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ABSTRACT

Estimating gradients is of crucial importance across a broad range of applied
economic domains. Here we consider data-driven bandwidth selection based on the
gradient of an unknown regression function. This is a difficult problem empirically
given that direct observation of the value of the gradient is typically not observed.
The procedure developed here delivers bandwidths which behave asymptotically as
though they were selected knowing the true gradient. This procedure is shown valid
for semiparametric single index models. Simulated examples showcase the finite

sample attraction of this new mechanism and confirm the theoretical predictions.

i



TABLE OF CONTENTS

Page
ABSTRACT . . . e ii
TABLE OF CONTENTS . . . . .. . o . iii
LIST OF TABLES . . . . . . . iv
1. INTRODUCTION AND LITERATURE REVIEW . . . .. .. ... ... 1
2. THE GRADIENT BASED CROSS-VALIDATION METHOD AND ITS
ASYMPTOTIC BEHAVIOR . . . . ... ... ... ... . ... 5
2.1 The Univariate Case . . . . . . . .. . .. o 5
2.2 The Multivariate Case . . . . . . . . . .. .. ... ... 12

3. GRADIENT BASED CROSS-VALIDATION METHOD FOR SINGLE IN-

DEX MODEL DERIVATIVE ESTIMATIONS . . .. ... ... .. ... 17
3.1 The Case That vo Is Known . . . . ... ... ... ... .. ..... 19
3.2 The Case That v9 Is Unknown . . . . .. ... ... ... ... .... 23
4. SIMULATION STUDY . . . . . . e 27
4.1 Univariate Simulations . . . . . . .. .. ... L0 27
4.2 Bivariate Simulations . . . . . .. ..o 0oL 31
5. CONCLUSIONS . . . . s 33
REFERENCES . . . . . 34
APPENDIX A. PROOF OF EQUATION (2.8) . . . .. ... ... ... ... 36
APPENDIX B. PROOF OF LEMMA 3.2.1 . ... ... .. ... ....... 43
APPENDIX C. PROOF OF LEMMA 3.2.2 . . ... ... ... ... ..... 56

iii



LIST OF TABLES

TABLE Page

4.1 Relative ASE for DGP 1 for GBCV selected bandwidths over 500 Sim-
ulations. Numbers in brackets are the 10th, 50th and 90th percentile
of ASE across 500 simulations, respectively. . . . .. ... ... ... 28

4.2 Relative ASE for DGP 2 for GBCV selected bandwidths over 500 Sim-
ulations. Numbers in brackets are the 10th, 50th and 90th percentile
of ASE across 500 simulations, respectively. . . . ... ... ... .. 30

4.3 Relative ASE for DGP 3 for GBCV selected bandwidths over 500 Sim-
ulations. Numbers in brackets are the 10th, 50th and 90th percentile
of ASE across 500 simulations, respectively. . . . .. ... ... ... 30

4.4  Relative ASE for Bivariate DGP 4 for GBCV over 500 Simulations. . 32

v



1. INTRODUCTION AND LITERATURE REVIEW

The success of nonparametric estimation hinges critically on the level of smooth-
ing exerted on the unknown surface. Given this importance, a large literature has
developed focusing on appropriate selection of the smoothing parameter(s) of the
conditional mean. However, methods developed for recovering optimal smoothness
levels for the conditional mean are not necessarily the proper surrogates when inter-
est instead hinges on the derivative of the unknown function. Economic applications
which require gradient estimation include estimates of heterogenous individual atti-
tudes toward risk (Chiapporis, Gandhi, Salanié & Salanié 2009) and marginal will-
ingness to pay within a two-stage hedonic regression (Bajari & Kahn 2005, Heckman,
Matzkin & Nesheim 2010) to name a few.

The importance of appropriate smoothness selection for derivatives was illustrated
by Wahba & Wang (1990) who showed in the smoothing spline setting that the
ideal smoothing parameter depends on the derivative of the unknown function. A
small strand of literature has developed focusing attention on smoothing parameter
selection when interest hinges on the derivative. Within this literature there exist
several different approaches for construction of the optimal bandwidth. To develop
the intuition for existing approaches consider a univariate nonparametric regression

model

y; = g(w;) + uj Jj=1...,n (1.1)

Rice (1986) introduced a method for selecting a smoothing parameter optimal for
construction of the derivative of g(x). Rice’s (1986) focus was univariate in nature.
He suggested the use of a differencing operator (though this operator is not formally

defined) and a criterion which was shown to be a nearly unbiased estimator of the



mean integrated squared error (MISE) between the estimated derivative and the
oracle. Building on the insight of Rice (1986), Miiller, Stadmiiller & Schmitt (1987)
used Rice’s noise-corrupted suggestion to select the bandwidth based on the natural
extension of least-squares cross-validation (LSCV). Miiller et al. (1987) also formally
proposed a differencing operator for calculating noise-corrupted observations of the
gradients. Noting that the differencing operator deployed by Miiller et al. (1987)
possessed a high variance, Charnigo, Hall & Srinivasan (2011) sugested a differencing
operator with more desirable variance properties as well as a generalized criterion to
be used for selecting the optimal smoothing parameter.

As an alternative to noise-corrupted observations of the desired gradients, Miiller
et al. (1987) proposed a simpler approach by adjusting a bandwidth selected for
g(x) to account for the fact that the bandwidth for the gradient estimate needs to
converge slower. The interesting aspect of the factor method is that, in the univariate
setting, the ratio between the asymptotically optimal bandwidth for estimation of
g(x) and its derivative depends on the kernel. Using this fact, Miiller et al. (1987)
recovered an optimal bandwidth for the derivative eschewing difference quotients.
Fan & Gijbels (1995) used this insight to first construct a plug-in estimator for the
conditional mean and then adjust this bandwidth to have an optimal bandwidth for
the derivative of the conditional mean.

Beyond the factor method, Fan & Gijbels (1995) also proposed a two-step band-
width selector which consists of constructing empirical measures of the bias and
conditional variance of the local-polynomial estimator. The unknown terms within
the bias and variance are replaced with estimates found using the factor-method
bandwidth. Once these measures are constructed, the final bandwidth, termed the
refined bandwidth, is found by minimizing MISE. Fan, Gijbels, Hu & Huang (1996)

showed that this bandwidth selection mechanism has desirable properties both the-



oretically as well as in simulated settings.

In a separate approach, Ruppert (1997) developed empirical-bias bandwidth se-
lection. A key difference from Ruppert’s (1997) approach is that instead of fit-
ting a local-polynomial to obtain estimates for the unknown components in the bias
expansion for the gradient, he instead estimates the gradient for several different
bandwidths and then uses least-squares to fit a Taylor expansion to the estimated
unknown components of the bias. A benefit of this approach over the aforementioned
methods is that it requires estimation of fewer components in practice.

Each of the existing methods leaves something to be desired in a multivariate
setting. The factor method requires bandwidth selection on the conditional mean
followed by calculation of a scaling factor dependent upon the kernel function (in the
univariate setting) which can be tedious. The calculation of noise-corrupted deriva-
tives also requires computing the number of neighboring observations to construct
the estimates prior to minimizing the criterion function. In high dimensional settings
this may not be feasible. Lastly, plug-in approaches, while having desirable theoreti-
cal properties, require the calculation of numerous unknown quantities, neutering the
ability of having a completely automatic procedure. All plug-in approaches require
estimation of unknown functions and their derivatives prior to the formal selection
of the bandwidth. Moreover, the plug-in formula for the optimal bandwidths can
become quite complicated in high dimensional settings. The framework laid out here
does not require adjustment, calculation of noise-corrupted derivatives or unknown
quantities related to the underlying data generating process. The method also does
not hinge on a pilot bandwidth nor a set of estimates being supplied to the criterion
function, streamlining the process.

Our approach begins with the oracle LSCV setup for the gradient as in Miiller

et al. (1987), with a local-linear estimator. We then show that replacing the oracle



gradient with a local-cubic estimator produces bandwidths which behave asymptot-
ically as though the oracle was used. The intuition for this result is that the bias
of the local-cubic estimator is of sufficiently smaller order relative to the local-linear
estimator that the only aspect of the local-cubic estimator which appears in our
asymptotic expansion of the LSCV criterion is the variance of the difference between
these estimators (local-linear and local-cubic). In the limit, the variance of this dif-
ference behaves (up to a constant depending on the kernel) exactly as the case with
the oracle gradient. Thus, bandwidths selected replacing the oracle gradient with
the local-cubic estimator are asymptotically equivalent to those selected with the
unknown oracle gradient.

The gradient based cross-validation (GBCV) approach studied here has several
appealing features. First, the computational burden is dramatically decreased given
that pilot bandwidths and first differences are not necessary to make the procedure
operational. Further, the approach readily scales to the multivariate setting and
is firmly entrenched within the data-driven bandwidth selection arena. Lastly, the
method is intuitively appealing as it represents an easily explained procedure which
mimics the traditional LSCV approach to bandwidth selection, albeit for gradients.

The remainder of the paper is as follows. Section 2 provides the formal details of
our new cross-validation procedure and the asymptotic justification for our proposed
method. Section 3 extends the GBCV approach to semiparametric single index
models. Section 4 contains a set of simulations to show the performance of our
bandwidth selection method for estimation of derivative functions compared with

the oracle selection method. Concluding remarks appear in Section 5.



