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Abstract

We consider a nonparametric regression setup, where the covariate is arandom element
in a complete separable metric space, and the parameter of interest associated with the
conditional distribution of the response lies in a separable Banach space. We derive
the optimum convergence rate for the kernel estimate of the parameter in this setup.
The small ball probability in the covariate space plays a critical role in determining the
asymptotic variance of kernel estimates. Unlike the case of finite-dimensional covari-
ates, we show that the asymptotic orders of the bias and the variance of the estimate
achieving the optimum convergence rate may be different for infinite-dimensional
covariates. Also, the bandwidth, which balances the bias and the variance, may lead
to an estimate with suboptimal mean square error for infinite-dimensional covariates.
We describe a data-driven adaptive choice of the bandwidth and derive the asymptotic
behavior of the adaptive estimate.

Keywords Adaptive estimate - Bias-variance decomposition - Gaussian process -
Maximum likelihood regression - Mean square error - Optimal bandwidth - Small
ball probability - ¢ process

1 Introduction

Suppose that we have a nonparametric regression problem, where the covariate X is
a random element in a complete separable metric space, and the response Y lies in
some arbitrary measure space. Our parameter of interest, which is denoted as ©(x),
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is a parameter associated with the conditional distribution of Y given X = x. Let
X1,Y1), ..., Xy, Y,) be a sample of i.i.d. observations from the joint distribution
of (X,Y), and our objective is to estimate ®(x) based on this sample. In the par-
ticular case, where the response Y is a real random variable, the covariate space is
the g-dimensional Euclidean space R? and ®(x) = E[Y|X = x], Stone (1980)
proved that the optimal convergence rate of a nonparametric estimate 0, (x) of O(x)
is n=(B/(2B+4)) Here, B is a positive constant such that |®(z) — O (x)| = O(||lz—x]|#)
asz —> X, with || - || being the Euclidean norm in R?. The optimum achievable conver-
gence rate for nonparametric regression with finite-dimensional covariate was further
investigated in Stone (1982), Ibragimov and Ha$minskii (1980), Yatracos (1988),
Donoho and Liu (1991a,b), etc. However, when the dimension of the covariate space
is infinite, the expressions of the optimum rate of convergence derived by these authors
are no longer valid.

Recently, nonparametric regression with functional covariates has been studied
in Masry (2005), Ferraty et al. (2007), Rachdi and Vieu (2007), etc. These authors
investigated nonparametric estimation of the conditional mean when the covariate
is functional, and the response is real-valued. They investigated the consistency and
the asymptotic normality of kernel estimates as well as data-driven selection of the
bandwidth. In Ferraty et al. (2012) and Lian (2012), the problem of nonparametric
regression when both the response and the covariate are functions is investigated, where
the parameter of interest is the conditional mean of the response given the covariate. In
Ferraty et al. (2012), asymptotic normality of the estimate of the conditional mean is
derived and a bootstrap implementation is described. In Lian (2012), an upper bound
of the convergence rate of the estimate of the conditional mean is established.

The problem of optimum convergence rate of a nonparametric regression estimate
was explored in Mas (2012) and Chagny and Roche (2014) when the covariate is
infinite-dimensional. In Mas (2012), the usual mean regression problem with a real-
valued response was considered, and a lower bound for the rate of convergence of the
minimax risk was established (see Theorem 3 in Mas 2012). In Chagny and Roche
(2014), the optimum convergence rate was derived for the estimate of the conditional
distribution function of a real-valued response given an infinite-dimensional covariate.
In both these cases, the methodology developed is restricted to the conditional mean
of some real-valued response, and cannot be applied when the response is infinite-
dimensional, or the parameter of interest is not the conditional mean.

In most of the existing literature on nonparametric regression with functional data,
the authors considered real or multivariate responses and functional covariates. How-
ever, regression problems, where the response itself may be infinite-dimensional
in nature, are also common. Authors who investigated regression with functional
responses and covariates, like Ferraty et al. (2012) and Lian (2012), considered the con-
ditional mean as their parameter of interest. But, one may also be interested in various
parameters of the conditional distribution of the response other than the conditional
mean, like the conditional variance and covariance, the conditional coefficient of vari-
ation, the conditional correlation, etc. In our study, the parameter of interest ® (x) lies
in some separable Banach space, and it covers a large class of parameters of interest
including those stated above. We shall investigate the convergence rate of a large class
of kernel estimates in this setup and derive the optimal convergence rate.
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In Sect. 2, our regression setup and the kernel estimates are described in detail. In
Sect. 3, we discuss an asymptotic bias-variance decomposition of our kernel estimate,
and study the asymptotic behavior of the bias and the variance terms. We show that
the asymptotic behavior of the variance term critically depends on the small ball
probability in the covariate space. The main convergence results for the estimate
O, (x) are presented in Sect. 4. A data-driven method of bandwidth selection along
with the asymptotic behavior of the adaptive estimate is presented in Sect. 5. In the
same section, we demonstrate the adaptive estimates in simulated datasets from several
regression models. Section 6 contains concluding remarks and discussion. The proofs
and related mathematical details are provided in Sect. 7 and in the supplement.

2 Kernel estimates

We assume that the covariate X is arandom element in some complete separable metric
space (C, d) with d being the metric, and the response Y is a random element in some
measurable space R equipped with some appropriate o -field and probability measure.
Denote the conditional probability measure of Y given X = x as (- | x). We want to
estimate a parameter © (x) associated with w(- | x) for a fixed x € C. We employ the
nonparametric kernel regression method developed by Nadaraya (1964) and Watson
(1964). Let K (-) be a suitable kernel function with associated bandwidth 2 > 0. To
estimate ® (x), we first construct the weighted empirical probability measure 1, (- | X)
that assigns probability mass

K 'd(x,X;))

Wi,n - 7
Yo K(hld(x, X))

to the data point Y; for i = 1,...,n. The kernel estimate @n (x) of ®(x) is the
corresponding parameter associated with 1, (- | X).

We require the concept of a type 2 Banach spaces in our subsequent discussion. A
separable Banach space is called type 2 if there is a positive constant ¢ such that for
any n > 1 and independent zero-mean random elements Zj, ..., Z, in that Banach
space with || Z; || < oofori = 1,...,n,wehave E[|Z+---+Z,|? < c(E||Z1 >+
e+ E|Zs11?) (Araujo and Giné 1980, p. 158). Also, a Banach space is said to have
a Schauder basis {e,} if for every element v in that space, v = Z:’;l v e, for some
sequence of real numbers {v,}. Separable Hilbert spaces and L [a, b] spaces with
p > 2and —oco < a < b < oo are well-known examples of type 2 Banach spaces
with Schauder bases. Henceforth, II(-) will denote the usual indicator function.

We now discuss some examples. These examples demonstrate the use of kernel
estimates in a diverse class of statistical models. In all our subsequent discussion, the
expectation of a random element in a separable Banach space is defined in the sense
of Bochner (Araujo and Giné 1980, p. 100).

Example 1 (Mean regression): Consider ©(x) = E[W(Y) | X = x] € B, wllere B is

a type 2 Banach space, and W(-) is a function from R to B. The estimate ®,(x) of
O(x) is
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a Y W(YDK (hd(x, X))
O,x) = - — .

Yo KhTldx, X))

Some examples of W (-) and the resulting ® (x) are the following. Let Y € R, and
W (Y) = I(Y < y),where y € R. Then, ® (x) is the conditional distribution of Y given
X = x at y (see Ferraty et al. (2006), Chagny and Roche (2014), etc.). Alternatively,
if W(Y) =Y, ©(x) is the conditional rth moment of Y given X = x. Next, let Y be a
random vector in R?. Foru, v € R? withu = [uy, ..., ugland v = [v1, ..., v4], let
u < vdenote u; < v; fori =1,...,q. Then, for U(Y) =I(Y <y), wherey € R?,
©®(x) becomes the conditional multivariate distribution of Y aty given X = x. When
Y is a univariate or multivariate random variable, the choice W(Y) = Y corresponds
to the conditional mean of a univariate or multivariate response given X = x (see,
e.g., Ferraty and Vieu (2006), Ferraty et al. (2007), etc.). Similarly, when Y € B and
B is a separable Hilbert space, the choices W(Y) = Y and W(Y) = Y ® Y (the
outer product of Y with itself) correspond to the conditional mean and the second
conditional moment of Y given X = x, respectively (see Ferraty et al. (2012)). Note
that when B =R?, Y ® Y becomes the ¢ x ¢ matrix YY’.

Example 2 (Functions of conditional mean): Let By, B> be two separable Banach
spaces, U be an open subset of By, and W(-) : R —> Bj be such that E[¥(Y) | X =
x] € U.For I'(") : U —> B>, we consider ®(x) = I'(E[¥(Y) | X = x]). Here, the
kernel regression estimate @n (x) is

n . —1 .
B, = T <Z,-=1 V(YK (hd(x, X,)>) .

Y K(hld(x, X))

As a special case, let Y be a real random variable. Let W (Y) = (Y2,Y) and
U= {(u,v) € R2|u > v% v > 0}.Let I'() : Y —> R be defined by I'(x, v) =
v 1Vu —v2. Then, ©®(x) = I'(E[W(Y)|X = x]) is the conditional coefficient of
variation of Y given X = x (see, e.g., Dette and Wieczorek (2009); Dette et al.
(2012)).

As another special case, let Y = (Y1, Y») be a bivariate random variable. Let
V(YY) = (Y, Y2) = (MY, Y, Yo, Y2, Y2 and U = {(s,t,u,v,w) € R3|v >
2, w > u?}. Let I'(-) : U —> R be defined by

s —tu
C(s,t,u,v,w) = .
Vo — 2w — u?

Then, ®(x) = I'E[V(Y) | X = x]) is the conditional correlation coefficient of Y;
and Y, given X = x (see, e.g., Klemeld (2014, p. 13)).

As the third special case, let the response space R be a separable Hilbert space,
and B, denote the space of Hilbert—Schmidt operators on R. Note that B; is a Hilbert
space (Bhatia 2009, p. 195). Also, the space of finite rank operators is dense in the
space of Hilbert—Schmidt operators (Bhatia 2009, p. 196), and the space of finite
rank operators on a separable Hilbert space is itself separable. Consequently, 3, is a
separable Hilbert space. Set By = B, x R. Define ¥(Y) = (YQ®Y,Y), U = B
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and '(u,v) = u — v ® v. Then, ©(x) = COV[Y | X = x], which is the conditional
covariance operator of Y given X = x (see, e.g., Ferraty et al. 2012). Note that when Y
is real random variable, this choice of W(Y) and I' (-, -) corresponds to the conditional
variance of Y given X = x.

Example 3 (Maximum likelihood regression). Nonparametric estimation in a likeli-
hood based regression problem with finite-dimensional covariate was investigated in
Staniswalis (1989), Chaudhuri and Dewanji (1995) and Aerts and Claeskens (1997).
Let the covariate X and the response Y be random elements in the complete separable
metric spaces C and R, respectively. Suppose Y given X has a conditional density with
respect to some sigma-finite measure in R, and it is given by f(- | ®(x)) for X = x,
where @(-) : C —> R?. We assume that the form of the function f(-|-) is known,
but ®(-) is unknown. We are interested in estimating ® (x) using maximum weighted
likelihood procedure, where x € C is fixed. The kernel estimate @n (x) of ®(x) is
given by

K ldx, X))
I K(hld(x, X))
(D

n
©,(x) = arg max [0 0¥ 1017, where Wi ) =
1=

So, when f(y|t) is a differentiable function of t € RY, @n (x) is the solution (in t) of
the likelihood equation

n

> " [Vdog f(Y; |£)] Win(x) = 0. ©)

i=1
Here, V denotes the gradient vector of first partial derivatives with respect to t.

