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Recursive Differencing:
Bias Reduction with Regular Kernels

Chan Shen and Roger Klein

1 Introduction

It is well known that it is important to control the bias in estimating
conditional expectations in order to obtain asymptotic normality for quanti-
ties of interest (e.g. a finite dimensional parameter vector in semiparametric
models or averages of marginal effects in the nonparametric case). For this
purposes, higher order kernel methods are often employed in developing the
theory. However such methods typically do not perform well at moderate
sample sizes. Moreover, and perhaps related to their performance, non-
optimal windows are selected with undersmoothing needed to ensure the
appropriate bias order.

Here, we propose a differences in differences approach to bias reduction
for a nonparametric estimator of a conditional expectation. It performs much
better at moderate sample sizes than regular or higher order kernels while
retaining a bias of any desired order and a convergence rate the same as
that of higher order kernels. We also propose an approach to implement
this estimator under optimal windows, which ensures asymptotic normal-
ity in semiparametric multiple index models of arbitrary dimension. This
mechanism further contributes to its very good finite sample performance.

The estimator has a recursive differencing structure, with the order of
the bias depending on the stage of the recursion. At any stage, the bias
depends on a kernel weighted difference in two bias terms. One term is the
bias at a target point of interest, while the other is the bias conditioned on
a data point. With kernel weighting ensuring that observations are close to
the target point, the biases cancel up to a higher order due to this differenc-
ing structure. In this manner, we are able to reduce the bias to any order
depending on the stage of the recursion.

To develop this nonparametric expectations estimator and examine its
properties, Section 2 defines the estimator and provides the intuition for its
theoretical properties. Section 3 obtains the large sample properties of the



proposed estimator and also derives asymptotic normality results for a finite
dimension parameter vector in a large class of semiparametric models based
on this estimator. Employing a result on semiparametric derivatives, we
show that it is possible to obtain normality using optimal windows. If this
result is not employed, then undersmoothing is required and we provide the
required conditions. Section 4 provides Monte Carlo results that demonstrate
that the estimator has very good finite sample properties in triple index
models, exhibiting a substantial improvement over both regular and higher
order kernels. Section 5 contains our conclusions. The Appendix contains
proofs of all theorems and supporting intermediate lemmas.

2 The Estimator

To motivate the form of the bias reduction, we defer discussions of trimming
considerations to the next section and consider the model in localized form
for the s observation on the dependent variable Y

Yy =M (w) + [M (W) = M (w)] + &,

where (W) is a vector of continuous and discrete explanatory variables and e
is an error with E(e5|W;) = 0. Define K,(w) as a kernel function that controls
the localization error, [M (W) — M (w)], by downweighting observations W
not close to w.! The familiar initial nonparametric estimator, which we
term as the stage 1 estimator, is given as:

i) = X2 ) = LS R w)

Substituting the local model for Y :

Vi) = M)+ 2ELLOD =M rel ol
Arfw) = () [Vn(w) — Mw)| = 5 37 W) M (@) +2.] K.(u)

s

1 As defined below, the kernel function, K, will have an indicator component on support
points for discrete variables.



As the localization error, M (W) — M (w), is responsible for the bias,
remove an estimate of it to obtain:

: 22 [V - (W) = 0 ()] K(w)

Mlw) = §(w)
L3, [0 (W) = M () = (88 (W) = B (w)) +e.] Ko(w)
- M i(w)
Safu) = 9(u) [Satu) - Mw)] = 5 30 | S - S e Kw)

We will prove that the second stage estimator has "better" bias and conver-
gence properties than the first stage. Accordingly, it would seem desirable
to use the second stage estimator to remove a "better" estimate of the bias.
Continuing in this manner, for k£ > 1, define the stage k estimator as:

: &0, Yo = (Whea (W) = Ny ()| K, ()

g(w)

atw) [ w) - dr(w)] = 5 {2 - Sl

=
£
I

=

>
=
S

Il

When k£ = 1, it is well known that subject to regularity conditions the
bias is O(h?). To intuitively explain why the bias declines with each stage,
with k£ > 1 consider the expectation of a term similar to that above with the
true g in place of its estimator:

w2 o) = Sy o) o

It can be shown that for k£ > 1:

Ag_1(w) — 2= By 2kY 4 o( N—=1/2
E(—g(w) yws) h B(w) + O(h**) 4+ o(N )

Ak—l(Ws) _ 2(k—1) 2k
E<—9(WS) ]WS) R2E=D B(W,) + O(h*),

where B(-) is a bounded function. The o( N~='/2) factor in the first expecta-
tion arises from a component of A;_;(w) that depends on W;. For k—1 =1,
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the above orders are those for regular kernels. With the kernel ensuring that
B(w) is close to B(Wj), we are able to show that the bias at stage k is smaller
than that at stage £ — 1. The more general case, which we consider in the
Appendix, requires us to analyze expressions containing density estimators
rather than true densities. While the analysis is substantially more com-
plicated, it is still the case that the recursive differencing structure of the
estimator results in the bias declining at each stage.

The nonparametric expectation estimator discussed above can also be
used in index models to estimate index parameters. In this context, in addi-
tion to the recursive differencing structure that provides bias reduction, we
also propose an extra mechanism that further reduces the bias in estimating
these parameters. To describe this additional mechanism, note that in a
wide class of extremum estimators, a critical step in the asymptotic normal-
ity argument requires that the gradient to the objective function of interest
have a low order bias. Typically, the gradient contains a multiplicative com-
ponent that is the derivative of a semiparametric expectation with respect
to a finite dimensional parameter vector. As discussed in the next section,
Newey has shown that this derivative behaves as a residual in that its ex-
pectation conditioned on the true index is zero. This residual property can
be exploited as an additional bias control. As a result, using the recursive
differencing estimator, normality can be obtained with optimal windows for
multiple indices.?

Theorems 1 and 2 in the next section provide the properties of the expec-
tations estimator in both nonparametric and semiparametric contexts. For a
wide class of semiparametric models, Theorem 3 provides conditions on the
number of stages and the kernel window to obtain asymptotic normality in
two cases: a) when an additional bias reduction mechanism is combined
with recursive differencing and b) when only recursive differencing is used as
the bias reduction method. To obtain v/ N —asymptotic normality, in case a),
optimal windows suffice. However, in case b), undersmoothing is required
for the normality result. Theorem 3 provides sufficient conditions on the
stage and window parameter to ensure that these results hold.

2See Klein and Shen(2010) for Newey’s proof of this result. This paper exploits this
result to obtain asymptotic normality in single index models. With recursive differencing,
this result extends to multiple index structures.



3 Large Sample Results

To establish large sample results, we require definitions and notation which
we introduce below.

3.1 Definitions and Notation

D1) Conditional Expectations. Let g(z, z) be the joint density for (X, Z),
where X and Z are vectors of continuous and discrete random variables

respectively, where Z has a finite number of support points. With
W= (X,Z) and w = (z,z) a fixed vector, define:

M(w) = E(Y|W = w).

