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Abstract: We consider the problem of modeling heteroscedasticity in semi-
parametric regression analysis of cross-sectional data. Existing work in this
setting is rather limited and mostly adopts a fully nonparametric variance
structure. This approach is hampered by curse of dimensionality in practi-
cal applications. Moreover, the corresponding asymptotic theory is largely
restricted to estimators that minimize certain smooth objective functions.
The asymptotic derivation thus excludes semiparametric quantile regression
models. To overcome these drawbacks, we study a general class of location-
dispersion regression models, in which both the location function and the
dispersion function are semiparametrically modeled. We establish unified
asymptotic theory which is valid for many commonly used semiparametric
structures such as the partially linear structure and single-index structure.
We provide easy to check sufficient conditions and illustrate them through
examples. Our theory permits non-smooth location or dispersion functions,
thus allows for semiparametric quantile heteroscedastic regression and ro-
bust estimation in semiparametric mean regression. Simulation studies in-
dicate significant efficiency gain in estimating the parametric component
of the location function. The results are applied to analyzing a data set on
gasoline consumption.
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1. Introduction

The problem of heteroscedasticity, which traditionally means nonconstant vari-
ance function, frequently arises in regression analysis of economic data. In this
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paper, we broaden the scope of heteroscedasticity by considering a general class
of location-dispersion regression models, where the relation between a response
variable Y and a covariate vector X is given by

Y =m(X) +o(X)e. (1.1)

In the above model, € denotes the random error, m(-) is called regression function
and the nonnegative function o(-) is called dispersion function. With different
specifications on e, this formulation includes both the conditional mean and
conditional median (or more general quantile) regression models.

In the literature, model (1.1) has been thoroughly investigated for parametric
mean regression, where m(-) is characterized by a finite-dimensional parame-
ter and E(e|X) = 0 (Davidian, Carroll and Smith, 1988; Zhao, 2001; Chapter
11, Greene, 2002, among others). This paper focuses on semiparametric regres-
sion models, which are less studied but are extremely useful due to their flex-
ibility to accommodate nonlinearality and to circumvent curse of dimensional-
ity (Hérdle, Liang and Gao, 2000; Ruppert, Wand and Carroll, 2003; Yatchew,
2003). In particular, we consider the general setup with m(x) = m(z, ag,70),
where « is a finite dimensional parameter and r( is an infinite dimensional pa-
rameter. The main interest is often in making inference about o while treating
ro as a nuisance parameter, which can only be estimated at a slower than /n
nonparametric rate.

In semiparametric regression models, the commonly used estimation proce-
dures in general still yield consistent estimators for ag even if heteroscedasticity
is not accounted for. However, efficiency loss due to ignoring heteroscedasticity
may be substantial. Moreover, the correctness of the standard error formula for
ap and the validity of the associated confidence intervals or hypothesis testing
procedures depend critically on the dispersion function (Akritas and Van Keile-
gom, 2001; Carroll, 2003). In addition, it is sometimes important to model the
dispersion function in order to obtain a satisfactory bandwidth for estimating
the nonparametric part of the regression function. Ruppert et al. (1997) pro-
vided such an example, where the heteroscedasticity is severe and the variance
function has to be estimated in order to obtain a good bandwidth for estimating
the derivative of the mean function.

In the semiparametric regression setting, Schick (1996), Liang, Hardle and
Carroll (1999), Hardle, Liang and Gao (2000, §2), Ma, Chiou and Wang (2006)
have studied heteroscedastic partially linear mean regression models, where the
variance function o?(z) is assumed to be smooth but unknown. They estimate
the variance function nonparametrically, and then use the estimator to con-
struct weights to achieve more efficient estimation of the parametric compo-
nent of the mean regression function. Hardle, Hall and Ichimura (1993) investi-
gated heteroscedastic single-index models, so did Xia, Tong and Li (2002); and
Chiou and Miiller (2004) proposed a flexible semiparametric quasi-likelihood,
which assumes that the mean function has a multiple-index structure and the
variance function has an unknown nonparametric form.

The aforementioned work, however, suffers from several drawbacks. First,
they have all adopted a fully nonparametric model for the variance function.
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This approach does not work well in high dimension due to curse of dimension-
ality. Second, their asymptotic theory can only be applied to a specific semi-
parametric structure. Third, these methods require a smooth objective func-
tion thus do not apply to semiparametric quantile regression models, see for
instance He and Liang (2000), Lee (2003), Horowitz and Lee (2005). In fact,
existing study of heteroscedastic quantile regression is restricted to paramet-
rically specified quantile function (Koenker and Zhao, 1994; Zhao, 2001). The
last point is also relevant when one is interested in robust estimation for the
mean regression model in the presence of outlier contamination.

We also like to mention Miiller and Zhao (1995), who consider a general semi-
parametric variance function model in a fixed design regression setting. In their
model, the regression function is assumed to be smooth and is modeled nonpara-
metrically, whereas the relation between the variance and the mean regression
function is assumed to follow a generalized linear model. However, although the
variance function has both a parametric and nonparametric component, and so
can be considered as being semiparametric, its model differs quite a bit from
the semiparametric model we use in this paper.

The above concerns motivate us to propose a flexible semiparametric frame-
work for modeling heteroscedasticity and to develop a unified theory that ap-
plies to general semiparametric structures and non-smooth objective functions.
In particular, we advocate to adopt a semiparametric structure for modeling the
dispersion function. This approach avoids the rigid assumption imposed by a
parametric dispersion function; at the same time it circumvents the curse of di-
mensionality introduced by a nonparametric dispersion function. In this general
framework, we establish an asymptotic normality theory for estimating the form
of heteroscedasticity by building on the work of Chen, Linton and Van Keilegom
(2003), who developed a general theory for semiparametric estimation with a
non-smooth criterion function. We provide a set, of easy to check sufficient con-
ditions, such that the asymptotic normality theory is valid for many commonly
used semiparametric structures, for instance, the partially linear structure and
the single-index structure. We discuss but do not get deep into how the knowl-
edge of heteroscedasticity can be used to construct a more efficient weighted
estimator for the parametric component of m(-).

We discuss two different constraints for the random error ¢ in (1.1): the
mean zero constraint and the median zero constraint, which correspond to mean
regression and median regression, respectively. Although the current theory is
restricted to cross-sectional data, the ideas and techniques can be applied to
extend to time-series models for heteroscedastic economic and financial data,
such as the autoregressive conditional heteroscedastic (ARCH) model of Engle
(1982).

The paper is organized as follows. In Section 2 we formally introduce the
semiparametric location-dispersion model and discuss how to estimate the dis-
persion function. Section 3 provides generic assumptions that are applicable to
general semiparametric models, and presents the asymptotic normality theory
for estimating the dispersion function. In Section 4 we verify these generic con-
ditions for two particular semiparametric models. The finite sample behavior of
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the proposed methods is examined in Section 5, while Section 6 is devoted to
the analysis of data on gasoline consumption. In Section 7 some ideas for future
research are discussed. Finally, all proofs are collected in the Appendix.

2. Estimation of a semiparametric dispersion function
2.1. Semiparametric location-dispersion model

We consider a general semiparametric location-dispersion model:
Y = m(X7 CYQ,T'O) +0—(X7ﬁ0790)87 (21)

where X = (X1,...,X4)7 is a d-dimensional covariate vector with compact
support Rx, ag and [y are finite dimensional parameters, and ry and gg are
infinite dimensional parameters. Let (X!, V)T = (Xu4,..., Xa;, Yi)T be iid.
copies of (XT,Y)T. The conditions that need to be imposed on € to make the
model identifiable are given in Section 2.3 (mean regression) and Section 2.4
(median regression).