It is well known that when the covariate X is finite-dimensional, say X € R?, and
X has a continuous positive density at X, one needs to have a sequence of bandwidths
{h,,} such that b, —> 0 and nh? —> oo asn —> oo to ensure the consistency of the
kernel regression estimate @n (x) (see, e.g., chapter 3 in Hardle (1990)). To deal with
covariates, which are not necessarily finite-dimensional, define ¢ (z, 1) = P[d(z, X) <
h]. The function ¢ (z, ) is known as the small ball probability function, and it plays an
important role in the asymptotic properties of nonparametric regression estimates. We
make the following assumptions on the kernel and the sequence of bandwidths, which
are required to establish the consistency of the estimates and derive their convergence
rates.

A() The kernel K (-) is supported on [0, 1] with K (#) being bounded and bounded
away from O for 0 < u < 1, i.e., there are constants 0 < [/ < L such that
| < K@) <LforallO<u<1.

A(ii) The bandwidth h,, — 0, and n¢ (x, h,,) —> oo as n — oo.

The choice of the kernel K (-) described in Assumption A(i) is equivalent to the type
I kernel described in Ferraty and Vieu (2006, p. 42). This is a popular choice of
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kernel in the literature on nonparametric regression involving functional covariates
(see, e.g., Ferraty et al. (2006), Burba et al. (2009), Chagny and Roche (2014, 2016),
etc.). Note that for X € RY having a continuous positive density at X, the condition
n¢(x, h,) — oo as n —> 00 in Assumption A(ii) is equivalent to nhi — oo
as n —> 00. Assumption A(ii) is required to ensure the consistency of the kernel
estimates involving an infinite-dimensional covariate, and is also used in earlier works
(see, e.g., Ferraty et al. 2007).

3 Bias-variance decomposition

Let B be a separable type 2 Banach space with a Schauder basis, and ®(:) : C — B.
For x € C, we consider the class of kernel regression estimates, which satisfy

0, (X) — OX) = By (%) + Vu(X) + Ry (%), A3)
where
n X —1 .
By(x) = Ly | 2=t LKA, X)) ) @)
S K (hytd(x, X))
n R . , —1 .
Vo0 = L S IG(Y)) E[G(Yi>1|x,1]1<(hn dx, X))\ )
S K (hy 'd(x, X))

Here, F(-) :C — G,G(-) : R —> G,1x(-) : G —> B and § is a separable Banach
space. Lx(+) is a continuous linear map. The functions F(-), G(-) and the remainder
term R, (x) are assumed to satisfy the following conditions.

B(i) LetB > Obeaconstant. Then, F(-) € F(x, B8, G). Here, F(x, B8, G) is aclass of
functions F(-) : C —> G such that for some constantby > 0, || F(z) — F(X)| <
brd(x, z)? for all z lying in a neighborhood of x.

B(ii) G(-) is such that for some v > 2, E[||G(Y) — E[G(Y) | X =z]||" | X = z] is
uniformly bounded for z lying in a neighborhood of x.
B(iii) R, (X) = 0p(8,) as n —> oo, where 8, = max {1}, [n¢(x, h,)] /]

Note that E[V,(x) | X, ..., X,;] = 0. We can view B,(x) as the bias term and
V,(x) as the variance term in kernel regression. Note that condition B(i) is related to
the smoothness of the regression function. Condition B(ii) imposes a bound on the
variability of the residual of the regression. Condition B(iii) essentially states that the
remainder term in our bias-variance decomposition is asymptotically negligible. We
shall now verify the validity of the above bias-variance decomposition in Examples 1, 2
and 3 in Sect. 2.

Example 1 (continued). Recall Example 1 considered in Sect. 2. We can set

S EW(Y) | XK (k' d(x, X))
S K (hytd(x, X))

B, (x) = —EM¥(Y) | X =x],
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SIW(Y) — E[W(Y) | XG11K (B d(x, X))
S K (hy'd(x, X))

Vi (x) =

’

and R,(x) = 0.

Then, setting G(Y) = V(Y), F(X) = E[V(Y) | X] and Lx(-) to be the identity map
on B, (3) holds for any kernel satisfying A(i) and any sequence of bandwidths {A,}
satisfying A(ii). Here, condition B(iii) is trivially satisfied. Note that in this case,
F(z) = ©(z), and so condition B(i) is satisfied when ®(z) is Holder continuous at
x with exponent $, and the class F(x, 8, B) can be taken as the class of all Holder
continuous functions at x. Condition B(ii) is satisfied when for some v > 2, E[|| W (Y)—
E[W(Y)|X = z]||” | X = z] is uniformly bounded for z lying in a neighborhood of
x. In particular, B(ii) holds for the location-scale type model ¥ (Y) = I[(X) + s(X)U,
where [(-) : C —> B and s(-) : C —> (0, 00) are continuous functions, and U is a
zero-mean random element in B, which is independent of X with E[||U||”] < oo for
some v > 2.

Example 2 (continued). Consider again the class of estimators described in Exam-
ple 2. The following proposition asserts that the bias-variance decomposition (3) holds
for those estimators.

Theorem 1 In Example 2 considered in Sect. 2, let By be a type 2 Banach space. Let the
kernel function K (-) satisfy A1) and the bandwidths {h, } satisfy A(ii). Assume that T'(-)
is Fréchet differentiable with derivative T'(-). Let Ly (-) = T (E[¥(Y) | X = x]) (),
G(Y) = W(Y), F(z) = E[G(Y)|X = z], and conditions B(@i) and B(ii) hold.
Then, B(iii) is also satisfied, and consequently the bias-variance decomposition in
(3) holds.

Note that in all the specific cases discussed in Example 2, namely, the coefficient of
variation, the correlation coefficient and the covariance operator, the function I'(-)
satisfies the differentiability condition stated in Theorem 1, and its derivative can be
computed in a straight forward way.

When Y is a real-valued random variable and ® (x) is the conditional coefficient of
variation of Y given X = x as mentioned in Example 2, Assumption B(i) is satisfied
if B[Y?2 | X = z] and E[Y | X = z] are both Holder continuous at x with exponent 3.
Further, the Assumption B(ii) is satisfied if E[Y*® | X = z] is uniformly bounded for
z lying in a neighborhood of x for some & > 0. Note that conditions E[Y | X =x] > 0
and V[Y | X = x] > 0 ensure that E[W(Y) | X = x] lies in the domain of ' (-).

WhenY = (Y, Y>) is a bivariate random variable, and ® (x) is the conditional cor-
relation between Y and Y; given X = x as mentioned in Example 2, Assumption B(i)
is satisfiedifeach of E[Y Y, | X = z], E[Y; | X = z], E[Y» | X = z],IE[le | X =z]and
E[Y22 | X = z] is Holder continuous at x with exponent 8. Assumption B(ii) is satisfied
if E[|Y|*T® | X = z] is uniformly bounded for z lying in a neighborhood of x for
some o > 0. Further, V[Y] | X = x], V[Y2 | X = x] > 0 ensure that E[¥ (Y) | X = x]
lies in the domain of I'(-).

One can verify that when ®(x) is the conditional covariance of Y given X = x,
Assumption B(i) is satisfied if E[Y ® Y | X = z] and E[Y | X = z] are both Holder
continuous at X with exponent 8. Assumption B(ii) holds if E[|Y||*t*|X = z] is
uniformly bounded for z lying in a neighborhood of x for some « > 0.
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Example 3 (continued). In the case of Example 3 considered in Sect. 2, define
g(ylt) = log f(y|t), where t € RY. Let 7 be an open ball in R? containing the
range of ®(-). We now assume some Cramer-type regularity conditions on the log-
likelihood g(y | t) that are required for asymptotic analysis of weighted maximum
likelihood estimates (see, e.g., Chaudhuri and Dewanji 1995). The support of f(y | t)
is assumed to be same for all t € 7, and g(y | t) is assumed to be thrice continuously
differentiable with respectto t fort € 7. Denote the Hessian matrix of all second-order
partial derivatives of g(y | t) with respectto t as A(g(y|t)), and the array of all third-
order partial derivatives of g(y | t) with respect to t as Az(g(y | t)). Define I(®(z)) =
—E[A>(g(Y | ©(z))) | X = z], and assume that I(® (z)) is finite, positive definite and
continuous for z lying in a neighborhood of x. Also, assume that for t € 7, there exist
two nonnegative random variables D (Y | t) and D> (Y | t) such that E[D;(Y | ]2 <
00, E[D2(Y [t)] < 00, and [[A2(g(Y [$)[| = Di(Y [t), [A3((Y[s)] = Da2(Y[t)
for any s in some neighborhood of t contained in 7.

In the next proposition, we see that the decomposition (3) along with condi-
tions B(i)-B(iii) is satisfied for the weighted maximum likelihood estimate @n (x)
defined in (1).

Theorem 2 In Example 3 considered in Sect. 2, assume that O(-) € F(x, B, R9)
for some B > 0, where F(x, B, R?) is as defined in B(i). Let the kernel function
K (°) satisfy A(i) and the bandwidths {h,} satisfy A(ii). Then, under the Cramer-type
regularity conditions stated above, the decomposition (3) along with conditions B(i)—
B(iii) will hold for @n(x) in (1) if we choose Lx(-) = [ION]~'(), G(Y) =
Vg(Y [ 0(X)) and F(X) = I(0(x))(© (X)), where g(y | t) = log f(y [1).

3.1 Asymptotic behavior of the bias and the variance

In this subsection, the orders of convergence of the bias term B, (x) and the variance
term V,(x) in (3) are investigated. It follows from Assumptions A(ii) and B(i) that
I1B,(x)| < |ILgl|lb Fhf for all sufficiently large n. So, for all choices of bandwidths
{h,} with h,, — 0T as n —> oo,

E[1B,01] = (Lxllbr) (©)

for all sufficiently large n. The inequality (6) leads to an upper bound of the rate of
convergence of the bias term, and it will be used later to study the asymptotic properties
of the estimate @n (x).

We next discuss the asymptotic behavior of the variance term V,,(x). We derive an
upper bound of the convergence rate of E[|| V,,(x) [1%] in the theorem below.

Theorem 3 Under A(), A(ii) and B(ii), n¢ (X, h,)E[||V,(X)[|*] = O(1) as n —> oc.
The following condition is needed to derive the asymptotic distribution of V,,(x).

B(iv) B is a separable Hilbert space, and G(-) in (5) is such that the covariance
operator D(-, - | z) : B x B —> R defined by D(u, v|z) = E[{(u, Ly(G(Y) —
E[G(Y) | X = zD)(v, Lx(G(Y) —E[G(Y) | X = z])) | X = z], where u, v € B,
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converges to D(-, - | x) in the trace norm as z — X, and D(-, - | X) is a bounded
positive definite operator.

Condition B(iv) is related to the smoothness of the conditional distribution of the
residual in the regression given the covariate, and it holds in many common models.
For example, consider the location-scale type model Ly (G(Y)) = I(X) 4+ s(X)U,
where I(-) : C —> B and s(-) : C —> (0, 00) are continuous functions, and U
is a zero-mean random element in B3, which is independent of X, having a bounded
positive definite covariance operator.

From Assumption A(i), it follows that /¢ (x, h) < E[Kj(h_ld(x, X))] <
L/ ¢ (x, h) for any positive integer j and any bandwidth / > 0. Define

ES 0 = [9x h) | E[KT (7 d(x, X)) (7)
for all positive integer j. Note that
—1 ) —172 o) —1
0<L zg[En (x)] ENx) <L < o0 ®)

for all n. In the next theorem, we establish the asymptotic Gaussianity of V), (x).

Theorem 4 Let the kernel function K (-) satisfy A(i), and the sequence of bandwidths
{hn} satisfy AQGi). Then, under conditions B(ii) and B(iv),

o 12 [EQ 0] EL V) — W

in distribution as n —> oo, where W is a zero-mean Gaussian random element in B
with covariance operator D(-, - | X).

