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Abstract

Functional principal component analysis (FPCA) has become the most widely used dimension
reduction tool for functional data analysis. We consider functional data measured at random,
subject-specific time points, contaminated with measurement error, allowing for both sparse and
dense functional data, and propose novel information criteria to select the number of principal
component in such data. We propose a Bayesian information criterion based on marginal
modeling that can consistently select the number of principal components for both sparse and
dense functional data. For dense functional data, we also developed an Akaike information
criterion (AIC) based on the expected Kullback-Leibler information under a Gaussian assumption.
In connecting with factor analysis in multivariate time series data, we also consider the
information criteria by Bai & Ng (2002) and show that they are still consistent for dense
functional data, if a prescribed undersmoothing scheme is undertaken in the FPCA algorithm. We
perform intensive simulation studies and show that the proposed information criteria vastly
outperform existing methods for this type of data. Surprisingly, our empirical evidence shows that
our information criteria proposed for dense functional data also perform well for sparse functional
data. An empirical example using colon carcinogenesis data is also provided to illustrate the
results.
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1 Introduction

Advances in technology has made functional data (Ramsay and Silverman, 2005)
increasingly available in many scientific fields, such as many longitudinal data in medical,
biological research, electroencephalography (EEG) and functional magnetic resonance
imaging (fMRI) data. There is tremendous research interest in functional data analysis
(FDA) for the past decade. Among the newly developed methodology, functional principal
component analysis (FPCA) has become the most widely used dimension reduction tool for
functional data analysis. There is some existing work on selecting the number of functional
principal components, but to the best of our knowledge, none of them were rigorously
studied either theoretically or empirically. In this paper, we consider functional data that are
observed at random, subject-specific observation times, allowing for both sparse and dense
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functional data. We propose novel information criteria to select the number of principal
components, and investigate their theoretical and empirical performance.

There are two main streams of methods for FPCA, kernel based FPCA methods including
Yao, Miller and Wang (2005a), Hall, Miller and Wang (2006), and spline based methods
including Rice and Silverman (1991), James and Hastie (2001), and Zhou, Huang and
Carroll (2008). Some applications of FPCA include Functional Generalized Linear Models,
(Muller and Studtmauller, 2005; Yao, Miiller and Wang, 2005b; Cai and Hall, 2005; Li,
Wang and Carroll, 2010) and Functional Sliced Inverse Regression (Li and Hsing, 2010a).

At this point, the kernel based FPCA methods are better understood in terms of theoretical
properties. This is due to the work of Hall and Hosseini-Nasab (2006), who proved various
asymptotic expansions of the estimated eigenvalues and eigenfunction for dense functional
data, and by Hall et al. (2006) who provided the optimal convergence rate of FPCA in sparse
functional data. An important result of Hall et al. (2006) was that, although FPCA is applied
to the covariance function estimated by a two dimensional smoother, when the bandwidths
were properly tuned, estimating the eigenvalues is a semiparametric problem and enjoys a
root n convergence rate, and estimating the eigenfunctions is a nonparametric problem with
the convergence rate of a one dimensional smoother.

In the work on FDA mentioned above, functional data were classified as (a) dense functional
data where the curves are densely sampled so that passing a smoother on each curve can
effectively recover the true sample curves (Hall et al., 2006); and (b) sparse functional data
where the number of observations per curve is bounded by a finite number and pooling all
subjects together is required to obtain consistent estimates of the principal components (Yao
et al., 2005a; Hall et al., 2006). There has been a gap in methodologies for dealing with
these two types of data. Hall et al. (2006) showed that when the number of observations per
curve diverges to oo with a rate of at least n/4, the pre-smoothing approach is justifiable and
the errors in smoothing each individual curve are asymptotically negligible. However, in
reality it is hard to decide when the observations are dense enough. In some longitudinal
studies it is possible that we have dense observations on some subjects and sparse
observations on the others. In view of these difficulties, Li and Hsing (2010b) studied all
types of functional data in a unified framework, and derived a strong uniform convergence
rate for FPCA, where the number of observations per curve can be of any rate relative to the
sample size.

A common finding in the aforementioned work is that higher order principal components are
much harder to estimate and harder to interpret. Because seeking sparse representation of the
data is at the core of modern statistics, it is reasonable in many situations to model the high
order principal components as noise. Therefore, selecting the number of principal
components is an important model selection problem in almost all practical contexts of
FDA. Yao et al. (2005a) proposed an AIC criterion for selecting the number of principal
components in sparse functional data. However, so far there is no theoretical justification for
this approach, and whether this criterion also works for dense functional data or the types of
data in the grey zone between sparse and dense functional data remains unknown. Hall and
Vial (2006) included theoretical discussion about the difficulty of selecting the number of
principal components using a hypothesis testing approach. The bootstrap approach proposed
by Hall and Vial provides a confidence lower bound v for the “unconfounded noise
variance”, and can provide some guidance in selecting the number of principal components.
However, their approach is not a real model selection criterion, and one needs to watch the
decreasing trend of vy and decide the cut point subjectively. The minimum description
length (MDL) method by Poskitt and Sengarapillai (2011) is similar to Yao’s AIC in that
each principal component is counted as one parameter, although of course the criteria are

J Am Stat Assoc. Author manuscript; available in PMC 2014 December 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 3

numerically different. We emphasize that, in reality, each principal component consists of
one variance parameter and one nonparametric function. A main point of our paper is to
justify how much penalty is needed in a model selection criterion, when selecting the
number of nonparametric components in the data.