2. THE GRADIENT BASED CROSS-VALIDATION METHOD AND ITS
ASYMPTOTIC BEHAVIOR

We consider the problem of using a data-driven method to select the smoothing
parameters for estimation of the derivative of a function. Here we describe our
gradient based cross-validation method first in the univariate setting and then for

the general multivariate case.
2.1 The Univariate Case

To motivate the idea and keep the notational burden to a minimum, in this

section we focus on the univariate nonparametric regression model in (B.8):

yj:g(a:j)—{—uj, jzl,...,n, (21)

where the functional form of g(-) is not specified and the error term wu; satisfies
E(uj|z;) = 0. Let §(x) = dg(z)/dx denote the first order derivative function of g(-)
with respect to 2. Let 3.1 (z) be the local-linear estimator of 3(z). Ideally, we would
like to choose the smoothing parameter A to minimize the estimation mean squared

error E{[3..(z) — B(x)]2}, or the sample analogue of it:

é = z”: BLL ;) x])]zM(xj), (2:2)

3

where M (-) is a weight function with bounded support that trims out data near the
boundary of the support of z.

Following the same arguments as in Racine & Li (2004) and Hall, Li & Racine



(2007), one can show that
CV(h) = [ Elfii(@) = B(a)2M (@) f(@)de + (5.0.),

where f(z) denotes the density function of x and (s.0.) captures terms having prob-
ability orders smaller than the leading term [ F {BLL(x) - ﬁ(x)}2 M (z)f(x)dx. Let
Bias® (BLL(:UD and Var® (BLL(.%D denote the leading bias and leading variance

terms of B (z). Then the leading term of C'V/(R) is given by

CVO(h) Y / { [Bias® (Buu(2))] + Var® (BLL(x))} M(2)f(x)de. (2.3)

Here, we explain the definition of leading bias and leading variance of BL r(x). It

can be shown that (e.g., Henderson et al (2012))

Vi(x)

3 Zy + 0, (W% + (nh3)71/?), (2.4)

ﬁLL(x) — 6(%) = h2B(l’) +

where B(z) = (“‘;;5§> g"(;()i)/(x) + “4g:2(x), V(z) = vo?(x)/[uif(z)], Z, is a mean
zero, unit variance random variable (Z, 4N (0,1) under some standard regularity
conditions), u; = [w(v)vldv, vy = [w(v)?v!dv, m/(x), m"(x) and m" (x) are the first,
second and third derivative functions of m (m = g or m = f). Note that B(z) is non-
random, therefore, we say that h2B(x) = Bias®((y.(x)) is the leading bias of £y (),
and we say that V(z)/(nh?) = Var® (B (z)) is the leading variance of 3 (z). Also,
we say that [ Bias®(8pr)]? + Var(Br) = h*B2(x) + V(z)/(nh®) = MSE®(B.(z))
is the leading MSE of BLL(X). In the remaining part of the paper, the leading bias,
variance and MSE of other local polynomial estimators are similarly defined.

The problem facing the econometrician is that one cannot compute C'V'(h) defined

by (2.2) because f(x) is unknown. As an alternative, one can compute the leading



bias and variance of BLL(a:), and choose the smoothing parameter A to minimize a
weighted version of the integrated (leading) squared bias and variance of (g ().
This approach requires one to obtain initial estimates of g(x) and f(z) and their
derivative functions up to the 37@ order, which in turn requires one to use pilot
smoothing parameters to estimate these unknown functions. This is called the ‘plug-
in’ method (see Fan & Gijbels 1995). The ‘plug-in’ method of selecting the smoothing
parameter is not completely automatic as it requires some initial choice of smoothing
parameters. If the initial choices are far away from the optimal values, the ‘plug-in’
method may lead to poor selection of the smoothing parameters. Moreover, in the
multivariate regression case or when there exists discrete covariates, this ‘plug-in’
method can be difficult to use as the ‘plug-in’ formulas are quite complex in these
settings.

We propose a completely data-driven procedure to select h which is asymptot-
ically equivalent to selecting an h that minimizes the infeasible objective function
defined in (2.2). We construct our feasible objective function by replacing the un-
known derivative function 3(x;) by another consistent estimate of it, say (p(z;),
where subscript LP denotes an alternative local polynomial estimator. Hence, our

objective function is based on

CVip(h z": [ﬁLL 373 BLP(%’)FM(%')- (2.5)

J=1

:\»—

Our candidates for BLP(-) are from the set of local polynomial estimators, local-
constant (LC), local-quadratic (LQ) and local-cubic (L-cubic) (or even higher order
local polynomial estimators).

Following similar derivations as in Racine & Li (2004) and Henderson, Li &



Parmeter (2012), it can be shown that the leading term of C'Vyp(h) is given by

CVEp() = [ MSE® [B1(2) = Bre(a)] f(w)M (@)da
- /{[BiasO(BLL( ﬁLpI }2
+Var® (Buu(x) — Bup(x)) } £(2)M(z)da

where the superscript 0 denotes the leading term of C'Vp(h). We want to select
the local polynomial order of our estimation method such that (2.5) and (2.2) are
asymptotically equivalent to each other. This may at first look like a formidable
task, but in fact an easy solution to this problem exists, which we now detail.

We first define a d* order local polynomial estimator of 3(z) = ¢'(z). We choose

by, b1, . ..,bs to minimize the following objective function

bogll,m Z( — by — b1 (x; )_...—bd(xj—x)d)2w< : ), (2.6)

where w(-) is the kernel function and h is the smoothing parameter. The solution b,
is the (d™-order) local polynomial estimator of 3(x).
Using the notation m/(z) = dm(z)/dz, m"(x) = d*m(z)/dz* and m"(z) =
Sm(z)/dx® with m(x) = g(z) or m(z) = f(z), the d" order local polynomial
estimators’ (with 0 < d < 3) leading biases and variances are well established and

given by!

Bias® (BLC(@)
9" (@) f'(@)f (@) + 2¢' () " () f(z) + 39" (2) f* () — g () [f'(2)]?
f* () ’
'For the local constant estimator, (2.6) does not give the derivative estimator directly. Rather,
we have to take a derivative of gro(z) with respect to = to obtain a derivative estimator, i.e.,

5Lc(l’) = 7‘1%2(@ :

= hug




N e €))
S onhd o fla)

Var® (BLC(JU)>

0(A o | (a3 9" (@) f(x) | pag” (@)
Bias (ﬁLL(:z:))—h [( o ) @) + 6 |

1 woi(x)
Conhdd f(x)’

Var® (BLL (a:))

Bias® (Brale)) = W 1" (2),

. 1 1/20'2
Var® (ﬁLQ(x)) I /i%fé%a?’

Bias® (BL—cubic(x>) = O(h4),

~ 1 K;o?
var(] (ﬁL—cubic(m)> = Wféoj-c((f:))’

where Ky = (puafte — p3pe)*ve + (Maha — 1) ?v6 + 2(ptapte — p3pe) (s — piva, Kz =
Uaflafle — [ + paps — s, s = [viw(v)dv and v, = [v¥w?(v)dv, see Fan & Gijbels
(1996, Theorem 3.1) and Henderson et al. (2012). Thus, (3.7) can be written as

o () 612 f(z)M(x)dx

/02(:E)M(x)da:

Cvo(h) = h4/ [(/‘4—N%> 9" (x)f(x) +H4gm($) 2

11/2
nh? 3

— / B (2)) f(a;)M(m)da:%—#Vl / o2 () M (2)de, (2.7)

2 () ! (2 1 1/
wtere B (o) = (252 29560 540 an i = 5

We notice that variances of these local polynomial estimators are different from

each other only by some multiplicative constants. In contrast, the biases are more



complicated. They are distinct from each other by functions (including derivative
functions) of x. This comparison motivates us to choose LP = L-cubic given
that Bias® (BL_cubic(x)> = O(h*) = o(h?) is negligible compared with the bias
term of the local-linear estimator. Hence, the leading bias of Gy (x) — Brp(z) =
BLL(x) —BL_Cubic(x) is simply Bias® (BLL<£L‘)> We still need to evaluate Var[BLL(x) —
Br-cutie(®)] = Var (Bu(x)) + Var (Br-cusic(x)) — 2Cov (BLL(x), Br-cuvie(w)).  Ap-
pendix A demonstrates that the leading term of the covariance between BL_CW-C(I)

and BLL(x) is given by

. . 2 2.2 2
Cor° (ﬁL-cubic(ﬂﬁ),ﬁLL(-T)) — nz?’ ) (Haps Mzﬂﬁ):z[‘(:(ﬂzM 113) Vs _ ;((;C)) (2.8)

Hence, the leading variance term of (3.9) with LP = L-cubic is given by

Var? (BLL(SE) — BL—cubic<x>>

= Var® (BL—cubic(-T)) + Var’ (BLL<$)) —2Cov” (BL‘C“biC<x)’ BLL(x»

b lKl LV g (ks — pope)ve + (H3pa — Mi)ﬂ ()
nh3 | K3 3 oIS flz)

Thus, by choosing LP = L-cubic, (3.9) can be written as

CVB—cubic(h) )
_ 4 pa—p3) ¢"@)f'(x) | pag"(@) "
B h/ < 219 ) f(x) " 6112 1 f@)M(x)d
1 | K v — 12 e 210y — u2\v
o KéJrJré_z(uum MQHG)Mz;‘Q(MM [3)va /Uz(x)M@)dx
_ / B, ()] f(x)M(x)dx+%VLg / o2 (2) M (z)da. (2.9)

Let hoope and hgcupic denote the values of h that minimizes (3.14) and (2.9),

10



respectively, it is easy to see that

b

o = [ L M 0 ]”,J_m
4 [Bu@)) f(x)M(x)da

17

T (N
’ 4 [ [Bi(x)]” f(x) M (z)dz

Therefore, we have hgeupic = (Viz/Vi)Y"hoopt- Letting Beupie denote the value of

h that minimizes the feasible cross validation objective function (2.5) with LP =

L-cubic, we correct hegie by multiplying it by a constant

~

hcubic - (‘/1/‘/1,3)1/7 Bcubic-

It then follows that (under some regularity conditions similar to those given in Hall
et al. (2007))
iLcubiC/hO,opt & 1. (210)

Equation (2.10) follows from

Peuni Y7 i YT (o cuni ho.cubi
cubic _ (‘/1/‘/173) cubic _ (‘/i/‘/l,B) [ 0,cubic + Op( 0,cubzc)] _ 1+ Op(l) (211>
hO,apt hO,opt hO,opt

because (Vi /V1.3)Y"ho cuvic/ho.opt = 1.

