzeRy

by an application of the continuous mapping theorem. In general the asymptotic
distribution of K, depends on certain features of the data generating process
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and in the following section we will discuss bootstrap approximations for this
distribution. However, in some special cases the situation simplifies substantially.
Remark 3.4. In the case where the pair (X, ¢) and the covariate Z are inde-
pendent it follows from (3.2) that
COV(T(@l, y), T(@g, Z)) :T(l — T)P(I{X €601 N @2})(Fz(y A Z) - Fz(y)Fz(Z)),

where F is the distribution function of the random variable Z and y A z denotes
the vector of minima of the corresponding coordinates of y and z. If additionally
X, Z are real-valued and = = {(—o0,t]|t € R}, the asymptotic covariance in
Theorem 3.2 reduces to

COV(T((—OO, t]v y)v T((—OO, 8]7 Z)) = T(l - T)FX (S /\t)(FZ(y A Z) - FZ(y)FZ(Z))

Hence, for univariate independent covariates X and Z with continuous dis-
tribution functions Fx and Fy, respectively, the Kolmogorov-Smirnov test is
asymptotically distribution-free because in this case the statistic

Vnoosup  |Ta(z,2)| = vn sup |T,(Fx'(s), F;'(t))|
TERx,2€ERz s5,t€[0,1]

converges in distribution to \/7(1 — 7) sup, c(o,1 |B(s, )], where B is the Kiefer-
Miiller process on [0, 1)?, i. e. a centered Gaussian process with covariance kernel

COV(B(Sl,tl),B(SQ,tQ)) = (81 /\82)(t1 /\tQ —tltg).

The result obtained in Theorem 3.2 can also be used to derive the asymp-
totic properties of the test statistic under fixed alternatives. More precisely, the
following result holds (note that under the null hypothesis, the centering term
is zero, and thus this result is a generalization of Corollary 3.3).

Corollary 3.5. Under the assumptions of Theorem 3.2 the process

\/E(Tn(G, z) — / (Fy|X1Z(qT(u)|u, v) — T)I{’U < z}dFx, z(u, v))
(Rxﬂ(‘)n)XRZ
converges weakly to the limiting process T defined in Corollary 3.5.

Remark 3.6. A further consequence of Corollary 3.5 is that the statistic
T,.(0, z) converges for all © € = and z € Rz in probability to the function

FY|X,Z(QT(U)|U” v) =7 )({v <2} - FZ|X,8(Z|U7 0) )dFx, z(u,v).
(RxNO)xR

Consequently, if = contains sufficiently many sets (for example, if 2 = {(—o0, z]|
x € R?}), the test is consistent. In order to obtain the asymptotic distribution
of the test statistic under local alternatives of the form

FO @ ), v) = 7+ anhu, v) (3.3)
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a result on the asymptotic behavior of T,,(0, z) is required when the data are
generated from triangular arrays. A closer look at the proofs in the appendix
shows that such a result does indeed hold under suitable modifications of the
conditions in Theorem 3.2. More precisely, assume that the joint distribution
of (X,Y, Z) depends on n and that all the constants and bounds in conditions
(A1)-(A5) and (S1)-(S2) hold uniformly in n. A closer look at the proof of
Theorem 3.2 reveals that in this case

T,(0,2) — % S (e <0} = (X € O} (I{Z: < 2} = FY (21X,,0))
=1
+op(n~1/?) (3.4)

Since all arguments are exactly the same as those used to establish Theorem
3.2, the details are omitted for the sake of brevity. As a consequence, we see
that under local alternatives

T(0,2) = TV(0,2) + T(6, 2) + op(n™/?)

where
10(0,2) = L3 (I <0} - Ell{e: < 0}[X ZDILX; € 6,)
=1
X (I{Z; < 2} = F{x (21X,,0)),
T?(0,2) = %;ww{asoHXi’zi]—T)I{Xie@n}

x (I{Z; < 2} = F}}x (2] X;,0)).
Here, the superscript (n) emphasizes that the corresponding quantities depend
on n since the data are assumed to come from a triangular array. Now standard
arguments show that

sup Va|T{(©,2)| = Or(1)

supv/n|T2(0, 2) — ET? (0, 2)| = Op(1).
0,z

Moreover,

ET?(0,2) = /

o (F(") (q&")(u)|u,v)—T)I{vgz}dF)(g)Z(u,v).
xNOp)xXRz

Y|X,Z

In particular, this implies that the test will detect all local alternatives for which
the quantity S, := /nsup, o |ET,§2)(®, z)| diverges to infinity. This is due to
the fact that under both Hy and local alternatives the order of the bootstrap

statistic sup, g v/n|T,;(©, z)| with T,y defined in section 4 is of order Op(1)
while in the setting described above the quantity sup, ¢ v/n|T,.(0, 2)| diverges
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to infinity. For example S,, — oo in probability if Z = {(—o00,z] | z € R?} and
F§7§(7Z(qﬁ") (w)|u,v) = 7 + aph(u,v) for some function h that is not identically
zero on Rx X Rz and sequence a, with a,/n — oo.

Remark 3.7. We now give a brief discussion of the properties of the proposed
test statistic when alternatives of increasing dimension are considered, i. e. when
the dimension of the predictor Z, say ¢, varies with n. Consider the additional
assumption

(Z) The L? covering numbers of the classes of functions
{z = Fzix.c(2|z +5,0)|2 € Rz, ||s]c < a}

and {¢ — I{¢ < z}|z € Rz} are bounded by C1(Cy/e)* for some finite
constants C', Cs.

Note that assumption (Z) holds with k,, = gy, if for each n the predictor Z given
(X, €) has a conditional density fz x . that satisfies

sup | fz)x,c(2]71,0) = fz1x,c(2]22,0)| < Cllw1 — 22|

for a finite constant C' independent of n. Under assumptions (K1)-(K6), (A1)-
(A3), (Z), (Ab), (S1), (S2) it is possible to prove that

n

T,(0,2) = %Z(I{ai <0}~ I{X: € 0,}(I{Z < 2} — Fyx.o(2]X:,0))
+ OP(%), (3.5)

uniformly with respect to z € Rz, 0 € Z. In particular, this result implies that

\/H(Tn(@,z) _/

o, Frixais(lus) = 7)o < 2)dFsz(u,v))
xMNOyn) xRz

is of order Op(k,). Consequently, the test is able to detect local alternatives
converging to the null hypothesis with any rate a,, such that #=/n — co when
the sample size and dimension k,, of Z is increasing.

Remark 3.8. Jeong et al. (2012) investigated an alternative test for the hy-
pothesis (2.1) based on ideas from Fan and Li (1996) in combination with a
modification which was originally proposed by Zheng (1998). Their test is based
on the statistic

i S LU= Z)/ ) (Y < 4, (X0} =) € (X))} =)

Jn =

where L is a kernel and g, is a bandwidth converging to 0 with increasing
sampling size. These authors claimed that a normalized version of this test
statistic converges to a normal distribution. It should be pointed out here that
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the proof in this paper is not correct. The basic argument of Jeong et al. (2012)
consists in the statement that the fact

sup | - (z) = ¢-(2) |[< Cy

results in the estimate

JnU S Jn S JnLu (36)
where the statistics J,iy and J, 1, are defined by
1
JnU — ——— Z L((Zz — Zj)/gn)EiUEij
n(n —1)gd &~
1]
1
o, = m ;L((Zz — Zj)/gn)eiLE;L,

and g,y = H{Y;+C), < ¢-(X;)}—7, e, = I{Y; —C,, < q-(X;)} —7 (see equation
(A.11-3) in this paper). A simple calculation shows that this conclusion is not
correct and in fact the inequality (3.6) does not hold. It turns out that the proof
of Theorem 1 in Jeong et al. (2012) can not be corrected easily.

Even if the gap in the proof would be closed, the test of Jeong et al. (2012)
still has two major drawbacks. First, it requires non-parametric smoothing with
respect to the covariate Z. Second, it can only detect local alternatives con-
verging to the null hypothesis at a rate n='/2g,, (@+9/% Ghich is slower than the
rate a,n /2 for any a, — oo detected by the test proposed in this paper and
additionally depends on the dimension of the covariates.

4. Bootstrap and simulation results

In general the limit distribution derived in Theorem 3.2 depends on certain
features of the data generating process which are difficult to estimate. For this
reason we discuss in this section bootstrap methods that are suitable to mimic
the distribution of test statistics based on T;, under the null hypothesis. Several
residual wild bootstrap approximations have been proposed in the literature
for quantile regression analysis [see Sun (2006) or Feng et al. (2011)]. However,
the residual wild bootstrap does not yield a valid approximation of the limiting
distribution in the present context because it does not lead to an expansion of
the bootstrap process analogous to the one given for T}, in Theorem 3.2.