We approach this problem from three directions, with all approaches built upon the
foundation of information criteria. In the marginal modeling approach, we focus on the
decay rate of the estimated eigenvalues and develop a Bayesian Information Criterion (BIC)
based selection method. The advantages of this approach include that it only uses existing
outcomes from FPCA, namely the estimated eigenvalues and the residual variance, and that
it is consistent for all types of functional data. As an alternative, we find that, with some
additional assumptions, a modified Akaike Information Criterion (AIC) based on conditional
likelihood could produce superior numerical outcomes. A referee pointed out to us that
when the data are observed densely on a regular grid, where no kernel smoothing is
necessary, there is some existing work in the econometrics literature based on a factor
analysis model (Bai and Ng, 2002) to select the number of principal components. We study
this class of information criteria in our setting and find out that they are still consistent if a
specific undersmoothing scheme is carried out in the FPCA method. In addition, we also
provide some discussion for the case that the true number of principal components diverges
to infinity.

The remainder of the paper is organized as follows. In Section 2, we describe the data
structure and the FPCA algorithm. In Sections 3.1 and 3.2, we propose and study the new
marginal BIC and conditional AIC criteria, and we investigate the information criteria by
Bai and Ng in Section 3.3. The proposed information criteria are tested by simulation studies
in Section 4, and applied to an empirical example in Section 5. Some concluding remarks
are given in Section 6, where we also provide discussion for the case that the true number of
principal components diverges. All proofs are provided in the Supplementary Material.

2 Functional principal component analysis

2.1 Data structure and model assumptions

Let X(t) be functional data defined on a fixed interval T = [a, b], with mean function z(t) and
covariance function R(s, t) = cov{X(s), X(t)}. Suppose the covariance function has the eigen-

(o]
decomposition £(5: t):zjzle%(s)% (t), where the «j are the nonnegative eigenvalues
of R(-,-), which, without loss of generality, satisfy @ = @, = --- > 0, and the y; are the
corresponding eigenfunctions.

Although, in theory, the spectral decomposition of the covariance function consists of
infinite number of terms, to motivate practically useful information criteria, it is sensible to
assume that there is a finite dimensional true model. Due to the nature of spectral
decomposition, the higher order terms are less reliably assessed and their estimates tend to
have high variation. Consequently, even though one could assume that there are an infinite
number of components, unless the data size is very large, sensible variable selection criteria
will still select a relatively small number of components — the first several that can be
reasonably assessed. This phenomenon is reflected by the numerical outcomes reported in
Table S.7 of the Supplementary Material, in which a much-improved performance of BIC is
observed when the sample size increases to 2000. The performance of BIC is mostly
determined by the accuracy of detecting non-zero eigenvalues and that this detection can be
difficult for higher order terms. For the rest of the paper, except for Section 6.2, we assume
that the spectral decomposition of R ends at a finite p terms, i.e. ;= 0 for j > p. Then the
Karhunen-Loéve expansion of X(t) is
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X(0) - p0)=3""_ &40,

where & = /y(t) {X(t) - z«(t)}dt has mean zero, with cov(§j, &) = I1( = ). Let pg be the
true value of p.

Suppose we sample from n independent sample trajectories, X;(-), i =1, ---, n. It often
happens that the observations contain additional random errors and instead we observe

I1ij:Xz(tzj)+UZ]7 ]:la e, My, (2)

where Ujj are independent zero-mean errors, with var{U;(t)}=c2 and the Uj; are also
independent of X;(-). Here the (t;;) are random, subject-specific observation times. Suppose
tij has a continuous density f(t) with support T. We adopt the framework in Li and Hsing
(2010b) so that m; can be of any rate relative to n. The only assumption on mj is that all m; >
2, so that we can estimate the within-curve covariance matrix. In other words, we allow m;
to be bounded by a finite number as in sparse functional data, or diverging to oo as in dense
functional data.

2.2 Functional principal component analysis

1 n 1 m; 2 t,;' — S t;k —t
n Zid]\,{i ijlzk;&j{”%”% —bg — b1ty —s) —ba(ty —t)}°K ( Uh(, ) K < 7h

The functions x(-) and R(:,-) can be estimated by local polynomial regression, and then (),

ax and o2 can be estimated using the functional principal component analysis method
proposed in Yao, et al. (2005a) and Hall, et al. (2006). We now briefly describe the method.
We first estimate z(-) by a local linear regression, p(t) = &g where

(do, al):argminao,alnilzz;lmiflz;n:ll{I'Vij —ag —ay(t; — t)}2K{(t'ij_t)/hu}, K() is
a symmetric density function and hy, is the bandwidth for estimating z.. Define Cxx (s, t) =
E{ng)X(t)} and M; = (m; — 1)m;. We denote the bandwidth for estimating Cxx(:,-) by hc and
let Cxx (s, t) = bg, where (bg, by, by) minimizes

C

Then R(s, t) = Cxx (s, 1) — (S)4(t). In addition, (e) and {yx()} can be estimated from an
eigenvalue decomposition of R(:,-) by discretization of the smoothed covariance function,
see Rice and Silverman (1991) and Capra and Muller (1997). Let

o2 (t)=var{W (t)}=R(t,t)+02 and 52 (t)=¢, — ji*(t), where, with a given bandwidth, h,,,
_ n _ mg . 2

(&, ¢1) minimizes ™ D 1Zj:1{”ﬂ'f2' —co—a(ty —t)} K{(ty —t)/ho} One

possible estimator if o2 is

5 =(b—a) ' [L{55 () - Rt 0}t @)

u,I

Define a)KAand 1/4(() to be the k™" eigenvalue and eigenfunction of R(§, t), respectively. Rates

of convergence results for ,u(-A), R(-A), 52 (), 53’1 and wkz-) are described in the Supplementary
Material, Section S.1.
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In a traditional regression setting with sample size n, parameter size p, and normally
distributed errors of mean zero and variance o2, BIC is commonly defined as

log(02)+plog(n)/n.

