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Abstract

In this thesis, inspired by the Boston House Price data, we propose
a semiparametric spatial dynamic model, that extends the ordinary
spatial autoregressive models to accommodate the effects of some co-
variates associated with the House price. A profile likelihood-based
estimation procedure is proposed and the asymptotic normality of the
proposed estimators are derived. We also investigate the connection
between cross — validation method and AIC/BIC methods in the
semiparametric family. In the proposed model, it is easier to apply
the AIC/BIC method than the cross — validation method. We illus-
trate how to identify the parametric/nonparametric components in the
proposed semiparametric model. We also show how many unknown
parameters an unknown bivariate function amounts to, and propose
an AIC'/BIC nonparametric model selection. Simulation studies are
conducted to examine the performance of the proposed methods, and
their results show that the methods work very well. Finally, we ap-
ply the proposed methods to analyze the Boston House Price data,
which lead to some interesting findings.Although, the proposed model
and methodology are stimulated by the Boston House Price data, they

could be widely used in many other scientific problems.
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1 Introduction

1.1 Background of the model and the project

The Boston House Price data are frequently used in the literature to
illustrate new statistical methods. If we use y; to denote the median
value of owner-occupied homes at location s;, a spatial autoregressive

model for the data would be

yi:Zwijyj—i-ei, i1=1, -+, n, (1.1)

J#i
where w;; is the impact of y; on y;. Apparently, (1.1) does not ad-
equately address what affects the house price and how. It is better
to incorporate the effects of some important covariates, such as crime
rate and accessibility to radial highways, into the model. If X;, a p
dimensional vector, is the vector of the covariates associated with y;,

a reasonable model to fit the data would be

yi=> wyy+ X, B+e, i=1 -, n (1.2)

J#i
where w;; and B are unknown. However, there are two problems with
model (1.2): first, there are too many unknown parameters; second, the
model has not taken into account the location effects of the impacts of
the covariates — the impacts of some covariates may vary with location.

To control the number of unknown parameters and take the location



effects into account, we propose the following model to fit the data

Yi :aZwijyj—l—XiTﬁ(si)—l—q, 1= 1, e, N (13)
J#

where w;; is a specified certain physical or economic distance, 8(-) =
(Bi(), ==, BN €, i =1, ---, n, are i.i.d., and follow N (0, o?),
{X;, i=1, ---, n}isindependent of {¢;, i =1, ---, n}.The unknown
parameters «, o and (B(-) are unknown and cannot be estimated.
Model (1.3) is the model addressed in this thesis. Hereafter, y; is of
course not necessarily the house price, it is a generic response variable.

In model (1.3), the spatial neighbouring effect of y;, j # 4, on y; is
formulated through aw;;, where w;; is a specified certain physical or
economic distance. Such method to define spatial neighbouring effect
is common, see Ord (1975), Anselin (1988), Su and Jin (2010).

Model (1.3) is a useful extension of spatial autoregressive models
(Gao et al., 2006; Kelejian and Prucha, 2010; Ord, 1975; Su and Jin,
2010) and varying coefficient models (Cheng et al., 2009; Fan and
Zhang, 1999, 2000; Li and Zhang, 2011; Sun et al., 2007; Zhang et
al., 2002; Zhang et al., 2009; Wang and Xia, 2009; and Tao and Xia,
2011). One characteristic of model (1.3) is

E(€i|y17 oy Y1, Yir1, o yn) 7&0

although E(e;) = 0, the standard least squares estimation will not
work for (1.3). Given the local linear modelling and profile likelihood
idea, we propose a local likelihood based estimation procedure for the

unknown parameters and functions in (1.3) and derive the asymptotic



properties of the obtained estimators.

Cross-validation and AIC/BIC are the most commonly used tools
in model selection. Due to the structure of model (1.3), it is easier to
apply the AIC/BIC method than the Cross-validation method in model
selection. Inspired by this, we investigated the connection between
these two methods in a semiparametric model, and find that they are
equivalent to each other. Given the above reasons along with others,
this question becomes a very interesting and important topic.

In reality, some of the components of 3(:) in model (1.3) may be
constant, and we do not know which components are functional and
which are constant. Methodologically speaking, if mistakenly treat-
ing a constant component as functional, we would pay a price on
the variance side of the obtained estimator. However, if mistakenly
treating a functional component as constant, we would pay a price
on the bias side of the obtained estimator. The identification of con-
stant/functional components in 3(-) is imperative. From a practical
point of view, the identification of constant components is also impor-
tant. For the data set we study in this paper, B(-) can be interpreted
as the vector of the impacts of the covariates concerned on the house
price. The identification will reveal which covariates have location-
varying impacts with the House Price, and which do not. This is ap-
parently of great interest. Because it is easier to apply the AIC/BIC
method than Cross-Validation method, we show how many unknown
parameters an unknown bivariate function amounts to, and propose an
AIC/BIC nonparametric version to identify the constant components

of B(+) in model (1.3).



Throughout this thesis, 0y is a k£ dimensional vector with each
component being 0, I is an identity matrix of size k and U[0, 1]? is a

two dimensional uniform distribution on [0, 1] x [0, 1].



1.2 Thesis organization

In Chapter 2, we review the fundamental methodology in nonparamet-
ric statistics-the local polynomial modelling method. In chapter 2.1,
we introduce the framework of the local polynomial modelling method,
the bivariate case. The method for multivariate data is presented in
chapter 2.2. This chapter provides insights into nonparametric estima-
tion and should offer a better understanding of the methods we derived
in this thesis.

In Chapter 3, we describe the estimation procedure for the pro-
posed model (1.3). The asymptotic properties of the proposed meth-
ods are presented in Chapter 4, followed by the proofs of the theorems
and lemmas, in Chapters 5 and 6.

In model selection, there are three methods people would mostly
use : AIC, BIC and cross-validation method. Due to the structure
of the proposed model (1.3), it is not straightforward to apply the
cross-validation method here, in contrast, AIC/BIC methods are easier
to apply.As a result, in Chapter 7, we have showed the connection
between cross-validation and AIC/BIC in the semiparametric family.
We illustrated the equivalence of these two methods in this chapter.
The simulation studies showing the connection are listed in chapter
7.4. The theoretical proofs are presented in chapter 7.5.Investigating
the connection between these methods is also an very interesting and
important research object.

In Chapter 8, the model selection methods are introduced. The
thresholding K method is presented in chapter 8.1,followed by the
Curvature-to-Average ratio (CTAR) based method, which is illustrated



in chapter 8.2. In chapter 8.3, we show how many unknown parameters
an unknown bivariate function amounts to, and propose an AIC/BIC
of nonparametric version for model selection here.

The performances of the proposed estimation and model selection
procedures are assessed by the simulation studies in Chapter 9 and
Chapter 10. In Chapter 9, we estimate the unknown function §(-) and
unknown parameter « under different situations. The Oracle proper-
ties of the estimation procedure are also presented in Chapter 9.

In Chapter 11, we explore how the covariates, which are commonly
found to be associated with House Price, affect the median value of
owner-occupied homes in Boston, and how the impacts of these co-
variates change with the location, based on the proposed model and
estimation procedure.

The conclusions and a discussion of the future research are pre-

sented in Chapter 12.



2 Local Polynomial Modelling

2.1 Framework of local polynomial modelling

In statistics, regression analysis is one of the most useful and com-
monly used tools. In this chapter, we review the techniques applied in
nonlinear regression, especially the local polynomial modelling, which
is one of the most widely used techniques in nonparametric statis-
tics. We begin by introducing this technique in the case of one-
dimensional variables. We introduce the multivariate cases in the next
sub-chapter.Consider that we generate n i.:.d bivariate data samples,
ie, {(X;,Y;), i=1,---,n} the data are generated from the following
model:

Y = I(X) + o(X)e (2.1)

Here, we assume that F(¢) = 0, Var(e) = 1, and that independent
variable X and e are independent. We also assume the conditional
variance of Y given X = zy by 0%(zo) and the marginal density of X,
i.e, the design density, by f(-). We assume that the (p+ 1) derivative
of I(x) at the point x exists. The Taylor expansion for the point z ,

which is in the neighborhood of xy ,is:

1@

/5!370) (z — x0)" (2.2)

p
l(z)~ )

i=0
This polynomial is fitted locally by the weighted least squares regres-

sion problem. Treating % = fj, for j = 0,1,---,p, we minimize



the following weighted least squares regression:
DAY= > Bi(Xi — @) Y Kn(Xi — o) (2.3)
i=1 j=1

Here, K is the kernel function, and h is the bandwidth, which controls
the size of the neighborhood, Kj(-) = K(-/h)/h. We minimize this
problem with respect to 3; and the solution to the least squares prob-
lem is denoted by Bj, j=20,1,--- p. For a better understanding, we
can view the weighted least squares in a matrix form. According to

the notations in Fan and Gijbels (1996), denote the design matrix X,
y.5 as

1 (X1—x9) -+ (X3 —m)P Y, Bo

1 (Xn—wxo) -+ (Xp— )P Y B
let W be the n x n diagonal matrix of weights:
W = dzag{Kh(Xl — I’O), Kh(XQ — l’o), cee ,Kh(Xn — ZL’Q)} (24)

The weighted least squares problems can be rewritten as:

min(y — X8)"W(y — Xp) (2.5)
with 8 = (Bo,--+,8,)", and the solution in the matrix form can be
viewed as :

B =(XTWX) 'XTWy (2.6)



We know the conditional expectation of y given X is :
(xo) = E(Y | X = x0) (2.7)

By equation 2.6 , we can easily derive the conditional bias and variance

of the estimator B :
EB|X)=X"WX) ' XT™WI = g + (XTWX) ' XTWr  (2.8)

Var(f ] X) = (XTWX) 1(XTZX)(XTWX) ! (2.9)

where 1 = {I(X}), -, (X))}, B = {l(x0), -, P(x)/p'}7;
and r =1 — X3 is the residual vector of the approximation,
Y = diag{ K} (X1 — x9)c*(Xy), -, K} (X, — x0)0?(X,)}

However, the exact bias and variance of B are not directly usable
due to the unknown quantities: the residual r and the diagonal ma-
trix . There are two ways to solve the problem. One method is the
"plug-in” method. We find the estimator of the unknown quantities,
then we plug them into the equations. Another method is founded
by Ruppert and Wand (1994). They found the approximation of the
conditional bias and variance by their first order asymptotic expan-
sions. Before illustrating the results, we would first introduce some
notations we will use in the Theorem. Denote the moments of K and
K? by p; = [/ K(p)dp and v; = [ p; K?(u)dp respectively. The unit
vector e,41 = (0,0,---,1,0,---,0)T and 1 is the (v + 1) component.

There are also some matrices and vectors of moments that appear in



the asymptotic expressions.

S = (Mj+z)0§j,zsp Cp = (Mp—&-h T 7M2p+1>T

S = (Nj+l+1)0§j,l§p Cp = (Mp+27 s ,M2p+2)T

Sy = (Vjt1)o<ji<p

We have the following theorem:

Theorem 2.1 Assume that t(xo) > 0 and that t(-) ,IP+*V(.) and o?(-)
are continuous in a neighborhood of xq.Further, assume that h — 0
and nh — oo Then the asymptotic conditional variance of l;(aro) 18

given by

V1202 (z0) 1
F(zo)nh1 2 + Op(nh1+2u)
(2.10)

Var(ly(zo) | X) = el 1S715* S e,

the asymptotic conditional bias for p — v odd is given by

A !
Bias(l,(zo) | X) = eZHS_lcpyi‘l(pH)th_”+0p(hp+1_”) (2.11)

(p+1)

the asymptotic conditional bias for p — v even is given by

vl

Bias(l;(xo) | X) = eZHS_lc”p T 2)!{l(p+2) (o)
+(p + Q)m(p+1)($0) f’(l'O) }hp+2—u + Op(hp—l—Q—u)
f(zo)

There are several advantages of local polynomial fitting. One of

10



the most important is that local polynomial fitting is nearly optimal
in an asymptotic minimax sense. The computational costs for the lo-
cal polynomial estimators are very low due to their simplicity. Fan
and Marron (1994) showed that it was possible to do local polynomial
fitting in O(n) operations. This method is an effective and easily ap-
plied method in nonparametric statistics that adapts to various types
of designs. In the next chapter, we discuss this method for multivariate

data.

11



2.2 Local polynomial modelling for multivariate
data

Given multivariate covariate X and dependent variable Y, we want to

estimate the mean regression function.For simplicity, we only introduce

the local linear fitting here, i.e p = 1. However, the key idea behind

and the methodology of using local polynomial fitting for higher p are

the same. We still minimize the multivariate version of the weighted

least squares regression:
n d
Y AYi = Bo = Bi(Xiy — 2) P Ep(Xi — x), (2.12)
i=1 j=1
with respect to 3 = (8o, -+, B4)T. We define:
Kp(u) = —K(B 'u) (2.13)

The bandwidth matrix B is a nonsingular d x d matrix and | B | is
the determinant of the bandwidth matrix. K is defined as a d-variate
nonnegative kernel function. The solution for the multivariate version

of the weighted least squares regression problem is:

B =XpTWXp) 1XpTWy, (2.14)

12



where,

1 (X11—$1) (de_xd)

1 (Xo1—2z e (Xog—
xp_ | P =) e G |

1 (an—xl) (Xnd_xd)

The weight matrix is W = diag{ Kp(X1 — x), -+, Kp(X, — x) }.
According to Ruppert and Wand(1994), we can find the conditional
bias and variance. The conditional bias of the estimator [(x) is given

by:
E{Z(X) —I(x)| X} = ;N2(K>[tT{H(X>BBT} + op{tr(BB™)}] (2.15)

And the conditional variance of the estimator is :

1 o?(x)

Var{i(x) | X} = — BT F T

{1+o0p(1)} (2.16)

where vy(K) = [ K?*(u)du, and H(x) is defined as the Hesian ma-
trix of m at x.f denote the d-variate marginal density function of

X = (X1, Xo)"

In the next chapter, we introduce the estimation procedure for
the designed model. We use the methodology of the local polynomial

modelling, which we have elaborated on this chapter.

13



3 Estimation Procedure

Let wy; =0, W = (wij), Y = (v, -+, yn), A=1—aW, and m =
(erﬁ(sl), e Xgﬁ(sn))T. By simple calculation, we have that the
conditional density function of Y given m is N (A_lm, (ATA)_laQ) :
which leads to the following log likelihood function

—g log(27) — nlog(o) + log(|A]) — Q}‘Q(AY ~m)fT(AY —m). (3.1)

Our estimation is profile likelihood based. We first construct the
estimator B(, a) of B(-) pretending « is known, then let (&, &2)
maximise (3.1) with B(-) being replaced by B(, a). & and 62 are
our estimators of o and o2, respectively. After the estimator of « is
obtained, the estimator of B(-) is taken to be B+ a) with a and the
bandwidth used being replaced by & and a slightly larger bandwidth,
respectively. The details are as follows.

For any s = (u, v)¥, we denote (98(s)/du, 0B(s)/dv) by B(s),
where 900(s)/0u = (0B1(s)/0u, -+, IBy(s)/Ou)*.

For any given s, by the Taylor’s expansion, we have

B(s;) ~ B(s) + B(s)(si — s)

when s; is in a small neighbourhood of s, which leads to the following
objective function for estimating 3(s)
" 2

(v; — XTa— XTB(s; — ) Kn(lls; — s]), (3.2)
=1

where y; is the ith component of AY, K (-) = K(-/h)/h? K(-) is a

14



kernel function, and & is a bandwidth. Let (4, B) minimise (3.2), the

‘estimator’ B(s; a) of B(s) is taken to be 4. By simple calculations,

we have

Bls; a) =a=(I,, Ope,) (X'WX) T ATWAY,  (33)

where 0,5, is a matrix of size p X ¢ with each entry being 0, and

T
X, X,
X = ,
Xi®(s1—8) - X, ®(sy,—9)
W = diag (Ku(|[s1 = s[l), -+, Kn(llsa = sll) -

Replacing B(s;) in (3.1) by B(s;; «) and ignoring the constant term,

we have the objective function for estimating o and o?

“nlog(o) + log(|A|) — 2;(141/ @) (AY — ), (3.4)

Let o, 1 =

where m is m with B(s;) being replaced by B(s;; a).

1, -+, n, be the eigenvalues of W,

1
5% = —(AY —m)"(AY —m),
n

and (&, &%) maximise (3.4). Noticing that |[A| = ﬁ(l — aqy), by
i=1

simple calculation, we have & is the maximiser of

—nlog(d) + ilog(\l — awyl), (3.5)

=1

15



and 62 is 62 with a being replaced by a.

Maximizing (3.5) is not difficult as it is an one dimensional opti-
mization problem and we can use a grid point method to solve it.

The estimator G(-) (: (Br(), -, Bp(-))T) is B(-; a) with a being
replaced by & and the bandwidth A with a slightly larger bandwidth h;.
The reason to replace the bandwidth h by a slightly larger one is that
h is for the estimation of constant parameters such as o and o2, and
thus is usually smaller than the one for estimating functional param-
eters, because undersmooth is needed for the estimators of constant
parameters to achieve the optimal convergence rate.

In reality, some components of 3(-) may be constant. If a compo-
nent of B(+) is a constant, say 51(-) = /51, we use the average of Bl(si),

1=1, ---, n, to estimate the constant (3, that is

How to identify the constant components of B(-) is addressed in the

following chapter.
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4 Asymptotic Properties of the Proposed

Estimators

In this chapter, we present the asymptotic properties of the proposed
estimators. We only present the asymptotic results and leave the the-
oretical proofs for chapters 5 and 6.

Although we assume that ¢; in (1.3) follows normal distribution in
our model assumption, we do not need this assumption when deriv-
ing the asymptotic properties of the proposed estimators. So, in this
chapter, we do not assume that ¢; follows normal distribution unless
otherwise stated.

In this chapter, for w;; in (1.3), we assume that there exists a
sequence p, > 0 such that w;; = O(1/p,) uniformly with respect to
i,and j and the matrices W and A~! are uniformly bounded in both
row and column sums.

We now introduce some notations needed in the presentation of the

asymptotic properties of the proposed estimators: Let p; = Ee{,

ko= [ K(lslds. wo = [ [(L0)sPK(sl)ds = [ (0. DK (s])ds

VOZ/RQ K2(||s]])ds, uz=/R2[(1,0)s]2K2(||s||)ds:/1552[(0,1)8]2K2(||8||)d8

I
U= E(X:X]), ' = EXy, Zi(s) = lim o > 9iB(s) Kn(llsi — s]),
=1

Zy(s) = lim — Zngﬁ si)Kn(|[si—sl), Z(s) = Z1(s)+U'TT" Zy(s),

n—oo N =1 j A
Z = kg (50X Z(s0), - f M (50) X0 Z(s0))
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A= [ OCW G = (gl]) = WAil,

G
m = lim , Ty = lim tr( ), = lim — ng

n—oo n n—oo n n—oo n

A = lim lE[(Gm —Z)'(Gm - 7)),

n—oo n,

1
Ay = lim lE’[(Gm - Z2Y'G.), X3 = lim —E[(Gm - Z)"'1,)

n—oo n, n—oo n,

where G. = (911, *, gnn)" and 1,, is a n dimensional vector with each

component being 1. Further, let

oo (e bt By g S
%77'2 206)‘ + N 7T2 %
Phi(s)  PBy(s))
S—(U'U) < au2 7."7 (9u2 )
8261 62517( )
va(‘s) - ( 81)2 PR 2

and

1
(XT,01x2,) (X(TDW X(l)) X(rl)W(l)
g — :
—1

where X(;) and W;) are X and W respectively with s being replaced
by s;, 1 =1, ---, n.

Using simple calculations, we can see the matrix €2 defined above
is the limit of the Fisher information matrix of o and o?. As the sin-
gularity of matrix {2 may have serious implications for the convergence

rate of the proposed estimators, we present the asymptotic properties
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for the case in which €2 is nonsingular and the case in which € is sin-
gular separately. We present the nonsingular case in Theorems 1 - 3,

and the singular case in Theorems 4 - 7.

Theorem 1. Under the Conditions (1)-(7) or Conditions (1)-(6),
(7) and (8) in Chapter 5, a in model (1.3) is identifiable and € is
nonsingular, and when n'/?h?/log*n — oo and nh® — 0, & and &2

are consistent estimators of o and o, respectively.

Theorem 1 shows the conditions under which €2 is nonsingular and
the consistency of & and 62 under such conditions. Based on Theorem

1, we can derive the asymptotic nomality of & and 2.

Theorem 2. Under the assumptions of Theorem 1, if the second par-

tial derivative of 3(s) is Lipschitz continuous and nh® — 0,

Vi(a—a, 6*—o®) 2 N0, o o 'sa).

Theorem 2 implies that the convergence rate of @& is of order n=1/2

when €2 is nonsingular, which is the optimal rate for parametric esti-
mation. We will see, in Theorem 5, this rate can not be achieved by &

when (2 is singular.
Theorem 3. Under the assumptions of Theorem 1, if nh = O(1) and
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h/hl — 0,

nhif(s)(B(s)~Bs) =2 kg k2l t{By ()48, (5)}) =+ N (0, g *mor* W),
for any given s.

Theorem 3 shows ,@() is asymptotic normal and achieves the con-

1/6

vergence rate of order n='/°  which is the optimal rate for bivariate

nonparametric estimation.
We now turn to the case where €2 is singular.

Theorem 4. Under the Conditions (1)-(6) and (9) in Chapter 5, «
is identifiable and Q is singular, and if nh® — 0, n*/?h?/log®n — oo,
pn = 00, ppht — 0 and nh?/p, — 0o, & is a consistent estimator of

.

