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Functional data are infinite-dimensional statistical objects which pose significant chal-
lenges to both theorists and practitioners. Both parametric and nonparametric regressions
have received attention in the functional data analysis literature. However, the former im-
poses stringent constraints while the latter suffers from logarithmic convergence rates. In

AMS subject classification: this article, we consider two popular sufficient dimension reduction methods in the context
62H12 of functional data analysis, which, if desired, can be combined with low-dimensional non-
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are approximated in finite dimensional spaces using the series expansion approach. In the-
ory, the basis used can be either fixed or estimated, which include both functional principal

Sliced average variance estimation

Iced e : components and B-spline basis. Thus our study is more general than previous ones. Numeri-
Sliced inverse regression

cal results from simulations and a real data analysis are presented to illustrate the methods.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction

There has recently been increased interest in the statistical modeling of functional data. In many experiments, functional
data appear as the basic unit of observations. As a natural extension of the multivariate data analysis, functional data analysis
provides valuable insights into these problems. Compared with the discrete multivariate analysis, functional analysis takes
into account the smoothness of the high dimensional covariates, and often suggests new approaches to the problems that
have not been discovered before. Even for nonfunctional data, the functional approach can often offer new perspectives on
the old problem.

The literature contains an impressive range of functional analysis tools for various problems including exploratory func-
tional principal component analysis, canonical correlation analysis, classification and regression. Two major approaches
exist. The more traditional approach, masterfully documented in the monograph [29], typically starts by representing func-
tional data by an expansion with respect to a certain basis, and subsequent inferences are carried out on the coefficients.
The most commonly utilized basis include B-spline basis for nonperiodic data and Fourier basis for periodic data. Another
line of work by the French school [16], taking a nonparametric point of view, extends the traditional nonparametric tech-
niques, most notably the kernel estimate, to the functional case. Some recent advances in the area of functional regression
include Cardot et al. [5]; Cai and Hall [4]; Aneiros-Perez and Vieu [3]; Preda [28]; Ait-Saidi et al. [2]; Aguilera et al. [1]; Wong
et al. [30]; Yao et al. [32]; Ait-Saidi et al. [2]; Crambes et al. [13].

As an extension of classical linear regression, parametric functional linear regression has achieved exclaimed success
in many real problems, although it can be argued that the structural constraint is too stringent. On the other hand,
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nonparametric functional regression is more flexible but typically suffers from poor convergence rate [17]. To address these
problems, Chen et al. [6] studied functional single-index and multiple-index models.

Here we consider an alternative semiparametric approach based on sufficient dimension reduction. In functional context,
we assume

y=g(<:317x)7"'7(ﬂK9X>96)7 (1)

where (, ) is the usual inner product in L,[0, 1]. Thus the response Y only depends on the predictor through K indices
obtained by projecting onto K directions. Since g is unknown, the K directions, referred to as dimension reduction directions,
are not identifiable. In the multivariate case, the space spanned by them (referred to as a dimension reduction subspace, or
drs) is identifiable under mild assumptions, however such assumptions are not known in the functional context yet. Thus
we will not use the concept of the central space which is popularly used in the dimension reduction literature [7,34]. The
reason is that for functional data there is no corresponding theory for the existence and uniqueness of the central space. This
may be due to that density for functional data is a tricky concept to work with. In the literature of functional SIR, researchers
typically work with a drs, even though there might be multiple drs’s. Although a unique drs is generally not identifiable,
useful methodology is still possible. The approach of dimension reduction is particularly useful in an exploratory stage of
statistical analysis since very few structural assumptions are imposed in (1). In particular, it is not necessary to assume the
different indices act additively as usually assumed in multiple-index models, and the error also is not necessarily additive
on mean, or homogeneous. After the dimension reduction directions are found, in particular if there are only a small number
of significant directions, one can use traditional nonparametric approaches to study the relationships between responses
and the few indices. This second stage typically involves additional structural assumptions such as additive errors.

There exist quite a few different methods aimed at estimating the dimension reduction space [24,12,25,37,38]. Among
these sliced inverse regression (SIR) and sliced average variance estimation (SAVE) are probably the most popular. Both
required linearity assumption of the predictors. However, SIR will fail when E[X|Y] = 0 which motivated the use of SAVE.
On the other hand, SAVE requires an additional assumption on the distribution of predictors.

Adapting SIR to functional context has been proposed in [18] based on functional principal component analysis on the
random predictor process. In particular the predictor process is approximated by a truncation of the Karhunen-Loéve
expansion, using the eigenfunctions as the basis. The basic procedure is to (i) approximate the functional predictors
with series expansion using certain basis and obtain the coefficients; (ii) perform dimension reduction using the finite-
dimensional coefficients as the predictors; (iii) use directions obtained in (ii) as the coefficients of the basis to finally obtain
the direction in functional space. It turns out this computational procedure is correct only when the basis is orthonormal,
and we will detail the general algorithm in Section 4.

In terms of theory, Ferré and Yao [ 18] assumes that the number of slices is fixed which works well for discrete responses,
but is only an approximation for continuous responses. On the other hand, the kernel estimate used in [19] was later shown
to require much stronger assumptions [9].

Our contributions in this study are summarized as follows. First, our theory for SIR allows various basis systems, either
fixed in advanced or estimated from data. Second, our theory works for both categorical and continuous response Y. Third
and most importantly, we extend SAVE to the functional context which has not been considered before.