A rigorous proof of (2.11) follows similar proof arguments as Hall et al. (2007).
We omit the detailed steps to save space.

It is straightforward to show that (Vi/V;3)Y/" = (16/15)Y7 ~ 1.009 if we use
the Gaussian kernel function and (V;/V;3)/7 = (308/945)1/7 ~ 0.852 if we use the
Epanechnikov kernel function. If a standard normal kernel is used in the local-linear

and cubic estimations, there is hardly a need for adjustment of the optimally selected

11



bandwidth.
2.2  The Multivariate Case

In the multivariate setting, we have © = (z1,---,2,) where ¢ > 1. We want
to choose h = (hy,---,h,) optimally in the sense that they minimize the estima-
tion mean squared error for the first order derivative functions of g(z). Instead
of considering the whole ¢ x 1 vector of the derivative function, we consider each
partial derivative separately. We use the notation (Gs(z) = dg(zy,---,z,)/0zs for
s =1,...,q to denote the first order partial derivative functions. Without loss of
generality we will focus on the case of s = 1. Similar to the univariate x case, ideally,
we would like to choose h to minimize the following sample analog of the estimation

mean Squared eIror:

n

S [Brecley) - Bilay)] Mzy), (2.12)

J=1

Cvlé

3\'—‘

where (1 1 (z) is the local-linear estimator of §,(z) = dg(z)/dx; obtained from
2
rglbnz [ —a—b"(zv; — J:)} Wh ju. (2.13)

where b estimates (9g(x)/0z1,---,0g(x)/dz,)T, the ¢ X 1 vector of first derivative
functions. The first component of b in (2.13) is BLLL(x), the local linear estimator
of B1(x). Wi e = 1221 hy'w((zs — x5)/hs) is the product kernel function.?

In practice f1(x;) is unknown. We suggest replacing (i(x;) in (2.12) by the
local-cubic estimator BAL L-cubic(Ti). In order to demonstrate how we use the local-

cubic estimator of ;(x) with multivariate z, we need to introduce some additional

2A referee suggested that one may use a non-diagonal bandwidth matrix instead of the product
kernel function. We conjecture that the main result of this paper remains valid when one uses a
non-diagonal bandwidth matrix. However, this is beyond the scope of the current paper.

12



notation. Following Masry (1996), we define the following

[+q—1 a
i) For [ € {0,1,2,3}, let N; = and N3 = Y7 N;, where ) =
qg—1
b!(a“iib)!, a and b are positive integers (a > b).

ii) Let k = {kq,...,k;} and |k| = X[ ki,

kKl = kil x-xkg!, o=zt x. xak
3 l l
> o=xye X
0<|k|<3 1=0 k1=0 kq=0

|k\:k1+.4.+kq:l

T
iii) {bo, bl v%, bg} is an N3 x 1 column vector where by is N x 1 column vector

composed of by in lexicographical order.

Bl, L-cupic() s the first component of the solution b; in the following minimization

problem:

2
mln Z (y] Z b (x; — k) Whje, (2.14)
b0, 0<|k|<3

We suggest replacing (3;(z;) in (2.12) by BAL L-cubic(z;) and choose h to minimize

the following feasible cross-validation function:

n

Z {51 ro(r;) BLL—cubic(iﬂj)r M (x;). (2.15)

Jj=1

CVis(h) %

3\*—‘

In the multivariate case, the leading biases and variances of ﬁAL rr(z) and ﬁAL L-cubic(T)

are given by

. A —u? T x
Bias® (5 pr(z)) = [(“;ﬁ”) fl(f)(g;)l( )y tgun(2) | b+ 52 00 gss(2) R

Y f()gra )k,

13



1 vl vy 0(z)

nhihy---hy p3 o fx)’

Var®(Byoo(z)) =

Bias® (B, -cusic(x)) = O(||h[[*),  where [|B||* =31 B2,

1 VI K o2 (2)

0 3 . —=
Var Gui-and®) = 5" kT o)

where Ki, K, ps and v, are as defined in the univariate case, see Masry(1996).

For the general ¢-dimensional z, we denote my(x) = Im(m) mes(z) =

0T
msu(z) = dxsg;%{m where m(z) = g(x) or m(z) = f(x). Then, we have the leading

82m(x)

O0xt0xs and

term of C'Vy(hy) given by

CVY(h) = /{{Bws (Bl ]2+Var (Broo(z ))}M(!L’)f(x)dx
/ {KMQ;;@) (:;)(g)( ) . 2g111(:¢)} R

Zglss S f@) g )hQ} f@)M(x)dz

s;él f(&;) s#1

1
Vo Vi /
2.16
nh tho -+ hy ( )

and as in the univariate setting V; = %

To obtain the leading term of C'V; ¢(h), we need to calculate

Bias" (BI,LL<17> - Bl,L—cubic<I>> and Var® (BI,LL<=T> - Bl,L—cubic(x)) .

14



Since Bias® (Bl,cubic(x)) = O(||h||*) = o(||h|[?), we have Bias" (BLLL(x) — ﬁALL_wbic(x))
= Bias® (ﬁALLL(x)) — Bias® (BLL_cubz-c(x)) = Bias® (ﬁALLL(x)) + (s.0.). Tt can be
shown that

Cov® (Bl,LL($)a Bl,L—cubz‘c(l‘))

1 8 (paps — p3pe)ve + (3pa — pfva] o* ()
nhihy -+ hq 12k f(x)

Thus,

Var’ (BLLL(%) - Bl,L—cubic($>]) = Var’ (BI,LL ) r? (Bl,L—cubic(x»

—QCO’U (61 LL(QE) B cubzc( ))
Vi Vi 2(37)

where V) 3 = 1% + 3 — gl “2“6L22;2(“2“4 “Vi - Then, we have that the leading

term of C'V; ¢(hq) (deﬁned in (2.15)) is given by

CVys(h)

- /{[Biaso (BLLL(I‘) —ﬁl,L-cubic(x))r
+ Var® (Buus (@) = B p-cuvic(w)) b M (@) f(2)dz
(x

pa — 3\ f1(2)gn () ] 2
= + L h
/{K 241 ) () 6;@9111( ) | b1
2
q
ng J%Zfsmgls(x)hi} f(z) M (z)dz
8?51 s#£1
q—1
I/O V1,3 2
+7nh:{’h2 by o“(z)M (z)dx. (2.17)
For expositional simplicity, we assume that hy = hy = --- = hy = h. Let hy and

15



heupic denote the values of h that minimizes (2.16) and (2.17) respectively, then we

have

n—1/(a+6)

3]/3—1‘/1 f UQ(JZ)M(CC)dQT ~| 1/(q+6)

ont = LlfBz(x)Bs(x)f(x)M (x)dx

1= 1/(a+6)

hcubic - [

3yg_1V173 [ o* ()M (z)dx ]1/(q+6)
4 [ By(w) B3 () f(x) M (x)dx

—u2 T x T
where By(z) = (“542) 2000 4 woi@) ang By(z) = By(x) + 1 L7, gres(@) +

0 T fo(@)grs(x). Thus, hewic = (Vis/Vi)Y @ Ohyy,. Let Reupic denote the value

of h that minimizes (2.15), we correct it by
iLcubic = (‘/’1/‘/1’3>1/(q+6) i:’/cubiC'

Then we have

}Alcubic/hopt ﬁ) 1.

Note that if the gaussian kernel is used, the larger the ¢, the closer the factor
(Vi/Vi3) @9 isto 1. For example, (V;/V;3)Y 06 = 1.009 for ¢ = 1, (V;/V; 3)Y/ 40 =
1.008 if ¢ = 2, and (V;/V;3)Y@*6) = 1.007 if ¢ = 3. Therefore, if a normal kernel is

used, there is hardly a need for multiplying by the adjustment constant.
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3. GRADIENT BASED CROSS-VALIDATION METHOD FOR SINGLE INDEX
MODEL DERIVATIVE ESTIMATIONS

From section 2 we can see when extended to multivariate case, gradient based
cross-validation method may have computational complication. Just take a look at
of the case ¢ = 2 and case q = 3, we need to estimate 10 parameters from (2.14) for q
= 2 and 20 parameters from (2.14) for ¢ = 3. However, we do not have such problem
when the model is a single index model and this model is widely used by applied
econometricians. Semiparametric single index models arise naturally in binary choice
settings. Let y; denote a binary dependent variable whose value is determined by a

single index and an error term as follows:

Lif yf = X'y — & >0;

Yi = Z (3.1)
0 if yf=Xy—¢<0.

