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Abstract

We propose a nonlinear function-on-function regression model where both the covariate
and the response are random functions. The nonlinear regression is carried out in two
steps: we first construct Hilbert spaces to accommodate the functional covariate and the
functional response, and then build a second-layer Hilbert space for the covariate to capture
nonlinearity. The second-layer space is assumed to be a reproducing kernel Hilbert space,
which is generated by a positive definite kernel determined by the inner product of the first-
layer Hilbert space for X—this structure is known as the nested Hilbert spaces. We develop
estimation procedures to implement the proposed method, which allows the functional data
to be observed at different time points for different subjects. Furthermore, we establish the
convergence rate of our estimator as well as the weak convergence of the predicted response
in the Hilbert space. Numerical studies including both simulations and a data application
are conducted to investigate the performance of our estimator in finite sample.

Keywords: functional data analysis, linear operator, Tikhonov regularization, weak
convergence, Hawaii Ocean Time-series

1 Introduction

With the development of techniques in data collection, functional data have become in-
creasingly common in modern statistical applications. As a useful tool to treat such data,
functional data analysis (FDA) has been widely applied to diverse fields such as neural
science, chemometrics, environmetrics and finance. A comprehensive overview of FDA can
be found in several monographs (Ramsay and Silverman, 2005; Ferraty and Vieu, 2006;
Kokoszka and Reimherr, 2017). An important problem in FDA is to study the relation-
ship between a response, which can be a scalar, a vector or a function, and a functional
covariate. The aforementioned references as well as other monographs like Horvath and
Kokoszka (2012) and Hsing and Eubank (2015) describe many ideas and methods to tackle
this problem. In this paper, we propose a general regression model that allows for flexible
nonlinear relations between the functional covariate and the functional response.

The scalar-on-function regression, where a scalar response is regressed against a func-
tional covariate, has been extensively studied. In particular, estimation and inference for
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linear scalar-on-function regression models have been one of the focal points of the FDA
research in the past two decades. There are two mainstream approaches to fitting a func-
tional linear model. The first represents the slope function in the linear model as a linear
combination of a finite number of basis functions, so that fitting the model is reduced to
estimating the linear coefficients. The basis can be either a pre-determined basis such as
the B-spline basis or a data-driven basis such as the estimated eigenfunctions from the func-
tional principal component analysis (FPCA). See Cardot et al. (2003), Hall and Horowitz
(2007) and references therein. The second approach assumes that the slope function belongs
to a reproducing kernel Hilbert space (RKHS) and resorts to the representer theorem to
fit the model; see, for example, Yuan and Cai (2010) and Cai and Yuan (2012). In the
asymptotic development, the aforementioned work mainly considered convergence rates of
estimation and prediction in functional linear models. Shang and Cheng (2015) studied
confidence intervals for regression mean and prediction intervals for a future response in
generalized functional linear models. Cuesta-Albertos et al. (2019) considered goodness-
of-fit of functional linear models to investigate whether they adequately characterize the
relation between a scalar response and a functional covariate.

Unlike scalar-on-function regression, function-on-function regression has not yet been
extensively developed due to its computational complexity. However, predicting a random
function by another random function is an important problem in many applications. For
instance, in the Canadian weather data set (Ramsay and Silverman, 2005, Chapter 12.4),
the temperature profile is used to predict the annual profile of precipitation, rather than
the total precipitation. As with scalar-on-function regression, linear models were most
frequently investigated in the literature of function-on-function regression. Ramsay and
Silverman (2005) used tensor products of spline basis functions and Yao et al. (2005b) and
Crambes and Mas (2013) used estimated eigenfunctions through the FPCA to estimate
the (bivariate) slope function in a linear function-on-function regression model. The idea
of a regularized estimation through RKHS proposed by Yuan and Cai (2010) for a linear
scalar-on-function regression model was extended to the function-on-function case by Sun
et al. (2018). However, as pointed out by Miiller and Yao (2008), linear relations may
not be adequate to characterize dependence of one random function on another function in
some applications. The Hawaii ocean data set studied in Qi and Luo (2019) justified this
statement. Nonlinear function-on-function regression models have received substantially
less attention in FDA (Reimherr et al., 2018), let alone statistical inference of such models.
Rao and Reimherr (2023) developed a neural network framework to model the nonlinear
relationship between multiple functional covariates and a functional response. But they
did not establish theoretical guarantees for the proposed framework. In contrast, Luo and
Qi (2024) established a functional universal approximation theorem, which enables a good
approximation to the complex relationship between a functional covariate and a functional
response. They further found the convergence rate for the prediction error for their estimate.

In this paper, we propose a nonlinear function-on-function regression model that relies
on the structure of the nested Hilbert spaces. Specifically, we assume that the functional
covariate X and the functional response Y each resides in a Hilbert space, denoted by Hx
and Hy, respectively. To achieve a nonlinear relation, we build another Hilbert space of
functions on Hy, which is assumed to be an RKHS generated by a positive definite kernel
k determined by the inner product of Hx. Following Li and Song (2017), we refer to this
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space as the second-layer space, and the two-space structure as the nested Hilbert spaces.
Lastly, we construct a linear operator from the second-layer RKHS to the target space
‘Hy, which gives rise to a nonlinear relation. This idea is similar in spirit to that of support
vector machines for regression (Friedman et al., 2009, Chapter 5.8). A similar structure was
adopted in Lee and Li (2022), and their main focus is to estimate directional relations from
multivariate functional data. We then propose an implementation method based on this
nonlinear function-on-function regression model, which allows for profiles with irregularly
spaced time points and contaminated with measurement errors for both the covariate and
the response. Numerical studies demonstrate that our proposed method can still achieve
relatively good predictive performance when random functions are sparsely observed and
are contaminated with measurement errors. We establish consistency with the convergence
rate of our estimator under some mild conditions. In the ideal case where full trajectories
of both the covariate and the response are available, we even find that the convergence rate
of the estimated regression operator can be improved from n~*/* in Li and Song (2017) in
function-on-function sufficient dimension reduction to n~*/? in the current setting under mild
conditions. More importantly, unlike the previous theoretical work on function-on-function
regression that was focused on convergence rates without an asymptotic distribution, we
establish weak convergence of the predicted mean for a future observation in H, in the ideal
case. This enables us to construct both pointwise confidence intervals and a simultaneous
confidence band for the conditional mean.

The rest of the paper is organized as follows. In Section 2, we propose the nonlinear
function-on-function regression model. In Section 3, we develop an algorithm to fit the
model and propose suitable methods to select the tuning parameters that are involved in
the estimation procedure. In the ideal case where full trajectories of both the covariate and
the response are available, consistency and weak convergence of the estimator are studied in
Sections 4 and 5, respectively. Pointwise confidence intervals and a simultaneous confidence
band for the conditional mean are then constructed based on the weak convergence result.
In Section 6, we develop consistency and convergence rate for our estimator proposed in
Section 3 under the more realistic case where both X and Y are sparsely observed and
contaminated with measurement errors. In Section 7, we conduct simulation studies to
investigate the performance of our proposed model in finite samples. The new model is
applied to a data set to further demonstrate its performance in Section 8. Some concluding
remarks are made in Section 9. All technical proofs are delegated to the supplementary
material.

We first introduce some notations about linear operators. Let G, and G, be two generic
separable Hilbert spaces and A : G; — G, a linear operator. Then A is a Hilbert-Schmidt
operator if 37, [[Ae;l|7, < oo, where N={1,2,3,...}, and {e, : i € N} is any orthonormal
basis (ONB) of G,. The square root of this finite number is the Hilbert-Schmidt norm, and is
denoted by || Al|us. We will use |- ||op to denote the operator norm. Let B(G,,G,) denote the
class of all bounded linear operators from G, to G,; the special case B(G,G) is abbreviated
by B(G). For a linear operator A € B(G,,G,), we use ker(A) to denote the kernel of A;
that is, ker(A) = {f € H, : Af = 0}; we use ran(A) to denote the range of A; that is,
ran(A) = {Af : f € G.}; we use Tan(A) to denote the closure of ran(A) in G,. For a self-
adjoint operator A € B(G), we have ker(A)* = ran(A) and tan(A)*" = ran(A)* = ker(A).
Given two arbitrary positive sequences {a, : n € N} and {b, : n € N}, we write a,, < b, if
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a,/b, — 0, write a, > b, if b, < a,,, write a, <b, if a, /b, is a bounded sequence and write
a, <b, if a, <0, and b,, < a,. For two real numbers a and b, we use a A b to represent the

n — n —

minimum of a and b.

2 Model construction

In this section, we first introduce the concept of the nested Hilbert space, which plays an
important role in our model construction, and then lay out the detailed steps to build our
nonlinear function-on-function regression model.

2.1 Nested Hilbert space for predictor

Let (92, F,P) be a probability space, I an interval in R, Hy and H, Hilbert spaces of
functions on I. Let X : @ — Hy, Y : Q@ — H, be random elements in Hyx and Hy
measurable with respect to F/Fx and F/Fy, where Fx and Fy denote the Borel o-algebra
generated by the open sets in Hyx and H,. Further, we assume that both Hyx and H,
are separable to ensure the existence of the conditional distribution of Y given X. Let Py
and Py, denote the distributions of X and Y, and Py x : Hx X Fy — R the conditional
distribution of Y given X.

Let k : Hx X Hx — R be a positive definite kernel and Mx be the RKHS generated by
K.

Assumption 1 The reproducing kernel k is induced by the inner product in Hx; that is,
there exists a function p : R* — R*, such that for any f,g9 € Hx,

K(f,9) = p((fs Fhaes (Fs @ s> (95 Gy )-

An example of such a kernel is x(f, g) = exp(—*y”f—gHiX), where v > 0 is a tuning constant.
This is an extension of the Gaussian radial basis function (GRB) with the Euclidean norm
replaced by the Hy-norm. Since the kernel of 9y is determined by the inner product of
Hx, we refer to the Mty the nested RKHS via p (Li and Song, 2017).

2.2 Nonlinear function-on-function regression

Let L,(Pyx) denote the class of all measurable functions of X such that E[f?(X)] < co under
Py. Let L,(Py) be defined in the same way for Y. In the following, 91« + R represents the
space {f +c: f € My, c e R}

Assumption 2 My + R is a dense subset of L,(Px) and E ([|Y||«,) < oco.

Assumption 2 is essentially the same as Assumption (AS) in Fukumizu et al. (2009). It
can be easily shown, using Proposition 2 and Theorem 1 of Zhang et al. (2024), that the
RKHS generated GRB kernel satisfies this assumption. This assumption ensures that any
function f € L,(Px) can be approximated by a sequence of functions {f,} C 9y in the
sense that var(f — f,) — 0.

We suggest choosing p such that the corresponding reproducing kernel x is universal
(Micchelli et al., 2006). Examples of universal kernels include the GRB kernel and the
Laplace kernel, where k(f,g9) = exp{—7|f — glluy} for any f,g € Hx. Furthermore,
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a bounded p is preferable to enhance robustness. To ensure Assumption 2, the RKHS
generated by x (or equivalently by p) should be dense in the ambient Lo(Px) space. Both
the Gaussian kernel and the Laplace kernel satisfy these requirements.

Li and Solea (2018) and Lee et al. (2023) considered the polynomial kernel in their
construction of the nested Hilbert spaces, where

&(f,9) = p((f: 9nx) = L+ {f, 9)nx )"

for any f,g € Hx and some positive integer v, to generate the second-layer RKHS. In the
polynomial kernel, x is still uniquely determined by p. However, none of the properties
mentioned above is satisfied for this kernel. Therefore, we do not recommend the polyno-
mial kernel as our choice of k. The additional simulation studies in Appendix A.4 further
demonstrate that the performance of our method with the linear kernel is inferior to that
with either the GRB kernel or the Laplace kernel.

Assumption 3 There ezists a constant Cy, > 0 such that for any f € My, E[f*(X)] <
Coll f I3 -

Assumption 3 ensures that the inclusion mapping My — L,(Px), f — f is a bounded
linear operator. It also guarantees that the bilinear form My x My — R, (f,g) —
cov(f(X),g(X)) is bounded. Therefore, there exists an operator Yxx € B(My) such
that (f,Xxxg)m, = cov(f(X),g(X)). Similarly, under Assumptions 2 and 3, the bilin-
ear form My x Hy — R, (f,g) — cov(f(X),(9,Y)s, ) is bounded, and this implies that
there is an operator Xy, € B(Hy,Mx) such that (f, Xxyg)m, = cov(f(X),(g,Y)n, ) for
any f € My and g € Hy. Moreover, Assumption 3 also implies that the linear func-
tional f — E[f(X)] on My is bounded. Let pux denote the Riesz representation of this
linear functional; that is, (f,pux)m, = E[f(X)] for all f € My. By construction, for
any € Hx, px(z) = (px,6(,2))m, = E[s(X,2)]. Similarly, yy is defined as the Riesz
representation of the bounded linear functional f — E[(Y, f)s,] where f € Hy, that is,
(fstty)ry = E[(f,Y)s,] for f € Hy. the function px is called the mean element of X in
M.

Using the same argument as in Fukumizu et al. (2009), it can be shown that

Yxx = E{(6(,X) = px) @ (6( X) = px)}, Exy = E{(k( X) — px) @ (V — py)},
Yyx = X%y = E{(Y — fiy) ® (H('aX) - /JJX)}7

under Assumption 3. Here, the expectations can be understood as the Bochner integrals
(see, for example, Hsing and Eubank (2015), Section 2.6). Since ran(Xxx)* = ker(Xxx)
consists of functions that are constants almost surely, Tan(Xx x) is the effective domain of
Y xx. As shown in Li and Song (2017), this effective domain can be represented explicitly
using the kernel as

span{k(-,z) — ux : ¢ € Hx}.

We will use 9% to denote the effective domain.

Assumption 4 ran(Xyxy) Cran(Xxx)
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The justification of Assumption 4 under linear function-on-function regression (Yao et al.,
2005b) is given in Appendix A.3. Consider the restricted operator Xy x|fan(Xyy). This
is a mapping from Tan(Xxx) to ran(Xxx), and its inverse function exists. In fact, for
any g € ran(Xxx), there exists some f € My such that Xxxf = g. By Theorem 3.3.7
of Hsing and Eubank (2015) and the fact that Tan(Xxx) = 9%, there exists a unique
decomposition f = f, + f, such that f, € ker(Xxx) and f, € Tan(Xxx) = M%. Therefore,
the mapping g — f, from ran(Xxx) to Tan(Xx x) is well-defined under Assumption 3. The
inverse [Exx|ran(Exx )]~ is called the Moore-Penrose inverse and is written as X .. Under
Assumption 4, the following operator is well defined

t
RXY = EXX ZXY7
and we call it the regression operator. We make the following assumption on Ry
Assumption 5 Ry is a compact operator.