As alternative we consider the idea of process-based wild bootstrap as consid-
ered by Delgado and Gonzdlez-Manteiga (2001) or He and Zhu (2003). To this
end let Uy, ..., U, denote independent and uniformly in [0, 1] distributed random
variables, independent of the original data V,, = {(V;, X;,Z;) |i=1,...,n}. In-
troduce Bernoulli random variables B; = I{U; < 7}, ¢ = 1,...,n, with success
probability 7 = 377, I{é; < 0}/n, where é; = Y; — ¢-(X;), i = 1,...,n. Define
the bootstrap process as

(0, 2) lz i = DX € 0} (I{Z: < 2} = Fyx(1X0,0)), (1)

3
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where .

: Yi {2 < LN ()

FZ|X,5('|‘T7y): n X, —2 -

2o LN (=)

denotes a kernel estimator for the conditional distribution Fz| x - (-|z,y). Here, L
and N denote d- and one-dimensional kernel functions and a and e corresponding
bandwidths converging to 0 with increasing sample size. Then, conditional on
Yn, the process /nT; converges weakly to the process T defined in Corollary
3.3 in probability (under suitable regularity conditions). A sketch of the proof
is given in Appendix C.

In our numerical investigations, it turned out that the asymptotic represen-
tation (3.1) for the process defined in (2.3) is not very accurate for small sample
sizes. For = = {(—o0, ]|z € R?} we thus considered a slightly modified version
of the process T}, that is

(4.2)

- 1 & . .
To(w,2) = ~ S (Y € 6:(X0)} = #) {X; < a}(I{Zi < 2} — Fz(2))
i=1
where F. 7 (z) denotes the empirical distribution function of Z1, ..., Z,,. This pro-

cess provided much better results for moderate sample sizes. As motivation for
this approach, observe that under both the null hypothesis and the alternative,
we have

1 n
== S (Y €6 (Xi)} =) {X; <a} =op(n™'?), #=740p(n""/?)
=1

uniformly with respect to x as can be seen by taking a closer look at the proofs
of the main results in the Appendix. Thus the additional correction term

8o = DyFy(2)

vanishes asymptotically (uniformly with respect to x, z) under both the alter-
native and the null hypothesis. If, on the other hand, ¢, . is relatively large
because the sample size is small, the correction term ¢, . induces an additional
centering (the factor Fz(z) corresponds to the amount of non-zero indicators
{Z;, < z}).

The simulation results described below confirm that this is a sensible ap-
proach.

For the calculation of the test statistic

K, =supsup | T),(z, z) | (4.3)

based on the process T, we use local polynomial estimators of order two [see

(2.4)]. The bandwidth h,, of this estimator is chosen as h,, := (62/2n)3/°° where
62 denotes the variance estimate of Rice (1984) from the sample {(X;,Y;)| i =
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1,...,n} [see Yu and Jones (1997) for a related approach]. The bandwidths used
in (2.5) and (4.2) are chosen as d,, = a = e = h,,, while the choice of b, in (2.7)
is even less critical [see also Dette and Volgushev (2008)] and we use b,, = h.
In fact, in the simulations it turned out that the power and size properties of
the test are rather insensitive with respect to the bandwidth choice, see table 3
and related discussion in the next paragraph. The function w in (2.6) is chosen
as w(z) := (15/32)(3 — 102% + 72*)I{|z| < 1}, which is a kernel of order 2 [see
Gasser et al. (1985)]. The function « in (2.7) is defined as Epanechnikov kernel
while all other kernels are Gaussian kernels. For the choice of the distribution
function G in (2.7) we follow the procedure described in Dette and Volgushev
(2008) who suggested a normal distribution such that the 5% and 95% quantiles
coincide with the corresponding empirical quantities of the sample Y7,...,Y,,.

4.1. Simulation results

We simulate data from the location scale model

Yi = q;(Xi, Zi) + su(Xi, Zi)e, (4.4)
J,k=1,...,4 with the following quantile and scale functions
q(z,2) = exp(22?), ¢z, 2) = (z — 0.5)* (4.5)
g3(z,2) = exp(20?)2? | qu(z, 2) = sin(27(z + 2))
and
si(z,z) = 0.5(x+0.2), sa(z,2z) = 0.5(sin(z) + 1.2) (4.6)
s3(z,2) = 0.5(z+0.2), s4(z,2) = 0.5v/(x +0.2)(z + 0.2).

The random variables X and Z are independent and uniformly distributed on
the interval [0, 1] while € is standard normal. We consider the cases 7 = 0.5
and 7 = 0.25. All reported results are based on 1000 simulation runs with 300
bootstrap replications.
The bootstrap test (at level «) rejects the null hypothesis that the variable
Z is not significant, whenever
K, > K}, (4.7)

Jd—a

where K, is defined in (4.3) and K} 1, denotes the (1 —a) bootstrap quantile
of the Kolmogorov-Smirnov test statistic.

The rejection probabilities of this test under the null hypothesis are shown in
Table 1 for the 50% and 25% quantile. Note that different pairs of location and
scale functions in (4.5) and (4.6) correspond to the null hypothesis for 7 = 0.5
and 7 = 0.25 (more precisely the models defined by the pairs (1, 3), (1,4), (2,3)
and (2,4) correspond to the null hypothesis if 7 = 0.5 but to the alternative if
7 = 0.25). We observe from Table 1 that the level is usually approximated very

well. For 7 = 0.25 there exist some cases where the test is slightly conservative.
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TABLE 1
Simulated rejection probabilities of the bootstrap test (4.7) for significance of the variable Z
in the quantile regression model (4.4) for 7 = 0.5 (upper part) and 7 = 0.25 (lower part)
under various null hypotheses. The pair (j, k) corresponds to the location function q; and
scale function sy, specified in (4.5) and (4.6), respectively

a = 0.025 a=0.05 a=0.1
T (4, k) n = 50 n = 100 n = 50 n = 100 n = 50 n = 100
(1,1) 0.037 0.035 0.053 0.061 0.102 0.111
(1,2) 0.026 0.025 0.044 0.048 0.090 0.101
(1,3) 0.041 0.027 0.069 0.066 0.132 0.127
0.5 (1,4) 0.040 0.033 0.060 0.059 0.120 0.121
(2,1) 0.036 0.031 0.068 0.057 0.122 0.106
(2,2) 0.024 0.028 0.051 0.046 0.092 0.085
(2,3) 0.037 0.025 0.057 0.059 0.132 0.114
(2,4) 0.027 0.024 0.050 0.047 0.109 0.093
(1,1) 0.024 0.019 0.044 0.035 0.089 0.082
0.25 (1,2) 0.024 0.019 0.044 0.037 0.089 0.092
(2,1) 0.027 0.025 0.047 0.052 0.102 0.105
(2,2) 0.016 0.022 0.036 0.048 0.089 0.101
TABLE 2

Simulated rejection probabilities of the bootstrap test (4.7) for significance of the variable Z
in the quantile regression model (4.4) for 7 = 0.5 (upper part) and T = 0.25 (lower part)
under various alternatives. The pair (j,k) corresponds to the location function q; and scale
function sy, specified in (4.5) and (4.6), respectively

a = 0.025 a = 0.05 a=0.1
T (4, k) n = 50 n = 100 n = 50 n = 100 n = 50 n = 100
(3,1) 0.999 1.000 1.000 1.000 1.000 1.000
(3,2) 0.756 0.983 0.815 0.989 0.886 0.997
(3,3) 0.997 1.000 0.999 1.000 0.999 1.000
0.5 (3,4) 1.000 1.000 1.000 1.000 1.000 1.000
(4,1) 0.082 0.197 0.142 0.311 0.252 0.519
(4,2) 0.034 0.070 0.067 0.119 0.138 0.237
(4,3) 0.089 0.176 0.134 0.279 0.226 0.488
(4,4) 0.070 0.203 0.123 0.321 0.218 0.508
(1,3) 0.099 0.240 0.163 0.325 0.245 0.459
(1,4) 0.044 0.078 0.086 0.133 0.155 0.225
(2,3) 0.139 0.295 0.204 0.405 0.332 0.540
(2,4) 0.06 0.089 0.106 0.152 0.176 0.232
(3,1) 0.935 1.000 0.971 1.000 0.988 1.000
0.25 (3,2) 0.464 0.857 0.591 0.913 0.725 0.954
(3,3) 0.792 0.990 0.873 0.996 0.934 0.999
(3,4) 0.900 1.000 0.948 1.000 0.975 1.000
(4,1) 0.027 0.054 0.055 0.103 0.111 0.229
(4,2) 0.019 0.031 0.034 0.061 0.078 0.132
(4,3) 0.022 0.051 0.043 0.091 0.104 0.176
(4,4) 0.021 0.054 0.053 0.093 0.104 0.195