The dispersion function is assumed to have a general semiparametric
structure. This paper discusses two examples in detail (Section 4), correspond-
ing to the exponentially transformed partially linear structure o(X, Sy, g0) =
exp(B5 X(1) + 90(X(2))) with X = (X(Tl), X(TQ))T and the single-index structure
(X, Bo, go) = go(BL X), respectively. We assume that the unknown function go
belongs to some space G of uniformly bounded functions that depend on X and
8 through a variable U = U(X, ), where 3 belongs to a compact set B in R,
with £ > 1 depending on the model (e.g. U(X,3) = X2y and U(X, ) = BT X
for the above partial linear and single index structures respectively). For any
function g, the notation gg will be used to indicate the (possible) dependence on
B. The estimator of the true gy will in fact in many situations be a profile estima-
tor, depending on f3 (see the examples in Section 4). For notational convenience
we use the abbreviated notation (8,9) = (8,95(-)), (8,90) = (8,905(-)) and
(Bo,90) = (Bo, gos, (+)), whenever no confusion is possible. Whenever needed, we
will replace o(X, 8, g) by o(X, 8, gp) or (X, 3,93(U)) to highlight the depen-
dence of the function g on the parameter § or on the variable U (note that this
implies that the third argument of the function ¢ can be a function in G or an
element of R, depending on which notation we use).

To keep the notations and presentation simple, we assume that both gy and
U are one-dimensional. However, all the results in this paper can be extended
in a straightforward way to the multi-dimensional case. For example, we may
have go = (go1, - - -, gox) for some k > 1, which allows a multiplicative model for
o of the form o(x) = H;l:l goj ().

Although we will discuss later how to use the estimated dispersion function
to construct a more efficient estimator for o, our main interest in this paper is
to establish a general theory for estimating Sy and o (X, By, go). Therefore, we
will simply write mg or mo(X) to denote the regression function in the sequel.
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2.2. A motivating example

To help understand the general estimation procedure, we start with a motivating
example given by

Y = mQ(X) + exp{ﬁgX(l) + go(X(Q))}E, (2.2)
where E(e|X) =0, Var(e|X) =1 and X = (X}, X)), with X1y = (X1,...,

1)
Xq-1)" and X(9) = X4. Note that model (2.2) can also be written as

(¥ = mo(X))? = exp {267 X + 200(X(2)) |
+exp {260 X (1) + 200(Xp) Je2 = 1), (23)

Since E(g? — 1|X) = 0, the regression function in the new model (2.3) is equal
to the variance function in the original model (2.2). Therefore we can apply
estimation techniques known from the literature on semiparametric regression
estimation to estimate the variance function. In particular, rewrite (2.3) as

(Y—m@@
exp(ﬁOTX(l))

and estimate s(z2) = exp(2go(x2)) by kernel smoothing:

n z2—X(2); i —m (X, 2
Y K (L) (o)

an exp(BT X (1);
xo—X(2)i
Z?:l K( : an(2) )
where K (+) is a kernel function, a,, is a smoothing parameter that tends to zero
as sample size gets large, and () is a preliminary estimator of the regression

function mg(-).
Note that (2.4) can be rewritten as

(Y —mo(X))* = exp(2ﬁ0TX(1))s(X(2)) + eXp@BoTX(l))=9(X(2))(52 —-1).

Thus we can estimate §y by minimizing the following weighted least squares
objective function in 3:

ol zn: [(Yi — mO(Xi))QA —exp(287 X (1):)s(X(2):)]?
] exp(48*T X (1);)52 (X (2)i)

) — exp(20(X(2))) + exp200(X o ) = 1), (24)

8p(x2) =

)

; (2.5)

where B* is an initial estimator of [y, like e.g. the unweighted least squares
estimator.

Taking the derivative of (2.5) with respect to 3, then replacing s(X();) and
mo(X;) by their respective estimators, leads to the following system of equations
in 3:

- zn: {(Yi - m(Xi))% — exp(267 X(1)1)35(X (2):)
im1 eXP(4ﬂ*TX(1)i)§%*(X(2)i)

=0. (2.6)

eXp(2BTX(1)i)§5(X(2)i)X(1)i
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Finally, the variance function can be estimated by 62(x) = exp(QBTxl)élé(:zrg).
The above procedure can be iterated until convergence, where at each step the
estimator B* is updated, and the estimated variance function is used to improve
the estimator of my.

The estimating equation (2.6) is obtained by the backfitting method. An
alternative approach is to first replace s(X();) with the estimator 55(X(2);) in
(2.5), and then take the derivative with respect to 3. One then also needs to
take into account the dependence of 35(X(2);) on (. This latter approach leads
to the so-called profile estimator. We focus our attention on backfitting type
estimators in this paper, see also Remark 2.1 in Section 2.3.

2.3. Estimation of the dispersion function with zero mean errors

We assume in this subsection that F(¢|X) = 0 and Var(e|X) = 1, in which case
mo(X) = E(Y|X) and 0%(X, B0, 90) = Var(Y|X). Similarly as in (2.3), rewrite
model (2.1) as:

(Y - mO(X))2 = 02(X7 ﬁOago) + 02(X5 ﬂo,go)(52 - 1)
Then, By is the solution of the following set of equations in [:
H(Bu go, Mo, ’LUQ) = E[h(Xu Yu Bu go, Mo, ’U}O)] = 07

where wo(z) = o ~*(z, Bo, g0),

e, 6,9, 1m,0) = (@) (4 = m(@))? - 0%(w,8.9)] ho*(@ Bug). (2)

and where 8%02(33,@9) = (%ﬁ(x,ﬁ,g(u(z,ﬂ)))) , Note that 8%02@,

B,g) is in general not only a function of S and g, but also of %, unless
u = u(z,B) does not depend on f, see for example the single-index struc-
ture discussed in Section 4. The weight function w(x) belongs to some space W
of uniformly bounded functions and could in principle be taken as w(z) = 1.
However, better results are obtained in practice for the above choice of weight
function, which is motivated from efficiency considerations.

Let 7 be an estimator of mg, which can be taken (in this first step) as
the estimated regression function under the homoscedasticity assumption. Let
g(u) be an appropriate estimator of go(u) that is differentiable with respect
to u. In many situations, the estimator ¢ depends on 3, see for instance the
motivating example in Section 2.2; we will therefore denote it by gz whenever
the dependence on f is relevant. We estimate the weight wo(x) by w(z) =
0_4(90,3*,573*), where B* is (in this first step) the unweighted least squares

J=1,...,

estimator, i.e. B* satisfies Hn(ﬁA*,f]B*,rh, 1) = 0, where

n

Hn(ﬂagamaw) = nilzh(XZ7}/l7ﬂ7g7m7w)7

i=1
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with h(z,y, 8, g, m,w) defined in (2.7). Now, define 3 as the solution in 3 of the
equations

Hn (B, gs, i, w) = 0. (2.8)

We estimate the variance function o?(z, 89, g0) by 6%(z) = 02(1,3,%). This
procedure can be iterated until convergence, where at each step we update the
estimator B* and we re-estimate mg by using a weighted estimation procedure
that takes the heteroscedasticity into account via the estimated variance func-
tion.

