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For fixed a € (0,1), the quantile regression function gives the ath quantile 6,(x) in the
conditional distribution of a response variable Y given the value X = x of a vector of
covariates. It can be used to measure the effect of covariates not only in the center of
a population, but also in the upper and lower tails. A functional that summarizes key
features of the quantile specific relationship between X and Y is the vector 3, of weighted
expected values of the vector of partial derivatives of the quantile function 6,(x). In a
nonparametric setting, 8, can be regarded as a vector of quantile specific nonparametric
regression coefficients. In survival analysis models (e.g. Cox’s proportional hazard model,
proportional odds rate model, accelerated failure time model) and in monotone transfor-
mation models used in regression analysis, 3, gives the direction of the parameter vector
in the parametric part of the model. B, can also be used to estimate the direction of the
parameter vector in semiparametric single index models popular in econometrics. We show
that, under suitable regularity conditions, the estimate of 3, obtained by using the locally
polynomial quantile estimate of Chaudhuri (1991 Annals of Statistics), is n'/?-consistent
and asymptotically normal with asymptotic variance equal to the variance of the influ-
ence function of the functional 3,. We discuss how the estimate of 3, can be used for
model diagnostics and in the construction of a link function estimate in general single index
models.
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1. Introduction. The quantile regression function is defined as the ath quantile 6,(x) in
the conditional distribution Fyx(y|x) of a response variable Y given the value X = x of
a d-vector of covariates: for fixed a, 0 < o < 1, 0,(x) = inf{y : Fyx(y|x) > a}. It has
the advantage, over the commonly used mean regression, that by considering different «,
it can be used to measure the effect of covariates not only in the center of a population,
but also in the upper and lower tails. For instance, the effect of a covariate can be very
different for high and low income groups. Thus, in the latest presidential election, the
Democrats produced data showing that between 1980 and 1992, there was an increase in
the number of people in the high salary category as well as the number of people in the
low salary category. This phenomena could be demonstrated by computing the @ = .90
quantile regression function 6 go(x) of salary Y as a function of the covariate + = time and
comparing it with the a = .10 quantile regression function 6 19(x). An increasing 6 .go()
and a decreasing 6 1o(x) would correspond to the Democrats’ hypothesis that “the rich got
richer and the poor got poorer” during the Republican administration. The US Government
yearly conducts a sample survey of about 60,000 households [the yearly Current Population
Survey (CPS)] from which estimates of various quantiles can be obtained. Rose (1992)
reported data for 1979 and 1989, and there the 10th percentile and the 90th percentile
of the family income indeed show opposite trends over time. Recently Buchinsky (1994)
have reported an extensive study of changes in US wage structure during 1963-1987 using
linear parametric quantile regression. Similarly, in survival analysis, it is of interest to
study the effect of a covariate on high risk individuals as well the effect on median and
low risk individuals. Thus one can be interested in the quantiles 61(x), 6 5(x) and 04(x)
of the survival time Y given a vector x of covariates. Quantile regression is also useful
in marketing studies as the influence of a covariate may be very different on individuals
who belong to high, median and low consumption groups. Hendricks and Koenker (1992)
studied variations in electricity consumption over time using some nonparametric quantile
regression techniques.

1.1. Nonparametric quantile regression coefficients. Statistical literature frequently
focuses on the estimation of the mean conditional response u(x) = E(Y|x). In linear
statistical inference, the partial derivatives du(x)/0x;, where x = (x4, -, x4), are assumed
to be constant and are called regression coefficients. They are of primary interest since they
measure how much the mean response is changed as the ¢th covariate is perturbed while
other covariates are held fixed. However, this does not reveal dependence on the covariates
in the lower and upper tails of the response distribution [see e.g. Efron (1991) for a detail
discussion of this latter issue]. The quantile dependent regression coefficient curves can be
defined as
0 (x)=00,(x)/0z;, i=1,....d

which measure how much the ath response quantile is changed as the :th covariate is per-
turbed while the other covariates are held fixed. We consider the nonparametric setting
where the gradient vector VO,(x) = (0,,(x),...,0.,(x)) is estimated using some appropri-
ate smoothing technique, and we will focus on the average gradient vector

B, = (Bats---, Paa) = E(VO,(X)).



The vector B, which gives a concise summary of quantile specific regression effects, will
be called the vector of (nonparametric) quantile regression coefficients. Note that f3,; gives
the average change in the quantile of the response as the ¢th covariate is perturbed while
the other covariates are held fixed. Note also that in the linear model Y = Z;l:l v, X; + e,
the vector 3, coincides with the vector v = (41, -+, 7va) of regression coefficients.

We next consider two examples which illustrate quantile specific regression effects when
the covariate is real valued.

EXAMPLE 1.1. jFrom Bailar (1991), we get Table 1 which gives the first, middle and
third quartiles of statistics professor salaries for the academic year 1991-92. Departments
of Biostatistics and Colleges of Education were excluded. The explanatory variable x is the
number of years in the rank of full professor. ;From Table 1 and Figure 1, we see somewhat
different trends over time in the three quartiles. Note that there is nonlinearity and some
heteroscedasticity in this data set. Table 2 illustrates the quantile regression coefficient
curves for a = .25, .5, .75, and gives the estimated nonparametric quantile regression
coefficients

(Bas, 35, Brs) = (0.31,0.67,1.01),

computed as a weighted average of é;(:p) using the weights p(x), where the p(x) are the
relative frequencies of data points in the bins indicated in the top rows. Again, these
coefficients reveal a big difference in the effects of the covariate on the three quantiles.

Table 1. Quartiles of salaries (in thousands of dollars) of
Statistics Professors 1991-1992. z is the number of years as
Full Professor. n, is the sample size. Y n, = 469.

x 2 5 8 11 14 17 20 23 | 25%
95(x) | 50.1 | 51.5 | 56.7 | 54.5 | 55.5 | 56.0 | 60.5 | 60.6 | 54.8
O50(x) | 54.0 | 62.2 | 63.8 | 61.5 | 62.8 | 69.0 | 70.9 | 66.9 | 62.2
0.75(

x) | 61.9 | 7T1.4 | 71.8 | 72.4 | 75.7 | 77.7 | 76.9 | 80.6 | 83.4
N 79 69 | 48 65 63 32 30 27 | 36

(Figure 1 around here)



Table 2. Quartile specific rates of change in salaries of Statistics
Professors as seniority increases. p(x) is the proportion of people in the indicated category.

v | 25|58 | 811 | 1114 | 1417 | 1720 | 20-23 | 23-25+ | 3,
0'y5(x) | 047 | 1.73 [ -0.73 | 033 | 0.17 | 15 | 0.03 | -1.93 || 0.31
0'50(x) | 273 | 0.53 | -0.77 | 0.43 | 2.07 | 0.63 | -1.33 | -1.57 || 0.67
0':5(x) | 317013 020 | 1.1 | 0.67 | -0.27 | 1.23 | 0.93 | 1.01
ple) | A8 ] 14 | a4 | 16 | 14 | 20 | .07 [ .08 |

EXAMPLE 1.2. We next consider a model where the quantile regression coefficient
vector reveals interesting aspects of the relationship between X and Y in the tails of the
response distribution as well as the center. Consider the heteroscedastic model

Y = u(X) + lp(X)]e

where ¢ and X are independent, ¢ has continuous distribution function F., the mean of ¢
is zero, and 7 and A are real parameters. The log normal and gamma regression models
are of this form with A = 1 and u(x) = Z;l:l x;7;, while the Poisson regression model is of
this form with A = £, [cf. Carroll and Ruppert (1988), p.12]. Let e, be an ath quantile of
F., then

0.(x) = p(x)+lpx)] e
Vu(x) = Vu(x) +7A[(x)]"'Vu(x)eq
B, = E(VuX)+ 7 AE{[uX)*'Vu(X)}e,

When A = 0, the quantile regression coefficient vector 3, is, for any fixed «, equivalent to
the average derivative functional of Hardle and Stoker (1989). Note that this model gives
dramatically different 6,(x), V0,(x) and B, for different a. For instance, if F, = &, the
N(0,1) distribution, d = 7 = A = 1, and p(x) = 91 + Y22, we have 8, = [1 + 7' (a)]..