Generally speaking, ¥ y is not bounded since Xy y is a Hilbert-Schmidt operator (Fukumizu
et al., 2009). However, as argued in Li and Song (2017), it is reasonable to assume that
Y xXxy is compact, which is determined by the interaction of these two operators. Under
Assumptions 4 and 5, the regression oeprator satisfies the following property: for any
a € Hy,

E[Y, @), | X] = (Rxya)(X) = E[(Rxya)(X)] + E[{Y, )s, ]. (1)

We next introduce our function-on-function nonlinear regression model. Our construc-
tion is motivated by an alternative view of the classical multivariate linear regression. Sup-
pose X and Y are p- and g-dimensional vectors, and we are interested in building a linear
model between them, treating Y as the response and X as the predictor. The most straight-
forward construction is

Y =c+B'X +e¢, (2)

where ¢ is a nonrandom vector in R?, B is a p X ¢ matrix, and € is a g-dimensional random
vector. While being the most direct, this construction is hard to extend to our current
setting in an interpretable way. An alternative way to understand the above construction
is through the linear model for the scalar response oY for any o € RP:

a'Y =c,+ X + e, (3)

By the linearity of the function a — a'Y, it is easy to see that the mappings o — c,,
a — fB,, and a — €, are linear functions of «. Hence there exists ¢ € R, B € R?*? and
€ € R? such that ¢, = ¢, 5, = Ba, and €, = a'¢, leading to the equation

a'Y=a'c+a"B"' X +a'e

Since this holds for all & € R?, we have model (2). In this way, we arrive at the vector-on-
vector linear model (2) from the scalar-on-vector linear model (3).
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Now let’s come back to the problem of constructing an RKHS model for Hilbert-space-
valued random elements X and Y. We assume, for each a € H,, there is a function
fo € My, a constant c,, and a random variable U, € R, such that

(Y, a)u, = ca+ fo(X) + U, (4)

where U, is independent of X, E (U,) =0, and E f,(X) = 0. Since (f., tx)m, = E fo(X),
assuming E f,(X) = 0 is equivalent to assuming f, L pux in My, or equivalently, f, €
My © span(py). Model (4) is simply a nonlinear scalar-on-function regression where the
regression function f, is an element of M. This type of problem has been studied in Preda
(2007).

The next theorem shows that, under some mild additional assumptions, (4) implies a
joint regression model in terms of the regression operator Ry .

Theorem 1 Suppose Assumptions 2-5 hold. If model (4) holds for every o € Hy, then
there exists a random element U : QQ — Hy, U 1L X, such that

Y = py + Ry [K(5 X) — px] + U, (5)
where Ry, = YyxSkx € BN, Hy) is the adjoint operator of Ryy .

For convenience, in the following, we use Y, to represent Y — u, and use k.(-,x) to
represent x(-, ) —px. Note that, for any f € My, we have (k.(-, ), fm, = f(z)—E[f(X)].
Theorem 1 indicates that, for a given x € H, the predicted value of Y is given by

E(Y[X =12) = Sy xEiyhc(H ) + iy =B [{(Skcre(,2))(X)} Y]+ py (6)

The conditional expectation E(Y|X = x) on the left is defined as follows. Consider the
function T, : Hy — R defined by o — E((Y, )3, |X = x). This is obviously a linear
functional on H, and, under the assumption E(||Y]|3,,) < oo, it is also a bounded linear
functional. The conditional expectation E(Y|X = z) is defined as the Riesz representation
of the bounded linear functional T,. That is, it is the unique member of H, such that, for
any a € Hy, E((Y,a)u, | X =2) = (E(Y|X =), ),

3 Estimation

In the last section we have described the solution to the nonlinear function-on-function
regression at the population level. In this section, we implement the regression at the
sample level. The key step is to construct the sample estimate of the regression operator
based on sparse and noisy observations on (X,Y) by representing relevant operators as
n X n matrices with a coordinate representation system. See, for example, Johnson and
Horn (1985) and Li (2018).

3.1 Coordinate representation system

Suppose that £, is a finite-dimensional linear space with basis B = {¢,,...,§,}. Then for
any & € L,, there is a unique vector (a4,...,a,)" € R? such that £ = >°F | a,&. The vector
(@y,...,a,)" is called the coordinate of { with respect to B, and denoted as [¢]s. Throughout
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this section we will reserve the square brackets [-] exclusively for coordinate representation.
Next, we introduce the coordinate representation of a linear operator between two (finite-
dimensional) linear spaces. Suppose L, is another linear space with basis C = {m,...,n,}
and A is a linear operator from £, to £,. Then for any £ € L,, we have

A¢ = A (i([m)ia) = S (e (4) = S () S (AL .

i=1 i=1 i=1 j=1

By the law of matrix multiplication, we can rewrite the right-hand side of the above equation
as q P q

> > (A& ([€]s)im; = D _{(e[Als)([E]s)} s

j=1 i=1 Jj=1
where [A]5 is the ¢ X p matrix with (7, j)th entry being ([A&,;]c);. This equation indicates
that [A¢]e = (¢[A]5)([{]s). We therefore call the matrix .[A]s the coordinate of the linear
operator A with respect to bases B and C. If we have a third linear space £; with basis
D = {¢,...,¢} and another linear operator B : L, — L4, then it is straightforward to
show that 5[BA]s = (p[B]c)(c[A]s). When the relevant bases are clear from the context
and no confusion will be caused, we will drop subscripts and write ¢[A]s and [{]s as [A4] and
[€], respectively.

3.2 Recovering trajectories of the functional predictor

While in the ideal situation each pair of the random functions (X, Y;) are observed in their
entirety, in practice we only observe them on a finite set of time points in I. Without loss of
generality, assume I = [0,1], and let ¢;,, ..., %,,, be the points in I where we observe (X;,Y;),
which may differ from subject to subject. For simplicity, we assume m, = --- = m,, = Ny.
In addition, these discretely observed functions maybe contaminated with a random error.
These considerations lead to the following model for the observed data:

XZJ:Xl(tlj)+€1j7 jzl,...ij,izlj...,n,

where e;; denotes the random noise. We assume the observation times are i.i.d. copies
of a random variable 7" uniformly distributed on I, and e;;’s are i.i.d. copies of a random
variable e with E(e) = 0 and var(e) = 02 < co. Moreover, we assume, for each 1,

X, e, :j=1,...,N}y UL {t;;:5=1,...,N}.

Such assumptions are common in functional data analysis; see, for example, Yao et al.
(2005a), Li and Hsing (2010), and Zhang and Wang (2016).

Without loss of generality, we assume Hyx and H, are subspaces of L,(I), which is
the Hilbert space consisting of functions that satisfy [ f?(t)dt < oo with inner product
J. f(®)g(t)dt. We use || f|| and (f,g) to denote the norm and inner product in L,(I). There
are two main approaches for recovering the full trajectories of X, and Y, based on their
discrete observations. For ultra-dense observations, for example when Ny = n®/*, applying
nonparametric pre-smoothing to {X,;,7 =1,..., Nx} to recover X,, as described in (Ram-
say and Silverman, 2005, Chapter 4 and 5), can ensure desirable theoretical properties;
see Li and Hsing (2010) and Zhang and Wang (2016). For the less dense or sparse cases,



KERNEL FUNCTION-ON-FUNCTION

pre-smoothing would lead to unreliable results, and functional principal component analysis
(FPCA) is widely used, as outlined below (see, for example, Yao et al. 2005a).

For any ¢,s € I, let q(t) = E[X ()] and C(s,t) = cov[X (s), X (t)]. By Mercer’s theorem
(Hsing and Eubank (2015), Theorem 4.6.5), C(s,t) admits the spectral decomposition:
C(s,t) = 322, 0,0k(s)dr(t), where 6, > 6, > --- > 0 are the eigenvalues and {¢,}>,
the corresponding eigenfunctions of C. Correspondingly, X; admits the Karhunen-Loeve
expansion

Xi(t) = q(t) + i ik Prs (7)

where &, = [[[X,(t) — q(t)]ow(t)dt, k =1,2,..., are functional principal component (FPC)
scores that satisfy cov (&, &) = 0,0ke, with d,, being the Kronecker §-function. We assume
q(t) = 0 without loss of generality. We follow the strategy of pooling information from
all subjects proposed by Yao et al. (2005a) to carry out the FPCA. Specifically, let K
be a symmetric and Lipschitz continuous density function on [—1,1] and let hx > 0 the
bandwidth. We estimate C' by

. 1 1 1 t, — s i —t

C(s,t)—ﬁzm Z hg(K( h >K< e )Xinié)

i=1 1<j#(<Nyx

Note that, for j # ¢, E(X,; X | tiy,te) = C(ti;,t,), but for j = ¢, E(X;;X,; | t;) #
C(t;;,t;;). So, intuitively, C(s,t) is close to C(s,t) when s # t, but needs not be close to
C(s,t) when s = t. Nevertheless, what is important for us is to estimate the eigenfunctions of
C(s,t), and this is not affected by perturbations in the diagonal elements of C(s,t). Solving
equations [, C(s,t)dy.(t)dt = Opp(s) for k =1,..., my numerically leads to estimates of 6,
and ¢,k =1,...,mx, which are denoted by 0, and gz@k, respectively.

We employ the above kernel estimate of C(s,t) in the following sample-splitting proce-
dure to produce an estimate of the entire function X, for every ¢ € I. The sample-splitting
is designed to remove dependence. As shown in Zhou et al. (2023), sample splitting both
simplifies theoretical analysis and enhances estimation accuracy. Let 7, = {(i,75) : i =
1,...,m/2,j = 1,...,Nx} and 7, = {(4,)) : i = n/2 + L...,n,j = I,A...,NX} be the
disjoint index sets for sample splitting. For r = 1,2, let C(,)(s,t) and ¢, be the esti-
mated covariance function and its eigenfunctions based on the observations in 7,. For each
k=1,...,my, let

é _ {le Z;'szl Xijflgm),k(tij) i=1,...,n/2,
ik — A X
N*IXZf:Xl Xij¢(1),k(tij) 1 :n/2+1,...,n.
Mimicking (7), the trajectory of X is estimated by
X(t) _ {ZZL—X1 éikd;(z),k(t) i=1,...,n/2,
' Py §ik¢(1),k(t) i=n/24+1,...,n.

The truncation integer mx plays a critical role as often seen in the tuning parameters in
nonparametric estimation: a large my would help to reduce the bias but tends to increase
the variance of the estimate (Hall and Hosseini-Nasab, 2006).

(8)
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We assume the following regularity conditions on X to ensure desirable estimation accu-
racy of X;(t) defined in (8). Let &, = [ X (t)¢x(t)dt, and let ¢}’ denote the j-th derivative
of ¢y.

Assumption C1 X has finite fourth moment, i.e., [[ E{X*(t)}dt < oo, the function t —
E{X?(t)} is continuous, and E(§}) < 0} for any k € N.

Assumption C2 The eigenvalues of C satisfy D7'k=*"' < 0,., < 0, < Dk™ for any
k € N and some D > 1 and a > 1.

Assumption C3 The eigenfunctions of C' satisfy sup,, sup,q ,; |9x(t)| < 0o and

sup | (t)] < k2 sup oV ()|, forj=1,2 and any k € N,

te[0,1]
where ¢ > 0 is a constant. Additionally, ¢,(0) = ¢,(1) and ¢\”(0) = ¢ (1) for any k € N.

Assumptions C1 to C3 are essentially the same as Assumptions A.1 - A.3 in Zhou
et al. (2025). In fact, Assumptions C1 and C2 are commonly adopted in the literature of
functional data analysis; see Yao et al. (2005a) and Hall and Horowitz (2007), for example.
The following theorem characterizes the discrepancy between X, and X,.

Theorem 2 Suppose Assumptions C1 to C3 are satisfied. If, as n — oo,

m§(71 m§?+2 2‘1+2 4 2a+2 4 2a+2c
(M1) T 0, my — 00, — 0, N2 B — 0,hxm3¥ ™ = 0 and hymy™ = O(1),
X
then
A 2a+3 matl m2a+1
Xi - X1 2=0 ( ~(e=D) Mx X X h4 26+3) 9
I | P\ Mx + nN?2 + nNxhx + niNZhy + )
X X
fori=1,...,n

We can make a meaningful characterization of the observation schedule of the functional
data X; from “sparse” to “dense” according to the estimation error in recovering trajectories
from noisy observations.

Corollary 3 Suppose Assumptions C1 to C3 are satisfied, and mx € N satisfies (M1). Let
the optimal bandwidth be chosen as hx = (nNx) />m$§ 72/ We have

1. if m% =< Ny,

R ( : mg?a+25+7)/5
2 __ —(a—1
| X — Xil|* = Op (mx + (nNy )4/ ) :

Additionally, if nm&™**/ < Ny, then | X, — X,|* = Op(mz“™).

2. if Ny = o(ms,),

2a+3 (9a+2c+7)/5
v Y12 — —(a—1) mx mx
IX, — X,[* = Op <mX + T N )

10
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To facilitate the following analysis, we focus on the dense regime: m$ =< Nx. Next,
we study coordinate representation for sample-level quantities in 9y, which is an RKHS
generated by the positive definite kernel x on Hx. By Assumption 1, for any u,v € Hy,

K(u,v) =p (<u7 U>HX7 (u, U>HX? <U’U>HX) :

In the following implementation, x is taken as the GRB function. At the sample level, we

A

consider a subspace of My spanned by {x(-, X;) : 7 =1,...,n} with inner product

(f; 9)my = [T Kxlg],

for any f,g € My, where Ky is the n x n Gram matrix whose (4, j)th entry is /@(Xi,)?j).
The justification for switching from 9«1, defined as the infinite dimensional RKHS
spanned by {k(-,x) : x € Hx}, to My, defined as the finite-dimensional RKHS spanned by
{H(-,Xi) :1=1,...,n}, is the so called representer theorem for RKHS (Scholkopf et al.,
2001), which implies that, for the optimization problem in our context, the solution always
resides in the latter RKHS. Thus, it is equivalent to consider the finite dimensional RKHS.

3.3 Recovering response trajectories

We employ the same strategy in the last subsection to recover each Y; from its noisy obser-
vations. Specifically, consider the following model for the noisy observations on Y;:

Y; :Y;,(Szj)_‘_Sz() lzl,...,Ny,’L’:].,...,n,

where {s;,: l =1,..., Ny} are the observation times of Y;, and ¢,, is the random noise. We
assume {s;, : l=1,...,Ny,i =1,...,n} are i.i.d copies of S uniformly distributed on [0, 1],
and ¢;,’s are i.i.d copies of ¢ with mean 0 and variance o> < co. Moreover, we assume that
Y, S and e are mutually independent.

Following the notations introduced in Section 2.2, we have uy(t) = E{Y(t)} and
Syy(s,t) = BH{Y(s) — py(s)HY () — py ()}, For i = 1,...,n, let Y;(t) denote the es-
timated trajectory via the FPCA. Under certain regularity conditions, which are essentially
the same as Assumptions C1 to C3, we establish the following result for the estimation error
of Yl Let my and hy, denote the truncation level in recovering each Y; and the bandwidth

used in the FPCA on the noisy observations of Y, respectively.