Considering the model equations (1) and (2), linking the current setup for each subject and
then marginalizing over all subjects, we consider a generalized BIC criterion of the structure
of

log(G2)+P,.(p), (@)

where 2 is an estimate of o2 by marginally pooling error information from all subjects and
Pn(p) is a penalty term. Even though the concept behind our criterion has been motivated by
the traditional BIC in regression setting, there are some marked differences. For example,
the & in model (1) are random. As a result, marginally, there are not np parameters. Further,
unlike the traditional regression problems, we do not need to estimate/predict &.
Consequently, the number of parameters in a marginal analysis is not determined by the
degrees of freedom of these unknown &. Inspired by standard BIC, we let the penalty be of
the form Py(p) = Cy, pp and then determine the rate of Cy, .

Let 337[17] be the estimator of 52 based on the residuals after taking into account of the first p
principal components. Define

Ry, (s, t)zzjzlewj(s)wj (), Rpyl(s, t)zzjzlaj@ ()0 (t).

If p is the true number of principal components, then Rppj(s,t) = R(s,t). Since fZ@,%(t) dt=1
for all k, we can estimate o2 by
2 1 o

~ = 1 1 .
a[p],lllarg:mf{gzzu(t) - R[p] (t7 t)}dt:mfai(t) dt — m;wk' (5)

Replacing 52 by 3[2p],marg in (4), the new BIC criterion is given by

BIC (p)zlog(&?p],marg)—’—P” (p) (6)

That is, instead of estimating ai,[p] from the estimated residuals, we will estimate it from a
‘marginal’ approach by pooling all subjects together. This way, we avoid estimating the
principal component scores and dealing with the estimation errors in them.

. ) B T b
Denote ||-|| as the L2 functional norm, and define %k:(n Zizlmi ) , which is the kth

harmonic mean of the m;’s. When m; = m for all i, we have that y,; = m and y,, = m2. For
any bandwidth h, define

J Am Stat Assoc. Author manuscript; available in PMC 2014 December 19.
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al) = ) Yl

_ 1/2
wa(h) = [{14(hy) (B2 ya2) /]
We make the following assumptions.

(C.1) The observations time tj; ~ (), (tj, tjj) ~ f2(ty, t2), where f; and f; are
continuous density functions with bounds 0 < mt < fy(t1), fo(ty, t) < Mt < oo for
all ty, t, € T. Both f; and f, are differentiable with bounded (partial) derivatives.

(C.2) The kernel function K(-) is a symmetric probability density function on [-1, 1],
and is of bounded variation on [-1, 1]. Denote 1/2:f1_1t2K(t) dt.

(C.3) () is twice differentiable and its second derivative is bounded on [a, b].

(C.4) All second-order partial derivatives of R(s, t) exist and are bounded on [a, b]2.

(C.5) There exists C > 4 such that E(|U;j|©) + E{supte[a o] IX()IC} < cc.

(C.6) huhe, hg dha(hy), dha(hc), dni(hg) — Oasn — oo.

(C.7) Wehave wy > @p > -+ > apg > 0 and ax = 0 for all k > po.
Let p be the minimizer of BIC(p). The following theorem gives a sufficient condition for p ~
to be consistent to pg.
Theorem 1—Make assumptions (C.1)-(C.7). Recall that P(p) is the penalty defined in (6),
and define &;,=h.,+8,1(h,)+h2 +62(h. ). Suppose the following conditions hold

i. forany p <po, prllimsupn—o {Pn(Po) ~ Pn(P)} < 0] = 1;

” for any p > pO: pr[Pn(p)>Pn(p0)’ 111’1'1 Supnaoo 5’2/ {PTL(p) - Pn(po)} :0]:1
Then limp_ oopr(p = pg) = 1.

By Theorem 1, there is a large range of penalties that can result in a consistent BIC criterion.
For example, let N = 33 m; and recall that the penalty term Pp(p) = Cp, pp. If we let

C, p~log(IN )6y, itis easy to verify that the conditions in Theorem 1 are satisfied.

We now derive a data-based version of P(p) that satisfies condition (i) and (ii). By Lemma
S.1.1in the Supplementary Material, &7 is actually the L2 convergence rate of R(-A,-), which
by Lemma S.1.3 in the Supplementary Material is also the bound for the null eigenvalues,
{o k> po}. In reality, IR = R|| not only depends on &} but also on unknown constants
depending on the true function R(:,) and the distribution of W. To make the information
criterion data-adaptive, we propose the following penalty

P, aaapt(P)=log(N)p|| R — Rpy[|/52 . (1)

w,I”

Justification for (7) is given in the Supplementary Material, Section S.2.