D2) Trimming. Let W = (X, Z) be i.i.d. from g(z,z) in D1). With X as
a percentile, let ¢, () be the corresponding population quantile for X.
Let ¢, = [¢: (M), ¢- (A2)] . With

0< A <A <A< <1,

let ¢, = [qx ()\{ ) s Qe ()\é)} Then, define exterior and interior trimming
sets:

Co(qz) = {x:q¢a( M) <z <q:(N2)}
C, (qi) = {x : ()\{) <x <y ()\é) }

D3) Kernel. Referring to D2), let ¢ be a sample quantile vector correspond-
ing to q,. Define:

o | k=1
T(XS’Q)Z{ (X, eCo ()} k>1

Let x; and X, be the I components of the vectors x and X respec-
tively. Then, with d as the dimension of X, define the kernel function:

_ 41 r — Xis
k(w, W) = 1{Zs—z}l1_£&—h¢< " )

K,(w) = 7(Xs, Q) k(w, Wy) = %f(w,Ws)



where h = O(N™"), s; is a constant,® and ¢(z) is a density symmetric
about 0.

D4) Density Estimator. For z € C, (¢f) in D2) and g(w) as the density for
W, define the estimator for g(w) as:

D5) Nonparametric Expectation Estimator. Define:

3, YeKs(w) k=1
~ g(w) -
Mk(U)) = 1 N N
30 [V (W1 (W) = My (w)) | s (w)
w) h>1

Ap(w) = §(w) | My(w) — M(w)

D6) Index Functions. Let 6 be a finite dimensional parameter vector and
V(Ws; 0) a dx 1 vector of functions. For fixed w, define v (6) = V (w; ).

D7) Semiparametric Expectation. Define

M (v (w;6):6) = E ( Y[V (W,:0) = v (6))

D8) Estimated Semiparametric Expectation. With the functions & (e) and
7 () given in D3), define:

K0 (6):6) = 7 (Xo @) K (0 (6),V (Wish)), 3(0 (0):0) = = 3 Ko (6):6)
For k= 1:
§(0(0):0) 31y (0 (6)50) = & D" Vo, (0(6):0)

For k > 1:

3Note that for each [, s; can be replaced by an estimate (e.g. a sample standard
deviation) that converges in probability to a constant. With our main focus being on bias
reduction, the proofs treat s; as constant.



20 0):0) 0 0 0:0) = 3 {vi- | M OEDDT I k0@,
o

§ (v (0):6) | NI (v(6):0) = M (v(6):6))

s

Ar(v (0);0)

To obtain convergence properties for the proposed nonparametric
expectation estimator and asymptotic normality for a class of estimators we
make the following assumptions.

3.2 Assumptions

A1) The vector {Y;, X,, Z,} is i.i.d. over i = 1,..., N, and takes on values
in ¥y x Xx x Xz C R4 The vector X, is continuous and the
discrete vector Z; has a finite number of support points.

A2) Define V¢ (f) as the o' derivative of the function f with respect to x,
where V? (f(x)) = f(x). Let g(z|y, ) be the conditional density for X
conditioned on Y = y and Z = z. Then, there exists a constant ¢ > 0,
for each zeC, (¢1) in D2), and a = 0, 1, .., 2k such that:

inf [g(zly, 2)] > ¢>0, [Vig(zly,z)| = O(1) , [Vg M(z)] = O(1)

zeCx(gl)

A3) For index models, refer to D6) and assume that 6 ¢ ®, a compact
set.  With V (Wy;0) as the index vector and v (w;f) a fixed index
value, interpret g(v (w;0) |y;0) as the density for V (W;;0) evaluated
at v (w;0) and conditioned on Y = y. Assume that

Vig(v (ws0) [ys00)], |Vig(v (w:6) ly: 0)] | V5w (w;0)

are all O(1) for all zeC, (qi) ,2,y,and o, 8 = 0,1,..,2k. Further, for
constant ¢ > 0 :

xc(lqr}f yop 9V (03 0) |y 6)] >

A4) The kernel function ¢ in D3) and D8) has window parameter r < 4.
Further, in the semiparametric case (see D8):

¢'(u)/d(u), ¢" (u)/¢(u) = O(1) for u = O(1).



A5) There exists m > 4 such that E [|Y,|"] = O(1).
A6) For semiparametric index models:

EY|W =w)=E(Y|V(W;0) =v(w,b))

AT) With r* = as the optimal window and ¢ > 0 sufficiently small, set

e
k and r to satisfy a) or b) below:
d+3
a) k> ; , T =r"
1 1
b) k> M ( +€)

3.3 Main Theorems

We begin in Theorem 1 with the convergence properties for the proposed
nonparametric expectation estimator.

Theorem 1. Assume A1)-A5). Then, for z € C, (¢!) in D2), there
exists M;(w) such that:

a) : sup|g(w) (M,;‘(w) — M, (w))‘ =0p (N_1/2)

w

b) : sup|E [g (w) (M;;(w) - M(@)H = O(h?*) + o(N~/2)

w

¢) : sup |Mi(w ‘_ 0,(h**) + 0, ( (%—Td—ﬁ»

w

For (a-b), the non-linear structure of M makes it infeasible to directly
study its expectation. However, in using this theory to establish asymptotic
normality in econometric models, the form in (a-b) will suffice (see Theorem
3 below). We have written the order for b) in this form because h?* may or
may not be smaller than N~1/2.

For the semiparametric case, Theorem 2 below provides results similar to
those in the nonparametric case in Theorem 1.
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Theorem 2. Assume A5-A6). Then, for xe C, (qi) in D2), there exists
M;, (v 0) such that:

@ 5 s g (.6) (8 (03 6) — W1, (1:6)) | = 0, (V72)
b) : Slip E [§ (v; o) (M,;‘(U;HO) — M (v; 00)>] ‘ = O(h?*) + o(N7V/?)

c) : sup M;, (v;00) — M (v (6o) ; o)

v

= Oy(%) + Oy(N~ (37 552))

For estimating semiparametric models, we will require conditions on the
stage k£ and the window parameter r. For this purpose, we will characterize a
wide class of estimators for which we will provide sufficient conditions on the
stage and window parameter to obtain v/ N —asymptotic normality. This class
will employ the recursive differencing estimator for conditional expectations
discussed earlier. In addition to recursive differencing, it is also possible to
exploit a residual property of semiparametric expectations in index models
due to Whitney Newey (see Klein and Shen (2010) for a complete statement
and proof). In so doing, we will find that we are able to employ optimal
windows in the differencing estimator. Under this result :

Vo [My, (V (W;6);60)],, — }
E (Vo [My (V (W;8);600)ly, [V (W3 60))

= E{Vo M. (V. (W30):6)], [V (W360)} =0

Vo [My (V. (W;0):0)], = {

In many extremum problems, the gradient to the objective function mul-
tiplicatively depends on an estimator for the derivative above weighted by
a trimming function and other factors. If trimming is based (asymptoti-
cally) on the true index, it is possible to exploit the above result. Below, we
provide a definition for a class of estimators that assumes it is possible (as-
ymptotically) to trim on the index. Following this definition, we will discuss
existing estimators in the literature that employ a 2-step approach to ensure
that trimming is (asymptotically) based on the index in the second step.