Recall that R, (x) = 0 for the mean-type regression problems described in Example 1.
So, for these class of regression problems, from Theorem 4 and (3) we get that

o 12 [E200] 7 EL 00 [0, — 000 — B, 0] — W

in distribution as n —> 00. Define

S GY)K (hy'd(x, X))
S Ky ldx, X))

en[G(Y) |X] =

The covariance operator D(-, - | x) of W may be estimated by

D, (u, v|x)
_ X [ L (G (YD) — eal GOY) [ XD) (v, La(G(Y)) — en[G(Y) | XD)I K (B, 'd (x. X))
S K (hy'd(x, X)) '

The function ¢ (x, h) plays a central role in determining the convergence rate and
the asymptotic distribution of V;,(x), and we discuss it in detail in the next subsection.
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3.2 The small ball probability function

When the covariate X is finite-dimensional, say X € R?, and it has a continuous
positive density at x, it follows that ¢ (x, 1) ~ h? as h —> 07. But if X is a random
element in an infinite-dimensional space, getting the asymptotic order of ¢ (x, /) as
h —> 07 is much more difficult, and the available results in this area are mostly for
the case where X is a Gaussian process (see, e.g., Lifshits 2013). In the literature,
the popular approach has been to first derive the limiting behavior of log ¢ (0, /) as
h —> 071, when X is a Gaussian random element centered at 0. Then, one makes a
connection between ¢ (x, h) and ¢ (0, /) for suitable x and sufficiently small .

The asymptotic behavior of log ¢ (0, #) was investigated in Li (2001) for real-
valued centered Gaussian Markov processes on [0, 1] under the L -norm, where
1 < p < oo. It was shown there that in such a case, h? logp(0,h) — —cy as
h — 0%, where ¢; > 0is a constant depending on p. For X being a fractional Brow-
nian motion on [0, 1] with Hurst index y € (0, 1), it was shown in Theorem 4.6 in
Li and Shao (2001) that under the Loo-norm, —c;hi =17 < log (0, h) < —c3h™'/Y
for all 0 < h < 1. Here, ¢z and c3 are positive constants depending on y. For
X being an integrated fractional Brownian motion with Hurst index y € (0, 1), it
was established in Theorem 4.10 of Li and Shao (2001) that under the L,,-norm,
—c4h=VHY) < 1og (0, h) < —csh™1/04Y) for all 0 < h < 1, where c4 and c5 are
positive constants depending on y.

For the Lévy fractional Brownian motion on [0, 1]7 with Hurst index y € (0, 1),
it was proved in Theorem 5.1 in Li and Shao (2001) that under the L,-norm,
—cgh™1/7 < log (0, h) < —c7h™4/Y forall 0 < h < 1. Here, cg and ¢y are positive
constants depending on y and ¢. For a Brownian sheet on [0, 1]7, it follows from
Theorem 5.3 in Li and Shao (2001) that under the L>-norm, —cgh~2(log(1/h))?4—2
< log¢(0,h) < —coh™2(log(1/h))?1=? as h — 0T, where cg, cg > 0 are con-
stants depending on ¢q. It was shown in Theorem 5.4 in Li and Shao (2001) that if
X is a Brownian sheet on [0, 1]%, we have —cloh_2(log(1/h))3 < log¢(0,h) <
—cnh’z(log(l/h))3 under the L o-norm, where cjg, c1; > 0 are constants.

3.3 Shifted small ball probability

As we have already mentioned, the asymptotic behavior of log ¢ (x, &) is derived by
establishing some relationship between ¢ (x, #) and ¢ (0, 7). As described in subsec-
tion 1.2 in Mas (2012), one can establish a relation between ¢ (x, k) and ¢ (0, h) if the
probability measure of X — x is absolutely continuous with respect to the probability
measure of X, and the density of the measure of X — x with respect to the measure of
X is suitably smooth. This approach is motivated from the Cameron—Martin theorem
describing the Radon—-Nikodym derivative of a Weiner measure translated by x with
respect to the centered Weiner measure, where x is an element of the reproducing kernel
Hilbert space associated with the centered Weiner measure (see Cameron and Martin
1944). When X is a centered Gaussian random element in a separable Banach space,
and x is an element of the associated reproducing kernel Hilbert space, from Theorem
3.1 in Li and Shao (2001) we get that exp[—(1/2)||x||i]¢(0, h) <¢x,h) <¢0,h)
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forall 4 > 0, where || - ||, is the norm in the reproducing kernel Hilbert space. But this
resultis not very useful for our purpose since the probability of the event that an infinite-
dimensional Gaussian random element lies in its reproducing kernel Hilbert space is
zero (see Corollary 7.1 in Luki¢ and Beder (2001)). Fortunately, it follows from Remark
2.2 in Dereich and Lifshits (2005) that when X is a centered Gaussian random element
in a separable Banach space, then for almost all x, (¢ (0, h/2)? < ¢(x, h) < ¢(0, h)
for all sufficiently small 4. How small /# needs to be depends on that particular x. On
the other hand, it follows from Theorem 2.1 in Hoffmann-Jorgensen et al. (1979) that
for X being a centered Gaussian random element in a separable infinite-dimensional
Hilbert space, we have exp[—(1/2)||x||2]¢(0, h) <¢x,h) <¢(0,h)forall h > 0.

Let X be a centered Gaussian random element in a separable Hilbert space. The
Karhunen—Loeve expansion of X is X = Z‘;i |V} Zj¥ ;, where {Z;} is a collec-
tion of independent normal random variables with mean 0 and variance 1, {A;} is
the sequence of decreasing eigenvalues of the covariance operator of X, and {¥ ;} is
an orthonormal basis of the Hilbert space. Here, the small ball probability ¢ (x, /)
can be related to the rate of decrease of the sequence {A;}. As discussed in sub-
section 4.1 in Chagny and Roche (2014), for certain rates of decrease for {A;},
e.g., if for some o > 1, j¥X; is bounded and bounded away from O for all j,
we may have cph?! exp(—ci3h ') < ¢(X,h) < crahP? exp(—ci5h™9") for posi-
tive constants cy2, ¢13, C14, €15, P1, p2 and gj. Alternatively, for some other rates,
e.g., if jexp[2j]A; is bounded and bounded away from O for all j, we may have
c16h?3 exp[—c17(log(1/h))?] < ¢ (x, h) < c18h?* exp[—c17(log(1/h))4?] for posi-
tive constants ci¢, €17, C18, P3, P4 and g2 > 1 (see subsection 4.1 in Chagny and Roche
(2014)). See also Theorem 4.4, Examples 4.5, 4.6 and 4.7 in Hoffmann-Jorgensen et al.
(1979) for a discussion on the relation between the small ball probability ¢ (x, #) and
the rate of decrease of {A;}.

From the discussion on the small ball probability functions above, it is now clear
that in a diverse collection of cases, we have

Cih" exp[—Ca(1/) (log(1/h)3] < ¢ (x, h) < C3h™ exp[—Ca(1/h)" (log(1/h))"?] (9)

ash —> 0%7.Here, C1, C2, C3,Cs > Oand 1y, t, 13, t4 > O are appropriate constants,
all of which, except C1, are independent of x. C; may or may not depend on x, but
if it depends on x then Cy = C{ exp[—(1/2) [Ix||?] for some positive constant C}. For
infinite-dimensional covariates, either #, > 0, or 3 > 1 is an integer with C, = Cy.
Define

m(h) = C2(1/h)"? (log(1/h))" (10)

for 0 < h < 1. We shall derive the optimum convergence rates of the estimates in
terms of m(h).

The previous discussion of small ball probabilities are concerned with only
Gaussian random elements. We next consider small ball probabilities of some infinite-
dimensional non-Gaussian distributions. Let B and 3, be separable Banach spaces,
and f(-) : B, — B be a function such that for any u € B;, there exist constants
r, s > 0, which may depend on u, such that for any v € 3, sufficiently close to u, we
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have r|lv —u| < || f(v) — f(w)] < s||lv— u|. Any Frechet differentiable function
f(-) with a Frechet differentiable inverse satisfies such a condition. If T and G are
random elements with T = f(G), and the small ball probability of G satisfies the
bounds described in (9), then similar bounds also hold for T (see Proposition 1 in the
supplement). An example of such a non-Gaussian process T is the geometric Brow-
nian motion in an L, space, where f () is the pointwise exponential map (Jksendal
2003, p. 67).

Next, let G be a Gaussian process whose small ball probability satisfies the bounds
in (9), and T = G/U, where U is a bounded positive random variable independent of
G. Then, (9) will also hold for the small ball probabilities of T (see Proposition 2 in
the supplement). Also, bounds similar to (9) can be established for the small ball prob-
abilities of an infinite-dimensional ¢ process, whose corresponding Gaussian process
has small ball probabilities satisfying (9) (see Proposition 3 in the supplement).

The bounds in (9) were considered in Ferraty and Vieu (2006, p. 209) with C, = C4y,
t1 = t4 = 0, and they called it the small ball probability function of an exponential-
type process. For 1, = 0, 13 = 1 and appropriate values of the parameters Ci, Ca,
C3 and Cy, (9) yields the case of a finite-dimensional covariate X with a continuous
positive density at x, or a fractal-type process as defined in Ferraty and Vieu (2006,
p. 207).

4 Convergence rate

We now derive the optimum achievable convergence rate for kernel estimates satisfying
the bias-variance decomposition (3). As we shall see, the function m (k) defined in
(10) plays a central role in determining the convergence rate of the estimate O, (x).
We shall consider the covariate space to be infinite-dimensional. The case of finite-
dimensional covariates is extensively discussed in the past literature (see, e.g., Stone
(1980, 1982), Ibragimov and Hasminskii (1980), Yatracos (1988), Donoho and Liu
(1991a,b)). In order to consider only infinite-dimensional covariates, we assume that
in (9), either #, > 0, or 13 > 1 with C; = (4 in all subsequent discussions. In that
case, m(h) is a strictly decreasing positive function, and m~!(-), which is the inverse

function of m(-), is well defined. In the next theorem, we see that (m’1 (log n))/3 is
an attainable rate of convergence of ®, (x). Also, under certain additional conditions,
(m_1 (log n))zﬁ is an attainable rate of convergence of the mean square error of ® n(X).

Theorem 5 Suppose that in (9), we have eitherty > 0, or t3 > 1 with Cy = C4. Then,
for any kernel K (-) satisfying A(i) and © (x) satisfying (3) along with conditions B(i)—
B(iii), there is a sequence of bandwidths {h,} satisfying AQi) such that H®" x) —
O | = 0p((m~(log n))/3 ) asn —> oo, where m(h) is as defined in (10). Further,
ifELR,(X)[*] = 0(82) as n —> oo, where 8, is as defined in B(iii), E|©,(x) —
O(x) ||2 = 0( (m’l(log n))zﬁ) as n —> oo for the aforementioned sequence of
bandwidths {h,,}.

Recall that when the parameter of interest is a conditional mean type function as
described in Example 1 in Sect. 2, R,(x) = 0. So, in that case the condition
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E[||R,(%)]?] = 0(8,2!) assumed in the second part of the above theorem is trivially
satisfied.

4.1 Lower bound on the convergence rate

We now proceed to investigate the lower bound of the convergence rate of O, (x).
In the next proposition, we establish an asymptotic lower bound of the sequence of
bandwidths {4} that leads to consistent kernel regression estimates. This result will
be needed while deriving the lower bound of the convergence rate of a kernel estimate.

Theorem 6 Suppose that in the upper and the lower bounds in the shifted small
ball probability in (9), we have either t» > 0, or t3 > 1 with C; = Cy. Then,
for any sequence of bandwidths {h,}, which satisfies Assumption A(ii), we have
hn/m_1 (logn) bounded away from 0 as n —> oo, where m(h) is as defined in (10).