Thus the quantile regression coefficients turn out to be

By=—02829,, Bs=7s Bo=22827.

This model, with v5 > 0, nicely captures the “the rich get richer and the poor get poorer”
hypothesis.

1.2. Survival analysis and transformation models. Many models in statistics, in
particular in survival analysis, can be written in the form of a transformation model

d
(L) M) =3 X+ 6
7=1
where Y is survival time, X = (Xy,---, Xy) is a vector of covariates, v = (y1,---,7a) is

a vector of regression coefficients, € is a residual independent of X, and & is an increasing
function specific to the model being considered. For instance, Cox’s proportional hazard
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model is of this form with h(y) = log {—log [l — Fo(y)]}, and there the distribution F, of €
is equal to the extreme value distribution 1 —exp {—exp{t}}. Here Fj is an unknown con-
tinuous distribution function referred to as the baseline distribution: it is the distribution
of Y when the 4;’s are all zero. Dabrowska and Doksum (1987) considered the estimation
of 0,(x) in this model. Similarly, the proportional odds rate model is of the form (1.1)
with  h(y) = log [Fo(y)/ {1 — Fo(y)}] and F, = the logistic distribution 1/[1 4+ exp{—t}].
See Doksum and Gasko (1990) for the details and history of these two and similar models.
A third important survival analysis model of the form (1.1) is the accelerated failure time
model where h(y) = logy and F, is unknown. In the above three models, the first two have
unknown h and known F., while the third has known A and unknown F.. Other models
of the form (1.1) have parametric h and F.. For instance, Box and Cox (1964) and Bickel
and Doksum (1981) have h equal to a power transformation and let F, depend on a scale
parameter. Box and Cox consider normal F, while Bickel and Doksum consider robustness
questions for more general F..

We consider model (1.1) with both h and F, unknown, and assume that % is continuous
and strictly monotone and F| is continuous. Since h is unknown, = is only identifiable up
to a multiplicative constant; in other words, only the direction of = is identifiable. We
drop the assumption that X and ¢ are independent and add instead a weaker assumption
that the conditional quantile e, of € given X = x does not depend on x. Then, using the
notation ¢ = A~%,

0,(x) = g(x"y +e,) and B, = c,y, where ¢, = F [g’(XT'y + ea)] .

It follows that 3, has the same direction as =y, and we may without loss of generality
estimate 3,. Note further that (5.:/8.;) = (7i/v;) so that (3, and S,; give the relative
importance of the covariates X; and X;.) One implication of this is that the coefficients
in the Cox model can be given an interpretation similar to the usual intuitive idea of
what regression coefficients are: the Cox regression coefficients give the average change in
a quantile (e.g. median) survival time as the ¢th covariate is perturbed while the others
are held fixed. The quantile regression vector 3, is a unifying concept that represents the
coefficient vectors in the standard linear model, the Cox model, the proportional odds rate
model, the accelerated failure time model, etc.

REMARK 1.1. Let d, = 8,/|8,], where |- | is the Euclidean norm. In model (1.1),
4., = 0 does not depend on « as long as ¢ and X are independent, and § represents the
direction of = so that estimates of 4, obtained at grid points aq,- -+, can be combined
into an estimate of § by computing their weighted average. Conversely, if ., # 4, for two
different values of «, then the model (1.1) with X independent of € does not hold, which
suggests that the conditional quantile approach can also be used for model diagnostics (see
Section 3).

REMARK 1.2. We obtain an estimating equation for ¢ = h™' by introducing Z =
Z;l:l X;B.; and noting that, if we let {,(7) denote the ath quantile in the conditional
distribution of Y given Z, then ¢g can be expressed as

9(2) = La (ca(Z — €a))

5



and we can estimate the “shape” of ¢ and h using an estimate of the ath quantile function
£.(7Z) (note that ¢ is identifiable up to a location and scale transformation of its argument).

1.3. Reduction of dimensionality and single index models. Nonparametric esti-
mation of the gradient vector Vf,(x) is subject to the “curse of dimensionality” in the
sense that accurate pointwise estimation is difficult with the sample sizes usually available
in practice because of the sparsity of the data in subsets of R? even for moderately large
values of d. An important semiparametric regression class of models is projection pursuit
regression, which has been used by a number of authors [e.g. Friedman and Tukey (1974),
Huber (1985)] while analyzing high dimensional data in an attempt to cope with the “curse
of dimensionality”. The one term projection pursuit model, which gives the first step in
projection pursuit regression, has the form

(1.2) Y = g(v"X) + .

where =~ is a d-dimensional parameter vector (the projection vector), ¢ denotes random
error, and ¢ is a smooth real valued function of a real variable. Stigler (1986, pp. 283-290)
pointed out that Francis Galton used a projection pursuit type analysis while computing
“mid-parents’ heights” in course of his analysis of the data on the heights of a group of
parents and their adult children in the late 19th century. Note that when (1.2) holds, we
must have 0,(x) = g(¥Tx) + e,(x), where e,(x) is the ath quantile in the conditional
distribution of € given X = x. Therefore, if e,(x) is a constant free from x for some
0 < a < 1, the gradient vector V8,(x) will be equal to a scalar multiple of ~ for all x.
Consequently, an estimate of 3, gives an estimate of the projection direction |v|~'~. Note
that when the smooth function ¢ is completely unspecified, only the direction of ~ (and
not its magnitude) is identifiable as in the transformation model (1.1).

In recent econometric literature, there is a considerable interest in the so called single
index model [see, e.g., Han (1987), Powell, et al. (1989), Newey and Ruud (1991), Sherman
(1993)] defined by
(13) Y = 647X, ),

where ¢ is a random error independent of X, and ¢, which is a real valued function of two
real variables, is typically assumed to be monotonic in both of its arguments. Duan and
Li (1991) considered a very similar model in their regression analysis under link violations.
They did not assume any monotonicity condition on the unknown link function ¢. Their
sliced inverse regression approach for estimating the direction of 4 is applicable under the
assumption of elliptic symmetry on the distribution of the regressor and the independence
between X and e. Hardle and Stoker (1989) and Samarov (1993) investigated procedures
for estimating the direction of ~ in (1.2) and (1.3), using estimates of the gradient of the
conditional mean of Y given X = x. Their approach requires neither the elliptic symmetry
of the regressors nor the monotonicity of ¢. However, the use of the conditional mean of
the response makes the procedure non-robust, and it does not allow for the estimation of
the function ¢ in (1.3) (see Section 3 on the estimation of ¢).

It is important to note that most of these earlier approaches require independence be-
tween the errors € and the regressor X, thus imposing a strong homoscedasticity condition.



