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Abstract

Traditional approaches to analysing functional data typically follow a two-step procedure,
consisting in first smoothing and then carrying out a functional principal component analysis.
The idea underlying this procedure is that functional data are well approximated by smooth
functions, and that rough variations are due to noise. However, it may very well happen
that localised features are rough at a global scale but still smooth at some finer scale. In this
thesis we put forward a new statistical approach for functional data arising as the sum of two
uncorrelated components: one smooth plus one rough. We give non-parametric conditions
under which the covariance operators of the smooth and of the rough components are jointly
identifiable on the basis of discretely observed data: the covariance operator corresponding to
the smooth component must be of finite rank and have real analytic eigenfunctions, while
the one corresponding to the rough component must have a banded covariance function. We
construct consistent estimators of both covariance operators without assuming knowledge of
the true rank or bandwidth. We then use them to estimate the best linear predictors of the the
smooth and the rough components of each functional datum. In both the identifiability and
the inference part, we do not follow the usual strategy used in functional data analysis which
is to first employ smoothing and work with continuous estimate of the covariance operator.
Instead, we work directly with the covariance matrix of the discretely observed data, which
allows us to use results and tools from linear algebra. In fact, we show that the whole problem
of uniquely recovering the covariance operator of the smooth component given the one of the
raw data can be seen as a low-rank matrix completion problem, and we make great use of a
classical relation between the rank and the minors of a matrix to solve this matrix completion
problem. The finite-sample performance of our approach is studied by means of simulation
study.

Key words: analyticity, banded covariance function, functional principal component analysis,
low-rank, matrix completion, scale, smoothing.
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Introduction

Functional data analysis (FDA) is a branch of statistics concerned with complex data objects,
such as curves and surfaces, that can be seen as realizations of a random function. Functional
data arise naturally in many applications, and are becoming more and more accessible and
consequently prevalent, due to the advances of technology in the last decades. Growth curves
and temperature curves are two classical examples of functional data defined on an interval,
while satellite images are examples of functional data defined on a surface, which in this case
would be a subset of the sphere. The two main features of functional data are that they belong
to an infinite-dimensional space, and that they are assumed to have some smoothness proper-
ties. The second feature compensates for the first in the sense that smoothness transforms
the curse of dimensionality induced by the intrinsic infinite nature of the data to a blessing of
dimensionality. The term functional data analysis was introduced by Ramsay [Ram82] and
Ramsay and Dalzell [RD91], but its origin can be traced back to Grenander [Gre50] and Rao
[Rao58].

The classical setup in FDA is to suppose that we have a collection of independent realizations
of an L2([0, 1])-valued random function X, and that each of these realizations is observed at
discrete points with measurement errors. The standard model for the measurements errors
is to consider them as i.i.d. random variables, or equivalently as the discrete observations
of a white noise process. There exist two main traditional approaches to estimating the
covariance operator (or equivalently the covariance function) of the random function X from
such a sample. Both consist in a two-step procedure, where the first step is a smoothing step
to transform the discretely observed data into functions, and the second step carries out a
functional principal component analysis in order to approximate each curve of the sample
by its r-term Karhunen-Loeve expansion. The idea underlying this two-step procedure is
that the observed random function X arises as the sum of two processes: a true signal Y
which is a process of smoothness class C¥, k > 2, having essentially a finite rank 7, plus a noise
component W which is essentially a white noise process. This means that any variations
that are not at least of smoothness class C? or that correspond to fluctuations around the
eigenfunctions of order at least r + 1 are attributed to the noise component and thus discarded.
However, it might very well happen that a rough process is not pure noise but has some
structure at a finer scale which represents local variations in the data.