Define

- K (h'd(x,X))
By(x) =Ly (E| (FX) = F(X) —5—— | |-
Ey ()¢ (X, hn)

where Ly (-) and F'(-) are as defined after (5), and E ,§” (x) is as defined in (7). Also, let
{e1, e, - - - } be a Schauder basis of 3, such that forany v € B, v= ) .~ v,e, fora
sequence of real numbers {v, }. Let ¢; € B* be the projection functional corresponding
toe;,i.e.,v= Z?il ¢~)i (v)e; for all v € B. Consider the following assumptions.

C(i) There is ©(-) : C —> B with the corresponding Lx(-) and F(-) such that for
any sequence of bandwidths {%,,} satisfying A(ii),

h P ‘

én(x)H ~ b >0 (11)

for all sufficiently large n.
C(ii) Let G(-) be as defined after (5). For some positive integer io, the conditional
variance function V(z) : C — R defined by V(z) = E[(¢i,(Lx(G(Y) —

E[GY) | X = z])))2 | X = z] converges to V(x) as z —> x, and V(x) > 0.

Condition C(ii), like condition B(iv), is related to the smoothness of the conditional
distribution of the residual in the regression. In fact, condition C(ii) holds in the same
location-scale type models, which we described after condition B(iv). Condition C(i)
gives a lower bound on the rate of convergence of the bias part of the estimate. Inequal-
ity (6) and condition C(i) together imply that the rate of convergence of the bias part
is same as hg as n —> oo. The following two conditions are sufficient to ensure
that C(i) holds.

a. ThereisaconstantO < s < 1 suchthat ¢ (x, sh)/¢(x, h) is bounded away from
1 for all sufficiently small 2 > 0.
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b. Let Ly (F(x, B, G)) be the class of all functions defined by the composition
Lgx o H, where H € F(x,8,G) and F(x, 8,G) is as defined in B(i). Then
Lx(F(x, B, G)) contains the function z — d (X, z)Pv, where v € B, and z lies
in a neighborhood of x.

Condition (a) is satisfied when in (9), t, > 0, or ] < 14, or C» = C4. We observe that

at least one of these is true in the examples that we have described in Sect. 3.2.
Now, we derive the lower bound of the order of convergence of the bias term B, (x)

in (3) under B(i) and C(i). Note that B, (x) = B, (x) + R, (x), where
kn (x)
(Z?_1 (F(X) = Fo) K (hy'd X)) )
Lx — By (x)

" K (h;ld(x, Xi))

YIL(FX)—Fo)K (h'dx. X)) 2 K (h'd x, X;)
=Lx( — G l)nZ(F(X,’)F(x))(l)

Sy K (h'd X)) i ES (%) 9 %, )
—1 1
1 & K (hy d (x,X;) K (hy;'d (x,X)
+ 1L *Z(F(Xi)—F(X))F—E (F(X)_F(X»H ,
"is Ep’ (X)¢ (X, hy) ESV (x) ¢ (x, hn)

It follows form condition A(i) and Markov inequality that

Y EN 0 )T K (7 d(x, X)) — 1) = Op([ne(x, h)] ) as
n —> o0. Hence, from conditions A(i), A(ii) and B(i), we have

- =Y (F(X) - F(x)

L YILFX)—F@)K (h'd(x,X)) 1 « K (hy'd (x,X)))
) Sy K (hild 5 X)) n ED ()¢ (x. )

= op (hf))

as n —> 00. Also, from Assumptions A(i), A(ii), B(i) and Markov inequality, it
follows that

N K (hy'd (x, Xi K (h7'd (x, X
Lx 7Z(F(Xi)—F(X))M—E (F(X)_F(X))M
s Ey (%) ¢ (%, ) Ep (0 ¢ (%, )

as n —> o0. Hence,
Ry (x) = op(h?) asn — oo. (12)

Note that inequality (11) provides a lower bound of the convergence rate for the bias
term B, (x) in view of (12), and this will be used to determine a lower bound of the
rate of convergence of @n (x). Also note that qgio (ILX(G(Y))) in condition C(ii) is a
real-valued random variable. So, the convergence condition in C(ii) of the conditional
variance may be viewed as a special case of condition B(iv). We now state the theorem
on the lower bound of the convergence rate of H @n x) — OK) ”
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Theorem 7 Suppose that in (9), we have either t; > 0, or t3 > 1 with Cy = Cy,
the kernel K () satisfies A(1), the sequence of bandwidths {h,} satisfies A(ii), and the
decomposition (3) along with conditions B(i1)-B(iii), C(i) and C(ii) hold. Then,

lim inf P [(ml(logn))_ﬂ 18,0 — 0| > c] =0

for some constant ¢ > O depending on ©(x), where m(h) is as defined in (10).

Theorem 7 implies that we cannot get a faster rate of convergence than

(m~!(log n))ﬁ, since (m~!(log n))fﬁ H@n(x) — ©(x)| does not converge to 0 in

probability as n —> oo. Further, from Theorem 7 it follows that (m’1 (log ;1))2/3 isa

lower bound for the rate of convergence of the mean square error E H @,, x) —0O(x) H 2.
Hence, combining Theorems 5 and 7, we get that (m’1 (log n))ﬁ and (rrf1 (log n))zﬂ
are the optimum rates of convergence of O, (x) and its mean square error, respectively,
when all the conditions of the two theorems are satisfied. We now deduce simplified
expressions of the optimum rates for the specific infinite-dimensional covariate distri-
butions considered in Sect. 3.2.

For X being a real-valued continuous Gaussian Markov process on [0, 1], under
the L ,-norm, we have (m_l(log n))ﬂ = O((log n)_ﬁ/Z) as n —> oo. For fractional
Brownian motion on [0, 1] with Hurst index y € (0, 1), under the L,-norm, we have
to = 1/y, and consequently (m_l(log n))'6 = O((logn)_yﬁ) as n —> 00. On the
other hand, for an integrated fractional Brownian motion with Hurst index y and under
the Loo-norm, we have , = 1/(1 4 y) and (m~'(log n))/3 = O((logn)~U+1F) as
n —> 00. When X is a Lévy fractional Brownian motion on [0, 1] with Hurst index
y. 1y =q/y and (m~'(logn))’ = O((logn)~7#/7) asn —> oo.

In the class of processes Hy ; considered in subsection 4.1 of Chagny and Roche
(2014), 1 > 0 and 13 = 0, and we have (m’l(logn))m3 = O((logn)’zﬂm) as
n — o0. On the other hand, for the class of processes Hy s considered by these

authors, we have (m_l(logn))zﬂ = O(f:xp[—Z,BC2 113 (logn)l/’3]) asn —> oo.
Note that these rates coincide with the optimal rates of convergence of the mean
square error described in Chagny and Roche (2014, Table 1, p. 2363), which were
derived when the response is real-valued and the parameter of interest is the conditional
distribution function of the response. We have covered this particular case of the
parameter of interest in Example 1.

4.2 Asymptotic dominance of bias over variance

Recall that in the case of finite-dimensional covariates, the bias and the variance
terms in nonparametric regression have the same rate of convergence (see, e.g., Stone
(1980), Ibragimov and Hasminskii (1980)). In fact, Mas (2012) chose the bandwidth
of the kernel estimate by balancing the asymptotic orders of the bias and the variance
(see Lemma 1 and the preceding discussion in Mas (2012)) even when the covariate
is infinite-dimensional. However, as we shall show now, the optimum choice of the
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bandwidth in a kernel estimate, as described in the proof of Theorem 5, leads to
different asymptotic orders of the bias and the variance when the covariate is infinite-
dimensional in nature, i.e., when we have either t, > Q or t3 > 1 with C» = C4 in
).

Theorem 8 Suppose that either t; > 0 or t3 > 1 with Co = Cy4 in the bounds in
(9). Also, let the kernel K (-) satisfy A(1), and the decomposition (3) along with condi-
tions B(1)—B(iii) hold. Then, for any O (x) satisfying C(i), the ratio |V, (xX)||/|| B, X)|| =
op(l) as n —> oo for the optimum choice of bandwidth {h,} described in the proof
of Theorem 5.

Theorem 8 illustrates that our optimum bandwidth, which minimizes (25) in the
proof of Theorem 5, does not balance the convergence rates of the variance and the
bias in kernel regression if the covariate is infinite-dimensional. Instead, the ratio of the
variance to the bias for our optimal choice of bandwidth tends to zero as the sample
size increases. This phenomenon is due to the exponential decay of the small ball
probability function in infinite-dimensional spaces. When the covariate is infinite-
dimensional, we may have very small number of observations in a neighborhood
in the covariate space. To cope with this problem, one has to use relatively larger
bandwidths than what is required for finite-dimensional covariates. This results in an
‘over-smoothed’ estimate with its bias asymptotically larger than its variance. It will be
appropriate to note here that the optimum convergence rate derived in Theorems 5 and
7 is same as the one derived in Mas (2012) for estimation of the conditional mean of a
real-valued response, where the chosen bandwidth balances the bias and the variance
(Mas 2012, p. 1760). However, our optimum bandwidth, which does not try to balance
the bias and the variance in the decomposition (3), will often lead to an estimate with
higher statistical precision compared to an estimate based on a bandwidth that balances
the bias and the variance. In several cases, the statistical error will be substantially
lower when our optimum bandwidth is used as demonstrated in Theorem 9.

Theorem 9 Suppose Assumptions A(1), A(ii), B(i)-B(iii) and C(ii) are satisfied. Let
@f,b) (x) be an estimate of ® (x) constructed using bandwidth hf,b) , which satisfies A(ii)
and balances the bias and the variance so that (hf,b) )28 neo(x, hilb)) is bounded and
bounded away from 0 as n —> o0. Also, let @,(1017 ) (x) be an estimate of ®(X) con-
structed using our optimum bandwidth minimizing (25) in the proof of Theorem 5.
Assume that tp > 0 in the bounds in (9). Then, for any 1 > B and any ®(-) for which
the corresponding F(-) € F(x, f1,G) C F(x, 8, G),

6" %) — O

H@g’)(x) T om H =op(l) asn — oo.

Further, if E[|| R, (x)[|*] = 0 (82) as n —> oo, where 8, is as defined in B(iii), then

E H 0 (x) — O(x) ”2

5 =o0(l) asn — o0.
E ”@fj’)(x) —O®X) H
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Recall that for conditional mean type functions described in Example 1 in Sect. 2,
R, (x) = 0, and the condition E[|| R, (x)||*] = 0(8,%) assumed in the second part of the
above theorem is trivially satisfied.

5 Adaptive selection of bandwidths

In practice, one has to choose the bandwidth & by some data-driven adaptive proce-
dure. Such adaptive choice of bandwidth, when the covariate is functional, has been
investigated in Chagny and Roche (2014, 2016) for the kernel estimates of the condi-
tional distribution and the conditional mean of a real-valued response. Their data-based
bandwidth selection procedure can be suitably extended for more general regression
problems considered in this paper.

Let H,, be a finite collection of bandwidths with cardinality less than or equal to
n such that for any 4 € H,,, ¢ (x, h) < 2(log n)~! and ¢(x, h) > n_l(log n)?. Since
¢ (x, h) is a monotone increasing function of 4, if a sequence of bandwidths {4,} is
such that h,, € H, for all n, then {h,} satisfies condition A(ii). In this section, we
shall write @n(x, h), B,(x, h), V,(x, h) and R,(x, h) for @n(x), B, (x), V,(x) and
R, (x), respectively, to indicate the dependence of @n (x), B, (x), V,(x) and R, (X) on
the bandwidth 4. We assume the following:

D(i) There is a constant o > 0 such that for any z in a certain neighborhood of x and
every integer k > 2,

k!
E[ Ly (GY) ~BIGO) X =2)) I} | X = 2] < To*.