Remark 2.1. Note that in the formula of H, (3, §g, 1, W) the derivative %02 (z,
B, §p) is obtained without taking into account that gz depends on £ (i.e. we first

calculate the derivative 8%‘72 (x,8,g) and then plug-in g = gg, thus 8%‘72 (z, B,

gp) = 8%02 (z,8,9)|g=45)- As a consequence, our general estimation procedure
does not cover profile estimation methods (where the derivative of o2(z, 3, jg)
takes the dependence of gz on S into account). However, it is easy to extend our
method to profile estimators. See Section 7 for more details. For a comparison of
the backfitting estimator and the profile estimator, we refer to the recent paper
of Van Keilegom and Carroll (2007) and the references therein.

2.4. Estimation of the dispersion function with zero median errors

Now we consider the estimation of the dispersion function when it is assumed
that med(e|X) = 0 in model (2.1), which implies that m(X) = med(Y|X).
This can be straightforwardly extended to general quantile regression.

For identifiability of o(z), we need some additional assumption on the distri-
bution of the random error. The assumption med(|e|| X) =1 leads to o (X, Bo, go) =
med(|Y —mo(X)| |X) (median absolute deviation). An alternative common as-
sumption is E(|e] |X) = 1, which leads to o(X, £, g0) = E(]Y — mo(X)] |X)
(least absolute deviation). The second case is technically easier to deal with
than the first. We therefore concentrate on the first case, see also Remark 3.6
in Section 3.3.

Keeping the same notations as in Section 2.3, and writing model (2.1) as

|Y - mO(X)| = U(Xa [30590) =+ U(Xa ﬂOago)(|E| - 1)5

we see that [ is the solution in 8 of H (S, go, mo, wo) = E[h(X,Y, B, go, mo, wo)] =
0, where now wq(z) = o~ *(z, B9, go) and

0
ey, 5,9, m, w) = w(w) [21{ly — m(z)| ~ oz, 5,9) > 0} —1] 750(x. 5.9).
Note that the choice of the weight fucntion is motivated from efficiency con-
siderations. In fact, in the weighted least squares procedure that we used for
the setting of zero mean errors, the weights were equal to the variance of the
‘errors’ in the ‘model’ (Y —mgo(X))? = 0?(X, Bo, go) + 02(X, Bo, go)(e? — 1). In
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the current setting of zero median errors, a similar argument is used, but which
is now based on the median absolute deviation of the errors instead of the mean
squared deviation.

Let m and ¢ be appropriate estimators of mg and gg, depending on the im-
posed model on the regression and dispersion function. Suppose that g(u) is dif-
ferentiable with respect to u. We estimate the weight function wq(x) by w(z) =
o Nz, B*, gB*), where we define the preliminary estimator 3* as the solution of

the non-weighted minimization problem: 5* = argming||H, (83, gs,m,1)||, where
H,(B,9,m,w) =n"13" h(X;Y;,B,9,m,w), and where | - || denotes the Eu-
clidean norm. Finally, let

B = argming || H, (83, gg, m, w)]|.

As before, this procedure can be iterated to improve the estimation of 8. Note
that the function h is not smooth in 5 and hence 5 does not necessarily satisfy
Hn(ﬁagﬁumuw) =0.

3. Asymptotic results
3.1. Notations and assumptions

The following notations are needed. Let f(y|z) = F’(y|x) be the density of Y
given X = z, and let ¢'(u) = 8‘%—(5) for any g € G. For any function g € G, k € K
and m € M (where K and M are the spaces to which the true functions g
and mg belong respectively), we denote ||glcc = SUpgepsup,cr, |9s(u(z, 5)),
Iklloo = SUPpes Sy ks(u(e, A)| and [mlac = sup,cp, Im(x)]. Also,
N\, G, || |s) is the covering number with respect to the norm || ||« of the class
G, i.e. the minimal number of balls of || - || -radius A needed to cover G (see e.g.
Van der Vaart and Wellner (1996)). Finally, Ry = {u(x,8) : « € Rx, € B},
UO = U(X, ﬂo), and UOi = U(Xz,ﬂo) (Z = 1, . .,n).

Below we list the assumptions that are needed for the asymptotic results in
Subsections 3.2 and 3.3. The purpose is to provide easy-to-check sufficient condi-
tions such that the asymptotic results are valid for general semiparametric struc-
tures, and for both mean and median semiparametric regression models. The A
and B-conditions are on the estimators g and m respectively, whereas all other
conditions are collected under the C-list. In Section 4 we check these generic
conditions for particular models and estimators of mo(X) and (X, Bo, go)-

Assumptions on the estimator ¢

(A1) [19—g0lloc = 0op(1), SUpP||8—pBo||<68, SUPzeRx 1(95—908) (u(z, B))| = oP(n‘1/4),
and the same holds for ¢’ — g, where ¢,, — 0, and where gog(u) is such
that gog, (1) = go(u).

(A2) [77\/Iog N(X*, 1, | - lsc) dX < 00, where H = G or K, and where s = 1
for mean regression and s = 2 for median regression. Moreover, P(jg €
G) — 1 and P(§; € K) — 1 as n tends to infinity, uniformly over all 3

with |8 — fol| = o(1).
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(A3) The estimator o = gg, satisfies

’U,—Uol‘

go(u) = go(u) = (nan) ™" ZK1<
i=1

uniformly on {u(z, ) : * € Rx}, where E[n(X,Y)|X] = 0, a, — 0,
na?? — 0, and K; is a symmetric and continuous density of order ¢ > 2
with compact support.

(A4) sup,c e, (95— go5) — (90 — 90) Hulz, )| = 0p ()18 = Boll + Op(n~1/2),
for all 8 with [|5 — Bol| = o(1).

Assumptions on the estimator

(B1) [l — molloc = op(n—1/*).

(B2) [;7 Iog N(A*, M, || - [[) dX < oo, where s = 1 for mean regression and
s = 2 for median regression. Moreover, P(m € M) — 1 as n tends to
infinity.

(B3) Uniformly in z € Rx,

n d
m(z) — mo(x) = (nby) ™! Z > Ks (%ﬂXﬂ)Clj (Xji, Vi)

)n(Xi,Yi) +op(n~1/?)

2%

where E[Clj(XJ,Y)lXJ] =0 (] = 1,...,d), EKQ(X,Y)] =0,b6, — 0,
nb: — 0, and K3 is a symmetric and continuous density with compact
support.

Other assumptions

(C1) Forall § > 0, there exists € > 0 such that infyz_g, |~ || H (5, g0, Mo, wo)|| >

e > 0.
(C2) Uniformly for all 8 € B, H(f, g, m,w) is continuous with respect to the
norm || - |leo in (g,m,w) at (g, m,w) = (go, mo,wp), and the matrix A

defined in Theorem 3.1 and 3.3 is of full rank.

(C3) The function (z,8,2) — o(x,B,z) is three times continuously differen-
tiable with respect to z and the components of x and (3, and all derivatives
are uniformly bounded on Rx x B x {g(u) : g € G,u € Ry }. Moreover,
infyery peno(z, 8,90) > 0 and sup, , f(ylz) < oo.

(C4) The function (z,8) — u(x, ) is continuously differentiable with respect
to the components of z and §, and all derivatives are uniformly bounded
on Rx x B. Moreover, the function (u, ) — gog(u) is continuously dif-
ferentiable with respect to u and the components of 5 and the derivatives
are uniformly bounded on Ry x B.