Corollary 4 Suppose Assumptions C4 to C6 (in the supplementary material) are satisfied,
and my € N satisfies (M1) with Nx and hx replaced by Ny and hy, respectively. If hy =
(nNy)~V5m$ > and mg < Ny, we have

Hf/ —Y|*=0p [ my“V + M
K K3 Y (nNy)4/5 .

3.4 Model fitting

As indicated in (6), to estimate E (Y|X = x), we need to estimate the regression operator
Rxy. Having constructed the subspace of 91y, we define jix as the Riesz representation of
the linear functional f +— E,[f(X)], if full trajectories of X,’s are available. By Proposition

11
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2 of Li and Song (2017), fix is the function n=* " | (-, X;) in M. Since the trajectory of
X, is not fully observed, we define a more realistic estimator fix as n=" " | &(-, X;) in My,
and consider a subspace of 95, spanned by {x(, )A(Z) —px i=1,...,n}. Toreflect the fact
that the estimates discussed below are constructed from the recovered trajectories, we use
S¢x and EXY to denote the estimates of Xyy and Xyy, ie., EXX =1/nY" {k(-, X)) —
fix} ® {x(-, X;) — fix} and Sy = 1n37 k(X)) — Ax} ® (Y fis)}-

We estimate E (Y|X = z) by mimicking (6) at the sample level. To do so, we next
derive the coordinates of relevant operators therein. Here, we omit the associated bases
from the notation of coordinate representation as they are obvious from the context. Let
Q = I, —1,17/n, where 1, denotes the column vector of length n with each component
being 1. Let Gy = QK Q. Then, by Proposition 3 of Li and Song (2017),

[iXX] =n"'Gx, [EYX] =n"'Gx, [EE(X] = nG}(,

with respect to the spanning system {/1(~,)A(i) —px:i=1,...,n}. Let hy = (Yl, LY
Then, given z € Hy,

Ry {r(,2) — fix} = Wy Q{[Riy][k(,2) — fix]}
= WLQ {[Se ]Sl l(2) — s
=W {GxGL k() — fix]},

where the last equality holds because Gy = QK@ and Q* = ). We estimate the Moore-
Penrose inverse of Gx by the Tikhonov-regularized inverse (G + exI,)™" to prevent over-
fitting, where e€x > 0 is a tuning constant. It remains to figure out the coordinate of
k(-,x) — fix with respect to the spanning system {m(-,f(i) —fix :i=1,...,n}. Suppose
that z is observed at time points ¢,, ..., ¢y, and z,, = x(t;) +€(t;) for j=1,...,Nx. We
employ the FPCA in last subsection to recover the trajectory of z. That is, 2:(t) is estimated
by

2(t) =D &), (10)
where §i(t) = {)a(t) + G (t)}/2 and & = 375 du(t; )z, /Nx.
Having recovered the trajectory of x, we next identify the coordinate of k(-,2) — fix,

which will be used as the surrogate of that of k(-,z) — ux. Suppose that [k(-, &) — fix] = ¢,
for some c¢; € R*. Then

. 1
(£( &) = fucs (s XDy = el Kxes — (] Kx1)(1,6:) = e/ KxQes,

where e; denotes the vector whose ¢th component is 1 and all others are 0. Taking i =
1,...,n, wehave d; = KxQc;, where d; is a vector of length n with 7th component K,(Xi, z)—
E H(X“X ). With the Tikhonov regularization, we obtain the solution ¢, = Q(K
exl,)'d;. Lastly, by (6), the predicted value of y is

1

12
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3.5 Tuning parameter selection

This section is concerned with tuning parameters. If we use the GRB as the kernel to
construct My, then we have tuning parameters: my, my, and (ex,vx) for Hx, Hy, and
M, respectively.

As suggested in Yao et al. (2005a), we can use either the leave-one-curve-out cross
validation or the information-based criteria such as AIC or BIC to select my and my-.
Moreover, Li et al. (2013) found that mx (or my ) selected through AIC or BIC is consistent
estimator of m if the covariance operator only has m has nonzero eigenfunctions. To estimate
Ry, we choose the tuning parameters (ex,7yx) by generalized cross-validation (GCV). By
(11), the fitted value of Y; at X, is

V(X)) = Q] Cx(Cx + exL) ™ + 1, /n]hy,
where QQ; = Qe, is the ith column of the projection matrix ). Therefore, the GCV score in
this case is defined as
1 IV, = V(X))

GCV(ex,7x) = — ’
(€x:7x) - ; {1 — trace[QG < (Gx + ex1,)~* +1,1! /n]/n}?

where Y, and Y(X'l) denote the recovered trajectory of Y; from noisy observations and
the predicted trajectory from model (5), respectively. The optimal (ex,7x) is chosen by
minimizing GCV over a grid of (ex,yx).

4 Convergence rates for fully observed data

In this section we develop the convergence rates of our nonparametric regression in the
setting where the full trajectories of each X, and Y, are available for ¢ = 1,...,n. In
particular, we are interested in the the following two rates:

(1) the convergence rate of the estimated regression operator Ryy;

(2) the convergence rate of the regression estimate E (Y |z,) at a new predictor and at
any time point ¢, where xz, is a fully observed sample path of X.

We will also derive the optimal tuning parameter €, = ey that makes these rates the fastest.
The theories developed in this section lay the foundation for establishing convergence rate
for the estimator defined in Section 3 for the more realistic case, where only sparse and
noisy observations are available for each X, and Y; fori=1,...,n.

4.1 Some preliminary lemmas

Let 3y and 3y be the plug-in estimates of Yy y and Xy, i.e., Ny = 1/nd>0 k(X)) —
fix} @ {k(-, X;) — fix} and Yxy = 1/n3" {k(, Xi) — fix} ® (Vi — fiy)} where fix =
1/nd> " k(- X,) and fiy = 1/n Y ", Y;. We make the following assumption.

Assumption 6

(i) E[k(X,X)] < oo, and E([|[Y3,,) < oo;

13
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(7i) there is a 3 > 0 such that Xxy = Y Sy for some bounded linear operator Sxy :
Hy — M.

It can be shown that, under the assumption E [x(X, X)] < oo, Yxx is a trace-class
operator. As argued in Li and Song (2017) and Li (2018), Assumption 6(ii) represents a
degree of smoothness in the relation between X and Y. It requires the output functions
of Rxy to be sufficiently concentrated on the low-frequency components of ¥y «. Indeed,
if {(A\,,¢;) : 7 € N} is the eigenvalue-eigenfunction sequence of Yxx with A\, > Ay > -+,
then Yyy = Y% Syxy implies that, for any g € Hy, > jen A% (nyg,goj)fmx < 0o. Thus,
the Fourier coefficients of the output of Ry, with respect to the orthonormal basis {¢;}
has to decay sufficiently faster that the decaying rate of the eigenvalues \; of the covariance
operator Y. The following lemma gives the convergence rates of )y vx and )y xv, whose
proof is similar to Lemma 5 of Fukumizu et al. (2007) and is omitted.

Lemma 5 Under Assumption 6(i), Xxx and Xy are Hilbert-Schmidt operators and
HiXX — Zxxllus = OP(n71/2)7 Hi}XY — Yxyllus = Op(nil/Q).

Let ]%Xy = (f)XX + enI)*lflxy denote another estimator of Rxy, where we have used
€, to replace ex to highlight the dependence on the sample size n. Under Assumption 6,
the best convergence rate of Ryy to Ry developed by Li and Song (2017) is n=#/RG+DI - 1f
B =1, this rate reaches its fastest possible level n=/4. In the next subsection we will show
that, in our regression setting and with an additional assumption on ¥, the convergence
rate of Ry, can approach n='/%.

Based on model (5), let U =Y — E(Y|X) be the population-level residual, which is a
random element in Hy. Let Yyy = E[(k(-, X) — px) ® U]. Let iy and £y, be the sample
estimates of uy and Xy, defined by

fiv = E . (U), Sxvy = E.[(k(+X) = fx) @ (U — fiv)].
Lemma 6 Under Assumption 6(1),
1. Yy = 0;
2. Syy = Sxp + Sxx Ry

Let Xy = B, [(k(-, X) — pux) ® U], which is an intermediate operator between 3y, and
ZXU‘

Lemma 7 Under Assumption 6(i), we have |Sxy — Sxu|lus = Op(n?).

Since Yxx is a trace-class operator under Assumption 6(i), we have >~ A; < oo. The
next assumption strengthens this condition.

Assumption 7 \; < 7 for some a > 1 and all j € N.

By Theorem 1, the functional covariate X is independent of the population-level residual
U in model (5). Assumption 7 is about the niceness of the random function X: its variation
is concentrated on the low-frequency domain of the spectrum of the covariance operator
Y xx- The next lemma reveals how Assumption 7 interacts with Tychonoff regularization.

Lemma 8 Under Assumption 7, if €, < 1, then > . X\ (\; +€,) 7% = O(e; (@+D/),

JEN
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4.2 Convergence rate for estimated regression operator

For convenience, we abbreviate (2XX +e, 1)t (Bxx +e,.0)7 Y and Tk by V,V,and V, re-
spectively. The following Fourier expansion of (-, X) — ux with respect to the eigenfunction
orthonormal basis (ONB) {¢, : j € N} will be useful:

E(WX) — HUx = Z]’GN <"£('7 X) - Mx, (pj>9ﬁx P = ZjEN gj(pjﬂ (12)
where (;, (s, ... are uncorrelated variables with E (¢;) = 0 and var(¢;) = ;.

Theorem 9 Suppose Assumptions 2 through 5 hold; Assumption 6 holds for some 3 > 0;
Assumption 7 holds for some o > 1; ¢, < 1. Then

1.

HRXY _ RXY”OP — OP(n71/265L[3/\1)71 + 6i/\l + n*lG;(SOH»l)/(Qa) + n*l/ZE;(a+l)/(2a)). (13)

2. If €, > max(n~/RU-GAH p=20/GatD) “ihen the right-hand side of (13) tends to 0.

4.3 Optimal turning and convergence
Next, we derive the optimal convergence rate of (13) where ¢, is of the form €, =< n=° for
some § > 0. With ¢, in this form, the four terms in (13) reduce to

n71/2+5{17<m1)}’ nﬂs(ﬁm)7 71+6(3a+1)/(2a)’ n-1/2+8(a+1)/(20)

n
Let £,,...,¢, be the linear functions of § in the exponents; that is,

L(OO)==1/24+0{1—(BA1)}, £,(0)=—=0(BA1), 4500)=—-14Ba+1)/(2a),
0,(0) =—1/24+6(a+1)/(20).

Let m(0) = max{¥¢,(9),...,¢4(0)}. Then the rate in (13) can be rewritten as n™®. Letting
dopt be the ¢ that minimizes m(d), the optimal tuning parameter is €, = n=%rt, and the
corresponding convergence rate is n™opt) = p__..

Theorem 10 Suppose the conditions in Theorem 9 hold for some o > 1, 5 > 0.

- a(BAL)
(1) Zfﬁ > (O[ - 1)/(20[)} then 50“ = m, Popt = N 2a(BAL)+a+1

(2) if B< (a—1)/(20), then Sop = 5, Pop =N~

The best rate for the regression operator reported in Li and Song (2017) is

[Viey

Prs = n~ BAD/2{+HBALY]

It is easy to check that p,,, converges to 0 faster than p;s in both scenarios of j3; that is,
n~(@Bra)/a(BAl)+atl) n*(ﬁ/\l)/[2{1+<ﬁ/\l)}], nP2 < B/ ROEE)]

for all 5 > 0 and « > 1. The reason for this improvement is twofold: first, we are dealing
with the more specific regression problem (5), whereas Li and Song (2017) dealt with a
general problem where the regression operator corresponds directly to a conditional distri-
bution, without any regression structure; second, we have made Assumption 7, which was
not made in Li and Song (2017). Note that, when 8 = 1, Li and Song’s rate is n='/*, whereas
our current rate is always faster than n='/* regardless of the value of «, and approaches
n~'/® when « is sufficiently large.
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4.4 Convergence rate for regression estimate

In this section we develop the convergence rate of our nonparametric regression estimate
E (Y|z,) to the true mean response E (Y|z,) at any given time point ¢ € I. We will use
E (Y|zo)(t) to denote the function E (Y |X = z,), which is a member of H,, evaluated
at time ¢; the same applies to E (Y]|z,)(t). Assuming H, is an RKHS with kernel v,
the conditional mean E (Y|x,)(t) can be written as (v(-,t), E (Y]x,))u, . Since E (Yz,) =
Ry (k(-yx0) — tix) + iy, we have

E (Yl]xo)(t) = (Rxy v(-,t), (-, To) — MX>9nX + py (1) (14)
The estimate of the above is

E (Yzo)(t) = (Rxy v(- ), 5(- 20) = fix)ony + fiv (1): (15)
The next corollary shows that E (Y]z,)(t) has the same convergence rate as Ry

Corollary 11 Suppose
(1) the conditions in Theorem 9 hold for some o > 1, >0,
(2) max(n~VEI-GAD po2e/Gatn)y L <]
(3) Hy is an RKHS generated by a kernel v.

Then E (Y |2,)(t) is consistent with convergence rate

E (Y|$0)(t) —E (Y\xo)(t) — Op(n—l/QeiB/\l)—l + 65/\1 + n—16;(3a+1)/(2a) + n71/26;(a+1)/(2a))‘
(16)

Furthermore, the conclusions of Theorem 10 also hold.

Remark 12 If we only want to study the convergence rate ofﬁ (Y|x,) alone, we do not need
to assume that Hy is an RKHS. By Fquation (6) and the preceding results, the condition that
Hy is a Hilbert space suffices to develop the convergence rate ofE (Yl|x,), which is the same
as Ryy. However, to study the convergence rate of E (Y |x,)(t), we need the assumption that
Hy is an RKHS, since it ensures the evaluation functional f — f(t) is continuous for any
f € Hy and t € 1. Developing the convergence rate and further a limiting distribution in
next section for the pointwise prediction is crucial to construct pointwise confidence intervals
for E (Y|x,).

5 Central limit theorem

In this section we develop limiting distributions for the predicted response given a new
functional covariance in the setting where the full trajectories of each X; and Y; are available
fore=1,...,n.
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5.1 Pointwise central limit theorem

We first develop the central limit theorem of the regression estimate E (Y|z,)(t); the result
is useful for constructing the confidence interval for the mean response E (Y |x,)(t). We will
only consider the case f > (o« —1)/(2a) and § > /(2 + o+ 1), which means the relation
between Y and X is relatively smooth and ¢, is chosen so that the bias term is of a smaller
order than the dominating term. More specifically, recall that

RXY - RXY :‘éres + (Rreg - Rn) + (Rn - RXY)7 Where

chs = (Vﬁ:XU - VSXU) + (VEXU - VnSXU) + VniXU-

Let B, , and B, s be the last two terms of the first equation, and B, ,, B, ., B, 3 be the
three terms of R, in the second equation. Let

An,r - <Bn,rv(‘7t)7"£(‘7x0) _,UX>5mX7 r= 17"'75'

Note that A, ; is a nonrandom number. By Theorem 9, when 8 > (o — 1)/(2«) and
a/(2af+a+1) < <1/2, B, 3 is the dominating term among all the other terms. Hence
it is reasonable to expect that A, ; is also the dominating term. Our central limit theorem
is based on this assumption.