In this thesis, we want to take into account such rough variations, and not simply consider
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them as noise, as is usually done in FDA. We thus introduce a new model where the random
function X is equal to the sum of two uncorrelated processes: a process Y which is smooth and
represents the global variations of the data, and a process W which is rough and represents
the local variations, or equivalently the variations at scale at most 6 € (0, 1), of the data. It turns
out that to handle this new model, a new statistical approach is needed (Section 1.3). The
main contribution of this thesis is to develop such a new approach in terms of both theoretical
(Chapter 2) and practical (Chapter 3) aspects. These results, as presented in Chapter 2 and 3,
are largely based on Descary and Panaretos [DP16].

In Chapter 1, we give an overview of functional data analysis. We first formally define random
variables taking values in a function space, and we then draw the connection between random
functions and continuous stochastic processes (Section 1.1.2). In Section 1.1.3, we define the
basic objects of FDA such as the mean function and the covariance operator of a random
function, and its most important tool, the functional principal component analysis which
is based on the celebrated Karhunen-Loeve expansion. The problem of statistical inference
based on a sample of fully observed curves is presented in Section 1.1.4. Section 1.2 is devoted
to the presentation of the standard model for discretely observed data and of two main
approaches to carry out statistical inference based on a sample of densely or sparsely observed
curves. We conclude the chapter with a discussion on the limits of the standard model, which
highlights the need for a more flexible model and for a new approach to analyzing functional
data (Section 1.3).

In the second chapter of this thesis, we treat theoretical aspects, which are two-fold. We first
determine nonparametric conditions under which the smooth and the rough variations of the
data are jointly identifiable, given a K-resolution version of X, i.e., given K measurements on
the function X (Section 2.2). Once we have a well-posed problem, we consider the statistical
inference part, which is done given a sample of 7 independent realizations of X, each observed
on the same grid of K points. In Section 2.3, we define consistent estimators of the covariance
operators of Y and W. Using their spectral decomposition then allows us to separate the
smooth part Y from the rough part W of the data (Section 2.4). In both the identifiability and
the inference part, we do not follow the usual strategy used in FDA, which is to first employ
smoothing and work with a continuous estimate of the covariance operator. Instead, we work
directly with the covariance matrix of the discretely observed data, which allows us to use
results and tools from linear algebra. In fact, we show that the whole problem of uniquely
recovering the covariance operator of Y given the one of X can be seen as a low-rank matrix
completion problem, and we make great use of a classical relation between the rank and the
minors of a matrix to solve this problem.

Chapter 3 is devoted to the practical aspects and to the study of the performance of our
new approach. We first describe how our new method can be implemented in practice to
analyse functional data (Section 3.1). The estimator of the covariance of Y is obtained with a
two-step procedure: we first select its rank with a scree plot approach, and we then compute
the estimator using a minimisation problem easily solved in MATLAB. On the other hand,



the estimator for the covariance operator of W is obtained using an alternating projection
algorithm. In Section 3.2, we study the finite-sample performance of our method. On the
one hand, we carry out a sensitivity analysis to probe the effect of the starting value on the
minimisation algorithm used to compute the estimator of the covariance of Y, study the effect
of the sample size n and of the grid size K on the performance of our method, and study the
performance of the scree plot approach for the selection of the rank. On the other hand, we
study the performance of our method by comparing our results with those obtained by three
other methods used in FDA. We conclude the chapter with the analysis of a real dataset.






1] Functional Data Analysis

In this chapter we give a succinct overview of some key aspects of Functional Data Analysis.
We first introduce the basic concepts and tools in Section 1.1, we then present two general
approaches to analyzing discretely observed functional data (Section 1.2). In Section 1.3, we
conclude the chapter with a discussion on the restrictions of the standard model in FDA,
which leads to the formulation of a new model for functional data, for which a novel approach
will be developed in this thesis. The literature on functional data analysis has now become
very rich, and for a detailed presentation of the subject one can consult, for example, Ramsay
and Silverman [RS05], Ferraty and Vieu [FV06], Horvath and Kokoszka [HK12] and Hsing and
Eubank [HE15]; for a brief review one can consult Wang et al. [WCM16].