D(i) There are constants €; > 0, € > 0 and M > 0 such that whenever & < €| and
IVa(x, B)|| < €2, we have || Ry (x, h)|I> < Mh*P + ||V, (x, )|,

Condition D(i) is similar to assumption ( H, ) used in Chagny and Roche (2016, p. 108),
which was used to derive the convergence rate of the adaptive estimate of the con-
ditional mean for a real-valued response. Condition D(ii) describes a bound on the
remainder of our bias-variance type decomposition in terms of the bound on the bias
part and the variance part. Condition D(ii) is trivially satisfied for the conditional
mean type estimates described in Example 1 in Sect. 2. It is also satisfied in the class
of regression problems described in Example 2 in Sect. 2. Define the empirical shifted
small ball probability a(x, h) = (1/n) "7 I(d(x, X;) < h). Define

2 logl’l ~ 2 ~ .
D,(x.h) = o v h)]I <¢(x, hy > 0) +o2e,nl <¢(x, hy = 0) ,

where {¢,} is a sequence of positive constants independent of /4, such that ¢, —
Zo > 0 asn —> oo. The constant ¢y is described in the proof of Lemma 11 in the
supplement. Also define

Cotx. 1) = max ([, (x. i) = B, (x, max{h, ') |* = Dy (x. 1))

h' €M, +
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D, (x, h) approximates the upper bound of the variance term, and C, (X, &) approxi-
mates the bias term. The data-driven choice of bandwidth is defined as

h, = arg gﬁl [Cn(X, h) + Dy (x, h)].

The following theorem gives an upper bound on the convergence rate of the adaptive
estimate ®, (x, i).

Theorem 10 Define

logn
Ap = min | W2+ —=— |
" ﬁﬁ[ +n¢mmJ

Let conditions A(i), B(i), D(i) and D(ii) be satisfied. Then,
18, (x, 1) —© ®)|> = Op (hy) as n — oo. (13)

Further, for the conditional mean type functions described in Example 1 in Sect. 2, we
have

E |6, k) —0m®|* = 0 () asn — . (14)

Equation (13) gives an upper bound for the asymptotic convergence rate of the
adaptive estimate. In Chagny and Roche (2016), the adaptive estimate and its conver-
gence rate were derived for the estimation of the conditional mean of a real-valued
response in a homoscedastic model. Our setup includes heteroscedastic regression
models where the parameter to be estimated is an element of a type 2 Banach space,
and it is not necessarily the conditional mean.

5.1 Numerical demonstration

We next demonstrate the adaptive estimate O, (x, i) in several regression models.
In all the examples, we consider the covariate X to be a random element in L;[0, 1].
The usual norm in L>[0, 1] is denoted as || - ||2. We denote the adaptive choice of the
bandwidth as . We take ¢, = min{/n, 1500} in our computation, the validity of
which is ensured from (73) in the supplement. We substitute ¢ (x, 1) by qS(x, h) in
the construction of the collection of bandwidths H,,, as done in Chagny and Roche
(2016). The parameter o2 used to define D, (x, h) and mentioned in D(i) also needs
to be estimated. This is done based on the regression model. Note that for o2, which
satisfies

o? = | Lal?supE [ G(Y) — E[G(Y) | X =z]? | X =2] (15)

for z lying in some neighborhood of x, condition D(i) will hold. Since by construc-
tion max H,, —> 0 as n —> o0, and the kernel K(u) = I(0 < u < 1) satisfies
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condition A(i), it is enough to consider the supremum in (15) over the X;s such that
d(x, X;) < max Hi, for estimating o2.So, if &12 is an estimated upper bound of || Lx ||2,
and 63 (X;) is an estimated upper bound of E [||G(Y;) — E[G(Y;) | X;]||*| X;]. then
we can take

6% = 612 max {62 X)) dx,X;) < maan}

as an estimate of o 2. Let hp,1 = minH, and h, > = max H,. Denote

K (hn,17'd (2, X))
YUK (BTl (2, X))

W) @) =

In the case of the mean regression model as described in Example 1, an estimate of

o2 is

2
Wi (X [d(x, Xi) < s

n

62 = max Z

j=1

W(Y) - (Z (YW (X,,))
k=1

The function W (-) is as described in Example 1. The rationale for using the weights
Wl.(’]n) (z) is the same as that described in subsection 4.1.2 in Chagny and Roche (2016).
In case the parameter to be estimated is a function of the conditional mean as discussed
in Example 2, or in the case of a maximum likelihood regression model as described
in Example 3, we need to additionally estimate an upper bound of the term || Ly ||? in
(15). For a function of conditional mean type estimate, we have seen in Theorem 1 that
Ly(:) =T (E[¥(Y) | X = x]) (-), where ['(-) and ¥(-) are as described in Example 2.

2
Hence, we can take &12 = H r’ (Z?:l \Il(Yi)Wi(L) (x))‘ ,and

2
1
Wi X [dx, Xp) < hy 2

n

= 812 max Z

Jj=1

62

W(Y;) - (Z \ka)W,ff,l(X,»))

k=1

Here, the function W (-) is as described in Example 2. In a maximum likelihood regres-
sion model (Example 3), we have seen from Theorem 2 that Ly (-) = [I(®(x))]~!(-).
So, we need to estimate I(®(x)) = —E[A>2(g(Y | ®(x))) | X = x], which we esti-
mate by T = — 37 Aa(g(Y; | O x)) W (x), where 61" (x) is defined as the
solution of the likelihood equation (2) with the bandwidth being A, 1. So, we can take
6t = HiH 2 In this case, G(Y) = Vg(Y | ©(X)), so that E[G (Y;) | X;] = 0 for all ;.
Since ©(X;) is unknown, we estimate G(Y;) by Vg(Y; | ©Y (X)), where 04" (X;)
is the solution of the likelihood equation (2) with x replaced by X; and the bandwidth
being £,, 1. Consequently, here we have

n
—~ 2
52 = 6fmax § 3 |Ve(v; 18P X)) | W X)) [dx. X)) < b2
=1
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As our first example, we consider Y following a normal distribution with mean
zero and variance ||X||%. We consider two distributions for X, namely the standard
Brownian motion and the fractional Brownian motion with Hurst index 0.8. We want
to estimate the conditional variance V[Y | X = x], which we do in two ways. In the
first case, we estimate V[Y | X = x] by

n n 2
VO [ X=x1=)" [Yi - (Z Y Wi,n(x))] Wi ().

i=1 i=1
where

K ((hH)~'d(x, X))

Wi,n(X) = Z:lzl K ((h:)fld(X, Xz)) .

So, this estimate belongs to the class of estimates described in Example 2. In the second
case, we estimate V[Y | X = x] using the weighted maximum likelihood procedure
described in Example 3, with the conditional density of Y given X being the density
of the normal random variable with mean zero and variance ||X||%. In this case, our
estimate turns out to be

n
VOIY X =x] = ZY%WM(X).
i=1

We randomly generate 100 values of x from the distribution of X and compute the
estimates §fll ) [Y|X =x]and @,(12) [Y | X = x] for each of them. We plot the estimates
@,gl)[Y|X = x] and @5,2)[Y | X = x] along with the actual V[Y |X = x] values
for different sample sizes against the values of ||x|| in Fig. 1, where X is a standard
Brownian motion. When X is a fractional Brownian motion with Hurst index 0.8, we
plot the estimates along with the actual values in Fig. 2. from the plots, we observe that
the two estimates @,(11) [Y|X =x]and V,?) [Y | X = x] have no noticeable differences.
Also, there appears to be some underestimation when the value of V[Y | X = x]is high.
This is due to the fact that the V[Y | X = X;] values for X; lying in a neighborhood of
x tend to be smaller than V[Y | X = x], and the kernel estimate is based on those X;
and their corresponding Y; values. We also observe that the deviations of the estimated
values from the actual values are marginally less when the covariate is a fractional
Brownian motion with Hurst index 0.8, compared to the case where the covariate is a
standard Brownian motion. This may be due to the fact that the distribution of || X]| is
more concentrated at lower values when X is a fractional Brownian motion with Hurst
index 0.8 compared to the distribution of the same when X is a standard Brownian
motion.

In the second example, we take Y to be a Bernoulli random variable, with
PlY =1|X=x] =1-P[Y = 0|X = x] = 1/(1 + || X]]2). Here, our param-
eter of interest is P[Y = 1 | X = x], and we estimate it using the weighted maximum
likelihood procedure described in Example 3, while employing the adaptive choice
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Fig. 1 Plots of actual conditional variance V[Y | X = x] (line) and its estimates @f,l)[Y | X = x] (points,
first row) and @5,2) [Y | X = x] (points, second row) for different sample sizes. The covariate is a standard
Brownian motion
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Fig. 2 Plots of actual conditional variance V[Y | X = x] (line) and its estimates @E,l)[Y | X = x] (points,

first row) and @,(12) [Y | X = x] (points, second row) for different sample sizes. The covariate is a fractional
Brownian motion with Hurst index 0.8
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Fig. 3 Plots of estimated probability ﬁlin [Y = 1| X = x] (points) and actual probability P[Y = 1 | X = x]
(line). The covariate is the standard Brownian motion in the first row, and the fractional Brownian motion
with Hurst index 0.8 in the second row

of the bandwidth. We again consider two distributions of X, namely the standard
Brownian motion and the fractional Brownian motion with Hurst index 0.8, randomly
generate 100 values of x from the distribution of X and plot the estimated values and
the actual probabilities against the values of ||x|| in Fig. 3 for three different sample
sizes. The improvement in accuracy of the estimate over the sample sizes is notice-
able. We also observe that there appears to be some overestimation for small values
of P[Y = 1|X = x], which is due to the fact that values of P[Y = 1|X = X;] for
X; lying in a neighborhood of x tend to be larger than P[Y = 1 |X = x] in such a
case. Further, like in the first example, we observe that the deviations of the estimated
values from the actual values are less when the covariate is a fractional Brownian
motion with Hurst index 0.8, compared to the case where the covariate is a standard
Brownian motion.

In the third example, we consider a functional response Y, defined by Y(¢) =
fot X(t)dt + E(r), where E(-) is a Brownian motion independent of X(-) with the
covariance operator COV(E(s), E(r)) = 0.25min{s, t}. We want to estimate the
conditional mean curve E[Y | X = x], for some fixed value x of the covariate. We
again consider two distributions of X, namely the standard Brownian motion and
the fractional Brownian motion with Hurst index 0.8. In each case, we generate 3
random curves as values of x and plot the adaptive estimates of the corresponding
conditional means for different sample sizes in Fig. 4. In the first column, we have
plotted the curves chosen as values of x. The first three rows in Fig. 4 present the
estimated conditional mean curves and the actual conditional mean curves for different
sample sizes corresponding to the respective values of x in the particular rows when
the covariate is a standard Brownian motion. The last three rows in Fig. 4 present the
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Fig.4 Plots of estimated conditional mean curves E,[Y | X = x] (dashed line) and actual conditional mean

curves E[Y | X = x] (solid line). The covariate is a standard Brownian motion in the first three rows, and a

fractional Brownian motion with Hurst index 0.8 in the last three rows

estimated conditional mean curves and the actual conditional mean curves for different
sample sizes when the covariate is a fractional Brownian motion with Hurst index 0.8.
We observe that in all the cases, the estimates follow the actual curves closely.