Assumption 8 A, ,,..., A, s have finite variances o, ,...,0. , and

Jn,S >- maX(Un,lv O-n,27 O-n,47 ‘An,5|)

Theorem 13 Suppose the conditions in Theorem 9 are satisfied for some o > 1 and 5 >
(o — 1)/(2a), and Assumption § is satisfied. Furthermore, suppose that the kernel k is
bounded. Then the following statements hold true:

(1) on 5 = n ' EU0)] 2 en(X; 4 €2) 7205 (0%

(2) if 0,3 = € and €, = n~'/2, then for any fixred x, € Hx and t €1,
0, HE (V]ao) () = E (Y ]o) ()] = N(0,1).

To use this theorem to construct confidence intervals, we need to have an estimate of
o2 ;. As will be discussed later, we can substitute the estimates of \;, ¢; and E [U(t)?] to
estimate o2 ; for constructing the confidence interval.

5.2 Uniform central limit theorem

Following the idea of Cardot et al. (2007), we now study the weak convergence of the
regression estimate as a random function in the Hilbert space H,. With a slight abuse
of notation, we denote the Riesz representation of T, defined in Section 2 by M (z) given
X =z in Hx, which is actually E (Y|X = x) € Hy. Let M\(x) denote the predicted value in
‘Hy for a new value x obtained by means of the estimation method introduced in Section 3.
We are interested in the following problem. Given a new random element X, , € Hx that
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is a copy of X and independent of X,,..., X,, we aim to investigate the weak convergence
of a,[M(X,41) — E(Y,1|X,41)] in Hy for some normalizing constant a,. The following

lemma illustrates the stochastic order of the crucial term in establishing weak convergence
of M(X,.1).

Lemma 14 Suppose the conditions in Theorem 9 are satisfied for some o« > 1, § > 1,
and n~'? <€, < 1. We further assume that Sxy in Assumption 6(ii) is a Hilbert-Schmdit
operator. Let W, = > | Z, ., where Z,, = %Ui<VG¢,Gn+1>WX and G; = k(-, X;) — x-
Then the following statements hold true:

1. ]/\Z(Xn+l) - E (Yn+1’Xn+1) - Wn + Op (n_l/QESLa_l)/(QO‘) + Gn + n_16;<a+1)/(2a));

2. E(IW.ll3,) = O(n~'e?).

n

Remark 15 We impose the condition B > 1 to facilitate the analysis of the stochastic order
of X5%x — Yxx. Without this assumption, even though we can still prove that it is o,(1),
determining its convergence rate is quite complicated.

By (A33) (in the supplementary material) in the proof of Lemma 14 part 1, after ignoring
Op(n='?) terms, we have

M(X,p1) —E (Y| Xop)
= (iyxf/ - nyz;x){’f(" Xot1) — Hx}

~ A 1 & ~ o~

=1

:F1n+F2n+Wn+Hn7

where H, = U(V (ux — fix), Grs1)my = Op(n~'e,@TV/C) Tt is straightforward to check
that n='2e /2 > max(n=1/2ele"/@2) ¢ n7le (2D/C)) jf p=1/2 < e < n73 for a > 1.
Thus W, is the dominating term among all the other terms when n='/? < ¢, < n='/3.
Let s> = n'E[(VG,, Gi1)im, |- The weak convergence of M(X,.,) in Hy is based on the
assumption that W, is the dominating term.

Assumption 9
s? = max(var(Fy,), var(Fy,), var(H,)).

Theorem 16 Suppose assumptions in Lemma 14 are met and Assumption 9 is satisfied.
Then

SUM(Xo) = E (Yo | X)) -5 N, (17)

n

where N is a centered Gaussian element taking values in Hy with covariance operator Xy .

Remark 17 By (17) and the continuous mapping theorem, we have

sup
tel

sit [{M (X} (1) = B (Vo | X)) (0] |2 sup N ()]

teT
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as n — oo. Therefore, if we are able to find C(«) that satisfies Pr(sup, ., [N (t)] < C(a)) =
1 —a, then a (1 — «) simultaneous confidence band for E (Y, 1| X,.1) can be constructed as

({M(X, ) }(8) = 5,C (@) {M (X, 1) }E) + 5.C(a)) - (18)

The determination of C(«) is illustrated in one of our simulation studies near the end of
Section 7.2.

6 Convergence rates for partially observed data

In this section we develop the convergence rates of our nonparametric regression in the
setting considered in Section 3, where only discretized and noisy observations on each X;
and Y; are available for ¢ = 1,...,n. Similar to Section 4, we are interested in the following
two rates:

(1) the convergence rate of the estimated regression operator Rey;

(2) the convergence rate of the regression estimate E (Y|z,) at a new predictor and at
any time point ¢ € I, where x, is not fully observed.

In Section 4 we have established consistency and convergence rate for the estimator in the
ideal case. To address the two problems above, it suffices to find the discrepancy between the
ideal estimator and the more realistic estimator defined in Section 3 for discretely observed
functional data, which are assumed to be contaminated with measurement error.

Assumption 10 The reproducing kernel k of Mx is Lipschitz continuous; namely, there
exists a constant L such that for any f,g € Hx, one has

160, ) = K(g, My < LILF =gl

Remark 18 Note that Assumption 10 is met for the GRB kernel. In fact, if k is the GRB
kernel, ||k(f,") — £(g, )z, = 2 —26(f,9). By the Taylor ezpansion on k(f,g), we can
easily show that ||k(f,") — (g, ), < 29I f —gll*. Hence Assumption 10 is met if we take
L = (2v)Y2. This assumption also explains why we want to achieve a desirable convergence
rate in the L,-norm when recovering the trajectory of each X; from its sparse and noisy
observations.

For ease of notation, we assume my < my, =< m and Ny < Ny < N. The following
lemma establishes the estimation errors of Y ¢ and Y ¢y, respectively.

Lemma 19 We assume that the assumptions in Corollaries 8 and 4 hold. Under Assump-
tions 6(i) and 10, we have

~ p(da+2e+7)/5
HEXX - EXXHHS =0p <m_(a_1) + ) ,

(nIN)*/5
~ m(dat2e+7)/5
HEXY - EXYHHS =0p (m_(a_l) + W’)
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Recall in Section 3 the estimator of the regression operator Ry, is defined as Ryy =
(Xxx +€,])'Xxy. Based on Lemma 19, we establish the convergence rate of Rxy, as
stated in the following theorem.

Theorem 20 Suppose assumptions in Theorem 9 and Lemma 19 hold. If n™'/? < ¢, < 1,
then

(1)
Hﬁxy - RXYHOP = OP((ln + 5;2631 + Eglbn)a (19)
where a, = EBAI + n—1/26—(a+1)/(2a) G,’I’I,d bn — m—(a—l) + m(4a+2c+7)/5(nN)—4/5'

(2.) If €, = max(b,, (b,n")*/CTV) " then the right-hand side of (19) becomes Op(a, +
€.'b,), which tends to 0 as n — co.

Lastly, we consider the convergence rate of our nonparametric regression estimate E (Ylz,)
to the true mean response E (Y|z,) at any given time point s € I. Instead of observing the
true trajectory of x,, we assume that we only make noisy observations on z, at ¢y,...,ty,,
which are independent copies of T. A similar set-up for the prediction analysis was consid-
ered in Yao et al. (2005b).

Let &, denote the recovered trajectory of x, from its noisy observations using (10). Then
based on (14), we have

E(Y(#0)(s) = (Rey v(-,8), 5 20) = fix)any + fiv (5), (20)

under the assumption that H, is an RKHS generated by a kernel v. As with Corollary
11 for fully observed data, the following corollary states that E (Y|Z,)(s) has the same
convergence rate as Ryy.

Corollary 21 Suppose
(1) the conditions in Theorem 20 hold;
(2) max(b,, (b,n=")*/GtD) <€, < 1;
(3) Hy is an RKHS generated by a kernel v.
Then E (Y|2,)(s) is consistent with convergence rate
E (Y]&0)(s) = E (Y |20)(s) = Op(a, + €,"b,), (21)
where a, = €M + n=2e (TR0 gnd b, = m~ @D 4 pplet2etD/E(p N)=4/5,

Based on Corollaries 3, 4 and 21, if

a+1

1X; — Xil|? = Op(n 2P 4 n7le, ), (22)

the convergence rate of the prediction error based on partially observed data is identical to

that from the fully observed trajectories. Furthermore, by Corollary 3, if nm/(9et2c+2)/4 <
_ o+l
N, (22) is equivalent to m—(=1) < n_l/QE%ﬁAl) +n"te, 2.
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If functional data are ultra densely observed, say N = n®*, we may obtain recovered
trajectories through local linear smoothing and they satisfy

1X; = X2 <n7t, i=1,...,m,

by Theorem 2 of Zhang and Chen (2007). Then (22) is satisfied as €, = o(1). But this
requires the sample path of the functional data has a continuous second-order derivative
almost surely; other relevant regularity conditions can be found from Condition A of Zhang
and Chen (2007). In FDA| random functions are usually assumed to be mean-square con-
tinuous rather than have differentiable sample paths almost surely. The standard Brownian
motion is a prominent example whose sample paths are mean-square continuous but are
nowhere differentiable almost surely (Hsing and Eubank, 2015, Chapter 7). On the other
hand, it is worth noting that the proposed method can accommodate sparsely observed
functional data, where N has an upper fixed bound or has a finite expectation. Applying
a local linear smoother to sparse observations to recover trajectories is inappropriate. The
numerical studies in Section 7.3 demonstrate the strong performance of our method in the
sparse setting.

7 Simulation studies

In this section, we investigate the performance of the proposed methodology in prediction
under different simulation scenarios. We compare our nonlinear function-on-function re-
gression (to be abbreviated by NLFFR) method with several alternative methods: optimal
penalized linear function-on-function regression (to be abbreviated by PLFFR) proposed
by Sun et al. (2018), linear function-on-function regression estimated via functional princi-
pal component analysis (to be abbreviated by FPCA) proposed by Yao et al. (2005b) and
Crambes and Mas (2013), and nonlinear function-on-functional regression via functional
universal approximation (to be abbreviated FUA) developed by Luo and Qi (2024). In ad-
dition, we evaluate the finite-sample performances of both the pointwise confidence interval
and the simultaneous confidence band developed in Section 5.

7.1 Dense design

We adopt a similar strategy in Li and Song (2017) to generate functional covariates. Specif-
ically, we construct Hy as the RKHS induced by two kernels: the GRB and the Brownian
motion covariance function (BMC). When the GRB kernel is employed, the functional
covariate X is generated by X (¢t) = Y.0_ a,exp{—r(t — t;)*}, where a,,...,a; are in-
dependently sampled from N(0,1), ¢,,...,t; are independently sampled from U|[0, 1] and
~vr = 7. When the BMC kernel is employed, X is generated as

100

X(t) = Z\@[(j —1/2)x] " a;sin[(j — 1/2)wt],

where a;’s are independently sampled from N(0,1). In the dense design, we choose 50
equally spaced points in [0, 1] as the observed time points of X for each subject. The left
panel of Figure 1 depicts 10 sample paths of X generated by these two kernels in the dense
design.

21



SANG AND L1

Two models are then used to generate the functional response Y

1 2
FERE + (X, b2>’HX> p(t) + oe(t),

Model 2: Y(t) = {cos ({(X,bs)s )} p(t) + oe(t).

Model 1: Y(t) = <

In both models, when the GRB kernel is used, b,(t) = exp{—vr(t —t;)*} with ¢, = 0.6, t, =
0.9 and ¢; = 0.1; when the BMC kernel is used, for j = 1,3, b;(t) = v;(t) := v/2a, sin[(j —
1/2)xt], which is actually the jth eigenfunction of the covariance operator of the standard
Brownian motion, and b,(t) = 0. Regardless of the choice of kernel, p(t) = >-°_, v;(t) and
€(t) is generated from the standard Brownian motion. The choices of p and € ensure that
the true conditional mean E(Y|X) resides in the RKHS generated by the BMC kernel. The
right panel of Figure 1 shows the shape of p(t), which indicates that the (true) conditional
mean has a relative large fluctuation around 0.18. We consider two different values of o:

0.1 and 2, to deliver different signal-to-noise ratios.

a 3 b 5
21 4-
= 1 =3
X =
0- 27
1-
.1 o
1 1 1 1 1 0- 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

t t

Figure 1: (a): trajectories of the functional covariate X generated by the GRB kernel (blue dotted
lines) and the BMC kernel (red solid lines). (b): function p(¢) in models 1 and 2.

In each simulation scenario, we randomly generate 100 pairs of (X, Y;)’s as the training
set and 500 pairs as the test set. For comparing the predictive performance of these three
methods, the prediction error is defined as the median of the integrated squared errors

ISE — /O ) —E(Y (@) | X))t (23)

calculated on the test set. The inner products in Hy and H, are always calculated using
the same kernel: either GRB or BMC, and GRB is always chosen as the reproducing kernel
in M. To better assess the performance of our proposed method in comparison with other
methods, each simulation scenario is repeated 200 times.

7.2 Results for dense design

In the dense design, X; and Y, are observed at 50 equally spaced time points in [0, 1].
Table 1 summarizes the medians and the inter quartiles of the prediction errors for each
method across the 200 simulation runs. The FUA method dominates the other methods in
all simulation settings, but its advantage over our method becomes less evident for lower
signal-to-noise levels. Meanwhile, it should be noted that the FUA method is considerably
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more computationally intensive than its competitors because of the tedious tuning param-
eter selection procedure. Our method has much better prediction accuracy than its linear
competitors regardless of the signal-to-noise level. Moreover, even when we used the wrong
kernel, for instance when X is generated by the BMC kernel but we use the GRB kernel
to calculate the inner product in both Hyx and H,, our method still achieves satisfactory
prediction accuracy. This demonstrates the robustness of our method against the choice of
the kernel when computing the inner product in ‘Hyx and H,y.

Model] X | o Methods
FPCA PLFFR FUA NLFFR (GRB)|NLFFR (BMC)

GRB 0.1/13.09 (4.76)|6.79 (1.55)(9.53e-4 (7.80e-4)| 3.46 (4.98) 1.73 (1.28)

1 2 |13.20 (4.78)(6.83 (1.54)| 0.13 (0.08) 3.49 (4.92) 1.74 (1.31)
BMC 0.1/ 0.48 (0.06) {1.25 (0.11)|1.56e-3 (7.86e-4)| 0.56 (0.08) 0.43 (0.06)

2 10.66 (0.12) 1.39 (0.15)] 0.23 (0.10) 0.58 (0.09) 0.45 (0.09)

GRB 0.1/ 1.31 (0.10) |3.01 (0.23)(6.59e-4 (4.77e-4)| 0.19 (0.08) 0.19 (0.12)

5 2 |1 1.35 (0.15) (3.02 (0.25)|  0.15 (0.10) 0.25 (0.09) 0.25 (0.12)
BMC 0.1 1.45 (0.14) {2.43 (0.21)]1.38e-3 (1.50e-3)| 0.47 (0.33) 0.45 (0.30)

2 | 1.57 (0.18) (2.51 (0.23)| 0.21 (0.16) 0.51 (0.37) 0.51 (0.34)

Table 1: Summary of the medians and the interquartile ranges (in parentheses) of the
prediction errors across the 200 simulation runs under different simulation scenarios for each
method in the dense design. The column of X indicates which kernel is used to generate X in
model 1 or 2, and the columns of NLFFR (GRB) and NLFFR (BMC) indicate which kernel
is used to calculate the inner product in Hy and Hy when using the proposed NLFFR.