Theorem 5. Under the assumptions of Theorem 4, if the second par-

tial derivative of B(s) is Lipschitz continuous and nh® — 0,

Vn/on(@ — ) = N(0, o2),

where

1 P -
o2 = [02)\4+ lim ntr((GJrGT)G)] x

1 2
{5\ + lim %tr((G +GNG) + 2 lim P E[(Gm — S6m)’G.)}
o n—o0

o n—oo n,

and

A = lim 22 B[(Gm — SGm)"(Gm — SGm)].

n—oo n,
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Theorem 5 shows the convergence rate of @ is of order (p, /n)~1/?

which is slower than n~%/2 when p,, — co. However, we will see, from

Theorem 7, this has no effect on the asymptotic properties of B()

Theorem 6. Under the assumptions of Theorem 5,

Vn(6® — o?) 2 N(0, puq — o).

Theorem 6 shows that although the asymptotic variance of 62 is

different to that when € is nonsingular, 62 still enjoys convergence rate

of n=1/2,

Theorem 7. Under the assumptions of Theorem 4, if nh$ = O(1) and
h/hi — 0,

V3 £(5)(B(s)=B(s)=2 kg ah{Bou(5) 4By (5)}) == N(0, k5 ve0? 1)
for any given s.

From Theorem 3 and Theorem 7, we can see the singularity of 2

has no effect on the asymptotic distribution of B()
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5

Proofs of Theorems

To avoid any confusion with notations, we use o to denote the true

value of «v in this chapter. Further, we rewrite A = I, — oV as A(«)

to emphasis its dependence on «, and abbreviate A(ag) as A.

The following regularity conditions are needed to establish the

asymptotic properties of the estimators.

Conditions

(1)

The kernel function K(-) is a bounded positive, symmetric and
Lipshitz continuous function with a compact support on R. And

h — 0.
{Bi(+), i =1,--- p} have continuous second partial derivatives.

{X;} is a sequence of iid. random sample from the population
and is independent of ¢;, i = 1,---,n. Moreover, F(X;X7) is

positive definite, F||X;||** < oo and Ele;|*? < oo for some ¢ > 2.

{s;} is a sequence of fixed design points on a bounded support
S. Further, there exists a positive joint density function f(-)
satisfying a Lipshitz condition such that

sup |~ Sl (s0) Kl = 1) = [ r(1Fu(le = sl (6e| = O(h)

seS i=1

for any bounded continuous function 7(-) and K (-) = K(-/h)/h?
where K(-) satisfies Condition (1). f(-) is bounded away from

zero on S.
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(5) There exists a sequence p,, > 0 such that the elements w;; of W
are O(1/p,) uniformly in all i, j. As a normalization, w; = 0
for all 7. Furthermore, the matrices W and A~! are uniformly

bounded in both row and column sums.

(6) A~'() are uniformly bounded in either row or column sums,
uniformly in « in a compact support A . The true «q is an

interior point in A.

(7) lim 2E[(Gm — ZJ"(Gm — Z)] = A\, > 0.

n—oo

(7) Ay =0.
(8) pn is bounded and for any a # ay,

lim {Tlllog ‘U2A’1(A’1)T‘ — ilog

n—oo

o2(@) A~ (@) (A ()|} =0

where o2(a) = Ztr{(A(a) AT A(a) A1},

n

(9) pn — o0, the row sums of G have the uniform order O(1/,/py),
and
lim " E[(Gm — SGm)’ (Gm — SGm)] = A, > 0.
n—oo n,
Remark 1: Condition (1)-(3) are commonly seen in nonparametric
estimation. They are not the weakest possible ones, but they are im-
posed to facilitate the technical proofs. Since the sampling units can
be regarded as given, the fixed bounded design Condition (4) is made

for technical convenience. Of course as in Linton(1995), Condition

(4) does not preclude {s;}"; from being generated by some random
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mechanism. For example, if s;’s were iid. with joint density f(-), then
Condition (4) holds with probability one which can be obtained simi-
larly as Hansen (2008). In this case, we can obtain our results by first
conditional on {s;} ; and then go on as usual.

Remark 2: Condition (5)-(8) parallel the corresponding conditions of
Lee (2004) and Su and Jin (2010), in which Condition (5)-(6) concern
the essential features of the weight matrix for the model. Condition (7)
is a sufficient condition which ensures that the likelihood function of «
has a unique maximizer. When Condition (7) holds and the elements
of W are uniformly bounded, the uniqueness of the maximizer can be
guaranteed by Condition (8). These two kinds of conditions ensure that
2 which is the limit of the information matrix of the finite dimensional
parameters is nonsingular. So they are the crucial conditions for y/n—
rate of convergence of the finite dimensional parameter estimators.
Remark 3: When p,, — 00, {2 can be nonsingular only if Condition (7)
holds. For the situation under Condition (7), Q will become singular.
The singularity of the matrix may have implications on the rate of

convergence of the estimators. Nevertheless, we follow Lee (2004) and

Su and Jin (2010) to consider the situation in which

lim 22 B[(Gm)* (I, — ST(I, — S)Gm] = Ay € (0, 00).

n—oo n,

In this case, it is natural to assume that the elements of (1, — S)Gm
have the uniform order Op(1/,/p,) which can be satisfied by the as-
sumption that the row sums of G are of uniform order O(1/,/p,) -

In the following, let H be a diagonal matrix of size 3p with its first
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p elements on the diagonal being 1 and the remaining elements being
h, P= (I, — S)'(I, — S) and € = (e1," - -,€,)". Moreover, like ag, we
use o2 to denote the true value of o2 to avoid confusion of notation.
Since the following notations will be frequently used in the proofs, we
list here for easy reference.

l(a,0%) = =5 log(0?) + log(|A(@)]) — 552 (A(@)Y) PA()Y,

le() = ~% log #*(a) + log | A(a)].

7%(a) = H(A()Y ) PA()Y,

7*(a) = L E[(A()Y) PA(a)Y],
2(a) = Der{(A(a) AT A(a) A7},

Q

To prove the theorems, the following lemmas are needed and their
proofs can be founded in chapter 6.
Lemma 1. Let {Y;} be a sequence of independent random variables
and {s;} € R? are nonrandom vectors. Suppose that for some ¢ > 2,

max; F|Y;|? < co. Then under Condition (1), we have

1& logn 1/2
Sup\nZ[Kh(llsi—Sll)Yi—E{Kh(llsi—SII)E}HZOp({ } ).

seS i=1 nh?

provided that n'~%/9h2/log®n — oo and lim 1 3 Ki(||si — s||) < oo
nee =1

for any s € S.

Lemma 2. Under the Conditions (1)-(4), then when n'/2h2/log*n —

o0,

Kof(s)¥ 0px2p
O2pxp K2 f(5)V @I

holds uniformly in s € S where ¢, = h + {83}1/2,

(2) B(5) — (I, 0prsy) (YWX) X" Win = —522(B () + B,.(5)} +

2K0

(1) n ' H' XTWXH! = ( )+0P(cn13p1"gp)
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0,(h*1,) holds uniformly in s € S.

Lemma 3. Under the Conditions (1)-(5), then when n'/2h2/ log” n —
0,

n T H'XWGEmM — n ' E(H ' AT WGm) = op(1)
uniformly in s € S.

Lemma 4. Under the Conditions (1)(3)(4) and (5), when n'/2h?/log® n —
00, we have (1) LE[tr(P)] = 1+0(1), (2) 2 E[tr(G"P) —tr(G)] = o(1),

(3) 2E[tr(G"PG) — t21(G*@)] = o
then (4) 22 E[tr(P) —n] = o(1), (5
Lr Bltr(GT PG) — tr(GYG)] = o(1).

1). Further, when nh?/p, — oo,
Lr Bltr(GTP) — tr(G)] = o(1), (6)

(
) &
Lemma 5. Under the Conditions (1)-(5), then when n'/2h2/log* n —

o0, (1) (Gm)'Pm = op(nh?). Moreover, under the assumption that

the second partial derivatives of B3(s) are all Lipschitz continuous, we

have (2) (Gm)' Pm = Op(nh® + {nh?logn}'/?).

Lemma 6. Under the Conditions (1)-(5), when n'/2h2/log?n — oo
and nh® — 0, we have (1) n=2LT Pm = op(1) for L = m, € and G,

(2) n' LY PGm = op(1) for L = m, € and Ge.

Lemma 7. Under the Conditions (1)-(5), when n'/2h?/log*n —
o0, we have (1) n"L{(Gm)'PGm — E[(Gm)TPGm]} = op(1), (2)
n'E[(Gm)' PGm] = n 'E[(Gm — Z)' (Gm — Z)] + o(1).

Lemma 8. Under the Conditions (1)-(5), when n'/2h%/log®n — oo,
we have (1) n™'/2{e" Pe— €€} = op(1), (2) n™/?{e'G" Pe — "G e} =
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op(1), (3) n™V2{'G"PGe — €"GTGe} = 0p(1), (4) n~/?{(Gm)" Pe —
(Gm — SGm) e} = op(1).

Lemma 9. Suppose that B = (b;;)1<; j<n 1S & sequence of sym-
metric matrices with row and column sums uniformly bounded and
its elements are also uniformly bounded. Let aén be the variance of
Q,, where Q,, = (Gm — SGm)'e + €' Be — o2tr(B). Assume that the
variance o3 is O(n) with {U?%} bounded away from zero, then we

have under Conditions (3)- (5) that O_%l L, N(0,1).

Lemma 10. Under the Conditions (1)-(5), the row sums of matrix
G having the uniform order O(1/,/p,) and n'/?h?/log*n — oo, we
have (1) (Gm)' Pm = op(p;/?>nh?). Moreover, if the second partial
derivatives of 3(s) are all Lipschitz continuous, then (2) (Gm)" Pm =

Op(p,'*nh® + {nh*logn/p,}'/?).

Lemma 11. Under the Conditions (1)-(5) and the row sums of matrix

G having the uniform order O(1/./pn), then when n'/2h?/log®n — oo,

pn — 00, ph* — 0 and nh?/p, — co, we have (1) 22m"Pm = op(1),

(2) &2L"PGm = op(1) for L = m, e and Ge, (3) \/E(GE)TPIH =
op(1), (4) ”—"{(Gm)TPGm—E[(Gm)TPGm]} = op(1 ﬁ {'GT Pe—
€'G"e} = op(1 \/”T{GTGTPGG €'G"Ge} = op(1 \/T"{ (Gm)" Pe—
(Gm — SGm)* e} = op(1).

Lemma 12. Suppose that B = (b;;)1<; j<n is a sequence of symmetric
matrices with row and column sums uniformly bounded. Let O’én be
the variance of @, where @, = (Gm — SGm)'e + € Be — o}tr(B).
Assume that the variance o3, is O(n/p,) with {2202 } bounded away
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from zero, the elements of B are of uniform order O(1/p,) and the row
sums of G of uniform order O(1/,/p,). Then we have under p, — 0o
and Conditions (3)-(5) that (%1 L5 N(0,1).

In the proofs of the theorems, we will use the facts that for constant
matrices B and D, var(e' Be) = (uy—304) f: b%+og[tr(BBY) +tr(B?)]
and .

E(€'Bee™De) = (s — 308) 32 budy; + oftr(B)te(D) + tr(BD) +
tr(BDY]. .

Moreover, we will frequently use the following facts by Condition
(5) (see Lee, 2004) without clearly pointed out:

(1) the elements of G = WA™! are O(1/p,) uniformly in all 7, j.
(2) The matrix G = WA™! is uniformly bounded in both row and

column sums.

Proof of Theorem 1: First we will show that () is nonsingular.
Let d = (dy,dy)" be a constant vector such that Qd = 0,. Then it is
sufficient to show that d = 0,. From the second equation of Q2d = 0,
we have that dy = —202 nh—>n<}o %tr(G)dl. Plug ds into the first equation
of 0d = 05 and we get that

1 ol . 2 B
dl{ag)\l + lim. [5tr((G +GNE) — Str @)} =o0.

It follows by Condition (7) that A; > 0. Moreover, tr{(G+G")G}—
264(@) = e {(G" + G)(G* + G)'} > 0 where G = G — Lt2(G)1,.
As we have by Condition (5) that the elements of G are uniformly
O(1/py) and its row and column sums are also uniformly bounded,

then it can be easily shown that tr{(G* + G)(G" + G)'} = O(2).

n
Pn
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Therefore, if Condition (7) holds, Condition (8) implies that the limit of
Lr((G+G")G) - 204(G) = tr{(G"+G)(G"+G)'} > 0. Therefore,
dy =0 and dy = 0.

Next we will follow the idea of Lee (2004) to show the consistency
of &. Define Q(«) to be H(ITE%XE{Z(OJ, 02)} by ignoring the constant
term. The optimal solutions of this maximization problem are 6*(a) =

LE[(A(a)Y)' PA(a)Y]. Consequently,

Q(a) = —n/2 -loga*(a) + log |A(a)].

According to White (1994, Theorem 3.4), it suffices to show the
uniform convergence of n~'{l.(a) — Q(a)} to zero in probability on A

and the unique maximizer condition that

lim sup max n 'Q(a) — Q(ag)] <0 for any § > 0 (5.1)

n—oo «€EN¢(ap,d)

where N¢(ay,d) is the complement of an open neighborhood of ¢y in
A with diameter §.

Note that 1l.(a) — 2Q(o) = —3{logd?*(ar) — loga?(c)}, then to

show the uniform convergence, it is sufficient to show that 52(a) —
7%(a) = op(1) uniformly on A and 5%(«) is uniformly bounded away

from zero on A. Since

7 (a) — % (a)

= n H{(A(@)A 'm)" PA(a)A™'m — E[(A(a)A™'m)" PA(a)A'm]}
+n {(A() A" €)' PA(a)A"e — o3 B[tr{(A(a) A7) PA(a) A7 }]}
+2n H(A(a) A 'm)T PA(a) A e,
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and A(a)A™' = I, + (ap — a)G by WA™! = G, it follows from Lemma
6 and Lemma 7(1) that

n " {(A(@) A7 'm)" PA(a) A" m—E[(A(a)A™'m)" PA(a) A"'m]} = 0p(1)

and

n~HA(Q)A'm)  PA(a)A™ e = op(1).

Next, we have by Lemma 4(1)-(3), Lemma 8(1)-(3) and Chebyshev
inequality that

nil{(A(a)Aile)TPA(a)Afle—agE[tr{(A(a)Ail)TPA(a)Afl}]} = op(1).

Therefore, 6%(a) — 6%(a) = op(1) uniformly on A.
Now we will show that 62(«) is bounded away from zero uniformly

on A. As we know by simple calculation and Lemma 4(1)-(3) that

7*(a) > ogn 'E[tr{(A()A ) PA(a)A7}]
= oin Hr{(A(a) AN A(a) A7} + o(1), (5.2)

it suffices to show that o2(a) = étr{(A(oz)Ail)TA(a)Afl} is uni-
formly bounded away from zero on A. To do so, we define an aux-
iliary spatial autoregressive (SAR) process: Y = oqyWY + € with
€ ~ N(0,021,). Then its log likelihood function without the constant
term 1s

n 1
la(a,0%) = ~Z log o + log | A(a)| = 5 (A A()Y.
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Set Qa(a) to be max Eq[lq (e, 0?)] by ignoring the constant term, where
E, is the expectation under this SAR process. It can be easily shown

that
Qa(a) = —n/2 -log o (a) + log |A(a)],

By Jensen inequality, for all o € A, max Eu[l,(a, 0%)] < Eu[la(ao, o5)],

thus Qa(a) < Qa(QO)' As
1 1., 1,1
L [Qu(0)~Qu(a0)] = — logo3(a)+ 5 log o+ (log | A(a)] ~log | A(ao))
uniformly on A, then it follows that
—llogUQ(a) < —lloga2 + l(10g |A(cv)| — log |A(a)])
g ol =y TRR0 Ty, ° '
If we can show that

n*{log |A(ay)| — log |A(ay)|} = O(1) uniformly in a; and ap on A

(5.3)
then —3logo?(a) is bounded from above for any o € A. Therefore,
the statement that o(«) is uniformly bounded away from zero on A
can be established by a counter argument.

Now we will verify (5.3), it follows by the mean value theorem and

Condition (5)-(6) that

n~{log|A(ay)| —log|A(ar)[} = —n~'tr{WA (&)} (az — a1)
= O(p,") (a2 — ) (5.4)

where & lies between a; and as. (5.3) is then established by A being
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a bounded set.

To show the uniqueness condition (5.1), write

n[Q(e) = Qao)] = 17 [Qula) — Qulav)]
+27 log 02(ar) — log 7% (a)] + 27 log &% () — log o],

it follows by Lemma 4(1) and Lemma 6(1) that 6%(ag)—0g = + E[m" Pm]+
o3 +Etr(P)] — 0§ = o(1). Hence, log5?(ap) — logog = o(1) as 62(a)
and o2 are both bounded away from zero. Moreover, we have already

shown in (5.2) that lim [07 (@) — o°(@)] < 0, hence,

limsup max n '[Q(a) — Q(ap)] <0 for any § > 0.

n—oo a€EN°(ap,d)

Now we will show that the above inequality holds strictly. Because
o%(a) is bounded away from zero and has a quadratic form of o with
its coefficients bounded by Lemma 4(1)-(3), 6 and 7(2), this together
with (5.4), we get that n='Q(«a) is uniformly equicontinuous in « on
A.

By the compactness of N¢(ay, d), we suppose there would exist an
0 > 0 and a sequence {a,} in N°(ay, d) converging to a point a* # ay
such that lim nQ(ay,) — Q(ag)] = 0. Next, as a,, — a*, we have

lim n7'[Q(a,) — Q(a*)] = 0. Hence, it follows that

n—oo

lim n ' [Q(a*) — Q(ap)] = 0. (5.5)

n—00

Since we have known that Qu(a*) — Qa(c) < 0 and lim [o7(a”) —

o*(a*)] < 0, (5.5) is possible only if (i) lim [07(a*) — o*(a*)] = 0
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and (ii) lim nHQu(a*) — Qulap)] = 0 both hold. However, (i) is a
contradiction when Condition (7) holds as

lim [02(a*)—6%(a*)] = —(ap—a*)? Jim n'E[(Gm—-2Z)" (Gm—2)] = 0,

n—0o0

by Lemma 4(1)-(3), 6 and 7(2). If Condition (7) holds, the contradic-
tion follows from (ii) by Condition (8).

For the consistency of 62, as it follows by some calculation, A(&)A™! =
I, + (g — &)G, Lemma 6, 7, 8(1)-(3), Chebyshev inequality and

a 2 o that

6* = ib(A(o})Y — SA@)Y)(AQ)Y — SA(Q)Y)
= i(A(&)A‘lm)TPA(d)A_lm - TQL(A(d)A‘lm)TPA(d)A‘le
—i—i(A(&)Ale)TPA(d)Ale
= ieTPe +o0p(1) = af + op(1)

Proof of Theorem 2: Denote 8 = (a, 0" and 0y = (ag, 02)",

we get by Taylor expansion that

_ ol(0) _ 9l(By) N 9%1(0)

06 00 " 9006" (6= 60),

0

where 6 = (&, 52)" lies between 8 and 6, and thus converges to 6, in

probability by Theorem 1. Then the asymptotic distribution of 6 can
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be obtained by showing that

10%(0) p 1 0l(8)
“nogoer P E 50

L5 N0, + Q)

where () is a nonsingular matrix by Theorem 1.

By straightforward calculation, it can be easily obtained that

12U0) _ LW AL (a)]?) — L (WY PWY,

n Oa? o?n
LAO), — L — LAY PA()Y, (5.6)
L2U0) — — L (WYY PA(a)Y.

As A(@)A™' =1, + (g — @)G by G = WA, we have

1 82l(é) 1 9%1(6y) 1 a2l(é) 1 6%1(6,)
1002002  ndo2de? op(l) and — _ B

noados® n 0ado? or(1).

using Lemma 6, 7, 8(1)-(3), Chebyshev inequality and 6 L5 6,. Let
G(a) = WA ! («), then it follows by the mean value theorem that

10°(0) 1016y

n O0o? n  Oda?

= —Ztr(G?’(a))(d — ) + ((712 - 1) l(Gm + Ge)' P(Gm + Ge)

02 ) n

for some @ between & and «p. Note that G(«) is bounded in row
and column sums uniformly in a neighborhood of «y by Condition

(5)-(6). Therefore, 1tr(G3*(a)) = O(1/p,). Since we have <(Gm +
Ge)'P(Gm + Ge) = Op(1) by Lemma 6(2), 7, 8(3) and Markov in-
210)  10%0,)

Oa? n  Oa?

equality, it follows that X = op(1l) by & L5 ap and

~ P
52 — of.
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Next input 0 into (5.6) and we can get by Lemma 6 that

_1200) _ ltr(GQ) o3 (Gm)TP(Gm) + " GTPGe + op(1),

n  Oo?
—12409 — — b+ L Pe+op(1),
~1o109 _ 1 G Pe-+opll).

Thus, the result of —1 801 000) 25 Q can be obtained using Lemma 7,
" 900

Lemma 8(1)-(3) and Chebyshev inequality.

In the following we will establish the asymptotic distribution of
1200 14 fllows by Lemma 5(2) that 1 Gm)"Pm = Op(n'/?h® +
v 00 Y
{h?logn}'/?) = op(1) when nh® — 0 and h2 logn — 0. Then we have

by straightforward calculation, Lemma 6(1) and Lemma 8 that

1 0l(60) —ir 1 T
N \/ﬁt (G)+02ﬁ(WY) PAY
1

[(Gm — SGm)'e + {€"Ge - a3tx(G)}| + 0p(1),

N _\/ﬁf 1\7( Yy FAY
= {e'e —nod} +op(1).

203f

Next we have by straightforward calculation that

var((Gm — SGm)"e + {€' Ge — o2tr(G)})
= o E[(Gm — SGm)" (Gm — SGm)] + (4 — 307) Zgi + o [tr(GGT) + tr(G?)]

+2u3 E[(Gm — SGm)'G,],
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var(e'e — nol) = n(uy — of) and

cov{(Gm — SGm)" e + {€"Ge — o3tr(G)}, €' € — nog}
= usE[(Gm — SGm)"'1,] + (jug — op)tr(G).