The approach of this paper allows one to weaken this assumption and only requires that,
for some 0 < v < 1, the ath conditional quantile e,(x) is a constant free from x, which is
some kind of a centering assumption for the distribution of the error e. It was considered,
e.g., by Manski (1988) in the context of binary response models, who called this assump-
tion quantile independence. Typically one would center the conditional distribution of the
response at 6 5(x), and in that case e 5(x) is assumed to be a constant free from x, which
can be taken as zero without loss of generality. This centering device allows one to work
under possible dependence between the covariate X and the error e.

Note that model (1.1) is a special case of model (1.3), and model (1.2) is not a special
case of model (1.3) unless ¢ is assumed to be monotonic. We will drop the assumption of
monotonicity of ¢ with respect to its first argument and assume that ¢ is strictly increasing
in its second argument. Note that this will cover (i) the regression model with product error
Y = exp(4F'X), where v is smooth and positive, (ii) the heteroscedastic one-term projection
pursuit model Y = g(47X) + e (4T X), where ¢ is smooth and ¢ is smooth and positive,
and (iii) the heteroscedastic one-term projection pursuit model with transformation

hY) = 1 (v"X) + etp(v"X),

where 1 is smooth, /& is smooth and monotonic, and 5 is smooth and positive.
In model (1.3) with ¢ monotonic only in its second argument,

ea(x) = ¢{7TX7 ea(X)}v

and if there exists 0 < a < 1 such that e,(x) is a constant free from x, V0,(x) will again
be a scalar multiple of « for all x. Hence, an estimate for 3, can be used to estimate the
direction of # in this case too.

The rest of the paper is organized as follows. In the next section we consider non-
parametric estimation of the average gradient functional 8. We report some results from
a numerical study to illustrate the implementation of the methodology and discuss large
sample statistical properties of the estimate of 3, in detail. A discussion of efficiency, diag-
nostic applications, and estimation of the link function in model (1.3) are given in Section
3 while Section 4 contains the proofs.

2. Estimation and main results. Let (Xy, Y1), --,(X,,Y,) be n independent random
vectors distributed as (X,Y), X € RLY € R!. For fixed 0 < a < 1, let #(x) be the
conditional ath quantile of ¥ given X = x and let f(x) denote the density of X. We want
to estimate

(2.1) B = [{VO(x)} () f(x) dx.

where the dependence of #(x) and 3 on « is suppressed as long as it does not cause an
ambiguity, and w(x) is a smooth weight function with a compact support within the interior
of the support of f(x).

The weight function is introduced to obtain functionals and estimates that are not
overly influenced by outlying x values (high leverage points). It allows our functional 8 to



focus on quantile dependent regression effects without being unduly influenced by the tail
behaviour of f(x). It also reduces boundary effects that occur in nonparametric smoothing.
The weight function does not alter the fact that 3 has the same direction as ~ in the single
index model with an unknown monotonic link. In a more general nonparametric setting, we
would recommend using a smooth weight function which equals one except in the extreme
tails of the X distribution.

We will consider two estimators of 3. The first one is the direct plug-in estimator

A

(2.2) By =3 {VIX0) ) w(X),

where Vé(Xz) is a nonparametric estimator of the gradient of the conditional quantile
f(x) at x = X;. The second estimator is based on the observation that, under the above
assumptions on the weight function w(x), integration by parts gives:

B =~ [ 0(x)¥ {w(x)f(x)}dx.

the sample version of which gives:

wm>

(2.3)

where Z(Xz) = Vf(XZ)/f(XZ), and f and V[ are some nonparametric estimators of the
density and its gradient. We will use here leave-one-out kernel estimators

. X; X
(2.4) [(X5) = 1 h;‘i ; W(———— o
and
A 1 X - X;
(2.5) V(X)) = = Dhitt ; wt T)v

where W : RY — R' and W : R — R? are multivariate kernels for the density and its
gradient, respectively, and £, is a (scalar) bandwidth such that h, — 0 as n — co. The
bandwidth in Vf does not have to be same as that in f (cf. Lemma 4.3).

While various nonparametric estimators of conditional quantiles could be used in (2.2)
and (2.3), including kernel, nearest neighbor, and spline estimators [see, e.g., Truong (1989),
Bhattacharya and Gangopadhyay (1990), Dabrowska (1992), Koenker, et al (1992, 1994)],
we will consider here the locally polynomial estimators [cf. Chaudhurl (1991a,b)]. The
reason is that in order to develop asymptotic results for [31 and 52, we need to consider
local polynomials in d variables with arbitrary degrees, and Chaudhuri’s results provide
Bahadur-type expansions of estimators of 6(x) as well as of estimators of V#(x) which can
be readily adapted for our purposes.



Consider a positive real sequence 6, — 0, which will be chosen more explicitly later.
Let C,(X;) be a cube in R? centered at X; with side legth 24,,, and let S, (X;) be the index
set defined by

Sa(Xi)={7:1<y3<n,5#1,X; € C,(X;)}, and N,(X;) = #(5.(X))).

For u = (uy,...,uq), a d-dimensional vector of nonnegative integers, set [u] = u; +...+
ug. Let A be the set of all d-dimensional vectors u with nonnegative integer components
such that [u] <k for some integer k > 0. Let s(A) = #(A) and let ¢ = (cu)uea be a vector
of dimension s(A). Also, given X;,X, € R?, define P,(c,X;,X3) to be the polynomial
Suea cul(Xy — X3)/6,]" (here, if z € R? and u € A, we set z% = M4, 2% with the

1=1~2
convention that 0° = 1). Let ¢,(X;) be a minimizer with respect to ¢ of
(2.6) Y palYi = Pu(e, X, X)),

where po(s) = |s| + (2a — 1)s. Since 0 < o < 1, pa(s) tends to oo as |s| — oo, and so
the above minimization problem always has a solution [see Chaudhuri (1991a, b) for more
on the uniqueness and other properties of the solution of this minimization problem]. We
now set é(Xz) = ¢n0(Xy) and Vé(Xz) = €u1(X,)/bn, where é,0(X;) and ¢,1(X;) are the
components of the minimizing vector of coefficients ¢,(X;) corresponding to the zero and
first degree coefficients, respectively.

Note that (2.6) defines a leave-one-out estimator, i.e. ¢,(X;) does not involve Y;. This
simplifies the use of the conditioning argument at various places in the proofs in Section
4. Tt may be pointed out however that even if ¢,(X;) is allowed to involve all the data
points including the 2th one, the asymptotic behavior of the resulting estimates [31 and [32
remains same. As a matter of fact, the leave-one-out and the non-leave-one-out versions of
the estimates of 3 are asymptotically first order equivalent in the sense that their difference
converges to zero at a rate faster than n=1/2,

2.1. Some numerical results. We consider “Boston housing data” that has been
analyzed by several statisticians in the recent past [see e.g. Doksum and Samarov (1995) for
a recent analysis of the data and other related references]. There are n = 506 observations
in the data set and the response variable (V') is the median price of a house in a given area.
We focus on three important covariates that are RM = average number of rooms per house
in the area, LST AT = the percentage of population having lower economic status in the
area and DI1S = weighted distance to five Boston employment centers from houses of the
area. One note-worthy feature of the data is that the Y-values larger or equal to $50,000
have been recorded as $50,000 (the data was collected in early 70’s). Such a truncation in
the upper tail of the response variable makes quantile regression, which is not influenced
very much by extreme values of the response, a very appropriate methodology.