Model
Method 1 2
X: GRB X: BMC X: GRB X: BMC
GRB 0.896 0.976 0.924 0.946
BMC 0.898 0.972 0.916 0.962

Table 2: Summary of the mean of the coverage probability of simultaneous confidence bands
over the 200 simulation runs with ¢ = 0.1. The first column indicates the kernel used to
calculate the inner product in Hx in model fitting, and the row with X : (---) indicates the
kernel used to generate X in either model 1 or 2.

We next construct the pointwise confidence intervals described in Theorem 13. In par-
ticular, we randomly selected one subject from model 2 with ¢ = 0.1, and constructed a
confidence interval for E (Y|z,)(t) at any ¢ € [0,1]. Figure 2 displays the pointwise 95%
confidence intervals. Regardless of the choice of the kernel used to generate X or calculate
the inner product in Hy in model fitting, the intervals cover the true conditional mean
reasonably well. In particular, the estimated conditional mean shows a relatively large fluc-
tuation around 0.18 due to the shape of p shown in the right panel Figure 1. After around
t = 0.25, the magnitude of p becomes relatively smaller; it implies smaller variability of the

23



SANG AND L1

true conditional mean at ¢t > 0.25. Consequently, the pointwise confidence intervals become
considerably narrower in this region, which is consistent with the shape of p.

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
t t

Figure 2: Pointwise confidence intervals for one randomly sampled subject in the test set from model
2. (a) & (b): X is generated by the GRB kernel, while in model fitting H is constructed via the
the GRB and the BMC kernel, respectively. (c) & (d): X is generated by the BMC kernel, while in
model fitting the inner product in H y is calculate via the the GRB and the BMC kernel, respectively.
In each panel, the solid black line represents the true conditional mean function E (Y'|z,)(t), the red
dashed line represents the estimated mean, and the blue and green dotted lines represent the upper
and the lower bounds of 95% pointwise confidence intervals, respectively.

We further study the simultaneous confidence band of E (Y, ,]X,,,) given by (18). Es-
timation of s, in (18) is straightforward. To determine the value of C'(«), we first calculate
U.’s on the training set based on the observed Y; and the estimated mean. Then a plugged-
in estimate of X is available. We generated a large number of sample paths of a centered
Gaussian process with the estimated ¥, as the covariance function. Let Z;(¢),i =1,...,N
denote the randomly generated sample paths. For each of them, sup,.,|Z,(t)| is approxi-
mated by evaluating |Z;(¢)| on a dense grid of I and then taking the maximum. The value
of C(«) is taken as the a-upper empirical quantile of sup,., |Z,(t)|’s. Table 2 presents the
average of the true coverage probabilities of the 95% simultaneous confidence bands across
the 200 simulation runs with ¢ = 0.1. The true coverage probabilities for both models 1 and
2 are close to the nominal level (95%) in most cases. Note that the coverage probability for
the design when X is generated from the GRB kernel in model 1 is slightly lower than the
nominal level. This result is consistent with as is shown in Table 1: compared with other
designs, the prediction accuracy of the proposed method is slightly worse in this design.
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Methods
Nx(Ny) o
FPCA PLFFR FUA NLFFR
(4.5.6) 0.1 | 102.66 (30.13) | 253.51 (1028.32) | 13.58 (6.60) | 17.91 (16.68)
o 2 103.56 (34.55) | 313.19 (1258.95) | 14.56 (7.87) | 17.96 (16.64)
0.1 99.14 (28.07) 201.10 (762.72) 5.69 (2.03) 8.15 (7.86)
{16, 18,20}

2 99.25 (27.70) 210.76 (773.12) 5.74 (2.30) 8.30 (10.05)
(5.10,20} 0.1 | 104.73 (29.82) 230.51 (872.70) 6.95 (2.52) 9.00 (8.04)
T 2 104.66 (32.22) 289.88 (858.86) 7.11 (2.83) 9.64 (13.97)

Table 3: Summary of the medians and the interquartile ranges (in parentheses) of the ISE
on the test set across the 200 simulation runs under different simulation scenarios for each
method in the sparse design.

7.3 Sparse design and results

To study the performance of our method in a sparse design, we generate X as X(t) =
t + sin(t) + & V2 cos(nt) + £,v/2 cos(2nt) + e(t) for t € [0, 1], where &, and &, are indepen-
dently generated from N(0,4) and N(0,1), respectively, and e(t) ~ N(0,0.25) denotes the
measurement error of X. For each subject, the number of observations of X, Ny, is ran-
domly sampled from one of the three sets, {4,5,6}, {16, 18,20} and {5, 10,20}, to generate
sparse functional data with different sampling frequencies, and then we randomly generate
Nx observation times from the uniform distribution on [0, 1]. To reflect the nonlinear re-
lation between X and Y, we combine the idea of functional quadratic regression (Yao and
Miiller, 2010) and the polynomial kernel function in RKHS regression. In particular, the
response in generated as

Y(s) = {/0 Xe(t)B(t)dt + /0 /0 Xc(t)Xc(s)fy(s,t)dsdt} pi(s) + e(s),

where X¢(t) = X(t) — (t + sin(t)) denotes centered X, 3(t) = /2 cos(nt) + /2 cos(2nt),
v(s,t) = 2 cos(mt) cos(ms) + cos(2mt) cos(ms) + 2 cos(2nt) cos(2ms). The projection direction
pi(s) = 30_ \/2cos(kns). For each subject, we make Ny, which is randomly sampled
from the same set as Ny, observations at uniformly distributed times on [0, 1], and &(s) ~
N(0, 0?) denotes the measurement error of Y. Next we explain why the above model satisfies
our definition of nonlinear function-on-function regression by RKHS. Note that for a fixed
a € L,[0,1], one can consider a nonlinear scalar-on-function regression between (Y, ) and

100 ={ [ xwswar+ [ [ XX (ssit)dsd (p,.),

which is a functional analogue of RKHS regression with a polynomial kernel of degree two
for scalar or vector-valued covariates.

As with the dense design, we conduct 200 independent simulation runs, and in each
simulation run, we randomly generate 100 pairs of (X,Y’) as the training set and 500 pairs
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as the test set. For our method, the PLFFR method and the FUA method, we employ the
principal component analysis through conditional expectation (PACE) method proposed by
Yao et al. (2005a) to recover each sparse trajectory first, as described in Section 3.2. In
contrast, the FPCA-based method proposed by Yao et al. (2005b) only entails estimating
FPCs of X and Y as well as their scores through PACE. Interested readers can refer to
Yao et al. (2005b) for more details. Prediction errors on the test set by each method are
summarized in Table 3. In comparison with the dense case, the FUA method outperforms
the other methods, and our proposed method displays a similar advantage over the two
linear competitors in terms of prediction accuracy. However, the advantage of the FUA
method over ours is less evident compared with the dense case.

8 Data application

In this section, we apply our proposed method and the aforementioned competitors to a
data application. We are not only interested in predication accuracy of our method in real
applications, but also the pointwise confidence intervals and the simultaneous confidence
band introduced in Section 5.

Q
N N
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\ )

Temperature
N

-
[or]
'

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Depth Depth

Figure 3: (a): ten sample curves of Temperature and the sample mean curve of them (black solid
line). (b): ten sample curves of Salinity and the sample mean curve of them (black solid line).

Asindicated by http://hahana.soest.hawaii.edu/hot/hot-dogs/cextraction.html,
the Hawaii Ocean Time-series (HOT) program has been collecting time course observations
on the hydrography, chemistry and biology of the water column at a station north of Oahu,
Hawaii since October 1988. One goal of this program is to learn about concentrations of
some materials in the upper water column (0 - 200 m below the sea surface). With the aid
of CTD sampling support, profiles of temperature, salinity, oxygen and potential density as
a function of pressure (or equivalently depth) are available. In our study, we took a portion
of the whole data set. The data set has five variables: Temperature, Salinity, Potential Den-
sity, Oxygen and Chloropigment and, in a single day, each of them has 101 measurements,
one per two meters from 0 to 200 meters. They can be treated as a function of depth, and
trajectories collected from different days are viewed as different sample curves. There are
116 sample curves in total for each variable.

In this study, we are interested in using the trajectories of Temperature to predict
those of Salinity. As indicated by Good et al. (2013), Temperature is strongly associated
with Salinity and there exists a nonlinear relationship between them. This assertion can
be further justified by Figure 3, which shows the trajectories of Temperature and Salinity
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of 10 randomly selected samples, where the depth was rescaled to [0, 1] from [0, 200].
The trends of these two groups of mean curves suggest that Temperature decreases as the
depth increases, whereas Salinity goes up first and then drops down as depth increases.
Additionally, the response variable, Salinity, displays more variability near the boundary
than in the interior region.

To evaluate prediction accuracy of each method, we randomly and evenly split the whole
data set into a training set and a test set. Each method was fitted to the training set and
then the fitted function-on-function regression was used to predict the response in the test
set. It is more reasonable to assume that the observations of Temperature and Salinity
are contaminated with measurement error. We take this into consideration when fitting
each model. This process was repeated M = 200 times to assess variability in predictions.
The medians and the interquartile ranges of the prediction errors across the 200 splits
are shown in Table 4. Our proposed method performs similarly to the FUA method and
greatly outperforms the two linear competitors. The poor performances of the FPCA and
PLFFR methods indicate that the relationship between Salinity and Temperature cannot
be adequately fitted by a linear function-one-function regression model.

FPCA PLFFR FUA NLFFR
median | 1.24 x 10° | 1.24 x 10° | 1.16 x 1072 | 1.21 x 102
IQR (0.51) (38.78) | (2.13 x 1073) | (1.55 x 10?)

Table 4: Summary of the averages and standard errors (in parentheses) of the prediction
errors across the 200 random splits.

We also constructed the pointwise confidence intervals defined by Theorem 13 and the
simultaneous confidence band by (18) for this regression problem, by assuming that full tra-
jectories of Temperature and Salinity without any measurement error are available. Figure
4 shows both the 95% pointwise confidence intervals and the 95% simultaneous confidence
band constructed by the GRB and the BMC kernels for one randomly selected sample from
the test set. The shapes of both the pointwise confidence intervals and the simultaneous
bands are similar under these two kernels. It implies that pointwise confidence intervals and
simultaneous confidence bands are robust to the choice of the kernel used to calculate the
inner product in Hy and H,. Not surprisingly, the simultaneous confidence band is wider
than the pointwise confidence intervals for both kernels. Furthermore, the two left panels
of Figure 4 indicate that the predicted mean response tends to be more variable near the
boundary in comparison with the interior region. This finding is consistent with what we
have seen from the right panel of Figure 3.

In this analysis, we ignored the potential day-to-day dependence of the functional data.
Thus, we have treated our model as a working model for this data. Developing a nonlin-
ear function-on-function regression model for functional time series data is an useful and
challenging problem, and we will leave it to future research.

9 Conclusions

In this paper we have proposed a nonlinear function-on-function regression model based on a
linear operator in RKHS. Compared with the current linear function-on-function regression
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approaches, our approach shows a remarkable improvement in prediction accuracy for both
densely and sparsely observed data. In addition, with the aid of nested Hilbert spaces,
our method avoids the large number of parameters that need to be estimated when the
tensor products of spline basis functions or the eigenfunctions of the predictor and response
are deployed in linear function-on-function regression (Ramsay and Silverman, 2005; Yao
et al., 2005b; Sun et al., 2018). The estimation procedure can accommodate irregularly and
sparsely observed functional predictor and response.
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Figure 4: (a) & (b): Pointwise confidence intervals and simultaneous confidence bands constructed
from the GRB kernel for one random sample in the test set. (c¢) & (d): Pointwise confidence intervals
and simultaneous confidence bands constructed from the BMC kernel for one random sample in the
test set. In each panel, the solid black line represents the observed trajectory of Y, the red dashed
line represents the estimated mean, and the blue and green dotted lines represent the upper and the
lower bounds of 95% pointwise (or simulataneous) confidence intervals, respectively.

Existing asymptotic development on function-on-function regression was focused on con-
sistency and convergence rates. For instance, Sun et al. (2018) studied the minimax rate
in mean prediction using an RKHS-based approach. Both consistency and the convergence
rate were established by Luo and Qi (2017) in a linear function-on-function regression model.
But it should be noted that these theoretical properties were developed for fully observed
functional data without any measurement error. In contrast, we establish consistency and
convergence rate for our nonlinear regression estimate with irregularly and sparsely observed
functional predictor and response, which are even contaminated with measurement error.
Moreover, little work has been done to develop statistical inferences for function-on-function
regression. Though there were several precursors in this regard [see Yao et al. (2005b) and
Crambes and Mas (2013) for example|, they were mainly concerned with linear models. In
comparison, our theoretical development includes both convergence rate, pointwise and uni-
form central limit theorem of the regression estimate, when the full trajectory of functional
covariate and response are available.
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In this Appendix we provide technical assumptions for Y and the proofs of the theorems,
lemmas, and corollaries in the manuscript. The equation labels such as (1) and (2) are for
the equations in the manuscript; equation labels such as (A1) and (A2) are for the equations
in this Appendix.

Appendix A.1. Technical assumptions for the response

We assume the following regularity conditions on Y to ensure desirable estimation accuracy
of Y;(t) when we use the FPCA method as outlined in Section 3.2. Let {(w, %) : k € N}
denote the eigen-pairs of the covariance function of Y. Then n, = [{Y (t) — py (t) }1,(t)dt
is the kth FPC score of Y for k € N.

Assumption C4 Y has finite fourth moment, i.e., [[E{Y*(t)}dt < oo, the function t —
E{Y?(t)} is continuous, and E(n}) < wi for any k € N.

Assumption C5 D'k < wiyy < wy < DE™ for any k € N and some D > 1 and
a>1.

Assumption C6 sup,., sup,. |« (t)| < oo and

sup [ (1) = k% sup [0V (t)|, for j=1,2 and any k €N,
te[0,1]

te[0,1]
where ¢ > 0 is a constant. Additionally, 1,,(0) = ¥,,(1) and " (0) = (1) for any k € N.

These assumptions are essentially the same as Assumptions C1-C3 in the main text.
Here we use the same constants, i.e., D, a,c, as in Assumptions C1-C3 for ease of notation.
In general, these constants for Y can be different from their counterparts for X.