The corresponding results for various alternatives are displayed in Table 2
and we observe a reasonable power for most cases. The power for 7 = 0.25 is
always smaller than the power for 7 = 0.5. This corresponds to intuition because
the 25%-quantile is more difficult to estimate than the median. The power of the
test is smaller for alternatives corresponding to the location function q4(z, z) =
sin(2m(x+ z)) if the sample size is n = 100. However, if the sample size is larger,
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TABLE 3
Simulated rejection probabilities of the bootstrap test (4.7) for various bandwidths. The
sample size is n = 50 and the lower and upper part correspond to the 50% and 25%
quantile, respectively. The pair (j,k) corresponds to the location function q; and scale
Sfunction si specified in (4.5) and (4.6), respectively

T h 0.05 0.10 015 020 025 030 035 0.4 0.45 0.5
0.5 | (1,2) | 0.037 0.036 0.037 0.037 0.047 0.054 0.061 0.046 0.047 0.043
(3,2) | 0.565 0.724 0.774 0.793 0.783 0.821 0.825 0.802 0.855 0.837
0.25 | (1,2) | 0.017 0.031 0.037 0.033 0.031 0.048 0.042 0.049 0.041 0.053
(3,2) | 0.164 0.362 0.435 0.485 0.516 0.528 0.535 0.571 0.567 0.571

TABLE 4
Simulated rejection probabilities of the bootstrap test (4.7) for the significance of a two
dimensional predictor in median regression. The models are defined in (4.8), the sample size
ts n = 50 and the upper (lower) row corresponds to the null hypothesis (alternative)

« 0.025 0.050 0.100
q1 0.026 0.042 0.096
q2 0.998 1.000 1.000

the test also detects the alternatives with reasonable probability. For example if
n = 200 and 7 = 0.5 the simulated rejection probabilities of the bootstrap test
at level 5% for the alternatives (4,2), (4, 3) and (4,4) are given by 0.319, 0.795
and 0.821, respectively.

Next we study the impact of the choice of the bandwidth on size and power
of the bootstrap test. For this purpose we consider the sample size n = 50 and
bandwidths 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45 and 0.50. The results
for model (1,2) and (3,2) corresponding to the null hypothesis and alternative,
respectively, are summarized in Table 3. We observe that the level and power
are rather stable with respect to different choices of the bandwidth. Simulations
for other scenarios yield similar results and are not shown for the sake of brevity.

We also present a numerical study with a brief investigation of a two di-
mensional predictor, say Z = (Z1, Z2). Because the method proposed in this
paper does not require smoothing in the Z-direction, the results should not be
seriously affected, if the dimension of Z is larger. To be precise we consider two
different location functions

q(z,21,22) = @, qo(T,21,20) = 20 T+ 27 (4.8)

and a constant scale function s(z, 21, 22) = 0.5 in model (4.4). Note that ¢; cor-
responds to the null hypothesis, while go represents an alternative. The results
of the bootstrap test for the median are listed in Table 4 for the sample size
n = 50 and we observe in these examples similar satisfactory properties as in
the one-dimensional setting.

Instead of using the bootstrap test statistic 7%(0, z) defined in (4.1) one
could think about using a similar version with 7 instead of 7, that is

n

T, 2) = %Z(Bi ~ (X € 0} (I{Zi < 2} ~ Fyxo(z1X:,0))  (49)
=1

with B; = HU; < 7}, i =1,...,n. It turned out in our simulation study,
that in many cases, especially for the median, the results are nearly the same.
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TABLE 5
Simulated rejection probabilities of the bootstrap test based on T;{ (©, z) defined in (4.9) for sig-
nificance of the variable Z with n = 50 in the quantile regression model (4.4) for 7 = 0.5 (up-
per part) and T = 0.25 (lower part) under various null hypotheses. The pair (j, k) corresponds
to the location function q; and scale function sy, specified in (4.5) and (4.6), respectively

T (4, k) a = 0.025 a=0.05 a=0.1
1,0 0.020 0.037 0.071
(1,2) 0.019 0.036 0.079
(1,3) 0.020 0.036 0.089
0.5 (1,4) 0.010 0.023 0.043
(2,1) 0.043 0.069 0.125
(2,2) 0.032 0.067 0.124
(2,3) 0.042 0.079 0.134
(2,4) 0.042 0.076 0.125
) 0.015 0.023 0.057
0.25 (1,2) 0.023 0.035 0.081
(2,1) 0.014 0.032 0.069
(2,2) 0.025 0.041 0.082
TABLE 6

Simulated rejection probabilities of the bootstrap test based on T,I (©, z) defined in (4.9) for

significance of the variable Z with n = 50 in the quantile regression model (4.4) for T =0.5

(upper part) and T = 0.25 (lower part) under various alternatives. The pair (j,k) corresponds
to the location function q; and scale function sy, specified in (4.5) and (4.6), respectively

T (4, k) a = 0.025 a = 0.05 a=0.1
(3,1) i i 1
(3,2) 1 1 1
(3,3) 1 1 1
05 (3,4) 1 1 1
(4,1) 0.094 0.164 0.278
(4,2) 0.087 0.148 0.249
(4,3) 0.086 0.141 0.249
(4,4) 0.110 0.172 0.306
(1,3) 0.065 0.117 0.182
(1,4) 0.028 0.057 0.098
(2,3) 0.118 0.181 0.270
(2,4) 0.045 0.075 0.146
(3,1) 0.924 0.966 0.988
0.025 (3,2) 0.404 0.541 0.697
(3,3) 0.742 0.833 0.917
(3,4) 0.891 0.943 0.983
(4,1) 0.015 0.029 0.089
(4,2) 0.024 0.041 0.083
(4,3) 0.018 0.041 0.090
(4,4) 0.016 0.036 0.088

However, there are several situations where the use of 7 instead of 7 yields
better results. In particular this is the case for the 0.25 quantile where the test
based on T*(©,z) is more conservative than the one based on T*(©, z) (see
Tables 5 and 6, which show the rejection probabilities of the bootstrap test
based on the process (4.9) for the sample size n = 50 in the scenarios considered
in Table 1 and 2). Moreover, the choice of the bandwidth has a smaller impact
on the bootstrap test based on T*(0©, z) than on the test based on T,’{(@,z)
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TABLE 7
Simulated rejection probabilities of the bootstrap test based on T,I (©, z) defined in (4.9) for
various bandwidths. The sample size is n = 50 and the lower and upper part correspond to
the 50% and 25% quantile, respectively. The pair (j, k) corresponds to the location function
qj and scale function sy specified in (4.5) and (4.6), respectively

T h 0.05 010 0.15 020 025 030 035 04 0.45 0.5

0.5 | (1,2) | 0.018 0.034 0.037 0.04 0.046 0.044 0.062 0.047 0.045 0.048
(3,2) | 0.583 0.723 0.764 0.753 0.823 0.797 0.817 0.839 0.822 0.823
0.25 | (1,2) | 0.008 0.02 0.022 0.031 0.028 0.038 0.045 0.04 0.042 0.037
(3,2) | 0.08 0.323 0.387 0.451 0.522 0.533 0.521 0.571 0.55 0.578

This is clearly visible from a comparison of Table 3 with Table 7, which shows
the impact of the choice of the bandwidth on the bootstrap test based on the
statistic T7%(©, z) defined in (4.9). In our experience, both using 7 instead of 7
and considering Fzin T, has a stabilizing effect on the test statistic when the
sample size is small.

5. Some concluding remarks

The results presented in this paper have several important extensions, which
open interesting directions for future research. First, as pointed out by the
referee and the Associate Editor, one might replace the indicators I{X; < x}
by a collection of more general functions g(X;) where the functions g range over
some class, say G. If for a given class of functions G the assumption

0 = sup sup E[(I{Yi < ¢ (Xi)} — 1) 9(Xi)I{Z; < Z}”

geg =

is equivalent to
PY <q¢q(X)|X,Z2)=17 a.s.

one would obtain a consistent test of the null hypothesis Hy in (2.1). Under
suitable technical assumptions, results on the asymptotic distribution of the test
statistic similar to the ones provided in Section 3 can be derived. Moreover, one
would expect that the choice of the class G would influence the power properties
of the test. However, quantifying such an influence in a general setting seems to
be very challenging, since it will require results on the behavior of quantiles of
suprema of general Gaussian processes indexed by classes of functions.

Secondly, in some cases it is also of interest to investigate if the predictor Z
is irrelevant for all quantiles that is

BII{Y <¢;(X)} —7[ X, Z]=P(Y <¢;(X) | X,Z) —7=0 forall 7 € (0,1).