2. SIR and SAVE

Let Y be a real random response and X € L,[0, 1] the random functional predictor. In this article, we assume the en-
tire trajectory of noise-free process X is observed. When the process is densely measured, this is a reasonable assumption.
For simplicity, we assume EX = 0. We also assume the fourth moment of X exists, that is E||X||* < co. The (population)
covariance operator of X is given by I' = E(X ® X), where for any x,y € L;[0, 1], x ® y denotes the linear operator
L,[0, 1] — L,[0, 1] such that (x ® y)(z) = (x, z)y. Using the well-known Karhunen-Loéve expansion, we can write

X=Y &¢,
=

where Eéjz = A are the eigenvalues and ¢; are the eigenfunctions. We assume all the eigenvalues, Ay > A, > --- > O are
distinct and positive, as usually assumed in the functional data literature [22,18]. If some eigenvalues are zero, the compo-
nents of Sy in the kernel space of I cannot be identified. We focus on the estimation of the space spanned by K linearly
independent directions By, ..., Bk, which is called a dimension reduction subspace (drs) and denoted by §. Let I" § be the
space spanned by I"' 84, ..., I' Bg.

Let Bx = ({B1,X), ..., {Bk,X)). The principle of SIR and SAVE is based on the following result with proofs omitted,
which is a direct extension of the multivariate case.

Theorem 1. (a) [18]Suppose forallb € L,[0, 1], the conditional expectation E((b, X)|Bx) is linearin (81, X), . . ., (Bk, X). Then
E(X|Y) € I'" 8. Obviously, if the linearity assumption is true for all drs’s, then E(X|Y) € I'(Nsisaars 8). Note that generally,
Nygisadrs S IS not guaranteed to be a drs, but s spanning system for the intersection may still be useful in practice.
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(b) Ifin addition Var(X|By) is nonrandom, I' — Var(X|Y) € I' 4. Similarly, if this nonrandomness assumption holds for all drs’s,
r— Var(X|Y) € F(mﬁ is a drs /3)~

In the statement of the theorem above Var(X|By) denotes the conditional covariance operator of X, which can also be written
as E[(X —E(X|Bx)) ® (X — E(X|Bx))|Bx]. With abuse of notation, I" — Var(X|Y) € I'§ in fact means (I —Var(X|Y))B8 € I'§
for all B € L,[0, 1]. The two conditions in (a) and (b) above constrain the marginal distribution of the predictors, not the
conditional distribution of Y|X as is typical in regression. Both hold when X is a Gaussian process, although Gaussianity is
not necessary.

Note that in the literature of sufficient dimension reduction in the Euclidean space, one usually simplifies the investi-
gations somewhat by focusing on the standardized predictor Z = I"~'/2X. However, under the functional context, such
standardization generally does not make sense. The reason is that by the Karhunen-Loéve expansion, formally we have
I=12X = 3" (&/+/A)j, but EE?/A; = 1implies Y 2, (&i/+/Ai)¢; is not a well-defined element in L,[0, 1] with proba-
bility one.

Based on Theorem 1, functional SIR estimates a drs as the eigenspace of I"~'Var(E[X|Y]). In the multivariate case, the
SAVE estimator is defined by the eigenspace of E[(I — Var(Z|Y))?] where Z = (E[XX"])~'/2X is the standardized covariate.
As noted above, such standardization is not possible for functional predictor, but we can define functional SAVE based on
the same principle. We could use the eigenspace of I""'E[(I" — Var(X|Y))?] to estimate a drs, but this does not reduce to
SAVE in the multivariate case. Instead, we first note that I" — Var(X|Y) € I'$ implies I""/? — Var(X|Y)I"~'/? € I $ which
in turn implies (I"''/? — Var(X|Y)I'~Y2)(Ir'/? — Var(X|Y)I'~V?)* = I' — 2Var(X|Y) + Var(X|Y)I"~'Var(X|Y) € I'$
where (.)* denotes the adjoint operator. Thus a drs can be obtained from the eigenspace of " 'E[(I" — 2Var(X|Y) +
Var(X|Y)I"~'Var(X|Y))]. In general, the eigenspace of these operators constructed by SIR and SAVE is only a subspace
of 4 and we can only hope to be able to recover this subspace. Nevertheless, for theoretical analysis, following the
dimension reduction literature, we assume the eigenvectors in either the SIR or the SAVE approach exhaustively span 4.
Furthermore, to ease notation, these eigenvectors are still denoted by S, ..., Bk (even though eigenvectors for the two
operators constructed in SIR and SAVE are obviously different). We assume the K eigenvalues of I"~'Var(E[X|Y]) and
IYE[(I" —2Var(X|Y) 4+ Var(X|Y)I"~'Var(X|Y))] are distinct for simplicity so that all eigenvectors associated with nonzero
eigenvalues can be identified.

Since the domain of I"~! or I" ="/ is not the whole L,[0, 1], these formal expressions might not be well-defined, which
motivates the following proposition. Note that the sufficient conditions given in the theorem below do not depend on
whether model (1) is true or not. If the model (1) is indeed true, then these expressions are automatically well-defined
by Theorem 1.

Proposition 1. If

ZA}.—Z Z(E[E(SiIY)E(EjIY)])Z < 00, 2)
j i

then ' "'Var(E(X|Y)) is well-defined. If

2
E (Z A ZcOv?jy) < o0, (3)
j i
then M ~'E[I" — 2Var(X|Y) + Var(X|Y) " ~'Var(X|Y)] is well-defined, where Covyy = Cov(&;, &]Y).

3. Series expansion for functional data

We approximate both predictor X and direction 8 by a basis expansion
D D
X(0)~ Y xBi(0),  But) ~ Y byBi(D),
j=1 j=1

where D is the number of basis functions in approximating the functions. Various basis systems, such as Fourier bases,
polynomial bases, and B-spline bases, can be used in this basis expansion. Bases estimated from data can also be used,
with the most popular choice being the estimated eigenfunctions of I". Our methodology works for any basis system that
satisfies some mild assumptions as detailed later. For specificity, we will emphasize the use of eigenfunctions estimated from
functional PCA as well as B-spline basis. Theoretically, we can use a different number of basis functions in the approximation
of different functions, or use a different basis system, but it is hard to choose multiple D’s during estimation and it also
makes notations more complicated to consider more than one basis system. Thus we only focus on one set of basis functions
throughout the paper.