Remark 3.1. Let C¢;(Ry) be the set of all continuous functions g : Ry — R
with

(@) _ @
lglla = Igl<axsup |g(k) (u)| + sup lg'Y (u1) — g'* (u2)|

<M<
u1,u2 |U1 - u2|a7g n o
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where o is the largest integer strictly smaller than a. Then, by Theorem 2.7.1
in Van der Vaart and Wellner (1996), the condition on the covering number in
(A2) is satisfied if G belongs to C¢,(Ry) with a > 1/2 for s =1 and « > 1 for
s=2.

Remark 3.2. In condition (A1), the function gos(u) satisfies gog, (u) = go(u
For specific examples of gog(u), we refer to Section 4, particularly (4.2) and (4.4
Note that if u(z,3) does not depend on 3 (like for the partial linear model),
then the conditions related to the derivative §’ and the space K (see (A1) and
(A2)) can be omitted. On the other hand, if u(z,3) does depend on S, but
%a(x, B, g) is linear in ¢'(u(zx, 3)), then it can be easily seen that the condition

SUD| 5 gy <s. SWrcry (5 — 905) (u(@, B))| = op(n'/*) is not necessary.

).
).

Remark 3.3. Note that assumption (B3) requires that the regression function
estimator involves at most univariate smoothing, which is the case for e.g. the
partial linear, single index or additive model for the regression function, but not
for the completely nonparametric model. It is possible to adapt this condition
to allow for the completely nonparametric case as well, but we believe that
whenever a semiparametric model is assumed for the variance function, it makes
more sense to consider a semiparametric model for the regression function as
well.

Remark 3.4. When the data are not i.i.d., the assumptions under which the
main results are valid, change. In fact, these assumptions are obtained by ap-
plying the results in Chen, Linton and Van Keilegom (2003). Part of the latter
paper is valid for general not necessarily i.i.d. data (namely their Theorems 1
and 2), whereas Theorem 3 is restricted to i.i.d. data. For that reason, the exten-
sion of the present paper to clustered or longitudinal data consists in replacing
the assumptions that rely on Theorem 3 by corresponding assumptions valid
for dependent data. The assumptions that are affected are the assumption on
the bracketing number in (A2) and (B2), and assumptions (A3) and (B3), to
which it should be added that the sum in the representation of go(u) and 7 (x)
converges to a normal limit.

3.2. Asymptotic results with zero mean errors

In the following theorem, we give the Bahadur representation and the asymp-
totic normality of the estimator B under the general generic conditions given
in Section 3.1, and under the assumption that E(¢|X) = 0 and Var(¢|X) = 1.
Since [y is often associated with important factors such as treatment effects,
the estimation of Sy is sometimes of independent interest, as it tells us how the
treatment affects the dispersion of the response variable in addition to its effect
on the location.

The proof is given in the Appendix. We use the notation %02 (x,8,g8) to

denote the complete derivative of o%(z, 8, g3) with respect to 3, i.e.,
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d
%02(x7ﬁagﬂ)j = llir%) |:0-2 (:Euﬁ + Tejagﬂ-i-‘rej (U((E,B + Te])))

— 0w, B, ga(uz, B))) | /.

where ¢; has the jth entry equal to one and all the other entries equal to zero,
j=1,...,¢L

Theorem 3.1. Assume that conditions (A1)-(A4), (B1)-(B2) and (C1)-(C4)
are satisfied. Then,

f—fo=n"" ZAil{h(Xi,Yi,ﬁo,go,mo,wo) + §(Xi,Yi)} +op(n~1?),
=1

and .
n'/2(3 = By) % N(0,),
where Q = A~V (A~HT,

- 1o, d
A= —E{W%U (Xvﬂ()ago)d’ﬁa (Xa[307go):|7
1 0

5(X17§/;) - _E|: Xu 6072)|z:go(U0i)

-2
04(X5 [30790) 820 (

X %UQ(X, Bo, 90) ‘ Uo = Um] n(Xi, Ys) fu, (Uoi),

V = Var{h(X,Y, Bo, go, mo, wo) +£(X, V) },

with 250 (z, 80, 90) = 50%(x, B,90) 550+ and fu, () the density of U.

Note that the above theorem does not require condition (B3). This is because
the difference 1 (X) — mo(X) cancels out in the expansion of 3 — By. As a
consequence, the asymptotic variance of B — Bo does not depend on the way we
estimate the regression function my, since usually also the function 1 (showing
up in the representation for § — go) does not depend on the way we estimate
myg. This agrees with the completely nonparametric case.

Based on the asymptotic results for 5y, we can establish the asymptotic
normality of 62%(z) = o (x, 3, QB). The theorem is given below and its proof can
be found in the Appendix.

Theorem 3.2. Assume that the conditions of Theorem 3.1 hold true. Then, for
any fized x € Rx,

(nan)/2{6* (@) = 0*(@, B0, 90) } 5 N(0,v()),

9 2
(@) = | 520 0. 2) et | 1B Vor (X, V)0 = (o, o))

and | K13 = [ K#(v)dv.
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Note that the estimator B does not contribute to the asymptotic variance
of 62(x), since its rate of convergence is faster than the nonparametric rate

(na,)'/2.

Remark 3.5. Note that the estimation of the regression function mg can now
be updated, by using a weighted least squares procedure, where the weights are
given by the inverse of the estimated variance function 62(z) = o2(z, 3, g3)- This
leads to more efficient estimation of the regression function. As a special case,
consider the partial linear mean regression model. Then, Hardle, Liang and Gao
(2000) (Theorem 2.1.2, page 22) showed that whenever the estimated weights
are uniformly at most op(n~'/*) away from the true (unknown) weights, then
the variance of the estimators of the regression coefficients is asymptotically
equal to the variance of the estimator obtained by using the true weights. In
our case the weights are at a distance Op((na,)~'/?) = op(n='/*) away from
the true weights, and so their result applies, provided we can show that this
rate holds uniformly in z € Rx. We claim that this can be shown, but the
proof is long and technical and beyond the scope of this paper. Their result
could be generalized to other semiparametric regression models, but we do not
go deeper into this issue here (see also Zhao (2001) for a similar result in the
context of linear median regression). It would also be of interest to consider
the efficiency of the weighted least squares estimator relative to the unweighted
one. We illustrate this issue in the simulation section, where we will calculate the
variance of the unweighted and the weighted estimator for some specific models.

3.3. Asymptotic results with zero median errors

In Theorem 3.3 below, we give the Bahadur representation and the asymptotic
normality of the estimator for Sy under the assumption that med(¢|X) = 0 and
med(|e] | X) = 1. The conditional density of £ given X is denoted by f.(:|X).

Theorem 3.3. Assume that conditions (A1)-(A4), (B1)-(B3) and (C1)-(C4)
are satisfied. Then,

B—By=n"" ZA_l{h(Xi, Y, Bo, 9o, mo, wo) + (X, Yz‘)} +op(n~/?),
i=1

and A

n'2(8 = Bo) 5 N(0,9),
where 2 = A=V(A~HT,
1 0

S gy () + 21130} 50 (X, o, g0)

A=-5| .