This corresponds to the hypothesis of conditional independence and a test statis-
tic can easily be obtained from the stochastic process { L, (7, x, z) | 7 € (0,1),z €
Rx,z € Rz}, where

Z (I{Y; < 4 (Xo)} — 1) I{X; < 2} {Z; < 2}, (4.10)

=1

Ln(Tv'rv Z) -

S|
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In order to study properties of a corresponding test such as sup,. sup,, | L, (7, z, 2)|
one has to prove weak convergence of the process (4.10). We expect that this is
possible under suitable assumptions. However, a rigorous proof requires addi-
tional technical work which will be beyond the scope of the present paper and
therefore deferred to future research.
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Appendix A: Appendix: Proofs

Throughout this section, introduce the abbreviation ©,, := © N D,, with D,, :=
{z:[z—hp, x4+ h,] C Rx}.
Lemma A.1. If assumptions (K1)-(K6) and (A1)-(A3) are satisfied, then
1 ! y
i-(z) = q-(x —7/ k() As(Grtvn, (T z)dv 4 op(n~1/?
() (z) fa|x(0|$)_1() (@7+ob,, ()| 7) (n="%)
= Grp(z) +op(n?)
uniformly in © € D, where Ag(z|y) is defined in Lemma B.1 and has the
property

log ny\1/2
sup As(qrtob, ()| :Op(de—F( ) )
'UE[—l,l],;EEDn| (arsorn (@)o)] nhg

Moreover, 4, () is, with probability tending to one, d + 1 times continuously
differentiable with derivatives bounded uniformly on D,,.

Proof. Apply part (a) of Lemma B.4 to Fy|x(-|z) and part (c) of the same
Lemma with Fy(:|z) = Fy|x(-|z), Fa(-]z) = Fy|X(-|:1:;p). Combined the results
with Lemma B.1 yields the assertion. Il

Lemma A.2. If assumptions (K1)-(K6), (A1)-(A4), (51) and (S2) are satis-
fied, then

/ Fox (0] 5)(@r(5) — g ()T {5 € O} fx (5) Fzpx 2 (2]5,0) ds

_ _% ; (Hes < 0} = 7) I{X; € O} Fyyx2(21Xi,0) + OP<%)

uniformly with respect to © € 2,z € Ry.
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Proof. From Lemma A.1 we obtain the representation
~ [ 209 5) ~ 0D ILs € O} (5) Frix.c(els.0)ds

1
= [ 50) [ Astarin ()95 € O} Fx(5)Pzix.c(c1s,0)dsdu + op(n™?)

- /11 n(v)/n—}llizi:M(s)(Q(W) —FY|x(qT+ubn(s)lXi))

n

t
% (Knols = Xi), oo Koy ey, (5 = X0))
xI{s € O, }(11(Xi; On, hn) + 12(Xi; On, hn)) fx (5) Fzx 2 (2|5,0)dsdv

+op(n~'?),

where

and
(X5 0n, k) = H{®[X(5) = b, X (5) + hn] € O},
(X5 0n,hp) = I{3j 2 [X(4) = hn, X () + hn] & On,

®9_1 [X(§) = hns X (§) + hn] N Oy, # 0}

We will now proceed to show that the first part in the above decomposition [i. e.
the part containing I ] determines the asymptotic expansion and establish at the
end of the proof that the part corresponding to I is asymptotically negligible.
First, note that

/n—;g ZM(S)(Q(%:‘)_Y;) - FY\X(QT-‘:—vbn(S”Xi))

t
% (Kno(s = Xi), oo Koy sy, , (5 = X)) I{s € O}
X I (X500, hn) fx (5)Fzx,2(2]5,0)ds

N / % Z M(X; + hps) (Q(QTJrvbn (X; + shy) — yz)
[~1,1)4 0 <

dn
= By px (gran, (X + shy)| X))

t
X (KLO(S), . ,Kl,kNp’p(S)) I(X3: 00, ha) fx (Xi + shy)
X Fz x.c(2|Xi 4 shy,0)ds.

Observe that every entry of M is by assumption continuously differentiable with
respect to s and the derivative is uniformly bounded. The class of functions



Significance testing in quantile regression 125

defined by

{) = o( LD ) <15 = 1 - 7] < o

where « is a small positive number has covering numbers that satisfy the as-
sumptions of part 1 of Lemma B.3 in Appendix B. This follows from Lemma
B.2 together with the fact that under the assumptions (A1), (A3) the mapping
(¢,a) — qc(x + a) satisfies

sup |q¢, (z + a1) — g, (v + a2)| < O(|G — G| + [lar — azl|)

for some finite constant C' (this inequality is a consequence of the implicit func-
tion theorem). Moreover, it follows from the smoothness assumptions on Fy|x
and the properties of ) that

xi]

a.s., where R, is a nonrandom quantity of order o(1/4/n). Thus the smoothness
properties of Fzx ., Fy|x and ({,7) + g¢(z) imply that by Lemma B.2 and
Lemma B.3 in Appendix B we have

T4vby, Xi+8hn _Yvi
| |<SFF|<1‘E[Q(q = d ) )= Frx (@r o, (Xictshn)|X2)

3

1 qr+vb, (Xz + Shn) - }/1
: Z M(X; + hos) (2 T )
— Fy | x (qryob, (Xi + shy,)|X;)

X(Klyo(s), e ’Klqup,p (S))tll ()(17 @n; hn)fX(Xz + Shn)
X FZ|X5( |X +Shn70)

:—ZM D (Kofs). - Kisey, , (5)) T(X: € 0,0} fx (X)) Py (21X, 0)

N—

X(Q(qm,b (X, d: shy) — ) Fy 1x (Gr+00, (X + shn)| X, ))

+ 0p(n71/2)

uniformly with respect to |v| < 1,5 € [-1,1]9,0 € Z and z € Rz. Finally,
noting that

Q(QTJrvbn (Xid‘: shy) — Yz‘) _ Q(QTJrvbn (X + szlw;) —qr (X;) — 51‘)

yields

sup
v,8,1

Qr+ob, (Xi + shy) —
2 .

) — e <0} < QeI {leil < Ra} as,
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where R,, = O(h,, + b, + d,,) is a non-random quantity. This, together with an
application of Lemma B.3, shows that

= ZM JK1,0(5), -+ Ki iy, , () T{Xi € ©n} fx (Xi) Fzix 2 (2]X5,0)

" (Q(qm)b (Xi dt shn) —

— —ZM )(I{e: <0} — Fox (01X:)) (K1 0(s), -, Kiky, , ()

) = By (@, (X + sho)| X))

xI{X; € O} fx (Xi)Fy)x o (21Xi,0) + op(n~1/?).

In particular, noting that Fy|x(0|X;) = 7, the above result implies

/fle(()'S)(‘jT(s) — q-(8))I{s € On}fx(s)F7zx(2]s,0)ds
- - ZM J(I{ei <0} = 1) (po(K), - - s e, , (K)) I{X; € ©,}

X fx(Xi)Fzx,:(2/X5,0) +op(n~'?),

where yu(K) := [pa K1 x(u)du. Now from the definition of M it is easy to see
that

ot (M(K)*l
"\ fx(@)

where Rj; denotes a vector whose entries are uniformly bounded and Lipschitz-
continuous with respect to x. Thus applying Lemma B.3 we obtain

M(z) = e} (Mo(z)~ + hp R (@) = + hnRM(a:))

- ZM J(I{ei <0} = 7)(po(K), - ., pey, , (K))' T{X; € ©,}
x [x(Xi)Fzx(2]Xi,0)

1 n
= = (e <0} = 1)I{X; € Ou}Fyx.o(2]X;,0) + op(n~ /%),
i=1

which completes the first part of the proof.
It remains to show that

1
gaw@mw/

—1

1 . hdM( )(Q(qrﬂb%(:)—l’i)

— Py (@riun, (5)1X0))
X(Khmo(s — Xi), ceey I(;Imkprp (S — Xi))tl{s S @n}
X fx(5)Fz|x,(2]s,0)dsdv = op(n~1/?)
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uniformly with respect to © € Z, 2z € Ry. To this end, consider the (n-dependent)
class of functions F,, with elements

1
qr+vb, (S) -y

K(v) n M( )(Q(JFT) - Fy\X(qT+vbn(S)|$)>

X(Kn,0(s —2),. ., Kn, xn, ., (s — z))' I {s€0,}

X fx(5)Fz|x.(2|s,0)dsdv

indexed by z € Z,0 € Z contains uniformly bounded elements (the bound is

also uniform with respect to n). Moreover, there exists a finite positive constant
C such that

fz7®n)hn7bn (fl;, y):/

-1

2
N (Fas e L2(Px)) < (N (Fat,2/C, LA(Px) N (Fazo2/C, LA(PX)))
(A1)
where F, 1 := {5+ [{s € ©,}|0 € E} and F,, 2 := {s = Fy|x(z]|s,¢)|z € Z}.
To see that this holds, observe the decomposition