Since we allow the basis to be estimated from data, we distinguish between two D-dimensional subspaces of L,[0, 1], Sp
and Sp, where the former is the space spanned by the estimated basis functions and the latter spanned by its population
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counterpart. Let ITp be the operator of projection onto the subspace Sp, which is finite-dimensional although the dimension
diverges with sample size. Consider SIR first, where we want to estimate I"~!Var(E[X|Y]). Even though the inverse I"~!
exists, it is generally not a bounded operator. Thus we replace I" by the finite-rank operator I, = I1pI I1p with (pseudo-
)inverse FD’l = ITpI"~'ITp. Even though I" ~!is not bounded, I“D’1 can be expected to be bounded. On the other hand, inverse
of Var(E[X|Y]) is not involved and thus it can be directly estimated without using finite-dimensional approximation, which
we detail now.

Given ani.i.d. sample {(X;, Y1), ..., (X;, Y,)}, define the order statistics Y(;) < --- < Y(,, and let X; be the concomitant
of Y;). To obtain slicing estimator, the range of Y is divided into H slices. We assume each slice contains an equal number of
observations, ¢, such that n = Hc (n is assumed to be a multiple of ¢ without loss of generality).

In the following we use || - || for multiple norms, with operator it indicates the operator norm, with matrix it indicates the
spectral norm (maximum eigenvalue), with functions it indicates the L, norm, with vectors it indicates the I, (Euclidean)
norm.

As a direct extension of sliced inverse regression to functional predictors, we estimate Var(E[X|Y]) by

Var(E[X|Y]) = th ® X,

where Xj, is the sample average of the predictors in the hth slice. Below we demonstrate the convergence of \7§r(E [X|Y])
to Var(E[X]|Y]). As seen in the proof, the convergence rate can be demonstrated in almost the same way as in the finite
dimensional case. On the other hand, note that Hsing and Carroll [23]; Zhu and Ng [36] only considered another version
of SIR based on estimation of E(Var(X|Y)) and thus our proposition below is of interest even in the finite dimensional
case, which seems to be missing in the literature in the case of H — oo. Note that Ferré and Yao [18] directly used
||Var(E[X|Y]) — Var(EIX|YDI = 0, (n~1/2) without the following assumptions, thus their proof can only be applied to
categorical responses, or as an approximation to continuous responses. Furthermore, for functional data, some modifications
in the proof are necessary.

Denote m(y) = E[X|Y = y] and let ¢; = X; — m(Y;). Here m is L,[0, 1]-valued. Then €;, = X5y — m(Y;)) ar/e\conditionally
independent given the order statistics Y(; [31]. Smoothness condition on m is needed for the convergence of Var(E[X]|Y]). Let
P,(T) be the set of all partitions —T < t; <t, <..- <t, < T oftheinterval [T, T] where T > 0. We say a L,[0, 1]-valued
function m(y) has total variation of order r if

n—1
lim =
Jim 0" sup Z] Im(ti1) = m(&)]| =0,
for any fixed T > 0. We say m is non-expansive on (—oo, —T] U [T, co) if there exists a nondecreasing function M such
that for two points y; and y, both in (—oo, —T] or both in [T, 00), we have |m(y;) — m(,)|| < IM(y1) — M(y,)|. These
conditions are similar to those assumed in [23,36].

Proposition 2. Assume that
(i) E|IX||* < oo, and all the eigenvalues of I" are distinct and positive;
(ii) For some r > 0, m(y) has a total variation of order r, and for some To > 0, m is nonexpansive on (—oo, —Tg] U [Ty, 00),
with M satisfying lim;_., M*(£)P(]Y| > t) = 0;
(iii) ¢ ~ n® forsome0 < 8 < 1/2.
Then ||\7§r(E[X|Y]) — Var(E[X|YD| = 0p(n~7) withy = min{6,1—6 —r, 1/2 — §}.
Remark 1. As presented in the proposition above, we can only achieve the n~'/4 convergence rate (with § = 1/4). How-
ever, the rate of order Op(n“/z) is possible if we modify the assumptions. For example, if m(y) is totally bounded on the
entire range of Y, then we can use r = 0 in the proof where we have ), [|m(Y11)) — m(Y@) || = 0,(1), and D122, D123n
defined in the proof will not appear. Then with ¢ ~ n'/2, it is obvious from the proof that the convergence rate is now
n~1/2, Alternatively, if Y is discrete taking a finite number of possible values, then it is easy to show that ||[Var(E[X|Y]) —
Var(E[X|YD| = O (n”/z) under mild assumptions ([ 18] directly used this without proof). When Y is discrete, the proof is
easier than the proof of Proposition 2 and we do not present it here. Even when Y is continuous, we can construct a discrete
version Y of Y by quantization into H values. It is always true that $ for Y is a subset of § for Y, and when H is sufficiently
large these two dimension reduction spaces are equal. This quantization approach is adopted in many asymptotic analysis
of sliced inverse regression, including Li [24]; Duan and Li [15]; Cook and Ni [11].

Since I"'~! is an unbounded operator and I"~! is involved in the estimation of a drs, it is necessary to regularize the
operator, such as using the finite-rank approximation so that its generalized inverse is bounded. Corresponding to the
populatlon covariance operator, let T = (Z, 1 Xi ® X;)/n be the natural moment estimator of I". Similarly, we define
HD as the projection onto SD and FD = HRFHD For functional PCA, SD is different from Sp since the eigenfunctions are
estimated from spectral decomposition of I". On the other hand, when B-spline basis is used, SD = Sp. Formally, with SIR
approach, a drs is estimated as the space spanned by the top K eigenvectors of F 1Var(E[X|Y]) denoted by B4, .. ,BK

To state the theorem below, we define sp = ||[Ip — FD I, and let tp be the smallest positive eigenvalue of I'p.
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Theorem 2. Suppose ||Var(E[XA|Y])—\Er(E[X|Y])|| = 0p(n77) forsome0 <y < 1/2.If D — 00, sp = 0,(tp), l/(\/ﬁt,%) —
0,and 1/(n"t)/*) — 0, then |[B; — Bill = 0,(1),i=1,...,K.