Hence, it follows by Lemma 7(2) and some calculation that

101(8,) 91(80)\
E(n 90 o6 )—E+Q+o(1).

T
As the components of %%zo) = (ﬁal(azo), ﬁ%gﬁ» are linear-

quadratic forms of double arrays, using Lemma 9 we gain ﬁ 81;20) L,

N(0,% + Q).

Proof of Theorem 3: It can be easily shown that

Vnh3f(s)(B(s) = B(s)) = \/nh3f(5)(Ip, Opap) (AT W120) T X W€
+y/nh3 f(s)(an — &)(Ip, Opxap) (X WL X)X W IVY
/B3 f(5) (I, Oprcap) { (X W1 X1) " X Wim — B(s)}
= Ju+ Jn2+ Jus

where X} and W, are X and W respectively with A replaced by h;.
Let Hy be H with h replaced by h;. It follows by straightforward

calculation that

3 () E{HT AT W€} = 031,
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and

" hif(s)eov{Hy ' Xy Wie} = ogn ™ hi f(s) E{Hy ' Xy Wi X Hy '

— 2P(s) ¥ + op(1,1) op(1,13,)
OP(]-Zplg) VQ\I/ &® [2 —+ OP(12p1£p)

then it follows by central limit theorem, Lemma 2(1) and Slutsky’s
Theorem that

Ty 2 N(O, V0m520(2)\11_1).

Moreover, it follows immediately from Lemma 3 that
nHHPXIWIG(m 4 €) — E[H'ATW G(m + €)]} = op(1)
This together with Lemma 2(1) and Condition (4) leads to

(Tp; Opcop) (AT Wi 1) LA WL G(m + €) = Op(1).

Next when nh$ = O(1) and h/h; — 0, we have \/%?(Gm)TPm =
op(n*/2h1h?) = op(1) using Lemma 5(1). Hence it can be seen from the
proof of Theorem 2 that @%‘z") = op(1) and \/nhi (& —ap) = op(1)

under the assumptions of Theorem 3. Therefore,

Tus = T 1k (00=6) Ty, Oy (XEWL ) AT (G4 Ge) = op(1).

For J,3, it can be obtained by Lemma 2(2) that

/€2h% 2
Iz = 2ko {IBUU(S) + va(s)} + OP(hl]‘P)'
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Finally combing the results of J,1, J,2 and J,3, when nh® = O(1)
and h/h; — 0 we get the theorem.

Proof of Theorem 4: It is obvious from the proof of nonsigu-
larity of © in Theorem 1 that under Condition (9), € is singular.

Next like Lee (2004), to prove the consistency of &, it suffices to
show that

%n{lc(a) —le(ao) = [Q(@) = Qao)]} = op(1) uniformly on A,

where Q(a) = —n/2 - log 3%(a) + log |A(a)| defined as in the proof of
Theorem 1 and «q is a unique maximizer.

It follows by the mean value theorem that

{ ) = le(o) — [@(@) — Q(ao)]}

le(ox
_ _p dllog 5*(a) — log5*(a )](&_a0>

2 Oa
~ e {yrraay - L@ - L @) - an)

52(@) n

where & lies between o and «y, and L, (&) = E[(WY)TPA(a)Y].
Note that A(&)A™" = I, + (ap — @)@, by applying Lemma 4(5)(6),
11 and Chebyshev inequality we can get

Pr WY PA(&)Y — Ly(&@)} = op(1) and %Ln(d):O(l).

Moreover, using the same lines as in the proof of Theorem 1, we can
establish that 52(a) — 6%(&) = op(1) for any & on A with 6%(«) being

uniformly bounded away from zero on A. Thus 6%(«) is uniformly
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bounded away from zero in probability. Consequently,

%{lc(a) — () — [Q(a) — Q(ap)]} = op(1) uniformly on A.

The uniqueness condition of o can be obtained by the uniform

equicontinuity of 2*[Q(a)—Q(ap)] on A and Lim Qo) —Q(an)] <0

n

when a # g using a counter argument as in the proof of Theorem 1.

Write

P21Q(a) - Q(aw)] = ~Ellog (@) ~ log & (a0)] + = [log | A()]| ~ log | (o)
= —; w1+ Jna.

It follows by the mean value theorem

Tt = =2 (52(a) — 5%(ay))

where *%() lies between %(a) and %(ap). As %() is uniformly

bounded away from zero on A, *?(«) is also uniformly bounded away
from zero on A. Further, we can see by Lemma 4(5)(6) and Lemma 11
that p,(6%(a) — 6%(ap)) is a quadratic form of « with its coefficients
bounded. Therefore, J,; is uniformly equicontinuious on A by the
above results.

For .J,s, it can be seen by the mean value theorem that

Tno = =P (W A1 (@) (o — ag)

n

where & lies between a and ag, and tr(WA™!(a)) = O(n/pn) by
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Condition (5)-(6). Therefore, J,o is uniformly equicontinuous on A.
In conclusion, 22[Q(a) — Q(ayp)] is uniformly equicontinuous on A.
Next we will show that when o # ap, lim 22[Q(e) — Q(ao)] <

0. Using similar lines as in the proof of Theorem 1, let Q,(a) =

—2log o2 (o) +log|A(a)], and write

P21Q(0) = Q(an)] = 2*[Qu(@) = Qulan)] — Z{log 6*(a) — logo2(a)]

+%" log 72(cp) — log 03] (5.7)

As it follows by the mean value theorem, Lemma 4(4)-(6) and
Lemma 11(1)(2) that

~lloga?(@) —logai(a)) = —5 5rlr*(@) — i)
= —71 (07 —042@ rnT m 0
= g (0 — P (G PGm] + (1)

where 0*%(a) lies between 62(a) and o2(a) and it therefore uniformly
bounded away from zero on A. Then for any a # «q, when condition
(9) holds, —£[log 5*(ar) — log o*(c)] < 0 for sufficient large n.

For the third term on the right side in (5.7), it can be obtained by

the mean value theorem, Lemma 4(4) and Lemma 11(1) that

5 log o () —log ] = 575 {0 () — o3} = o(1)

2 20*

where 0*? lies between 62(ay) and o2, and is bounded away from zero.
In consequence, lim LriQ(a) — Q(ap)} < 0 when a # ap, as we

have shown Q,(a) — Qu(p) < 0 in the proof of Theorem 1.
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Proof of Theorem 5: By Taylor expansion, we have that

_ Ol(@) _ Ble(ag) | D°L(@)
0= da O + Oo? (&= )

where & lies between & and oy, and thus converges to ag in probability
by Theorem 4. Then the asymptotic distribution of & can be obtained

by proving that when p, — oo,

_&aQZC(&) P, 2

Pn alc<050) D
n  Oo? 71 n

and naT %N(0,0’;/O’é),

where 07 = % lim 2 E[(Gm — SGm)"(Gm — SGm)] and 03 = oj07.
0 n—oo

As we have by A(a)A™! = I, + (ap — @)G, Lemma 11 and Cheby-

shev inequality that 2(WY)'PWY = £2(Gm + Ge)' P(Gm + Ge) =

Op(1) and L2(WY ' PA(«)Y = Op(1), then when p, — oo,

P 0*le(a)

n 8@2 .
= G VYT PA@Y — s (WY PWY — (WA (@)}
— o YWY - LA @)+ or(1)

Further using Lemma 6(1), 8(1) and the above results, we can get

when p,, — oo that

1
5*(a) = —€' Pe +op(1) = a5 + op(1)
n
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for any a € A. Therefore it follows by the mean value theorem that

pn [02(3)  OLu(ay)
n{ 0a2  Oa2 }
- {52(1%) - YT PIVY = 2 ax(GH@) — (G o))} + on()

= tr(G?’( ))(@ = ) +op(1)

where G(a) = WA (a). As tr(G*(a)) = O(n/p,) uniformly on A by
Condition (5)-(6), we obtain that 2= {52(;;(2&) _ 82592(((210)} = op(1) using

~ P
o — Q.

Next it follows from 6%(ag) — 02, Lemma 11 and Chebyshev
inequality that
_Pn Ple(ag) 1 py

B Hn[wmwmm+%mmwmmmm+@m,

Therefore, — 2= (2 @ P, 0% by the row sums of G being uniform order
O(1/\/pn)-
In the following we will establish the asymptotic distribution of
bn T2 delow) - Ag it follows that Lo (Gm)" Pm = op(n'/?h3+{h*logn}'/?) =
op(1) When nh® — 0, h*logn — 0 by Lemma 10(2) and /2> (Ge)' Pm =
op(1l) by Lemma 11(3). Then we have by straightforward calcula-
tion and Lemma 6(1), 8(1), 11(5)(7) that the first order derivative of

Lrel.(a) at ag is

Pn Ole(ap) _ 1 Pn T 52
o T T\ 07 PAY = 2ag(©)
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with

%{(WY)TPAY — 3% (ao)tr(G)}

_ ﬁ{(Gm — $Gm)Te + G — ;tr(G)In]e} +op(1),

ol = Var{(Grn — SGm)'e + €'[G — itr(G)In]e}
— 2E[(Gm — SGm)(Gm — SGm)] + (0 — 308 > {gus — tr(G)

i=1

Folltr((G + GN)G) — itﬂ(c)] 4+ 23 E[(Gm — SGm)T (G, — iu(c:)h)].

}2

n

As we have by Lemma 12 that
-1 T P D
0y {(Gm — SGm)'e + €'[G" - Etr(G)In}e} L5 N0, 1),

it follows that

n. . _ pn 0%1e(@) -1 Pn Olc(an) b 2y-1
p*n(a—ao)—(—g 902 ) Vo e —>N(O,UO/\4 )

. P
by 2202 — 03 and 6°(ap) — 5.

Proof of Theorem 6: By straightforward calculation, Lemma
6(1), Lemma 8(1), 11, Chebyshev inequality and Theorem 5, we get

when p,, — oo that

V(6 = o3) = —~(A@)Y — SA@)Y)(A@)Y — SA@)Y) - v/no3

Si-
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= e(m o P+ €) Vo

2
v/ Pn

= 2 (ap — a2 (Gm e’ m €
) o~ )P Gan o+ Ge" P G+ G

+

\/?(ao - d)%(Gm + Ge)' P(m + €)

= 2t = e+ onl)

This together with central limit theorem for iid random variables

leads to

Vi(6? = a2) 25 N (0, s — o).

Proof of Theorem 7: The result can be obtained using the same

lines as the proof of Theorem 3, except that here Jpo = 1/ f(s)4/ %ﬁ(ao—
Q) (I, Opxap) (0 H X XIW X H D) Y22 Y XTWLG(m + €). Tt fol-

lows by Lemma 2(1), Markov inequality, the row sums of the matrix

G having uniform order O(1/,/p,) and Condition (4) that

(Ip, Opxop)(n " H{ "X W X H )7

P XTWG(m + €) = Op(1).

Next, it can be seen from the proof of Theorem 5 and Lemma 10(1)
that p’;—h%(Gm)TPm = op(n'/?h1h?) = op(1) when nh$ = O(1) and
h/hy — 0. Hence, \/7;?(64 —a) %5 0 according to the arguments
establishing Theorem 5. Consequently we have that J,s = op(1).
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6 Proofs of Lemmas

In this chapter, we set m; = X} 3(s;), xy to be the Ith (I = 1,---,p)
element of X;, i = 1,---,n, r, = (“E1)¥/2 | [D];; to be the (4, )th
elements of the matrix D, and c as a positive finite constant that may
take different values at each appearance. Moreover, the operator Vec(-)
creates a column vector from the matrix by simply stacking its column
vectors below one another.

Frequently we will use the facts (see Lee, 2004) without clearly
pointing out that the matrix G is uniformly bounded in both row and
column sums, and the elements g;; of G are O(1/p,,) uniformly in all
i,

Proof of Lemma 1: Let 7, = n'/9(logn)"/?

and the following
proof is organized as Hansen (2008). First, we deal with the truncation
error in replacing Y; with the truncated process Y;1(]Y;| < 7,). Second,
we replace the supremum with a maximization over a finite N-point
grid. Third, we use Bernstein inequality to bound the remainder.

The first step is to truncate Y;. Define R(s) = + i Kin(||si —
i=1
s|)Y;1(|Y;] > 7). Since P(|Y,| > 7,) < 7,9FE|Y,|? and ioj 71 =
n=1

§ n~'(logn)~%? < oo for ¢ > 2. It follows that with probability one
1\1}:/;| < 7, for all sufficient large n. Since 7, is increasing, we have for all
sufficient large n, |Y;| < 7, for all ¢ < n. This implies that sup, |R(s)|
is eventually zero with probability one.

Next by a standard argument and Condition (4)

E[R(s)] < Z (||s; — s||)E|Y;|* /T3~ < CT 1

3\'—
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it follows that with probability one sup, E|R(s)| = O(7}79) = O(r,).

Combing the above results, we have that with probability one

ilelg |R(s) — ER(s)| = O(ry,).
For the second step we create a grid to cover the region S. As
S is a compact region, we can find a finite positive constant ¢; such
that S C {s : [|s|]| < &1}. Next we create a grid using regions of the
form N; = {s : ||s — s;|| < r,h}. By selecting s; to lay on a grid, the

2 .
.~ such regions

region {s : ||s|| < ¢;} can be covered with N < ¢?h™2r
N;. Therefore the supremum can be replaced by a maximization over
these N-point grid.

From the assumption of the kernel function, we know that there
exists a finite positive constant L, when ||s|| > L, K(]|s|]|) = 0, and
there exists a finite positive constant ¢, such that for all s,s" € R?,
(K (Is]) = K ([Is'D] < eallsll = [1']]] < ealls = &Il . Define W*(|ls]|) =

cod(||s|| < 2L), thus for s € N;, we have ||*7%|| < 7, and

S; — S

h

S; — Si S; — 81

K] = E(——DI < raW*(|=——1D).  (6.1)

=1

Now define R;(s) = %Enj Ku(||si — s])Yi1([Y;| < ) and Ry(s) =
w 2 Wiillsi=sIDIYiL(IYil < 7a) where Wi ([lsi—s]l) = W*(I[*5=1)/A*.

h
Note that E|R;(s)| < 1 i Wi(llsi — s||)E|Y;| < c3 for some positive
i=1
constant ¢z by Condition (4). Then we have by (6.1) that

sup [Ri(s) — ERi(s)] < [Ri(s1) — ERi(s0)| + | Bu(s0)] + | R (s1)]]

SENZ
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IA

|[Ri(s1) = ERi(s1)| + ra| Bu(s1) — ER1(s1)| + 2ru B| R (s1)]

S |R1<Sl) - ER1(81)| + |R1(Sl) — ER1(81)| + 2637“n

with the final inequality because r, < 1 for sufficient large n. There-

fore, for sufficient large n

P(sup |Ry(s) — ERy(s)| > 4cgry,) < N max P(sup |R1(s) — ERy(s)| > 4csry)

sES SEN;

1<I<KN

< N max P(|Ri(s;) — ERy(s1)] > c3mp)

+N max P(|Ri(s;)) — ERy(s))| > csr).

1<I<KN

Third, we will use Bernstein inequality to bound the above prob-
abilites. Let Vi(s) = YaK(||**|) — E[YaK([|*=|])] where Y;; =
Yi1(lY;| < 7). As |Yi| < 7, and K (||*5-*
stant ¢y, it follows that |V;(s)| < 2¢47, and for any s, évar(%(s)) =

II) < ¢4 for some positive con-

Z K2(||25=2]))D(Yi1) < ¢snh? by Condition (4) for some positive con-
stant ¢s. Then by Bernstein inequality for independent variables it

follows that for any s and sufficient large n,
P(|Ri(s) — ERi(s)| > csmn) = P(]>_Vi(s)| > czronh?)

=1

2.2 274
—czronh

IN

2exp

n

2y var(Vi(s)) + sescamrpnh?
=1

_ 2
< QGXp{Cglogn} —

since (c3/37,1)% = ¢2/91log® n/(n'~%/9h?) — 0 and taking c5 > max{2cs+
4C4, 1}
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Using the same arguments, we can get that for any s and sufficient

large n P(|Ry(s) — ERy(s)| > csry) < 2n~. Therefore,

P(sup |Ri(s) — ERy(s)| > 4csry) < ch™2r,2n~% = o(1).

SES

Proof of Lemma 2:

(1) Note that

nTH'X"WXH ! =

w 2 XX K(lss = sll) 5 XXT @ () Kls: = )
X XGXT @ == Kllsi = sl) 5 X X XT @ =2 (5T K (Il — )

Then by Lemma 1, Lipschitz continuity of f(-), Condition (4) and

symmetry of the kernel funtion we have that

n'THIXTWXH ! =

Ko f(s)W + Op({h + Tn}lpli) Op({h + Tn}lplgp)
Op({h +12}12,1}) Faf ()W @ I + Op({h + 1 } 12,15,

holds uniformly in s € S.

(2) Note that

B(s) = (Ip, 0pxp) (X' WX) X Wm =

(Ip, Opop) H (0 H XWX H ) ' H AT w{ v ( o ) ) - mj
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As

L $* XXT{B(s) + Bl — 3) — Bl Hiillse — )
b2 X0 2 XT{B(s) + B(s)(ss = 5) = Bls)} (s — )

it follows by the second order Taylor expansion that for s; in a small

neighborhood of s,

. (si — s)' By (s7)(si — s)
B(s;) = B(s) + B(s)(si — s) + 5 : :
(si — sV B, (s7)(si — s)

where 3,(s) = %, l=1,---,p,and sf = s+0(s;—s) with 0 € (0, 1).

Then we can obtain that
n HO AW X Al ) m} =
Vec(B (s))
p2 o [ 45 Xaa(S2 Byt (57 Ki(llsi - s1)
203 ZX ® (52 )arg (=21 By (s7) (3572 ) K (|| s — )

Now using Lemma 1, Condition (4), symmetry of the kernel func-
tion and continuity of the second order partial derivatives of 3(s) , it

is easy to show that

*szxu By () s = s1)

n
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= ko f(s)E(X121))(1,0,0,1)Vee(By(s)) + op(1,),

and

S;i — S

L3 (U (U B () Kl = 1) = on(Ly)

hold uniformly in s € §. Therefore,

n AW X Al ) m}
Vec(B (s))

B (%%#@WWW@+ﬂM$}

02p><1

) + Op(h2].3p)

holds uniformly in s € §.
Next, it follows from Lemma 2(1) that

(n'H'WX"WXH ) =

( Ko f T H(s)U! 0,x2p

+ Op({h + 1, }13,1% )
02pp Ry (8T @ I ) g o

holds uniformly in s. Hence, by the above results, we have

K9 h2

ﬁ(S)—(Ip, Op><2p>(XTWX)71XTWm = _ 5

{Bu(5)+B,, () }+o,(h*1,)

Ro

holds uniformly in s € S.
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Proof of Lemma 3: Note that

% Z > iy X Kin((lsi — sl])
n—lH—l‘)(‘TWGm _ z;l ]il
L33 gmi X, Kol )
i=1j=

In the following we will show that

1 n n
sup |;Z {3 gigm; Xik(||si—s])— ngmaX En([lsi—s])]}] = op(1),
S i=1 gj=1 7j=1
and
12 n s,;—s - S
sup |~ > { > gym; Xiw——— —En(llsi—sl))- Zg”ij(X) . Ey(|si=sID1}| = op(1).
se§ N3 o =1

It is obvious that these two results can be established by the same

arguments, here we only show the first one. Note that

1 n n
=3 9iym XKy (|[si — s])
n i=1j5=1
12 1
= *Zgusz Kn(|lsi — s[]) + = ZZQUEmJX Kn(|lsi — sl])

n i=1 i1=1 j#i

1 n n
+ > gi(my — Emy) X Kn(||si — sl]).

i=1 j#i

As ¢;; and Z gi;EEm; are both bounded for any 4, it follows by

Lemma 1 that
1 n
— Zgusz Kn(llsi =sll) = — > ElgimiXiKn(l|si — sl)] + Op(rn)

=1 =1

o1



= U= Zguﬁ si) Kn([si = s]l) +op(1),

i=1

and
R | o
EZZ 9ij Em; XK ([|si — s||) = gZZE[XiQijEmth(HSi—SH)]+0P(7“n)
i=1 j#i i=1 j#i
1 n n
= IT'— ZZ%B i) Kn(||si — s]|) +op(1)
i=1 j#i

hold uniformly in s € S.
In the following we only need to show that for any d (d =1,---,p)

sup |- 33" g (m; — Emy)ziaka(si — sl)| = on().

seS ' i Z 1 j#i

This result can be established using the second step in Lemma 1 where
we take r, = (logn)™'/? and then Chebyshev inequality instead of

Bernstein inequality.

Proof of Lemma 4: (1) It follows by Lemma 2(1) and some

calculation that

S=ry'n " (1+o0p(1))

fH)XT X K ([[st = sil) -+ f7H ) XTP T XK (llsn — s1l])
fﬁl(sn)X};\Ijille’z(HSl —Sall) - fﬁl(sn)le;\IlianKh(HSn — Sull)
(6.2)
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As P=(I,— 9", - S)=1,—S"— S+ S'S, we note that

Bn(S)] = o 3B )X Xl = D] +o(1)
— B ) XTI o)
- ) = o),

hence it follows by nh? — oo that n™'E[tr(S)] = n ' E[tr(S")] = o(1).
Since by straightforward calculation we have that the (k, )th (k, 1 =

1,---,n) element of matrix STS takes the form

[STS]M = mEQn_2(1 + Op(l))
XD F (s 0 X XU Kn([lse — silDEn(llse = sill)} X0,

and it follows by Lemma 1, continuity of f(-) and Condition (4) that

1 & S;— S
=5 2 [T TTXT U R ()
nh? 1:21 h
1 & N 5;— 8
= me Q(SZ’)\I’ 1K2(| )‘I’OP(Tn)
i=1
= wf ()P (1+op(1))
holds uniformly in s € §. Thus
_ = T -1
n ' Eltr(STS)] = 2 n2h2 §:j (1) X W™ Xi)(1 + o(1))
Yop
= n%thQZ ) (L+o0(1)) =o0(1).
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Consequently, n~'tr(P) = n='tr(l,) — 2n~1tr(S) + n~1r(STS) = 1 +
o(1).