1
fz,(—)n,hn,bn(fﬂay):fz(,cz)n,hmbn( )"’f(@ P b (z,9)

ns

2
1
— a2 [ [ Rl = sl < B} ($)gin(a 5001 (s € ©,)
n =1
x Fyzx.c(2|s,0)dsdv

where g, and g2, denote non-positive and non-negative, uniformly bounded
functions, respectively. Moreover, g;,, do not depend on ©,, or z Obviously, it

suffices to bound the bracketing number of F; ,, := {(z,y) — fz ou b, (T Y)}
for j = 1,2 separately. If we denote by {[br ;,bu,;]} a collection of £— brackets
(with respect to L*(Px)) for {s — I{s € ©,}Fy x .(z]s,0)}. Then a collection
of /C brackets for F,, o (with respect to L?(Px.y)) is given by

Bry(ry) = 4 [ [ @8l = sl < o) (51520025, 0)bc (s,
where K = U, L. To see this, observe that
E[(Br j(X1,Y1) — BU;(X1,Y1)) ]
< [ [ [ Buvsogzr@nile sl < b fx(n(wdsds

/ / I{Hx—sl\oo < ha} fx(8)(buj (s) — br.j(5))*dsdu
fo)y(x,y)d:Cdy

< 01 [ Fe @) = bus6) [ Tl = sl < B} fx(a)dads

for some finite constant C;. A bound for F,, 2 can be derived by similar argu-
ments. Thus (A.1) is established. Combining the bound in (A.1) with the as-
sumptions (S1) and (S2), the estimate sup, g [E[f-.0, kb, (X1, Y1)]| = o(n™1/2),

nyltn,
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and the results from Lemma B.2 and Lemma B.3 yields the assertion after noting
that by assumption supgez El2(Xi; O, hy) = o(1). O
Lemma A.3. Under the assumptions of Theorem 3.2 it holds that

1 ~1/2

To(On2) = > (I{ei <0} = 1)I{X; € ©,}1{Z; < 2} + op(n~"/?)
i=1
[ (R 2aens) = a9l = Fax,z(01s,1) ¢
xI{s € O, }I{t < z}dFx z(s,t),

uniformly with respect to © € £,z € Rz, where Fx 7 denotes the joint distribu-
tion function of X, Z.

Proof. Note that T,,(0,2) = L 3" | (I{é; < 0} — 7)I{X; € ©}I{Z; < 2z}, and
that the assertion is equivalent to

S|

sup
OcE,zeZ

.....

1
= OP(%)

Here we define é; = Y; — ¢-(X;), é =Y — G- (X), where we assume that the
sample (Y;, X;,Z;), i = 1,...,n, (used to build ¢, ) is independent from the
generic variable (Y, X, Z). The proof now proceeds in two steps. First, note that
by Lemma A.1 we have ¢, — ¢, 1 = 0p(n_1/2) uniformly on D,, and thus there
exists a deterministic sequence 7, = o(n~/?) with

P( sup |G (2) = Gr,L(x)] < 7m) = 1. (A2)

ASYR

Now on the set {|G-(x) — ¢rr(x)| < 7vn}, the probability of which tends to one,
we have

S|
M=

sup
OcE,zeZ

i=1

<

S|
NIE

I{jé,.0] < v }I{X; € D).

K2

Next, note that I{|é; 1| < v} = I{le; — 9(Xi)| <y} for g = G-, — ¢-. Now
the assertion follows since the (n-dependent) class of functions

{(6:6) > Hle = g(&)] < 7}{E € Da} | g € I (Rx) }

satisfies the assumptions of part 1 of Lemma B.3 whenever n is sufficiently large,
see the proof of Lemma A.3 in Neumeyer and Van Keilegom (2010) for a similar

Il
-
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reasoning, and ¢ — ¢ € C’f *1(D,,) with probability converging to one by
Lemma A.1. Here C¢(D,,) is the class of d + 1 times differentiable functions
g defined on D,,. Further, note that

sup E[I{|€i —9(X)| < mH{Xi € Dn}} = o(n~V/?),
9eCT (D)

This, together with (A.2), and an application of Lemma B.3, shows that

sup =op(n~1/?).

Oc=EzeZ

%Zn:(f{éi <0} —I{é L <ONI{X; € ©,}{Z; < 2}

Similar arguments applied to the (n-dependent) class functions

{660 (e < g(O)} - He < ONI{E € ©,1{C < 21 |
g€ C Y (Rx),0€E,z € Z}

yield
J RN
sup | = > (I{&;r <0} — I{e; <ONI{X; € ©,}{Z < z}
O€E,zeZ |

—E[(I{éL <0V - IHe <ONI{X €0 M{Z <2} | (Vi X0, Zi)i=1,... n}

= op(n'?).

and thus the proof is complete. Il

Proof of Theorem 3.2. Starting from the stochastic expansion given in Lemma
A.3 we obtain by Taylor’s expansion

T(On, 2) = %zn:(l{si <0} — 1)I{X; € O, {Z; < 2}

i=1
+/f€\x,z(0lsvt)(é7(8) —qr(s))I{s € ©,}[{t < 2}dFx 7(s,1)
+/ f;\X,Z(fw,s,nlsut)(‘jT(s) - QT(S))2I{S € O, }H{t < z}dFx z(s, 1)
1
+0P(ﬁ)
for some &, 5., between 0 and §(s) — ¢-(s) where the last line is of order

op(n~'/?) due to Lemma A.1 and the assumptions d?* + logn/nhd = o(n='/?),
SUPzeD,ycR,2eRy |f;‘X7Z(y|Ia z)| < co. Note that

[ Fax2005,0(6r(5) = ar ()I(s € B} 14t < }dFx 2(s.1)

= /FZ\X,5(2|87O)fle(()'S)fX(S)(‘jT(S) —ar(s))I{s € On}ds.
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By Lemma A.2 we thus have

n

1
T(0n) = T3 (e <0} =)< 0,) (112 < 2} = Fzpx.o(:1X,,0))
1
+0P(%).
This completes the proof. O

Proof of Corollary 3.3 and 3.5. Define the sequence of n-dependent classes of
functions

Fai={(e6,0) s el{6 € ONDY(I{C < 2} — Frix o(216,0)) | © € 5,2 € Ry}

and note that it is indexed by the totally bounded metric space (2 x Rz, p) with
metric

p((01,9), (02, 2)) := (E[(We, , — We,,.)*])!/?
where We . 1= (I{e1 < 0} — 1)I[{X1 € ©}(I{Z1 < 2z} — Fzx,.(2]X1,0)).
Moreover, it satisfies the assumptions of part 2 of Lemma B.3. A simple cal-
culation in combination with the assumption supgez P(X; € ©\0,) = o(1)
shows that all the assumptions of Theorem 2.11.23 in van der Vaart and Wellner
(1996) are satisfied. In particular, the covariances Cov(We,, ,, Wer ) converge
to k(©,y,0’, z) given in Corollary 3.3. This implies that the process

N (Tn(Gn, 2) = To(On, z))

_ % > (M <0} = D)I{X: € ©1({Zi < 2} = Frix(21X5,0)) = Tu(O0,2))
=1

+OP(L).

NG

where T, (0,,, 2) := E[(I{ai <0} —7){X; € ©,}(I{Z: < 2}~ Fyx.o (2 X, 0))}
converges weakly to the centered Gaussian process T(0, z) described in Corol-

lary 3.3. Thus Corollary 3.3 and 3.5 follow after a straightforward calculation
of the expectation T},(0,, z). Now the proof is complete. O

Appendix B: Technical results

Before stating the main results of this section, we discuss some basic properties
of the local polynomial estimator Fy|x (y|z;p). To this end, we note that

XtWY — (Vn,O(xu y)7 Vn,klyl (CE, y)7 CI) ‘/77,71(1\77),p (CE, y))t

with
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Lemma B.1. Under the assumptions (K1), (K2), (K5), (A1), (A2) it holds
that

FY|X(y|$;p) - FY\X(y|I)
_ 63(2(_/\40{)‘1 SRl )Mm>ﬂ'M(K>‘1)

=0 fx(2) 1<|m|<n; fx (@)
X (Tnﬁoys(xa y)v et 7T’n«7kNp,PvS(‘r7 y))t + 0P(TL71/2)

= Ag(ylz) +op(n—1/2) = Op(d;, + (

log n) 1/2
nhd
uniformly with respect to (x,y) € D, xY, where Y is any bounded subset of R and

My denote some matrices with uniformly bounded entries that are independent
of x,m,y and

Ty ie.s(z ZK X)(Q(y_—yi) ~ Fyix( |X-))
nk,s(2, y) hd ho k(T d, y|x\ylAd) )

Moreover, the quantity Ag(y|x) is, with probability tending to one, d + 1 times
continuously differentiable with respect to x and y and all its partial derivatives
of corresponding orders are uniformly bounded on D,, x ).