1.1 The basis of FDA

Functional data analysis is concerned with observations that can be seen as arising from a
random variable which takes its values in a function space which is typically the separable
Hilbert space L2([0,1]). In Section 1.1.1 we give a brief overview of operator theory in a
Hilbert space, we then give the formal definition of random functions in L?([0, 1]) and draw
the connection between them and continuous time stochastic processes (Section 1.1.2). In
Sections 1.1.3 and 1.1.4, we define the functional version of Principal Component Analysis and
its empirical counterpart, which play a far more important role in FDA than in multivariate
analysis.

1.1.1 Brief overview of operator theory in Hilbert spaces

Let J7 be a separable Hilbert space with the inner product {-,-) » which induces the norm
|-l s#. Alinear operator .7 : 5 — ¢ is said to be bounded, or equivalently continuous, if

7|l := sup{ll.7 x|l : x € 7 and || x|l »» <1} < c0.
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The space of bounded operators on .7Z equipped with the norm || - || g forms a Banach space,
which we denote by B(J¢). An operator .7 € B(J) is called

1. self-adjoint if it is equal to its adjoint .7 * € B(7) defined as the unique operator such
that
(T f.8) o =, T "8, forany f,ge I,

2. positive semidefinite if

(T f,[Yw=0,forany f € A,

3. compact if for any bounded sequence {f,} in .77, there exists a convergent subsequence

of {7 fu}.

The eigen-decomposition of a self-adjoint, positive semidefinite and compact operator .7 €
B(J7) is defined in the following proposition.

Proposition 1.1.1. Let 7 € B(J¢) be self-adjoint, positive semidefinite and compact. Then its
spectral decomposition is given by

(o] o0
y:Z/li(vi®vi):z/1i<vi;‘>vi’ (1.1.1)
i=1 i=1
where {)Ll-};?g is the set of eigenvalues of 7 such that A, = Ay = --- =0, and {vi}‘l.’g1 is the set
containing the corresponding orthonormal eigenfunctions, i.e., 7 v; = A;v; for any i. Moreover,
the set of non-zero eigenvalues is either finite or forms a sequence that decreases toward zero
and the associated set of eigenvalues form a basis for Im(.7) .

An important subclass of the collection of bounded and compact operators is the Hilbert-
Schmidt operators, where an operator .7 € B(s¢) is Hilbert-Schmidt (HS) if it satisfies the
inequality

00
2 2
17 15g:= ) 1.7 eill%, < oo,
i=1

for an arbitrary orthonormal basis {e;} of 7#. The space of Hilbert-Schmidt operators, denoted
by Bys(77), is itself a separable Hilbert space when equipped with the inner product defined
as -

(T, Tayus = Y_(Tei, Taei) n,

i=1

where again {e;} can be taken as any orthonormal basis of .77.

Moreover, a HS operator .7 is said to be a trace class operator, or a nuclear operator, if it
satisfies the inequality

| T N1r:= Y AT ) e e < oo,

i=1
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for an arbitrary orthonormal basis {e;} of 7Z°, where the square root of the positive semidefinite
operator .7 *.7 € B(J¢) is defined as the unique positive semidefinite operator <7 € B(),
such that .7? = .7*.7 . The space of trace class operators, denoted by By (/#), equipped with
the norm || .7 || rg forms a Banach space.

The relations between the three spaces of operators described in this section and their asso-
ciated norm are given respectively by Byr () € Bys(#¢) c B(¢) and | T lrr = 1T s =
.7 | g. Note that if .7 can be written as in (1.1.1), then taking the set of eigenfunctions {v;} as

the orthonormal basis {e;} yields || 7 || gs = 1/ o1 A? and | |Itr = 252, A

1.1.2 The space L? and its random elements

As already mentioned, the typical approach in FDA is to assume that the random variables
of interest are random elements of the separable Hilbert space L2([0,1]), which we recall is
the space of real-valued measurable and square integrable functions on [0, 1], with the inner
product defined as (f, g)2 = fol f)g(H)dt. An L%([0,1])-valued random element X is defined
formally as a measurable map from a probability space (Q, «#,P) to L?([0, 1], B([0, 1]), u), with
B([0,1]) the Borel o-field and u the Lebesgue measure. Recall that the space L? is in fact a
quotient space, which means that f € L?([0, 1]) represents an equivalence class of functions
and thus that f = g in L?([0,1]) means that

1
||f—g||§2=<f—g,f—g>Lz=f0 [f(0) - g(2dr =0.