A Class of Estimators.  With \ — percentiles given in D2),
let q,(\) be the population quantile for the index Vo = V(W;60y). As in
D2) set 0 < A\ < M < A < Ny Letting q, = [qo (M), 0 (N2)] and ¢} =



[qv (/\{) , Qo ()\g)] Define trimming sets:
Colqy) = {v:ig,(\) <v<q,(\)}
Co(d)) = {v:ig ()\{) <v<q ()\é)}
With S; = X; or Vo, =V (W, 6y) , define:

1, k=1
1{‘/;661)((11))} k>1,SZ:V;

Define 71(S;) by replacing q, wz’thAqi and q, with g in the above definition for
7(Si). Referring to D8), define My (Vio,7(5i); 00) by replacing the trimming
function within My, (Vio;00) by T; (S;). Let:

U =Y; — Mk (Vio, 7(Si); 6o)

Then, with a; = o (V (W;;00)) a function of the true index and V; =
V(W5 6p) define C as the linear class of estimators:

VN (0-60) = A(6%) VNG (80), 0 |0.00]

A

N
1 . - _
Glo) = 5 D271 (S) iV | M (Vi 7(S):0)] o
i=1 ’

Further, with D = V2 [Mk (Vi 7(S:):0) — M (V (Wi; 0) ;e)] and Ay (0) a
constant matriz, the class satisfies:

AB) — Ay (9)’ ~0, (n (59 sup V [D])

i)+ 0508

Before proceeding to provide a theorem that provides conditions on the
stage and window parameter for asymptotic normality, it is important to note
several features of this class. First, it includes multiple index Semiparametric
Least-Squares estimators (see Ichimura(1993) and Ichimura and Lee(1991))
with 5\1 = \; = 1. It also includes Quasi-Maximum-Likelihood estimators for
semiparametric binary response (see Klein and Spady(1993)), with

1
M (Vi (90) ;90) [1 - M (Vi (90) ) 90)].

; =

10



This class can also be easily extended to semiparametric ordered models by
defining categorical gradients and weights. It also extends to a system of
joint binary models.

As a second remark, the class in the definition also includes estimators
for which (asymptotically) trimming is based on the true index. With the
index being unknown, in the single index case Klein and Shen (2010) provide
a 2 step SLS estimator with X-trimming at the first step and index trimming
at the second.” A similar strategy is employed by Klein, Shen, and Vella
(2014) for joint binary models.

Third, in characterizing this class, we have taken trimming (7) and
weighting («) functions as known. For the trimming function within the
estimator of M, Lemma 2 can be applied to take this function as known.
For the trimming function outside of M, Lemma 1.18 of Pakes and Pollard
(1989) can be employed to show that it can be taken as given. The analysis
for taking the weighting function as known is similar to that employed in the
proof of Theorem 3 for taking the estimated derivative of the M-function as
known.

Theorem 3 below provides conditions on the stage and window parameter
that ensure asymptotic normality for the above class of estimators. When
Newey’s result is exploited, these conditions permit an optimal choice for the
window parameter.

Theorem 3 Asymptotic Normality. Assume A2)-A5) and let u; =Y, —
M (60) . With go; as the density for V (W;; 6) and employing the notation

SWith k set in accordance with Theorem 3 and r set optimally, in the first step, trim
on X and employ the SLS estimator. Employ the parameter estimator from the first
step to construct an estimated index. The asymptotic form for the gradient in the
definition follows from trimming on the estimated index with an adjusted estimator for
the M-function. In the adjustment, which is needed for a uniform convergence argument
underlying consistency, the density denominator g is replaced by g + J, where ¢ is an
adjustment factor that depends on the index evaluated at 6. Near the support boundaries
for the index, § vanishes very slowly away from 6y. At 6, where trimming at the true
index provides protection against small density denominators, ¢ is uniformly o, (NN -1/ ).

11



in the definition above:

Gy () = %ZGM (B0) . i (99) = 71(S:)u: V' M ()],

N
1
GQ (90) = N Z GQZ' (60) s
i=1

f?oi (M;: (Vou Si; 90) - M, (90)>
Ggi (90) = ?[(Si)

9o Vi [Ml: (Voi, Si; 9)] " Ai

Then, for the class of estimators defined in € :
@) s VN (0= 00) = A0V/N [G1 (60) — G (60)] + 0y(1),
If S; = Vg then for the optimal window and stage in A7a):
b): VN (@) - 90) 9 707N (0, AoE [G; (B) Gi (60)'] Ap)
Assume the window parameter and stage satisfy A7b) and define

Yo = (X q0) Ve [M (Vi(0)50)], (1)

0

G'(0) = DG (00).G: () = wil— EQV (0] (2)

Then, if Sz = Xz :

c): VN (é — (90> & 7N (O,AOE (G: (6o) G} (90)/) A6)

4 Monte Carlo Results

We conducted Monte Carlo experiments using quadratic and cubic designs.
In both designs, we constructed three indices: V; = X7 + X4, Vo = Xy —
X4, V3 = X34 Xy where X7, X5 and X3 follow standard normal distribution.
We also generated an error term ¢ that follows a standard normal distribu-
tion. For the quadratic design the outcome is given as:

Y =aVi+ 8Vy +yViVs +¢;

12



while for the cubic design
Y =aVy + BV +yViVs +e.

The «, 3, are standardizing constants selected so that in both models, each
of the three explanatory components has approximate standard deviation of
one.

We examine several different estimators. For the proposed differencing
estimator, we provide estimation results for stage 1 (regular kernel), stage 2,
and stage 3 estimators. We also report results for a twicing kernel with bias
O(h®) as required for asymptotic normality (see Newey et. al (2004) ).

In Table 1, we compare the differencing estimator with the higher order
kernel. Due to outlier problems for the higher order kernel estimator, we re-
port robust measures of performance. In both designs, the medians for both
estimators are reasonably close to the truth, with the differencing estimator
being marginally better. However, the median absolute deviation (MAD)
and the median absolute error (MAE) are on the order of 5 times smaller for
the differencing estimator.

In Table 2, we report results for each of three stages of the differencing
estimator. In practice, it is common for regular kernels to perform better than
bias-reducing kernels. However, with the first stage being the regular kernel
case, for both quadratic and cubic designs, the RMSE for the sequential
differencing estimator declines over the stages, with the third stage estimator
being required for asymptotic normality.