)

where y* is a latent variable and € is a continuously distributed random variable in-
dependent of X and whose distribution in our case is unknown. Thus the conditional

mean function

E(y;|X;) = 1% Prob(y; =1|X;)+ 0% Prob(y; = 0|X;)
= Prob(y; = 1|X;)
= Prob(e; < X, 7| X))

= g(X/ ), (3.2)
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which gives us the single index model

vi = Byl Xi) + u

— g(X) +u. (3.3)

In binary choice setting, g(-) is the cumulative density function (cdf) of € and
B(-) = 0g(-)/0z is the probability density function (pdf) of e. As the property of
cdf and pdf functions, g(-) is nondecreasing and [(-) is non-negative. However, in
practice these two properties are not guaranteed in estimation if we do not select
the smoothing parameters appropriately, making the estimated conditional mean
function ¢(-) and derivative function B() hard to be interpreted as a cdf and pdf
function.

In practice, we often arrive at an undersmoothed function curve by using the
traditional smoothing parameter selection method. Chen, Gao and Li (2013) gives
us an empirical example that fits into this scenario. It chooses the optimal bandwidth

as the one that minimizes the mean squared estimation error which is defined by

T N

>3 [V — g0

t=1i=1
in a panel data setting, where g( 2 (XTH )) is the leave-one-out estimator of g(X;} 0).
This bandwidth selection method often leads to wiggly fitted curves. That is, it often
leads to undersmoothing.

Targeted at ameliorating such problems, We discuss in this section how we can

apply gradient based cross-validation method to single index model, which is optimal

for derivative estimation and expected to mitigate the “undersmoothing” problems.

We will elaborate it in the following subsections.
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3.1 The Case That ~y Is Known

If o is known, actually we can apply the smoothing parameter selection method
discussed in section 2 directly. We explain it briefly in this subsection.
For the pseudo case in which 7y is known, we can generate the regressor z; = X, o

and consider the following nonparametric model:

yi = g(2i) + ui, (3.4)

where the functional form of g(+) is not specified, the error term w; satisfies E(u;| X;) =
0. Let B(z) = 0g(z)/0z denote the first order derivative function of g(-) with re-
spect to z. Let BLL(Z) be the local linear estimator of 3(z), ideally, one would like
to choose smoothing parameter h to minimize the estimation mean squared error

E{[Br1(2) — B(2)]2}, or minimize a sample analogue of it:

Z[B<Zz> — B(2)PM (), (3.5)

where M (-) is a weight function that trims out data near the boundary of the support
of z.
Following the same arguments as in Racine and Li (2004), and Hall, Li and Racine

(2007), one can show that

CV(R) = [ ElBun(z) = BEPM()f(2)dz + (s.0.), (3.6)

where (s.0.) denote terms having smaller orders than [ E[Gp.(z)—3(2)]2M (2) f(2)dz.

Let Bias®(3(z)) and Var®(3(z)) denote the leading bias and leading variance
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terms of By (z). Then the leading term of C'V/(h) is given by

CVO(h) e / { [BiasO(BLL(z))]Q + VarO(BLL(Z))} M(2)f(z)dz. (3.7)

The difficulty is that 5(z;) is unknown so that one cannot compute C'V'(h) defined
in (3.5) in practice. Gradient based cross-validation method proposes to use the local
cubic estimate to replace the unknown /3(z;) in the criterion function (3.5) and choose

h to minimize the following feasible objective function:

n

> [Braz) — Bewne(z)] M(z). (3.8)

=1

CVi(h é

3\’—‘

where BC’ubiC(') denotes the local cubic estimator of 3(-).

Following same derivations as shown in Racine and Li (2004) and Henderson et

al. (2012), it can be shown that the leading term of C'V}(h) is given by

CVfO(h) = /MSE [BLL(Z) — Bcwz'c(z)] f(z)M(z)d=z
- /{[Biaso(ﬁu(z) - Bcubic(z))r
+ Var® (Buo(2) = Powie(2)) | F(2)M(2)dz + (s.0),  (3.9)

where the superscript 0 denotes the leading term of C'Vy(h).
For the local linear and local cubic estimators, their leading biases and leading

variances are well established:

0 _ o | a— 13 9" () (2) | pag”(2)
Bias®(Br(z)) = h* |( % ) ) + 6112 (3.10)
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1 1y 0%(2)

Var®(Boo(z)) = SENERTE (3.11)
Bias®(Beuwie(2)) = O(hY) (3.12)
Var® Bowie(2)) = %MD‘QO} 8 (3.13)

where D = (papte — piypis)*ve + (u3pa — p3)*ve + 2(papis — pape) (papa — pi3)va and
|A| = poptapie —pi+pips — i e, see Fan & Gijbels (1996) Theorem 3.1 and Henderson
et al. (2012). Thus by using (3.10) and (3.11), (3.7) could be written as

249 f(2) Gz
— / 02(2)M(2)dz

= 1t [ B FIM )z + nlhgv1 [ME: (314)

owm>:;ﬁ/KM‘@)W@W“MJWW”rﬂ@M@M

1V2

_ 2 N F (2 wag' (2
where By(z) = (”‘;MSQ) 4 (fgf)( ) 4+ ’“67#2( ) and Vi = vy /2.

Note that since Bias®(Bouwic(z)) = O(h*) = o(h?) is negligible, the leading bias
of BLL(Z) — Bcubic(z) is simply BiasO(BLL(z)). It can be shown that the leading

covariance between BLL(z) and Bcubic(z) is

nh? p2| Al G

) . 1 _ 2 2. 2 2
Cov® By (2), Bomne(2)) = — - Patts —1ape)va & (apta = piva o°(2) g
Hence, the leading variance term is given by

Var(Brn(z) — Beuic(2))
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= Var’(Bur(2)) + Var(Bowic(2)) — 2C0v°(Br(2), Bouie(2))

_ % . lDz + 2 o (Halte — ipe)vs + (3pta — “421)’/4] o) (3.16)
nh* |4 po| Al f(2)
Using (3.10) and (3.16) , (3.9) could be written as
2 /! / " 2
0 4 pa— 15\ 9" () (2) | pag”(z)
= M
CVi(h) = h / l( o ) ot e, | [BM )
i D V2 (pape — p3pe)ve + (p3pa — p3)va 2
- LA'Q ++ 2 AL o /a (2) M (2)d=
= h4/[B1(z)] f(z)M(z)dz + h3V13/ 2(2)M (2)dz (3.17)
where
D (Hapte — pripie)va + (pi3pea — pi3)va
% + +— —2
RVIE pz] Al

Let hocupic and ho oyt denote the values of h that minimizes (3.17) and (3.14),

respectively, it is easy to see that

3Vis [ 02(2)M(2)dz
4[[Bi(2)] f(2)M (=

1/7
hO,Cubic - [ )dz] n_1/7 (318)

0 t:[ Vi [ o2(2) M (2)dz r”nm_
P4 S [Bi(2)) f(2)M(2)dz

Thus, ho.cupic = (Viz/ Vi)Y "ho opt- Let hope and heusie denote the value of h that

(3.19)

minimize (3.5) and (3.8) respectively, define heupie = (Vi/Vis) YT heupies then we

have ilC’ubic /Popt 2, 1. We summarize the above results in the following lemma:

Lemma 3.1.1 (a) Let B1.(-) and Bewic(-) denote the local linear and local cubic

estimator, we have BLL(zi) — BCubic(zi) = 0, (h2 + \/%), (b) Let hop and ;lCubic

denote the value of h that minimize (3.5) and (3.8) respectively, define hcubic =
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(‘/1/‘/173)1/7 }NZCubicy then we have iLC’ubic/hopt £> 1.

3.2 The Case That vy Is Unknown

In last subsection, We show that, if g is known, we can actually select smooth-
ing parameter h that asymptotically approaches the optimal smoothing parameter
value that minimizes the estimation mean square error of the derivative estimation.
However, in single index model, coefficient 7 is unknown to us. Thus the smoothing
parameter selection method shown in subsection 3.1 is not ready to use. In this sub-
section, We will show that by combining with the minimum average variance (MAV)
estimation method (Xia & Hérdle, 2006), we can achieve similar results as shown in
lemma 3.1.1. The proof is quite tedious and We put them in appendix.

Since vy is unknown, z; = X, v can not be directly used for the smoothing

parameter selection. For this reason, we need to estimate the coefficient ~ first. We

choose the minimum average variance (MAV) estimate 4 to replace 7o and generate

% = X,'4. Xia & Hirdle (2006) shows that

5=~ =0, (%) . (3.20)

This property of 4 is key to our success of smoothing parameter selection.
Like in subsection 3.1, ideally one would like to choose smoothing parameter h
to minimize

i [ﬂLL ) Zz)} M(X;) (3.21)

=1

:\P—‘

where 3.,(-) is the local linear estimator of 3(-) = dg(-)/dz, 2 = X, 4, z = X, 0
and ¥ is the MAV estimate of coefficient ~.
The difficulty is that we do not observe ((z;) and do not have any natural ob-

servable approximation for it. To make the criterion function feasible, We use the
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local cubic estimator of 3(-) evaluated at z; = X,'4 to replace the oracle in (3.21)

and arrive at the following objective function:

Cvf 7]’_L i [6LL Zz BCubic(éi)} ’ M(Xz> (322)

i=1

where ch-c(~) denotes the local cubic estimator.