Results (2) and (3) can be established by the same arguments as
in (1) and straightforward calculation.

Next it can be seen clearly from the above proof that when nh?/p,, —
oo, we can obtain results (4)-(6) by the fact that the elements of G
having the uniform order O(1/p,,).

Proof of Lemma 5: (1) It follows from Lemma 2(2) and some

calculation that

v X1 [Buu(51) 4 Byy(51)]
(Gm)'Pm = _HZ,%O (Gm)* (I, — S")

Xo[Buu(5n) + Buy(sn)]
H(GEm) (I, — SO (X1, -+, X 10p(h2).

Next we use (6.2), Lemma 2(1), Lemma 1, Condition (4), continuity

of f(-) and the second partial derivatives of 3(-) to get that

X{[Buu(sl) + va(sl)]

St :
X;[/Buu(sn) + Buu(5n)]

Xlr[lguu(sl) + 61}1}(81)]

X Buu(sn) + Buy(sn)]

o4



and
ST(Xh T aXn)Tlp = (X¥1pa Y 7X£1P)TOP(1>‘ (6.3)
Consequently we have by Markov inequality that

(Gm)' Pm = n'(Gm)" (X1, -+, X 1,) 0p(nh?) = op(nh?)

n

(2) If f(-) and the second partial derivatives of 3(s) are all Lipshitz
continuous, then we can obtain by Lemma 1, Condition (4) and similar

arguments as in Lemma 2(2) that
n AW Al m}

Vec(B (s))
_ ( L2k () (5) + Bunls)}

02p><1

) + Op({h* + h*r, }13,).

This together with Lemma 2(1) leads to

K9 h2

Ro

B(5)— (I, 0psx2,) (XTWX) AT Wm =

{Bua(8)48y, () } 40, ({B*+17r,}1,)
holding uniformly in s € §. Hence

X—lf[lguu(sl) + va(sl)]

X;L‘[/Buu(sn) + IB’U’U(Sn)]
+(Gm)"' (I, — S") (X1, -+, X,)"'1,0p({h* + h*r,})
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If f(-) and the second partial derivatives of B(-) are all Lipschitz con-

tinuous, then
X{[ﬁuu(sl) + /6111)(51)]
ST :
Xg[/@UU,(Sn) + /61111<Sn)]

X1 [Buu(51) 4 By(s1)]
= : + (X1, -, X)) 1,0p(h 4 1).

X [Buu(sn) + By (sn)]

Therefore, we have by (6.3) and Markov inequality that

(Gm)TPm = n_l(Gm)T(X?lp, e 7X;£1p)TOp(n{h3 + hQTn})
= Op(nh®+ {nh*logn}'/?)

Proof of Lemma 6: (1) In the following, we will show that
n~2['Pm = op(1) for L = m, € and Ge.
Note that n~*/?m" Pm = n~"/?(m— Sm)" (m — Sm), and it follows

by Lemma 2(2) that
m— Sm = (Xy,---, X,,) 1,0p(h?). (6.4)
Therefore,
n~Y*m" Pm =n"! zn:(XiTlp)zOp(nl/Zl#) =op(1)
i=1

using law of large numbers and nh® — 0.
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Since we have by (6.3), (6.4) and Chebyshev inequality that

nY2e"Pm = nY%(e — Se)’(m — Sm)
= {n P (Xy, - X)L, — 0 PEN ST (X, 0, X)L, 10 (R?)
= p /2 anx;ﬁpeiop(h?) = Op(h?),
i=1
Hence n~/2e" Pm = op(1).
Similarly, we can show that n~'/2(Ge)T Pm = Op(h?) = op(1).
(2) Here, we will show that n=! L' PGm = op(1) for L = m, € and
Ge.
Clearly, it follows by Lemma 5(1) that n='m' PGm = op(h?) =
op(1).
For simplification, in the following we set X = (XT1,,--+, XE1,)t
and V = (f1 () XPU,, o, 1 (5,) XTUL,
Note that

l TPGm = l TGm — lETSTGm TSGm —i— TSTSGm

n n n n
As E(2€"Gm) =0, and
1 R P A 1
var(—€' Gm) = =23 " gEEmi+— > Y Y gijgwEm Emy, = O(=),
n n =1 N =1 =1k "

i=1j =1 j=1

we obtain by Chebyshev inequality that n='e'Gm = op(1).
It follows by (6.2), Lipschitz continuity of f(-), Lemma 3 and Con-
dition (4) that

STGm ={Z+V-0p(1)+ X -0p(1)}(1 + 0p(1)). (6.5)
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Therefore,
1 1 1 .
- TSTGm = {ﬁeTZ + - TV . op(1) + EETX cop(1)}(1 + 0p(1)) = op(1)

by law of large numbers.

Similarly,
SCGm ={Z+V -op(1)}(1+op(1)). (6.6)

by Lemma 3 and Condition (4). Therefore, we have by law of large

numbers that
1 1t 1t
- SGm = {ﬁe ZJFE V-op(1)}(140p(1)) = 0op(1).

Next it follows by (6.2) and Lemma 1 that Se = V - op(1). This
together with (6.6), we obtain that

(Se"SGm = (2V'Z + LVIV)op(1)

1

n

Therefore, n 1€l STSGm = 0p(1) by law of large numbers.
Similarly, we can show that n='(Ge)' PGm = op(1).

Proof of Lemma 7: (1) It can be seen that

1 1 2 1
E(Gm)TPGm = E(Gm)TGm — ﬁ(Gm)TSGm + ﬁ(SGm)TSGm.
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For the first term we have that

1 n n n
(Gm) Z Z i) m + = 3> giigawmmu,
Nzl =1 N1 =1 k)
and
l n n 2 B i n n ) 2D ~ O l
Var Z ng } Z ng) (m]) - ( )7
n i n® == n
it follows by Chebyshev inequality that% i i m E{ Z Z gw }
j=li=1 j=1i=1
Op(l).
Let m; =m; — Em;, i =1,---,n, then
1 n n n n
n Z Z Z Gij Gik 51 — E{ Z Z Z gzygzkmjmk}
i=1j=1k#j i=1 j=1k#j
1 n n n B B 1 n B
I Z Z Z 9i ik MMy + — Z Z Z Gij gk Em;
J=1 ktj i=1 J=1 ktj i=1
1 n n n
=300 gigmmu Emy.
M1 4k i=1
Define Jo; = = > > Z Gii Gy, Jn2 = £ 57 3 % gijgum;Em,
J=lk#ji=1 J=1k#j1=1
and J,3 = % > 2 2 Giigam Emy,, with
k=1jAki=1
var(Jp1) = (J2 )
ST g[8 5) DX B, (5 DX B0
J= lk;ﬁ] 1=1

IN

2 n n
H]lé}gx(z |9ijgir|) ;Z Z 19518 (s)D(X1)B(s;)}* = o),
Fi= j=1 i=1
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1 n n n 1
var(Jnz) = —5 > (3 > 9ijgi)*D(my)(Emy)* = o),
J=1 k#ji=1
and
VaI n* Z Z Zgzjgzk k)(Emk) - O(ﬁ)

#k1=1

Therefore, by Chebyshev inequality that J,,; = op(1), Jn2 = 0p(1) and
Ju3 = op(1). In conclusion, we obtain that - (Gm)'Gm—E{:(Gm)'Gm} =
op(1).

It follows from (6.6) that

rlz(Gm)TSGm = { (Gm)TZ + - (Gm) V-op(1)}(1+op(1)).

Using similar arguments as establishing + (Gm)" Gm—E{:(Gm)'Gm} =
op(1), we have that +(Gm)'L— E{1(Gm)"L} = op(1) for L = Z and
V. Moreover, E{+(Gm)}'SGm} = E{1(Gm)'Z} + o(1). Therefore,

1 1
E(Gm)TSGm - E{E(Gm)TSGm} =op(1).
For the term 1(SGm)"SGm, again by (6.6) we have that

1 T _ 1 T 1 T 2 T
~(SGm)"SGm. = {ﬁz Z+ VIV op(l) + =7 V- op(1)}(1 4 0p(1))

= :LE(ZTZ) + 0p(1)

by law of large numbers, and E{+(SGm)'SGm} = LE(Z"Z) + o(1).
Thus
Tll(SGm)TSGm - E{i(SG’m)TSGm} — op(1).
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In conclusion, we obtain that +(Gm)'PGm — E{X(Gm)'PGm} =
Op(l).
(2) We have seen from (6.6) that

;E{(Gm)TPGm} _ iE{(Gm 24V op(D)(Gm— Z+V - op(1)H(1 + o(1)

= iE[(Gm — Z2)(Gm — 2)] +o(1).

Proof of Lemma 8: (1) Since
n~Y2{e' Pe — €€} = —2n"Y2€" Se + n~ 2L ST Sk,

Bl 2€7Se] = ofn V2 El(S)] = O{nh'} %) = o(1), and
1
var(n~'/?€"Se) < ﬁE(GTse)Q

n

1
= [ = 309) Y EIST + oo E{[6x(S)]* + tx(S5T) + 1x(5%)}
i=1
It can be seen from the proof of Lemma 4(1) that n~!E[tr(SS")] =

> FIST, = s 2o B0 (XU X)FJK(0) = Ol ) = ol

tr

Z i)+ op(1).
—1

It can be seen that n~'/2tr(S) = O,({nh*}~Y2) = op(1). Hence,
n~tr(S)]? = op(1) and n'E{[tr(9)]?} = o(1).

It follows by straightforward calculation, Lemma 1 and Condition

Iignh
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1 + OP(]_)

(5% = Wf IZf ()X, XU KR (|55 — sil|) X
_ R%Z)th‘l(si)X;f‘ll_lXi(l + op(1)).
Thus
1+0(1)) & 1
nE[tr(SQ)] = W ; Elf Y(s) XU X)) = O(W) = o(1).

Consequently, we have by Chebyshev inequality that n~'/2€'Se =
op(1).

Similarly, it can be shown that n=/2e"STSe = op(1). Hence we
have shown that n='/2(e' Pe — €'€) = op(1).

Results (2) and (3) can be obtained by the same arguments as in
(1) and straightforward calculation.

(4) Note that
n~Y2{(Gm)' Pe — (Gm — SGm) e} = —n/2(Gm — SGm )" Se.

Moreover, E[n~'/?(Gm—SGm)' Se] = 0 and var[n~"/2(Gm—SGm)' Se| =
oin'E[(Gm — SGm)'SST(Gm — SGm)]. As it follows by (6.6),
Lemma 1 and Condition (4) that

S'SGm = {SZ+ SV - o0p(1)}(1 4 0p(1))
= {Z+X-0p(1)+V -0p(1)}1+ 0p(1))

where V = (f'(s))XT0 1, ---, [ (s,) X201, )" and X = (XT1,,---
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This together with (6.5) it can be seen that
S'Gm — ST'SGm = {Z + X + V3Yop(1).

Hence n ' E[(Gm—SGm)' SST(Gm—SGm)] = o(1). Consequently, it
can be obtained by Chebyshev inequality that n="/?(Gm—SGm)" Se =
op(1). Therefore, n='/2{(Gm)" Pe — (Gm — SGm)"e} = op(1).

Proof of Lemma 9: The asymptotic distribution of the linear-
quadratic random form (,, can be established via the martingale cen-
tral limit theorem. Our proof of this lemma follows closely the argu-
ments in Kelejian and Prucha (2001) and Lee (2004).

Note that

n 1—1 n
= 3 (Y gum,—g eﬁZ b€ +23 3 bincick—ogtr(B) = 3 Vo
i=1 j=1 i=1 k=1 =1

where ¢¢ is the ith element of SGm and V,,;, = (X g;;m; — g7)e; +
j=1

i—1
bu(qz — 03) -+ 26i kz—:l bikek.
Define o— fields 7; =< €y, - - -, ¢; > generated by €1, - - -, ¢;. Because

{€;}, are iid with zero mean, finite variance and independent with
{Xj}?zlv

i—1

E(Vm‘% Zgl]m] gz E€z+bzz<E6 _UO)+2E€1szk€k — 0
k=1

Hence, the {(V,;, 7:)|1 < i < n} forms a martingale difference dou-
ble array and oj = > E(V;2) with ¢f, being bounded away from
i=1

zero at n rate. Define the normalized variables V¥ = Vyi/og,. Then
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{(V,Z‘l, 1)\1 < ¢ < n} is a martingale difference double array and
UQn E In order for the martingale central limit theorem to
be apphcable we would show that there exists a 6 > 0 such that
> BV = o(1) and X B(V;E|T) <1

For any positive constant p and ¢ satisfying ]% + é = 1, we have

n i—1
Vil < il - e = og] + leil (| X gigmy — 971 + 22 [bir| - |ex])
j=1
1 1 "
= [bal? (1balv - |&f — o5]) + 1> gimy — Izgwma J7lei])
j=1
i—1 A .
+ D [bixl > (1bir|+2]ex] - e]).
k=1
Applying Holder inequality we obtain that
Vail? < [| ngm] g; | + Z |bik|}5
k=1
i—1
“ Zgwmj | - el + b - |6 - 00|q + Z |bik |29 €] [ €| ]
k=1

Let ¢; > 1 be a finite constant such that E(|e} — o2]) < ¢
Elei]? < ¢p, and (Eler]?)? < ¢y. Set D = {X;}™,, we have

E[[V,iD] < 20 (| giymy — g;1 + Y buel ||
k=1

J=1

As the the matrix B are uniformly bounded in row sums, there exists

a constant ¢y such that 3%, [by| < cp for all i. Take ¢ = 2+ 4, it
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follows by Cr inequality and (6.6) that

n

SB[V = 32 B{E[Vii PP |D]}

i=1 =1

2512 Z{E| Z gijm; — gt + (Z b )20}

IN

IN

23+26{22+26 Z {E| Zgw Emj)|2+5 + | ngEm]‘ZH] +enl.
7=1

Because {m;} are independent variables, we have that
Bl Zgij<mj — Bmy)[**

> Elgij(m; — Emj)**° + (3. Elgij(m; — Em;)]?) 2 } <c
) — ]:1

by f} |gi;| being uniformly bounded for all . Therefore, i B[V ] =
j=1 i=1

O(n). Hence i B|VX|?H = = 1)@ i E|V,ui|** = O(rsz) = o(1).
i=1 03 )5 i1
It remains to show that 3° E(V2|Tisy) 25 1. As E(VA|D, Tiiy) =
i=1
n i—1 n
(ka — )07 +( 2 9imy =9 +2 5 birer]*o0 +2p3biil (2 gim; —g7) +
j= = j=

i—1
2 3 bigey], it follows that
k=1

E(V,; IT—) E(V)
i—11—1 n i—1
= 403{2@( —05) + > > bbaerer} + 4og E( Zgwm] 9;) + p13bis] Y biner
k=1 k=1 1l#k 7j=1 k=1
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Therefore,

n . 1 n
D EVIIT ) =1 = —=> [B(VilTia) = E(V;)]
i=1 Qn =1
40. n i—1 i—1 1—1
= > Z{Z bi(er — og) + D> birbaerer}
UQn i=1 k=1 k=1 1%k
4 12 i—1
ti Z E ZgZJmJ 9;) + p3bi] Z bi€r
naQn n =1 7=1 k=1
4 4
= 1 0-20 (Jnl + Jn2) + 1 _2 Jnd
70@" EO-Qn

n 1 n 1:i—1

with J,; = 2 3 Z bi(ek —03), Jn2 == > X 3 bixbaerer, and Jp3 =
i=1k=1 ‘ Ik

Z[ E( Z GijMy — gz) + M3bu] Z bzkek

Clearly, EJnl 0,l = 1,2, 3 By Chebyshev inequality, to show

Jn = op(1), it is only need to prove EJ? = o(1). Tt is obvious by uni-

form boundness of b;;, and uniform boundness of 2 |bix| that E(J?)) =

k=1 i=k+1 " k=1 i=k+

1
o Z( Z v2,)2D(€?) < 5 D(€}) max; x ]bik] ( |b1k|) O().
n—1 n
> ( > birbi ) erer, we have

1
n
k=1 l#k i=max{k,l}+1

Since J,9 =

20.4 n—1n— 1 n n o n n
k=1 l;ék i=max {k,l}+1 k=11l=1 i=1

2 n n n 1
imax|bzl|ma)<;z|bm|ZZZ| bikbi| = g)

n? i=1 i=1 k=1 1=1

VAN

As J,3 can be written as J,3 = % Z[ fj ( (Q)E[i giym; — g5] +
k=1 i=k+1 j=1
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psbii )bk €x, it follows that

2 — n
E(J3) = TTOZ Z SE[Zgijmj—gf]+#3bii)bik]2

=k+1 j=1

2
0— S
n*max{%m Zgwma 951 + palbal}? Z Z |bix|)? )

Jj=1 k=1 i=1

IN

by 1B gigm; = 98]l < 35 lowBmy| + Elgf| = O(1) for any i, where
E|g:| = O(1) is obtained using (6.6).

Because J,,; = op(1) for I = 1,2,3 and lim,, U?QT” > 0, i E(V*2|Ti_1)
converges in probability to 1. The central limit theorem forljriartingale

difference double array is thus applicable to establish the result.

Proof of Lemma 10: (1) Here we will show that (Gm)' Pm =
op(p;?nh?).

It can be seen from the proof of Lemma 5(1) that

(Gm)" Pm = (Gm)" (X1, X, 1,) op(h?).

As Y (Gm)"(XT1,, - XT1,)" = g 29 m;XT1, and
/pn n n
E|>— ZZQszJXT L[ < Elgiym; Xi1,|
i=17j5=1 :1]:1

IN

using that max; i lgij| = O(1/\/pn), then by Markov inequality we
i=1
have

\/p_n(Gm>T(X"1Flp’...X;£1p)T = Op(l)- (67)

n
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Therefore, (Gm)* Pm = op(p,1/*nh?).
(2) If f(-) and the second partial derivatives of B(s) are all Lipschitz

continuous, then it follows from the proof of Lemma 5(2) that
(Gm)'Pm = (Gm)" (X]1,,--- X, 1,)YOp(h® + h°r,,).
Together with (6.7) we have

(Gm)" Pm = Op(p; *nh® + {nh*logn/p.}/?).

Proof of Lemma 11: In the following proofs we will always use
the facts that the elements of G' having the uniform order O(1/p,,) and
the row sums of the matrix G having the uniform order O(1/,/py).

First we will show that £2m"Pm = op(1). It can be seen from

(6.4) that

Pr i Pm = @(m — Sm)"(m — Sm)
n n
1
= E(X?lp’ T 7lep)(X?1pa T alep)TOP(/)an) = op(1)

by law of large numbers.
Now we will show that 22 LT PGm = op(1) for L = m, € and Ge.
It follows immediately from Lemma 10(1) and p,h* — 0 that
Lam® PGm = op(py/?h*) = op(1).

Next by the same lines as establishing Lemma 3 and Condition (4)
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that

Fﬁﬂiigiﬁ&K 5i— 8
@H_IXTWGI’H: n =157 J (]) h(” H)

1
n +op( 3p)

02p><1

(6.8)
holds uniformly in s € §. Then using the same lines as establishing
Lemma 6(2), the facts that the elements of G having the uniform
order O(1/py,), the row sums of the matrix G having the uniform order
O(1//pn) and p,/n — 0, we obtain that 22" PGm = op(1) and
Lo (Ge)' PGm = op(1).

Next it follows the same lines as establishing n=/2(Ge)' Pm =
op(1) in Lemma 6(1) that y/p,/n(Ge)' Pm = op(1) when p,h* — 0.
As we have by Lemma 2(1) and (6.8) that

ko f 7 (s1) XTUTITTT Z (1)
VPnSGm = : +op(1),
ro ' (50) XR W TIT Z (s,,)

where Z(s) = lim @ >y 9iiB(s;) Kn(||si — s]), and
=17

n—oo

. 1
%(Gm)TPGm = —(VpaGm — V5, SGm)" (/p,Gm — /p,SGm),

the results (4) can be obtained similarly using the same lines as showing
Lemma 7 with Gm and SGm replaced by /p,Gm and ,/p,SGm
respectively.

The results (5) and (6) can be obtained from the proof of Lemma
8(2) and 8(3) under the assumptions of Lemma 11.
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Finally, the result (7) can be obtained as Lemma 8(4).

Proof of Lemma 12: The proof can be established using the

same lines as Lemma 9 under the assumptions of Lemma 12.
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7 The Connection between Cross-validation

and AIC in a Semiparametric Family

7.1 Introduction

Cross-validation as an important tool in statistical analysis,is intu-
itively appealing and easy to implement.However, it is also computa-
tionally expensive. Although cross-validation tends to pick up a model
which is unnecessarily complex, it is nevertheless frequently used in
practice, see Xia and Li (2002).

The AIC is another important criterion used for model selection in
a family of hierarchical models, see Akaike (1973, 1974). The equiva-
lence of cross-validation and AIC has been established in Stone (1977).
Some discussions about the frequently used criteria, which includes
cross-validation and AIC, for model selection can be found in Allen
(1974), Arlot and Celisse (2010), Davies et al.(2005), and Lv and Liu
(2010).

The existing works about the connection between cross-validation
and AIC are mainly for parametric models. The methodologies in
those works can also be extended to accommodate some semipara-
metric models, if the orthogonal basis based decomposition smoothing
method is used to deal with the unknown functions involved in the
models concerned. This is because after decomposition of the un-
known functions, the models would become parametric, though with
some tuning parameters. However, for semiparametric models, if ker-
nel smoothing is used, the situation would be different. This is because

the parameterization of unknown functions in kernel smoothing is done
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locally. On the other hand, the model selection should be done globally.
How to link them together is not trivial. As far as cross-validation and
AIC are concerned, a natural question is whether cross-validation is
still equivalent to AIC in semiparametric models when kernel smooth-
ing is used. This question is answered here.