13



Table 1. Monte Carlo results comparing proposed differencing
estimator with second order twicing kernel

Proposed estimator Second order twicing kernel

Quadratic Design

Median 0.99 1.07
-0.96 -0.94
0.98 1.02
MAD 0.04 0.20
0.04 0.26
0.06 0.42
MAE 0.04 0.19
0.05 0.25
0.07 0.44
Cubic Design
Median
0.93 1.04
-0.88 -1.00
0.99 0.97
MAD
0.01 0.20
0.02 0.27
0.02 0.24
MAE
0.07 0.18
0.12 0.28
0.02 0.24

14



Table 2. Monte Carlo results comparing different stages of the
proposed differencing estimator

1st Stage 2nd Stage 3rd Stage

Quadratic Design

Mean
0.96 0.97 0.99
-0.99 -0.98 -0.96
1.01 1.00 0.99
SD
0.06 0.06 0.05
0.08 0.07 0.06
0.13 0.11 0.09
RMSE
0.07 0.07 0.05
0.08 0.08 0.07
0.13 0.11 0.09
Cubic Design
Mean
0.88 0.89 0.93
-0.86 -0.85 -0.88
1.02 1.01 0.99
SD
0.02 0.02 0.02
0.04 0.04 0.03
0.04 0.04 0.03
RMSE
0.12 0.11 0.07
0.15 0.16 0.12
0.05 0.04 0.03

5 Conclusions

In this paper, we propose a nonparametric recursive differencing estimator
for conditional expectations. Depending on the stage of the recursion, it is
possible to obtain any order for the bias without any change in the vari-
ance. Theorems 1 and 2 provide these results for both nonparametric and
semiparametric models.

15



While higher order kernels share the above properties, they differ from the
proposed estimator in two important respects. First, the proposed estimator
not only performs much better than higher kernels in monte-carlo studies,
but it also dominates regular kernels. Accordingly, the proposed estimator
is both theoretically valid and performs quite well at moderate sample sizes.
Second, in estimating index models, we show that with recursive differencing
it is possible to exploit a "residual" property of semiparametric derivatives.
In so doing, we obtain asymptotic normality without undersmoothing, re-
gardless of the dimension of the index vector. This theoretical property
which is obtained in Theorem 3, may contribute to the very good finite sam-
ple performance of the proposed estimator. As there are estimators for
which Newey’s residual result does not hold (e.g. Klein and Vella (2010)),
Theorem 3 shows that asymptotic normality can be obtained with recursive
differencing as the sole bias control.

16
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6 Appendix

When the proposed estimator is employed in estimating semiparametric
index models, we require two types of trimming. We refer to these two types
of trimming as interior and exterior, with interior trimming based on a subset
of that for exterior trimming. With exterior trimming, we trim to insure
that the recursive bias adjustments have desirable properties. We employ
interior trimming to control the target observation at which the recursive
differencing estimator is evaluated.

In addition, we require external trimming to control the target observa-
tion at which the estimator is evaluated. Lemma 3 takes exterior trimming
as known and provides conditions under which interior trimming can be taken
as known. Lemma 1.17 in Pakes and Pollard (1997) provides the basis for
taking interior trimming as known. Based on these results, all remaining
lemmas and theorems are then proved on the basis of known trimming.

6.1 Proofs of Main Theorems

a) : sup|g(w) (M/f(w) M (w )‘_Op (N_m)

w

b) : sup|E [g (w) (M,:(w) . M(@)” — O(h?*) + o(N1/2)

c) : s:p My (w) )_ 0,(h**) + 0, ( (é—rd—miz))

Proof of Theorem 1. With A* (w) defined as in Lemma 3 and M; (w) =
Ay (w)
g(w)
part ¢) from the uniform convergence ¢ (v;6) in Lemma 10, with ¢ uniformly
bounded away from zero for w bounded (Assumption A3), and Part a) of

Theorem 1, it suffices to consider:

, part a) follows from Lemma 3. Part b) follows from Lemma 7. For

g (w) [NE; (w) = M (w)] (3)

For k = 1 from Lemma 10 and the uniform bias result in part b), the uniform
convergence rate is that given. Assume that the rate holds for stage k—1 and
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define £} ;(w) as in Lemma 5. Employing the same decomposition as in
Lemma 7, an upper bound for the term in (3) is given as:

O || 1§~ A @)
sup 211 NZ{W B >} K. (w) (4)
Gw)e|| 1 =[5 W) .
+81110p o(w) N;{W Ek—l(Ws):| Ky(w) (5)
e [ Bl e — B ()2 | fe ) (6)

(7)

+ % D e K (w)

An induction argument then establishes the required convergence rates for
(4) and (5). The required convergence rate for the term in (6) readily
follows from the uniform bias result in part b). The remaining term in (7) is
uniformly O, (N ’(%”"d*ﬁn)) under an argument similar to that for part a)

of Lemma 10.

Proof of Theorem 2. With A} (v,6) having the same form as A} (w)
in Lemma 3 and M S (v,0) = A’“%v()v’m, the proofs for parts a)-c) are identical

to a~c) in Theorem 1 for the nonparametric case.

Proof of Theorem 3. Beginning with the characterization in a), we
must establish the uniform convergence of A (#) to Ag (), which will follow

from the uniform convergence of Vj []\;[l (0) — M, (0)] ,a=0,1,2, and the

consistency of 6. From Lemma 11, with the convergence rate being slowest
for a = 2, convergence follows for » > 0 and

1 m
>0er< 8
m+ 2 TS oA+ ) m+ 2 ®

%—r(d—{—?)—

Since m > 4, from A5) : 4/6 < m/(m+2) < 1. There then exists ¢ > 0 such
that

Z—1(1—|—5)<

6 m+ 2
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Therefore, (8) is satisfied with

1 4 (1+¢)

"<5as26 T T 3Ty ©)

Proceeding to the "Gradient" component, recall that v NG (6,) is given

\/LN ﬁ; [Yi — M; (60)] 7V [Mm («9)]90 o — (10)
\/LN f: |:Mzk (0o) — M, (90)} V5 [Mzk (0)] i Q. (11)

1

(2

For the term in (10), with ¢; = Y; — M, (6p) we must show

\/LN gﬂsiai {Vé [Mlk (9)] ,

which follows from an extension of a mean-square convergence argument in
Klein and Shen(2010). From Cauchy Schwarz :

Zw
\/ SN a2 (M (60) — M, (eo)rx
\/ Sy Ti Ve[ zk(e)] O—V; [M,-k(e))]go)2

From Lemmas 8-9, in order for this expression to be o,(1), we must set r
and k such that

0, (N-2%) + 0, (N#+% )| x

0

Vi, wmo] —0,(1).