Remark 2. Compared to Ferré and Yao [18], the only additional assumption on D is that 1/(th3/2) — 0. This is due to

that we allow more general convergence rate for Var(E [X|Y]). When y = 1/2, this assumption is actually unnecessary here
since it is implied by 1/(y/nt3) — 0.

Remark 3. Here we discuss the value of sp and tp defined above for the special cases of functional PCA and B-spline basis. In
the former case, leta; = 2\/5/()»1 —X\y)and g = Zﬁ/ min(Aj_1 — Aj, Aj — Aj41). Then following the arguments in [ 18], we
have || Ip — b I = OP(ZJD 1 a;/+/n). Furthermore, the minimum positive eigenvalue of I'; is Ap and thus the condition that
Sp = 0,(tp) reduces to Z aJ/(fAD) — 0. For B-spline basis, we have obviously || Ip — FD|| <||I' — F|| = Op(l/f)
Thus we require that tp approaches zero slower than 1/./n.

Now we consider functional SAVE. The sample version of the condition variance of X given Y in each slice is Var, =
Zle Xnj) —Xn) ® Xn,jy —Xn)/(c — 1), where we use a double script (h, j) to denote the jth observation in the hth slice. Thus

I~'E{r —2var(X|Y) + Var(X|Y)I""'Var(X|Y)} can be estimated by ! {f -y Var, + DI \7a\rh1A"D’1\7a\rh}.
Theorem 3. Suppose

H
E[Var(X|Y)] — (1/H) ) _ Var, | = 0,(n"?)

h=1

and

H
E[Var(X|Y)T}, 'Var(X|Y)] — (1/H) Y VaryTy, 'Vary
h=1

=0,(t;'n77)

>1%) 0, then |[Bj — Bill = 0,(1),j=1,....K.

forsome0 <y < 1/2.1f D — o0, sp = 0,(tp), 1/(y/ntd) — 0,and 1/(n”t,
Remark 4. Here we briefly discuss how polynomial rates for convergence to E[Var(X|Y)] and E[Var(X|Y)I"~'Var(X|Y)], as
in the assumption of the theorem, can be obtained by the results in the existing literature. The rate of ||[E[Var(X|Y)] —
(1/H) Z',Ll \7a\rh|| for the multivariate case can be found in [23,36]. These results can be adapted easily to functional
context using some necessary modifications that are contained in the proof of Proposition 2. In particular, under suitable
assumptions, one can obtain ||E[Var(X|Y)] — (1/H) ZI,L] \Erhn = 0, (n~1/2). Also, under assumptions similar to those
in [26], and following their proof, we can show [|E[Var(X|Y)T}; 'Var(X|Y)] — IS Var(h)T}; 'Var(h)|| = 0,(t; 'n~7), for
some 0 < y < 1/2,where the main difference from the multivariate case is the appearance of t; ! which comes from || fD” I
(since sp = 0,(tp), ||fD_1 || is also of order O,,(tD_l)) that will come up in various places in the proof for the functional case.
Note that in general we have y < 1/2 for SAVE estimator. y = 1/2 is possible if bias correction is adopted, or Y can take only
a finite number of possible values, as shown in [26]. Our statement of the theorem directly impose these convergence rates
as assumptions for clarity since list of those more primitive assumptions in [26] would be qu1te messy Finally, the value
of y in ||E[Var(X|Y)] — (1/H) Zh ]Varh|| and ||E[Var(X|Y)F_1Var(X|Y)] — (1/H) Zh 1Vath Varh|| generally can be
different. We assume them to be the same only for ease of notation. The convergence rate of ||[E[Var(X |Y)F var(X|Y)] —
(1/H) Zh 1 Vath Varh || is usually slower and determines the convergence rate of /3]

4. Implementation in finite dimension

The above presentation of the SIR and the SAVE estimator in terms of operator language does not make it clear how to
implement the procedures in practice. In this section, we explain that we can project X; onto Sp to obtain finite dimensional
x; € RP and then perform SIR and SAVE similar to the multivariate case. Note that although in terms of implementation the
functional case is similar to the multivariate case after a suitable basis is determined, in terms of theory the functional case
is different from the multivariate case. In addition, when the basis is not orthonormal, some adjustments are necessary.
Although conceptually the basis can be first transformed to be orthogonal by the Gram-Schmidt procedure, it is more
convenient to directly work on the original basis, as usually done for polynomial splines.

Let M : L,[0, 1] — Sp be the mapping that maps any 8 € L,[0, 1] to its best approximation (in the sense of minimizing
L, norm) in the space Sp. By abuse of notation, .M also maps any operator constructed from X to the operator constructed
from M (X). For example, we have M(I") = E(x"B ® x”B), where x'B = M(X) and B = (B4, ..., Bp)".
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To derive the computational algorithm, we first consider M (I"). It is easy to see
M(I)(b"B) = E({x"B, b"B)x"B) = (xx"Bb)'B = (Var(x)Bb)"B,

where B is the D x D matrix with entries (By, By) = fol By (t)By (t)dt. Thus based on the displayed equation above, with

respect to the given basis, the operator M (I") is represented by the D x D matrix Var(x)B. Similarly, approximation to
Var(E[X|Y]) is represented by the matrix Var(E[x|Y])B. Thus the algorithm for computing a drs using SIR is to find the top

- — 1 — -
K eigenvectors of B~'Var(x) Var(E[x|Y])B, denoted by by, b,, ..., by and then estimate 8 by bZB, k=1,...,K, where
Var(x) and Var(E[x|Y]) are the estimators for Var(x) and Var(E[x|Y]) respectively. Here we use Var(x) = 2?21 xl-xl-T /n and
Var(E[x|Y]) is the usual slicing estimator used in finite dimensional sliced inverse regression. Note that after reducing to

finite dimensions we could use other approaches, say kernel method [35], for Var(/EMY]), but we only focus on the original
proposal [24] in this paper.