3.2 Akaike Information Criterion based on conditional likelihood

The marginal BIC criterion can be computed by using outcomes from FPCA directly and it
is consistent. However, its performances heavily rely on the precision in estimating «j,
particularly when j is near the true number of principle components, pg. It is known that the
estimation of ¢ can deteriorate when j increases. In this subsection, we propose an

J Am Stat Assoc. Author manuscript; available in PMC 2014 December 19.
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alternative approach that, by having some additional conditions, allows us to take advantage
of the use of likelihood. We consider the principal component scores as random effects, and
proposed a new AIC criterion based on the conditional likelihood and estimated principal
component scores. Such an approach is referred as conditional AIC in linear mixed models,
see Claeskens and Hjort (2008). In an alternative context, Hurvich et al. (1998) proposed an
AIC criterion for choosing the smoothing parameters in nonparametric smoothing. The
FPCA method is to project the discrete longitudinal trajectories on some nonparametric
functions (i.e. the eigenfunctions), and can thus be considered as simultaneously smoothing
n curves. The AIC in the FPCA context is connected to that for the nonparametric
smoothing problem, but the way of counting the effective number of parameters in the
model will be different. Therefore, the penalty in our AIC will also be very different from
that of the nonparametric smoothing problem.

Define W; = (Wi, ..., Wi,mi)T, wi = {ultin), -+ ,U(ti,mi)}T and ik = {(tia), -+, llfk(ti,mi)}T-
Under the assumption that there are p non-zero eigenvalues, denote

p— p . .
Xip) (t)i'u(t)+2j:1 Sints( ) and X; jp) = {X;, [p](tll) - Xi rp)(ti, m.)} = i+ Vi p1&i.p]s
where Wi i) = (%41, ---, wp) and & p) = (Giv, - §,p) Undera Gaussian assumption, the
conditional log likelihood of the observed data {W;} given the principal component scores is

Ln,cond(an[p]aai) = Zn { (m1/2)10g(27r02) (203)71‘|W'_Xi,[p]“2}
= —(N/2)log(2m02) — (202) T I [W; — pi — Uy (€

T
where N = 3 m; and X ) =(X [, X0 )

Following the method proposed by Yao et al. (2005a), we estimate the trajectories by
7[17] #(Q"’Z 51] 1/}] (®), 9)

where u(-A) and gq(-) are the estimators described in Section 2. The estimated principal
component scores, &j, are given by the principal component analysis through the conditional
expectation (PACE) estimator by Yao et al. (2005a). Under the Gaussian model, the best

~ T —1
linear unbiased predictor (BLUP) for & g Is & 1o =M ‘I’i,[plzi7[p](m - ”i), where A =

diag(ay, ..., ay), Z Qi 0% I and 2 [p]— 1151 M p) Wi [ To estimate fA[p] the
PACE estimator requwes a pilot estimator of &2, for which we can use the integral estimator

u!

defined in (3). The PACE estimator is given by

'u I
€=M Vi 2, (Wi — ), (10)
where yi,AA[Ap] and \I/,A [p] are the estimates using the FPCA method described in Section 2,
S I ~2
and 2, ;= iln Mg Ty 02,7,
To choose p, Yao et al. (2005a) proposed the pseudo AIC

AIC,,, (p)=L, ,cond (pa p]? )+p, (11)

J Am Stat Assoc. Author manuscript; available in PMC 2014 December 19.
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where X[;] is the estimated value of X[, by interpolating the estimated trajectories defined
in (9) on the subject-specific times. By adding a penalty p to the estimated conditional
likelihood, Yao et al. essentially counted each principal component as one parameter.

To motivate our own AIC criterion, we consider dense functional data satisfying

m; < m — oofor all, sup|m; —m|/m — 0. 12)
i

We follow the spirit of the derivation of Hurvich and Tsai (1989), and define the Kullback-
Leibler information to be

A(pa X[p}a &Z)ZEF {_2Ln,cond(pa X[p]a 52)} 5 (13)

for any fixed X[;] and o2, where F is the true normal distribution given the true curves {X;(-),
i= ., n}. Using S|m|Iar derivations as in Hurvich and Tsai (1989), for any fixed

parameters X[p]—{ =Rt s [p]} _, and %, we have

Ap, X (,6%) = Nlog(2w62)+;_2;EF |Ui+X; — X

. i n . L,
= NlOg(QTFUQ)ﬂLN&—“ﬂL#; (i = )+ Y3 1p01&i 1po) — Yiw&iplll -

By substituting in the FPCA and PACE estimators, the estimated variance under the model
with p principal components is given by

~ _ n ~ = < 2
0l = NTEL Wi fi— z’[p&,mﬂ = lzz 7= Qz[p]Z ) (Wi = il
= N7, ||Uu12 [p](W u@)ll

Then the Kullback-Leibler information for these estimators is

A(p’ X[p]? afp]):Nlog(afp])—'—An (p)’ (15)

~ -~ -~ 2
where An(P):NUu/U[p]+U[p o i = A o) o) — YipiEiml]

To derive the new AIC criterion, we need the following theoretical results to evaluate the
expected Kullback-Leibler information. As discussed in Hurvich et al. (1998, page 275), in
derivation of AIC, one needs to assume that the true model is included in the family of
candidate models, and any model bias is ignored. For example, Hurvich et al. (1998) ignored
the smoothing bias when developing AIC for nonparametric regressions. Following the
same argument, we will ignore all the biases in z(-) and (), and only take into account the
variation in the estimators.