(X, Y5)

d
_ ZE[UZ(X;{—%(HX) +2f.(-1]X)}
j=1 ’

d
dﬁ—TU(Xv ﬁOa gO):| )

ﬁOa gO)
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X %U(X, Bo, 90) ‘Xj = in] C1j (X4, Yi) fx; (Xji)
1 0
+ E[m{—Qfs(HX) + 2fs(—1|X)}%U(X, Bo, 90) | C2(Xi,Ys)

1
a E|:02(X7 60790)

X, Bos 90) ‘ Up = UOi]n(XiaYi)on(UOi>a

0
{2£:(11X) + 2f5(_1|X)}EU(X7 Bos Z)|z:go(U0i)

0
X %U(
V= Var{h(vaﬂOag()amvaO) + §(X7 Y)}

Theorem 3.4. Assume that the conditions of Theorem 3.3 hold true. Then, for
any fized x € Rx,

(nan)l/z{&(a:) - U(x,ﬁo,go)} 4 N(0,02(2)),

0

2
P(0) = | 32000 emattoy | 1B Var(nOX V)00 = o).

Remark 3.6. The above two theorems can be easily adapted to the case where
the dispersion function is defined by o(x,8,9) = E(|Y — m(X)||X = z) (i.e.
E(le| |X) = 1). In fact, the formulas of the matrix A and of the function &
can be similarly obtained by combining the calculations done in the proofs of
Theorems 3.1 and 3.3. These calculations show that the parameter s in condition
(B2) equals 2, whereas for condition (A2) s equals 1. We omit the details.

4. Examples

In this section we consider two particular semiparametric regression models,
we propose estimators under these models and verify the conditions that are
required for the asymptotic results of Section 3. The first example is a repre-
sentative example for mean regression, the second one for median regression.

4.1. Single index mean regression model

In this first example we consider a mean regression model with a single index
regression and variance function:

Y =ro(al X) + gi/ 2 (BT X )e, (4.1)

where E(¢|X) = 0, E(¢?|X) = 1 and where gy is a positive function. In order to
correctly identify the model, we assume that cg; = S91 = 1. This model has also
been studied by Xia, Tong and Li (2002), using a different estimation method.
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Let 772(z) be an estimator of the unknown regression function mg(z) = ro(al ),
like e.g. the estimator proposed in Hardle, Hall and Ichimura (1993). See also
Delecroix, Hristache and Patilea (2006) for a more general class of semiparamet-
ric M-estimators of mg(z). Since the verification of conditions (B1) and (B2) is
easier than of conditions (A1) and (A2), we concentrate in what follows on the
verification of the A-conditions. First, define for any 3 € R,

gos (1) = B((Y —mo(X))*|57X = u), (4:2)

and let

n

Klau—ﬂ X) R N2
ZZ Klau—ﬁTX)(Y m(X;)),

where Ki,(v) = Ki(v/ayn)/an, K is a kernel function and a, a bandwidth
sequence. For (A1), note that

n

9p(u) — gos(u Z EJKE;{M uﬁ_ ;(TL( )(Yi —mo(X:))* — gos (u)

+Z o Kl(;(?a_uﬁ— ?T?X ){(m(Xi) — mo(X;))?

—2(Y; — mo( X)) (m(X;) — mO(Xi))}
= Op((nan)”"*(logn)'/?) + op(n~'/*) = op(n=/%),

uniformly in « and 8, provided na?(logn)™2 — oo and infgep infmeRX farx %
(8"x) > 0 (where fgrx is the density of 87 X). For g}, note that a o?(x,B,g) =
g'(BTz)x is linear in ¢'(8Tz), and hence, by Remark 3.2, we only need to show
that |§' — g{|lcc = 0op(1). This can be shown using standard calculations. Next,
let G =K = C']l\f” (Ry) for some 6 > 0. It follows from Remark 3.1 that the
condition on the covering number of G and K in (A2) is satisfied. Moreover,
Sup, g |ga(u)| = Sup, g lgog(w)] + op(1) = Op(1) (and similarly for f]'B(u)), and
SUPG uy us 195 (1) — G5 (u2)|/[ua —up |12+ < M provided natt?®(logn)~! — oo.
Hence, P(gs € G) — 1 and P(g; € K) — 1. For (A3), note that

go(u) = go(u)

n

Kla ﬁg ) S N .
ZEJ L Kio(u—p8EX )(YZ 0(Xi))® — go(u)

n

Kla ﬂ ) A .
R 1Kla<u06§ 7 (= mo(X)(X) —mo(X) + op(n7%),

Let K be a kernel of order ¢ > 3. Then, the first term above can be written as

Tt Y Kol — 85 X){ (¥ = mo(X0))? = g0(85 X0) } 15 (BT X)) + o(n™112),
i=1
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provided na® — 0. The second term is a degenerate V-process (with kernel

depending on n), and can be written as a degenerate U-process, plus a term
of order Op((nb,)~") = op(n~1/2) provided nb? — oo. The U-process can be
written out using Hajek-projection techniques, similar to the ones for regular
degenerate U-statistics, which shows at the end (after long but straightforward
calculations) that this term is op(n~'/2) provided na,b, — oo. Hence, (A3)

holds true for n(z,y) = {(y — mo(z))? — go(ﬁg:v)}fﬁ}lx (BTz). Finally, for (A4),

(95— 902 — G0+ 90)(370)| < | 5135 — 905157 2) (8 — )| = oe (D18~ full,

uniformly in 8 and z, where 3 is between Sy and . It now follows that B — o
is asymptotically normal, with mean zero and variance given in Theorem 3.1.

4.2. Partially linear median regression model

The second model we consider is a median regression model with a partially
linear regression function and an exponentially transformed partially linear dis-
persion function :

Y = Ong(l) + TQ(X(Q)) + eXp(BgX(l) + go(X(g)))E, (4.3)
where med(e|X) = 0, E(le]|X) = 1, and X = (X(Tl),X(Q))T, with X1y =

(X1,...,X4-1)T and X(2) = Xq4. For any 8 € R4 and for mo(z) = af'z; +
ro(z2), let gog(we) = log sop(z2), and gz(ze) = log §5(x2), where

o |Y mo |

and

Kia(ze — X(2)) Vi — m(X5)]
5(w2) Z T
Z L Kia(ze — X(9);) exp(BT X (1);)’

where m(z) = a7z + 7‘(162) is an estimator of the unknown regression function
mo(x), see e.g. Hardle, Liang and Gao (2000, Chapter 2). Define

{ Vi — 1i(Xi)| — exp(B7 X1)i)85(X(2):) }2
eXP(B*TX(l)i)%* (X(2y:) ’

-1
B= argming n Z

i=1

where

n

. 2
B* = argming n =" 3~ {|¥i = in(X0)| - exp(8” X(1):)35(X() }

i=1
As in the previous example, we restrict attention to verifying the A-conditions.
Since u(X, ) = X(2) does not depend on 3, we do not need to check the
conditions related to ¢’ and K. Note that

155(22) — sop(z2)| < — s0p(72)

Z Kia(ze — X(2)0) Vi — mo(X5)]
E] 1 Kia(xo — (2)j) eXP(BTX(l)i)
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K1a 362 (2)1’) .
—|— m Xz —m Xl

= 0P<<nan> 1/2<1ogn)1/2> + 0p<n-1/4> = op(n~'/1)

uniformly in z and 3 if na?(logn)=2? — oco. Hence, (A1) is satisfied, provided
inf,, g sog(z2) > 0. For (A2) similar arguments as in the first example show
that G = C};(Rx,,) can be used. Next, consider the verification of condition