- — 1 ——
Similarly, to use SAVE in functional context, we compute the top eigenvectors of Ip,p — 2B~ 'Var(x) Var(x|Y)B +

— — 1 - -1 — _

B 'ar(x) Var(x|Y)Var(x) Var(x|Y)B, and use these as coefficients in the basis expansion to obtain the estimated drs.
Although this expression looks quite complicated, when B is the identity matrix (as when we use functional PCA to estimate
the basis) it is the same as the usual SAVE formula in finite dimensions.

5. Choice of dimension and regularization parameter

Determination of the dimension of the drs is a common problem in SIR and SAVE. In functional context, the regularization
parameter D also needs to be determined. Determination of drs dimension can be done by looking at the sum of the minor
eigenvalues of an appropriate matrix as suggested in [24,10]. In particular, we look at the eigenvalues of Var(E[X|Y]) in
SIR, and I’ — 2 Zlle Var, + %Z;’ﬂ VarhI/:D”Var,1 in SAVE. If the asymptotic distribution for the test statistic can be
derived, which is typically a mixture of chi-squared distributions as shown in the finite-dimensional case [24,10], test can
be performed sequentially starting with the null hypothesis K = 0 (that is the null model where predictor does not have any
effect on the response). However, for functional data, asymptotic distribution is harder to obtain, especially for SAVE. Thus
we consider the permutation test, which is based on recalculating the test statistic using multiple random permutations
of the responses. For detail, see Yin and Cook [33]. For SIR, we use the eigenvalues of Var(E[X|Y]), so obviously no finite-
dimensional approximation is necessary (in practice this means we can use any D for/tklis testing step as long as it is large
enough). For SAVE, we use the eigenvalues of I — % Zg:] Vary, + % Z'h{:] Var,fD_1Var,1 and we choose a relatively large
D = 7 just to avoid singularity.

After the dimension is determined, there is still the problem of choosing D. Bias-variance tradeoff is controlled by this
parameter. As D increases, variance increases and bias decreases.

For both choice of dimension of the drs and D, graphical methods that plot the responses versus the predictors using the
estimated projections, or using some form of residuals, would be useful as discussed in [7,8]. Given that dimension reduction
is often used for data exploration, the graphical method may be satisfactory enough.

Furthermore, if prediction is the ultimate goal, then the dimension of the drs as well as parameter D can be chosen by
common methods used in regression, such as cross-validation. In fact, for choice of dimension, many multivariate regression
methods are bundled with approaches for variable selection so dimension determination can be done in the context of
multivariate regression, although these variable selection procedures typically do not respect the order of the predictors
(in the context of dimension reduction using SIR or SAVE, it is desired that only the directions associated with larger
eigenvalues are kept). One should note that many flexible nonparametric multivariate regression methods, including say
neural networks or Gaussian process regression, suffer little from curse of dimensionality unless the dimension is very large.
When these regression procedures are used for prediction, we can usually use a large number of directions obtained from
SIR or SAVE.

6. Numerical examples

We use three simulation examples to illustrate functional dimension reduction. In all examples, the predictors are
standard Brownian motion on [0, 1]. We set n = 300 and the predictor is observed without noise on a grid of equally
spaced 100 points on [0, 1]. To study the sensitivity of results to the number of slices, we consider four values of H with
H = 5,10, 15 and 20. All the results presented are based on 100 simulated datasets in each scenario. We consider both
functional PCA and B-spline basis. For the B-spline basis, the knots are chosen to be equally spaced on [0, 1]. For the latter
we use the quadratic splines with various number of internal knots.

M1. Y = (B1,X) + 100{B2, X)3 + €, B1(t) = sin(37t/2), B> (t) = sin(57t/2),

M2 Y = (B1,X)3 +3(82, X) +¢€,B1() =2t — 13+ 1, Bo(t) = 2t — 1)2 — 1,
M3. Y =50(81,X) (B2, X)? + €, B1(t) = 2t — 1)? — 1, Bo(t) = sin(57t/2),
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Fig. 1. Boxplots showing ||P — ’P\H for M1 using four different estimation methods. Four rows correspond to four values of H, from small to large. Five
boxplots in each case correspond to different values of D. For basis obtained from functional PCA, we present results for D from 2 to 6. For B-spline basis,
we present results for the number of interval knots from 0 to 4 (D from 3 to 7).

where € ~ N(0,0.1%). In M1, 8; and B, are both the eigenfunctions of Brownian motion. M2 is similar to M1 but the
directions are no long eigenfunctions of Brownian motion. M3 is intentionally designed such that SAVE will work better
than SIR and is motivated by that SIR does not work well for quadratic or close to quadratic link functiqps.

We first consider the dimension K = 2 is known and study the accuracy of estimation. Let P and P be the orthogonal
projection operators onto the true drs and estimated drs respectively. The distance is measured by the largest singular value
of P — P, denoted by ||P — P|| with smaller values indicating better estimation performance. Figs. 1-3 show the boxplots
of |P — P|| for M1-M3 using different values of D, for both SIR and SAVE. Here 5 values of D are used. Different rows in the
figures correspond to different values of H. In general, we see that SIR and SAVE perform similarly, except for M3, for which
SAVE is much better, as expected. For M1 and M3, functional PCA is better since some direction(s) are eigenfunctions of the
covariance operator while for M2 the results for functional PCA and B-splines are similar. Finally, compared to the choice of
D, the results are less sensitive to the choice of H. In the rest of the section, we only consider H = 10.