Proposition 1—Under assumptions (C.1)-(C.7), condition (12) and the additional

1 n
assumption that n (h,, + hc) — oo, po]/a =N~ ZZ 1 Z} —po+1 Xi+Fn where the Zii

are independent 2 random variables and =0y {821 () +671 (he) | +0,(nN ™) Asa
result, o, — oZin probability as n — oo

J Am Stat Assoc. Author manuscript; available in PMC 2014 December 19.
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The next proposition gives the asymptotic expansion for E{An(po)}-

Proposition 2—Under the same conditions as in Proposition 1, E{An(pg)} = N + 2npg +

o(n).
Thus, the expected Kullback-Leibler information is
Eo{A D0, X(po)s 8o }=E {N log (57, ) }+N+2npo+o(n). This justifies defining AIC as

AIC(p):Nlog(&Fp])—i—N—i—?np. (16)

When mj — oo and p is fixed, an intuitive interpretation for the proposed AIC in (16) is to
consider FPCA as a linear regression on the observed data W; — y; against covariates (1,
.-, @p) for subject i, and consider the principal component scores as the subject-specific
coefficients. By pooling n independent curves together and by adding up the individual AIC,
we have a total of np regression parameters and the AIC in (16) coincides with that of a
simple linear regression. The biggest difference between our AIC and that of Yao et al. in
(11) is the way we count the number of parameters in the model.

3.3 Consistent information criteria

As pointed out by a referee, functional principal component analysis is closely related to
factor models in econometrics, where there are some existing information criteria to choose
the number of factors consistently (Bai and Ng, 2002). We stress that the data considered in
the econometrics literature are multivariate time series data observed on regular time points,
while we consider irregularly spaced functional data. The estimator and criteria proposed by
Bai and Ng were based on matrix projections, while our FPCA method relies heavily on
kernel smoothing and operator theory. As a result, deriving consistent model selection
criteria for our problem is technically much more involved.

Inspired by Bai and Ng (2002), we consider two classes of information criteria:

PC(p)=0{,+Pgns (17)

1C(p)=log (3[2,,]) P90 (18)

where 3[2p] is the error variance estimator used in our AIC (15) and g, is a penalty. The
estimator ﬁfp] in Bai and Ng (2002) was a mean squared error based on a simple regression,
while our estimator is based on the PACE method involving kernel smoothing and BLUP.

For any p < po, denote ¢p)(t) = (v, ..., ¥p)T (V) Yp+1:p0] = (Y1, -+ Upg)' (¢), and define
the inner product matrices

T1p= 1 (O] () F1(8) Aty T25= [ 41:0) ()% {190 () F1(1) dE and
J12,5= () (0% (1) (D F1{E) A2, PUL Apps1:pg) = diag(@ps1, .., @pg), and

T _
Tp=tr{ (Jz,p ~ Ty le,p) Afptapol} (19)

Theorem 2—Suppose 7, defined at (19) exists and is positive for all 0 < p < po. Let p be
the minimizer of the information criteria defined in (17) or (18) among 0 < p < pmax With

J Am Stat Assoc. Author manuscript; available in PMC 2014 December 19.
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Pmax > Po being a fixed search limit, and define
gnzhi+hi+h§+6n1(hp)+5n2(hc)+5ﬁl(hg). Under the assumptions (C.1) - (C.7) and
condition (12), lim,_,, pr(p = po) = 1 if the penalty function g, satisfies (i) g, = 0 and (ii)
9n/(n/N+07) £ oo

In the factor analysis context, the penalty term in the information criteria proposed by Bai

and Ng (2002) converges to 0 with a rate slower than ¢2, where C, = min(m¥/2, n1/2)
translating to our notation. Their rate shows a sense of symmetry in the roles of m and n.
Indeed, when the curves are observed on a regular grid, the data can be arranged intoan x m
matrix W, the factor analysis can be carried out by a singular value decomposition of W, and
hence the roles of m and n are symmetric. For the random design that we consider, we apply
nonparametric smoothing along t, not among the subjects. Therefore, m and n play different
roles in our rate. Not only does the smoothing make our derivation much more involved, but
the fact the within-subject covariance matrices are defined on subject specific time points
poses many theoretical challenges. Our proof uses many techniques from perturbation
theory of random operators and matrices.

The following corollary shows that when the bandwidths are chosen properly, penalties
similar to those in Bai and Ng (2002) can still lead to consistent information criteria.

Corollary 1—Suppose all conditions in Theorem 2 hold, and hy < max(n,m)~1, h¢ =<
max(n,m)~¢2, h, =< max(n,m)~3, where 1/4 < ¢4, ¢, < 1, 1/4 < c3 < 3/2. Then p that

minimizes PC(p) or 1C(p) is consistent if (i) g, 2 0 and (ii) C2g,, %> oo, Where Cp =

min(n!/2, m1/2) as defined in Bai and Ng (2002).