We have to make some assumptions on the semiparametric models
addressed due to the ‘curse of dimensionality’. Let y be a response
variable, U and X be covariates. U and y are scalars, X is a p-
dimensional vector. We assume the conditional log-density function

of y given (U, X71) is

f(y7 07 al(U>7 ) a/f(U)? X)? (7]')
where f(-; ---) is specified, 8 is a g-dimensional unknown constant
parameter, a;(-), j =1, ---, k, are unknown functions.

Model (7.1) represents a large family of semiparametric models,
including generalised linear models, varying coefficient models (Fan
and Zhang, 1999; Sun et al., 2007; Wang et al., 2009; Wang and Xia,
2009; Zhang et al., 2009), multiparameter likelihood models (Cheng
et al., 2009), partially linear models (Liang and Li, 2009; Ma et al.,
2006), and semivarying coefficient models (Zhang et al., 2002; Li and
Palta, 2009; Kai et al., 2010; Li and Zhang, 2011).

In this chapter, we are going to show the connection between cross-
validation and AIC in the family of semiparematric models (7.1). We
begin in chapter 7.2 with a description of a maximum likelihood based
semiparametric estimation procedure for the unknown functions and

constants in (7.1). In chapter 7.3, we give the definitions of the AIC
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and cross-validation for (7.1) and show the connection between them.
The connection will also be demonstrated by simulation in chapter
7.4 followed by the technical proof of a theorem which establishes the

connection.

7.2 Estimation procedure

Suppose (U;, X7, yi)t, i =1, ---, n, are i.i.d. from (U, XT, y)I. In
this chapter, we are going to present an estimation procedure for the

unknown functions and constants in (7.1).

7.2.1 Estimation of the unknown constant parameter

The estimation of the constant parameter consists of two steps: we first
use local maximum likelihood estimation to get some initial estimators
of the constant parameter, then average the initial estimators to get
the final estimator. The details are as follows.

For any given u, by Taylor’s expansion, we have
a;(Ui) = a;j(u) + a;(u) (Ui — u)

which leads to the local log-likelihood function

n

L(O, a, b) = Zf(yl, 0, a1+b (Ui—u), -+, ap+b.(Ui—u), X;)Kp(Ui—u),
. (7.2)
where a = (ay, «-+, a.)t, b= (b1, -+, b)', Kp(-) = K(-/h)/h, K(-)

is a kernel function, h is a bandwidth.

Let (O(u)", a(u)’, b(u)T) maximise (7.2). @(u) is an initial esti-
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mator of . Let u go over U;, i = 1, ---, n. The final estimator of 6

is taken to be

7.2.2 Estimation of unknown functions

The estimation of unknown functions is the standard local maximum
likelihood estimation: replacing the @ in (7.2) by its estimator and
changing the bandwidth A to a slightly larger one h;. We have the

following objective function for the estimation of unknown functions

n

S fwis 0, ar+bi(Ui—u), -+, ap+by(Ui—u), X;)Kp, (Ui—u). (7.3)
i=1
Let (a1 (u), -, ax(u), by(u), ---, be(u)) maximise (7.3). a;(u) is the
estimator of a;(u), j =1, ---, k.

The reason to change the bandwidth h to a slightly larger one
hi is that the bandwidth used in estimation of the unknown constant
parameter is usually smaller than the optimal bandwidth for estimation
of unknown functions in order to achieve a better convergence rate.

The estimators of the unknown functions and unknown constants
are needed in the computation of either AIC or CV. The estimation

procedure presented in this chapter is to provide such estimators.

7.3 Equivalence of CV and AIC

In this chapter, we will first give the definitions of cross-validation and
AIC, then show that they are equivalent to each other when the kernel

function is taken to be the density function of the uniform distribution

74



on [—1, 1].

7.3.1 Cross-validation

For each 7, ¢ = 1, ---, n, we delete the ith observation and estimate
0 and a;(-), j = 1, ---, K, based on the other observations. The
resulting estimators are denoted by 9\1 and &}i(-), respectively. The

cross-validation sum is defined as

CV = _Zf(yi? 9\i, &}i(Ui), e d\i(Ui), X;).

i=1
7.3.2 AIC

To define AIC for semiparametric models is not straightforward when
kernel smoothing is used. The main problem is to find out how many
unknown constant parameters an unknown function, in general, amounts
to. Cheng et al.(2009) came up with an ad-hoc solution for this prob-
lem, and suggested that an unknown function amounts to A~ (vy +

Vs /l12) unknown parameters, where

i = /uiK(u)du, v = /uiKQ(u)du.

While their ad-hoc solution did work well for their models, it is never-
theless worth revisiting this problem more thoroughly as their approach
is based on the local residual sum of squares, and this problem, as it
stands, should be in a global sense and should be solved globally.

To find out how many unknown constant parameters an unknown

function, in general, amounts to, we only need to come down to the

75



standard univariate nonparametric regression model

N = a(UZ) + €iy 1= 17 e, N, (74)

where (U;, n;), i =1, ---, n, are i.i.d. The degrees of freedom of the
residual sum of squares of (7.4) can be reasonably viewed as ‘n — the
number of unknown parameters in (7.4), which implies that unknown

function a(-) amounts to

unknown constant parameters, where D = (Uy, ---, U,), a(U;) is the
local linear estimator of a(U;). Using the standard argument in Fan

and Gijbels (1996) and Lemma 1 in chapter 7.5, we have
T = (2K(0) — vo)h (1 + op(1))

when h = op(n~'/%) and nh — oo, where K(-) is the kernel function
to produce the local linear estimator a(U;), h is the bandwidth. So,
we conclude that an unknown function amounts to (2K(0) — vg)h™!

unknown constant parameters, and define the AIC for (7.1) as
AIC = =3 f(yis 0, ax(Uy), -, ax(U), Xi) +K,
i=1
where K is the number of “unknown parameters” in the model, which

18

K =q+rk(2K(0) — 1)hi .
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Remark: In general, bias is associated with an overly parsimonious
model, whereas excessive variability is associated with an overly com-
plex model. Clearly, the term, (2K (0) — v)hi?, increases as the band-
width decreases, reflecting an inflation in variability, and the term
decreases as the bandwidth increases, reflecting an inflation in bias.
Thus, complexity is inversely related to bandwidth.

The connection between CV and AIC is established through the

following theorem.

Theorem 1. Under the conditions (1) - (6) stated in chapter 7.5, we
have

CV=AIC- /{(K(O) — Vo)hl_l + Op(l).

Remark: When the kernel function is taken to be the density function
of the uniform distribution on [—1, 1], it is easy to see K (0) = 14, which
implies that the CV is asymptotically the same as AIC.

Theorem 1 provides not only the connection between CV and AIC
but also a way to compute the CV, which would significantly reduce

the computational burden in the computation of CV.

7.4 Simulation study

In this chapter, we are going to use a simulated example to demonstrate
the connection between CV and AIC. We will also use either of these

two criteria to do model selection, and compare their performances.

Example 1. We generated a sample (y;, X;, U;),i=1, ---, n, from
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the logistic regression model

Ply = 11X
log{ (y=1|X, U)

1_ P(y — 1|X7 U)} = xlal(U) + ZEQ(IQ(U) + T3as —+ x404.

Here the X; = (21, xi2, X3, xi4)T were independently generated from a
normal distribution N (0, I,), and the U; were independently generated

from a uniform distribution U(0, 1). We set
ai(u) = sin(2mu), as(u) = cos(2mu), az =2, a4=1.
We use
d=(CV — AIC + k(K (0) — v0)hi 1) /(¢ + kK(0)hy 1)

to measure the difference between CV and AIC — (K (0)—1p)hy " The
reason for us to use d rather than (CV — AIC + k(K (0) — vp)hit)/CV
to measure the difference is that CV is usually very large and the ratio

would be very small. In fact, from the proof of Theorem 1, we can see

n

CV==3"flys 0. (V). -+, ax(Us), X) + (q+ wE(0)hy).
i=1
So, it is (¢ + kK (0)hi ') that plays a key role in CV. So, we use d to
measure the difference between CV and AIC — k(K (0) — vp)hy .
We set the sample size n in the range from 200 to 2000. For each
given n, we do 100 simulations, and for each simulation, we compute
the d. The mean and standard deviation (SD) of the ds obtained from

the 100 simulations for each given n are presented in Figure 1. Figure
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1 shows the CV is indeed very close to the AIC— (K (0)—1vy)h;* when
sample size is larger than 1500, which is in line with our theoretical

result presented in Theorem 1.

The Pattern of the Mean of d The Pattern of the 5D of d
o
w i
L]
w7
o | ]
™~
L=
b ~
T N o
§. Lk
=2 -
-
= =]
(=]
2 3 . =
500 1000 1500 2000 500 1000 1500 2000
Sample sioe Sample sine

Figure 1: The left figure is for the mean of d, in which the horizontal
axis is sample size, the vertical axis is the mean of the d. The right
figure is for the standard deviation of d, in which the horizontal azis
is sample size, the vertical axis is the standard deviation of the d.

We now pretend we don’t know which coefficients in the model,
from which the sample is generated, are functional, and apply either
of the two criteria to identify the functional coefficients. The candidate

family is

U U {Mih'“,ik} U{MO}

k=1 1<i; <-<ip<4
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where M, ...;, represents the model

i

Py =1|X, U) }
log{ = z;a;(U) + T
11— P(y = 1|X7 U) je{zj;;, ir} Y ZG{Z'LZ", ip}e

and M, represents the model

P(y=1|X, U) &
l pr— . .
Og{1 " Ply=1]X, U) ;xﬂ“ﬂ

where {iy, ---, ix}¢ is the complement of {iy, ---, ix}.

We set the sample size to be 1500. The reason to set such a large
sample size is because binary data carries much less information, and
there are two unknown functions and two unknown constants to esti-
mate in the model. In order to have enough information to construct
decent estimators of the unknowns, we have to set the sample size in
the magnitude of thousands. Because the computation involved in the
model selection is very expensive, we only carry out 100 simulations.
In each simulation, we compute the CV and AIC for each potential
candidate model, and select the one with the smallest CV for the CV
based approach. Similarly we select the smallest AIC for the AIC
based approach. We find, in the 100 simulations, the ratio of picking
the right model, M, is 95% for the CV based approach, and 94%
for the AIC based approach. From these results, we can see both cri-
teria perform reasonably well, and their performances are similar. We
also set the sample size to be 1200 and 2000, the obtained results are

similar, which are presented in Table 1 and 2.
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Table 1: The Ratio of AIC Picking Each Candidate Model

Sample Size MLQ M172,3 M172,4 M1’273’4 others
n = 1200 93% 5% 2% 0% 0%
n = 1500 94% 5% 1% 0% 0%
n = 2000 97% 1% 1% 1% 0%

Table 2: The Ratio of CV Picking Each Candidate Model

Sample Size MLQ M1,273 M172,4 Ml Mz,g others
n = 1200 93% 3% 2% 1% 1% 0%
n = 1500 95% 5% 0% 0% 0% 0%
n=2000 | 97% 3% 0% 0% 0% 0%
7.5 Proofs

The connection between CV and AIC is built on the following technical

conditions

(1) h=0o(n"'%), hy = o(n=Y%), nh® — oo, nh} — oc.

(2) Let 0,4, be a p x ¢ matrix with each entry being 0. We assume

L(0, a, b) = 0(214)x1 has an unique root.

(3) The density function of U, g(u), is continuous and positive on its

support [0, 1]. The second derivative of a(-) is continuous.

(4) The kernel function K(-) is a symmetric and positive density

function, and has bounded derivative on its support set [—A, A].
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(5) Forsome s > 2, E(|X|*|U = u) < oo is continuous and E(y*|U =

u, X =) < oo.

6) f(y; 0, a1, ---, a,, X) has bounded second derivative with

respect to (8%, ay, ---, a,).

The following Lemma in Fan and Zhang (1999) is needed in the
proof of the Theorem.
Lemma 1. Let (X1,Y7), ..., (X,, Yy) be i.i.d random vectors, where the
Y:’s are scalar random variables. Assume further that Ely|® < oo and
sup [ |y]*f(x,y)dy < oo, where f denotes the joint density of (X,Y).
Lg;t K be a bounded positive function with a bounded support, satisfying

a Lipschitz condition. Then

zeD

sup [n ! i{Kh(Xi—ﬁ)E—E[Kh(Xi—x)ﬁ]}I = Op[{nh/log(1/h)} /7]

provided that n**=*h — oo for some e <1 — s 1.

Proof of Theorem 1:
Let
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Let

AzZ{f(yz’; éa ali), Xi)— f(ys; 0

=1

It is obvious that

where

. . . T
f(ym 07 a, XZ) - (fl(yz; 07 a, Xi)Ta f2<yz; 97 a, Xz)T)

fl(yi; 07 a, Xl) = af(yw 07 a, Xl)/aea fQ(yi; 07 a, Xl) = 8f(y27 07 a, XZ)/aa

Let I, be an identity matrix of size k,

n

LV, a, b)= Y Fyks 0, a+b(Us —u), Xi)Ky(Ur — w),

L(ev a, b) = 6L/6(0T, aTa bT)T7 Hz = dlag (]q-&-m (U’L - U)In) )

and

. . T
F(yka 07 a, Xk) = (f(y’u 97 a, Xi)Ta fQ(yza 37 a, X1>T) .
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By simple calculation, we have

L 0 a, b ZHk Yk 9, a—l—b(Uk—u), Xk)Kh(Uk—u)

We suppress the u in 0(u), a(u), or b(u) to make the notations more
simple. Let ag = a(u), by = a(u), and 6y be the true 6. By the

Taylor’s expansion and

we have

Oanrg1 = Ho ' J1+ Hy ' (Jo+ J5)(€ — &) + Op [n {[|Ho(€ — &)1I°}]
(7.6)
where Hy is the H; with (U; — u) being replaced by h, and

T

€=(0,a b ), ¢&=(6 a bo)T,

Ji =Y HyF(yi; 00, ao+ bo(Uy — u), Xp)Kp(Up — u),
k=1

Jy = Z HiG(yx; 0o, ag +bo(Up —u), Xp)Hp Ky (U — u),
fn(yi; 0, a, Xi) le(yi; 0, a, Xi) f.zl(yi; 0, a, Xi)

Glyr; 0, a, Xi) = | fiolyi; 0, a, Xi) foolys; 0, a, X;) foa(yi; 6, a, X;)
f12(yi; 0, a, Xi) f22(yi; 0, a, Xi) f22(.%‘§ 0, a, Xi)

fiilyi; 0, a, X;) = f(y;; 0, a, X;)/0000",
fw(yi; 0, a, Xi) :azf(% 0, a, X,)/@O@aT,
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f22(y17 H? a, Xz) = 82f(yzv 07 a, Xi)/aaaaTa JS = (Jla R Jq+2n)T7

n

Ji = (€& HyFi(yi; 0o, aot+bo(Up—u), Xp)HyKy(Us—u), | < q+r,

k=1

when [ > ¢ + k,

n

Jp = Z(Uk—u)(s—ﬁo)THsz(yk; 0o, ag+bo(Uy—u), Xy)Hp K (Up—u),

k=1

where

(Filys; 0, &, Xi), -+, Fpoon(ys; 0, a, Xi))' =F(yi; 0, a, Xy),
and

Fi(yw: 0, a, X3,) = 0*Fi(yx; 0, a, X;)/0(6", a', a")To(6", aT, ab).

Let £V and Jl\i, [ =1, 2, 3, be the counterparts of & and J; when the

1th observation is deleted. Obviously,

Ozntaqxt = Hy ' TV +HH (IS +33) (€ —€0)+0p [n {|Ho (€Y — &) 1I°}] .
(7.7)
Using exactly the same argument as that in the proof of Theorem 2 in

Zhang and Peng (2010), we have

1Ho(6" — &)l = Op (6,) and  |Ho(€ — &)ll = Or (6,)  (7:8)
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uniformly in terms of u, where 8, = h% 4+ {—log(h)/(nh)}/2. (7.8)
together with (7.6) and (7.7) lead to

Hy '3y +Hy ' (Jo+T5) (§-€o) = Hy "3+ Hy ' (33'+33) (€Y ~€0)+Op (nd3)
which leads to

eV —¢ = J;'{HiF(ys; 6o, a+bo(Ui —u), X;)Ky(U; - u)
+H,G(yi; 00, ag+bo(Ui —u), X;)H;Ky(U; — u)(€V — 50)}
+0p(52). (7.9)

Using Lemma 1, by some tedious calculations, we have
Jo = ng(u)HoQ(u)Hy(1 4 op(1))

uniformly, where

Qu) = diag (E{f(y; 00, a0, X)|U =u}, 2B {foaly: 00, a0, X)|U = u})

and
fy: 0. a X) = fuly; 0, a, X) fu(y; 6, a, X)
’ ’ ’ le(y; 07 a, X) f22(3/, 07 a, X)
So,
A\i 1 "
0" —6 — s 0pze) Y- {9(U) ™ Hy QU " Hy  He

k=1
F(yi; 60, a(Uy) + a(Up) (Ui — Ur), X)Kn(Us = Uy) } x
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(1+o0p(1)), (7.10)

where H;;, is the H; with u being replaced by Uy.
Replacing the 6 in L(6, a, b) by @, in LV(6, a, b) by 8", and

using exactly the same argument as that for deriving (7.9), we have

aV (u)—a(u) = [ { foal: 80, 20, X)|U = u}] " (C1tT)(Lop(1),

(7.11)

ng(u)
where

I' = fz(yi; 0o, ap+ bo(U; — u), X;) Ky, (U; —u),

. RV
Do == fia(yk; 6o, a0+ bo(Ux —u), Xp)(0 — 0)Ky, (U — w).
ki

(7.5), (7.10) and (7.11) together with Lemma 1 leads to

A=—(Ar+Ay)(1+0p(1))

with
Ay = Zfl(yza 0o, a(Uy), Xi)T(é\Z - é)
i—1

and

Ay = Zf2(yu 0o, a(U;), X;)' (é\i(Ui> - é(Ui)) ,

i—1

and

1 n n .
A = ﬁzg(Uk)_l {fl(yz‘; 0o, a(U;), X;)' x

k=1 i—1

(Zg: Ogxr) {E{f(y, 0o, a(Uy), X)|U = UkH_l X
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and

ACP

Fluis B0, a(Uy) + &)U — Uy), X)En(Us = Un)} x
(1 + Op(l))
=S (1 0,0 [B{ s 00, at), X010 = 0]

n,4

E{f<y7 0, a(Uy), X)f(y; 6o, a(Uy), X)'|U = Uk}(Lp quﬂ X
(14 0p(1))

_q(l + 0P<1))7

Ay = (Ao1 4+ Aos)(1+0p(1)),

Km

" 1
1) 0 UZ ) Xz T
2; {g Uz y 05 a( ) )

[ { 2(y; 6o, a(U;), )|U=UiH_1f2(yz'§ 0o, a(U;), Xz)}
— K3, (0)k + Op(n~'2hi 1),

E{f22(3/, o, a(U;), X)|U = UH B

—

S Folyss 00, a(Uy) + A(U) (U — U3), Xi)(0" — 0) K, (Ux — Uﬂ}

1 KU — U)Ky, (U = U)o (U, T
n%zzzzg{ 9(U:)g(Uh) Falts 8o, all3), X

[E{ fanly; 60, aU), X)IU=U}]"
Frolyr; 00, a(Uy) + a(Uy) (U — Uy), Xi)
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Ly Oper) [E{f(; 00, a(U), X)lU =01}]"
f(ys; 6o, a(lh) +a(U)(U; — U)), X;)} (1 +0p(1)) = op(1).

So,
A=qg+h'K(0)k+ op(1)

which leads to

CV = AIC — k(K (0) — vo)hy* + op(1).
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8 Model selection

8.1 Thresholding K method
8.1.1 Introduction

As we mentioned in Chapter 3, some components of B(-) in model
(1.3) may be constant in reality, and it is important to identify such
constant components.To identify the constant components is basically
a model selection problem. In this chapter, we introduce several model
selection methods. First, we present the Thresholding K method.
We treat all components £y(-),- -, 5,(-) as functional and estimate
them in the simulations.After we get the estimator of each component
Bl(-), e ,6},(), we calculate the discrepancy of the estimator from its
average. For example, say the p'" component, we define its discrepancy
as ky, k, = S=M(5,(S;) — ), here B, = X1=0 5,(S;)/n . We then
sort these p discrepancies in descending order, suppose the order is
kay < k@) < k@) -+ < k@).-We use this value range as the starting and
ending point of the thresholding method. Here, we use the minimum
discrepancy k(;) as the initial thresholding value K;. We increase the
starting thresholding value until it reaches the maximum discrepancy.
We calculate the Mean Integrated Squared of Error each time under
different thresholding values. The ones with the minimum MISE values

are our optimal thresholding K. The details are illustrated below

8.1.2 Identify the constant component

(1) We take the initial K as thresholding to identify the constant

component. For the j** simulation, we generate data set j, and es-
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timate all the components as functional. Then we calculate the dis-
crepancy of each component. If the discrepancy of the component is
smaller than K, we treat this component as constant. Suppose, only
f1(+) has a discrepancy smaller than K7, we treat [51(-) as a constant
component denoted as ;. We then conduct the estimation procedure
again,but this time, we treat §;(-) as constant. Suppose the obtained
estimated 3 is : B = (31,32(~), e ,Bp(-)). We calculate the ISFE for

the j™ simulation, which is defined as:

ISE; = (@ o) S+ X Ge) =6 )
(2)We continue the procedure for n times. We calculate ISE value
every time. Then, we could get the mean integrated squared of error
for the thresholding value K, we denote the value as MISE(K;) =
IV ISE;/n.