Next we present the permutation test results for M1-M3 (corresponding three different rows) in Figs. 4 and 5, where we
use barplots to indicate the frequency of selection for different dimensions. We use a significance level of 0.05 for testing.
In M1 and M2, permutation tests work well for SIR but tend to select K = 1 for SAVE. In M3, test for SIR only identifies one
direction while test for SAVE identifies two directions most of the time. This is as expected since SIR does not work well
for M3. Based on the simulation results, we suggest that permutation test can be used, but probably only as a rough guide.
Graphical method or prediction-based choice as discussed previously could be used to supplement the tests findings.

Finally, we show that the graphical method can suggest reasonable value(s) for D. We only use model M1 with SIR method
combined with basis estimated from functional PCA as an illustration. Fig. 6 shows the scatterplots of observations using two
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Fig. 2. Boxplots showing |P — ﬁH for M2.

estimated projections. Visually D = 3 (using three eigenvectors in functional PCA) seems to be slightly better in revealing the
relationships between predictors and responses. More formally, regression can be performed to find the prediction errors,
but we do not pursue the corresponding simulations here since we are mainly interested in recovering the directions per
se. Prediction results will also depend on the regression method to be selected.

Finally, we use the Tecator spectrometric data which can be found at http://lib.stat.cmu.edu/datasets/tecator. For this
dataset we used H = 10 since this is the value that turns out to results in the smallest errors after we tried H = 5, 10, 15.
Each unit i (among n = 215) represents one piece of finely chopped meat. For each piece, we observe one spectrometric
curve (X;) which corresponds to the absorbance measured at 100 wavelengths. Moreover, for each piece we have its fat
content (Y;) obtained by an analytical chemical processing.

We applied both SIR and SAVE to this dataset. Permutation test suggests K = 2 or 3 is appropriate, and thus we only look
at the first three eigenfunctions. We look at results for values of D from 3 to 7. For illustration purposes, here we consider
prediction errors or different methods. We use the first 172 units for estimating the projection directions. For fitting the
projection scores, we used Gaussian process regression (using bgp function in the R package tgp [21]) which is a flexible
nonparametric regression method. The prediction errors on the test units are measured in root mean squared errors (RMSE).
These errors are reported in Table 1. For this dataset, SIR generally performs better than SAVE and PCA better than splines.
The smallest RMSE 0.90 is obtained by SIR using basis obtained by functional PCA.

For comparison in terms of prediction errors, we also compute the functional linear regression estimator by the functional
principal component (PCR) approach [22] and the functional partial least squares (PLS) approach [14]. The number of basis
considered are from 1 to 20. The prediction errors on the 45 test observations, measured by the absolute difference between
the predicted response and the observed response, are show in Fig. 7. The smallest RMSE by PCR is 2.07, and the smallest
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Fig. 3. Boxplots showing ||P —f’\H for M3.
Table 1

Prediction RMSE on the test data for the Tecator example.

D=3 D=4 D=5 D=6 D=7

SIR PCA 3.64 1.29 0.90 1.08 1.72
SIR SPLINE 3.58 1.39 1.42 271 4.00
SAVE PCA 4.29 1.68 1.70 113 2.10
SAVE SPLINE ~ 3.76 2.11 1.71 2.99 3.94

RMSE by PLS is 1.77. This illustrates that functional linear regression using only one projection direction is not sufficient for
this dataset.

7. Conclusion and discussion

In this paper, we studied SIR and SAVE for functional data and demonstrated their statistical consistency. Compared
to existing works that focused on projecting the infinite-dimensional predictor onto subspaces derived from spectral
decomposition of the covariance operator, as in functional PCA, we further extended the methodology to much more general
basis systems. In the presentation we focused on basis obtained from spectral decomposition and B-spline basis only, but
other basis such as wavelets can also be considered, which represents a very interesting class of decomposition method.
Another important contribution is the study of functional SAVE which is not found in the existing literature. Obviously other
dimension reduction methods can be extended to functional context, but we only focused on these two most common ones
in this paper.
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Some important and interesting issues are still left unresolved. The most noteworthy is the construction of better tests for
determining the number of directions. This can be quite challenging for the SAVE estimator due to its complicated form. The
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graphical tools developed by Liquet and Saracco [27] could be adapted which can possibly select many parameters together,
including H, K, D. A detailed numerical study is however outside the scope of the current paper. Another problem is to obtain



H. Lian, G. Li / Journal of Multivariate Analysis 124 (2014) 150-165 161

some nontrivial convergence rates. This would probably require stronger assumptions on the decay of the eigenvalues of
the covariance operator, as in [22].
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Appendix. Proofs

In the proofs C denotes a generic positive constant.

Proof of Proposition 1. Note that for the first part, our assumption is less stringent than condition (A-3) in [19].
Using Karhunen-Loéve expansion, we can write

Var(EIX|Y]) = Y Y E[EEIYVIEEIY)]b @ ¢

i=1 j=1

Thus forany 8 = Y, bigi € L,[0, 1], we have

VarEIX[YDB =Y 1 D bEIEGEIVEEY)I T ¢.

=1 li=1

The domain of ' 'is iy = {8 = Y ;bi € L[0,1] : Y 2, b?/A? < oo}. Thus we only need to show Var(E[X|Y])B
€ Fx forall B € L[0, 1], which is equivalent to showing } {3, biE[E(E,-|Y)E(?§]<|Y)]}2/)»j2 < ooc. Since {)_; biE[E(&]Y)
EEINI? < {30 b2HD (EIE(EIY)E(E|Y)D?} by Cauchy-Schwarz inequality, we see I"~'Var(E[X|Y]) is well defined if
YA EEEIEEY))?) < oo

For the second part, we need to show that I""'E[Var(X|Y)] and I" ~'E[Var(X|Y)I"~!'Var(X|Y)] are well-defined. Given
any 8 = Y, bi¢;, formally we have

rEVarX|n)ig =y [E [Z COV,‘j|yb,‘/)\.j:| } ;.
j i

which is well-defined if
- T 2
Z (E ZCOV,’j‘yb,’/)\.j ) < Q.
J L i .
Using the Cauchy-Schwarz inequality, we have