AR Mz-(eo)(\v; [¥10)], — Vb 1M 0)],

0

0

O (N*Qrk) +0, <N 2+T<d+2>>] = Op(Nilﬂ) (12)
p
The conditions in (12) are satisfied with
1 1 d+2
—<r< —7, K> a*e (13)

8k 2(d+1) 4
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For ¢ > 0 and sufficiently small, the conditions in (13) and (9) hold with

1_ . (+e d+2
8k 3(d+2) 4

(14)
which is satisfied under A7a or A7b). . Finally, to establish a), we must set
r and k such that

A

1 N ~ Jot — Jot —1
TR [ Vi (B0) = My (60)] 2 —00) My (0)]g, N (15)

is 0,(1). Employing Cauchy-Schwarz as above, Lemma 8, and known results
for density estimators, the result follows.
For b), under A7a) for some ¢ > 0 and arbitrarily small:

1 1 d+3

8k 3(d+2) (16)

To complete the proof, note first that this condition in (16) implies that in
(14) . Second, (16) is satisfied by the optimal window r* = '=. Finally,
since the semiparametric derivative can be taken as known from Part a) of
Theorem 3, Newey’s residual result can be used to show that the gradient
component in the statement of Theorem 3 given in (1)-(2) is a degenerate U-
statistic, from which b) immediately follows. Klein and Shen(2010) provide
this argument in the single index case under regular kernels. This argument
extends to multiple indices under the recursive estimator.

For c), note first that the condition in (A7b) implies that (8). When
trimming is based in X, Newey’s residual result does not directly apply and
the low order bias must be obtained by under-smoothing and setting r > ﬁ.
From above, we now require:

1 (1+¢)

4 =" T3 2)

This interval will be non-empty with % satisfying the restriction in (A7b).
The gradient is then a centered U-statistic, from which (c) follows.
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6.2 Intermediate Lemmas and Proofs

As a first intermediate lemma, we require a standard result on bias expansions
involving the expectation of the product of a function and a kernel. The
following lemma summarizes a well-known result in the literature.

Lemma 1. Let G(w) be a function such that V2'G(w) is uniformly
bounded for i =1,...,m + 1.

E[GW,)K, (w)] = G(w) = > h*'VIG(w) + O(h*™*?),

=1

The estimator for M (w) requires trimming to control the bias ad-
justment that is evaluated at data points. The lemma below will enable us
to take such trimming as known. The proof of this lemma is based on an
adaptation of arguments in Klein and Shen (2010) and Klein (1993).

Lemma 2: For 0 < § < 1/2, set the window parameter r, such that

r < 1520 Denote M, (w; T (4)) as the estimator in D3)-D5), where trimming

based on the estimated quantile vector §. Let M (w;7 (¢,)) be the esti-
mator for M when trimming is based on the true population quantile, q,.
Define g(w;r (¢,)) and g(w;7 (G.)) as the density estimators under known
and estimated trimming respectively. Let:

§wi (@) [Mwi T (62)) = Mi(w)| -

D(w) = .
7 st @) [ @) - M(w)]

Then,
sup [D(w)| = o, (N1/?)

Proof. As 7(¢,) = 7(q.) = 1 for k = 1, we begin an induction argu-
ment with & = 2. Let 7 (X, q0,q¢) = 1{X, € [C(q)UC(¢)]} be a trim-
ming function on the union of estimated and known trimming sets. Since
[T<Xsa qAx) - T(X57 qz)] T (.) = T(Xsa (jz) - T(st %ﬁ)? we may write:

_ i [T(XSanx) _T(Xsa%[:)] T* (XSanana:) w
D(w) = NZ{ Aoar () — Aar (W) }k( W),

~
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with k(w, W) defined in D3). Then, with 91 an 0,(1) neighborhood of ¢,

SUDPy gem |T* (SC, Qz q) AlM( )‘
Sli;p |D<w)‘ S 2 Supqugm % Z ’T<Xs7 é:p) - T<X37 qgc>| * (I 4z, q ) (U}, WS)
()
From well known results in the literature, the first component in (17) is
O,(h*) + O, (N~1/2=r)) = O, (N79) for r given in the lemma. ®  For
the second component in (17), we bound the absolute difference in indic-
tors by a smooth function. Let the estimation error be given as e; =
|Go (Aj) — g2 ()] = O, (N7Y2) and djs = | X, — ¢ (\;)] as the distance to
the lower (7 = 1) and upper (j = 2) trimming boundaries respectively .Define
the smoothed indicator function:

S(z) = {1 + exp [—N(l/%%) (= + N‘WZ_E))} }_1
S (e~ di) = Sle;—dyy) +[1-S(0)], j=1,2

Employing an inequality due to Jim Powell and contained Klein (1993), from
Klein(Lemma A, 1993):

|7 (X5, G) — 7 (X5, q2)| < S (e1 — dis) + 5™ (e2 — das)

Therefore, for the second component of D(w) in (17)

sup NZ\T( Xo, Qo) = T(Xs, @) | 77 (2, 4, ) K (w, W) (18)
w,qeN

1
sup Z [S* (e1 — dis) + 5™ (€2 — das)| 7* (2, 42, ) K(w, W) (19)
w,qe€

As the analysis for each of two terms in (19) is the same, we provide the
argument for

1
sup Doy = sup — 325" (e1 — di) 7 (X, ¢, @) K (w0, W)

w,qeN w,qeN s

Denoting V'S* as the I"* partial derivative of S* w.r.t. ej, Taylor expand

OIf uniformity holds in all o(1) neighborhoods of ¢, it holds in any 0,(1) neighborhood.
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S* (ej — dj) about e; = 0 to obtain:

sup Dop(w) < [1—S(0)] 1 sup ZT* (%, qz, q) k(w, W) + (20)

w,qeN N w,qeN s

1 L—1
NZ sup Z!VtS* —di,)| 7 (2, ¢z, q) k(w, W) +
=0

w,qeN

el sup —Z{VLS* dsl)‘T* (@, @, @) k(w, Wy).

w qe‘ﬂ

For L sufficiently large and finite, the sup of the absolute value of the last
term is 0,(N~'/2) due to the factor ef. Similarly because of the factor
[1 — S(0)] vanishes exponentially, the first term is of this order.