We thus have that an L2([0, 1])-valued random function X is an abstract object for which it
does not make sense to consider its evaluation X(#) for a specific point ¢ € [0,1]. For the
expression X(t) to make sense, i.e., to have well-defined point evaluations of X, one needs
to either assume that X belongs to a Reproducing Kernel Hilbert Space (RKHS) (Berlinet and
Thomas-Agnan [BTA11]), or to consider the function X as a stochastic process, which is the
approach that we adopt and that we now describe.

Let X : Q — L2([0,1]) be a continuous stochastic process on a probability space (Q,«/,P),
such that X (w) = {X,,(t) : t € [0,1]}. We say that X is a second-order process if its mean and
covariance functions, defined respectively by

m(t) =E[X(D)], p(s, 1) = E[(X(#) — m()(X(s) —m(s)], s,£€[0,1], (1.1.2)
are well-defined. A second-order process X is said to be mean-square continuous if
lim E[X (£,) - X(D)? =0,

for any t € [0,1] and any sequence {f} in [0, 1] converging to t, or equivalently, if its mean
and covariance functions are continuous. Note that X being a stochastic process implies
that X (¢) is a random variable for any ¢ € [0, 1], but does not imply that X is itself a random
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element of the function space L?([0,1]) equipped with the Borel o-algebra. However, if X is
a mean-square continuous stochastic process with continuous sample paths t — X, (#) for
any w € Q, then X is jointly measurable, and by Hsing and Eubank ((HE15, Theorem 7.4.1]) we
know that X is a random element of ([0, 1]).

In the remainder of this thesis, we always suppose that an L2([0,1])-valued random function
can also be seen as a second-order mean-square continuous process with continuous sample
paths. This means that point evaluation of a L2([0,1])-valued random function X is well
defined, and thus that its mean and covariance functions can be expressed as in (1.1.2),
where m € L2([0,1]) and p € L?([0,1] x [0,1]) are continuous functions. Note that X being a
second-order process implies that E|| X IIi2 < oo0.

1.1.3 Functional principal component analysis

Principal Component Analysis (Jolliffe [Jol02]) is a common and useful tool used in multi-
variate analysis to explain the principal modes of variation of a random vector. The idea of
a functional analogue, called functional PCA (fPCA), was introduced by Grenander [Gre50],
Karhunen [Kar46], Loéve [Loe46] and Rao [Rao58] and developed in a statistical framework
in Dauxois [DPR82]. Besides explaining the main sources of variation of a random function,
fPCA is mainly used as a dimension reduction tool, and as such plays a central role in FDA. In
an analoguous way to multivariate PCA, which is based on the eigenstructure of a covariance
matrix, fPCA is based on the eigenstructure of a covariance operator. This object thus plays a
very important role in FDA and is defined as follow.

Definition 1.1.1. Let X be an L?([0,1])-valued random variable (E| X II%2 < oo) with mean
function m and covariance function p. Then the covariance operator % of X is the integral
operator

Z:I12(0,1]) — IL2([0,1])
1
f - fop(-,S)f(S)ds,

where the covariance function p plays the role of a kernel function. We can also express it as
Z=E[(X-m)® (X —m)], where(u®v)f =(u, ir2v, foru,v, f € L2([0,1)).

The operator & is compact (e.g., Hsing and Eubank [HE15, Theorem 4.6.2]). Moreover, since
the covariance function p is positive semidefinite ( fol fol o(s, ) f(s)f(t)dtds =0 for any f €
L2([0,1])) and symmetric (p(s, t) = p(t, 5)), Z is positive semidefinite and self-adjoint. Using
Proposition 1.1.1, we can write

Z=Y 0ipi®p) =) 0ildi, )i, (1.1.3)
i=1 i=1
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where {0;, ¢;} is the set of eigenvalues and eigenvectors of Z. The following result is known as
Mercer’s Theorem, and tells us that we can write the covariance function p with an expansion
similar as the one for #, in a strong uniform convergence sense.