5.2 Demonstration in real data

We now demonstrate the adaptive estimates of several regression parameters in the
Tecator data. The Tecator data is a popular dataset available in the R package ‘caret.’
This dataset contains the percentage values of moisture, fat and protein contents of
215 meat samples along with their absorbance spectra in the wavelength range 850-
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Fig.5 Plots of adaptive estimates of E[Y | X = x], E[Y> | X = x], VAR[Y | X = x] and VAR[Y; | X =
x] against the Lp-norm of x in the Tecator data

1050 nm measured by a Tecator spectroscope. The chemical contents of the meat
samples are measured by analytical chemistry, which is expensive. The spectra of the
samples are measured using a Tecator spectroscope, which is relatively inexpensive
compared to the analytical chemistry method. So, it is economically beneficial to be
able to predict the chemical contents of a sample from its spectra. Hence, we consider
the fat and the protein content values as the response and the curve of the absorbance
spectra as the covariate. We denote the percentage values of the fat and the protein
contents as Y| and Y», respectively, and curve of the absorbance spectra as X. So,
the covariate X is a random function here, which we consider as a random element in
the L, space. We consider 5 regression parameters of interest, namely E[Y | X = x],
E[Y2 | X =x], VAR[Y; | X = x], VAR[Y2 | X = x] and COR[Y, Y2 | X = x]. We
compute the adaptive estimates of all this parameters, where x varies over all the sample
curves of the absorbance spectra. We plot the adaptive estimates of E[Y; | X = x],
E[Y; | X =x], VAR[Y; | X = x] and VAR[Y; | X = x] against the L, norm of X in
Fig. 5, and the adaptive estimate of COR[Y, Y> | X = x] against the L, norm of x in
Fig. 6. The clear patterns of variation of the regression parameters over the covariate
values are noticeable in each of the plots.

Next, we demonstrate the adaptive estimates of the conditional mean in another
dataset, where both the response and the covariate are random functions. The dataset
we consider is the Cigar data, which is available in the ‘Ecdat’ package in R. This
dataset contains information about cigarette sales in packs per capita, per capita net
disposable income (NDI) and other economic parameters in 46 states in the USA over
a 30 years period from 1963 to 1992. We consider the curve of NDI over 30 years
as the covariate X, and the curve of cigarette sales over 30 years as the response Y.
So, both the response and the covariate in this setup are random functions, and our
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Fig.7 Plots of adaptive estimates of E[Y | X = x] for 3 values of x in the Cigar data

sample size is 46. We choose 3 sample covariate curves as values of x, and compute
the adaptive estimates of E[Y | X = x] for these 3 values of x. We plot the estimated
curves along with the respective covariate curves in Fig. 7, where the first row contains
the plots of the 3 curves chosen as values of x, and the second row contains the plots of
the corresponding adaptive estimates of E[Y | X = x]. The 3 estimated curves reflect
the variation of E[Y | X = x] over x.
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6 Concluding remarks

In this paper, we have derived the optimum convergence rate for a wide class of
kernel regression estimates when the covariate as well as the response may be infinite-
dimensional. It is shown that the convergence rates of such estimates do not depend
on the dimension of the response, but they depend critically on the dimension of
the covariate. We have seen that, for a wide class of covariates having infinite-
dimensional Gaussian distributions, the convergence rate is much slower than the
optimum achievable rate for finite-dimensional covariates. For instance, if the covari-
ate is a real-valued continuous Gaussian Markov process in L, [0, 1], the convergence

rate is O((log n)~%) for some 8 > 0. Theorem 4 implies that if hgﬁn¢ x,hy,) — 0
asn — oo, [ng(x, hy)] 1/zc,, [@n (x) — ®(x)] converges in distribution to a Gaussian
random element with zero mean as n —> o0, where ¢, = [E,(,z) )1V ZE,(,D (x) is
a sequence of positive numbers bounded and bounded away from 0. Note that this
corresponds to an under-smoothed kernel estimate of ®(x). On the other hand, if
h%,ﬂ ne(x, h,) — 00 as n —> oo, which includes the case of our optimum band-
width obtained in Theorem 5, we have h,, P [@n x) — OX)] — h, B én x) — 0in
probability as n —> oco. Here, B, (x) is a non-random deterministic object described
at the beginning of Sect. 4.1.

In Ferraty and Vieu (2006), Ferraty et al. (2006, 2010) and Chaouch and Laib
(2013, 2015), asymptotic properties of nonparametric regression estimates of different
parameters other than the mean of the conditional distribution of the response were
investigated. However, they only considered finite-dimensional responses, and they did
not investigate the problem of optimum convergence rates of nonparametric regression
estimates.

The problem of slow convergence rate of the regression estimates with infinite-
dimensional covariates that has been derived in this paper may be coped with using
an appropriate dimension reduction procedure on the covariate. Some procedures for
such dimension reduction for infinite-dimensional covariates available in the litera-
ture are the uses of functional sliced inverse regression (Ferré and Yao 2003, 2005),
functional average derivative regression (Ferraty et al. 2011) and distance correlation
maximization (Vepakomma et al. 2016). If the covariate with the reduced dimension is
adequate for regression analysis, the new small ball probability function in the reduced
covariate space will lead to better convergence rates.

7 Proofs and mathematical details

Proof of Theorem 1 From the definitions of Ly (-), G(Y) and F(z) in the statement of
Theorem 1, and from (4) and (5), we have

By (x)
S BN (YD XK (' d(x, X))
iy Ky ' dx, X))

=TI" E[¥(Y) X =x]) ~EW(Y)|X=x]],
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n ) . . -1 .
V) = I (BLU ) | X = x] (Zizl[\v(Y,) B[ (Y) | Xi11K (' d (. X,») .

"K (h;ld(x, X,-))

Set R,(x) = [@n(x) — Ox)] — B,(x) — V,(x). From A(ii) and (6), we have
| B, (x)|| —> 0asn —> oo. From A(ii) and Theorem 3, we have IE[||V,,(X)||2] —> 0
as n —> 00, and consequently ||V, (x)|| —> O in probability as n — o00. So,
| By (x) + V,(X)|| —> 0 in probability as n —> oo. Therefore,

IRy ()
= |[Gx(x) — O®)] — By(x) — V,(¥) |
_ HF (ZLI W(Y)K (b 'd(x, X;))

S K (hy ' d(x, X))

S W(Y)K (hy ' d(x, X))

S K (hy ' d(x, X))
=0 (|By(x) + Va(x)[) whenever || B,(x) + V,(x)|| —> 0,
=0 (|By®)|l + [Va®)[) whenever || B, X)| + [ Va(®)|| —> 0,

) — DEMNY) | X =x])

T E[V(Y) | X =x]) ( —EW(Y) X = X]) H

= op(max {hf, [ng(x, hy)|7'/?}) asn — 0, (16)
since from (6), we have ||B,(x)|| = O(hg) as n —> oo, and from Theorem 3, we
have ||V, (x)|| = Op([n¢ (X, h,)]~ /%) as n —> oo. So, B(iii) is satisfied. o

Proof of Theorem 2 Under the assumptions stated in Example 3, it follows that condi-
tion B(i) holds from the Holder continuity of ® (z). The continuity of the linear operator
Lx (-) follows from the invertibility of I(® (x)), and B(ii) follows from the assumptions
stated in Example 3 using arguments similar to those used in the proof of Theorem
3.2 in Chaudhuri and Dewanji (1995). We now proceed to verify condition B(iii).

Using arguments similar to those in the proof of Theorem 3.1 in Chaudhuri and
Dewanji (1995), we get @,, (x) —> O(x) in probability as n —> o0. Using this fact,
(2) and a Taylor expansion of Vg(Y; |t) att = @n (x), we get

D V(Y [OX N Wi () =Y Ax(e(Yi | 1:(x)) (O(X;) — ©n (%)) W; 5 (x)
i=1 i=1
= O,(x) —OKx)

—1
= |:Z Ao (g(Yi [ (X)))Wi,n(x):| (Z A (g(Yi [ )N (OX;) — ®(X))Wi,n(x))

i=1 i=1

-1
— [Z Ax(g(Y; |m(x>>>w,~,n<x>} (Z Va(Y, |®(Xi>>w,-,n(x>) :

i=1 i=1
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where 1; (x) lies between © (X;) and @n (x). Also, under the assumptions in Exam-
ple 3, using arguments similar to those used in the proofs of Theorems 3.1 and 3.2
in Chaudhuri and Dewanji (1995), we get that || Z?:l A (g(Y; [ mi(x)W; »n(x) +
I(®(x))|| —> 0 in probability as n —> o0. Also, since O(z) € F(x, 8, R?), we
have max{||®©(X;) —OX)|[|W; ,x)|i =1,...,n} < ch,’? for all n, where ¢ > Ois a
constant. Consequently, it follows that

0,(x) — O(x)

= O] (Z I(6x)(OX;) - ®(X))Wi,n(x))

i=1

+1O)]™! (Z V(Y| @(X,-)>W,-,n<x>>

i=1

+op (hf) +op (

O] (Z Ve(Y; |®(Xi>>W,-,n<x>> H) .

i=1
Taking
Va(x) = [1©O©)]™! (Z Ve(Yi |®(Xi))Wi,n(X)>
i=1

and B, (x) = [I(©(x)]™" (Z I(Ox)(OX;) — ®(X))Wi,n(x)) ,

i=1

we have R, (x) = op (hf + || Vy (x)||) as n —> 00, and the proof is complete using
the convergence rate of E[||V;, (x) ||2] as described in the proof on Theorem 1. O
Proof of Theorem 3 The arguments used in this proof are closely related to the argu-
ments in the proof of Proposition 1 in Chagny and Roche (2016). Define W, (x) =

=t EN 0 (x, )] K (7 d (x, X)), where ESP (x) is as defined in (7). Tt
follows from Bernstein’s inequality (Serfling 2009, p. 95) and condition A(i) that

P[IW,(x) — 1| > (1/2)] < 2exp(—c1n¢ (X, hyn)), a7
where ¢ is a positive constant. Note that

E[| V()71 = B[V ) IPT(Wy (%) < (1/2))] + E[||V,, (%) [IPT(W,, (%) > (1/2))].
(18)

For the first term on the RHS in (18), using the fact that 3 is a type 2 Banach space
and conditions A(i), A(ii) and B(ii), we have from (17),

@ Springer



Convergence rates for kernel regression 499

L Va () IIPIW, (x) < (1/2))] = EIE[ Va 0P T(Wa (%) < (1/2)) X1, ..., X, 1]

11 ELIG(Y) — ELG(Y) | XAIP X162 (1 'd (x. X)) |
<k 5 ]I(Wn(x) < 2)
i ( ;’ZIK(h;Id(x,X,-)))
i n 2.—1 .
< oyp | izt KO A X)) 2H<Wn(x) - %)
(X K (' X))
< 3P[IWa(0) = 1] > (1/2)] = 263 exp(—cing (%, hn)) (19)

for all sufficiently large n, where ¢, and c3 are positive constants. Since ue™ " < e !

for u > 0, from (19), we get that for all sufficiently large n,

2
nd B IV TV, ) < (1/2) ] = =2 (20)

Now, for the second term on the RHS in (18), again using the fact that 5 is a type
2 Banach space, conditions A(i), A(ii), B(ii) and inequality (8), we get that for all
sufficiently large n,

[V (0 IPT(W, (x) > (1/2))]

K (h'd(x, X;))
E) (06 (X, hy)

(W (x))?

Xi,..., X, | W00 = 1/2)
(W (x))

& K2(h; ' d(x, X)) L(W, (x) = (1/2))
< |Lg|l>csE E|I1G(Y;) — E[G(Y) | X: 117 | X; n
= lalres [Z% [” (0 ~BIOt Xl }<Wn<x>>2(E,S”<x>>2n2<¢<x,hn>>2

1 n
2 - ) — . .
= Lk I"E |:H . ;[G(Yz) E[G(Y) [X;]]

I, = (1/2»}

2
K (h;'d(x, X;))

= ES () (X, hy)

n

|
= |Lx|2u{ [
n

=Y IG(Y) —EIG(Y) | Xi]]

n 2c1,—1 ) n 2 —1 )
SCSE{Z K2(hy, Z(x’ (>1<),>>11<Wn<x)z (1/2)2)} - 4esE K (hn2 d(x, X))
o (Wa(x))? (B, ()12 (¢ (X, 1)) im1 (E,(l”(x)) n2 (¢ (x, hy))?