(A3). Using the property that for any x,y,
|z =yl = Jz| = 2(=y)v(z) + 2(y — @) [I(y > > 0) = I(y <z < 0)],
where ¢(z) = 0.5 — I(z < 0), we have

§0 ($2) — SQ(LL‘Q)

— so(72)

72 Kia(w2 = X(2)i)  |Y; — i (Xi)]
ZJ L Kia(ze — X(9);) exp(B X(1):)

- Kia(w2 — X2)i) ) |
ZZJ 1K1a($2—X(2)J) xp(—Fy X (1) ){lY mo(X;)|

=2(m(X;) — mo(X;)) (Y — mo(X5))
—2(Y; — 1m(X2)) [T(m(X;) — mo(X;) > Y; — mo(X;) > 0)
—I((X;) = mo(Xi) < ¥ = mo(X2) < 0)] } = sol2)
= A(z2) + B(22) + C(22) — so(z2)  (say).
First consider
A(x2) — so(x2) ZKM M{% — SO(X@)Z-)}
X fx by (X20) +op(n™1/?),

provided na? — 0 and K is a kernel of order 2. Next, note that the term B(xs)
isa degenerate V-process, because in the i.i.d. representation of 7 (X;)—mo(X;),
each term has mean zero, and because E(1)(Y; —mo(X;))|X;) = 0. Hence, as for
the first example, we have that B(xy) = op(n~1/?). Finally, using the notation
€ =Y, —mo(X;) and d=r1m— myg, consider

o)
<23 202 X@) oy (Jeal+ 1O (el < 1K)

n Kio(z2 — (2)1) . . | .
< 42 S Kia(r2 — X)) exp(—fy X(l)i)ld(Xz)|I(|€l| < |d(Xz)|)



I. Van Keilegom and L. Wang/Semiparametric modeling of heteroscedasticity ~ 149
<4 s;llp exp(—f¢ x1) sup |d(z)| ( ia?gf fxe (:@)) -1 nt
X zn:Kla(xz - X(g)i)1(|ei| < |cZ(XZ—)|) +op(n~1/?),
i=1
since sup, |d(z)| = op(n=/4) by (B1). Using e.g. Van der Vaart and Wellner
(1996, Section 2.11), it can be shown that the process
w1 Y Kualoa — X (Je] < d060)]) = P(Iel < 1406 [Xeo) = 2)
i=1

is Op((na,)~?(logn)'/?) uniformly in zo € Rx,, and in d = m — mg with
m € M. Hence,

n 'S Ko — X(2>i)1(|ei| < |CZ(XZ-)|)
=1
= P(|el < [d(X)||1X(2) = 72 ) + Op((nay)~/(logn)'/?),
since P(m € M) — 1 by condition (B2). It now follows that
Claz)| = O((sup d(@)|) { P(|el < || | Xo) = 2)
+ Op((nan)fm(logn)l/z)}
= op(n~ /%) / [Fe(ld(@)] |2) = Fe(=|d(x)|[2)] fx,, (21)dz1 + 0p(n~'/?)
= op(n™")25p f(yle) sup d(a)| + op(n ™)
= op(n~1/?). |

This finishes the proof for condition (A3). It remains to check (A4), which can
be done in much the same way as in the first example.

5. A Monte-Carlo example

We generate random data from a partially linear heteroscedastic median regres-
sion model given by

Vi = af Xy + ro(Xa;) + exp(BoX1i + go(X2:))es, i=1,...,400,

where Xl = (X(ji)i,Xgi)T, X(l)z = (1,X1i)T, ag = (aoo,a()l)T = (1,0.75)T,
Bo = —2, X3; and Xy; are independent with uniform distribution on (0,1),
and €; (¢ = 1,...,n) are i.i.d. normal random variables that are independent
of X;; and Xo;. Furthermore, the ¢; are standardized such that med(e;) = 0
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and E(|e;]) = 1. We consider the following choices for r(z2) and go(x2), where
ro(X2) satisfies the zero median constraint in order for the intercept to be iden-
tifiable.

Case 1: ro(x2) = 2(z2 — 0.5) and go(x2) = 1.4 — 224;

Case 2: ro(w2) = 2(w2 — 0.5) and go(x2) = 1.1 — 223;

Case 3: ro(x2) = exp(—x2) — exp(—0.5) and go(x2) = 1.4 — 229;
Case 4: ro(w2) = exp(—z2) — exp(—0.5) and go(z2) = 1.1 — 223.
Case 5: ro(x2) = sin(4(z2 — 0.5)) and go(x2) = 1.4 — 2z5.

Case 6: ro(w2) = sin(4(xg — 0.5)) and go(wo) = 1.1 — 223,

The model is fitted using the backfitting algorithm described in Section 2.4.
Implementation of the algorithm involves two smoothing parameters, one for
estimating the conditional median function and the other for estimating the
dispersion function. For the former, we apply the automatic smoothing param-
eter selection method in Yu and Jones (1998), while for the latter, we consider
smoothing parameters on the grid [0.02, 0.20] with step size 0.02. We choose
the latter smoothing parameter by cross-validation such that the ability to es-
timating the conditional median function is optimized. This algorithm works
well in our simulations. We have not encountered any convergence problem. Al-
ternatively, one may apply the cross-validation method to the two smoothing
parameters jointly. This is, however, much more computationally intensive.

We report results from 500 independent simulation runs. First, we compare
the unweighted method with the weighted method for estimating aq. The un-
weighted method assumes that the dispersion function is constant; while the
weighted method updates the estimator & via the weighted L regression where
the weights are taken to be the reciprocal of the estimated dispersion function.
Table 1 displays the bias and the MSE for estimating agg and agi, respec-
tively. It also reports the simulated relative efficiency (SRE) for comparing the
weighted and unweighted methods. The SRE is defined as

MSE for estimating «g using the unweighted method

SRE = MSE for estimating g using the weighted method ’
where the MSE for estimating oy is defined as the sum of the mean squared
errors for estimating each coordinate of ag. The simulation results suggest that
the weighted method significantly improves the efficiency of estimating ay com-
pared with the unweighted method. In all six cases, we observe an efficiency
gain around 20-30% when using the weighted method.

TABLE 1
Estimating ag: comparing unweighted and weighted methods

qoo (unweighted) | &o1 (unweighted) | &oo (weighted) | Go1 (weighted) SRE for

bias MSE bias MSE bias MSE | bias MSE |estimating ag
Case 1]0.051 0.072 —0.065 0.079 0.035 0.062 | —0.040 0.060 1.238
Case 2|0.048 0.075 —0.059 0.076 0.031 0.064 | —0.035 0.056 1.258
Case 3|0.009 0.053 —0.046 0.072 —0.010 0.042 | —0.019 0.053 1.312
Case 4|0.021 0.057 —0.059 0.076 0.005 0.047 | —0.035 0.056 1.291
Case 5|0.063 0.085 —0.071  0.075 0.040 0.068 | —0.030 0.054 1.305
Case 6|0.031 0.072 —0.050 0.078 0.013 0.061 | —0.021 0.052 1.329
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TABLE 2
Estimating Bo

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

bias —-0.052 —-0.049 —-0.040 —-0.048 —0.038 —0.059
MSE 0.024 0.025 0.022 0.025 0.023 0.028
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Fi1G 1. Estimates of the functions ro(xz2) and go(x2) for case 6. Solid line: true curve; dashed
line: estimated curve.

Next, we consider estimating the dispersion parameter 5y when the weighted
method is used. Table 2 gives the bias and the mean squared error, which sug-
gests that [y is estimated satisfactorily in all cases.