Appendix A.2. Theoretical proofs

PROOF. [Proof of Theorem 1] We first establish a relation between the regression function
fo and the regression operator Ryy. By (4), E(U,) =0, E, f.(X) =0, and U, 1L X, we
have
E[Y, @)u, | X] =ca+ fu(X), E[Y,a)n,]=ca
So
E[(Y,a)y, | X] = (uy, a)n, + fo(X).

Comparing this with (1), we see that
fa(X) = (Rxya)(X) — E[(Rxya)(X)].
By the reproducing property,

(Rxyva)(X) = (Rxyva, k(- X))y = (0, Ry (- X))

X Y*©

Similarly,
E[(Rxya)(X)] = (Rxve, E[6(+, X)Damy = (@ Ry fix )y, -
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So
fa(X) = (o, Ry (K (5, X) = 1)) ey - (A1)
Substituting this into (4), we have
(Y, @y = Ca+ (0, Rigy (5, X) = p1x)y. + U (A2)
Secondly, we show that the mappings
arc,, awf,, a—U,

from Hy to Hy, from Hy to My, and from H, to Hy, respectively, are linear in «. That
a+— f(x) is a linear function follows obviously from (A1). Note that, for any ay, a, € Hy
and A\, A, € R, we have

(Ao + Ao, Y)gy = Ao, Y)ay + A0, Y) s, (A3)
Applying the scalar model (4) to the left-hand side of (A3), we have
(Ao + Ao, V) = Crjagingan T fryarirgas (X) + Usjag+rgag-
Applying the scalar model to the right-hand side of (A3), we have

C}xla1+A2a2 + f)\lOtl‘i‘AQaQ (X) + U>\1Cv1+>\2a2

(A4
= (A€o + AsCay) + (M fay Ao for))(X) + (MU, + XU,). )
Taking expectation of this equation with respect to (X, U,), we have

Cz\lal-&-kgag = )\lcal + AQCaQJ (A5)

which means a + ¢, is a linear mapping. Thus we now have
f>\1a1+>\2a2 (X) =+ U)\1a1+/\20¢2 = (Alfal + )\Qfag)(X) =+ ()\an1 + )\2U042)'

By the linearity of a — f,(z), the first terms on both sides of the equation cancel out,
leaving us

U>\1a1+/\2a2 = Aanl + )\2Uo¢27

which means a — U, is a linear map.
Thirdly, we show that c, and U, can be written as inner products. Note that

[cal = [ELY; a)a, | < BNY [y )y -

Since E (|[Y||s, ) < oo under Assumption 2, ¢, is bounded linear functional. By Riesz
representation theorem, there exists ¢ € Hy such that c, = (¢, @), fro all @ € Hy. Then,
for all « € H,y,

<OZ, MY>’HY = <Oé, C>’Hy7

which implies ¢ = py. Substituting (A2) and c, = (¢, )4, into (4), we have

(Y, )y = (s iy )y + (@ Ry (R(, X) = pix )y + U, (A6)
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which implies
Us = (@Y — piy = Ryy ((, X) = pix))
So, for each w € ) and each a € Hy,

Ua(@)| < llafl, - 1Y (w) = py = Ry (505 X (@) = px) |2y, -

Since Y (w) — py — Ry (k(+, X (w)) — px) is a member of Hy, its norm is finite. Hence, by
Riesz representation theorem, there exists an U(w) € Hy such that

for any a € Hy. Let U be the random element w — U(w). Then U, = (U,a)y, . Since
(U, )3, L X for all a, we have U IL X.
Finally, substituting U, = (U, @), into (A6), we have

(Y, )y = {0, iy )y + (0, Ry (6( X) = pix)) oy + (U, @)y, -

Since the above holds for all a € Hy, we have the desired equation (4). [ |

PROOF. [Proof of Theorem 2| By symmetry, we only need to consider i = 1,...,n/2. By
(8), we have, for any t € [0, 1],

A

Xi(t) = Xi(t) = Z Am%,k(t) - Zfik(lsk(t) - i i (t)

= (G — L) da(t) + Zﬁm[&@),k(t) — b — D Eadr(t)

Ay (t) + Ay(t) + As(t).
By the triangular inequality and the inequality (a + b+ ¢)? < 3(a® + b* + ¢?), we have

E{|X: = X[} SE(1Al + A + [ A))?

(A7)
S E([A®) + E([[A=l*) + E(4s])-

The first term on the right is
my my mx R

DSOS TE[Er — &) (G — &) (B )] = DB (G — ),

k=1 (=1 k=1

where the equality holds because {q3<2>,k}’,231 is an orthonormal set. The second term on the
right-hand side of (A7) is

mx mx

STS TE & bk — b Pane — D)l (A8)

k=1 (=1
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By the iterative expectation law, we rewrite the expectation in the summand as

EA{E {&i&e(Parn — b Pare — aye) Hoaw(t), diaye(t)}
= E{E (£x&) (Do — Borer Dane — biane) }
= 6k,EE( fk)E {(é@),k - ¢(2),k7 &(2),4 - ¢(2),z>}a

where the first equality holds because &;,&;, I (gg(m,k, qg(z),e(t)), and the second holds because
& and &, are uncorrelated. Then, (A8) reduces to

STE(EL)E 6@ — bl (A9)

k=1

Combining (A7), (A8), and (A9), we have

mx mx o
E{X: = XillP} 2 D B — &a)* + Y_E(EDEbn — b’ + D E(&)
k=1 k=1 k=mx+1

Further decompose fzk —&,, as (ézk —ézk) +(§~m — &), where &k =Ny ZNX Xi;ér(t;;). Then,
by the inequality (a + b)* < 2(a® + b*),

B{|IX; - X.||*}
mx . - mx - mx . e}

<D B — &)+ DB — &)+ D _E(E)Edew — daull’+ D E(E)
k=1 k=1 k=1 k=mx+1

=B, +B,+ B; + B,.
(A10)

We next analyze the four terms on the right-hand side of (A10). In the first term,

E(ém - gzk)g = (lNX ZX”{@Q) k(tiy) — ¢k(tzg)}‘| )

~ Z E[Xy X by s (ti) = bu(tiy) Ho 4 (tie) — de(tie)}] (A11)
X j#e

+7ZEX1]{¢(2)’C( ’L]) ¢k 74] _7ZCZ]€JZ+ ZD”‘:]
X J=1 X j#L X Jj=1

For the D, ; terms in (A11), by the law of iterated expectations,
Dy = E{E[(X.(t;) + €5 { P 1 (t5) — Du(t) Y1, oy s €]}

Since (X, qb(z) ks €i;) Lt and t,; ~ U|0, 1], we have

B [(Xi(t,) + €,){ Py (tiy) — bu(t) 1 X0, day s €] = /H(Xz(t) + ) {bau(t) — di(t)}dt.
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Hence
Dy, =E [/(Xl(t) + ei]-)Q{qAﬁ(z)’k(t) — (1) }2dt
B / E[(X:(t) + €4)"]E {[feay 1 (1) — dr(8)]}*dlt
- /H<EX2< )+ a3 (b6~ eul0]

< Eld@ . — ol

where the second equality holds because (X,(t) + e;;) 1L ¢y (t), the third holds because
X,(t) L e;;, and = holds because, by condition C1, EX?(t) is continuous and therefore
bounded. Then

1 X A
e Y Di; 2 NE||e)x — ol (A12)
X j=1

For the terms C; j, in (A11), since, for any j # ¢,

(Xi(tiy) + €) [P (tis) — bu(tin)] 1L (Xi(tie) + €so) [y (tie) — ()] [(Xos biay)s

we have
E[X, Xit(Pe 1 (t) = 8(t)) (Do () — du(ta)) | Xis by ]
[(XZ(tw) +e) (Xi(tie) + €i0) (D s (1) — Bu(t:3)) (D 1 (t) — P (t0)) | X, Pioy ]
E[(X.(t:;) + €) (b a(ti) — Du(tiy)) | Xi biay ]
B[(X(ti) + €) (Payi(te) — dutie)) | X, oyl

Since e;; 1L (X, dzy 1), E(es;) =0, and t,; ~ U[0,1], and since the same is true if we replace
j byt the right-hand side above further reduces to

[ X Bat) — au(e)dt]| <X b0~

Then
Cirge < BUIXADEIdern — ¢ll?) = E(ldeyn — oall”).
Consequently,
~7 Z(Jme = T E(ée)x = oul*) = E(l|der — oill?)- (A13)
X j#e X

In the second term in (A11), from the proof of Lemma S1 in Zhou et al. (2023).

B — &)’ = (le > Xin(ty) — (X, dr) ) < CoNy! (A14)

j=1
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for some constant C, > 0.
Combining (A12), (A13), and (A14), we have

B, + B, X Ng! ZEH¢(2)J€ — &l|* + ZEW@M — ¢ull” + NY'
k=1 k=1

. (A15)
= ZEW(z),k — ¢el|* + N5
k=1

Next, consider the last two terms in (A10). Since, by Assumption C2, E(&%) < k™, we
have

mx
Bs = ZkiaE(H(JS(z),k — oill?). (A16)
k=1
By Assumption C2,
Bi= 3 6i< > Dk Zmy (A17)
k=mx+1 k=myx +1

From (A15), (A16), and (A17) we see that

B{I%— XY %Y Bl — oull* + N3+ Sk Bllds — aull) +mie
= -
=< Elde. — dill? + N +mzl?,
k=1

where the second < holds because > v X k~*E(||y . — ¢ill?) < SrX Ellde s — ¢l By
Theorem 2 of Zhou et al. (2025), we have, under Assumptions C1 to C3 and M1,

Bl b i — dill” < s [H(ka )] P (1+ al ) NN
@k TR =y Ny nNyhy Ny X ‘

Hence the first term on the right-hand side of (A18) satisfies

my A mX k2 ko \ 2 ke k*
E B ) < K- 1 1 h4 k2c+2
; H¢(2),k ol _;[n { +<Nx) }+nNth ( +Nx>+ X }

m3 m2a+3 ma+1 m2a+l (A19)
_< X X X X h4 2c+3.
=T T aNT T aNohe | naNzhy TR
Substituting this into (A18), we have
“ mS m2a+3 moH»l m2a+1 )
E{llX — X. 2 =< X X X X h4 2c+3 N71 —(a—1)

Using condition (M1), we can show that
3

m
TX j 7,),11;(((171)7 N};l j m;{(afl).
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Therefore,

“ m2a+3 ma+1 m2a+1
Xi _ Xz 2 < O (m—(a—l) X X h4m2c+3> .
| IP=0p {my* 7 + AN | nNihe | nNeh T

We establish the desired equation (9).
|

PROOF. [Proof of Lemma 6] 1. Since, for any f, f, € My, f1 @ (Riy fo) = (f1 @ f2) Rxv,
we have

Y =E[(R( X) = i) @Y — py = Ry (w(5 X) = px) }]
=E[(r(X) =) @ (V = py)] = B[(k(, X) = px) @ (Riy {R(, X) = pix})]
=Xxy — UxxRxy =0.

2. By definition,

Sxv =Eul(k( X) = fix) @ {Y — py — Ry (8(, X) = pix)}]
=E.[(5( X) = ix) @ (V = py)] = B [(5( X) = fix) © { Ry (8 X) = px) }.

The first term on the right is 3. Since E ,[£(-, X)—/ix] = 0, the second term is unchanged
if we replace px in k(-, X) — ux by fix. Thus it can be rewritten as

E W [(5(- X) = fix) © (Riy (5, X) = fix))] = Exx Ry

as desired. [ |

PROOF. [Proof of Lemma 7| By the definitions of Sy and 2y, and some simple calcula-
tion, we have

A

Yxv — i:XU = (,ax - ,U'X) ® fiy . (A20)

Hence

1Xx0 — i]XUHHS = I(Ax — px) ® fivllus = [[x — Hx”mtx ||ﬂU||Hy'

By Chebychev’s inequality, it can be easily shown that |ix — pix|m, = Op(n~'/?) and
i |ley, = Op(n~'/?), which imply the asserted result. [ |

PROOF. [Proof of Lemma 8| Let m,, = |¢,'/*|. Then, by Assumption 7(ii),

ZjEN()\i +e,)72, < DRHELD P ) DI ¥

= /mn %dr + 6;2 /OO T %r = 6;(a+1)/a’ (A21)
1 mn,

as desired. [ |
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PROOF. [Proof of Theorem 9| 1. Using Lemma 6, we decompose ]%Xy as ﬁireg + ]?res, where

A

Rreg = VEXXRXYa Rres - ‘A/iXU'

As suggested by the notation, chg represents the regression part of ﬁxy, whereas f%ms he
residual part. Let R, = V,Xxy, which represents the populatlon level approximation of
Ry via Tychonoff regularization, and further decompose chg as ng R, + R,.. We have

Ry = Ryy = Rus + (Rug = Ro) + (R — Rxy).
We first analyze the regression term ﬁreg — R,,. By construction,
Ry — R, = VExxRyy — R, = VExxRyy — V.S xxRyy = (VExx — V. Zxx) Ry
Since V and 3 xx commute, and V, and Xy commute, we can rewrite
VEixx = Sxx Vo =V = V'S )V, = 6,V (Exx — Sxx)Vi
Therefore,

R = Rullor < lleaVlor [Exx = Sxxllor IVaRxy llor = Op(n™?) |V, Rxy llor,

where the second equality holds because Hixx Yxxllor = Op(n~?) (Lemma 5) and
eV llop < |[]lop = 1. By Assumption 6(ii), V, Rxy = V,VEX¥Sxy for a bounded operator
Sxy. Hence if 8 € (0,1],

IVaRxy llor = [V.VEL Sxvllor = IV Z%x lor | Sxv [lor
<N (Exx +eD) ™ lop[[Sxv llor
= e, (Exx + &)™ (€)' llop [ Sxvllor
=0(el™).

If 8 > 1, one has
VX% xllor < [(Exx + €.1) Exxllor[[Exxlor = O(1).