One can see that if we replace the generated regressor 2; = X,'4 by 2z, = X,y
n (3.21) and (3.22), they are the same as (3.5) and (3.8) in subsection 3.1. If (3.21)
and (3.22) is asymptotically equivalent to (3.5) and (3.8) respectively, then we can
follow the proof line as in subsection 3.1. Actually this is true, because the MAV
estimator 4 has a faster convergent rate than the local polynomial estimator BLL(~)

and Bc’ubic(')- These facts are summarized in the following two lemmas.

Lemma 3.2.1 CVy(h) = % i {BALL(:&) — Bcubic(fi)r M (X;) is asymptotically equiv-
i=1

2 .
alent to = {ﬁLL(z,) Bcubic(zi)} M (X;), where Brr(-) is the local linear estimator,
i=1

5= X4, 2z = X v, 4 is the minimum average variance (MAV) estimator of +

(see Xia & Hdardle 2006) and 7o is the true value of 7.

Proof: See the appendix.

1 n ) A 2 . . .
Lemma 3.2.2 CV(h) = - > [BLL(zi) — ﬁ(zl)} M (X;) is asymptotically equivalent

i=1
to

1 i [BLL(ZZ') - ﬁ(zi)r M(X;), where Bp.(-) is the local linear estimator, 2, = X, 4,

i=1
= X,'7, 4 is the minimum average variance (MAV) estimator of v (see Xia &

Hirdle 2006) and vy is the true value of ..

Proof: See the appendix.
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By using lemma 3.2.1 and lemma 3.2.2, we can follow the same proof line as in
subsection 3.1 and obtain similar results as in lemma 3.1.1. Below We first make

some regularity assumptions.

Assumption 3.2.3 (i) The data {X;,y;}"_, are independent and identically dis-
tributed (i.i.d.), z; = X, yo admits a density function f(z). (ii) Let g(z;) = E(yi|zi =
X."v0). g(2) has continuous partial derivative functions up to fourth-order on X €
M, where M is the support of the trimming function (M is a compact subset of

RY). (iii) f(2) has continuous partial derivatives up to second-order on X € M.

Assumption 3.2.4 (i) Let u; = y; — g(z;). Then 0*(z) = E(u?|z; = 2) is a con-
tinuous function on X € M. (ii) Define pum(z) = E(u*|z), pm(z) is bounded on

X € M for all finite positive m.

Assumption 3.2.5 (i) The kernel function is a non-negative, bounded, differen-
tiable even density function (w(v) = w(—v)); (i) w'(v) = dw (v) /dv is a continuous

and bounded function; (ii1) [w(v)v® and [|w' (v)[v®dv are both finite.

Assumption 3.2.6 h € H,, where H, = {h: c;n /(%) < b < cyn=1/(46+02)1
for some small positive constant 61 > 0, and large positive constant o > 0, where ¢,

and cy are positive constants.

Under assumption 3.2.3 to 3.2.6, we have the follow similar result as in lemma

3.1.1:

THEOREM 3.2.1 Let hg ope and hy: denote the value of h that minimize (3.21)
and (3.22) respectively. Define hgi = (Vl/vl,g)l/%i. Under assumption 3.2.3 to
3.2.6, we have

ilsi/hsi,opt ﬁ) 1. (323)
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Proof: By lemma 3.1.1, lemma 3.2.1 and lemma 3.2.2, theorem 3.2.1 is proved.

This result shows that by using the generated regressor we can apply smoothing
parameter selection method developed in section 2 in single index model derivative
estimations. The selected smoothing parameter, modified by a constant (V;/V;3)"/7,

asymptotically approaches the optimal smoothing parameter value that minimizes

the estimation mean square error.
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4. SIMULATION STUDY

We use Monte Carlo simulations to assess the finite sample performance of our
proposed GBCV bandwidth selection mechanism. Here we will know the true un-
known gradient and so a comparison to the oracle setting is feasible. We present
both univariate and bivariate results to discern the impact that the dimensionality

has on our proposed method.
4.1 Univariate Simulations

We consider the nonparametric model in (B.8) with homoskedastic error

y; = g(x;) + uj,

for three different function specifications for g(z):

DGP 1 g(z) =2+ sin(1.52)

DGP 2 g(z) = 320 — 1;

14e—3

DGP 3 g(z) = (z* — 0.123 — 4.6422 + 1.324z + 0.408) /4.

We use sample sizes of n = 200, 400 and 800 with 500 replications per experiment.
Our covariate z is generated from N(0,0.8?) and u is distributed N(0,0.5%). We
trim the top and bottom 2.5% of the data for all simulations when calculating the
optimal bandwidth. That is, in (2.5) we have M (z;) =1 {qa/g <z; < (_I1—a/2} where

o is the " quantile of the data.’

'We solve the optimization using Powell’s direction set algorithm with with a maximum of 100
function evaluations.
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Our performance criteria is average squared error (ASE),

n

ASE(BLL,A) =n" Zl (BLL(:L‘j) - ﬂA(ﬂUj))Qa
j=

where 3,1, is the local-linear estimator of 3 = dg(-)/dz and (4 is one of the estimators
from: (i) the local constant estimator, (ii) the local-quadratic estimator, (iii) the
local-cubic estimator and (iv) the true gradient function. ASE is evaluated at the
sample points for each simulation. We use the trimmed data points that are excluded
when we engage in bandwidth selection when calculating average squared error.

Table 4.1 presents percentiles of ASE for the bandwidths selected by GBCV using
local-constant, local-quadratic, local-cubic and the infeasible estimator over the 500
simulations for DGP 1. Each entry in the table provides the 10th, 50th and 90th
percentile ASE in brackets for the method listed. The median ASEs provide insight
into the general behavior of the bandwidth selection method while the extreme deciles

provide insight into the tail performance of a given method across the simulations.

Table 4.1: Relative ASE for DGP 1 for GBCV selected bandwidths over 500 Simu-
lations. Numbers in brackets are the 10th, 50th and 90th percentile of ASE across
500 simulations, respectively.

n = 200 n = 400 n = 800

L-Constant | [0.072, 0.164, 0.424] [0.069, 0.152, 0.362] [0.059, 0.122, 0.267]

L-Quadratic | [0.071, 0.195, 0.589] [0.059, 0.121, 0.389] [0.047, 0.098, 0.339]
[ ] ]| ]
[ ] | ] | ]

L-Cubic 0.043, 0.080, 0.167] [0.029, 0.055, 0.094] {0.020, 0.036, 0.060
Inf. True g | [0.038, 0.071, 0.138] [0.026, 0.051, 0.085] [0.018, 0.033, 0.057
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For DGP 1, we see that for all sample sizes, GBCV using local-cubic dominates
both local-constant and local-quadratic at the median, and is very close to GBCV
using the true gradients at the median. Further, we see that using local-cubic dom-
inates (with respect to ASE) both local-constant and local-quadratic across all of
the simulations. These gains increase as the sample size increases. An interesting
pattern emerges amongst the lower and upper decile ASE ratios. As the sample size
increases, the relative ASE between the local cubic and the local quadratic band-
width estimators remains roughly constant at the lower decile while the relative ASE
increases at the upper decile. Further, across all three local polynomial methods, the
local cubic appears to uniformly dominate for this DGP.

Table 4.2 presents the same information for DGP 2. Here we see superior per-
formance again of local-cubic GBCV, but not as great as with DGP 1. However, as
with DGP 1, as the sample size increases local-cubic GBCV approaches the truth
and still possesses gains over both local-constant and local-quadratic GBCV. The
median ratio of ASE between local cubic and local quadratic hovers around 1.6 as
the sample size increases while the upper decile ratio stays the same and the lower
decile increases, a somewhat different pattern than was observed with DGP 1. This is
to be expected as changes in curvature of the unknown regression function influences
the cross validation criterion function.

Lastly, our performance metrics for DGP 3 appear in Table 4.3. As with the
previous results, the bandwidth selected using local-cubic GBCV produces estimates
which dominates those estimates using bandwidths produced with local-constant and
local-quadratic GBCV. Compared with the local-constant and local-linear based es-
timators, the local-cubic based estimator displays large gains in performance, es-
pecially at the upper decile. The performance of bandwidths selected using the

local-cubic estimator is roughly double at the median and almost triple at the upper

29



decile in this setting.

Table 4.2: Relative ASE for DGP 2 for GBCV selected bandwidths over 500 Simu-
lations. Numbers in brackets are the 10th, 50th and 90th percentile of ASE across
500 simulations, respectively.

n = 200 n = 400 n = 800

L-Constant | [0.146, 0.276, 0.598] [0.147, 0.244, 0.490] [0.127, 0.213, 0.434]
L-Quadratic | [0.138, 0.313, 0.787] [0.122, 0.209, 0.464] [0.123, 0.196, 0.401]
L-Cubic [0.107, 0.188, 0.348] [0.093, 0.150, 0.212] [0.088, 0.124, 0.173]
Inf. True § | [0.100, 0.180, 0.289] [0.090, 0.143, 0.203] [0.086, 0.122, 0.166]

Table 4.3: Relative ASE for DGP 3 for GBCV selected bandwidths over 500 Simu-
lations. Numbers in brackets are the 10th, 50th and 90th percentile of ASE across
500 simulations, respectively.

n = 200 n = 400 n = 800

L-Constant | [0.065, 0.160, 0.570] [0.054, 0.115, 0.306] [0.044, 0.094, 0.219
L-Quadratic | [0.058, 0.136, 0.580] [0.045, 0.101, 0.288] [0.037, 0.075, 0.233
L-Cubic [0.044, 0.104, 0.199] [0.035, 0.069, 0.127] [0.029, 0.048, 0.085
Inf. True 5 | [0.042, 0.094, 0.182] [0.031, 0.064, 0.117] [0.027, 0.046, 0.078

[ i et i
—_——— —
[ i S

Overall, our univariate simulation results confirm our theoretical conclusions.
GBCV using the local-cubic estimator delivers bandwidths which behave as though
one deployed the infeasible, known gradient of the unknown conditional mean. Fur-
ther, the asymptotic biases of the local constant estimator and the local quadratic

estimator have the same order as that of the local linear estimator. Hence, local
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constant and local quadratic estimators cannot be modified easily into an efficient
estimator Indeed throughout the range of ASE produced in our simulations, not just
at the median suggesting uniformly better performance when deploying the local

cubic estimator.
4.2 Bivariate Simulations

Here we consider the bivariate nonparametric model:

yj = g(z1j,295) +uj, j=1,2,...,n.

where the function g(x) is specified as

DGP 4 9($1,$2) =1 + Sin(1,5x1) + 332

1+e—3z2 .