4sEP 1 _desL? 1

(Er(ll)(x))znqb(x,hn)_ 12 ne(x, hy)

desL?
7

= B mE IV, PIW, ) = (1/2)] = @1

where ¢4 and c5 are positive constants. From (18), (20) and (21), we get n¢ (x, h,)
E[[|Va(®)[] = O(1) as n —> oo. ’
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Proof of Theorem 4 Note that

(g (x, h)1* [EP )12 ELD %)V, (%)

K (hy'd(x,X;))
Yt T g iy (G (YD) — EIG (YD) | Xi)

; e 22)
Y (B w0g k)| Ky e X))

Define

" K 'dx, X))
V*x) = L Lx(G(Y:) —E[G(Y;) | Xi]).
*(X) ;[E,(,z)(x)]l/z[n¢(x,hn)]1/2 (G(Y)) — E[G(Y) | X;])

The covariance operator of V,*(x), denoted as Dy, (-, - | x), is given by

Dy (u, v|x)

K2(hy;'d(x, X))
=E | (u, Lx(G(Y) = E[G(Y) | X])) (v, Lx(G(Y) = E[G(Y) | X]) —(7—

EX %) (x. hn)
foru, v € B. Under conditions A(i), A(ii) and B(iv), D, (-, - | x) converges to D(-, - | x)
in the trace norm as n —> oo. Consequently, conditions (i) and (ii) in Theorem 1.1

in Kundu et al. (2000) are satisfied. Define

K (hy'd (x, X))

Un,i(X) = [Er(lZ)(X)]l/z

Ly (G(Y:) —E[G(Y) [Xi]) .
Given € > Q0 and b € B, define
- Upi (%) ? W Ui (x) >‘ ]
L,(e,b) = E{{——————=,b) I||{————————.,b .
b ; [<[n¢(x,hn>]l/2 > g o172 ] 7€
From A(i), A(ii) and B(ii), we have for any b with ||b|| = 1,

2
Uy, 1(x), b
%H [(Un,109. ]| > € Ing x, hn)]1/2]:|

(Ui ). b2 [ [Un10.b)] 177
<E
- S, hn) | eng(x, hy)]'/?
<[ I ]”2 ILxll” 1G(Y) — BIG(Y) | X1Il” K" (b 'd(x, X))
= Lelngx, hy)1'/2 (E ()12 (x, hy)

L,,(e,b):IE|:

< clndx, b))~ T — 0
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asn —> 00, where v > 2 is the constant mentioned in B(ii). Hence, condition (iii) in
Theorem 1.1 in Kundu et al. (2000) is satisfied. Consequently,

Vix) — W (23)

in distribution as n —> 00. Now, under conditions A(i), A(ii) and an application of
the Markov inequality, we get

Y BN e, hn)]_l K(hy'd(x. X;)) —> 1 (24)
i=1

in probability as n —> o00. The proof is completed from (22), (23), (24) and an
application of Slutsky’s Theorem. O

Proof of Theorem 5 From the upper bounds of E|| B, (x)|? and E||V,,(x)||> in (6) and
Theorem 3, respectively, and the lower bound of ¢ (x, ;) in (9), we have

EIlBy() + Va0 < 2[EI B0 + BN Va0l | = £1 (1)
for all sufficiently large n, where
o, b i
Ji(h) = ah,” + n_cl(l/h”) exp [m(hn)], (25)

and a, b > 0 are some constants. We establish below that the choice of bandwidths
{h,} described in the statement of Theorem 5 is one which minimizes (25). Note that
m(h), which is defined in (10), is a differentiable function of %, and

’ _ 13
m'(h) = —m(h)(1/h) <tz + log(l/h)) . (26)
Consequently, fi(h) is differentiable for all n, and
£y = 26k~ — P (1 ny+ expim ()
nCy
- L(l/h)’1+1 explm (h)]m(h) <t2 + t—3) 27
nCi log(1/h)
B 2Bah*t=1 by (1
= exp[m(h)] [m - E(l/h) !
_b 1+1 _ B
nC (1/h)"™ " m(h) <tz + log(l/h))] . (28)

From (28), we get that for every fixed n, fl’ (h) — —oo as h — 07T, and for any
0 <s < 1, f{(s) > O for all sufficiently large n. Since f;(h) is continuous in & for
0 <h <1, givenany 0 < s < 1, f{(h) must have a root in (0, s) for all sufficiently
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large n. For any fixed n, consider hg = inf{h | f{(h) = 0}. Again, since f|(h) is
continuous in 4, we have fl’(ho) = 0. Further, since fl’(h) — —ocash — 0T,
from the continuity of fl’(h) we have fl’(h) < O for h < hg, which implies that fi(h)
is a decreasing function for & < hg. Also, forany 0 < s < s’ < 1, we have for all
sufficiently large n, fl/ (h) > Oforall s < h < s', which implies fi(h) is increasing
ins < h < s’. Therefore, fi(h) must have a minima for all sufficiently large n, whose
corresponding & will satisfy f(h) = 0. Now, from (27), f{(h,) = 0 implies that

2pah2P~" = n= (1 /)" T explm (hy)]

bt b 13
- - h t - -
e, Tgmi) (2 * log(l/hn))}

— h2P =71 (1/h,)" explm(hy)]

b by ([ — B 29
“|2pac; T 2pac,™ ")(2+log(1/hn>>] 29

= n = (1/h)*P" explm(hy)]

[ bn b i [+ — B 30
| 28a¢y T 2pac, ™ <2+ 10g(1/h,,)>] (30)

logn log(1/hy) 1

miny TGP G

| ([ bu b (h)(t B )D 31)
8\ 28ac; T 2800\ T o/ ) 1)

Let {h,} be such that fl’(h,,) = 0 for all n. If either #, > 0 or 3 > 1, then from (30),
we get that 1, —> 0T as n —> oo. Consequently, from (29), we have

_ap [ bt b BRENN ) BN
. B _ 28|00 b
nCih!} exp[—m(hy)] = h;, [Zﬁa + zﬂam(h”) <t2 + log(l/hn))i| >

as n —> 00, which implies n¢ (x, h,) —> 00 as n —> oo from the lower bound of

¢ (X, hy) in (9). Therefore, {h,} satisfies A(ii). Also, h, —> 0T as n —> oo implies
that

log(1/hx)
m(hy)

1 bty b 13
i) 8 ([macl * 2gac, ") <t2 - log(l/hn>>D —0 &Y

as n —> 00. Combining (31), (32) and (33), we have

—> 0asn — oo, (32)

logn
m(hy)

—> lasn — oo. (34)
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Consequently, when either r;, > 0 or 3 > 1, we have for all sufficiently large n,

ah?f < aCh(m="(logn))?#, 35)
where C} is a positive constant depending on C; and 8. From (25) and (29), we get

that ahﬁﬁ < fithy) < 2ah3/3 for all sufficiently large n, and consequently fi(h,) <
2aC; (m~'(logn))?# for all sufficiently large n. Hence, for the bandwidth sequence
{h,} minimizing fi(h) for every fixed n, we have

2
E||B,(x) + Va )] < 2aC) (m*‘ (log n)) (36)

for all sufficiently large n, which implies || B, (x) + V, (%) = Op( (m™! (1ogn))‘")
as n —> 00. Also, when either 1, > 0 or 3 > 1, from (29) and the lower bound of
¢ (x, h) in (9), we get

nP/ g x, )1~ | — oo (37)

asn —> oo. Hence, from (35) and (37), we get that (m_1 (log n))_ﬂ |R, (x)|| = op(1)
asn —> oo. Therefore, | 0, (x) — O(x) | = O]p((m_l(logn))ﬁ) asn —> oo,
Next, if E[|R,(x)[*] = o0(8}) as n —> oo, where §, = max {hf,
[n6 (x, h)]~"/?}, we get from (35) and (37) that (m~"! (logn)) "> E[| R,(x)||> —> 0
as n —> oo. From (3), we have E|| O,(x) — O(x) ”2 < 2E||By(x) + Vu(x) ||2 +

2[R, (x) || Therefore, from (36), we get E[| 8, (x)—©(x) | > = O ( (m~" (logn))**)
asn — OQ. O

Proof of Theorem 6 For a sequence of bandwidths {4, } satisfying A(ii), it follows from
the upper bound of ¢ (x, ) in (9) and the definition of m (k) in (10) that

anhﬁj‘ exp[—(C4/Cr)m(hy)] = nep (X, hy) — coasn — 00
= logn — t4log(1l/hy,) — (C4/Cr)m(hy) —> 00
logn log(1/hn) gi|

A ’"(h”)[maan)_” m)  C

(38)

as n —> oo. Now, since either tp > O or#3 > 1, and h,, —> 0 as n —> o0 under
assumption A(ii), we have

log(1/hn)

m(h,) — ocoasn —> oo and
m(hy)

—> Qasn — o0. (39)
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Hence, for (38) to be satisfied, in view of (39), we must have, for all sufficiently large
n,

logn  C4 1 ( logn ) n
—— —— >0 &= m — | <h, = ———— > >0,
m(h,)  C (C4/C2) " m~1 (logn)
(40)
where ¢ is a constant depending on C», Cy4. Clearly, when C, = Cy4, c1 = 1. O
Proof of Theorem 7 Suppose, if possible,
o 4 B~
lim inf P <m (1ogn)) 18,0 — 0| >c|=0 (41)
n—-oo

for every ¢ > 0. Then, given any ¢ > 0, there is a subsequence {n'} such that

lim [(m_l(logn’))ﬁ |8, -] > c} =0. (42)

n’'— o0

Consider the bandwidth sequence {/,,}. If lim inf,,,__, o hlzfn(b (x, hy,r) = 0, then there

exists a further subsequence {n"} such that hiénqﬁ (X, hyr) —> 0asn” — oo.Butin
this case, we get a contradiction of (42) from Lemma 2 in the supplement. On the other

hand, if lim sup,,,__, h?f ne¢(x, h,y) = oo, then there exists a further subsequence

{n""} such that hi{‘?mp(x, h,n) —> oo asn” —> o0o. But again, we get a contradiction
of (42) from Lemma 3 in the supplement. We consider the only remaining case,
which is 0 < liminf, oo AP nd(x, hy) < limsup, o hofng(x, hy) < oo.
Then, there exist €, > 0, ¢ > 0 and a further subsequence {n”} such that 0 <
€] < hiémﬁ (x, h,n) < € for all sufficiently large n”. But in this case also, we get a
contradiction of (42) from Lemma 4 in the supplement. Therefore, the assertion (41)
is not possible, and this completes the proof. O

Proof of Theorem 8 From (29) in the proof of Theorem 5 and the lower bound of
¢ (x, h) in (9), it follows that

h2Pne (x, h,) —> o0 (43)

as n —> 00. Now, choose ©(-) as in Theorem 7 such that h;ﬁl|l~?n(x)|| >b; >0
for a constant b and all sufficiently large n. So, IF’[h;ﬂHBn X)) > b1/2] — 1 as
n —> 00. Hence, for this choice of ®(-) and using Theorem 4 and (43), we have

IVa Ol _ I [n¢ x. h)' 2 Va 1| _
1BaGOI [ (x, h)1V2h by P 1By

op(l) asn — 0.
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Proof of Theorem 9 Let U and V be two nonnegative random variables. Then, given
any € > 0 and § > 0, we have

P[%<e]ZIP’[U<68,V>8]ZIP’[U<68]+IF’[V>8]—1. (44)

We denote our optimum bandwidth minimizing (25) in the proof of Theorem 5 as
h§,0p ) Given any € > 0, from Lemma 7 in the supplement, we get that there is § > 0
such that

P[(hff’))*ﬁ H 0 (x) — ©(x) H > 5] S l—e (45)

for all sufficiently large n. Further, from Lemma 6 in the supplement, we get that for
this constant §,

P [(h,&"”))—ﬂ H 0 (x) — O(x) H < ea] >1—e (46)
for all sufficiently large n. Therefore, from (44), (45) and (46), we get that

EONE CHAGEICIN]

e opth asm = 0o, 7)

Hence, from (47) and Lemma 5 in the supplement, we have

|87 - o

H@ff’)(x) - @(X)H =op(l) asn — oo.