It follows that
”VnRXYHOP = O(GBAFI)- (A22)

n

Consequently,
HRreg R, llop = Op(n=12eiM ). (A23)
Secondly, we analyze the bias term R, — Rxy. Since
(V. = V)Exy = Va[Bxx — Sxx + €1)][VExy = —€,V, Rxy,
we have, by (A22),

|R, — Rxyllor = O(e”™). (A24)
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Thirdly, we analyze ]%res, which can be further decomposed as

A A A~ A~

VExu = VExp) + (VExy — V. Xx0) + Vo Xy

Since ||V||op < €'[|I]lop = €' and, by Lemma 7, |Exu — Zxvllor = Op(n~"), we have

IVExe — VExullor = Op(ne ). (A25)

n

Since V-V, = V(EXX — fJXX)Vn, we have

IVExw = ViZxullor <V or IExx = Zxxllor [VaExullor

e ~ (A26)
=0p(n €, ) IVaXxullop-

The term ||anJXU|]Op is bounded by ||anJXU|]HS, whose square is
IV, Exullis = 17 00, Val (s (-, X2) = i) @ Uil s
Since E [(k(-, X;) — px) @ U] = Exy = 0 and (X,,U,),...,(X,,U,) are i.i.d., we have

E (HVHEXU”%s) :n7222:122:1E (<Vn[(’€(7 Xa) - HX) ® Ua]? V?L[(K('va) - :U’X) ® Ub]>?ls)
=n""3 0 E (IVaI(5(, Xo) = px) @ Ullis)

a=1

=n"'E ([V.(r(-, X) — px) @ Ullis) -
The squared Hilbert-Schmidt norm on the right-hand side is

IVal(5( X) = px) @ Ul
= Z]EN <90j7 HUH2<§07’7 [Vn(ﬁ(wx) - MX)] ® [Vn(’%(vX) - MX)]()OJ'>VRX
= IUIP 2 e (A5 +€2)7%¢,

where, for the last equality, we have used the expansion (12). Taking expectation on both
sides, and invoking the condition X 1L U, we have

E([Val(s(, X) = px) @ Ullis) = E(IUIPF)E 0 (A5 + €) 72X

By Lemma 8, the right hand side is of the order O(e;“+t9/*). Hence E ||V, Xxy||%s is of the
order O(n~'e;**Y/*) which, by Chebychev’s inequality, implies

~(
VB xulus = Op(n12e,@tV/C0Y = |V Sy llop = Op(n=12e, a0/,
Combining this with (A26) we have
IVExy — ViSxullop = Op(n~V2e in= 26 («tD/C0Y = O, (n~te, Gat/ o), (A27)
So

R.. =0p(n e ' + n*1€;<3a+1)/(2a) + nﬂ/zeg(aﬂ)/(m))

— OP(n71€;(3a+1)/(2a) + n71/26;(a+1)/(2a)).

(A28)
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Combining (A23), (A24), and (A28), we have (13).
2. For the right-hand side of (13) to go to 0 we need

n—1/2€§A1—1 < 1’ n—16;(3a+1)/(2a) < 1, n—1/26;(a+1)/(2a)) < 1’
which are satisfied if

€, = VROSGADN - mGa)/Batl) o palat)

)

It is easy to check that, for @ > 1, we have —(2a)/(3ac+1) > —a/(a+ 1). Therefore, if the
first two relations above hold, then the right-hand side of (13) tends to 0. |

PROOF.  [Proof of Theorem 10] 1. If 5 > (o — 1)/(2a), then £,(d) < €,(9) for all 6 > 0,
and consequently

m(8) = max{ls(8), 5(5), £, (5)}.

By computation, the intersection of ¢, and ¢, occurs at d,, = a/(2a8 + o+ 1), and the
intersection of ¢; and ¢, occurs at d;, = 1/2. Moreover, 8 > (a — 1)/(2«a) implies §,, <
1/2 = §54. Hence the relative positions of the three lines ¢,, /5, ¢, are as depicted in Figure
1, left panel, and the minimum of max{¢,(9),#s(0),¢,(d)} is achieved at ., = 9,4, wWith
M(Gopt) = €2(024) = —a(BA1)/{20(B A1) + v+ 1}.

2. 1If B < (a—1)/(2a), the £,(5) > £,(6) for all § > 0, and

m(8) = max{(,(8), £:(6), £:(5)}.

The intersection of ¢, and ¢, occurs at 6, , = 1/2, and the intersection of ¢, and ¢; occurs
at 0,3 = a/(2afB + a + 1). Moreover, § < (o —1)/(2«) implies 6, 3 > 1/2 = 6, ,. Hence the
relative positions of ¢, £, and /5 are as shown in right plot of Figure A1, and the minimum
of max{¢,(0),€,(5),¢5(9)} is achieved at O, = 015 = 1/2 with m(dop) = £2(0,2) = —(/2. A
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Figure Al: Optimal tuning parameter in two scenarios of 8. Left panel: 1.2, L3, L4 represent the
lines ¢, 45, £, with 8 > (o — 1)/(2«). Right panel: L1, L2, L3 represent the lines ¢,, ¢,, ¢; with
B < (a—-1)/(2a).
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PROOF. [Proof of Corollary 11| By (14) and (15), we have
E (Y |20)(£) = B (Y |20)(¢)
= (0 1), [Rigy (5, 20) = fix) = Ry (R( ) = 11x)]) sy + fiv () = v (1)
= <(RXY — Rxy)v(-t), k(- 20) — NX>9nX + <(ny — Rxy)v(+t), x — ﬂX>sz
+ <RXYU('7t)):U’X - ﬂX)SmX + [/lY(t) - HY(t)]‘

(A29)

Hence
B (Y]2) () = B (Y],)(t)]
< H]%XY = Rxvllor [[0( 0oy [[6( 20) = pxllony + ||]%XY — Rxyloe [[U(-, ) [54y (A30)
[bx = fix|lny + [[Rxvllor |00 D)y [1x = fixllny + [ () — py ()]

Since fiy and fix are sample averages, by Chebychev’s inequality,
lx — fixlloy = Op(n™'%), [y (t) — py(t) = Op(n='?).

Hence the right-hand side of (A30) is dominated by HIA%XY — Rx||op, which proves (16). The
rest of the corollary is obvious. |

PROOF. [Proof of Theorem 13| 1. For convenience, let g and f denote the functions v(-, )

1 n

and k(-,z,) — px. Then we can reexpress A, 5 as n='Y."  Z,, where

Zni =9, Ui>’Hy (Vo fou(e, Xi) — ,U«X>£mx-

Note that .y 4., are i.i.d. random variables and, since X, I. U;, we have E Z,; = 0.

Hence
0rs =B/, ViSxug)in, ] =n'E(ZL) =0 E[(g, Uiy, (Vaf k(5 X) = )i, (A31)
By U I X and (12), the right-hand side is
n El{g, U, JELVaf, 6, X) = px)m ]
=n  EUR)TE[(Vaf, 2,enGiei)omy )’
=nE[UQ)E[(3Z,anG A + €)' (f, 05)my )]
Since (;, (s, - . . are uncorrelated, we have
E[(2enG (A 4 )7 s 00y ] =20, B (G A + €))7 (F 000 )
= ZjEN)‘jO\j +€,) 7% (f, <Pj>§nx-

Note that for any j > 1, ¢; is a member of I, the effective domain of ¥ xx. Since
(fs05)my = ;o) —Ep;(X) = ¢;(x,), we have the desired equality in part 1.

nly -

2. As argued in the proof of Corollary 11, the last three terms on the right-hand side
of (A29) are all of the parametric order Op(n~'/?) or smaller. Therefore we only need to
consider the term

((éxy —Rxy) g, fluy = Ana +-- + A
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By Assumption 8, A, ; is the dominating term, and so we only need to derive its asymptotic
distribution. Since A4, 5 =n~"'>." Z,,, where {n"'Z,, :i=1,...,n,n € N} is a triangular
array, we use Liyapounov’s central limit theorem. Thus, for a d > 0, let

L,(d) = 072 N EnTtZ, 2.
We need to verify L, (d) — 0 as n — oo for some d > 0. Take d = 2. Then
L.(2) = 0,53 E(In"" Z.u]") = n7' [E(Z])]°E (Z,,).
By UlX,
E(Z;) =EU,9)%, EWV.f,6(,X) = px)y <EWVLf, 60, X) = pix) -
Since the kernel x is bounded, the right-hand side is upper bounded by

E (Vo X) = 1)y 1Vl 1y 150G, X) = sl
< ME (Vo f k(- X) — )i,

for some M > 0. Also, recall that

E(Z.) = EU, 905, B/, Va(s( X) = px ) )- (A32)

Consequently,

L.(2) =

E((f; Va(k(, X) = px))iny )

By expansion (12), the denominator above can be bounded below as follows:

E ((f, Va(k(-, X) — pix))in ) =D jen (A + €n>72)\]'fj2 > (M) 2T > (A +ea) A S
Hence L, (2) = O(n™'¢,?). Since €, = n~'/?, we have L, (2) — 0. |

n

PROOF. [Proof of Lemma 14| 1. By Theorem 1, recall that

]/\I(XnJrl) —E (Yn+1|Xn+1)
2YX‘A/[H(H Xoi1) = fix] = Byx Xy [6(, Xoia) — pix] + By — py (A33)

= (SyxV = Syx D) Rl Xoar) = pix] + Sy V(s — fix) + Ay — iy
= D1,y + Dy + iy — ply

in obvious correspondence. We study the second term first. By Lemma 6 (2.) and Lemma
7, we have

[ D2l = By x (Sxx + €)™ (x — fix ) [lon
= [|(Box + Ry Exx) (Sxx + €d) ™ (1x — Fix ) llon
= OP(€;1n71/2)H|iUX - SUXHOP + HEUXHOP] + Op(’fflm)
= Op(ex'n™) + Op(n~") = Op(n=").
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The third relation holds since Hingop = Op(n™'?). For i = 1,...,n+1, let G, :=
k(- Xi) — ux € M (Px- a.s.), and G; = k(+, X;) — fix. Then D,, can be expressed as:

Dln = (iYXV - EYXV> Gn+1

- R;Y(ixxv — EXXVR)G,HA + R;Y(Zxxvn — I)Gn+1 + Z U VG“ Gn+1>

=1
_7§ n+1

Since >°7 | G, = 0, the last term is 0. Denote the first three terms by E,,, E,, and FE,,
respectively.

We first deal with the bias term, F,,. By the Karhunen-Loéve theorem, we can rewrite
Gy = K Xop1) — px as D252, (p;, where (i, (y,--+ are mean 0, uncorrelated random
variables with variance Ay, A;,---. We now derive the form of E | E,, |3, to determine
stochastic order of E,,. Let {¢) : k € N} be an ONB of H,. Under Assumption 6(%), we
have (Ryy ¢, Vi) uy = <E§X90j,5’xywk)mx = Ns;i, where s;, = (p;, SxyUr)amy - Since Sxy
is a Hilbert-Schmidt operator, >-. >, s% < oo holds, and hence

Bl|EonlZ, = B {I|Rxy [Bxx(Cxx + €)™ = 1 Gully, |

B =l |
_E{H XYZG +/\ H}

k=1 =1 "
o] )\2'/34,-1 [eS]
=€ ! s
N
28+1
By straightforward calculation, we can verify that, when 8 > 1/2, sup,., m =0(1)
>1 (entX,

as n — oo regardless of the decaying rate of €,. As a result, F,, = Op(e,).
Next, we consider F;,,. Denote f]XX — Yxx by A. Since f]XXV —YxV, = enVAVn, we
have
E, =€, Ry VAV, Gt = (€,8vx X5 VAV, Gooit) i= By X By,

By Lemma 5, ||A| = Op(n=/?). If we assume that 8 > 1,
[E11all < €ullSyxllop X HEf{XlEXX(iXX +e.1) op % [|Allop
= OP(n_1/2€ ) X ||Z§(_X1H X [(Bxx — 2XX) + 2XX](ixx +e.0) " op
= 0p(n~%,)0p(n" e + 1) = Op(n~"2,),

’n.

where the last relation holds since €, = n~'/2. By Lemma 8, we have

E [[|Buuly ] = > s weReC #/ay.

j=1
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It follows that F,, = Op(n="%€¢,) x Op(e; @t/ 20) = Op(n=1/2ele=D/ (2,
Lastly, we consider

E _nile VG17Gn+1 Zzzn+0 ) Gn+1>sz7

=1

where Z,,, = %Ui(f/Gi, Goi1)my - The remainder term satisfies that

1TV (x—x)s G sty < N0 Nyl =axllon {1V Goiallon + 1V = V)Gl llon } -

Based our previous calculations of E (|| E2,|*), we have [|V,Gi|lmy, = Op(e,@tH/CY).
Note that V — V, = —VAV,. Hence

1V = Vo) Griillmy = [IVAV,Goa|
= HVAHHV G
— OP( 1/2)0})(67(0&1)/(2@))

— op (e @D/ ),
where the last equality holds because n='/2 < ¢,. It follows that the remainder is Op(n~te, (@+1/(2)),

2. By definition, we have

1 n R
Wallhey, = — D IR (VG Gy
i=1

1 & N N
+ E Z(Um Ui’>’Hy <VGi7 Gn+1>£mX <VG1'/7 Gn+1>EUIX'
i#i!

By (Uy,...,U,) 1L (X,,...,X,) and U; Il Uy if i # 7', the expectation of the second term
is 0. Moreover, E |[W, |3, = n'E[||U[3, JE(VG:, Gri)in, ] = n ot E(VG, G )
where o7, = trace(Xyy) < oo since E[|Y||7, < co. By the law of iterated expectations,

[<VG’L7 Gn+1 DUIX

B (VG Gl | X1 X))

B {(VG, (Grin ® G VG | X, X, ]
(VExx VG, G, ]
[trace(VExx V(G: ® G)))],

E
E
E
=E

where the third equality holds because E (G,,, ® G, 1| X:1,...,X,) = E(G,j1 ® G,j1) =
Y xx, and the last equation holds because trace(A(g ® h)) = (Ag, h)« for any g,h € H and
A€ B(H).

Since VEXXV(Gl ® G,y .., VEXXV(Gn ® @G,,) have the same distribution, they have
the same expectation. Let Xxy =n "' 37 (k(-, X,) — pux) @ (k(-, X;) — pix). Hence

E [trace(VEXXV(G ® Gy))] = [trace(VEXXVEXX)]
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By the properties of the trace of linear operators, we have
E [trace(VExx VExx)] = trace(SxxE (VExx V) < trace(Zxx) B (VExx V) op-
Rewriting ViexV as V[(EXX — f]xx) + f]XX]V, we have
IE (VExxV)llor <E(IVExxVlor) S EIVIEeIExx = Sxxllor) + E(IVlor - [ExxVllor)
<Ce¢’n'+e!
for some constant C' > 0. The last inequality holds since E (|Exx — Sxx|lop) < Cn~! by

the proof of Lemma 5 in Fukumizu et al. (2007). Since €, > n~/? we have € °n~! < €',
proving Part 2. |

PROOF. [Proof of Theorem 16| As argued following the proof of Lemma 14,
M(X"+1) —-E (Yn+1’Xn+1) = Fln + F2n + Wn + Hn + Op(n71/2).

Since, by Assumption 9, W, is the dominating term. We focus on the weak convergence of
W, in Hy.

We first show the finite-dimensional convergence of W, ; that is, for any deterministic
y € Hy,

8;1<Wn7 y>7-ty £> N(()? 0-[2J,y)7 (A34)

where oy, = (v, Xyu¥y)u, - Let F; denote the o-algebra generated by {X,,U,,..., X;, U}
(or equivalently by {X,,Y:,...,X;,Y;}). Let H,(y) := (Zin, y)n, - Obviously E[H;(y)] is 0,
and H,(y) is a martingale difference sequence with respect to the filtration F;. To find its
variance, we employ the law of iterated expectations:

E{H(y)|F} = E{(Zin, 9)5, | Fi}
_E {<1Ui(VGi,Gn+l)mX,y>2 z}

n
_ %E {(VG., G UL )| 7
= e (V6. Gl (VG Gy )
O (06, (Gurs © G ) VG | )
_ WWG“ Sxx VG
_ WHE%VGAI&X-

Therefore,
E{H?(y)} = B [E{H(y)|F.}]
1 .
= SE[ISGVGIPE {(y. U3, X, X
05,5

o? .
= 2 (1B VG, ) = =2,
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where, for the third equality, we used U; Il (X;,...,X,). The convergence in (A34) then
follows from the central limit theorem for martingale difference arrays in McLeish (1974).