We use sample sizes of n = 200, 400 and 800 with 500 replications per experi-
ment. For all simulations z1; and x,; are generated from N(0,0.6%) while the er-
ror term u; is distributed N(0,0.5%). Again, we trim the top and bottom 2.5%
of the data (over both z; and w5) for all simulations when calculating the opti-
mal bandwidth, but we will use these points when calculating average squared er-
ror. To control the signal to noise ratio we construct our unknown function as
g (215, 225) = g(x1;,225)/0(g(x1;, x25)). With the above distributional assumptions,
this leads to a signal to noise ratio of approximately 0.80.

Table 4.4 presents the median and extreme decile ASEs for DGP 4 across the
three local polynomial methods as well as the infeasible method. We note that the
speed at which the local-cubic approaches the infeasible estimator is slower than
in the univariate case, which is expected given the dimensionality. However, the
main feature is that local-cubic is dominant compared to the both local-constant

and local-quadratic and approaches the infeasible estimator.
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Table 4.4: Relative ASE for Bivariate DGP 4 for GBCV over 500 Simulations.

n = 200 n = 400 n = 800
L-Constant  [0.122, 0.190, 1.345] [0.128, 0.185, 1.035] [0.038, 0.086, 0.174
L-Quadratic  [0.049, 0.108, 0.266] [0.037, 0.074, 0.137] [0.032, 0.055, 0.098
L-Cubic [0.049, 0.115, 0.220] [0.035, 0.070, 0.123] [0.025, 0.045, 0.075
Inf. True 5 [0.032, 0.070, 0.133] [0.026, 0.050, 0.088] [0.020, 0.036, 0.060

[t Wi e LAY

We observe that for n = 200, the local-cubic estimator has a larger median ASE
than that of the local quadratic estimator. This is a finite sample result because
the local cubic estimator estimates more parameters using local data, hence, it may
have a larger variance than that of a local quadratic estimator when sample size is
not large. However, as expected, as the sample size increases, the gains of the local
cubic estimator become apparent. In fact, while all three methods display decreases
in the ASE as the sample size increases, the local cubic bandwidths produce an
estimator whose ASE approaches that of the infeasible estimator the fastest. For
example, for n = 200, the relative median ASE between the local constant estimator
and the infeasible estimator is approximately 2.70 while for n = 800 this ratio is
approximately 2.4. Alternatively, for the local cubic estimator, the n = 200 relative
median ASE is 1.64 compared to n = 800 which produces a relative difference of
1.24. The reduction in the relative ASE of the local cubic bandwidth selection
mechanism is roughly double the reduction in the relative ASE of the local constant
estimator. Consistent with the theoretical underpinnings detailed above, the local

cubic estimator behaves asymptotically the same as the infeasible estimator.
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5. CONCLUSIONS

In this dissertation we propose a novel approach to select bandwidths in non-
parametric kernel regression and extend it to semiparametric single index model.
In contrast to previous research on bandwidth selection focusing on the unknown
conditional mean, we are primarily concerned with estimation of the gradient func-
tion. Uncovering gradients nonparametrically is important in many areas of eco-
nomics such as determining risk premium or recovering distributions of individual
preferences. Estimation of gradients is often of more practical interest as studying
‘marginal effects’ is a cornerstone of applied econometric analysis. Our procedure is
shown to deliver bandwidths which behave asymptotically equivalently to the infea-
sible selection procedure where the true gradient is used. Our simulations show that
determining the optimal bandwidth by using the local-cubic estimator to construct
an estimate of the unknown gradient delivers finite sample performance on par with
the bandwidth selected using the actual, unknown gradient.

There exist many possible extensions of our proposed method. For example,
we can extend our method to the case of selecting smoothing parameters that are
optimal for estimating higher-order derivatives. Also, we only consider the case
of independent data with continuous covariates. The result of this paper can be
extended to the weakly dependent data case, and to the mixture of continuous and
discrete covariates case. Finally, given that a multivariate nonparametric regression
model suffers from the ‘curse of dimensionality’, it will be useful to extend our result
to various semiparametric models such as the partially linear or varying coefficient

models. We leave these problems as future research topics
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APPENDIX A

PROOF OF EQUATION (2.8)

In this appendix we show the calculation of the covariance C'ov( B o), B L-cubic(T))
as defined in (2.8). For this we need to derive local-cubic and local-linear estimator
of B(z) = dg(x)/0x. We begin with the local-cubic estimator. Taking a Taylor

expansion of g(x;) at x, we can rewrite (2.1) as

y; = g(x;)+uy

= o)+ g/ @) — ) + 5" @)y — 0+ 29" (@) s — 0 + R+

where ¢'(z) = 0g(z)/0x, ¢"(x) = 0%*g(x)/0x* and ¢"(x) = O3g(x)/023. The
local-cubic estimator of (g(x), ¢'(x)h, 39" (x)h?, £¢" (x)h?)T is obtained by choosing

(a,b,c,d)T to minimize the following objective function

. T; —T (25 — $)2 (z; — 1’)3 ’
min > lyj—a—b P a d 73 W ja (A.2)

1 a

" R zj—x (z;—2)* (z; —z)° b
Z Whv j T y - [17 J ) ] ) J = 0

s ! (Ijh_;'?)Q ! h h? h3 c

(l"j];fﬂ)?’ d
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which leads to the closed form solution of

(a,b,c,d)" = (g(x), g'(x)h, 39" (x)h?, £¢"" (x)h*)T given by

o> [a SN
=
Q Q)
8 8B &
S~— SN—
> >
[

SN
Sl— o
QQ\
—

S
~—

=

w

X Z Wh,jx (xj_x)2 y] (AS)
i=1 e

where
1

(ij + Uj), (A4)
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and

1
1 S ri—x (z;—2)* (z;—2)®
Aoy == Wi 1,4 J J
2, n Z:l h,j (:Ejfx)Q ) h ) h2 ; h3
J= h2
(zj—x)3
h3

Using the standard kernel estimation uniform convergence proof techniques, we have

f@) hpaf'(x)  paf(x)  hpaf'(z)

hpa f'(x)  pof (@) hpaf'(x)  paf ()
Az;,; = + O(h)
paf (@)  hpaf(x)  paf(x)  huef'(x)

hpaf'(z)  paf(x)  hpef'(r)  pef(z)
H,+ hF,+ o(h)

uniformly in z € M, where M is the (bounded) support of the trimming function,

1 0 2 0

0 pe 0 puy
Hx - f(l') )

2 0 g O

0 w0 we

and

0 po2 0 g

pe 0 pg O
F, T = f /(ZE)

0 e 0 pe

pa 0 pg O

Using the identity {H, + hF, +o(h)} ' = H;' — hH_'F,H_' + o(h), we obtain

[¢(x) =g @)|h = (0,1,0,004;, A,

= (0,1,0,0) [H," = hH,'F,H,'| Ay, + (s.0.)
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- (D1,$ha DQ,xv D3,J:h7 D4,x ) Al,x + (3-0-)7

where (s.0.) denotes negligible smaller order terms. Then by using (A.4) we obtain

g'(x) — g'(x)

1 & T, — 1 (r; — ) (z; —x)?
= N Wi |Digh+ Dy, Dy, p, M N (R 4w
(A.5)
where
/
Dy, = — .3 .3 2.2 3 f'(z)
1, (Hoptaps — py) (H2iatts — [ope + 3k u4)7f2(x) K3
D = (paps — 11i0) 7
2,0 = (Hafle — Hoflle f(:c)Kg’
/
Dy, — — 2 2 B 4 22 — 3 f($)7
3, (papiy — papte) (Hapiafte — Hafts + Halty /M)iﬁ(x) K2
D = (s — 1)
e 2 ! f(x) Ky’

Ky = piapiapis — 13 + 315 — Hapls:

Next, we derive the leading terms of the local-linear estimator. Again, taking a

Taylor expansion of g(z;) at =, we can rewrite (2.1) as

yi = g(zj) +uy

= 9(x) +g'(2)(x; — ) + M2 + 1 (A.6)

where ¢'(z) = dg(z)/0x. The local-linear estimator of (g(x), ¢’(x)h)? is obtained by
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choosing (a,b)” to minimize the following objective function

min ) | —a—pI " 2VV- (A.7)
b 4 y] h h,jx- .