(3)As we said before, we use the minimum discrepancy as the ini-
tial K, which may not be the optimal one.Now, we will increase the
thresholding value until it reaches the maximum discrepancy k). In
our simulations, we increase 30% each time.This is due to the com-
putational limitations. For different thresholding value K, we could
calculate the MISE(K;) for each K. The one with minimum MISE
value is the optimal threshold . From the simulation results, we notice
that the optimal threshold is not unique, in fact, it is an interval.

(4) After we find the optimal thresholding, we conduct the simula-

tion n times again.We use the ratios to evaluate the performance of this
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method. We calculate three ratios :The ratio of picking right model,
denote as R ; The ratio of picking wrong model, treating constant as
function; The ratio of picking wrong model, treating function as con-
stant. From the simulation, we find the results are quite satisfied. The

thresholding method works very well.

8.1.3 Difficulty of the thresholding method

The key idea of the thresholding method is to select an optimal thresh-
olding to identify the constant component. The natural question is how
to select the optimal threshold. In the previous chapter, we defined
the thresholding values with minimum mean integrated squared error
as the optimal threshold K. In simulations,we calculate the MISFE's
based on what was known of the true model. So the key point of finding
the optimal thresholding value is the same as finding the MISEs(K)
of each thresholding value K. If we find a good estimator of MISE(K),
denoted as M(K),then finding the optimal thresholding K would not
be problematic. Unfortunately, we have not thus far come up with
a method for finding the optimal thresholding value Ky. Finding an
accurate estimator of MISEs(K) will be complicated work, and we

intend to pursue such research in future work.

8.1.4 The aim of thresholding method

The main aim of the thresholding method is a benchmark. We compare
the results we get from the thresholding method and from AIC/BIC in
simulations.We mentioned the challenge of applying the thresholding
method in real data analysis. It is very difficult to find the optimal

92



thresholding value Ky in real data analysis.We could see the thresh-
olding method do works very well in simulations. If the results we get
from AIC/BIC can compare with the results using the thresholding
method,we could consider AIC/BIC as a powerful tool for identifying
the constant component. AIC/BIC can be easily applied to real data
analysis, and the results are comparable. We applied the AIC method
to the Boston House Price data set. The results are in the chapter

covering real data analysis.

8.2 Curvature-to-Average ratio based method to

identify the constant component

In the previous chapter, we derived the thresholding K method to help
us identify the constant components. In the thresholding method, we
calculate the discrepancy of each component, and then sort them in
the increasing order. We use the smallest discrepancy as our initial
thresholding value. In the simulation studies, we could tell the thresh-
olding method do provide us fancy results. However, we came across
the scale problem. For example, the component (3;(s;) is constant at
every location s;(uy,v;). However, the value of §; is large. The compo-
nent [3;(s;) is functional. But the value of f;(-) is extremely small at
every location s;(us, v¢) .Under this situation, the discrepancy of the
constant component is much larger than the functional component.We
will easily identify the wrong component as constant due to the scale
problem, which occurs in real data sets. Accordingly, we come up with
a new method called Curvature-to-Average (CTAR) based method.

This method remove the effects of the scales. The basic ideas are sim-
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ilar to thresholding method, and the details are listed below.

(1) For each location S;(u;,v;), we find the estimator of the unknown
function 3;(.S;), denoted as (3;(S;). We treat each component as func-
tional component at the beginning.

(2) We calculate the average value of each component, we denote it as
Bj = %Z?:l Bj(si)

(3) We then calculate the noise s = ;i:l (BJ(SZ) - @)2 /n —1.We can

get the ratio for the jy, component j3;, i.e, r; = s/f;.

(4) We use the ratio r; as a thresholding. We set an thresholding .
If the ratio r; is smaller than the thresholding A, then we treat the
component 3; as constant. Otherwise, the component is functional.
We repeat the procedure for n times, then we can calculate the ratio
of picking the right model.

The CTAR method well deal with the scale problem , and simula-
tion results showed it works very well. However, we are still faced with
the question of how to find the optimal A\.The difficulty of finding the
optimal A is similar to the difficulty of finding the optimal threshold

Ky as we mentioned previously.

8.3 Identification of constant components based

on AIC and BIC

8.3.1 Criterion for identification

In this chapter, we appeal the AIC or BIC to identify the constant
components. The AIC for (1.3), in which some components of 3(-)
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may be constant, is defined as follows

~ ~

LAy s (AY — ) £ K, (8.2)

252

AIC = nlog(s) — log(|AD +

where A and 1 are A and m with the unknown parameters and func-
tions being replaced by their estimators, K is the number of unknown
parameters in model (1.3). The BIC can be defined in a similar way.

Because there are unknown functions in model (1.3), the first hur-
dle in the calculation of AIC of model (1.3) is to find how many un-
known constants an unknown bivariate function amounts to. In the
following, based on the residual sum of squares of standard bivariate
nonparametric regression model, we propose an ad hoc way to solve
this problem.

Suppose we have the following standard bivariate nonparametric

regression model,
771‘:9(31')+€i> Z:L T, Ny (83)

where F(e;) = 0 and var(e;) = o2. The residual sum of squares of (8.3)
is

RSS =) {m — j(s:)}’

i=1

where §(-) is the local linear estimator of g(-). On the other hand,
E(RSS/0?) = n— the number of unknown parameters in the regression function

So, the number 7 of unknown constants the unknown function g¢(-)
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amounts to can be reasonably viewed as

T =n—ERSS/cl)=n—0"E [}nj {ni — @(sz»)}ﬂ :

=1

To make 7 more convenient to use, we derive the asymptotic form of

T. Let

1 sl —st m €1
Sz - ) n= ) €= ’
1 sb— s Mn en
and
W; = diag (Kp(uy — w) Kp(vy —vi), -+, Kp(un — wi) Kp(vn — 7)),
we have

is:) = (1, 0, 0) (SPWs,) St

By the standard argument in Fan and Gijbels (1996) and the Lemma
1 in Fan and Zhang (1999), we have

T = (2K*(0) = 1) h™* + o(h™?)

when h = o(n™"/%) and nh? — oo, where vy = [ K2(t)dt.

We conclude that an unknown bivariate function amounts to (2K2(0) — v3) h™?
unknown constants. Based on this conclusion, if the number of con-
stant components in 3() is ¢, the K in (8.2) will be ¢+ (p—q) (2K*(0) — 12) h 2.

To identify the constant components in 3(-) in (1.3) is basically a

model selection problem. Theoretically speaking, we go for the model
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with the smallest AIC (or BIC). However, in practice, it is almost com-
putationally impossible to compute the AICs for all possible models.
We have to use some algorithm to reduce the computational burden. In
the following, we are going to introduce two algorithms for the model

selection.

8.3.2 Computational algorithms

In this chapter, we use AIC as an example to demonstrate the intro-
duced algorithms. The model in which 8(-) has its i;th, isth, - - -, and

irth components being constant is denoted by {iy, ---, ix}.

Backward elimination

The first algorithm we introduce is the backward elimination. Details

are as follows.

(1) We start with the full model, {1, ---, p}, and compute its AIC
by (8.2). Denote the full model by M,, its AIC by AIC,,.

(2) For any integer k, suppose the current model is My, = {iy, -+ -, iy}
with AIC given by AIC,. Take Mj_; to be the model with the
largest maximum of log likelihood function among the models
{in, -+, 41, Gj41, =00y W}, J =1, -, k. If AIC, < AIC_q,
the chosen model is My, and the model selection is ended; oth-
erwise, continue to compute M; and AIC; until either AIC; <
AIC,_;or 1 =0.
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Curvature-to-Average ratio (CTAR) based method

A more aggressive way to reduce the computational burden involved in
the model selection procedure is based on the ratio of the curvature of
the estimated function to its average. Explicitly, we first treat all §;(-),
j=1, ---, p, as functional. For each j, 7 =1, ---, p, we compute the

curvature-to-average ratio (CTAR) R; of the estimated function B]()

1 & s g 2 1&
Rjzyz;{ﬁj(si)_ﬁj}27 53':%;53'(8@'), Jg=1 - p

J i=
We sort R;, j =1, ---, p, in an increasing order, say R;; <--- < R; ,
then compute the AICs for the models {iy, ---, it} from k£ = 0 to the

turning point kg where the AIC starts to increase. The chosen model
is {11, -+, Gkt

The algorithm based on the CTAR is much faster than the back-
ward elimination based algorithm, however, from simulations, we find

it less accurate although it still works reasonably well.
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9 Performance of the Estimation Proce-

dure

9.1 Different sample sizes

In this chapter, we will use simulated examples to examine the perfor-
mances of the proposed estimation. In all simulated examples and the

real data analysis later on, we set w;; to be

wiy = exp(—lsi = s5l)/ D exp(=llsi —sell), sill = (s7)"/% (8.1)
ki
We first examine the performance of the proposed estimation pro-
cedure.

Example 2. In model (1.3), we set p =2, 0% =1,
a=05, Bi(s) =sin(l|s|*r), Pa(s) = cos(||s|*r),

and independently generate X; from N(0q, I5), s; from U0, 1%, ¢
from N(0, 0?),i=1, ---, n. y;, i =1, ---, n, are generated through
model (1.3). We are going to apply the proposed estimation method
based on the generated (s;, X}, w;), i =1, ---, n, to estimate £3;(-),
B2(+), a and ¢, and examine the accuracy of the proposed estimation
procedure.

We use the Epanechnikov kernel K (t) = 0.75(1 — %) as the ker-
nel function in the estimation procedure. The bandwidth used in the
estimation is 0.45.

We use mean squared error (MSE) to assess the accuracy of an
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estimator of an unknown constant parameter, mean integrated squared
error (MISE) to assess the accuracy of an estimator of an unknown
function.

For each given sample size n, we do 200 simulations. We compute
the MSEs of the estimators of the unknown constants and the MISEs
of the estimators of the unknown functions for sample sizes n = 400,

= 500 and n = 600. The obtained results are presented in Table 3.
Table 3 shows the proposed estimation procedure works very well. For
a more visible illustration of the performance of the proposed estima-
tion procedure, we set sample size n = 500 and do 200 simulations.
We single out the one with median performance among the 200 sim-
ulations. The estimate of o coming from this simulation is 0.42, the
estimate of 02 is 0.95. The estimated unknown functions from this sim-
ulation are presented in Figures 2 and 3, and are superimposed with
the true functions. All these show our estimation procedure works very

well.

e
T s

Figure 2: 3,(s) = sin(]|s]|*r)
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Figure 3: 35(s) = cos(]|s|*n)

Table 3: Example2 :The MISEs and MSEs for different sample
sizes

Bi()  Bal(r) o o?

n=400 | 0.0512 0.0480 0.00788 0.0099
n=500 | 0.0432 0.0382 0.00429 0.0070
n=>600 | 0.0380 0.0345 0.00325 0.0046

The column corresponding to the estimator of an unknown function
is the MISFEs of the estimator for n = 400, n = 500 and n = 600,
corresponding to the estimator of an unknown constant is the MSFEs of
the estimator.

Example 3. In model (1.3), we set p =2, 0% =1,
a=04, Bi(s)=2—(Isl*), Bals) =4~ (lIsl]*).
and independently generate X; from N(0q, I5), s; from U0, 1%, ¢
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from N(0, 02),i=1, ---, n. y;, i =1, ---, n, are generated through
model (1.3). We are going to estimate £3;(-), B2(+), a and o2, and
examine the accuracy of the proposed estimation procedure.

We still use the Epanechnikov kernel K (¢) = 0.75(1 — %), as the
kernel function in the estimation procedure. The bandwidth used in
the estimation is 0.31.

We use mean squared error (MSE) to assess the accuracy of an
estimator of an unknown constant parameter, mean integrated squared
error (MISE) to assess the accuracy of an estimator of an unknown
function.

For each given sample size n, we do 200 simulations. We compute
the MSEs of the estimators of the unknown constants and the MISEs
of the estimators of the unknown functions for sample size n = 500,
n = 600 and n = 700. The obtained results are presented in Table 4.
Table 4 shows the proposed estimation procedure works very well. For
a more visible illustration of the performance of the proposed estima-
tion procedure, we set sample size n = 500 and do 200 simulations.
We single out the one with median performance among the 200 sim-
ulations. The estimate of o coming from this simulation is 0.47, the
estimate of o2 is 0.98. The estimated unknown functions from this
simulation are presented in Figures 4 and 5, and are superimposed
with the true functions. Both figures show our estimation procedure

works very well.
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Figure 5: fa(s) =4 — (||s]|?)

9.2 Different bandwidths

A natural question here is how wide the local neighborhood should
be in estimation procedure. Likewise, it is essential to know how to
select the bandwidth so that our approximation will be valid. There is

a trade-off between bias and variance during estimation. If we select

103



Table 4: Example 3 :The MISEs and MSEs for different sample
sizes

() B a &

n=500 | 0.03159 0.03032 0.06892 0.0079
n=600 | 0.02432 0.02382 0.03791 0.0042
n=700 | 0.01862 0.01845 0.01255 0.0026

The column corresponding to the estimator of an unknown function
is the MISFEs of the estimator for n = 500, n = 600 and n = 700,
corresponding to the estimator of an unknown constant is the MSFEs of
the estimator.

the bandwidth too large, the variance will be small, however, we would
pay a price on bias part. If the bandwidth is too small, the variance
of the estimated local parameters will be large.In this chapter, we
estimate beta function based on different bandwidths, and examine
how bandwidths affect our estimation. Due to the computational limit,

we only estimate the beta functions when sample size n equals 500.

Example 4. We set p = 2, 0% = 1,
a=05, fi(s) =sin(||s|*r), Pa(s) = cos(||s]*m),

and independently generate X; from N(0y, I5), s; from U[0, 1}?, and
¢ from N(0, ¢?), 1 =1, -+, n. y;, i = 1, .-+, n, are generated
through model (1.3). We are going to apply the proposed estimation
method based on the generated (s;, X, y;),4=1, -+, n, to estimate

B1(+), Pa(+), and examine the accuracy of the proposed estimation pro-
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cedure.We use the Epanechnikov kernel K (¢) = 0.75(1 — ¢?), as the
kernel function in the estimation procedure. We estimated the un-
known functions beta based on different bandwidths. The obtained
results are presented in Table 5. We can tell the minimum MISE for
unknown functions are both achieved at the bandwidth A = 0.4.

We use MISE to assess the accuracy of an estimator of an unknown
function.

For each given bandwidth h, we do 200 simulations. We compute
the MISEs of the estimators of the unknown functions for sample size
n = 500. The ways in which the selection of bandwidth affected the

estimation accuracy, are illustrated are in Figures 6 and 7. Here, B (1) =

Bl() +B2(')
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Figure 6: MISE for 3;(s) = sin(]|s||*r) based on different bandwidth

Example 5. In model (1.3), we set p =2, 02 =1,

a=04, Bi(s)=2—(llsl*), Bals) =4—(lsl"),
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Table 5: Example 4: The MISEs for §(-) with different band-
widths

Pi()  B()  BO)

0.35 | 0.04667 0.04279 0.08946
0.4 | 0.04194 0.03785 0.07980
0.45 | 0.04329 0.03813 0.08142
0.5 | 0.04838 0.04106 0.08942
0.55 | 0.05574 0.04544 0.10119
0.6 | 0.06432 0.05063 0.11496
0.65 | 0.07321 0.05602 0.12923
0.7 | 0.08134 0.06160 0.14294
0.75 | 0.08848 0.06774 0.15622
0.8 | 0.09462 0.07497 0.16960
0.85 | 0.10005 0.08365 0.18371

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimator for n = 500 based on different bandwidths
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Figure 7: MISE for B5(s) = cos(]|s||?m) based on different bandwidth
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and independently generate X; from N (0y, I5), s; from U[0, 1}?, and
¢ from N(0, 0%),i =1, ---, n. y;, i = 1, ---, n, are generated
through model (1.3). We estimated the unknown functions beta based
on different bandwidths. The results are presented in Table 6.

We use MISE to assess the accuracy of an estimator of an unknown
function.

For each given bandwidth h, we do 200 simulations. We compute
the MISEs of the estimators of the unknown functions for sample size
n = 500. To illustrate how the selection of bandwidth affects the

estimation accuracy, we graph the results in Figures 8 and 9.
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Figure 8: MISE for 3;(s) = 2 — (||s]|*) based on different bandwidth

9.3 Performance of estimation procedure when

alpha is known

In the previous chapter, we use simulated examples to examine the

performances of the proposed estimation, the unknown functions and
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Table 6: Example 5: The MISEs for §(-) with different band-

widths

Bi()

Ba()

5()

0.25

0.03905

0.03713

0.07618

0.35

0.02396

0.02347

0.04743

0.45

0.01935

0.01879

0.03814

0.55

0.01638

0.01613

0.03251

0.65

0.01502

0.01437

0.02939

0.75

0.01413

0.01367

0.02780

0.85

0.01396

0.01302

0.02698

0.9

0.01356

0.01289

0.02645

0.95

0.01332

0.01276

0.02608

1.0

0.01395

0.01289

0.02684

1.05

0.01417

0.01325

0.02742

1.10

0.01463

0.01396

0.02859

1.15

0.01502

0.01412

0.02914

1.20

0.01535

0.01457

0.02992

The column corresponding to the estimator of an unknown function is
the MISEs of the estimator for n = 500 based on different bandwidth

the unknown parameters. Our estimation procedure is profile likeli-

hood. We pretend that the beta function is known, and we get the

estimator of « using grid method and the estimator of o2 . Then, we

find the estimator of the unknown functions. A very obvious question

would be how the estimation procedure works when we know the value

of a. In this chapter, we estimate the unknown functions under the

condition when the value of « is known.
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Figure 9: MISE for $5(s) = 4 — (||s]|*) based on different bandwidth

9.3.1 Different sample sizes

Example 6. In model (1.3), we set p=1, 02 =1,
a =05, Bi(s)=sin(|s|*r),

and independently generate X; from N(0, I), s; from U[0, 1]?, and ¢;
from N(0, 02),i=1, -+, n. y;, i =1, ---, n, are generated through
model (1.3). We are going to apply the proposed estimation method
based on the generated (s;, X}, v;),i =1, ---, n, to estimate 3;(-),
and examine the accuracy of the proposed estimation procedure.The
bandwidth used in the estimation is 0.25.

We use MISE to assess the accuracy of an estimator of an unknown
function.

For each given sample size n, we do 200 simulations. We compute

MISEs of the estimators of the unknown functions for sample sizes
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n = 400, n = 500 and n = 600. The results are presented in Table 7,

which shows the proposed estimation procedure still works very well.

Table 7: Example 6: The MISEs for 5(-) with a known

5i()

n=400 | 0.05319
n=500 | 0.04179
n=600 | 0.03578

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimators for n = 400, n = 500 and n = 600.

Example 7. In model (1.3), we set p =2, 0% =1,
a=05, Bi(s) =sin(l|s|*r), PBa(s) = cos(||s|*r),

and independently generate X; from N(0,, I5), s; from U[0, 1], and ¢;
from N(0, 02),i=1, ---, n. y;, i =1, ---, n, are generated through
model (1.3). We apply the proposed estimation method based on the
generated (s;, XI, 4;), i = 1, -+, n, to estimate Bi(-), B2(+), and
examine the accuracy of the proposed estimation procedure.

Other settings are the same. The bandwidth used in the estimation
is 0.45. We use MISE to assess the accuracy of an estimator of an
unknown function.

For each given sample size n, we do 200 simulations. We compute
MISEs of the estimators of the unknown functions for sample sizes
n = 400, n = 500 and n = 600. The results are presented in Table 8§,

which are quite satisfying.
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Table 8: Example 7: The MISEs for 3(-) with a known

i) Bl
n=400 | 0.05086 0.04746
n=500 | 0.04311 0.03802
n=600 | 0.03792 0.03419

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimators for n = 400, n = 500 and n = 600.

Example 8. In model (1.3), weset p=1, 0% =1,
&20'47 61(8) :2_(”8”2)7

and independently generate X; from N(0, I), s; from U[0, 1]?, ¢ from
N(0, 0?),i=1, ---, n. y;,i =1, ---, n, are generated through model
(1.3). We estimate (31(-), and examine the accuracy of the proposed
estimation procedure. The bandwidth used in the estimation is 0.15.
We use MISE to assess the accuracy of an estimator of an unknown

function. The results are presented in Table 9.

Table 9: Example 8: The MISEs for 5(-) with a known

51()

n=>500 | 0.03019
n=600 | 0.02379
n=700 | 0.01773

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimators for n = 500, n = 600 and n = 700
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Example 9. We set p = 2, 0% = 1,

a=04, Bi(s)=2—(llsl*), Bals) =4—(lIslI"),

and independently generate X; from N(Oq, I3), s; from U0, 1%, ¢
from N(0, 02),i=1, -+, n. y;, i =1, ---, n, are generated through
model (1.3). We estimate 51(-), f2(-), and examine the accuracy of
the proposed estimation procedure.We use the Epanechnikov kernel
K(t) = 0.75(1—t%), as the kernel function in the estimation procedure,
and estimate the unknown functions beta based bandwidth A = 0.31.
MISE is used to assess the accuracy of an estimator of an unknown
function.

For each given sample size n, we do 200 simulations. We compute
the MISEs of the estimators of the unknown functions for sample size

n = 500, n = 600 and n = 700. The results are presented in Table 10.

Table 10: Example 9: The MISEs for 3(-) with a known

Bil) Ba(’)

n=500 | 0.03059 0.02973
n=600 | 0.02395 0.02278
n=700 | 0.01793 0.01824

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimators for n = 500, n = 600 and n = 700.
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9.3.2 Different bandwidths

In this chapter, we estimate the unknown functions based on different
bandwidth. To compare the results from the previous sections, we
estimate beta using the same bandwidths we used before. Due to the
same reasons given before, namely the computational limitations, we

only calculate the MISEs when the sample size n equals 500.