We computed normalized nonparametric quantile regression coefficients 5, = Ba|3a|_1
using locally quadratic quantile regression. All covariates were standardized so that each
of them has zero mean and unit variance. For weighted averaging, we used the weight
function defined as : w(z1, 22, 23) = wo(z1)wo(22)woe(zs), where wo(z) = 1 if |z| < 2.4,

wo(z) = [1— {(z+24)/0.2}2% if —=2.6 < =z < =24, wo(z) = [I — {(z —2.4)/0.2}2]* if
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2.4 <z < 2.6 and w(z) = 0 for all other values of z. We considered estimation of 3, with
varying choices of the bandwidth 6, in order to get a feeling for the effect of bandwidth
selection on the resulting estimates. 5., was observed to be fairly stable with respect to
different choices of the bandwidth ¢, as we tried 1.0, 1.2, and 1.4 as values for ¢,. Table
3 summarizes the results for 6, = 1.2. The local quadratic fit requires the local fitting of
ten parameters. For three points near the boundary in x space with positive w(x), there
were not enough data points in the 6,, neighborhood to do a local quadratic fit. For these
three points we doubled ¢, (see, e.g., Rice (1984) for a similar approach to the boundary
problem).

Table 3. Normalized nonparametric quantile regression coefficients
for “Boston housing data”.

o | 010 ] 025 | 050 | 0.75 | 0.90 |
RM ] 0.438 [ 0.443 [ 0.533 [ 0.553 [ 0.505
LSTAT | -0.676 | -0.848 | -0.844 | -0.814 | -0.812
DIS 0593 [ 0.291 | 0.066 |-0.178 | -0.292

The following conclusions are immediate from the figures in Table 3. Firstly, LST AT
appears to be the most important covariate for all percentile levels by comparing the
absolute values of the normalized coefficients. This observation is in conformity with the
findings reported in Doksum and Samarov (1995). Secondly, covariates do seem to have
different effects on different percentiles of the conditional distribution of the response. In
particular, the sign of the coefficient of DI.S changes from positive to negative as we move
from lower percentiles to upper ones.

2.2. Asymptotic behavior of the estimators. In this section we give results on
the asymptotic behaviour of the estimators [31 and Bz- We find that by assuming certain
smoothness conditions on f(x) and #(x) and by using local polynomials of sufficiently
high degree, we can establish the asymptotic normality of \/ﬁ(Bj - B),) = 1,2, in a
nonparametric setting. Moreover, we show that [31 and [32 have the same influence function
and this influence function equals the influence function of the functional 3, which indicates
that, with additional regularity conditions, asymptotic nonparametric efficiency can be
achieved. We also investigate how much efficiency [31 and [32 loose in parametric models
by comparing them with the Koenker and Basset (1978) quantile regression estimator in a
linear model, and find that the efficiency loss is small.

In what follows, the asymptotic relations such as a = O(1),0(1),0,(1), or o,(1),
applied to a vector a, will be understood componentwise. We will also use notation
r.(X) = Op,(a,) and r,(X) = or,(a,), with a real sequence a,, meaning that, as n — oo,
E(r,(X)/a,)?* is bounded and converges to zero, respectively.

Let V be an open convex set in B?. We will say that a function m : R — R! has the
order of smoothness p on V with p = [+ ~, where [ > 0 is an integer and 0 < v < 1, and
will write m € H,(V), if (i) partial derivatives D%m(x) := d™Wm(x)/0z}" ... dz}y* exist and
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are continuous for all x € V' and [u] < /. (ii) there exists a constant C' > 0 such that
|D"m(x1) — D"m(x2)] < C|x1 — x| for all x;,x2 € V and [u] = 1.

The orders of smoothness p;, 5 = 1,...,4, in Conditions 1 through 4 below will be
specified later.

Condition I : The marginal density f(x) of X is positive on V and f € H, (V).

Condition 2 : The weight function w is supported on a compact set with nonempty
interior, supp(w) C V and w € H,, (V).

Condition 3: The conditional density f,x(e|x) of ¢ = ¥ —0(X) given X = x, considered
as a function of x, belongs to H,, (V) for all e in a neighborhood of zero (zero being the
ath quantile of the conditional distribution). Further, the conditional density is positive
for e = 0 for all values of x € V, and its first partial derivative w.r.t. e exists continuously
for values of ¢ in a neighborhood of zero for all x € V.

Condition 4 : The conditional ath quantile function #(x) of ¥ given X = x has the
order of smoothness py , i.e. 0(x) € H,, (V).

Condition 4 implies that for every x € V| k = [p4], and all sufficiently large n, §(x+té,)
can be approximated by the k-order Taylor polynomial

(2.7) 0% (x4 t6,,%) = > cpu(x)tY,
ucA
with the coefficients ¢, w(x) = (u!)_lDue(X)5Lu], where u! = u;!...uy!, and the remainder

r(td,,x) = 0(x + té,) — 05 (x + t6,,x) satisfies the inequality
(2.8) [r(t6n. )| < C([t]6,)™,

uniformly over [t| <1 and x € V.
Condition 5 : Let k' > 1 be an integer. a) The kernel W : R? — R! is a bounded
continuous function with bounded variation on its support, which is contained in the unit

cube [—1,1]%. Further, W(t) = W(—t), [ W(t)dt = 1, and
/ W (t)t%dt = 0 for [u] < K.

b) The components W{V(t), v = 1,...,d, of the kernel W) : R? — R? are bounded

continuous functions with bounded variation on their support (contained in [—1,1]%),

W(t) = —WH(—t), and
/ W)t = —61u]d1a,

for [u] < &', where &, is the Kroneker delta.

THEOREM. Let v be a real number in (0,1]. For the “plug in” estimator Bl, assume
that conditions 1, 2, and 3 hold with py = py = p3s = 1 + ~, condition j holds with
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ps > 3+43d/2, that the order of the polynomial in (2.6) is k = [pa], and that the “bandwidth”
0, in the definition (2.6) of the conditional quantile estimator is such that

1
2.9 0, X n~" with — :
( ) n o wil 2(]34_1)</<;<4_|_3d
For the “by parts” estimator 32, assume that the conditions 1, 2, and 4 hold with py = ps =
ps = p > 3+ 2d and condition 3 holds with p3 = 7, and condition 5 holds with k' = [p]. Let
q be a real number such that 3d/2 < ¢ < p and suppose that the order of the polynomial in
(2.6) is k = [¢q]. Assume also that

1 1
(2.10) b, <X n~" with Z <K< 3d’

and the bandwidth h, of the kernel estimators (2.4), (2.5) is chosen such that

1 1
2.11 hy,=<xn"" with ——m <7< — —.
(2-41) -1 =T ST

Then for 3 =1,2, asn — oo,

(2.12) B~ 8=

1 n ' N (o — .. Vw(XZ)—l—w(XZ)K(XZ)
;w(Xz)W(XZ) (o — e < 0}) T [0XIX0)]

where ¢, =Y, — 0(X,), {(X) = Vf(X)/f(X), and 1{-} is the indicator function.

-8+ Op(n_1/2)v

n

REMARK 2.1. Note that the nonparametric estimates of the quantile surface 6,(x)
and its derivative Vf,(x) converge at a rate slower than n~'/2. Their rates of convergence
are quite slow when the number of covariates (i.e. the dimension of X) is large. We obtain
n~'/? rate of convergence for the estimate of the vector of quantile regression coefficients
B even in a non-parametric setting. The “weighted averaging” of the derivative estimates
leads to a concise summary of the quantile specific relationship between the response Y and
the covariate X and enables us to escape the “curse of dimensionality” that occurs in non-
parametric function estimation at least asymptotically. To achieve this, we need to assume
in Condition 4 that the degree of smoothness py of §(x) grows with the dimensionality d,
as required by Lemmas 4.1 and 4.3.