The first order condition (normal equation) to the minimization problem (A.7) is:

g (L)l e()-

which leads to the closed form solution of (a,b)T = (g(z), ¢ (x)h)T given by

= [;Wh’jx (le_x) (1, xj;x)]_lgwh,jx (;) Yj- (A.8)

h

Substitute y; in (A.8) with (A.6) and re-arrange terms, leads to
( i(x) - g(a) ) .
- = GQ’IGLZ”
() — g(@)] h

where
1

1 n
Gra=— Y Whje ( s ) (Mjz + u5), (A.9)
= zj—x

h

12 1 Ti— T
Goo ==Y Wi |, | (1L55).
niE

Using the standard kernel estimation uniform convergence proof techniques, we

and
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have

2,x

( f(@)  hpaf'(x)

hpof'(z)  pof(zx)
= J.+hL,+ o(h),

1 0
0 po

0 1
1 0

Using the identity {J, + hL, +o(h)} ' = J ' — hJ 'L, J ' + o(h), we obtain

) +o(h)

where

and

9@ =g @)]h = (0,1)G5;GCh,
= (0,1)[J; = hJ; Lo d ;] Gra + (s0.)

1 _hf;(r)
- (o,1>( - ”“)Gl,ﬁ(s.o.)

_pd@ 1
f3(z) p2 f ()
= ( _hcl,:m 02,90 ) Gl,:p + (5'0')7

where C , = L) and Cy. = ——. Thus by using (A.9) we get

f3(z) paf(z)”

~ ' 1 « rj—T

Jgx)—g(x)= " Z Wh jx C2,x7 —Ciz (Uja: + uj). (A.10)
j=1

In equations (A.5) and (A.10), R;, and n;, are associated with the bias term
and u; is associated with the variance. The leading covariance term comes from the

terms associated with u; in (A.5) and (A.10). Hence, we have

Cov(Brr(2), Br-cubic(z))
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IR T, —x
n = h

1 3 W Tk — 2 (z1, — x)? (1, — x)3
e | Digh+ Doy~ 4 D3~ 4 Dy~
XTJLE: hk [ tah + Dyg=———+ Dy ==t Dyp=—g— |

}

1
= m /m(x + hU)WQ (U)(CQ,xhilv - Cl,x) [(DZQ:U + D47x7)3) + (Dl,x + D37$1)2)h} dv

1 2 2 xj — T
Tk =T (zx —2)®

h

(z), — x)?
R

X [Dl,xh + DQ,.’E + D3,:v + D4,m

1
= —m(@) / W2(0)Co.ah~ (Dyv?® + Daavd)do + (s.0.)

1
- Wf(x)UQ(x)CM(DZxVQ + Dy gva) + (s.0.)

_ 1 (paps — pape)ve + (ppa — pi)va  o*(x) ©(s.0)
nh? p2 kK f(x) ’

where m(z) = f(2)0%(z), 0%(x) = E(u|x) and Ky = puajuapss — 5+ p3pc — iy
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APPENDIX B

PROOF OF LEMMA 3.2.1

We first decompose C'Vy(h) as follow

CVi(h) = ii [[B’LL(&) — ch(z%)r M (z;)
_ 22{ Br(z0) — Boo () — Beuse() — ouie(=)
st - ﬁcum-xzi)]}z M ()
_ ;é[ﬁu(,gi) — Brn(z)]? ;Zj: [Beubic(2i) = Beuvic(z)]* M (x:)
L z Buiz1) — Bouie(z)2M ()
f%i:m ) — Bowelei)Beunie(5) — Bowie(4)1M (1)
2y ; Bousie(3:) = Boubie@)[Bri(z:) — Bouie(#)]M ()
425 1) - BownellBus () — Bonez)]M ()
e +:c*2+03—c4—c5+06 (B.1)
where

Cu= o S lfrn(2) = fus )P M) (B2
Cr= i[ﬁcubw(zi) — Bounel=) M () (B3)
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n

Cy = = 3 [Beaz:) — oune ()M () (B.A)

C4 - i i[BLL(Zi) - BC’ubic(zi)] [BC’ubic(Ei) - BCubzc(Zz)]M(xl) (B5)
C5 = z imcubw(é@) - BCubic(ziﬂ[BLL(Zi) - BCubw(Zl)]M(zl) (B-6)

n

Co = 2 3 1Bral=) ~ Bowel[Br(z) — Bowe(2)]M () (B.7)

i=1

Lemma B.1 (.. (%)—frL(z) = O, (ﬁ), where Br1(+) is the local linear estimator,

2 =4, 2 = 1] 0, 4 is the minimum average variance (MAV) estimator of v (see

Xia € Hdrdle 2006) and ~yq is the true value of .

Proof of Lemma B.1: We begin with the single index model

yi = 9(zj) +u; (B.8)

where z; = X JT v is a scalar.

We define a 2 x 1 vector d(z) by

5(:) = (g(z)) | (B.9)

where the first component of d(z) is ¢g(z) and the second component is the first

derivative of g(z) w.r.t. z. Taking a Taylor series expansion of g(z;) at z;, we get

g(zj) = g(zz) + (Zj — zl)ﬂ(zl) + Rji, (BlO)
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Note that (B.10) defines Rj;, i.e.,
Rji = g(z;) — 9(zi) — (2 — 2:)8(zi). (B.11)
Using (B.10) we can re-write (B.8) as
yi = 9(z:) + (25— 20)B(z:) + Rji +uy = (1, (2 — 2:)) 0(2:) + Rji +uy. - (B.12)

The local linear estimator of §(z) = (g(z), 3(2))" is obtained by choosing (a,b)" €

R? to minimize the following objective function

n

min Y [y; —a = (z — 2)b]* Wiy, (B.13)

) ]:1
where W), ;. = h™'w (Zjh—_z> is a univariate kernel function.

The first-order condition (normal equations) to the minimization problem (B.13)

1s:

J

w1
- ( )Wﬁ_“—(%‘—z)b] Wh= =0, (B.14)

Zj—Z

~

which leads to the closed form solution of 6,7 (z) = (a,0)" = (§r.(2), Brr(2))T given

yj?
B.15)

[=2N

h

h

—~

N

S~—

Il
~/
Nl
~ =~
™~ ™~
—~ ~
N N
N—r
~
Il
<
NNGE
—_
=
&,

N
RS
&

—_
}\2
—
QN Ql\l
L
& w
o
~
1
|
M-
-
=
&,

I
—
Ql\l

| —_
N
—~————
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A leave-one-out local linear kernel estimator of §(z;) is obtained by replacing z

with z; and replacing 327, by 27,

N —1
. G—i,1n(2) n 1, zj — z n 1
d_irr(z) = ( R ) = [Z Whji ( , > Whji Yi
Birn(zi) i zj —zi, (27— 2) i Zj = Zi

(B.16)
Recall that Rj; = g(z;) — g(2:) — (2; — 2:)3(%). We can write y; as

yi = 9(2z) +uj =9(z) + (27 — z:)B(z) + Rji + v,

(9%))
= (1,(z—2)) + Rji + uy. (B.17)
5(21)

Substituting y; in (B.16) with (B.17), leads to

1, Zj — % 1. 1
Z Wi ) > Wi (Rjitu;)
J#i Zj T Ziy (Zj - Zz') J# Zj = %

5—1 LL(Zz - 5 Zz

(B.18)
Multiple (B.18) by 1 x 2 matrix (0,1), we get
Bfi,LL<Zi> = 6(z) + B(z) (B.19)
where
n 1, Zj — % -1 n 1
B(zl) = (07 1) Z Wh,ji ) Z th‘i (le + Uj)
J# zj—zi, (% —2) J#i Zj — %
(B.20)

It is well established that G_; 1z (z) — 8(z) = B(z) = O, (h2 + \/rlﬁ) = 0,(1),
see Cai, Fan & Yao (2000), Henderson, Li & Parmeter (2012) and Fan & Gijbels
(1996) Theorem 3.1.
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Substituting z; for 2; in (B.19), we have

Bipn(%) = B(%) + B(%) (B.21)

Taking a Taylor expansion of B(%;) at z;, we get

where B'(z;) = dB(z;)/dz; and (s.0.) denotes smaller order terms.

Thus we have

A

Birn(3) = B(2) + B(zi) + B'(2) (5 — 2) + (5.0.) (B.23)

Deducting (B.19) from (B.23), we get

~

Bﬂ',LL(fi) - 671‘,LL(ZZ') = ﬂ(?:’z) - 5(21') + B/(Zi)(éi - Zz) + (5-0') (B'24)

Next, we analyze (5(2;) — B(z;) and B’(z;)(2; — z;) one by one. First, we analyze

B(2;) — B(z;). Taking a Taylor expansion of 3(Z;) at z;, we get

B(2;) = B(zi) + B'(z:)(Zi — z) + (s.0.) (B.25)

where ('(z;) = dB(z;)/dz;.
Thus

B(z) — B(z) = B'(z)(&—2)+ (s.0.) (B.26)



= A (20X (5 — ) + (s.0.) (B.27)
_ 0, (\/%) (B.28)

where the last equality uses the fact that the MAV estimator ¥ is a y/n-consistent
estimator, i.e. 4 — v = O, (ﬁ)

Next, we analyze B'(z;)(2; — z;). We note that B'(z;) = 0,(1) or O,(1). Thus

B'(z)(2 —z) = B'(z2)X (% =) (B.29)

_— (\/1%) or O, <1n> (B.30)

Summarizing (B.24), (B.28) and (B.30), we have

Bru(z) = Bro(z) = O, (%) (B.31)

Lemma B.2 Bcubic(éi) — Bcubic(zi) = Op(ﬁ), where BCubic(') is the local cubic es-
timator, 2, = x} 4, z; = x, Y0, 4 1s the minimum average variance (MAV) estimator

of v (see Xia & Hdardle 2006) and ~q is the true value of 7.