On the other hand, from Lemmas 5, 6 and 7 in the supplement, we have

E H B (x) — O(x) ”2

=o0(l) asn — o0.

E ”@fj’) (x) — O(x) H2

m}

Proof of Theorem 10 This proof is partly based on arguments used in Chagny and
Roche (2014, 2016). For every h € H,,, we have

|8 (x. 1) = © 0| = 3[ |8 (x. 1) = B (x max(i, m}) |
+ 80 x, 1) = B (x, max(iy, 1) 2] +3 [Bu(x. h) — O

<3[(Cn(x, h) + Dy (x, 1)) + (Cn (X, h}) + Dn(x, h))]

@ Springer



506 J. Chowdhury, P. Chaudhuri

+3[8nx.h) - 0|
< 6[Cn(x, h) + Dp(x, W] +3 |Bn(x, h) — O 48)

From Lemmas 8, 9 and 11 in the supplement, we get
Cax. 1) = CVx, ) + CP (. ). (49)

Here, for all sufficiently large n,

1
E [c,§1>(x, h)] <c1h® + (50)
nlogn
for all 1 € H, and some constant ¢c; > 0 independent of 4. Also,
P [c,(f)(x, h) > n*z] —0 (rfz) as n —> oo. (51)

Further, C’(12) (x,h) = 0 for all & if R,(x,h) = O for all ~. From Lemma 9 in the
supplement, we get that for all sufficiently large n,

logn

E[D,(x, h)] < CZW

(52)

for all h € H,,, where ¢» > 0 is a constant independent of /. On the other hand, from
decomposition (3), we get

[8ax 1) = 00| =3[ (I1Bax, WP + MA ) + 20 Vo x, )]

+3 (1Rux 7 = (M1 + 1V x IP)) L (53)

where M is the constant described in condition D(ii). From inequality (6) and Theo-
rem 3, we have

c4

) 28 2 28, =t
E[(1Batx, MIZ + M32#) 4+ 20V, x, )] < c3 ey

(54)

for all sufficiently large n and some constants c3 > 0 and ¢4 > 0 independent of 4.
Also, from Lemma 11 in the supplement, we have

max (1Ryx 1P = (MB Vot 7)) =0 (1) (59)
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as n —> oo. Therefore, from (48)—(55), we get that

60 (x.5) ~© 0
= [6C5V . 1) + 6D, 0x, 1) + 9 (1B (x. 2+ MI*) 4+ 2]V, (x, )2 |

+ [ﬁc,52>(x, 1 +9 (IR & WP = (MI 41V, (x h)”2>)+} ’

where
E [6c,§‘>(x, h) 4 6D, (x, h) + 9 ((lan(x, n? + Mhzﬂ) 2V (x, h)||2>]

logn
— 28
=0 (h + Yoy h)) (56)

and

2 2 _ 28 2
g;%i[wn 1) +9 (I1Ru WP = (MR 4+ 1V, (x| ))+]

= op (nfz) asn —> 0. 67

Further, if R, (x, h) = O for all &, then
2) 2 28 2 —
max [6c,, (x,h) +9 (||R,,(x, | (Mh FIVa(x, B ))+] 0 forall h.

From (56) and (57), we get
18, (x, k%) = O ®)|* = Op (h) asn —> oo,
and if R, (x, h) = O for all &, then

E |6, (xh) -0 ®|* =00, asn— oo.

Supplement

The supplement contains some results and mathematical details required to prove the
theorems in the paper. It has four sections. The first section contains a few results on
small ball probabilities of some non-Gaussian processes. The second, the third and
the fourth sections contain some technical details required to prove Theorems 7, 9 and
10, respectively.

@ Springer



508 J. Chowdhury, P. Chaudhuri

Acknowledgements We thank the Editor, the Associate Editor and three reviewers for their extremely
careful reading and valuable comments and suggestions that led to a substantially revised and significantly
improved version of the paper.

References

Aerts, M., Claeskens, G. (1997). Local polynomial estimation in multiparameter likelihood models. Journal
of the American Statistical Association, 92(440), 1536-1545.

Araujo, A., Giné, E. (1980). The central limit theorem for real and Banach valued random variables. New
York: Wiley.

Bhatia, R. (2009). Notes on functional analysis. New Delhi: Hindustan Book Agency.

Burba, F,, Ferraty, F., Vieu, P. (2009). k-Nearest neighbour method in functional nonparametric regression.
Journal of Nonparametric Statistics, 21(4), 453—469.

Cameron, R. H., Martin, W. T. (1944). Transformations of Weiner integrals under translations. Annals of
Mathematics, 45(2), 386-396.

Chagny, G., Roche, A. (2014). Adaptive and minimax estimation of the cumulative distribution function
given a functional covariate. Electronic Journal of Statistics, 8(2), 2352-2404.

Chagny, G., Roche, A. (2016). Adaptive estimation in the functional nonparametric regression model.
Journal of Multivariate Analysis, 146, 105-118.

Chaouch, M., Laib, N. (2013). Nonparametric multivariate L -median regression estimation with functional
covariates. Electronic Journal of Statistics, 7, 1553—-1586.

Chaouch, M., Laib, N. (2015). Vector-on-function quantile regression for stationary ergodic processes.
Journal of the Korean Statistical Society, 44(2), 161-178.

Chaudhuri, P, Dewanji, A. (1995). On a likelihood-based approach in nonparametric smoothing and cross-
validation. Statistics & Probability Letters, 22(1), 7-15.

Dereich, S., Lifshits, M. (2005). Probabilities of randomly centered small balls and quantization in Banach
spaces. The Annals of Probability, 33(4), 1397-1421.

Dette, H., Wieczorek, G. (2009). Testing for a constant coefficient of variation in nonparametric regression.
Journal of Statistical Theory and Practice, 3(3), 587-612.

Dette, H., Marchlewski, M., Wagener, J. (2012). Testing for a constant coefficient of variation in nonpara-
metric regression by empirical processes. Annals of the Institute of Statistical Mathematics, 64(5),
1045-1070.

Donoho, D. L., Liu, R. C. (1991a). Geometrizing rates of convergence, II. The Annals of Statistics, 19(2),
633-667.

Donoho, D. L., Liu, R. C. (1991b). Geometrizing rates of convergence, III. The Annals of Statistics, 19(2),
668-701.

Ferraty, F., Vieu, P. (2006). Nonparametric functional data analysis: Theory and practice. New York:
Springer.

Ferraty, F., Laksaci, A., Vieu, P. (2006). Estimating some characteristics of the conditional distribution in
nonparametric functional models. Statistical Inference for Stochastic Processes, 9(1), 47-76.

Ferraty, F.,, Mas, A., Vieu, P. (2007). Nonparametric regression on functional data: Inference and practical
aspects. Australian & New Zealand Journal of Statistics, 49(3), 267-286.

Ferraty, F., Laksaci, A., Tadj, A., Vieu, P. (2010). Rate of uniform consistency for nonparametric estimates
with functional variables. Journal of Statistical Planning and Inference, 140(2), 335-352.

Ferraty, F., Park, J., Vieu, P. (2011). Estimation of a functional single index model. In F. Ferraty (Ed.),
Recent advances in functional data analysis and related topics, chapter 17, pp. 111-116. New York:
Springer.

Ferraty, F., Van Keilegom, 1., Vieu, P. (2012). Regression when both response and predictor are functions.
Journal of Multivariate Analysis, 109, 10-28.

Ferré, L., Yao, A. (2005). Smoothed functional inverse regression. Statistica Sinica, 15(3), 665.

Ferré, L., Yao, A.-F. (2003). Functional sliced inverse regression analysis. Statistics, 37(6), 475-488.

Hardle, W. (1990). Applied nonparametric regression. Cambridge: Cambridge University Press.

Hoffmann-Jorgensen, J., Shepp, L. A., Dudley, R. M. (1979). On the lower tail of Gaussian seminorms. 7he
Annals of Probability, 7(2), 319-342.

@ Springer



Convergence rates for kernel regression 509

Ibragimov, I. A., Ha§minskii, R. Z. (1980). On nonparametric estimation of regression. Soviet Mathematics
Doklady, 21, 810-814.

Klemeld, J. S. (2014). Multivariate nonparametric regression and visualization: With R and applications
to finance. Hoboken: Wiley.

Kundu, S., Majumdar, S., Mukherjee, K. (2000). Central limit theorems revisited. Statistics and Probability
Letters, 47(3), 265-275.

Li, W. V. (2001). Small ball probabilities for Gaussian Markov processes under the L,-norm. Stochastic
Processes and Their Applications, 92(1), 87-102.

Li, W. V., Shao, Q.-M. (2001). Gaussian processes: Inequalities, small ball probabilities and applications.
Stochastic Processes: Theory and Methods, 19, 533-597.

Lian, H. (2012). Convergence of nonparametric functional regression estimates with functional responses.
Electronic Journal of Statistics, 6, 1373-1391.

Lifshits, M. A. (2013). Gaussian random functions, Vol. 322. Dordrecht: Springer.

Luki¢, M., Beder, J. (2001). Stochastic processes with sample paths in reproducing kernel Hilbert spaces.
Transactions of the American Mathematical Society, 353(10), 3945-3969.

Mas, A. (2012). Lower bound in regression for functional data by representation of small ball probabilities.
Electronic Journal of Statistics, 6, 1745-1778.

Masry, E. (2005). Nonparametric regression estimation for dependent functional data: Asymptotic normality.
Stochastic Processes and Their Applications, 115(1), 155-177.

Nadaraya, E. A. (1964). On estimating regression. Theory of Probability and Its Applications, 9(1), 141-142.

@ksendal, B. (2003). Stochastic differential equations: An introduction with applications. New York:
Springer.

Rachdi, M., Vieu, P. (2007). Nonparametric regression for functional data: Automatic smoothing parameter
selection. Journal of Statistical Planning and Inference, 137(9), 2784-2801.

Serfling, R. J. (2009). Approximation theorems of mathematical statistics, Vol. 162. Hoboken: Wiley.

Staniswalis, J. G. (1989). The kernel estimate of a regression function in likelihood-based models. Journal
of the American Statistical Association, 84(405), 276-283.

Stone, C. J. (1980). Optimal rates of convergence for nonparametric estimators. The Annals of Statistics,
8(6), 1348-1360.

Stone, C. J. (1982). Optimal global rates of convergence for nonparametric regression. The Annals of
Statistics, 10(4), 1040-1053.

Vepakomma, P., Tonde, C., Elgammal, A. (2016). Supervised dimensionality reduction via distance corre-
lation maximization. arXiv preprint arXiv:1601.00236.

Watson, G. S. (1964). Smooth regression analysis. Sankhya: The Indian Journal of Statistics, Series A,
26(4), 359-372.

Yatracos, Y. G. (1988). A lower bound on the error in nonparametric regression type problems. The Annals
of Statistics, 16(3), 1180-1187.

@ Springer


http://arxiv.org/abs/1601.00236

	Convergence rates for kernel regression in infinite-dimensional spaces
	Abstract
	1 Introduction
	2 Kernel estimates
	3 Bias-variance decomposition
	3.1 Asymptotic behavior of the bias and the variance
	3.2 The small ball probability function
	3.3 Shifted small ball probability

	4 Convergence rate
	4.1 Lower bound on the convergence rate
	4.2 Asymptotic dominance of bias over variance

	5 Adaptive selection of bandwidths
	5.1 Numerical demonstration
	5.2 Demonstration in real data

	6 Concluding remarks
	7 Proofs and mathematical details
	Supplement
	Acknowledgements
	References