Finally, we give some idea on how well we estimate the nonparametric parts
of the semiparametric model. More specifically, we consider case 6 and compare
in Figure 1 the true curves of ro(z2) and go(z2) with their respective estimates
(averaged over the 500 simulation runs). The estimated curves are very close to
the true curves. Results from all other cases are similar and not reported due
to space limitation.
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6. Analysis of gasoline consumption data

We illustrate the proposed method by means of a data set on gasoline con-
sumption. The data were collected by the National Private Vehicle Use Survey
in Canada between October 1994 and September 1996 and contain household-
based information (Yatchew, 2003). In this analysis, we use the subset of Septem-
ber data which consists of 485 observations. We are interested in estimating the
median of the log of the distance traveled per month by the household (de-
noted by Y = dist) based on six covariates: X7 = income (log of the previous
year’s combined annual household income before taxes which is reported in 9
ranges), Xo = driver (log of the number of the licensed drivers in the house-
hold), X5 = age (log of the age of driver), X4 = retire (a dummy variable for
those households whose head is over the age of 65), X5 = urban (a dummy
variable for urban dwellers), and Xg = price (log of the price of a liter of gaso-
line). The scatter plots of the response variable versus each covariate are given
in Figure 2.
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Fic 2. Plot for the gasoline consumption data.
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TABLE 3
Analysis of the gasoline consumption data (sd = standard error)

ap Bo
estimate sd estimate sd
income 0.351 0.099 —0.009 0.046
driver 0.662 0.087 0.245 0.108
age 0.193 0.162 —0.037 0.126
retire —0.283 0.130 0.169 0.129
urban —0.288 0.080 0.097 0.074

We fit a heteroscedastic partially linear median regression model, which
was motivated by a homoscedastic partially linear mean regression model by
Yatchew (2003). More specifically, we assume

dist = aprincome + apadriver + apzage + aparetire + agsurban + ro(price)
+ exp|Borincome + Poadriver + Bozage + Loaretire

+ Bosurban + go(price))e,

ie. Y =af Xa)+r0(X(2)+exp(83 X 1)+ go(X(2)))e, where X = (X(Tl),X(Q))T
with X(1) = (X1,...,X5)" and X2 = X¢ = price, and where ro(-) and go(-)
are two unknown smooth functions. For identifying the model we assume that
med(e|X) = 0 and E(|e||X) = 1. The smoothing parameters are selected using
the approach described in Section 5. The smoothing parameter for estimating
the conditional median function is 0.02 and that for estimating the dispersion
function is 0.05.

Table 3 summarizes the estimated coefficients in the parametric parts of the
conditional median function and the dispersion function. It is not surprising
that households with larger income and more drivers tend to have higher me-
dian value of dist, and that retired people and urban dwellers tend to drive
less. Table 3 also contains the standard errors of the &;’s and Bj’s. These are
obtained using a model-based resampling procedure. More specifically, we esti-
mate the parametric and nonparametric components in the above model and
obtain @&, B, 7 and §g. We then generate a bootstrap sample (i = 1,...,n):
}/i* = Z?:l deji + 7:(X61) + exp(Z?zl Biji + Q(XGZ))Er, where the E;‘ satisfy
the constraints med(¢f|X;) = 0 and E(|e}||X;) = 1 (we use a normal distribu-
tion in the simulations). For each bootstrap sample, we re-estimate the «;’s and
the 3;’s. The standard errors are then calculated from these estimators based
on 200 bootstrap samples. The results in Table 3 suggest that income, driver,
retire and urban have significant effects on the conditional median function.
Moreover, driver exhibits a significant effect on the dispersion function.

Figure 3 displays the estimated nonparametric components. The plots indi-
cate that for the majority of values of price, increased price is associated with
reduced conditional median of dist. However, for the lowest and highest values
of price, the effect of price on dist seems to be reversed. A similar pattern is
observed for the effect of price on the dispersion function. Note however that
for small and large values of price, the date are rather sparse, as can be seen
from Figure 2.
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F1c 3. Estimates of the functions ro(price) and go(price) for the gasoline consumption data.

7. Discussion

This paper considers a general class of semiparametric location-dispersion mod-
els. The theory we have developed focuses on how to estimate the dispersion
function and the theoretical properties of the proposed estimators.

The estimators we use are of the back-fitting type. Alternatively, one may
consider profile estimators, which are obtained by replacing in the definition of
h(x,y, B, g8, m,w) the partial derivative %02(17, B,9s) by the complete deriva-
tive %02 (x, B, gs), i.e. profile estimators take into account that gz also depends
on . See Van Keilegom and Carroll (2007) for a detailed analysis of the pros
and cons of profiling versus backfitting.

In the future, we would like to study in more detail the estimation of the
mean or median using weighted least squares with weights equal to the inverse
of the estimated dispersion function. The simulations in Section 5 suggest that
the efficiency gain is quite substantial. A theoretical analysis of the relative
efficiency will be very interesting. Certainly, we would also like to extend this
class of models to time-series setting.
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Appendix: Proofs

Proof of Theorem 3.1. We will make use of Theorem 2 in Chen, Linton and
Van Keilegom (2003) (CLV hereafter), which gives generic conditions under
which B is asymptotically normal. First of all, we need to show that B — By =
op(1). For this, we verify the conditions of Theorem 1 in CLV. Condition (1.1)
holds by definition of B , while the second and third condition are guaranteed by
assumptions (C1) and (C2). For condition (1.4) we use assumptions (Al) and
(B1) for the estimators § and i, whereas for @ more work is needed. In fact, one
should first consider the current proof in the case where w = 1. In that case the
function w is not a nuisance function and redoing the whole proof with w = 1, we
get at the end that 3* — B = Op(n=/2) and ||t — wo|ee = 0p(n~1/4). Finally,
condition (1.5) is very similar to condition (2.5) of Theorem 2 of CLV, and we
will verify both conditions below. So, the conditions of Theorem 1 are verified,
up to condition (1.5) which we postpone to later. Next, we verify conditions
(2.1)-(2.6) of Theorem 2 in CLV. Condition (2.1) is, as for condition (1.1), valid
by construction of the estimator 3. For condition (2.2), first note that since U =
U(X, 3) depends in general on f3, the criterion function h does not only depend
9g5(

on the nuisance functions gg,m and w, but also on gj(u) = Tu). Therefore,

from now on we will denote H (3, gs,m,w, gj) to stress the dependence on gj.
Similar, whenever it is necessary to stress the dependence of 8%‘72 (z,8,g93) on
g5, we will write 0[23 (z,8,9p,95). We need to calculate the matrix

d
d‘ﬁH(ﬂ,goﬁ,mo, wo, Jos)

0 d
_E|:_wO(X)%oz(XvﬁvgOﬁ)—dﬁToz(Xvﬁngﬁ)
2 2 d 0 2
+w0(X){0 (X7ﬁ0790)_0- (Xuﬁugo,@)}dﬂff%a (Xuﬁugo,@) .