REMARK 2.2. Note that even though both estimators Bj, 7 = 1,2, have the same
asymptotic expansion, the first one needs less smoothness of the marginal density f(x) and
the weight function w(x) in conditions 1 and 2, respectively. Also, the second one requires
nonparametric estimation of f(x) and its derivative. We hope to make a comparison of the
finite sample performance of [31 and [32 in terms of their mean square error in a separate

paper.

12



3. Discussion.

Efficiency considerations. The theorem in Section 2 shows that the estimators Bj,
J = 1,2, are, using the terminology of Bickel, et al. (1994), asymptotically linear with the
influence function

Vw(X) + w(X){(X)
frx (0(X)[X)
and hence are asymptotically normal with covariance matrix Var(IF,(X,Y)). A straight-

forward computation shows that [F,(x,y) is, in fact, the efficient influence function, i.e. it
coincides with the influence function of the functional 3, so that Proposition 3.3.1 of Bickel,

(3.1)  TF(X,Y)=w(X)VO(X) - (a —1{c < 0}) _ B,

et al. (1994) implies that, under additional regularity conditions [such regularity conditions
have been discussed in Newey and Stoker (1993)] guaranteeing pathwise differentiability
of the functional 3, the estimators Bj, 7 = 1,2, are asymptotically efficient in the class of
regular estimators.

Note that the asymptotic efficiency of nonparametric estimators B]‘ of the functional
B does not imply their efficiency as estimates of the coefficients 4 in the semiparametric
models (1.1)-(1.3), cf. Klaassen (1992), Horowitz (1993), Klein and Spady (1993), Bickel
and Ritov (1994). Example 3.1 below demonstrates that the loss in efficiency of our non-
parametric estimates, when applied to some parametric models, may not be very large.
Even though the estimators B]‘ will not typically be fully efficient in specific parametric
versions of models (1.1)-(1.3), the fact that they are \/n consistent means that they can
serve as initial estimators for various “one-step” and other “improved” estimators in those

models, see Klaasen (1992), Bickel, et al. (1994).

EXAMPLE 3.1. Consider the transformation model (1.1), where X and € are indepen-
dent, h is increasing and differentiable, and X is multivariate normal N (g, ¥). In this case
V0.(x) = 7 {H (0 ()} £0x) = — 51 (x— ) and fyuBal3)|x) = fulea B/ (B2 (x)), where
€, 18 the ath quantile of e. We have from (2.12) that the asymptotic variance-covariance
matrix of B, (and B,) is

a(l — a)E { —w(X)2 X — ) + Vw(X)} {—w(X)Z_l(X —p) + Vw(X) }T
nfi(ea) h'(0.(X)) h'(0.(X))

+ vvIn"War {ﬂ} .

h(0.(X))

If we take w(x) equal to one except in the extreme tails of the density of X, then, to a very
close approximation, this asymptotic variance-covariance matrix is equal to

fa(l = a)/n (e K (02(X))} S (X = @)X = ) S 4y~ Var (s ).

In the case when h(y) = y, we have 3, = 7 and this expression reduces to
a(l — a)

w1
nfilea)
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which we recognize as the asymptotic variance-covariance matrix of the quantile regression
estimate of the coefficient vector in the linear model, see Koenker and Basset (1978). This
means that our estimator, which is constructed without knowing h, is nearly as efficient
in this case as the Koenker-Basset estimator which uses the linearity of A(y). We also
note that for this model and the same weight function w(x), the asymptotic variance-
covariance matrix of the Hérdle-Stoker estimator B354 of E{w(X)Vu(X)} = ~ [recall
that u(X) = E(Y|X)] is equal to a?n~*X~!. Therefore, the asymptotic efficiency of our
estimator of = relative to the Hardle-Stoker estimator is

ocf2(eq)

a(l —a)’
which is equal to the relative asymptotic efficiency of the sample a-quantile estimator vs.

the sample mean, which may be greater or less than one depending on « and the distribution
of e.

The choice of bandwidth. Note that the choices (2.9) and (2.10) of the bandwidth 6,
“undersmooth” compared to the optimal nonparametric function estimation bandwidth
b, = n~ )T [ef - Chaudhuri (1991a,b)]. The “undersmoothing” is needed to make the
bias of the estimators of the order o(n='/2); the variance attains the order 1/n because of
the averaging over different X;’s. As long as the bandwidth ¢,, satisfies conditions (2.9) or
(2.10), the choice of bandwidth only has a second order effect on the mean squared error
(MSE) of Bj, J = 1,2, In the case of average derivative estimation of 4 in model (1.2),
Hérdle, Hart, Marron and Tsybakov (1992) and Héardle and Tsybakov (1993) have used
the second order term in the MSE to obtain an expression for the asymptotically optimal
bandwidth. Note that in their approach also, undersmoothing is needed to obtain the
desired asymptotic results. Recently, Hardle, Hall and Ichimura (1993) have investigated
simultaneous estimation of the optimal bandwidth and the vector « in model (1.2).

Estimating the “link” functions in semiparametric models. Assume now that in the
semiparametric models (1.1)-(1.3), for a given 0 < a < 1, the conditional a-quantile of
¢ given X = x is constant in x, i.e. €,(X) = €,. Set Z = 4TX, and denote by &,(2)
the conditional ath quantile of Y given Z = z. Then we have {,(z) = h™'(z + €,) in
model (1.1), £.(2) = ¢g(z) 4 €, in model (1.2), and £,(2) = ¢(z, es) in model (1.3). So,
after getting an estimate of the direction of 4, one can project the observed X’s on that
estimated direction and then use those real valued projections to construct non-parametric
estimates of h, ¢ and ¢ in model (1.1), (1.2) and (1.3) respectively (keeping in mind the
identifiability constraints in each of these models). This can be viewed as dimensionality
reduction before constructing nonparametric estimates of the functional parameters in the
models (1.1 ), (1.2) and (1.3). Under suitable regularity conditions, it is easy to construct
an estimate fa(z) of £,(z) that will converge at the rate O,(n~%/%), which is the usual rate
for nonparametric pointwise estimation of a function of a single real variable. Properties
of some nonparametric estimates of the conditional quantile function &,(z) constructed
following the above strategy will be investigated in detail in a separate paper. Note,
however, that such estimates of £,(z) are not necessarily monotonic and one needs to
establish asymptotic results for isotonic versions of the estimates. Nonparametric estimates
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of an unknown monotone transformation in regression models similar to (1.1) can be found

in Doksum (1987), Cuzick (1988), Horowitz (1993) and Ye and Duan (1994).

Model diagnostics. The nonparametric estimates of the average derivatives of condi-
tional quantiles (or quantile regression coefficients) 3, lead to some useful model diagnos-
tic techniques [cf. related works on heteroscedasticity by Hendricks and Koenker (1992)
and Koenker, et al. (1992)]. Note first that if conditions in Section 2 hold for several
conditional quantiles ,,(x),...,0,,(x), where 0 < a; < az < ... < a < 1, Theorem
2.1 implies that our estimates of 8, ,...,3,, are jointly asymptotically normal. Using the
asymptotic normal distribution of estimators of 8, ..., 3, , we can construct asymptotic
tests of their equality when d = dim(X) = 1, and thereby test homoscedasticity in such
situations as mentioned in example 2 in Section 1.