Proposition 1.1.2 (Mercer’s Theorem, e.g., Grenander [Gre81]). LetZ be the covariance oper-
ator associated with the continuous covariance function p, and let {0;, ;132 be its spectrum.
Then

p(s,0) =Y 0:pi()pi(D), s,1€[0,1],
i=1

where the convergence of the sum holds uniformly and absolutely on [0,1]?.

For simplicity of notation and since we will be primarily interested in second-order structure,
from now on we will assume without lost of generality that the mean function m is equal
to zero. Using the representation given in Proposition 1.1.2 for p, one can show easily that
12125 =22,0% = [y [y p*(s, idsdt, and from E|| X |12, < oo, we have that the right hand side
of this expression is finite, and then that Z is a Hilbert-Schmidt operator. Moreover, since
ZP; = 0;¢;, the eigenvalues can be written as 0; = (Z¢;, p;) 2 = [E[(X,(/),-)iz] and then

D ggt:

o0
0; =Y ENX,$i)7.] =EI X3, < oo,
i=1

~
1l

where the last equality comes from Parseval’s identity. The covariance operator &% is thus a
trace-class operator.

We are now ready to construct a PCA version for L2([0,1])-valued random variables, which is
given by the celebrated Karhunen-Loeve expansion (Karhunen [Kar46] and Loeve [Loe46]).

Proposition 1.1.3 (Karhunen-Loéve expansion). Let X be a mean zero mean-square contin-
uous stochastic process with continuous sample paths, or equivalently an L*([0,1])-valued
random function of mean zero, with a covariance operator % that can be written as in (1.1.3).
Then

[e.°] (o]

X0 =Y AX, ¢ 2pi(t) =Y Sipi(0), (1.1.4)
i=1 i=1

where the §; are mean zero random variables such thatE[§;§ ;] = 1;6;;, with6;; =1 ifi = j and

zero otherwise. The above expansion converges uniformly in mean-square, i.e.,

2

X()-) &pi(n)| =0. (1.1.5)

i=1

lim sup E
=00 ¢e(0,1]

The expansion in (1.1.4) is interesting for many reasons. It gives an elegant representation of
the data, where the random part, encapsulated in the principal component scores ¢;, is sepa-
rated from the deterministic part, encapsulated in the principal components ¢;. Moreover,
the shape and the smoothness of the first principal components (the ones with the largest

9



Chapter 1. Functional Data Analysis

impact) give information on the shape that we are expecting from a realization of X. Perhaps,
though, the more useful fact about it is the following. The r-term Karhunen-Loéve expansion
defined as the truncated sum Z;Zl ¢i¢i, is the best r-dimensional linear approximation of X

2
|’

for any orthonormal basis {e;}72, of L2([0,1]). This last result is very important, since in

in the following mean-square sense

E =[E

”X— ;(X’(Pi>¢i

2
LZ

)
|x- Y xenes
i=1

practice we have to work with finite representations of random functions, it is thus common
practice to approximate a function X by its r-term Karhunen-Loéve expansion. It is the
case for example in functional linear model (see e.g. Miiller [Mul05] and Morris [Mor15]), in
classification and clustering problems (see e.g. Leng and Muller [LM06], Peng and Miiller
[PMO08] and Chiou and Li [CL08]), and in hypothesis testing for two sample tests for covariance
function (see e.g. Panaretos et al. 2010 [PKM10]). In the next subsection we explain how to
estimate this decomposition from a sample of random curves and we also mention different
techniques to choose the value of r.