Proof. At the end of the proof, we will establish the following two representa-
tions

Fyix(ylzp) = Fyix(ylz) + el (XPWX) (R Th0,5(2,y), - - -,
W T e, ».5(2,y)) +Op (A5, (B.1)

1wl ME) M(K)™!
e = w3 (- S 3 e) S
+1nxnOp(hn ))H_ (B.2)

where Mo, ..., My, denote some matrices that do not depend on n, z, My =

M(K) is invertible, H is a diagonal matrix with entries 1, h,,...,hn, h2, ...,

£

h2,...,h2, ... hE and the term h‘nk‘ appears Nk times in this vector. By defi-

ey iy .

nition we have

8;8;“Tn,k,5(:c,y)
1 m . Y; r
= — o 2K = ) (0 () - Ak 1),

and tedious but straightforward calculations including integration-by parts and
substitutions yield the estimates

sup B[00 T xs(z,y)] = O(d;™"),
(z,y) €Dy X
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1
T am 2 _
(L?})ISD" E[(ayam Tn,k,S(xvy)) ] - O(nhz—‘rmmldngr_l))'

A combination of parts 1,2 and 6 of Lemma B.2 shows that, for every n, the
class of functions

1 r— y—v r
Fn = {(u, v) — Kg‘:}k(aj — U)(EW( 1 (W) - F}(,|)X(y|u)) ’x € Rx,y € R}
satisfies the assumptions of part 2 of Lemma B.3 with constants not depending

on n, which, together with the above estimates gives

logn
nh7d1+2|m|d91\/(27"71

1/2
sup_[0,0 T, ks, )| = O ( -) o). (B3)

(z,y)€D
Combining (B.1), (B.2) and (B.3) yields

eﬁ(XtWX)*l(hoTn.os(I,y),...,hpT Ky 8 (2,9))"

(S X mwse) M

1<|1[<ny X
X (Tn,o7s($, y)? SRR kaNp,mS(xv y))t + OP(n71/2)7
and thus the proof of the first part of the Lemma is complete.

For a proof of the differentiability results, note that the d 4+ 1—fold differen-
tiability of the product of every entry of a scalar product between two vectors
follows from the d + 1—fold differentiability of every entry of both vectors. This
establishes that Ag(y|x) is d + 1 times continuously differentiable with respect
to both components and that all partial derivatives are uniformly bounded. By
the results in (B.3) the proof is thus complete once we establish (B.1) and (B.2).

Proof of (B.1) A Taylor expansion of Fy x(y|r) gives

1
o Z K, x(z — Xi)Fy | x (y|v)

1 P Fy | x W Xe) |m|+p+1
= a2 T M Kakem(e = X0 £ Op(m,

™ 0<|m|<p
This fact, combined with
o (XTWX) ! hllml 22 Ky (@ = Xi)
1 .
i : = I{m = 0},
B S K ey pem (@ = X0
yields the representation

WS K ol — Xi)Fyx (ylz
o (XIWX) ! of | )Py x (ylz)
Fy\x(ylr) = i

hg Zz Khn7kNp,p (‘r - XZ)FY|X(y|x)
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B > Kol — Xi) Fy x (y1 X3)
e (XIWX) ! = e

nhd :

hfl Z'L Khn7kNp,p (‘r - 'Xl)FY|X(y|X7A)

+ Op(R0t)

once we note that ﬁ > il K, xn, (@ — X;)| = Op(1) and e (XtWX) ! =
(Op(1),...,0p(h,P)) [see the last part of the proof]. Thus

FY\X(yl‘T) = FY|X(y|x) + ei (XtWX)_l (hg,Tn,O,S(xu y)7 ceey h/IPLTn,kNp,p,S(x7 y))t
+Op(h).
Proof of (B.2) The elements of the matrix X*WX are of the form

(XtWX)k)l = W ZK}M“Q({IJ — XZ)((E — m Z Khn,m T — )

nhd

where m = m; + my and m;, my denote the k’th and I’th entry in the tuple of
vectors (0,k11,...,kn, 1, k12, ..., Kn, p), respectively. In particular, d4-1+mn-
fold continuous differentiability of fx implies that

) logn\ 1/2 n
nhd ZKhmk =X = Y g Y (@ )+Op((nhd) + ).

[1|<ng "

Thus we obtain a representation of the form

XWX =H( Y aMSY @) + InvenOp (b)) H
\l|<nf
where My, ..., Manfynf denote some matrices that do not depend on n,x,
My = M(K) is invertible and H is a diagonal matrix with entries 1, hyp, ..., hy,
h2, ..., h2 h?,...,hP where the term h‘nk‘ appears Ny times in this vector

s Topy = v ey T,

[see the definition at the beginning of the section]. Thus for h,, sufficiently small
an application of the Neumann series yields (B.2) with probability tending to
one. O

Lemma B.2. Bounds on bracketing numbers
1. Define F+G:={f+g|f € F,ge G}, FG:={fg|f € F,g € G}. Then
N(F+G,e,p) < N|(F,e/2,p)N1(G,€/2, p).

If additionally the classes F,G are uniformly bounded by the constant C,
we have

N (FG.e,|Il) < N{(F,e/AC, |LINNG (G, e/4C, |11

for any seminorm ||.|| with the additional property that |fa] < |fa| implies

1fill < | f2]]-
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2. Let F,, denote a class of functions f, indexed by the bounded interval

x € [—A, A] which are bounded by a given constant and have support of the
Jorm [x—h,z+h]. If sup ;e 5 | f(a)— f(b)| < Cla—blh™F for some universal
constant C' we have Njj(Fn, e, L?(Px)) < ve~ @+ provided that Px has
a uniformly bounded density. Here vy denotes a constant which does not
depend on n.

Consider the class of functions

Fp = {(I,y) — Q(g(xcgin_y)’g € g},

where  is Lipschitz-continuous and there exist constants Cy,Cy such that
0 is constant on (—oo, Cy] and [Cq, ). Assume additionally that the dis-
tribution of (X,Y) has a uniformly bounded density, then

Nij(Fuse, L2 (Pxy)) < CsNiy(G, Coe?, | - [1o)

for some constants Cs5, Cg independent of n.
For any measure PYV on the unit interval with uniformly bounded density
f, the class of functions

Fi={ur I{u<s}s €[0,1]} U{uw— I{u < s}|s € [0,1]}

can be covered by Ce=2 brackets of L*(P) length «.

. For any measure P on R x R¥ with uniformly bounded conditional density

fviu the class of functions
G:={(u,v) = I{v < f(u)}|f € F}

satisfies Nij(G. e, ||.||p2) < Nj(F,Ce?, |.|ls0) for some constant C' inde-
pendent of €.

. Assume that f(z;a) is a function indexed by the parameter a € A such

that sup,, || f(s;2) — f(t;2)|lco < Clls —t||? for some 6 > 0 and norm || -||.
Then the || - ||co-bracketing numbers of the class of functions F = {u
flusa)la € A} satisfy Njj(F, e, ||[loo) < CiN(A,Coe'? | - ||) for some
finite constants Cv, Cs.

Proof. Part 1 The first assertion is obvious from the definition of bracketing
numbers. For the second assertion, note that ¥G = (F + C)(G+ C) — CF —
CG + C?. Moreover, all elements of the classes F 4+ C,G + C are by construction
non-negative and thus it also is possible to cover them with brackets consisting
of non-negative functions and amounts equal to the brackets of F,G, respec-
tively. Finally, observe that if 0 < f; < f < f, and 0 < ¢g; < g < g4, we also
have figr < fg < fugu. Moreover || figi — fugull < C||fu— fil + Cl|gu —gil|. Thus
the class (F +C)(G +C) can be covered by at most < Ny(F, e, ||.[[)Ny(G, &, [|-])
brackets of length 2Ce. Finding brackets for the classes CF, CG is trivial, and
applying the first assertion of the Lemma completes the proof.
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Part 2 Consider two cases.

A) £ > 4h'/2: Divide [0, 1] into N := 2/e? subintervals of length 2« := 2 with
centers ra for r = 1,..., N and call the intervals Iy,...,Ix. Note that two
adjunct intervals overlap by a > 2h. This construction ensures that every set of
the form [z — h,z + h] with « € [h, 1 — h] is completely contained in at least one
of the intervals defined above. Then a collection of N brackets of L2-length De
for some D > 0 independent of & is given by (—CI{u € I;},CI{u € I;}).