Bai and Ng (2002) proposed the following information criteria that satisfy the conditions in
Corollary 1,

PCu(p) = Gf +pope (n,,,,, ) log (n+rn) ;
PCp(p) = 3[21;]4'1’&12)11@ (%5 log (C7)
PCp3(p) = A[Qp]‘Fp&pﬂot {gc(‘_ga)}’

1Cn(p) = log(6%,)+p (5) log (225) )
ICp(p) = log(6f,)+p (%) log(Ch),
IC'p3(p) = log( m)"‘p {Jg”“l} )

where & apﬂot is a pilot estimator for 2. In our setting, we can use U 1 defined at (3) in place

of & apﬂot, and replace m by either the arithmetic or the harmonic mean of m;’s. Under the
undersmoothing choices of bandwidths described in Corollary 1, all information criteria in
(20) are consistent. One can easily see the similarity between the ICj, criteria and the AIC
proposed in (16). In general, the IC,, criteria impose greater penalties to over-fitting than
AIC. By comparing AIC with the conditions in Theorem 2 and other consistent criteria we
developed, we can see the penalty term in AIC is a little bit small and that explains the non-
vanishing chance of overfitting witnessed in our simulation studies, see Section 4.

4 Simulation Studies

4.1 Empirical performance of the proposed criteria

To illustrate the finite sample performance of the proposed methods, we performed various
simulation studies. Let T = [0, 1], and suppose that the data are generated from the model (1)
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and (2). Let the observation time points Tj; ~ Uniform [0, 1], mj = m for all i and
Uj;~Normal(0, 02).

We consider the following five scenarios.
Scenario I: Here the true mean function is z(t) = 5(t — 0.6)2, the number of principal
components is pg = 3, the true eigenvalues are (o, ap, a3) = (0.6, 0.3, 0.1), the variance
of the error is 02=0.2 and the eigenfunctions are y4(t) = 1, ()= v/2sin(27t),
¥3(t)= v/2cos(2xt). The principal component scores are generated from independent
normal distributions, i.e. &j; ~ Normal(0, «y). Here wy<o?.

Scenario I1: The data are generated in the same way as in Scenario |, except that we

replace the third eigenfunction by a rougher function v ()= v/2cos(4nt) so that the
covariance function is less smooth, and we let the principal component scores follow a
skewed Gaussian mixture model. Specifically, &; has 1/3 probability of following a

Normal(2 \/w;/3,w;/3) distribution, and 2/3 probability of following
Normal(—y/w;/3,w;) forj=1, 2, 3.

Scenario I11: Set z(t) = 12.5(t - 0.5)2 - 1.25, ¢y (t) = 1, oo (t)= \/§cos(27rt),
$3(t)=V2sin(4nt), and (@1, @y, an, 07) = (4.0, 2.0, 1.0, 0.5). The principal component
scores are generated from a Gaussian distribution. Here w;>o2.

Scenario 1V: The mean function, eigenvalues, eigenfunction and noise level are set to
be the same as in Scenario 111, but the &;’s are generated from a Gaussian mixture
model similar to that in Scenario 1l.

Scenario V: In this simulation, we set pg = 6, the true eigenvalues are (4.0, 3.5, 3.0, 2.5,

2.0, 1.5) and 52=0.5. We assume that the principal component scores are normal
random variables and let the eigenfunctions be

Y1(t)=1; by (t)=v/2sin(2knt), for k=1,2,3;
Yont1(t)=/2cos(2knt), for k=1,2.

In each simulation, we generated n = 200 trajectories from the models above, and compared
the cases with m =5, 10 and 50. The cases m =5 and m = 50 may be viewed as representing
sparse and dense functional data, respectively, whereas m = 10 represents scenarios between
the two extremes. For each m, we apply the FPCA procedure to estimate

{#('), R(, ), Wi, Yi(+), o (1) } then use the proposed information criteria to choose p. The
simulation was then repeated 200 times for each scenario.

The performance of the estimators depends on the choice of bandwidths for z(t), C(s, t) and

o2 (t), and the optimal bandwidths vary with n and m. We picked the bandwidths that are
slightly smaller than those minimizing the integrated mean squared error (IMSE) of the
corresponding functions, since undersmoothing in functional principal component analysis
was also advocated by Hall et al. (2006) and Li and Hsing (2010b).

We consider Yao’s AIC, MDL by Poskitt and Sengarapillai (2011), the proposed BIC and
AIC in (6) and(16), and the criteria by Bai and Ng in (20). Yao’s AIC is calculated using the
publicly available PACE package (http://anson.ucdavis.edu/mueller/data/pace.html), where
all bandwidths are data-driven and selected by generalized cross-validation (GCV). The
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empirical distribution of p Under Scenarios | to IV are summarized in Tables 1-3. Since the
true number of principal components pq is different in Scenario V, the distribution of p is
summarized in a separate Table 4.

The proposed BIC method is based on the convergence rate results on the eigenvalues, and
does not rely much on the distributional assumptions for X and U. From Tables 1-3, we see
that BIC picks the correct number of principal components with high percentage in almost
all scenarios, except for the cases where the data are sparse, i.e. m = 5. This phenomena is as
expected, because it is harder to pick up the correct number of signals from sparse and noisy
data.

Compared to BIC, the performance of the proposed AIC method is even more impressive.
Although BIC is designed to be a consistent model selector, the AIC method selects the right
number of principal component with a higher percentage in most of the cases we considered.
This is partially due to the fact that AIC makes more use of the information from the
likelihood. Even though the data are non-Gaussian in Scenario Il and 1V, the AIC still
performs better than the BIC, and it shows that both the PACE method and the AIC method
are quite robust against mild violation of the Gaussian Assumption. Even though the
motivation and theoretical development for the AIC method described in Section 3.2 are for
dense functional data, it performs surprisingly well for sparse data, such as the case m = 5.