In the models (1.1)-(1.3) in the presence of strong homoscedasticity, i.e. when € and X
are independent, V8, (x) will be proportional to the parameter vector 7 for all & and x, and
hence the estimated directions of V8,(x)’s for different values of @ and x should be closely
aligned, and so should be the estimates of quantile regression coefficients 3, for different
«’s. Using again the joint asymptotic normality of the estimates of [3% for g =1,...,k,
we can construct asymptotic tests of homoscedasticity for the models (1.1)-(1.3) by testing
the hypothesis of identical directions of 3, ’s.

Further diagnostic information can be obtained by using nonparametric estimates of
the d x d matrix functional

(3.2) s o = Eu(X){V0,(X)H{V8.(X)}",

which can be estimated in a way essentially similar to 3, (asymptotic properties of the
estimates of (3.2) will be considered in a separate paper). In particular, the validity of the
single index models (1.3) can be tested by testing that the rank of , , is one. More generally,
, o can be used to identify the linear subspace spanned by the vectors ~;, j = 1,..., kin the
general dimensionality reduction (or multiple index) model Y = G(xT~,,...,xT~,,¢) of Li
(1991). Just note that, provided the function G is monotonic in € and the ath conditional
quantile of € given X is free from X, this subspace coincides with the subspace of those
eigenvectors of , , which have nonzero eigenvalues [cf. Samarov (1993)].

Further work. A number of important issues remains to be addressed: (i) The finite
sample size performance of the estimators has to be investigated using Monte Carlo meth-
ods. This would include an investigation of bandwidth selection rules for the smoothers
used in [31 and [32 as well as a comparison of the mean squared errors of [31 and Bz- (ii)
Statistical properties of the estimates of the link function in models (1.1), (1.2), and (1.3)
remain to be more fully investigated. In particular, the estimates of £,(z) mentioned earlier
in this section which converge at the rate O,(n=?/%) are not necessarily monotone. We need
to establish asymptotic results for the isotonic versions of our estimators.  (iii) While Ex-
ample 3.1 suggests that the loss in efficiency of our nonparametric estimators, when applied
to some parametric models, may be not very large, it is of interest to find out how close
the asymptotic variance of Ba is to the asymptotic efficiency bounds in the semiparametric
models (1.1), (1.2), and (1.3).  (iv) In our examples of transformation model, we included
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some important models used in survival analysis. We are currently working on extending
the results of this paper to censored data, see Dabrowska (1992).

4. Proofs. We will first prove three lemmas. The first lemma is an extension of the
Bahadur type representation for the local polynomial conditional quantile estimators and
their derivatives given in Theorem 3.3 in Chaudhuri (1991a), which is uniform in the
conditioning variables and does not assume the independence between X and the residual
e=Y —0(X).

Denote by ¢,(x) = (¢uu(X))uca the s(A)- vector of Taylor coefficients in (2.7) and let
I(w)={e:X; €supp(w), i =1,2,...,n}.

LEMMA 4.1. Assume that the density of X is positive and continuous on V and the
weight function w has a compact support in V. Then, under the conditions 3 with p3 = =,
v > 0, and condition 4 with py > 0 and k = [p4], we have

(4.1) 6(X0) — eu(X)) = (N,(X) G (X))
S b(6,.X; — Xo)(o— 1Y) < 0505, XX, — Xi| < 6,) + R (X0).

=1

where the s(A)-vector
(4.2) b(6:, X, — Xi) = {6;M(X; = X%, [u] < &}
has “naturally” ordered components, G, is the s(A) x s(A) matriz

o1 a6V fqx (01X + 6t ) f (X + 65t )dt

(4.3)  Gu(Xi) = {grV = e FOX + 60 , [u] < K[V < kY
07 (x1,%3) is defined in (2.7), and the remainder term R, (X;) satisfies
max |R.(X5)] = O (n_?’(l_”d)/4[log n]3/4) almost surely as n — oo,
provided that 6, < n™" with 1/(2ps +d) < k < 1/d.
REMARK 4.1. Under the conditions of Lemma 4.1, we have
(z)lrenl?g) S R.(X)| = o(n™'?) almost surely as n — oo,
provided that ¢, < n™" with
(4.4) 1/(2ps+d) < k < 1/(4+ 3d)
and
(u)lrenl?g) |R.(X;)| = o(n~'?) almost surely as n — oo ,

provided that ¢, < n™" with

(4.5) 1/(2ps+d) < v < 1/3d.
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The item (i) will be used for the “plug in” estimator [31 and (ii) for the “by parts” estimator
B

Proof of Lemma 4.1 : The proof, which is based on modifications and extensions of the
corresponding proofs in Chaudhuri (1991a, b), will be presented in steps. We will provide
only the main ideas and skip technical details, which are fairly routine in view of the proofs
already documented in Chaudhuri (1991a, b).

Step 1: Let 6, < n™", where 0 < & < (1/d), and for a pair of positive constants ¢; < ¢y
define the event F, as

E, = { ent < N.(X;) < ean' T for all X; € supp(w) }

Then in view of the conditions assumed on the marginal density of X and the weight
function w, it follows by a straight forward modification of the arguments used in the

proofs of Theorem 3.1 in Chaudhuri (1991a) and Theorem 3.1 in Chaudhuri (1991b) that

it is possible to choose the constants ¢; and ¢, so that
Pr (liminf £,) = 1.

In fact, Pr(limsup ES) converges to zero at an exponential rate.
Step 2 : For a constant K7 > 0, let F), be the event defined as

Fy = { [eu(Xs) — eu(X0)| < Kin~ 0D/ (log n)'/? for all X; € supp(w) }

and £ > 1/(2ps + d). Once again, in view of the conditions assumed on the conditional
density of the error e given X, simple modifications of the arguments used in the proofs of
Theorem 3.2 in Chaudhuri (1991a) and Theorems 3.2 and 3.3 in Chaudhuri (1991b) yield
the following. There exists a choice of K7 such that

Pr(liminf F,,) = 1.

In fact, here also Pr( limsup F ) converges to zero at an exponential rate. Observe that
Fact 6.5 in Chaudhuri (1991a) and Fact 5.2 in Chaudhuri (1991b), which play very crucial
role, were stated in a set up in which the error € and the regressor X are independent.
However, as long as the conditional distribution of € given X satisfies Condition 3 the main
implication of those facts remain unaltered and they can be restated to serve our purpose.

Step 3: Finally, some routine modifications and extensions of the argument used in the
proof of Theorem 3.3 in Chaudhuri (1991a) exploiting Bernstein’s inequality and Theorems
3.1 and 3.3 in Koenker and Bassett (1978) [see Facts 6.3 and 6.4 in Chaudhuri (1991a)]
yield the following

ml?x) |R.(X;)| = O (n_3(1_”d)/4[10g n]3/4) almost surely as n — oo,
redl(w

provided that x > 1/(2ps + d). This completes the proof of Lemma 4.1.

Before stating Lemma 4.2 and its proof, we need to introduce some notations. Let @)
be the s(A) x s(A) matrix with a typical entry quy = [_; jat"tVdt , where u,v € A,
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cf. Chaudhuri (1991a,b). Denote by e;, 1 < ¢ < d, the i-th column of the d x d identity
matrix. Denote by @ the s(A)x s(A) matrix with a typical entry ¢  ; = fi_; ;e t*FV e dt,
u,v € A

Note that matrices () and ()7 can be written as

(4.6) Q:/ b(1, t)b(L,t)Tdt.
[-1,1]¢

and

(4.7) Q;:/ t:b(1, t)b(L,t)7dt,
[—1,1)4

respectively.