B) £ < 4h'/? : Observe that by assumption any element g of F satisfies |g(z) —
g(y)] < Clx — y|h~*. Consider the points t; := i/(N + 1), = 1,..., N with
N := 22k+1C /241 By construction, to every @ € [h,1 — h] there exists i(x)
with [t;(;) — 2| < e2*F1/(225F1C). This implies

9(x) — g(tiw))| < Ce* TR~k /22H 10 < ¢/2

Then N ||.||cc—brackets of length covering F are given by (g(t;)—¢/2, g(t;)+¢/2),
i=1,...,N. From those one can easily construct L?(Px)-brackets.

Part 3 Without loss of generality, assume that Q equals one on [1,00) and
zero on (—oo, —1]. Moreover, the assumptions on € imply the existence of finite
constant C;, C,, such that C; < Q < (. Distinguish two cases

A) e < d,, : Starting with &2 supremum norm brackets for the class G and using
the Lipschitz condition yields the desired brackets.

B) e > dy : Denote by [g1.1,91,ul;- -, [IN().1) IN(e),u] Drackets for the class G
of || - ||so-size e. For a function g € G, denote the bracket that contains it by
[95(9).1> 9j(g),u)- Observe that

=0, if y>gigu@)tdn
z) — ' ,
Q(g(giy) =1, if y<gjgir)—dn
n € [Cr, Cy] else
Thus brackets of the form

le((E) = I{y < gj,l(x) - dn} + ClI{gj,l(x) —d, < y < gj,u(x) + dn}
bu,j(x) I{y < gj,l(x) - dn} + CuI{gJ,l(x) - dn < Y < gj,u(x) + dn}

contain every function in J,,. Moreover, the L2-length of each such bracket is
bounded by (C, — C1)(2d,, + €)sup fx,v(z,y) < Ce. This completes the proof.
Part 4 Follows by standard arguments.

Part 5 Follows from [I{v < g1(u)} — I{v < ga(u)}| < I{|v — g1 (u)|] < 2||g1 —

9200 }-
Part 6 Obvious O

Lemma B.3 (Basic Lemma). Assume that the classes of functions JF,, consist
of uniformly bounded functions (by a constant not depending on n).

1. If for some a < 2, Njj(Fn,e,L*(P)) < Cexp(—ce™®) for every e < 6,

with constants C, ¢ not depending on n, then we have

Vi s [ #ar, = [ rap) = o),
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for 0, \( 0, where the x denotes outer probability, see van der Vaart and
Wellner (1996) for a more detailed discussion.
2. If Nj(Fn, e, L3(P)) < Ce™* for every e < by, some a >0 and a constant

C not depending on n, then we have for any 6, ~n~" with b < 1/2

vn sup (/fdPn —/fdP) = O}(6n|10g6n|).
FEFnIIfllp2<on

Proof. Start by observing that the uniform boundedness of elements of F,, by

D implies that F' = D is a measurable envelope function with Ls-norm D. The

proof of the first part follows by arguments similar to those used for the proof

of the second part and is therefore omitted. For the proof of the second part,

note that for 7, sufficiently small

a(nn) = nnD/\/l +log N (11D, Fr, La(P)) = Dijn/+/1 +log C — alog(Dry,)

> DCny/+/|1ogm,|

for some finite constant C' depending only on a, C, D. Thus the bound in The-
orem 2.14.2 in van der Vaart, Wellner (1996) yields for ¢,, sufficiently small

E[fs:j%/fdan}
< DJy(bn, Fo, Lo(P)) + Vi1 / F)I{F(u) > v/ia(6,)}P(du)

5 .

n D :

< DC1/ |log5|da+D\/ﬁI{D>M}
0 | 1og 6|

C”\/ﬁz?n}
[logdn| )

< DCydy|logdn| + D\/ﬁl{l >

where «a,, := /n(P, — P), P, denotes the empirical measure, and Cy,C5 are
some finite constants. Here, the second inequality follows by a straightforward
calculation and the first inequality is due to the fact that for d,, sufficiently small
by definition

On On
J(0n, Fn, La(P)) = /0 \/1 +1log Ny(eD, Fy, Lo(P))de < Cl/o |loge|de.

Now under the assumption on d,,, the indicator in the last line will be zero for
n large enough and thus the proof is complete. O

Lemma B.4. Assume that k is a symmetric, uniformly bounded density with
support [—1,1] and let b, = o(1l). Introduce the notation Qg xrp,(F) =
Gil(HGﬁ)T)bn (F))

(a) If the function F : [0,1] — R is strictly increasing and F~' is k times
continuously differentiable in a neighborhood of the point T, we have

bio

Higprp, (F) = F7 (1) + Z Z,—’!’(F YO (P piv1 (k) + R (7)
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with |Ra(7)] < Ci(r)bf sup,_ri<p, [(FHF (1) = (FHP(s)], (k) =
fu%(u)du and a constant Cy depending only on k and k. In particular, if
F : R — [0,1] is strictly increasing and F~1 is two times continuously differ-

entiable in a neighborhood of T and G : [0,1] — R is two times continuously
differentiable in a neighborhood of F~1(r) with G'(F~1(7)) > 0, we have

|F_1(T) - QG,n,r,bn (F)| < Ry,»
= COb2 sup (GTYY ()| sup [(GoF~1)'(s)]
[s=GoF~1(7)|<Rn,1 |s—7|<bn

for some constant C that depends only on r where R,, 1 := Cb2 SUpP|s_r|<p, [(Go
F=H)"(s)].

(b) Assume that k is additionally differentiable with Lipschitz-continuous deriva-
tive and that the functions G,G~' have derivatives that are uniformly bounded
on any compact subset of R [the bound is allowed to depend on the interval].
Then for any increasing function F with uniformly bounded first derivative we
have |H(Fy) — H(Fs)| < Rp3+ Rp4 and

|QG,K,T,bn (Fl) _ QG,K,T,bn (F2)| S sup |(G71)/(U)|(Rn,3 + Rn,4)a
wEU(H (F1),H(F2))

where the constant C' depends only on k, U(a,b) :=[a Ab,a V1], and
Ce,

Rog = ||F1—F2||oo| Su‘p (G o F~) (v)],
n v—7|<cyp
Fi — Fll Fi — Fy| s
Roy = Rn73|| 1= F ;r|| 1 — Bl

with cn = by + 2||F1 — Fllse + | Fi — Flloo.

(¢) If additionally to the assumptions made in (b), the function Fy is two times
continuously differentiable in a neighborhood of F~' () with F|(F; (1)) > 0
and G is two times continuously differentiable in a neighborhood of Fl_l(T) with
G'(F~(1)) > 0, we have

ey L RO (B )

— Fy(F (7 + vba)) ) dv + R,

QG,I{,T,bn (Fl) - QG,I{,T,bn (FQ)

where
Cbn SUP|s—7|<b, (G ° F_l)I/(S)HFl - F2||oo + Rn74

R,| < Rns+Rne+
il = e G )

with a constant C depending only on k and

1
Rns = sup (G (w)|(H(Fy) — H(F2))*
wE€U(H (Fy),H(F2))
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Rne = sup (G ()] - [H(Fy) = GET)(7)]
WEUH(F),GIF ) ()

x |H(Fy) — H(F»)|.
Proof. The proof of the first part of (a) is essentially a Taylor expansion. Details
can be found in the proof of Lemma A.4 in Volgushev (2006). For a proof of the

second part of (a), observe that by definition Hg . 7.5, (F) = Hid,x rp, (FoG™1).
Together with the first part we obtain

|Higrrp, (FoG ™ —~GoF Hr)| < CW sup [(GoF H'(s)|=:Rn1

|s—7|<bn
which yields
(G (He mrp, (F) = F7H(7))|
(GO [ Hid,rp, (F o GTY) = G(F™H(1))|
(

Ccv? sup (G (s)] sup [(GoF™1'(s)|=: Rypo.
|[s—GoF~1(7)|[<Ry 1 |s—7|<bn,

IA A

The proof of (a) is thus complete.