Note that when § = Sy, the second term above equals zero and we find the
matrix A in that case. Hence, (2.2) follows from conditions (C2) and (C3).
Next, for (2.3) note that for 5 in a neighborhood of Sy, the functional derivative
of H(B, gog, mo,wo,géﬁ) in the direction [g — go, m — mo, w — wo, k — gj] for an
arbitrary quadruple (g, m,w, k), equals

F(ﬂag()a m07w07gé)[g — go, ™M — Mo, W — Wo, k— 96]

!
= lim - [H(ﬁ,gw + 7(98 — g0p), Mo + T(m — mg), wo + T(w — wo), gos

+ T(kﬁ - géﬁ)) - H(ﬂagoﬁvm(); wOagE)ﬁ):|

= E[(w — wo)(X){02(X, Bo, 90) — 02(X,5790,8)}

_op [wooo{y o)} m — o) (X) 22X, gom}

0
%0’2(X7ﬁ7906):|
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7]
_E[wO(X)&JQ(X,Baz)|z_g05(U)(96 — gop)(U )aﬁ 2(X, 5, goﬂ)}
+ E|:'(U0(X){O'2(X7 ﬁOago) - 0'2(X5 ﬂagoﬁ)}
0
8 {a_zlafzf(x’ﬂ’217966)|zl—905(U) (98 — 908)(U)

0
+ 00X, 80302 0 (55 — 50}

Note that the second term above equals zero. Hence, the first part of (2.3) follows
easily from condition (C3) and (C4). For the second part, note that it follows
from the proof of Theorem 2 in CLV that it suffices to show that

||F(ﬂag()a m07w0596)[g — 9o, m— mo, W — wOag/ - gé)]
- F(ﬂ()nga mo, wngé)[g - 907m — Mo, W — wng/ - 96]”
=op(1)||8 = Boll + Op(n~1/?)

for all g with |5 — Boll = o(1), and this follows easily from conditions (A1) and
(A4). For (2.4), use condition (A1), (A2), (B1) and (B2) for the estimators g,
¢ and 7n. For 1, we showed above that [ — wo|lee = op(n~1/*). Choosing
W= {zx — o *x,B,9): B € B,g € G}, it follows from assumption (A2) that
P(w € W) — 1 as n tends to co. Next, we consider (2.5). This condition can be
checked by verifying the conditions of Theorem 3 in CLV. These follow from the
Lipschitz continuity of the criterion function h, and from conditions (A2) and
(B2). Moreover, using the differentiability of o(x, 8, z) with respect to 8 and z,
it is easily seen that the covering number of W is of the same order as that of
B x G. Finally, for condition (2.6) note that when 8 = f3j all terms in the above
calculation of the functional derivative cancel, except the third one. By inserting
the expansion for jo — go given in condition (A3) into this third term, and by
using the notation T'(u) = E{wo(X )50 (X, Bo, # )|z:g0(u)%g2(X7 Bo, 90) |Uo =
u}, we get:

1—‘(607907m07 w0796)[g0 — 9o, m — mOaw - ’U}O,f]é - 96]

0
nan ZE[ _U (X ﬂov )|z:go(Uo)%U2(Xaﬂ0790)

x K (M)} n(X:,Y:) + op(n~?)

2%

Uy — Uy; _
—(nan)” ZE[ (Uo Kl(%ﬂnmmﬂp(n 1/2)

=-n"! Z T(Uos) fo, Uoi)n(Xi, Yi) + op(n™1/?),
i=1

where the latter equality follows from a Taylor expansion of order g. O
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Proof of Theorem 3.2. Write

5-2(1‘.) - 0'2(.%', ﬁOu gO)
= 0.2(:175 ﬂOagB) - 0'2(:17; ﬂO;gO) + OP(TLil/Q)

0
= 502(% B0> 2)|=gou(a.p0)) (95 — 90) (uz, Bo)) {1+ 0p(1)} + Op(n~/?)

= %02(337507 Z)|z:go(u(m,ﬂo)){(go/§ —go) — (Go — gO)}(u(xvﬁO)) {1+o0p(1)}
+ Op(n=1/?),

where the latter equality follows from condition (A4). The result now follows
from the representation for (go — go)(u) given in condition (A3) and from The-
orem 3.1. O

Proof of Theorem 3.3. The proof is quite similar to that of Theorem 3.1. We
focus here on the calculation of the derivative of H (5, gog, mo,wo) with respect
to [/ and with respect to the nuisance functions, and on the verification of
condition (2.5) in Chen, Linton and Van Keilegom (2003) (CLV). First, consider

H(Bugo,@amf)u w07966)

— Bun(X{2P(Y — ma(X)| 2 01X, 8,509 | X) ~ 1} 220X, 8. 905)|

0
—E {wo(X){l — 2P (es(X, 1)|X) + 2F (es(X, —1)|X)}a—ﬂo(X,ﬁ,gog)] :
where F(y|z) = P(Y < y|X = z) and eg(x,y) = mo(z) + o(z, 8, gos)y, and
hence

dﬁiTH(ﬂv.QOﬁvaa wo,géﬁ)
—E [w(J(X){ ~ 2 (ep(X. 1)X) — 2/ (ep(X. ~1)|X)}

(X7ﬁ7906) U(Xuﬁugo,@):|

9 d
“ 057 dpT
+E [wO(X){l — 2F (e(X, 1)|X) + 2F (e5(X, —1)|X)}d%%a(x, B,goﬂ):| .

When 8 = By, the second term equals zero and we find the matrix A defined in
the statement of the theorem. On the other hand,

(8, 9o, mo, wo, 9o) g — go, m — mo, w — wo, k — gp]
= B = ) 00 {1 = 2P (5 (X DIX) + 2F(es(X, ~DIX) b0 (X, .90

+ B[ (0] - 27 DY) + 25ea (X, -IX)
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< (m = mo) (X) =

95 o(X, B, 90[3)}

+EPM@{—%@M&UMU—W@M&—mXﬁédXﬁ&mwmm
(93 = 909)(U) 350X, 8,509)|

+E|:UJO(X){1—2F(65(X,1)|X)+2F(65(X,_1)|X)}
x {aizla'@(X’B’217966)|21—905(U)(gﬁ —go,@)(U)

0
+ 0K, B 22 esmag b — )0 ]

Note that the first and fourth term above equal zero when 5 = f3y. Finally, we
consider the verification of condition (2.5) in CLV, for which we use Theorem
3 in that paper. To prove condition (3.2) in that theorem, we focus on the
indicator in the criterion function h(x,y, 8, g, m,w,k), the other components
(namely w(x) and %a(x, B, g)) being much easier to deal with. Consider for any

(8,9, m) (where sup* denotes the supremum over all |3 — | < 8, |7 —glloe < 6,
[l = mloe < 6),

2
E[sup” | [([Y = m(X)| - 0(X, 8,9) = 0) = I(|Y —i(X)| - o(X, 3,5) 2 0)] |

<sup[ (m(z) + o(z,8,9) + 6 + alz) — F(m (:C)+U(:C,B,g)—5—a|x)]

+sup F(m(z) —o(z,8,9) + 6 + alz) — F (m(x)—a(x,ﬁ,g)—d—odx)}

< 4sup f(yle) (0 + o),

where
a :=sup” sup |o(x, 8, 9) — oz, 8,7)| < sup™{K1[|8 — B|| + Kallg — §lloc}
< (K7 + K2)90,

for some 0 < K, K2 < oo. Hence, condition (3.2) is satisfied for » = 2 and
sj = 1/2 (using the notation of CLV). Condition (3.3) in CLV follows easily from
assumptions (A2), (B2) and (C3), where we choose W = {z — o~ !(z,8,9) :
B € B,g € G}. The rest of the proof is similar to the one of Theorem 3.1 and is
therefore omitted. O
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