Set p,(X) = &¢ Jioi e f(X + 6,8)dt. Note that under condition 1 with py = 1+ 7,
~ > 0, we have for X € V

pn(X)

(4'8) (25n)d =

f(X) + OL2 (57£+W)

We will denote by fg(((), x) the first order partial derivative of f. x(0,x) w.r.t. the ith
co-ordinate of x.

LEMMA 4.2.
a) mazi<i<n|No(Xi) — np,(X5)| = O((nlog n)1/2) almost surely as n — oo.
b) If Conditions 1 and 3 hold with p; = ps = 1+, v > 0, we have for X € V the following

ETPANSION

S (XG0} = {£.x(0,X)} Q7!

d .

(4.9) 6. {L.x(0.X)} 7 Y Q7 QIQT K (0,X) + 1 (X),
=1

where r,(X) = O, (6177, with Or,(-) interpreted here componentwise.

Proof : Part a) follows immediately from Bernstein’s inequality, since np,(X;) =
To prove part b), note that the numerator of a typical entry of ,,(X) (see (4.3)) has
an expansion of the form

d .
/[ ll]dt“tvfe,x(O,X—l—(Snt)dt = £.x(0.X)quy + 60 @5y f % (0,X) + Op,(81+),
_7 =1

and use von Neumann expansion for the inverse matrix, see, e.g., Stuart and Sun (1990).

The next lemma will be used only for the “by parts” estimator Bz-
LEMMA 4.3. a) Assume that the density f(x) of X is positive and continuous on V

and the weight function w has a compact support in V. Then, under condition 3 with
ps =147, v >0, condition 4 with py > d/2, and

(4.10) 6, xn~", with 1/(2ps +d) < k < 1/(2d),
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we have

maicrn]8(X:) = 8(X))] = o,(n~'1%)
b) Under condition 1 with p; > d and condition (5) with k = [p1], and

1
(4.11) hy=n™7, — <7<

we have for the density estimator (2.4)
matie )| f(X:) = f(X:)] = 0p(n~"*),
¢) Under condition 1 with p; > d 4+ 2 and condition 5 with k = [p1], and

(4.12) h - ! <7< !
. n=n , ——r T ,
Apr —1) 4d+1)

we have for the estimator (2.5)

maziern|V(Xi) = V(X)) = op(n '),

Proof : Claim a) follows from Step 2 in the proof of Lemma 4.1.
Next, it follows from theorem 3.1.12, claim (i), in Prakasa Rao (1983) that

A A log 1 1/2
sup | f(x) — Ef(x)| = O(M), almost surely as n — oo.
XeV hnn /2

Combining this result with supycy |Ef(x) — f(x)] = O(hP"), which is obtained, under
conditions 1 and 5, by applying the standard Taylor expansion argument [see, e.g., Lemma
1 in Samarov (1993)], and choosing h, as in (4.11), we get the claim (b).

Applying the proof of claim (i) of theorem 3.1.12 from Prakasa Rao (1983) to the
components of the vector V f(x), we get

A A log log n)'/?
(4.13) )S(lelg IVf(x)—EVf(x)|= O(W),almost surely as n — oo.

Applying the argument of claim (b) to the components of Vf(x), we get supyey |EVf(X) —
Vf(x)] = O(htr~1), which, together with (4.13) and (4.12), proves claim (c).
Proof of the Theorem for Bl. Setting w; = w(X;), we have
A 17 R 1
(4.14) Br—B = wi(VOX;) - VOX))+ - > wVOX;) - B,

n =1 n =1

and to prove the asymptotic expansion (2.12) it is sufficient to obtain the corresponding
scalar expansion for L 377 w;al (VO(X;) — VO(X;)) with an arbitrary d-vector a. For two
positive constants c3 < ¢, define the event D, (X;) = {c3né? < N, (X;) < e4né?}. Note that
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there exist appropriate choices for ¢z and ¢ such that Pr{max;<;<,, X,csuppw) 1H{ D5 (Xi)} >
0} converges to zero at an exponential rate in view of Bernstein’s mequahty, and we,
therefore, have

(4.15) ~ > wal (VO,(X;) — V 8(X)))

n =1

— lzn:wzaT(Vén(XZ) -V Q(Xz))l{Dn(Xz)} + Op(n—l/z)‘

n =1

Applying now Lemma 4.1 to the RHS of (4.15), we have

(4.16) %iwiaT(Vén(Xi) — V 6(X)){D,(X,)} =
WA 0 32 b6, X (a0 < 00X

1 i3
UIX, = X < 8 1DUX)) + —— 3w AT B (XU DL(X0) 40,02,
non =1
where the s(A) vector AT = (0,aT,0,...,0) selects in the expansion (4.1) the terms corre-
sponding to the first order partial derlvatlves of 6.
It follows from Remark 4.1 that, when é,, is chosen as in (4.4),

(4.17) szATR (X)1{D,(X:)} = op(n~Y?).

m =1

n(5

We will next replace 87(X;,X;) in the leading term in the RHS of (4.16) with 8(X;),
and will denote the resulting expression U. The error which results from this replacement
is of the order o,(n~'/?) in view of the fact that the smallest eigenvalue of (i, (x) is bounded
away from zero uniformly over x € supp(w) as n — oo, (2.8), and of the left inequality in
(2.9).

Writing now U as

where U, is obtained from U by replacing N, (X;) with its conditional expectation np,(X;)
and then dropping 1{D,,(X;)}, we show that .J, = o,(n~'/?). Note first that, using part a)
of Lemma 4.2 and (4.8), we have

. . 1 _ 1 A —3/2¢-2d_/
Maxr1<i<nWs {Nn(Xz) npn(Xz) } 1{Dn(Xz)} - O(n 5n 10g n)v

almost surely as n — o0o. Next, by Bernstein’s inequality

MaT1<i<n Z b(6,,X; — X)) (a — {Y; <O(X)HIH{IX;, = Xi| <6 1H{D.(X))}

J=1,57#1
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=0 (\/n&f logn) )

almost surely as n — oo. Since |G} !(x)| remains uniformly bounded for x € supp(w) and
Pri{max,<i<,, X;esupp(w) 1{D5(Xi)} > 0} goes to zero at an exponential rate, we obtain,
using also (2.9), J, = Op( -1/,

Observe now that U, is a U-statistic with the kernel dependent on n:

Un = Z fn(Zi,Zj), Wlth ZZ = (X“K), fn(Z“Z]) = nn(Z“Z]) —|— nn(Z]‘,Zi),

1<i<y<n

1

Nn(21,22) = mw(xl)AT{n}?n(Xl)Gn(&)}_1 X

b(0,,%2 — x1)(a — 1{ys < O(x2)})1{|x2 — x:1| < 6.},

where z, = (xk, yx), k = 1, 2.

To analyze U,,, we note first that the standard conditioning argument gives F¢,, (Z;,Z;) =
Enn(Z;,Z;) = 0. The usual Hoeffding decomposition of U,,, [see, e.g., Serfling (1980)], now
gives

n(n n

71)(155 (Z1,Z) — 2E¢%(2)) < nin—1)

(4.18)  E(U,— P,)?* = 5 5 )Ef (Z1,Z5),

where P, is the projection of U,:

(4.19) P,=(n-1) ign(z
and
(4.20) 9n(2) = B¢ (2,Z) = Eng(Z,z).