Example 10. We set p = 2, 0% =1,
a=05, fi(s) =sin(||s|*r), Ba(s) = cos(||s]*m),

and independently generate X; from N(0Oq, I5), s; from U0, 1J*, ¢
from N(0, 02),i=1, -+, n. y;, i =1, ---, n, are generated through
model (1.3). We apply the proposed estimation method based on the
generated (s;, XI, v), i = 1, ---, n, to estimate £;(-), fa(), and
examine the accuracy of the proposed estimation procedure. We es-
timated the unknown functions beta based on different bandwidths.
The results are presented in Table 11.

We use MISE to assess the accuracy of an estimator of an unknown
function.

For each given bandwidth h, we do 200 simulations. We compute
the MISEs of the estimators of the unknown functions for sample size
n = 500. The ways in which the selection of bandwidths affects the

estimation accuracy, are presented in Figures 10 and 11.
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Table 11: Example 10: The MISEs for 5(-) with a known under

different bandwidths

51()

Bal(+)

EO)

0.35

0.04664

0.04278

0.08943

0.4

0.04192

0.03765

0.07958

0.45

0.04311

0.03802

0.08114

0.5

0.04792

0.04104

0.08897

0.55

0.05573

0.04544

0.10116

0.6

0.06432

0.05062

0.11493

0.65

0.07320

0.05601

0.12922

0.7

0.08133

0.06159

0.14292

0.75

0.08842

0.06772

0.15614

0.8

0.09462

0.07466

0.16927

0.85

0.10004

0.08362

0.18365

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimator for n = 500 based on different bandwidths
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Figure 10: MISE for $;(s) = sin(||s||*w) based on different bandwidths
with o known
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Figure 11: MISE for 35(s) = cos(]|s||?*7) based on different bandwidths
with o known

Example 11.We set p =2, 02 =1,

a=04, Bi(s)=2—(llslI*), Bals) =4—(lslI"),

and independently generate X; from N(0Oy, I5), s; from U0, 1%, ¢
from N(0, 0?),i=1, ---, n. y;, i =1, --+, n, are generated through
model (1.3). We are going to apply the proposed estimation method
based on the generated (s;, X}, ), i =1, ---, n, to estimate £3;(-),
Pa(+), and examine the accuracy of the proposed estimation proce-
dure.We use the Epanechnikov kernel K (t) = 0.75(1 — ¢?), as the ker-
nel function in the estimation procedure. We estimated the unknown
functions beta based on different bandwidth. The obtained results are
presented in Table 12.

We use the mean integrated squared error (MISE) to assess the

accuracy of an estimator of an unknown function.For each given band-
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width h, we do 200 simulations. We compute the MISEs of the esti-
mators of the unknown functions for sample size n = 500. To have
a more visible idea, we draw graphs about how the selection of band-

width affected the estimation accuracy. They are presented in Figures

12 and 13.

Table 12: Example 11: The MISEs for §(-) with a known under
different bandwidths

pi()  B()  BO)

0.25 | 0.03814 0.03623 0.07438
0.35 | 0.02243 0.02232 0.04475
0.45 | 0.01723 0.01715 0.03439
0.55 | 0.01522 0.01502 0.03025
0.65 | 0.01444 0.01397 0.02843
0.75 ] 0.01386 0.01325 0.02712
0.85 | 0.01337 0.01271 0.02608
0.90 | 0.01324 0.01257 0.02582
0.95 | 0.01326 0.01258 0.02585
1.00 | 0.01338 0.01275 0.02613
1.05 | 0.01356 0.01301 0.02657
1.10 | 0.01379 0.01332 0.02711
1.15 | 0.01404 0.01366 0.02771
1.20 | 0.01432 0.01426 0.02858

The column corresponding to the estimator of an unknown function is
the MISFEs of the estimator for n = 500 based on different bandwidths

9.4 Oracle property of the estimation

In the previous chapter, we estimate the unknown functions under the

condition that either « is known or « is unknown, and find that the
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Figure 12: MISE for 5;(s) = 2 — (]|s||*) based on different bandwidths
with o known
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Figure 13: MISE for 5(s) = 4 — (]|s||*) based on different bandwidths
with a known

mean integrated squared errors for the unknown functions are very
similar for the two situations. Clearly, we get more accurate results
when « is known. However, there is not a big difference. All of the

above results shows that our estimator has an Oracle property.This
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is understandable from asymptotic point of view, because the conver-
gence rate of an estimator of unknown constant is of order n='/2. Tt
is much faster than the convergence rate of an estimator of unknown
function which is of order (y/nh)™. So the estimation for the unknown
functions under the condition ,whether « is unknown or known,would
not differ from each other.

Example 12. In model (1.3), we set p =2, 02 =1,

a=04, Bi(s)=2—(llsl*), Bals) =4—(lslI"),

We have estimated the unknown function f£;(-) and f5(-) under con-
dition « are unknown and known respectively under different band-
widths. We used the MISE to measure the accuracy of the estimation
procedure.In Table 13, we compare the MISE for the unknown func-
tion f;(-) under the condition « is known and unknown. We also use
the graphs to obtain an invisible view. Figure 14 compares the MISEs
under different bandwidths with o unknown and o known. The two
lines are clearly close together, which proves that our estimator has an
oracle property.

In Table 14, we compare the MISE for the unknown function
Ba(s) = 4 —(||s]|*) under the conditions « is known and « is unknown.
Figure 15 and compares the MISEs under different bandwidths with «
unknown and a known.

Example 13. In model (1.3), we set p =2, 02 = 1,

a =05, Bi(s)=sin([s|’m), Bals) = cos(|s|*),
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Table 13: Example 12: The MISEs of Bl() with o known and
unknown using different bandwidths

o known « unknown
0.25 | 0.03814 0.03905
0.25 | 0.02243 0.02396
0.25 | 0.01723 0.01935
0.25 | 0.01522 0.01638
0.65 | 0.01444 0.01502
0.75 | 0.01386 0.01413
0.85 | 0.01337 0.01396
0.9 | 0.01324 0.01356
0.95 | 0.01326 0.01332
1.0 | 0.01338 0.01395
1.05 | 0.01356 0.01417
1.10 | 0.01379 0.01463
1.15 | 0.01404 0.01502
1.20 | 0.01432 0.01535

The column corresponding to the estimator of an unknown function
B1(s) =2 — (||s||?) is the MISEs of the estimator for n = 500 based on
different bandwidths with o known and unknown.

In Table 15, we also compare the MISEs for the unknown function
B1(-) = sin(||s||*n) when « is known and unknown. Figures 16 and
17 provide an invisible view, comparing the MISEs under different
bandwidths with  unknown and o known.

In Table 16, we compare the MISEs for the unknown function
B2(s) = cos(]|s||*r) when « is known and unknown. Figures 18 and 19
compare the MISEs under different bandwidths with a unknown and

known.
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Figure 14: MISE for 5;(s) = 2 — (]|s||*) based on different bandwidths

The two lines are the MISEs of the estimator for n = 500 based on
different bandwidth with o known and unknown.The solid line is the
MISFEs with o unknown. The dashed line is the MISEs with o known.
The MISEs with o known are smaller than the MISEs with o unknown.
Howewver, the two lines are very close.

All of the above examples proves our estimators of the unknown

functions have an Oracle property.

9.5 Performance of estimation procedure for al-
pha

In the previous chapter, we estimate the unknown functions under
the condition that the unknown parameter is known. In this chapter,
we examine the performance of estimation procedure for the unknown
parameter a when beta functions are known.The convergence rate of an

estimator of unknown constant is of order n~/2. It is much faster than
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Table 14: Example 12: The MISEs of BQ() with o known and
unknown using different bandwidths

o known « unknown
0.25 | 0.03623 0.03713
0.35 | 0.02232 0.02347
0.45 | 0.01715 0.01879
0.55 | 0.01502 0.01613
0.65 | 0.01397 0.01437
0.75 | 0.01325 0.01367
0.85 | 0.01271 0.01302
0.9 | 0.01257 0.01289
0.95 | 0.01258 0.01276
1.0 | 0.01275 0.01289
1.05 | 0.01301 0.01325
1.10 | 0.01332 0.01396
1.15 | 0.01366 0.01412
1.20 | 0.01426 0.01457

The column corresponding to the estimator of an unknown function
Ba(s) =4 — (||s||?) is the MISEs of the estimator for n = 500 based on
different bandwidths with o known and unknown

the convergence rate of an estimator of unknown function which is of
order (y/nh)~!. There is no significant difference between the situation
that « is known and « is unknown in estimating. The situation totally
changes when we estimate the unknown parameter under the condition
that beta functions are known. The accuracy of estimation greatly
increases. It is easy to understand, because o converges much faster

than the unknown functions.We would use two examples to prove this.
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Figure 15: MISE for 35(s) = 4 — (||s]|?) based on different bandwidth

The two lines are the MISEs of the estimator for n = 500 based on
different bandwidth with o known and unknown.The solid line is the
MISFEs with o unknown. The dashed line is the MISEs with o known.

Example 14. We set p =2, 0% =1,
a=05, Bi(s) =sin(l|s|*r), PBa(s) = cos(||s|*m),

We use mean squared error (MSE) to assess the accuracy of an esti-
mator of an unknown constant parameter.For each given sample size
n, we do 200 simulations. We compute the MSEs of the estimators
of the unknown constants for sample sizes n = 400, n = 500 and
n = 600. The obtained results are presented in Table 17, which shows
the proposed estimation procedure works very well. The accuracy of

estimating the unknown parameter « increases significantly.
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Table 15: Example 13: The MISEs of Bl() with o known and
unknown using different bandwidths

o known « unknown
0.35 | 0.04664 0.04667
0.4 | 0.04192 0.04194
0.45 | 0.04311 0.04329
0.5 | 0.04792 0.04838
0.55 | 0.05573 0.05574
0.6 | 0.06432 0.06432
0.65 | 0.07320 0.07321
0.7 | 0.08133 0.08134
0.75 | 0.08842 0.08848
0.8 | 0.09462 0.09642
0.85 | 0.10004 0.10005

The column corresponding to the estimator of an unknown function
betay(-) = sin(||s||*n) is the MISEs of the estimator for n = 500 based
on different bandwidths with o known and unknown

Example 15. In model (1.3), we set p = 2, 02 = 1,

a=04, Bi(s)=2—(llslI*), Bals) =4—(lIs[I"),

The obtained results are presented in Table 18. Table 18 shows the
proposed estimation procedure works very well. The accuracy of esti-

mating the unknown parameter o does increase a lot.
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Figure 16: MISE for () = sin(||s||*n) based on different bandwidths

The two lines are the MISEs of the estimator for n = 500 based on
different bandwidths with o known and unknown.

10 Performance of the Model Selection

Procedure

In this chapter, we use simulated examples to examine the perfor-
mances of the model selection methods previously derived . We use
the ratio of picking the right model to measure the performance of our
model selection methods, and find that all the model selection methods

perform quite well in simulation studies.

10.1 Thresholding K simulation

Example 16. In model (1.3), we set p = 3, Bi(-) = sin(||s||*r)
and By(-) = cos(||s|*n), B3(:) = B3 = 1. We generate X;, s;, €,
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Figure 17: MISE for () = sin(||s||*w) based on different bandwidths

We zoom Figure 17 in the bandwidth range [0.35, 0.55] to have a better
wview. The solid line are the MISEs of the estimator for n = 500 based on
different bandwidth with o unknown . The dashed line are the MISEs of
the estimator for n = 500 based on different bandwidths with o known

yi © = 1, ---, n, in the same way as before, except that X; is from
N(03, I3). Based on the generated data, we are going to apply the pro-
posed thresholding K method to select the correct model, and examine
the performances of the proposed method in identifying the constant
components in model (1.3).

We still use the Epanechnikov kernel as the kernel function in the
model selection. The bandwidth we used for estimation is A = 0.45.
We set the sample size to equal 500.We first calculate the discrepancy
of each component p.We repeat the procedure 200 times, and we take
their average as our starting point. Table 19 represents the discrepancy

of each component.
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Table 16: Example 13:The MISEs of ,5’2() with o known and
unknown using different bandwidths

o known « unknown
0.35 | 0.04278 0.04279
0.4 | 0.03765 0.03785
0.45 | 0.03802 0.03813
0.5 | 0.04104 0.04106
0.55 | 0.04544 0.04544
0.6 | 0.05062 0.05063
0.65 | 0.05601 0.05602
0.7 | 0.06159 0.06160
0.75 | 0.06772 0.06774
0.8 | 0.07466 0.07497
0.85 | 0.08362 0.08365

The column corresponding to the estimator of an unknown function
Ba(s) = cos(||s||*n) is the MISEs of the estimator for n = 500 based on
different bandwidth with o known and unknown

Table 17: Examplel4 : The MSEs for o with §(-) known

~

Q
n=400 | 0.004075
n=>500 | 0.001156
n=600 | 0.000789

The column corresponding to the estimator of an unknown parameter
is the MSEs of the estimators for n = 400, n = 500 and n = 600.

We use 10.8760 as the initial value K;. Then,we increase our

thresholding value K; 30% each time until it reaches our maximum
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Figure 18: MISE for 85(s) = cos(||s||?*) based on different bandwidth

The two lines are the MISEs of the estimator for n = 500 based on
different bandwidth with o known and unknown. They are vey close to
each other

Table 18: Examplel5 :The MSEs for a with 5(-) known

~

Q
n=>500 | 0.001045
n=600 | 0.000566
n=700 | 0.000218

The column corresponding to the estimator of an unknown parameter
is the MSEs of the estimators for n = 500, n = 600 and n = 700.

value 197.3109. We repeat the simulation 200 times and then calcu-
late the MISE for this 12 thresholding value. Table 20 represents the
MISE values .To illustrate, Figure 20 shows the MISE values for each
thresholding K.We could find the thresholding K values with minimum

127



0.046

0.044 -

0.042

0.04

0033

0036

L L L L L L L L L
0.3a 0.4 042 044 046 043 04 052 054

Figure 19: MISE for 85(s) = cos(||s||?m) based on different bandwidth

We zoom Firgure 19 in the bandwidth range [0.35, 0.55] to have a better
wview. The solid line are the MISEs of the estimator for n = 500 based on
different bandwidth with o unknown . The dashed line are the MISEs
of the estimator for n = 500 based on different bandwidth with o known

Table 19: Example 16: The Discrepancies for different compo-
nent

Discrepency
B1(+) 133.9557
Ba(+) 197.3109
Bs(+) 10.8760

The column corresponding to discrepancy of each component. The sam-
ple size n = 500

MISE, which would be our optimal thresholding value K.
We also find the ratios for each thresholding K;. We calculate three
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Table 20: Example 16 :The MISEs of different Thresholding
values

thresholding value | MISEs
K=10.876 0.1162
K=14.1388 0.1102
K=18.3804 0.1032
K=23.8945 0.1008
K=31.0629 0.0991
K=40.3818 0.0984
K=52.4963 0.0975
K=68.2452 0.0975
K=88.7188 0.1057
K=115.2245 0.1624
K=149.9348 0.2777
K=194.9153 0.5457

The column corresponding to MISEs of each thresholding value K;. The
sample size n = 500. We repeat the simulation 200 times

ratios: The ratio of picking the right model, Right model; the ratio of
treating constant component as function, constant as function; the
ratio of treating function as constant, function as constant .Table 21
presents the results.

The thresholding value K = 52.4963 and K = 68.2452 achieved
the minimum MISEs and the ratios of picking the right model are all 1
.This would be our optimal thresholding K value range, [52.4963, 68.2452].
Previously, we ran 200 times simulation. Theoretically, we should con-
duct 1000 simulations for at least 2 thresholding values within the
optimal range. Due to the computational limitations, we only conduct

1000 simulations for thresholding value K = 52.4963. We calculate
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Figure 20: MISEs based on different thresholding value

The sample size is n = 500. In the interval [52.4963, 68.2452] , we
get the minimum MISEs. This would be our optimal thresholding K
range.

the ratios of picking the model, and the result is listed in Table 22.
Example 17. In model (1.3), we set p =3, 02 =1,

a=04, Bils)=2—(lIs*), Bas) =4~ (|IslI*).Bs() =83 =1

We generate X;, s;, €, y; ¢ = 1, ---, n, in the same way as before,
except that X; is from N (03, I3).

We use the Epanechnikov kernel as the kernel function in the model
selection, and the bandwidth used to estimate is h = 0.31. The sample
size is set at 500.We first calculate the discrepancy of each component
p. We repeat the procedure 200 times, and take their average as our

starting point. Table 23 represents the discrepancy of each component.
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Table 21: Example 16 :The Ratios of picking the model under
different thresholding K values

thresholding value | Right model constant as function function as constant
K=10.876 0.43 0.57 0
K=14.1388 0.67 0.23 0
K=18.3804 0.89 0.11 0
K=23.8945 0.95 0.05 0
K=31.0629 0.98 0.02 0
K=40.3818 0.99 0.01 0
K=52.4963 1 0 0
K=68.2452 1 0 0
K=88.7188 0.99 0 0.01
K=115.2245 0.77 0 0.23
K=149.9348 0.42 0 0.58
K=194.9153 0.26 0 0.74

The ratios of picking model of each thresholding value K;.The sample
size n = 500. We repeat the simulation 200 times

Table 22: Example 16: The Ratios of Optimal Thresholding
Value K

thresholding value | Right model constant as function function as constant

K=52.4963 0.996 0.003 0.001

The ratios of picking model of optimal thresholding value Ky, =
52.4963. The sample size n = 500. We repeat the simulation 1000 times

We use 2.8838 as the initial value K. Then we increase our thresh-
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Table 23: Example 17: The Discrepancies for different compo-
nents

Discrepency
B1(+) 88.5951
Ba(+) 88.4794
Bs(+) 2.8838

The column corresponding to discrepancy of each component. The sam-
ple size n = 500

olding value K; 30% each time until it reaches our maximum value
88.5951. We repeat the simulation 200 times and then calculate the
MISE for the following 14 thresholding values. Table 24 represents
these MISEs values . Figure 20 shows the MISE values for each thresh-
olding K.We find the thresholding K values with minimum MISE. And
this would be our optimal Thresholding value K.

We also find the ratios for each thresholding K;. We calculate three
ratios. The ratio of picking the right model, Right model; the ratio
of treating constant component as function, constant as function; the
ratio of treating function as constant, function as constant. Table 25
represents the results.

The thresholding values K = 13.9195,K = 18.0954 ,and K =
23.5240 all achieved the minimum MISEs and the ratios of picking
the right model are all 1 .This would be our optimal thresholding K
value range, [13.9195,23.5240]. Previously, we performed 200 simula-
tions. Theoretically, we should conduct 1000 simulations for at least

2 thresholding values within the optimal range. Due to the compu-
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Table 24: Example 17 :The MISEs of different Thresholding
values

thresholding value | MISEs

K=2.8838 0.036102
K=3.7489 0.036087
K=4.8736 0.035924
K=6.3367 0.034897
K=8.2364 0.034132

K=10.7073 0.033937
K=13.9195 0.033827
K=18.0954 0.033827
K=23.5240 0.033827
K=30.5812 0.035678
K=39.7556 0.037982
K=51.6823 0.043212
K=67.1871 0.059798
K=87.3431 0.078125

The column corresponding to MISEs of each thresholding value K;.The
sample size n = 500. We repeat the simulation 200 times

tational limitation, we only conduct 1000 simulations for thresholding
value K = 18.0954. We calculate the ratios of picking the model, and
the result is listed in Table 26.

The above examples, indicate that the MISEs of detecting the con-
stant component as a functional component is approximately 10 times
larger than the MISE of detecting the functional component as a con-
stant component. As we explained , the error order of treating the
functional component as constant is O(1). In contrast, the error order

of treating constant as function is O(ﬁ) As a result, we should be
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Table 25: Example 17 :The Ratios of picking the model under
different thresholding K values

thresholding value | Right model constant as function function as constant
K=2.8838 0.62 0.38 0
K=3.7489 0.67 0.33 0
K=4.8736 0.71 0.29 0
K=6.3367 0.74 0.26 0
K=8.2364 0.81 0.19 0
K=10.7073 0.94 0.06 0
K=13.9195 1 0 0
K=18.0954 1 0 0
K=23.5240 1 0 0
K=30.5812 0.92 0 0.08
K=39.7556 0.85 0 0.15
K=51.6823 0.77 0 0.23
K=67.1871 0.69 0 0.31
K=87.3431 0.54 0 0.46

The ratios of picking model of each thresholding value K;.The sample
size n = 500. We repeat the simulation for 200 times

Table 26: Example 17: The Ratios of Optimal Thresholding
Value K

thresholding value | Right model constant as function function as constant

K=18.0954 0.997 0.001 0.002

The ratios of picking model of optimal thresholding value K, =
18.0954.The sample size n = 500. We repeat the simulation for 1000
times
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Figure 21: MISEs based on different thresholding value

The sample size is n = 500. In the interval [15.9195, 23.5240] , we
get the minimum MISEs. This would be our optimal thresholding K
range.

very careful when we select the Thresholding K. If the thresholding
chosen is too large, then the ratio of picking the constant as function
will increase. However, if it is too small, the ratio of picking the func-
tion as constant will increase.The second mistake is much worse than
the first, and within the optimal range, the thresholding method will
provide fantastic results for selecting models. We have not discovered
how to get the estimator of MISEs as we discussed before. We can not
deny the existence of the optimal thresholding range.Perhaps in the
future, we could construct the way of identifying the optimal thresh-
olding range.In Table 22 and Table 26, we repeat the simulation for
1000 times.The thresholding method works quite well in model selec-

tion.
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10.2 CTAR method to identify constant compo-

nent

In this chapter, we use the simulated example to examine the perfor-
mance of the CTAR method derived above. As previously discussed,
CTAR could deal with the scale problems well.