From now on, drop the index of H for the sake of a simpler notation. For a
proof of (b), observe the decomposition

() - H(E) = - [ w(BE DT 67 ) - (e @)

u) T F (G Y(u) -7
——/ ) )
(PG () = FB(GT (w)))du
for some |£(u) — Fo(G7Y(u))| < |Fi(

bound
\H(F) - H(F)| < % Olﬁ(%)ﬂﬁ(&(ugnﬁ)
- ,{(%)’du Es — P,

Next, observe that by assumption x is Lipschitz continuous and thus we have
the inequality
) - T) ‘

e

IN

Hetw) =BG (1153 (6 ) = 71 < b} + €)= 7 < b))

2L||Fy — Fal| o
=
2L||F1 — F2l|o
=

KIF (G () = 7| S bp + 2] Fy = Fal o}

H{|F(G Y (u) = 7| < by + 2||F1 — Falloo + |F1 — Flloo}.
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Similarly

1)) — 7 “tu)) -1
() ()
- %]ﬂF(G”(u)) =7 <bu+ 1B - Flloc),

and moreover

F(G™! —
}ﬁ(%)} < CH{|F(G™ (u)) = 7| < by}
Define ¢, := by, + 2||F1 — Fs|loo + ||F1 — F|lo- Note that the monotonicity of
F, G implies

{u: [F(GH(w) = 7| <en} CIGFHT = ¢0)), GIF (T + cn))]
and

(GF " (74 c) = GE T =) <26, sup |(GoF Y ()]

lv—7|<en

In particular, this implies the estimate

/O HIF(G™ (W) = 7] € ea}du < 26, sup [(Go P ()]

lv—7|<en

Summarizing, we have obtained the bound |H (Fy)— H (F»)| < Ry, 3+ R, 4 where
C' denotes some constant depending only on the kernel k. Assertion (b) follows
from this estimate and a Taylor expansion of G~1.

For a proof of assertion (c), note that after a substitution

i ), (PG i ) - e

1
- /_1(G o FT'Y/(r + vb ) (o) (Fa(Fy (7 + wb)) = Fu(FL (7 + wb) ) o

- oo |

-1

K(v) (FQ(Fl—l(T Fuby)) — By (PN + Ubn)))dv o

where
rn] <Cb, sup  |(Go Fy ) (s)] - [|Fy — Fallo

|s—7|<b,

by a Taylor expansion of (G o F; ')’. A Taylor expansion of G~! yields

|& i (r) = 6 (H(R) - (G (HF) (H(F) - H(F)|| <
S s G W) - ()
wEU(H (F1),H(F2))
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where U(a,b) := [a Ab,aV b]. A Taylor expansion yields

(G (H(F)) = (GG ()] <

sup (G ()] [H(Fy) = G(ET)(7)]
WEU(H(F),G(F ) (7))

and combining this with the results obtained so far we arrive at

1 ! B
‘Q(Fl) - Q(F:) + W/ln(w (FQ(F1 L(7 + vby))

— R(F M+ vbn))) dv

< ety - 6 ) - (@Y HE) HFR) - HF)|
HH(F) = H(E)| - (G (H(F)) — (@Y (G o Fy(7))]

H(F)) — H(F,) 1 1
+ GFE() | FE W) /

— F(F7 N7+ Ubn)))dv‘

Cby sup|y_rjp, (G o FY'(8)|[Fy = Folloc + Rua
/(' (7)) |

r(0) (Fa(F (7 + vbn))

S Rn,5 + Rn,G +

This completes the proof. O

Appendix C: Bootstrap validity

In this section we sketch a proof of conditional weak convergence of the bootstrap
process v/nT to the weak limit T of \/nT,, under Hy, in probability. Let E* and
Cov™ denote expectation and covariance with respect to the conditional proba-
bility P(- | V»), given the original sample V,, = {(V;, X;, Z;) | i =1,...,n}.
Introduce V; = (I{U; < 7} —7)/(7(1—7))"/2, then we have the decomposition

T:(0,2) = V(L= 7) (T{(0,2) + T (0,2) + RV (6,2)) + RE*(9, 2),

where
T*(©,2) = %z": Vi{I{Xi € @}(I{Zi <z} = Fyix e (2| X, 0))
- BlI{X € 0}(1{Z < 2} - Fzx-(:1X,0))] }
T7§2)*(@,Z) = %ZH:WE[I{X € @}(I{Z <z} = Fyx e (2]X, 0))}

i=1



Significance testing in quantile regression 141

n

Rgll)*(@7z) — Z I{X 66}(FZ|X8( |X¢,O)—Fz‘X7S(Z|Xi,O))

RiP*(6, 2)

ni (H{U; <7} -7 -I{U; <7} +7)I[{X;, € ©}

x (I{Zi < 2} — Fyix (21X, 0)).

Note that Vi,...,V,, are bounded independent and identically distributed
random variables with expectation zero and unit variance and are indepen-

dent of the sample (V;, X;, Z;), i = 1,...,n. Thus we have E* [T(1 (0,2)] =
E*[T, 2)*(9 z)] = 0. With the conditional multiplier central limit theorem Th.

2.9.7 in van der Vaart and Wellner (1996) weak convergence of \/ﬁTr(Ll)* to a
centered Gaussian process for almost all samples (Y1, X1, Z1), (Yo, X, Z5),. ..

follows directly. Further, \/ﬁTr(f)* is independent of the sample (Y7, X1, Z7), ...
and converges weakly to

CE [I{X c 9}(1{2 < 2} — Fyix o (2] X, 0))],

where ( is standard normally distributed. From this one can deduce conditional

weak convergence of \/ﬁ(Tfll)* + T,gQ)*) to a Gaussian process for almost all
(Y1,X4,721), (Ya, X2, Z5),.... The conditional covariance is

nCov* (T<1 “(O1,y) + TP*(Oy, y),T,§1>*(®2,z)+T,§2>*(®2,z))

1 n
= = > H{X;€0:1n @2}(I{Zi <y}t- FZ\X,E(y|XiaO))

=1
x (I{Zi <z} = Fyx e (2| X, 0))

and converges almost surely to k(©1,y, 02, 2)/(7(1—7)) as defined in Corollary
3.3. Thus weak convergence of \/nT}, to T follows if we show

sup |[R*(2,0)| = op(—= ! ) for £ =1,2. (B.4)
2,0 \/—

For ¢ = 1 this can be deduced similarly to (but easier than) the proof of Theorem
2 in Delgado and Gonzélez-Manteiga (2001). The main arguments are as follows.
Note that

RD*(0,2) = ZZ I{X € 0}

n2ad == sz(XuO)

x (FZ\X,E(Z|X1',0) -1{Z; < Z}) (%)N(i)’
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where

X 1 & /Xj—=z i —y
9 = e L)V
Fxe(@y) nate J; a e

is a kernel estimator for the joint density of X,e and is uniformly consistent
(under typical assumptions on the kernels L and N and the bandwidths a and e).
It can be replaced by fx -(x,y) in RWY* (0, z) without changing the asymptotic
order. Further, by applying a Taylor expansion for the kernel N the residuals
€; can be replaced by the true errors €; and the term obtained for ¢ = j in the

representation of RS)* can be bounded by a constant times

1 €
nad ne Z | Z|fX;._-(Xl,O)N(z)

which is of order Op((na?)~!) and hence op(n='/2) by proper choice of the
bandwidth. Thus it remains to consider the U-process

Un(©,2) n2ad ZZ Vi ;){(X ; 90} (FZ|X,E(Z|XZ-, 0) —I{Z; < z})

=1 j=1
J#i

A

For fixed (O, z) Hoeffding’s decomposition shows that the dominating term is

I{X; €0
nade Z f;{( (X, 0} (FZIX,E(Z|X1'7 0) — Fiz)x,e (2], 0))

< LT (Y) ety day)

with a variance bounded by

2
%/(ﬁ/(FZ|X,E(z|t,0)_FZX,g(z|x,0))L(xT_t)N(%)fx,s(x,y)d(x,w)

Ix(t)
X 7fX,s(t7 0) dt,

which is of order o(n™!) by continuity of ¢ — Fy|x -(2[t,0). Thus, Uy (z,0) =
op(n~1/?). Uniformity of the arguments in z and © and hence (B.4) for £ = 1
can be obtained with methods as in Delgado and Gonzilez-Manteiga (2001)
(compare their term A}, in the proof of Th. 2).

For the second remainder term we use the simple bound

1 n
s(;1p|R(2 (0,2) < EZI{T<U1-S%orf'<Ui§T}—|—|7°—7'|.
# i=1
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Note that from the proof of the main result it follows that 7 = 7 4+ op(n~1/?)
(consider T,,(0, z) with © = R4, 2 = co componentwise). Thus for all 7 > 0 we
have

32

(pinre.> )

1n
< P{|=Y Hr<Ui<#)—7+7|2
< <|n {r<U; <7} —7+71|>

i=1
+p(

< 2P sup |Gn(t) - Gn(tl)l >
‘t_t/‘gn—1/2 4

n . 1
1 <A<
4\/570_7 T_\/ﬁ>

> g<r—r< ) 4o0)
~ 4yn’ =TTTEh ¢

>+0(1) = o(1),

1 n
EZI{%<U1'§T}—T+7A'

i=1

E

B

where the last equality and thus (B.4) for ¢ = 2 follows from asymptotic

stochastic equicontinuity of the standard uniform empirical process G, (t) =
n~V2Y (U <t} — 1), t € [0,1].
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