We evaluate first ££2(Zy,Z5) in (4.18). Conditioning on (X;, X3), we have:

(4.21) EE(Zy, Zy) < ALy, ) = —— Ew(X1) (o — 1{Ys < 8(X3)})*x

242
n262

(A" {pa(X2)Ga(X1)} (6, X — X)) PL{IX, — Xy < 6,) =

%EW(}Q)(AT{nPn(Xl)Gn(Xl)}_lb((SnaX2 — X)) 1{|Xz = X4 < 6,}.
Applying (4.8), the fact that the smallest eigenvalue (7,,(x) is bounded away from zero, as
n — oo, uniformly over x € supp(w), and that each component of b(é,, Xy — X1)1{|Xy —
X,| < é,} is bounded by 1, we get F&2(Zy,Zy) = O 45d+2) which together with (4.18)
implies '

E(Un - Pn)2 = O(W)v
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and, hence, under (2.9),

1

To complete the proof, we need to extract from the projection P, in (4.19) the part
which is free from n, i.e. to show that

(4.23) V, = Var((n—1) ign(zi) - (”n; ) i(a— 1{Y; < 0(Xi)})a’ M(X;)) = o(n™").
where
o) f(x), QL) Viwx)f(x)
(4.24) M(x) = —V( Fx (va)) V. x(0,x) P05 X0
We have
(4.25) v, = ”(”Tf)zvar((a ~1{e < 0})x

[ [ wOOAT (e (X)Gu(x)} b8 X — X)X, x| < 8.} () — a” M (X, )]

_ (n —1)?a(l — ) y

E(% / w(x)AT{p, (x)G(x)}7'b(8,, Xy — x)1{|Xy — x| < 6, } f(x)dx — a” M(X4))*.

Using now Lemma 4.2 and making a change of variables x = Xy — té,, in the integral
n (4.25), we get

[T (5 (616 () (8, Xs — XJLX — x] < 8] F(x)x

_1 (X —t6,)
(4.26) =5 /[—1,1]d w(X, — t6,) K (t)fe,x(o,xl et
S — 6, w(Xy .
N /[—1,1]d (0, X, — t5 ZL x (0, Xy = t6,)dt + O, (67),

where K(t) = ATQ7'b(1,t) and L;(t) = ATQ7'Q:Q~'b(1,t). Note that (4.6) implies
that

(4.27) / K(t)bT(1,t)dt = A7,
[-1,1]¢

i.e. K(t)is a multivariate kernel of the order k for the first derivative. Similarly, (4.6) and
(4.7) imply that

(4.28) /[ ]dLi(t)bT(l,t) — ATQ7'QF = (ai,0,...,0,¢1)si = 1,....d,
11
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where a; is the ¢-th component of the d-vector a and ¢y, is a vector filling in the components
corresponding to the components of b (1,t) with the powers t* with [u] = k. (4.28) means
that the functions L;(t), ¢ = 1,...,d, are multivariate kernels of the order & — 1.

We next expand the multiplier of K (t)in (4.26) into the first order Taylor expansion and
the multipliers of L;(t) into their zero order Taylor expansions, note that the remainders,
in both cases, are of the order Or,(67), and apply (4.27) and (4.28): (4.23) then follows
from (4.25) and (4.26).

Combining now all of the above results, we obtain the needed expansion for
%2?21 wiaT(Vé(Xi) — VO(X,)) with an arbitrary d-vector a:

LS it (V00X o) = LS 0~ 1 < 0T X)o7,

n = =1
which completes the proof of the Theorem for Bl.

Proof of the Theorem for [32 is similar to that for Bl, and we will only indicate the
differences. We have

[
>
—~
>
~—
=
—~
>

(129) By =8 =~ S (0(X) — 0(X)) (Vi + wil(X) — (0X) — (X))~

L X (T 4 w0 d(X V(w(X)f(X))
;e(xz)(v +w (X)) + E0(X) X) ,

n “
and we need to obtain expansions for the first two sums in (4.29), which we will denote by
17 and I, respectively. To obtain the expansion for I; we repeat the arguments given in
the proot of Theorem 1 with the following modifications:

(i) w; is replaced with the vector Vw; + w;l(X;),

(i) In (4.16) the factor 1/6, is dropped and the vector AT is replaced with the s(A)-
vector AT = (1,0,...,0) and the d-vector a becomes (1,0,...,0).

(iii) Lemma 4.1 is applied with k = [¢] instead of k = [p4] and, accordingly, ¢ replaces
pa in (4.5).

(iv) The kernel K (t) becomes here a k-order kernel for the function itself and not for
its derivative, and only the first term of the expansion in part (b) of Lemma 4.2 is used in
(4.26), so that the kernels L; do not appear at all.

(v) The function M(x) in (4.24) here becomes M (x) = (Vw(x) + w(x)l(x))/ fx (0]x).

With these modifications, we obtain, using (2.10),

1 i3
(4.30) I = - Z(oz — 1{¢ <0}) T (01X,) +o,(n?).
For I, we have, using lemma 4.3 and the assumption (2.11),
1 & A A 1IN P
Ly=—— Z: O(Xi)wi(VF(Xi)=U(Xo) (X)) F(Xi)—~ Z(en(Xz’)—9(Xz’))wz’(1(X¢)—l(Xz’))—
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_% 30X )iV F(Xi) — 1(X) F(X0))/£(Xi) + 0, (n7H2).

Plugging into (4.31) the expressions (2.4) and (2.5) for f(XZ) and Yf(XZ), we see that
the leading term in the RHS of (4.31) is a U-statistic with the kernel U,, dependent on n:

Un= 3 01X, X5) + (X, X0),

1<i<y<n
where

X; — X;
nln— DA ) iy

)XW (),

Ma(Xi, Xj) = — W

The mean of the kernel u,, = Ei, (X, Xs3) = £7, (X, Xy) is
(132 o = BE(, (X0, X,)[Xy) =

0(X1)w(Xy) 1

1o X=X
ntn— Dia g G

b

)= X)W ()X =

o)
b

6(Xy)w(Xy) L (Dey
En(n—l)f(Xl)/[_n]d(hnW (t) — I(X0)W () F(Xy + thy)dt.

Using now the usual Taylor expansion argument [see, e.g., Lemma 1 in Samarov (1993)]
and conditions (1) and (5), we obtain

o
4. n=0(————).
(4.33) o = O i)
The projection of U, is
(134) Py= (0= 1) 32050(X0) — 20,
=1

with ¢,(x) = En.(x,X) + En,.(X,x). Repeating the argument given in (4.32), (4.33), we
get for the first term E7,(x,X) = O(hL™!/(n(n — 1))) uniformly over x € supp(w), while
its second term is

1
n(n —1)hd

x—X X—X)))‘

Bin(X.x) = - )= 1w (-

Relying here again on the same Taylor expansion and higher order kernel argument as in
(4.32), (4.33), and using conditions (1), (2), (4), and (5), we obtain from (4.34), using again
(4.33),
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(4.35) b, = %Z(V(w(Xi)Q(Xi)) +w(X)0(X)(X:)) + Oy (h2Y).
As in case of (4.18)-(4.21), we have

B0, = P < 2l = DB X) + () =

Q(Xl)w(X1) 2 1 1 1 x — X4 x—X; ot
P )n(n—l)hgd/(ﬂw()(TH(XIW( ) O Y) <

L p el 1 (Lo z 251
s YTy /[_w(hnw () — (X)W ()2 F (X1 + thy)dt + O(h2F=D)

1
2},d+2
n2hot

(4.36) = O )+ OR3Py,

Choosing now h,, as in (2.11), we obtain, combining (4.31) through (4.36),

I = 3" V(w(X)8(X.)) + w(X)8(X )X + o,(n~1?),

n =1

which together with (4.29) and (4.30) completes the proof of Theorem for Bz-
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