It can be shown that the absolute value of the m'* term, 0 < m < L, is
bounded above by:

le;|™ sup NZwms* I 7 (2, qu, q) k(w, W) (21)

w,qeN

= |€j’mNm (1/2=3) sup _ZB dls |S*( djs)lT* (x7Q1‘aQ) k(w7W8)

w qe‘ﬁ

where B is uniformly bounded. The strategy for ordering this term will
depend on the set in which dy, lies. Define b, = 1{d;; = 2N~1/2*¢} and
bound the sup of the term in (21) by:

0 (1) |: Supw,qe‘lﬁ % Zs bsB(dls) ’S* (_dJS)| " (LU, Az, Q) k(w7 WS)+
b SUDy gt N Zs (1 - bS) B(dlé‘) |S* (_d]5)| T (I’, Q) Q) k(wv WS)7

For the by — terms, it follows from the definition of S* that:

sup Zb B dls |S ( dls)|7'* (xaquQ) k(w7 WS)

w,qeN

< O()sup]bS supNZT T, G, q) k(w, W)

w,qeN

1 ~1/2
S <1+exp(N€/2)> O,(1) = 0,(N7?)
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For the (1 — b,) — terms,

1

sup,, N (1 - bs) ‘S* <—d15)‘ T* (SL’, qz, Q) k(wa Ws) (22)

1M =

s=1

<

=~
WE

(1 —by) sgp |S* (—=d)| sup [(1—bs) 7" (2, ¢, q) k(w, W23)

1 w,sqeN

S

The first term in (23 ) is O (N~1/2*¢) because:
E(1—b,) =Pr(d, < 2N"1/2*)

The second component in (23) is O(1). For the third component in (23),
recall from D3) that

d 1 x; — Xig
k Wy =1{Z, = i - -
(W) = 1{Z. =} ] 50 ( - )

By assumption, z; is in the interior of a subset to which 7* restricts X;,. It
then follows that the middle term in (23) is 0,(N~/2) because there exists
¢ > 0 such that |z; — X| > ¢. The kernel then rapidly vanishes on this set.
The result now readily follows for k = 2.

To complete the proof, assume the result holds for k-1 and write )Mk(w; 7 (Gs)) — My(w; 7 (¢2))
as:

S ) = 706007 (o) [Vema (V) = 072 )

The argument is now essentially the same as that above. m

From Lemma 2, in all subsequent lemmas we will take trimming that
controls the bias adjustment as given. To establish the order of the bias
and to obtain convergence rates, it is useful to employ an expansion that
eliminates estimated denominators. In so doing, we will be able to study
the bias of an estimator that is within o, (N~'/2) of the original estimator

Lemma 3. Estimated Denominators. With A = O(N™"), assume r <

57, which is implied by A4). Recalling the definition of g(w) and g(w) in
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D4), let: § (w) = [g(w) — §(w)] /g(w) and define:

with P set sufficiently large to ensure that

sup |6(w)[F = o, (N*1/2)

Define:
A (w) A (w) = AT (w) k=
= Ap_ (W
" (w Ap 1)+ 5, BB (W), + e Kilw) k> 1
Then,

sup |A (w) — A (w)| = 0p(N71/?)

Proof. Write:

1 1 1 1 1 1
) m”<w>g<w>:g<—w+5<w> [m”%(w)} (24)
1 < Pl
- Wy iy 00

For inf,, [g(w)] bounded away from 0, sup, |é(w)| = O, <h2 +

1
hiy/N ) ‘
Therefore for h given as above and for IP sufficiently large

su WP = o (N—1/2
p | s 8| = o, (V) (25)
Therefore, . .
—— = ——(0(w 0, (N2

where the o,—term is uniform in w. The lemma is now immediate for £ = 1.
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For k = 2 and K, as the kernel function in D3):

By(w) = A’;<w>—ﬁg[ﬁ%) V).~ 2| K.
- Ai(w)—%g{ ] (1) + 0,(N7)

= %Z {Aj(w) ) e,

Ks 1/2)

g(w) } ) ol
- VX[ S e ey

= Do(w) + Op(N*I/Z),

where we have employed the expansion above with the o,(N~!/2) term being
uniformly of this order in w. Assuming that the result holds for £k — 1 and
employing the same arguments as above, it readily follows that the result
holds for stage k. m

From the recursion above, Lemma 4 expresses A} (w) in terms of
first stage estimates, which is useful for studying the order of the bias.

Lemma 4. Characterization. Recalling the definitions of (§(w)), and
A% (w) in Lemma 3, there exists integers C1,..,Cy_; such that for k£ > 1,

p(w) = g(w)/ (§(w))p :
C1 — AT (W)

Ay (w) =Af(w) = U+ — N p(WZ) Ky, (w) +
N2 Z g ZQ)Kil (w) K, (W) + ... +

C Wi
]f]kll Z Z kl HKH lkl ’

i1 ip_170K—2 H p( )

I=
where E(U|Wq, ..., Wx) = 0.

Proof. Since

A} (w)=AT (w) = [Af (w) = Ay (w)]+[A% 4 (w) = Af (w)]+... [AF (w) —
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it suffices to show that A} (w)—Aj_; (w) has the form required by the lemma.
The lemma is immediate for k£ = 2. Assuming the result holds for stage £ —1,
recall from Lemma 3 that

A} ()~ Apy () =+ 3 [Azml—vg)w 4 65} K, (w)

Replacing A; ; (w) and A} ;(W;) with the lemma’s characterization com-
pletes the proof, with U being sums of kernel-weighted € —terms, all of which
have zero conditional expectation. m

Lemma 5 below shows that up to o(IN~/2), the expectation of the product
of kernel terms is equal to the product of their expectations. This result
is important as it provides the basis for showing how the bias decreases over
stages.

Lemma 5. Expectations of Kernel Products. Assume A4) and let ¢;, =
g (le) and 5iz =0 (VV”) = [gU/Vl ) - g(mz)] /g(le) With <5il>[P’ defined in
Lemma 3, for arbitrary L, define:

A* (W) +
D M H <6iz>]13”
Gu =1
i

M By = B[, Wy).

Then, with trimming taken as known from Lemma 2:

L
E(D\W;,l = 1,.,L)=E; H<Eiz>p+0(N_1/2),
1=1
P

Z [Eil]p'

p=1

<Eiz >IP
Proof. Write:

D

{ [M _ E} n E} ﬁ {65 — Ba] + By}

i
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The conditional expectation of D will contain a finite number of terms, one

of which is

L P

21 | D3y

=1 p=0
Therefore, the lemma will follow if the expectation of each of the remaining
finite number of terms in D is o(N"*/2). These remaining terms will involve
a product of expectations and centered kernel functions. For any stage k£ and
an arbitrary 7' < L, typical terms are given as:

T L

A (W i} X
l ' ( ) _ Eil:| H 9, — Ei] /g3, H [E, )
Ji 1=1 I=T+1
T L
Ex 116w — Bl /i 1] (B0
=1 I=T+1

As the analysis for each of these two typical terms is the same, here we
consider the expectation of the second. With all expectations and index
densities being bounded, it then suffices to show that :

T
E H [gll - Ell] |I/[/il’l = ]-7 aT = O(N_l/Z)
=1

To prove this result, recall that

. 1 1
9 =1 > i Wi, Wi).
JiFu
where f (o) is uniformly bounded. Then, with J as a set of positive from 1
to N excluding {j : j = i1,49,...,07} :