Next, we show that the sequence s 'W, is asymptotically tight. By Lemma 1.8.1 of Van
Der Vaart and Wellner (1996), it suffices to show that for any n > 0,

lim sup lim sup Pr (Z(Snl s i)y, > 77) =0, (A35)

J—o0 n—o0 >

where {¢; : j € N} is any ONB of H,. For any j € N, we have

E (<s;1 n’¢j>’2}{y) =K << nl zn:U VG,L,Gn+1>imX717Z}J>2>

i=1

= %E {<Z<VG“G”H>MX(U“%>> }

= Z Z E { VGi, Grs1)om s (‘A/Gi', Grir)omy (Ui ¢j><U¢’7¢j>}

=14/'=1

,Qn n

ZZE { VGi7Gn+l>mx<VGi’aGn+1>9ﬁx}E {< H¢J><Ui'7¢j>}

s72

=2 S B {(VG, Gy JE (U, 4,)7)

2
n =1

=E{{Ui,4,)*},

where, for the fourth and fifth equalities, we used (Uy,...,U,) 1L (X,,...,X,), U; L Uy if
i # i and E (U;) = 0. Therefore, as J — oo,

e (St ) =5 S, o

i>J j>J

by the dominated convergence theorem, because the right-hand side is bounded by [|U]l3,,,
which has a finite expectation. Thus the sequence s, 'W,, is asymptotically tight.

Combining the above results, we obtain (17). [ ]

PROOF. [Proof of Lemma 19|

First, we show

m(4a+26+7)/5 >

Ok (A36)

lfix = fisllny = Op (m=e 4
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Under Assumption 10 , Corollary 3 yields

[ix = fix llon

n

=7t Y m(X Z S

i=1 i=1

<n’ leff i) = (X ) flon

< n-IZLHXi - X

1=1

_ e m(4at2e+7)/5
= plm +

Let F, = k(X,,-) — fix and F = /1()2}, ) — fix for i = 1,...,n. Define F = My @ M.
By Lemma 4 of Fukumizu et al. (2007), one has

R 1 n 2
1Sxxlis = HZF 9 F
n =1 F

Similar arguments yield

Y

R 1 n R R 2
ISl =| s S Fro |

<Exx72xx HS:< ZF ®F;, — ZF ®F>

Then it follows that
Hixx - ZAlxx”%s
= || SxxllEs — 2<ixxiXX>Hs + Sl

2
—H ‘1ZF ®F—n‘1ZF ® F;

= i=1

F

2 n n 2
<2 +2Hn_lei®Fi_n_IZFi®Fi
F =1 =1 F

n”ZE@Fi —n—le ® F;
i=1 i=1

n 2
— ot Y R @ (F— B3 +20 Y (F - B @ B

i=1 =1

=207 3 { (1 g + £y ) IF, — il )

i=1
With similar arguments to verify (A36), one can show that

B . B _2(a—1) m(8a+4c+l4)/5
|F: = Fillany = Op (m t s

(nN)s/5
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fori=1,...,n. By rewriting F, as F, — F, + F,, we obtain

~ N )
”ZXX - ZXXHHS
(Batiact14)/5 m(16a+8c+2s)/5)

< (6”1 > HFi\zsz> x Op (mQ(“) + (”]\7)8/5) +Op (mx‘““) Ny
=1

From the proof of Lemma 5 of Fukumizu et al. (2007), one has
n 'Y || Ellsn, = Op(1)
i=1

under Assumption 6(i). As n="/2 < m3'“"", we have

m(4a+25+7)/5 )

HEXX — Yxx|lus = Op <m_(“_l) + 7(11]\[)4/5

A similar argument can be employed to show the second equality in the corollary. The proof
is completed. |

PROOF.  [Proof of Theorem 20| (1). Since we have found the convergence rate of Ry in
Theorem 9, we only need to study the discrepancy between Rgy and Ryy.

We still abbreviate (ixx—i-enl)*l, (Xxx+e, 1)t and Xk by V, V, and V, respectively.
Note that

(2XX =+ En[)71 — V
= Cxx + D) Cxx + &)V = (Exsx + D) (Sxx + e )V (A37)
= (Zxx + 1) (Sxx — Bxo)V,
and
Rey — Ry = {(Zxx t€.]) ' = VIEgy + V(Egy — Exy).
Plugging (A37) into the above equation, it follows that
RXY - RXY = (ixx + EnI)_l(iXX - iXX)Vi]XY + V(EXY - i]XY)- (A38)
We deal with the second term on the right-hand side of (A38) first. Since ||V]op <
e ]lop = €,', by Lemma 19, we have
IV (Zs5y — Sy )llop = Or (e, "n). (A39)

_ Next we deal with the first term on the right-hand side of (A38). Write V and S¢y as
V—-V,+V, and Y5y — Xxy + Xxy, respectively. Then
Vigy = (V =V, + V) (Sxy — By + Bxy)
=V -V)Exy — Sxv) + (V= Vo) Sy
+ Vo (Exr — Exy) + VaZxy
=T +T1,+ T3+ 1T,
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As shown in the proof of Theorem 9,

V=V, =V(Exx — Exx)Vi.
Consequently, ||T}|lop = Op(€,?>n""?b,) = Op(e;'b,) if €, = n~'/?. From equations (A23)
and (A27) in the proof of Theorem 9, we have

[Tollop = Op(n™""2e.). (A40)
It is obvious that ||Ts]|op = Op(€,'b,,). For T,, we have
T, =V, Xxy
= V.(Zxy — Sxy + Zxv)
= V(Sxy = Sxv) + VaZxx Ry

Therefore, ||Ty|lop = Op(1) given €, = n='/2. Note that since m=(*=1 = p~(@=D/Ca+2) 5
n~'2, b, = n~'/2. Combining the above results,

1VEsyllop = Op(€ b, +n e, CotD/C0 L 1) = Op(e b, + 1), (A41)

where the last equality holds since n=/? < ¢,,.

Plugging (A41) into (A38), we obtain the desirable equation (19).

(2). If max(b,, (b,n=1)?/GoFt) < ¢, < 1, then €,%b? < €,'b, and n~'e, CoF/Cp <
€. 'b,, which lead to the desirable equation. |

PROOF. [Proof of Corollary 21 | Using the same arguments for proving Theorem 2, we can
easily show that
120 = zoll = Op(bn). (A42)

Moreover, by equations (14) and (20), we have for any s € [0, 1],

E (Y]#)(s) = E (Y]a,)(s)

= (0(8), [Riy (K( &) = fix) = Riy (R (-, 20) = pix) )y + fiv (5) — piv (s)
<(R — Rxy)v(:, 8), K(, @) — pix)omy + <RXYU( ), fhx — s )omy

+ (R 0(- 1), (- &0) = R 0) oy + [fiy (5) = v (3)].

Hence
B(Y[2)(5) — B (¥]zo)(s)
< |[Rxy — Rxvllop [0, 8)llay (50 20) — pix [lony
+ HRXY — Rxy + Rxvyllor [[v(; 8) sy [[1x — fix[lon
+||R¢y — Rxy + Ruyllor V(-5 8) sy [16(-s Z0) — K(, @o) [l + |15 (8) — py ()]

(A43)

From previous proofs, we know

lx = fixlloy = Op(ba),  fiy(s) = pv(s) = (s 8), oy = pry) = Op(by),
[K(, &0) = K(, Zo) lmy < Ll|&o — o = Op(b),
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where the second equality holds by the Cauchy inequality and the last one by Assumption
10. Hence the right-hand side of (A43) is dominated by ||Rxy — Rxy|/op, which proves (21).
|

Appendix A.3. Justification of Assumption 4

Consider the following linear function-on-function regression:

/Bst s)ds +e(t), tel,

where X (s) and Y'(¢) are centered random function defined on the interval I. We further
assume that X (s) = 372 (j9(s), where (;’s are uncorrelated random variables with mean
0 and variance pj, and {¢; : j = 1,2,...} are an orthonormal basis of L*(I). For the response
Y, we make similar assumptions: Y (t) = 3772, ;¢;(t), where &;’s are uncorrelated random
variables with mean 0 and variance \;, and {¢; : j = 1,2,...} are an orthonormal basis of
L?(T). This model was considered in Yao et al. (2005b). Under mild conditions, we have

=y y Bl <’”5’f ()60 0). (Add)

k=1m=1

By Lemma A.2 of Yao et al. (2005b), the L? convergence of the right-hand side of (A44) is

ensured by Y32, 30 | oF  /p2, < 0o, where ok, = E((néx) and p,, = E(C%).
Furthermore, Yxy = FE(X ® Y) is a bounded linear operator from L2(I) to L?(I)

satisfying
(Exy f)(s) { / Yt }
for any f € L*(I). Suppose f(t) = 332, frdr(t) with 3, f7 < co. Then it follows
(Exv f)(s Z Z TkOkmPm (s

Define g(s) = > e _1(am/pm)¥m(s), where an, = > 5= fkOkm for m € N. Note that

Db kakm)

EEs)~

i=1m=1 Pm

Mg

where the last line holds by the Cauchy-Schwarz inequality and (A44). Therefore, g € L2(I).
Moreover, since Xxx = > oo_1 pm(Vm @ ¥m), Xxxg = Exyf. Thus, Assumption 4 is
satisfied if

oo 00 0_2
> 2
k=1m=1
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This is a reasonable assumption because it holds if the dependence of Y on X, as measured
by o3, dies out faster than p? , which measures the variation in X, as m — oo. That is,
the dependence is, to a degree, concentrated on the low-frequency region of the random
function X.

Appendix A.4. Additional simulation studies

To implement our method for discretized observations, we provide some regularization con-
ditions in Section 3.2 to ensure that the recovered trajectories are close to the underlying
true ones, as outlined in Corollaries 3 and 4. However, these assumptions, i.e., Assump-
tions C1-C3, might be violated. To demonstrate the robustness of our method, we consider
simulation designs where these assumptions do not hold.

In particular, the functional X is generated as follows: X (t) = Y272, &.éx(t) for t € [0, 1],
where ¢ (t) = v/2cos(knt) for k > 1, vy, = 1/k and (3v4)"/2&,’s are independent student’s
t random variables with 3 degrees of freedom. Therefore, Assumptions C1 and C2 are
violated. The response variable Y is then generated in the same manner as in Section 7.3.
Moreover, in terms of the sampling frequency for X and Y, we adopt the same strategy as
in Section 7.3. This entire simulation design is referred to as “the second sparse design",
and the corresponding results are summarized in Table A1l. It turns out that our proposed
method can still perform reasonably well under various sampling frequencies of X and
Y. These numerical results justify the robustness of our method to a violation of these
regularity conditions in the sparse setting.

N (M) . Methods

FPCA PLFFR FUA NLFFR
(4.5.6) 0.1 | 8.95 (7.80) | 78.62 (369.42) | 6.38 (3.68) | 6.40 (5.46)
2 | 9.00 (8.32) | 71.16 (311.80) | 6.52 (3.32) | 6.58 (5.72)

FPCA PLFFR FUA NLFFR
{16,18,20} | 0.1 | 8.73 (3.84) | 3.56 (152.52) | 4.31 (2.39) | 3.34 (9.69)
2 | 8.82(4.16) | 5.04 (279.78) | 4.31 (2.79) | 3.51 (9.08)

FPCA PLFFR FUA NLFFR
{5,10,20} | 0.1 | 7.93 (5.14) | 14.23 (128.75) | 5.99 (4.16) | 6.09 (5.77)
2 | 8.11(4.93) | 12.26 (129.66) | 6.00 (4.23) | 6.22 (6.28)

Table Al: Summary of the medians and the interquartile ranges (in parentheses) of the ISE
on the test set across the 200 simulation runs under different simulation scenarios for each
method in the second sparse design.

By Assumption 1, the reproducing kernel x in constructing 9ty is uniquely determined

by p. To investigate the effect of the choice of p on the performance of our proposed method,
we repeat the simulation studies in Sections 7.1 and 7.3 with different x’s. In particular,
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we consider the same designs as in these two sections and employ the same method to
construct Hyx and H,, but use the Laplace kernel and/or the linear kernel to construct 9ty
in the numerical implementation. Tables A2 and A3 summarize the performance of our
method with different x’s under the dense design (in Section 7.1 and the sparse design (in
Section 7.3), respectively. Both the GRB kernel and the Laplace kernel show a remarkable
advantage over the linear kernel in terms of prediction accuracy when implementing our
method under both the dense and sparse scenarios.

Model| X | o K
Laplace Linear
NLFFR (GRB)|NLFFR (BMC)|NLFFR (GRB)NLFFR (BMC)
GRB 0.1 3.50 (1.58) 6.29 (2.51) 41.29 (75.17) |108.22 (201.34)
. 2| 3.48 (1.68) 6.39 (2.50) 42.04 (72.94) |115.18 (203.97)
BMC 0.1) 0.72 (0.08) 0.70 (0.08) 0.24 (0.06) 0.13 (0.07)
2| 0.72(0.12) 0.70 (0.12) 0.33 (0.13) 0.31 (0.21)
GRB 0.1 0.57 (0.21) 0.64 (0.22) 1.36 (1.21) 4.04 (8.51)
5 2| 0.60 (0.25) 0.66 (0.26) 2.58 (2.15) 8.47 (11.77)
BMC 0.1] 0.51 (0.25) 0.74 (0.27) 1.57 (0.31) 1.52 (0.32)
2| 0.53(0.27) 0.76 (0.30) 1.64 (0.37) 1.69 (0.42)

Table A2: Summary of the medians and the interquartile ranges (in parentheses) of the
prediction errors across the 200 simulation runs under different simulation scenarios for
our methods with different kernels x in the dense design in Section 7.1. The column of X
indicates which kernel is used to generate X in model 1 or 2, and the columns of NLFFR
(GRB) and NLFFR (BMC) indicate which kernel is used to calculate the inner product in
Hx and H, when using the proposed NLFFR.
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K
Nx(Ny) o
Laplace Linear
0.1 | 31.00 (15.97) | 66.63 (24.90)
{4,5,6}
2 | 33.08 (16.90) | 67.63 (25.10)
0.1 | 22.95 (12.06) | 67.74 (25.34)
{16, 18,20}
2 | 23.21 (12.08) | 68.40 (26.00)
0.1 | 23.98 (9.69) | 69.21 (19.25)
{5,10,20}
2 24.60 (9.44) | 70.43 (20.00)

Table A3: Summary of the medians and the interquartile ranges (in parentheses) of the ISE
on the test set across the 200 simulation runs under different simulation scenarios for our
methods with different kernels x in the sparse design in Section 7.3.
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