— =\ 2 2
Z(E ZcOvmyb,-/Aj ) 525 (ZCov,j|Ybi/A,> <> (EZCov?jy) (be) /A]-Z,
L ! _ ] 1 Jj i

j i

and thus "~ 'E[Var(X|Y)]B is well-defined if
> (e o) /35 <
j i
which is implied by (3).
Now denote t; = Y, Covjjybi/%;, and then we can write I"~'Var(X|Y)8 = Y, t;j¢;. Thus

r=VarX|Y)r~'varX[y)g = » (Z COVUYti/kj> b,
j i
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and ' 'E[Var(X|Y)I"~'Var(X|Y)] is well-defined if

2
E Z (Z COmef,‘/)\.j) < 00. (4)
Jj i

o) (24) /4

Since

; (Z Coviyti/Aj )

i

“M

and

(4)is also implied by (3). O
Proof of Proposition 2. Using X; = m(Y;) + €;, we have

T 1 1
g Z {c Z(m(y(h,j)) +em) ® - Z(m(y(h,j)) + G(h,j))}

Var(E[X|Y])

H H
= le Zzzm(y(h]))®m(y(hl))+ ! ZZZm(Y(h]))®6(h[)
h= l] 1 I=1 h=1 j=1 I=1
H c
ch 2226<h1>®m(y<h1>)+ 1C ZZZé(hn@f(hz)
=1 j=1 I=1 h=1 j=1 I=

= Dln + D2n + D3n + D4n-

We will show ||Dy, — Var(E[X|Y])|| = Op,(n~7) and the other three terms are O,(n~"). The proof strategy is similar to the
proof for the finite-dimensional case, say Hsing and Carroll [23], although the latter focused on a different version of SIR.
First, we have

Dy, = C2 Zzzm(y(h])) ® m(Y(n,1))

=1 j=1 I=1
1 H
= 1z Z Z m(Ynj) ® (m(Ynp) + m(Ynp) — m(Yon))
h=1 j=1 I=1

1 n
= Z m(Y) ® m(¥) + §m<v<,,]>) ® (M(Yinp) — m(Yrj))
j

=! D11n + D12n.
Obviously ||Dy1, — Var(E[X|YD| = Op(n‘”z) by law of large numbers (note Var(E[X|Y]) = E(m(Y) ® m(Y))). To deal with
D125, we divide the sum over h into three summations: from 1 to [Hq], [Hq] + 1to [H(1 — ¢)], and [H(1 — q)] + 1 to H,
with appropriately chosen small positive number g, and thus write D15, = D121, + D122, + D123s. For h from [Hq] + 1 to
[H(1 — q)], Yn,)'s are contained in a bounded interval [-T(q), T(q)] which implies

[H(1-q)]
1
Dizon = 0, ( o O 2 Im(ay) - m(m,n)n)

h=[Hq] j<lI
1 c[H(1—q)]
=0p (H Z [m(Y(it1)) — m(y(i))H)
i=c[Hql+1
= Op(nr ! )s

since m is bounded on compact sets.
For h from 1 to [Hq] (the case for h from [H(1 — q)] + 1 to H is similar), if Y is unbounded, then we can find small enough

q such that Y, ;, € (—o0, Ty
[Hq]

1
Do < = Z; ImY )MV j) — mYn) |
1]
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[Hq]

1
ez max ImDI Y > IMYap) = MY
h=1 j#l

IA

1
=0p ( max [[m(Yi)| M (Ycitq)) — M(Y(n)l)

By Lemma A.1in [23], IM (Yciug)) — M(Yay)| = op(n/4). Using E||m(Y)||* < oo, we have P(max;<i<, [m(Y;)|| > an'/4) <
nP(lm(Y)|| > an'/*) < nE(m(Y)||*/(an'/*)* and thus max; <i<, [[m(Y) || = 0, (n'/*). Thus D1, = 0, (n"/*+1/4"1c),

Next, for the multivariate case, ||Dy; || = Op(n‘l/ 2) can be shown by straightforward moment calculations conditional on
order statistics Y(yy, . .., Y(n). However, for functional predictor, we need to take some detour. We bound the operator norm
|ID2, || by the Hilbert-Schmidt norm, which is given by

o0 o0
IDanllfis = > > (Danem, e)?

m=1 k=1
2
=y — e |:Z M), em) (€1 €k)i| ,
m,k h,j,1

where {e;} is any orthonormal basis of L,[0, 1]. Then the conditional second moment of || Dy, ||ﬁS is

2
E[ID2nllFs [Yay, - - s Yl < H2c4 > E (Z M), em) (€m,p., €k)> Yay, -, Yoy

m,k,h il

IA

2
H2c4 (Z m(Ynj) em)) ZE [(enns e Yay, - Y]
mkh 1

J

| /\

Hz = Y (MY, em)?

m,h,j

C
= 2 ; Im (Yo i) 112
N
0,(1/n),

by law of large numbers. Thus || D,y || = 0,(n~1/2). Similarly we can get ||D3, || = 0,(n~/?).
Finally, we have

D4 = He2 ZZGM Q€ny + 53 He2 Zﬂh;) ® €n)-

=1 j=1 h,j#l

The first term on the right hand side above is O,(1/c) by law of large numbers, and the second term is O, (n~1/2) using similar
argument as in the analysis of D,,. O

Proof of Theorem 2. Let oy, . .., o be the K positive eigenvalues of I"'~'Var(E[X|Y]) and @7, . . ., &k be the K eigenvalues
of F_1Var(E [X|Y]). Later in the proofwe will show that B, = 0,(1) (B, will be defined later) wh1ch implies |o; —@j| = 0,(1)
and thus we canassume @, j = 1, ..., K are all positive and distinct. We only show the convergence of the first eigenvector

Bl since the proofs for all ,73}‘5 are the same.