J=4j:7=123,..,N}I\{j:j=ri1,d2...,ir},

define:
1

. 1
9y = N_T Zjﬁ (VVinVij)'
JL €
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Employing this notation, it suffices to prove:

T
a) : E {H (9 — B, W, 1 =1, T} = o(N~Y?%)

=1
b) E{A | Wi, l=1,..,T} = o(N V3,

T

A H 9y — Ei] H [gz*z o Eiz}
= I=1

For a), write the product of sums as a sum of products, where each
product has the following block independent structure. Let Zi,...,Zs be
disjoint sets of integers with:

U Zy={i, l=1,..,T}
Then, define Block s as:
1 .
B, (Zs, Wis) = H hd {f Wi, W] — By}, Jsed .
ilEIs

For ji eJ, let Jo = J\j1; for jo €Jo, let J3 = Jo\j2. Continuing to
eliminate elements from sets in this manner, for js_; €¢Js_1 let Js = Js\Jjs_1-
Noting that the blocks are conditionally independent, a typical term in the
expectation in a) then has the form:

st - ZNTSHE s (T, Wis) (W, 1=1,..,T].

J1ed  jeed2  jseJs

When a block only has one member, we will term such a block as a singleton.
For each S, the above expectation will be 0 when there are singleton blocks.
As there will always be singleton blocks when T'—S < S, it suffices to consider
the case where T'—S = S. For this case, we can always construct at least one
configuration with no singletons. The expectation then has a convergence

rate to 0 of 1

NT-ShpAT-S)
This result follows because fW;,, W;,) is a bounded random variable and

1+ 1
— || Bs (Zs, Wis) = O (NTTth))
=1
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and in taking the expectation, we lose a factor of h¢ for each of the S blocks.
Part a) of the lemma will then follow if:

NT—S;Ld(T—S) < N2 o NT-SpdT-5) o N1/2
& T—-S—rd(T—-5)>1/2
1 1
R R Y
With 7T -S> S > 1,
1

2d —d 2(T-2S)d

Therefore with r < 2—1d (Assumption A ), the result follows.
Turning to b), write:

H [glz - Eil] = H [(g:z — Ei ) + (gll B g:z)} :

=1 =1

Referring to the statement of b), It then follows that a typical term A is

given as:

H (9; — Ei,) H (9. —35.) >

it €11 ir€la
where 7; and 7, are non-empty and non-intersecting sets of integers such
that 7y U Zy, = Z. With there being T} elements in Z, and T} + Ty = T,
Let T, [j] refer to the j** integer element of Z,.Define W (Z;) as the vector
with j element 7, [j], and similarly define W (Z5) . The absolute value of the
expectation of the above typical term is then given as:

E (H (97 — Ei,) H (9:, —Q;)> W (Z,), W (Iy) ‘
it €Iy ir€lo
1 \"
< E|]] @ - E.)w@)|0 (W)
it €11

The result readily follows form a), the definition of §; and the window con-
dition in A4), =

31



Employing Lemma 5, Lemma 6 provides the basis for how expectations
are updated over stages.

Lemma 6 .Employing notation given in the statement of Lemma 3:

E [N} (W) (6 (W) V] = E [A;_; (W) W] (E[8 (W,)])p [Wi]+o (N712)

Proof. The result is immediate for £ = 1. For k£ > 1, from Lemma 4, a
typical term in A}_, (W) (6 (Wj))p is given as:

AW T,

Z g(Wil)g(V[Z )...g (Wz )Kils 11 K;

1Al —1

18—1

¢

where the integer j < k. The result now follows from Lemma 5 m

J

Employing the above lemmas, Lemma 7 obtains a uniform bias rate and
a convergence rate for the proposed estimator.

Lemma 7 With Aj(w) defined as in Lemma 3, By (V;) a uniformly
bounded function, and trimming taken as known under Lemma 2:

a) : S‘;P|E[AZ(W)]IZh%Bk(VZ)JrO(N_”Q)'

) ¢ 185w =0, (1 + )

Proof. For a), the result is immediate for £k = 1. Assume the result is true
for stage £ — 1 so that

E [A}_(w)] = h*72By_1 (w) + O(h*) + o(N71/2).

Then, from Lemmas 2 and 6:

S (0w,

1 (w)
ElAi(w)] = =Y E L9
A N? —B | S50 (6), 1V,

] Ky(w) +o(N?)

h2k—2ck71 (’LU)

1 —1/2
= ¥ E{ i, () Loga e+
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where C%_; is uniformly bounded. Part a) of the Lemma now follows from
Lemma 1.

To prove b), letting Ef(w) = E [N’;—;()m}, from Lemma 3, A;_;(w) has

the following form:

{% - EZ_l(w)l - (26)
. Z { {A;; L (W) EZ1(WS)} % +88}PKS(w) + (@27

Biatw) - 5 3 B 070 2 | g (28)

s

Employing an induction argument, the term in (26) has the required con-
vergence rate For the term in (27), its absolute value is bounded above
by:

sup
w

wJP’i Aifl(w)_ o w
N;’ 9(w) B ( )‘Ks< ). (29)

From standard convergence results, the first component of () is O,(1) and
the second is O,(1/v Nh?) from an induction argument. and standard con-
vergence results. For the term in (28), from the proof of Lemma 3, we may
write 1t as:
1 . {0(w)) . O(W.))
L5 o800 g 08D

9(w) gws)

| )+ 0,1

The result follows from Part a) and Lemma 3,. m

To obtain asymptotic normality in semiparametric models, we require ad-
ditional pointwise and uniform convergence rates. With 6 a finite dimensional
parameter vector, recall from D6) that observation s on the index is given
as V(Ws; 0) and that a value for the index is denoted by v(0) = V(w;6).
Employing this notation, lemmas 8-11 provide the required additional results
for analyzing a class of estimators for index models.

Lemma 8: Mean-Square Convergence rate for expectations. Referring
to D8), define A} (V (w;6p) as in Lemma 3 with V (Wj; 6y) replacing V.

sup E [A*(v)?] = O (N~**) + O (N-(=D) |
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where the sup is taken over v, where v € C, (qi) = {v : ()\{) <x<qy ()\g) }
from D2).

Proof. As the result is immediate for £ = 1, consider case where k > 1.
Letting V; = V (Wy;65) and

waloV) = | S g5y, - S G5, 42
N ARON )
D) = Ap,() 1~ LI
recall that
N0) = AL~ 5 3 | P 60 —¢] Ko,

7 X a0 V),

Then,
Ai(v)? < 2D*(v) + (30)
o D ks, VP 2 0) + (1)

% ZZuk_l(s,t)uk_l(r, t) K, (v) Ks(v). (32)

s r#s

Beginning with the term in (40), in an induction argument, it can readily be
shown that it uniformly converges at the required rate. Being a single sum,
it can also be shown that the squared terms in (31) converge in expectation
to 0 faster than the double sum of cross-product terms in (32) Accordingly,
it suffices to analyze the cross-product terms.