Proof of Lemma B.2: Again, we begin with the single index model:

y; = 9(zj) +u; (B.32)

where z; = X JT v is a scalar.

We define a 4 x 1 vector 6*(z) by
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5*(2) = , (B.33)

where the first component of 6*(z) is g(z); the second component is 8%—(;); the third

199 (2)
6 0z3

109%G). the fourth component is Taking a Taylor series

component 18 5=5-5-;

expansion of g(z;) at z;, we get

9(z) = g(z:) + B(z)(z5 — 1) + () (25 — z1)* + 0(z:) (25 — 2:)° + R, (B.34)

where ((z) = —8%(;); a(z) = %739;;2(2); 0(z) = éiaggjg(z).

Note that (B.34) defines R}, i.e.,

R, = g(z) — 9(z:) = B(z)(2) — z) — o) (25 — )" = 0(2i)(35 — )" + Rj;. (B.35)
Using (B.10) we can re-write (B.32) as

yi = g(zi) +06(zi)(z — 2) + lz:) (2 — 20)° + 0(2:) (2 — 2)° + Ry, + uy

= (1,(z; — z), (z; — 2)%, (25 — z)*) 8" (2:) + R} + ;. (B.36)

The local cubic estimator of §*(2) = (g(z), 8(2), a(z),0(z)) " is obtained by choos-

ing (a,b,c,d)’ € R* to minimize the following objective function

n

. 2
aﬂ%lcndjzl [yj—a— (25— 2)b— (3 — 2)’c = (3 — 2)°d|” Wi, (B.37)
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where W, ;. = h=lw (%) is a univariate kernel function.
The first-order condition (normal equations) to the minimization problem (B.37)

is:

1
ﬁ: (Z%: 2)2 [?Jj —a—(z—2)b— (2 —2)’c— (2 — Z)gd} Whi: =0, (B.38)
(2 —2)°

which leads to the closed form solution of

géubic(z> = (&7 [;7 éa CZ)T = (gCubic(Z)y BC’ubic(z)a OAéCubic(Z% éCubic(Z))T giVGH by

gCubic(z)
- BC’ubic(Z)
5Cubic(z> - R (B39)
aCubic(z)
éCubic(Z)
- 17 z; z, (Zj . 2)2’ (Zj _ 2)3 q-1
n =z (5—2)?% (2% (5-2)
- Z Wh,jz 9
Jj=1 Zj = Z) ) (Z] o 2)37 (zj o 2)4’ (Zj o Z)5
L (75— 2% (5 =2 (5—2)° (5—-2)°/)
1
n Zj — Z
% Z Wh,jz y]7 <B40>
=1 zj — 2)?
(2 —2)°

A leave-one-out local cubic kernel estimator of §*(z;) is obtained by replacing z

with z; and replacing Z?Zl by Z?ﬁ.
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i7L,C’ubic(2”) =

X
I~
=

)
)
(B.41)
z)
)
1, Zj T Ziy (zj — Zi)27 (25— Zz’)3 17
Zj Ziy (Z] - Zi)2a (Zj - ZZ')37 (Zj - zi)4
Zj Zz) ) (ZJ - ZZ>37 (Zj - Zi)47 (ZJ - ZZ)S
(Zj - Zz) ) (Zj - Zi)47 (Zj - Zi)5, (Zj - Zz’)6 J
1
Zj Zi
Yjs (B42)
2; 2i)?
(25 — 2)

Recall that R, = g(Zj)—g(Zi)—ﬁ(zi)(zj—Zz’)—a(zi)(zj_zi)Q_e(zi)(zj_Zi)3+R;‘<i'

We can write y; as

y; = 9(z) +uy

= g(zi) + B(2)(z

= (1,2]‘—2’7;,(2]‘—

—zi) +a(z)(z —

z)° +0(z:) (2 — z)° + Ry + vy
9(2i)

(B.43)

Substituting y; in (B.42) with (B.43), leads to
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ii,Cubic(Zi)

[ ]_, Zj Ziy (Zj — Zz‘)z, (Zj — Zi)3 171
. ° zi—z, (m—2z)? (-2 (z—2)
= )t ZWh’ji 3 4 5
J=1 zi— ), (7 — ), (z—2)', (75— )
L (%) zi)?, (Z] - Zz‘)47 (25 — Zz‘)S, (Zj - Zi)6 i
1
n Zj Zi
XY Whi (Rj; +u;) (B.44)
=1 Zj Zi)2
(Zj - ZZ)

Multiple (B.44) by 1 x 4 matrix (0,1,0,0), we get

where

W~

j#i zi—2)% (2 — 23 (z—z) (35— 2)°
L (ZJ Zz) ) (ZJ - 22)47 25— & 5, Zj — % 6 ]
1
n Zj Z
x> Wi | (R + ) (B.46)
I=1 2 — %)
(2 — 2i)
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It is well established that B—i,C’ubic(zi) —B(z) = B*(z) =0, <h4 + \/7%) = 0,(1),

see Fan & Gijbels (1996) Theorem 3.1.

Substituting z; for Z; in (B.45), we have

~

Bicubie(2i) = B(2:) + B (%) (B.47)
Taking a Taylor expansion of B*(Z;) at z;, we get

B*(2) = B*(z) + B*(2:) (3 — ) + (s.0.) (B.48)

where B*'(z;) = dB*(z;)/dz; and (s.0.) denotes smaller order terms.

Thus we have

é—i,c’ubic(éi) = B(%) + B*(z) + B*,(Zi)(éi — z) + (s.0.) (B.49)

Deducting (B.45) from (B.49), we get

A

Bicuvic(3) = Boicwie(zi) = B(2:) — B(z) + B (2)(3 — z) + (s.0.)  (B.50)

Next, we analyze 3(2;) — 8(2;) and B*(2;)(2; — 2;) one by one. First, we analyze

B(2;) — B(z). Taking a Taylor expansion of 3(Z;) at z;, we get

B(2;) = B(zi) + B'(2:) (3 — ) + (s.0.) (B.51)

where ('(z;) = dB(z;)/dz;.
Thus
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B(z) —B(z) = B'(z)(% —2)+ (s.0.) (B.52)

= B(2)X (5 — ) + (s.0.) (B.53)
_ o, (}) (B.54)

where the last equality uses the fact that the MAV estimator 4 is a y/n-consistent
estimator, i.e. ¥ —v = O, (%)
Next, we analyze B*'(z;)(2; — z;). We note that B*'(z;) = 0,(1) or O,(1). Thus

B"(z) (% — =) = BY(z)X] (=) (B.55)
1 1
= 0, (ﬁ) or O, (ﬁ) (B.56)

Summarizing (B.50), (B.54) and (B.56), we have

BCubic(éi) - BCU()'L’C(Z'L’) = Op <> <B57)

From lemma (3.1.1) we know BLL(ZZ-) — Bcubic(zi) =0, <h2 + A ) Then by

nh3

lemma (B.1) and lemma (B.2) we have

¢ = 13— Austeoraxy = 0, (1) (B.5%)

i=1
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Cy = > [foune(2)  Bowne 2P M(X) = O, (5) (B.59)

i=1

Cy =+ S Bra() — own ) PMOG) = 0, (W4 ) (B.60)

i=1

Cy = iimm(zz) - BCubic(Zi)][BCubic(éi) — 30ubic(zi)]M(Xi) =0, (1> (B.61)

Cs = i 5cubzc(2z) Bouie(z)Brr(z:) — Bousie(2:)] M (X;)
1 1
_ op< VRV > (B.62)
Cs = Z il 1B2(2:) = Bowie zBrL(z:) — Beouie(2:)] M (X;)
e, 1
= 0, (\/ﬁ(h + \/W)>' (B.63)

From lemma (3.1.1) we know h = O,(n~7). Thus the leading term of C'Vj(h) is
Cs, i.e. CVi(h) = %Z?:l [BLL(»’:%) — Bcubic(»?i)r M(X;) is asymptotically equivalent
to

711 i [61111(2%) BCublc(Zz)]2M<Xl)
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APPENDIX C

PROOF OF LEMMA 3.2.2

We first decompose C'V'(h) as follow

CV(h) = iz {BLL(»%) - 5(2’@)}2 M(X;)
= ii:l {[BLL(?:‘Z) - BLL(ZZ)] + [BLL(Zz) - ﬁ(Zz)]}Q M(X;)
= 5 DlBn(2) = BualPMOX) + 5 Dlfrn(z) - A)FM(X)
v 2 g"l[émz-) — Bun(lBa(z) — BEIMX)
= O+ Cr+Cy (C.1)
where
Cr = 3l (2) = Busl0PM(X) (©2)
Cr = 2 lAuaz) = B)PMX) (©3)
Cr = 2 3 [Aua(5) = Bua el us(z) — A (X) ()

It is well established that 3_; ;1 (z) — 8(z) = O, (h2 + \/;?) = 0,(1), see Hen-

derson, Li & Parmeter (2012) and Fan & Gijbels (1996) Theorem 3.1. Using this

fact and lemma (B.1) we have
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Gy =~ S () - Bual)P M) = 0, (+) (©5)

Co = 23 1us(2) = BualellBualz) = BIM(X)

). ()

By lemma (3.1.1) we know h = Op(n_%). Thus the leading term of C'V'(h) is C7,

i.e.

= LS [z — 8] M(x)

=1

3\'—‘

is asymptotically equivalent to

zn: {5[/[/ Zl Zl)}2M<XZ)

=1

3\»—

57