There are six criteria in (20), and we find that the PC’s and the ICy’s tend to perform
similarly. To save journal space, we only provide the results for PCp; and 1Cpy, and the
results for the remaining criteria in (20) can be find in the expanded versions of Tables 1-4
in the Supplementary Material. As we can see, these criteria behave similar to the AIC, and
they tend to do better only in a few occasions when AIC overestimates p.

For almost all scenarios considered, Yao’s AIC hardly ever picks the correct model, with the
exception of Scenario V, m = 5, which will be discussed in more detail below. When the true
number of principal components is 3, Yao’s AIC will normally chose a number greater than
5. This phenomenon becomes more severe when the data are dense. For example, when m =
50, Yao’s AIC almost always pick the maximum order considered, which is 15 in our
simulations. The behavior of the MDL by Poskitt and Sengarapillai (2011) is similar to
Yao’s AIC, and hence these results are only provided in Tables S.2 - S.5 in the
Supplementary Material.

Scenario V, Table 4 is specially designed to check the performance of the proposed
information criteria under the situations where we have a relatively large number of
principal components. The proposed criteria worked reasonably well for m = 10 and 50, and
performed much better than Yao’s AIC. The case of m = 5 under Scenario V is the only case
in all of our simulations that Yao’s AIC picks the correct model more often than our criteria.
With a closer look at the results, we find an explanation. The true covariance function under
Scenario V is quite rough, and the GCV criterion in the PACE package chose a large
bandwidth so that the local fluctuations on the true covariance surface are smoothed out. In
other words, high frequency signals are smoothed out and treated as noise. In a typical run,
the PACE estimates for the eigenvalues are (4.1736, 2.1350, 1.6697, 1.0009, 0.3978,
0.0476) which are far from the truth, (4.0, 3.5, 3.0, 2.5, 2.0, 1.5), and the estimated error

variance is 6.519 in contrast to the truth 02=0.5. It is the combination of seriously
underestimating the high order eigenvalues and small penalty in AIC that makes Yao’s
criterion pick the correct number of principal components. Switching to our undersmoothing
bandwidths, these estimates are improved but then Yao’s AIC will choose much larger
values for p. This case also highlights the difficulty of FPCA when p is large but the data are
sparse. Unless we have a very large sample size, estimation of these principal components is
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very difficult, and comparing the model selection procedures in such a case would not be
meaningful.

4.2 Further Simulations

The Supplementary Material, Section S.4 contains further simulations, including (a)
Expanded results with other model selectors in Tables S.2-S.5; (a) an examination of the
sensitivity of the results to the bandwidth (Supplementary Table S.6); (c) the behavior of
BIC with much larger sample size (Supplementary Table S.7); and (c) results when the value
of m is not constant, i.e., m; # m for all i (Supplementary Table S.8).

5 Data analysis

The colon carcinogenesis data in our study have been analyzed in Li, Wang et al. (2007,
2010) and Baladandayuthapani et al. (2008). The biomarker of interest in this experiment is
p27, which is a protein that inhibits cell cycle. We have 12 rats injected with carcinogen and
sacrificed 24 hours after the injection. Beneath the colon tissue of the rats, there are pore
structures called ‘colonic crypts’. A crypt typically contains 25 to 30 cells, lined up from the
bottom to the top. The stem cells are at the bottom of the crypt, where daughter cells are
generated. These daughter cells move towards the top as they mature. We sampled about 20
crypts from each of the 12 rats. The p27 expression level was measured for each cell within
the sampled crypts. As previously noted in the literature (Morris et al. 2001, 2003), the p27
measurements, indexed by the relative cell location within the crypt, are natural functional
data. We have m = 25-30 observations (cells) on each function. As in the previous analyses,
we consider p27 in the logarithmic scale. By pooling data from the 12 rats, we have a total
of n = 249 crypts (functions). In the literature, it has been noted that there is spatial
correlation among the crypts within the same rat (Li et al., 2007, Baladandayuthapani et al.,
2008). In this experiment, we sampled crypts sufficiently far apart so that the spatial
correlations are negligible, and thus we can assume that the crypts are independent.

We perform the FPCA procedure as described in Section 2, with the bandwidths chosen by
leave one curve out cross-validation. The estimated covariance function is given in the top
panel of Figure 1. The estimated variance of measurement error by integration is oy, | = R
0.103. In contrast, the top 3 eigenvalues are 0.8711, 0.0197 and 0.0053. Let k,, = max{k; ax
> 0}, then the percentage of variation explained by the kth principal component is estimated
kn ~
by @k/(zjzle). The percentage of variation explained by the first 7 principal components
are (0.966, 0.022, 0.006, 0.003, 0.002, 0.001, 0.000).

We apply the proposed AIC, adaptive BIC, the Bai and Ng criteria (20) and Yao’s AIC to
the data. All of the proposed methods lead to p = 3 principal components, for which the
corresponding eigenfunctions are shown in the middle panel Figure 1. As we can see, the
first principal component is a constant over time, and the second and third eigenfunctions
are essentially linear and quadratic functions. Eigenfunction 4 to 7 are shown in the bottom
panel of Figure 1, and they are basically noises and are hard to interpret. We therefore can
see that the variation among different crypts can be explained by random quadratic
polynomials. Yao’s AIC, on the other hand, picked a much large number of principal
components, with p = 9. This is due to the fact that a much smaller penalty is used in Yao’s
AIC criterion. We have repeated the data analysis using other choices of bandwidths, and
the results are the same.
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6 Summary

6.1 Basic Summary

Choosing the number of principal components is a crucial step in functional data analysis.
There have been some data-driven procedures proposed in the literature that can be used to
choose the number of principal components, but these procedures have not been studied
theoretically, nor were they tested numerically as extensively as in this paper.