For the terms in (32), the lemma readily holds for £ = 1. Assume that it
holds for k—1, k > 1. It can be shown that all components that depend upon
e, and/or g, either have 0 expectation or have an expectation that vanishes
faster than the rate in the lemma. Letting

ug(v)
E4(v)

ug—1(v, Vy) — &5
E [ (0)|V, V] = E [ug—1 (v, V)| V;, V],
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write the remaining terms as:

T = N2 > Y E(v) — E,(v)] K, (v) K(v) (33)
s T#s

T, = N2 ZgE — E,(v)] KKy (34)

T3 = N2 ZZU K, (v)K4(v) (35)
s r#s

T, = N2 > E(0)E(0) K, () Ky (v) (36)
s r#s

From iterated expectations, F(T}) = E(T3) = 0. For Tj3, let "|o” refer to
conditioning on V., V,. Therefore,

|E(Tsle)| < N2 > D B v)|®)] K, (v) K (v)
s r#s
< GrvE 2 X E [0 + (w0 o] K (K0
s r#s

With the lemma holding at stage k-1, it follows that |E(T3|e)| is uniformly
0, (N—0=rd)) .
Turning to Ty, note that:

Agk—1(Vor)

oo O(Vor))e =

Ar 1 (Vos)
) (5 (Vou))p Vi Vao Vi

A%, (Vor)
) { E[T (3(Vor)) | vt}] }H (v

B |2 5V, IV,

Ey = FE

g0(Vos)
= PP*7(X,¢5) [B(V;) — B(Vy)] +0 (N2,

where, with B a uniformly bounded function, the last result follows from
Lemma 7 and its proof. Therefore, up to o (N~1/2) :

B(T) = hi- ”E{ [B;Zi)—_B;gi])f KS@)KT(@)}

LT
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Change the variables of integration to z; = (v, — v) /h and 2o = (vo — v) /h.
The result then follows as the double integral is O (h*) m

In providing results for a class of semiparametric models, we require a
uniform result on derivatives, which is provided by Lemma 9.

Lemma 9: Mean Square Convergence for First Derivatives. Recalling
that w= (x,z) with v (0) = V(w,0), forz € C, (¢}) = {z : ¢ (M) <2 < g (\3) }
from D2).

sup £ [(Vé [Ag(v(w, 9)]90)2] = O (N~'%) 4 0 (N~(-r(d+2)

Proof. Employing the notation of Lemma 8, Vj [Ay(v(w, #)] can be written
as:

VD) + Vs S wna(v, Vi) (K 0]

Similar to lemma 8:

2

[Vidi(@)]" < 2[VeD@)]" + (37)

RS a0, VP K20) + (38)

%Vé Z Z wg-1(8, t)ur-1(r, 1) K (0) K (v). - (39)

s r#s

The proof for each of these terms follows the same argument as in Lemma 8.
u

Lemma 10. Let X;, be the s observation on the k" exogenous
variable. For a) below, assume A5): E[|Y;|"] = O(1) for m > 4. Let r be
the window parameter and set o = 0, 1, 2. then, for v restricted to a compact
set:

| RSSO0l = | (i et

a) Sl;p E{V,V; [OKS(U 6):0)]} ‘ =0, <N (s d)))
- sy 51 s Vo [Ks(v (0)50)] - _ —(3-r(atad)

O sl TR (K. (0(6) 6)]) ' 0 (V! A
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Proof. As the argument for b) is similar to and involves fewer assumptions
than that for a), here we provide the proof for a). Let:

0: otherwise

Then, write the term in a) as:
Ty = — Z bi)YsVig [Ks(v(0);0)] — E{Y.Vy [Ki(v(0);0)]} +

Ty

N Z biYs Vg [Ks(v(0);0)] — E{Y. Vg [Ki(v(0);0)]}-

For Ty p, from standard results in the literature (e.g. see Bhattacharya
(1967), Klein (1993)):

sup|Th—p — E(T1-p)| = O, (N—( —r(a+d)— m+2)> \N=0, (N*(mfr(oﬂrd)))
0
For Ty,noting that the function K (V (#)) incorporates trimming that can

be taken as known (Lemma 2) and that bounds X;. Then for z restricted to
a compact set, it follows that

sup V5 16,0 0)] = 0 (11 )

It then suffices to study

1
ha+d

Sy = E [b; |Ys]]

< BB E 2]

ha—i—d

which follows form Cauchy-Schwarz. For the first of the two components in
the upper bound:

E [bi]

IN

Pr (\Ysr" > N;%)
< N GERE(Y" =0 (N7)

Therefore,

S = 0 (Nl ol
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The result now follows.” m

Finally, for establishing asymptotic normality, we need a uniform conver-
gence lemma for the estimated mean functions and their first two derivatives.
Lemma 11 provides the required results.

Lemma 11. Assume A5 and that with r as the window parameter:

> 0.

1
1/2—r(d—|—a)—m+2

as the o partial derivative of the function f w.r.t. 6,

Denote Vg f ()
= f(0). Then recalling that v(#) = V(w, ) from D6), for

with V§f (6)
a=0,1,2:

sup |d (w, 0)| = 0, (1), d (w,0) = Vi |V (v(6):0) = M (v(0)0)

w,0

Proof. From standard results in the literature (or Lemma 10),, the lemma
is immediate for £ — 1. For k > 2, write:

I - VN (5 SIY\/A() RO RN
A (0(0):0) 31 00):0) = 5 3 { v - | Mt OO I i o)

Differentiating the above expression with

d(w,0) = dy (w,0) — day (w,0) + daa (w,0) — daz (w,0) + ds (w, ),

"Theb; indicator was defined to insure that the b-terms and the (1=-b)-terms converge
to zero at the same rate.
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yields:
dl (’LU, 6)
d21 ('LU, 6)
d22 (’LU, 6)

d23 (U}, ‘9)

d3 (w,@)

iZYvaKs (v(0);0)
o [V, 1 (Vi (0);:0)— M (Vi (0):0)]
NZ{ WVOK, (v () 0) }
1 Qt[Mk—l(vie)*M(me)]
Nz{ X VK. (v(6);6) }
1 [M—1 (Vi3 0) — My—1 (v; 0)]
o i )
« Mk 1(‘/8(0>10)_
LN | |

Mk_l(l}(dg 9)
<K (v(0);

);
0)

From Lemma 10, the term in (40) uniformly converges to Vi M

For the terms in (41)-(42), the result holds for £ = 1 from Lemma 10.
An induction argument completes the proof. For the term in (43), it can be
shown that its expectation uniformly converges to 0. The result that follows
from the same argument as in Lemma 10.

Turning to the term in (44), decompose it into three terms as in (41)-(43).
Employing Lemma 10, the proof is then essentially the same as that for the

previous three terms.
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