Before we continue, we note that in the following we will work with operators such as I"~'Var(E[X|Y])I"~'/2. Strictly
speaking, due to the appearance of I"~'/2, this operator is defined on Fxy = {b = Yoibigii >, b,-2 /Ai < oo} which is a dense
subset of L,[0, 1]. However, since Var(E[X|Y]) is of finite-rank, it can be verified that I"~'Var(E[X|Y])I"~'/? is a closable
operator and thus the domain can actually be extended to L,[0, 1]. When we take I""'Var(E[X|Y])I"~'/? to be the same
as its closed extension, the operator is actually bounded. Thus all calculations in the proof work as in the usual case where
appropriate operators are defined on L,[0, 1].

Letn = I'V/28, and 7 = T},/*B;. We have ' 'Var(E[X|Y])I"~"/2n = o 8y and T}, 'Var(E[X|Y] T}, />3 = @, B;. Thus

1B — Bl

ey = Var(E[X|Y]) I~ 1/217—04]1F WarEX|[YDT, 27

@ I r VarEX[YD T2 = Ty WarEX[YD Ty, 21 + o 1T~ VarEX YD T2 7 —
+ log !t —a | ||F’1Var(E[X|Y])F 172

IA
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Standard perturbation theory for self-adjoint operator implies
17 = nll < CIr=2varEX|Y) T~ — Ty V*VarEX |y DT, ).

and
Ty *VarEX|)YD T, 2.

oy — 1| < ||~ Var(E[X|YD I ™Y? —
B1ll = Op(A, + By,), where
— Ty VarEX YD T, 2,
Ty *VarEX|YD T, .

Thus we have ||,§1 —
A, = [T WVar(E[X|YD) T~/

B, = |~ V?var(E[X|Y)I~V2 —

We will show A, = 0,(1). That B, = 0p(1) is similar
Thus we consider A,

Ay < P~ 'VarEX|Y) 2 —
+ 1T, " (Var(E[X|Y]) — Var(E[X|Y]>>F;”2||

Iy 'VarEX|YD I 2 + 11y VarEX YD I, 2 — Ty 'varE[X[YD T, 2|

= Aln +A2n +A3n-
For Aq,, we have
— —1/2
=" - ")

=! Ai1n + Ann.
Since the range of Var(E[X|Y])I"~"/? is spanned by a finite number of elements {I" 8,
I'y )I'B — 0Oforany fixed B8, we have A;1, = 0p(1). Similarly, using that ||A|| = ||A*|| for any operator

Iy YVar(E[X|YD T~V + || 7 'Var(E[X|Y]) (I~ /2

IA

Aln
I' Bk}, and it can be directly

verified that ("' ~! —
A with adjoint operator A*, we have Ay, = 0,(1)

For Azn, we have
P2
Iy

Ty HVarEXIYD Iy 2l + 1T ' VarEX|Y D (1, 2
S 4 1y Var XY = Ty )

—12 1/2
2T

A < Iy =T,
< |l(ry" = Ty YvarEX|YD T,

+ 1yt = Ty HVarEIX| YD/
= Azin + Ax2n + Adzn.
For A,1,, using the simple equality
(5)

Ai‘1 — Bi] = Bf] (B _A)Afl’
Itis easy to see that || FD_1Var(E[x|y])FD*1/2 I

V2 = TN —r)yry VarEX|Y) T, Y
' = 0,(t;") and thus

we have (I, ' =T}, )Var(E[X|Y]) T,
< |\r~'War(EIX|YDI~"?|| < ooc. Furthermore, since ||[Ip — Ipll = 0,(tp), we have ||T;
Agin = 0p(ty 'n™12) = 0,(1).
To see Ay, = 0,(1), we need to use the identify
B—1/2 — A_1/2(33/2 _A3/2)B—3/2 + (A _ B)B_3/2, (6)

A—]/z _
(7)

and that
B¥?|| < C||A—B|| ifAand B are bounded linear operators

1A% — <
with constant C depending on the norm of A and B. The Eq. (6) can be directly verified while (7) can be found in Lemma 8 of

Fukumizu et al. [20]. We then have

YT = D)l =0,(n"2t;") = 0,(1).

Using the identities (5) and (6), we can obtain ||A3, || = Op(ty
Now we come to Asy,. Since ||[Var(E[X|Y]) — \75r(E[X|Y])|| = 0p(n77), we have A3, = 0,(n" 7t 3/ ) = 0,(1)
1/2|| Here

Proof of Theorem 3. The proof is similar to that for functional SIR with small modifications at the end. We can get
IB1 — Bill = Op(An + By), where A, = |I'~'GI="2 — T}, 'GI}, 1/2|| andB - ||r*1/zcr*1/2 — T;y'cry
we denote G = E {I" — 2Var(X|Y) + Var(X|Y)I"~'Var(X|Y)} and G=1-— 25 ,Var, + & Iy ,Var, Ty, 'Var,

1) = 0,(1) with similar arguments used for A1, and Az,

Apn < City
O
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Following the same arguments as for SIR, we only need to show that || fD_l (Gp — E) 1’:,;1/2 || = 0,(1), where Gp = E{F -

2Var(X|Y) + Var(X|Y) I}, 'Var(X]Y)}. We use the decomposition

o~ NS - T 2 3 Var Ty
175" Go = O, Il < | Ty (1 =T =2 VarX|y) = = 3 Vany ) | T,
h=1

~— — ~— ~-1/2
+ T Var(X|Y) (I}, = Ty Hvarx )T, 2|

~ ~ S R W
+ |7t Var(X|Y)FD_1Var(X|Y)—E§ Var, T}, 'Var, | T, '/?
h=1

=: Cin + G + Gsy.
Obviously, Cy, = Op(tf/znﬂ’) = 0p(1). For Gy, we can show Gy, = ||FD_1Var(X|Y)(FD_1 —fD_l)Var(XIY)FDq/ZII+op(1) =

0,(I I " — FD_lll) + 0,(1) = 0,(1). Finally, 3, = Op(tD_S/zn*V) = 0p(1) by assumption. O
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