Example 18. In model (1.3), we set p = 3, B;(-) = sin(||s||*7)
and fSy(-) = cos(||s||?*m), B3(-) = B3 = 1. We generate X;, s;, €,
yi © = 1, ---, n, in the same way as before, except that X; is from
N(03, I3). Based on the generated data, we apply the proposed CTAR
method to select the correct model, and examine the performances of
the proposed method in identifying the constant components in model
(1.3).The bandwidth we used for estimation is h = 0.45. We use
different As in the CTAR. We set the sample size n = 500. For each A
we did 200 times simulations. We also calculate the ratios of picking
right models for each \. Table 27 illustrated the results of the CTAR,
and their performances are quite satisfying.

In Table 23, we notice that the ratio of picking the right model is
1 in the range [0.25,0.3]. Regarding the thresholding method, we have
an optimal thresholding K range. It is the same for CTAR method,
for which we have an optimal A range. In our example, the optimal
A range is [0.25,0.3]. Within this range we could detect the constant
component in our model efficiently and accurately. Previously, we
performed 200 times simulations for each A value. Theoretically, we
should conduct 1000 times simulation for at least 2 A values within the
optimal range. Due to the computational limitations, we only conduct

1000 simulation for A = 0.28. We calculate the ratios of picking the
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Table 27: Example 18: The ratios of picking model with dif-
ferent A\

thresholding value | Right model constant as function function as constant
A=0.05 0 1 0
A=0.1 0.35 0.65 0
A=0.15 0.53 0.47 0
A=0.2 0.89 0.11 0
A=0.25 1 0 0
A=0.3 1 0 0
A=0.35 0.92 0 0.08

The ratios of picking model of each value X\.The sample size n = 500.
We repeat the simulation 200 times.

right model, and the result is listed in Table 28.

Table 28: Example 18: The ratios of picking model using the
optimal A\

thresholding value | Right model constant as function function as constant

A=0.28 0.995 0.004 0.001

The ratio of picking the model of optimal \ value Ay = 0.28.The sample
size n = 500. We repeat the simulation 1000 times.

Example 19. We set p = 3, 0% =1,

a=04, Pfi(s)=2—(llsl*), Ba(s)=4—(lls|*), Bs() =Bs =1

We generate X;, s;, €, y; ¢ = 1, ---, n, in the same way as before,
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except that X; is from N (03, I3). The bandwidth used for estimation
is h = 0.31, and use different s in the CTAR. We set the sample size
n = 500. For each A\ we performed 200 times simulations. We also
calculated the ratios of picking the right models for each A. Table 29
illustrates the results of the CTAR, from which it can be seen that the

performances are quite satisfying.

Table 29: Example 19: The ratios of picking model with dif-
ferent A\

thresholding value | Right model constant as function function as constant
A=0.05 0 1 0
A=0.1 0.59 0.41 0
A=0.15 0.87 0.13 0
A=0.2 1 0 0
A=0.25 1 0 0
A=0.3 0.97 0 0.03
A=0.35 0.89 0 0.11

The ratios of picking model of each value \.The sample size n = 500.
We repeat the simulation for 200 times

In Table 29, we note that the ratio of picking the right model is 1
in the range [0.2,0.25]. The optimal A range is [0.2,0.25]. Within this
range we could detect the constant component in our model efficiently
and accurately.We conduct 1000 times simulation for A = 0.23. We
calculate the ratios of picking the right model. The result is listed
in Table 30. We could tell the CTAR do works very well in model
selection.

The basic idea of the CTAR is the same as the Thresholding K
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Table 30: Example 19: The ratios of picking model using the
optimal A\

thresholding value | Right model constant as function function as constant

A=0.23 0.996 0.002 0.002

The ratios of picking model of optimal X\ value A\g = 0.23.The sample
size n = 500. We repeat the simulation 1000 times

method, both of which works very well. Within the optimal range we
detect the constant component in our model efficiently and accurately.
However, we encounter the same problem of how to identify the optimal

A range.

10.3 AIC and BIC method

10.3.1 Bandwidth selection in AIC/BIC based model selec-

tion

Selecting bandwidth is always an essential problem. We first select the
same bandwidth in estimating and model selection, and our results
are quite dissatisfying. AIC and BIC can be described as the trade off
between bias and variance in model construction, or loosely speaking
between the accuracy and the complexity of the model. The formulas

we used to calculate AIC and BIC in our model are

1

252

AIC = nlog(6) — log(JA|) + — (AY —m)T(AY —m) + K, (8.1)
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1 . A .

557 (AY —m)' (AY —m)) + Klog(n),
(8.2)

We can not choose a bandwidth h, which is the optimal bandwidth

BIC = 2(nlog(¢) — log(|A]) +

for both estimating and model selection. Thus, we use different band-
widths for these two parts. As for the Thresholding K method and
the CTAR method, there is an optimal value range. It is the same for
AIC and BIC method, which has an optimal bandwidth range within
which the ratio of picking the right model is close to 1. We illustrate

the results later.

10.3.2 Simulation results

Example 20.. In model (1.3), we set p =3, £1(-) and [(+) the same
as that in Example 16, f5(-) = f3 = 1. We generate X;, s;, €, y;
t=1, ---, n, in the same way as that in Example 16, except that X;
is from N (03, I3). Based on the generated data, we are going to apply
the proposed AIC or BIC to select the correct model, and examine
the performances of the proposed AIC, BIC and the two algorithms in
identifying the constant components in model (1.3).

We still use the Epanechnikov kernel as the kernel function in the
model selection, however, the bandwidth used is 0.25 for AIC and
0.35 for BIC, which is smaller than that for estimation. In general,
the bandwidth used for model selection should be smaller than that
for estimation. In fact, we have tried different bandwidths, it turned

out any bandwidth in a reasonable range such as [0.2, 0.3] for AIC,
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[0.3, 0.4] for BIC would do the job very well.

Due to the very expensive computation involved, for any given
sample size n, we only do 200 simulations, and in each simulation,
we apply either AIC or BIC coupled with either of the two proposed
algorithms to select model. For each candidate model, the ratios of
picking up this model in the 200 simulations are computed for different
cases. The results are presented in Table 31. We can see, from Table
31, the proposed BIC with Backward elimination performs best, and
the others are doing reasonably well too.

To make the case more convincing, for sample size 500, we do
1000 simulations for each method. The ratio of picking up each candi-
date model in the 1000 simulations are presented in Table 32 for each
method. It is very clear, the results in Table 32 are consistent with
that in Table 31. We conclude all of the proposed model selection
methods work well, and the proposed BIC with Backward elimination

performs best.

10.4 Optimal bandwidth range

At the beginning of the previous subsection, we discussed an optimal
bandwidth range for AIC' and BIC' model selection methods.Due to
the computational cost, we only conduct 200 simulations for bandwidth
from h = 0.15 to h = 0.45 for sample size n = 500. We use the
backward elimination method. We calculated the ratio of picking the
right model. Table 33 shows the results. We could find that the ratio
of picking the right model in the bandwidth range [0.2,0.3] for AIC
and [0.3,0.4] for BIC are close to 1. These would be our optimal
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Table 31: Ratio of Picking Up Each Candidate Model using
AIC/BIC

0 @ B Ly Ly 23 L3 [
n=400| O 0 091 0 0.04 0.02 0.03 0
n=5001| O 0 0.98 0 0.02 0 0 0
n=600| O 0 1 0 0 0 0 0
n=400| O 0 0.9 0 0.07 0 0.03 0
n=5001| O 0 094 0 0.06 0 0 0
n=600| O 0 0.96 0 0.03 0 0.01 0
n=400| O 0 092 0 0.05 0 0.03 0
n=5001| O 0 098 0 0.01 0 0.01 0
n=600| O 0 1 0 0 0 0 0
n=400 | O 0 0.89 0 0.09 0 0.02 0
n=500 | O 0 0.95 0 0.05 0 0 0
n=6001| O 0 097 0 0.03 0 0 0

The ratios of picking up each candidate model in 200 simulations for
different sample sizes. {iy, ---, ix} stands for the model in which
B(-) has its iyth, - - -, ixth components being constant, and the column
corresponding to which is the ratios of picking up this model among
200 stmulations. Row 2 to row 4 are the ratios obtained based on AIC
and Backward elimination when sample size n = 400, n = 500 and
n = 600. Row 5 to row 7 are the ratios obtained based on AIC and the
CTAR based algorithm, Row 8 to row 10 are the ratios obtained based
on BIC and Backward elimination, and Row 11 to row 13 are the ratios

obtained based on BIC and the CTAR based algorithm.

bandwidth ranges. Within them, we could get a satisfying result in

model selection.
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Table 32: Ratio of Picking Up Each Candidate Model with
simulation time of 1000s

{1y {2p {3p {12} {13} {23} {1,23} {}

0 0 0.989 0 0.01 0 0.001 0
0 0 0.959 0 0.033 0 0.008 0
0 0 0.992 0 0.005 0 0.003 0
0 0 0.963 0 0.031 0 0.006 0

The ratios of picking up each candidate model in 1000 simulations for
sample size n = 500. {iy, ---, i} stands for the model in which
B(-) has its iyth, - - -, igth components being constant, and the column
corresponding to which is the ratios of picking up this model among 1000
simulations. Row 2 are ratios obtained based on AIC and Backward
elimination when sample size n = 500 . Row & are the ratios obtained
based on AIC and the CTAR based algorithm, Row 4 are the ratios
obtained based on BIC and Backward elimination, and Row 5 are the
ratios obtained based on BIC and the CTAR based algorithm.

11 Real Data Analysis

11.1 Introduction

Boston is the capital of the Commonwealth of Massachusetts. It is also
the largest and one of the oldest cities in the United States. Boston
has a population of around 600 thousand people. The city covers
125 square km. Greater Boston is the fifth-largest area in the United
States. Many world-famous universities and research institutes are
located in the city and surrounding areas, which makes Boston an in-
ternational center for education and researching. The universities and
research institutes in this area have an notable effect on the region’s

economy.The region’s economic base includes research, finance, man-
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Table 33: Ratio of Picking Up Each Candidate Model using a
different bandwidth

{1y {2 {3} {12} {1,3} {23} {1,2,3} {}
h=015[ 0 0 079 0 004 012 005 0
h=02 | 0 0 092 0 0 007 001 0
h=025| 0 0 098 0 002 0 0 0
h=03 | 0 0 1 0 0 0 0 0
h=035] 0 0 091 0 002 0 0.0  0.06
h=04 | 0 0 08 0 001 0 0 015
h=045] 0 0 072 0 0 0 0 028
h=015[ 0 0 075 0 003 018 004 0
h=02 [ 0 0 087 0 0 011 002 0
h=025| 0 0 093 0 007 0 0 0
h=03 | 0 0 1 0 0 0 0 0
h=035] 0 0 098 0 001 0 0.01 0
h=04 | 0 0 094 0 0 0 0  0.06
h=045] 0 0 083 0 0 0 0 017

The ratios of picking up each candidate model in 200 simulations for
sample size n=500. {iy, ---, ix} stands for the model in which B(-)
has its iyth, ---, 1th components being constant, and the column cor-
responding to which is the ratios of picking up this model among 200
simulations. Row 2 to row 8 are the ratios obtained based on AIC and
Backward elimination when sample size n = 500. Row 9 to row 15 are
the ratios obtained based on BIC and Backward elimination.

ufacturing, etc. and Boston has also received the highest amount of
annual funding compared with all other cities in the United States.
As a result, Boston is a supreme financial center, that ranks number
twelve in the top twenty Global Financial Centers. All of these posi-

tive factors make Boston a city with the highest costs of living in the
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United States, i.e. 3rd in the United States and 36th globally.
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Figure 22: Map of Boston

11.2 Brief description of the data set

The aim of this chapter is to apply the model we developed in the pre-
vious chapters to a real data set, specifically the Boston House Price
data. More precisely, we apply the proposed model (1.3) together with
the associated model selection and estimation method in our analy-
sis. The data set consists of 5 covariates and 1 response variable.The
sample size n equals 506. The locations of the houses consists of longi-
tudes and latitudes,converted into U(0,1).We first introduce the data
and analyze the data set.

Response variable MEDV: Median value of owner-occupied homes

in $1000’s
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Covariatel CRIM: per capita crime rate by town

Covariate2 RM: average number of rooms per dwelling

Covariate 3 RAD: index of accessibility to radial highways
Covariate 4 TAX: full-value property-tax rate per $10,000 dollar
Covariate 5 LSTAT: The Percent of the lower status of the popu-

lation

11.2.1 Descriptions of covariates

As in the previous chapter, we know there are 5 covariates and 1 re-
sponse variable in this data set. We calculate the mean and standard
deviation of each covariate, and the order of the data set is the same.We
could have some rough idea of our data set. Table 34 describes our

statistics. Figure 23 are the histograms of the 5 covariates.

Table 34: Descriptive Statistics
Mean  Std.Deviation N

MEDV  22.5328 9.1971 506
CRIM  3.6135 8.6015 506
RM  6.284634 0.7026 506
RAD 9.55 8.707 506
TAX 408.24 168.537 506
LSTAT  12.6530 7.1410 506

We wuse the statistical software SAS-"Statistical Analysis System” to
get the above results. The sample size is 506.
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Histogram Histogram

RAD X

Figure 23: The Histograms of the 5 Covariates. The left one on the
upper panel is the histogram of CRIM, the right one on the upper
panel 1s the histogram of RM. The left one in the lower panel is the
histogram of RAD, the middle on in the lower panel is the histogram
of TAX, the right one in the lower panel is the histogram of LSTAT

11.3 Parametric way of analyzing data

In the previous chapter, we analyze the data set to have some basic
ideas. In this chapter, we use the parametric way to analyze our data
set, that is the Linear Regression Model. We ignore the spatial interac-
tion term, and consider the effect on the covariate to be constant.Then

our model would be as follows:
yZ:X;T/B_I_EZa Z:17 e, N, (81)

where 8 = (Bo, -, 5p),

In the linear regression model, we only need to estimate the co-

efficients 8 = (B, ---,,). And we use AIC backward elimination
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method to help us select the significant variables. Table 35 and Table
36 provide the results of AIC Backward elimination and estimation,
which indicate that the 5 covariates are all significant.However, the
linear regression model is not realistic nor is it adequate to analyze
data. Spatial interaction is a real-world phenomenon that should be
considered in the model. As a result, in the next chapter, we apply

the new model we proposed to fit the data set.

Table 35: Model Summary

Model R R square Adjusted R square Std. Error of the estimate
1 .809 .655 .651 .5.4310

a. Predictors:(Constant), LSTAT,RM,CRIM,RAD, TAX
b. Dependent Variable: MEDV

Table 36: Coefficients

Model B Std.Error Standardized Coefficients Beta t Sig

Constant 1.120 3.328 336 737
CRIM  -.087 037 -.082 -2.368 018
RM 5.090 442 389 11.509  .000
RAD 173 071 164 2447 015
TAX -.013 .004 -.230 -3.463  .001
LSTAT  -.537 .050 -.417 -10.733 .000

a. Predictors:(Constant), LSTAT,RM,CRIM,RAD, TAX
b. Dependent Variable: MEDV
c.Model: Linear Regression Model
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11.4 Model selection and estimation

In this chapter, we are going to apply the proposed model (1.3) together
with the proposed model selection and estimation method to analyse
the Boston house price data. Specifically, we are going to explore how
some factors such as CRIM, RM,RAD, TAX, and LSTAT affect the
median value of owner-occupied homes in $1000’s (denoted by MEDV),
and whether the effects of these factors vary over location.

We use model (1.3) to fit the data with y;, x;1, zs2, xi3, x4 and x;5
being MEDV, CRIM, RM, RAD, TAX and LSTAT, respectively, and
X; = (zs1, -+, 25)". The kernel function used in either estimation
procedure or model selection is taken to be the Epanechnikov kernel.

We first try to find which factors have location varying effects on
the house price, and which factors do not. This is equivalent to iden-
tifying the constant coefficients in the model used to fit the data. We
apply the proposed BIC coupled with Backward elimination to do the
model selection, and the bandwidth used is chosen to be 17% of the
range of the locations. The obtained result shows the coefficients of
x;3 and x;5 are constant, which means all factors, except RAD and
LSTAT, have location varying effects on the house price.

We now apply the chosen model

Yi = o Z wijy; + i1 B1(8i) + TioBa(si) + T3Pz + i Ba(si) + isBs + €,

7 (8.2)
i=1, .-+, n, where w;; is defined by (8.1), to fit the data. The pro-
posed estimation procedure is used to estimate the unknown functions

and constants, and the bandwidth used in the estimation procedure is
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taken to be 60% of the range of the locations. The estimates of the
unknown constants are presented in Table 37, and the estimates of the
unknown functions are presented in Fig 23.

As 3 and (5 can be interpreted as the impacts of RAD and LSTAT,
respectively, Table 37 shows the index of accessibility to radial high-
ways has positive impact on house price and the percentage of the lower
status of the population has negative impact on house price. Appar-
ently, this makes sense. Table 35 also shows that the estimate of « is
0.221, which is an unignorable effect, and indicates the house prices in
a neighbourhood do affect each other. This is a true phenomenon in

real world.

Table 37: Estimates of The Unknown Constant Coeflicients

a P Ps
0.2210 0.3589 -0.4473

From Fig 24, we can see the impact (31 (+) of the per capita crime rate
by town on house price is negative and is clearly varying over location.
The impact 35(-) of the average number of rooms per dwelling on house
price is positive and is also varying over location. It is interesting to
see that the impact of the average number of rooms per dwelling is
lower in the area where the impact of crime rate is high than the area
where the impact of crime rate is low. This implies that the crime rate
is a dominate factor on the house price in the area where the impact
of crime rate is high. Fig 24 also shows the association between the
house price and the full-value property-tax rate is varying over location,

and it is generally positive, however, there are some areas where this
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Figure 24: The 3D plots of Bi(s), Pa(s) and Ba(s). The left one in the
upper panel is (1(s), right one in the upper panel is Ba(s), and the one
in the lower panel is B4(s).

association is negative. We can also see that the impact of the average
number of rooms per dwelling is lower in the area, where the association
between the house price and the full-value property-tax rate is strong,

than the area where the association is weak.
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12 Conclusions and Future Work

In Chapter 2 of this thesis, we introduce the framework of the lo-
cal polynomial modelling and the multivariate version of the method.
In Chapter 3, we propose the estimation procedure for the designed
model, in which we use kernel smoothing and local polynomial fitting.
However, we never discuss how to select the bandwidth. The choice of
the bandwidth plays an important role,and its selection is one of the
most important tasks in estimation. This may require further work.
In Chapters 4, 5 and 6, we provide the asymptotic properties of the
proposed estimators followed by the proofs of the theorems and lem-
mas. As we mentioned above, due to the structure of our model, it is
not straight-forward to apply the cross-validation method. In Chap-
ter 7, we discuss the connection between these two important model
selection methods. In Chapter 8, we provided several model selection
methods.

We also designed the hypothesis testing for our model. Due to
the computational limitations, we did not have enough time to do
simulations and apply this method to real data.We will illustrate our
idea here.

Bootstrapping method is a nonparametric approach to statistical
inference that substitutes computation for more traditional distribu-
tional assumptions and asymptotic results. In our model, we use the
bootstrapping method to help us detect whether the component of
B() = (Bi(:), -+, Bp(-))', is a function, constant or zero. Our aim is
to construct a hypothesis testing to test whether a specific covariate is

significant. If it is, whether its coefficient is functional or constant.
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Procedure

We construct the hypothesis testing as follows. Without lose of gen-
erality, we take the first component of 3(-) , i.e. f1(-) as an example.
We want to test whether 5 (-) is constant. If 3;(-) is constant, then we
do another hypothesis test to determine whether /31 (+) is zero. Our test
statistic is T} = f: | Bl(sj) — B | +. Our Hypothesis testing is reject
Hy when T7 > Cz:(l)therwise we accept the Hy, where P(Ty > C) = a.
To find C, we appeal Bootstrapping method as follows. We use the es-
timation method introduced in Chapter 3 to get the estimators of 3(+),
where B(-) = (81, Ba2(-), -+, B,(-))" and the estimator of & In boot-
strapping re-sampling, we fixed B() and & . We calculate the residuals
of the response variable y;, which is , = y; —y;,7 = 1,2, ...,n. We con-
duct the bootstrap re-sampling for the residuals { €, ---, é,} r times
to get the bootstrap samples €5 = (€7,,---,€5), k =1,2,---,r. Ac-
cording to the results presented by Efron and Tibshirani (1993,chap.19
), which suggest that bootstrap confidence intervals on 1000 bootstrap
samples generally provides accurate results, and using 2,000 bootstrap
replications should be very safe. € are the re-sampled residuals for the
b bootstrap sample.
After we get the b bootstrap sample for € , where & = (€5, -+, €5,)T,
We could get the b bootstrap sample for the response variable y;,

where y; = (y5,, -+, y)" The procedure is as follows:

A A

y;kb = &wayjb—i_‘x}‘l@(sl)—’_éj{n 1= 1’ e, Ny B(SZ) = (ﬁ17/82(8’i>) e

i
(8.1)
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We could see it in the matrix form:
(I—aW)Y*=XT3(:) +¢ (8.2)

After we get the b bootstrap y;, we could use the same estima-
tion procedures we used before to get the b bootstrap sample of B(),
A . . N . .,
where 8,() = (B, -+ B ()" We caleulate T = 3 | 55, (s5) =51 |
‘7:
T

T

%.We repeat the bootstrapping procedure r times, i.e. 177, T, - - -
It is straight-forward to find the p-value for the hypothesis testing
based on the bootstrap sampling. Then we could get the results of
whether (1(-) is a significant covariate or not.If we accept the null hy-
pothesis, then we continue. We then test whether 3; = 0. Hypothesis
testing is good tool to help us detect the parametric/nonparametric
components. Unfortunately, due to the huge computational cost, we
do not have enough time to finish it.

The method of re-sample the residuals:

We randomly draw. Each bootstrap residual sample selects n val-
ues with the replacement among the n values of the original residual
sample,

¢ = random — draw(éy, -+, €,)

There is still a great deal of interesting research left. Three years is

too short a time to investigate all of them. However, We will continue

our work along these lines in the future.
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