To promote practically useful model selection criteria, we have assumed that there exists a
finite dimensional true model. We found that the consistency of the model selection criteria
depends on both the sample size n and the number of repeated measurements m on each
curve. We proposed a marginal BIC criterion that is consistent for both dense and sparse
functional data, which means m can be of any rate relative to n. In the framework of dense
functional data, where both n and m diverge to infinity, we proposed a conditional Akaike
information criterion, which is motivated by an asymptotic study of the expected Kullback-
Leibler distance under Gaussian assumption.

Following the standard approach of Hurvich et al. (1998), we ignored smoothing biases in
developing AIC. Our intensive simulation studies also confirm that bias plays a very small
role in model selection. In our simulations in Section 4.2, we tried a wide range of
bandwidths and thus increase or decrease the biases in the estimators, but the performance of
AIC is almost the same. Intuitively, the models under different numbers of principal
components are nested, for a fixed bandwidth the smoothing bias exists in all models that we
compare, and therefore variation is a more decisive factor in model selection.

In view of the connection of FPCA with factor analysis in multivariate time series data, we
revisited the information criteria proposed by Bai and Ng (2002). Even though our setting is
fundamentally different, since we assumed that the observational times are random, and the
FPCA estimators depend heavily on nonparametric smoothing and are much more complex
than those in Bai and Ng, we show essentially similar information criteria can be
constructed. Using perturbation theory of random operators and matrices, and under an
under-smoothing scheme prescribed in Section 3.3, we showed that these information
criteria are consistent when both n and m go to infinity.

6.2 Discussion of the case pg — o

Some processes considered as functional data are intrinsically infinite dimensional. In those
cases, the assumption of pg being finite is a finite sample approximation. As the sample size
n increases, we can afford to include more principal components in the model and data
analysis. It is helpful to consider that the true dimension pg, increases to infinity as a
function of n. This setting was considered in the estimation of a functional linear model (Cai
and Hall, 2006). To the best of our knowledge, no information criteria have been previously
studied under this setting.

While allowing pgn, — oo, the convergence rates for z(t) and R(§, t) remain the same as those
given in Lemma S.1.1 in the Supplementary Material, but the convergence rates for yj(t) are
affected by the spacing of the true eigenvalues. Following condition (4.2) in Cai and Hall
(2006), we assume that for some positive constants C and q,

C_lj_a S Wy S Cj_av Wi — Wil Z C_lj_l_aa j:]-? -y Pon- (21)
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Pon
To ensure that Zj @j <20, we assume that a > 1. Define the distances between the
eigenvalues, & = minygj(ax — ax+1), which is no less than C™j~1"@ under condition (21). By
the asymptotic expansion of yj(t), see (2.8) in Hall and Hosseini-Nasab, 2006, one can show

that the convergence rate of ijis 551 times those in Lemma S.1.2 in the Supplementary
Material, i.e.

0i(6) =15 (£)=0p [ 1T x { B 48u () +h% +0m (he)+0m(he) } | =1, Pon-

Assume that n, m, poy = o0, pii o, — 0, and pS?/ min(n, m) — 0. Following the proof
of Theorem 2, while taking into account the increasing estimation error in yj(t) as j increases
and the increasing dimensionality of the design matrix ¥;, we can show that

(22)

s2 _ | outmptOp(pm I+ N ") o) (1,407 07), - for p<pon;
¢l +Op(m71+pgjsg%)’ forp > Pon,

=2

7 pon]
V\{here 7 = tr(A[pJ,l;an]) is analogo_us to (19) a_md ©On is as defined _in Theorem 2. Since the
eigenvalues are decaying to 0, the size of the signal 7, < p~@as p increases to pop. In order
to have some hope of choosing poj, correctly, we need 7, to be greater than the size of the

estimation error, which implies that p22+3 02 — 0.

On

Now, consider the class of information criteria in Section 3.3. Suppose that pgp, increases
slowly enough so that p2>*3 / min(n, m) — 0, and that the penalty term satisfies 7/(pdn) —
oo for p < pon and pg,, /(m 1 4+p*+3p2) — oo for p > pgn. Then we can show that the p ~
which minimizes PC(p) or IC(p) is consistent. These conditions translate to

Pt gn — 0, gn/(poam "4p0 2 0h) — 00, (23)

If pon = {min(m, n)}¥where 0 < < 1/(2a+3), one can see that the criteria in (20) do not
satisfy the conditions in (23) automatically and hence are not guaranteed to be consistent.
An information criterion satisfying condition (23) requires a priori knowledge of the decay
rate of the eigenvalues. Developing a data-adaptive information criterion that does not
require such a priori knowledge is a challenging topic for future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Functional principal component analysis for the colon carcinogenesis p27 data. Top panel:
estimated covariance function; middle panel: the first 3 eigenfunctions; lower panel:

eigenfunctions 4-7.
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