1.1.4 Statistical inference

Let Xi,..., X, be a sample of independent realizations of an L2(]0,1])-valued random function
X of mean and covariance functions m and p, with E[| X IIi2 < 0o. Using such a sample, the
mean and covariance functions of X are estimated respectively by

(Xi(8) = mp () (Xi (8) — mpu(s),

12 1
mn(t)=£ZXi(t), pnls,0)=—
i=1 1

n

1

and the estimator %, of the covariance operator &% of X is the integral operator defined
through the kernel function p,.

The consistency and the asymptotic normality of the estimators m; and %, can be derived
directly from the functional version of the strong law of large numbers and of the central limit
theorem. These two important results are presented in Proposition 1.1.4.

Proposition 1.1.4 (e.g. Bosq [Bos00]). Let Yi,..., Y, be independent copies of Y, a random
element of a separable Hilbert space 7¢ with mean u and covariance operator . If E|Y || ,» <
oo, then by the strong law of large numbers

1 1 a.s.
=) Yi—p, asn— oo.
niz1

If moreover || Yllif < 0o, then by the central limit theorem

121§ d

n'“|=> Y;—p|— Z, asn— oo,
n -
i=1

10



1.1. The basis of FDA

where Z is a Gaussian random element of 7€ with mean u and covariance operator & .

First, recall that Z is said to be a Gaussian random element of .7Z if the random variable
(Z, ) € R has a Gaussian distribution for every f € 77 (as a convention, a degenerate
distribution at zero is considered as a centred Gaussian variable of variance zero). By letting
 be the space L([0,1]), and by setting u = m and & = % in Proposition 1.1.4, we obtain
that m;, converges almost surely to m, and is asymptotically distributed as a Gaussian random
variable when suitably normalised. In a similar way, if we let .# be the space Bps(L2([0,1]))
and set Y = (X — m) ® (X — m), we obtain that %, converges almost surely to &% if E|| X ||i2 < 00,
and if moreover E|| X |}, < oo, that n'/?(%, — %) is asymptotically distributed as a mean zero
Gaussian random element Z in Bys(L2([0,1])), with covariance operator

ElZ® Z] =E[{(X —m) ® (X - m)) - Z}&{(X — m) ® (X — m)) - %},

where & is the tensor product on Byyg (L2([0,11)), which for <, 2 and € € Bys(L*([0,1])), is
defined as (A ®B)E = (A, E) gsB.

Now that we have defined consistent estimators for the mean and the covariance operator
of a random function, we are interested in finding estimators for the eigenvalues and the
eigenfunctions {0;, ¢;} of Z. A natural choice is to use the spectrum 10;, o i, of Zp, which is
defined as

1
fpn(S,t)(ﬁi(S)dS=éi(i>i(t), i=1,..,n.
0

Note however that the estimation of the j-th eigenfunction of % only makes sense if the corre-
sponding eigenvalue 6; has multiplicity one, since otherwise the j-th eigenfunction would
not be identifiable (since there is no ordering of the eigenfunctions within an eigenspace).
This is why instead of trying to estimate the eigenfunctions themselves, we estimate the eigen-
projections &; by 3?’]-, where &; (resp. 97]-) is the projection operator onto the eigenspace
spanned by the eigenfunctions of Z (resp. %) associated with the eigenvalue 0 j(resp. ] j)- By
combining results from perturbation theory (Kato [Kat80]) and results from the convergence
of %, it can be shown (Dauxois et al. [DPR82], Bosq [Bos00] and Hall and Hosseini-Nasab
[HHNO6]) that n'/2(0; - 0;) and n'/?(%; — 2;) are asymptotically distributed as mean-zero
Gaussian random elements. Note that the variance of both limiting Gaussian random ele-
ments depends on the spacing of the distinct eigenvalues of %. The impact of these spacings
have been studied in Hall and Hosseini-Nasab [HHNO06] for the case where all the eigenvalues
of Z are distinct (i.e. 22; = ¢; ® ¢;), and they show that eigenvalues spacings have a first order
effect on the estimators of the eigenfunctions but only a second order effect on eigenvalue
estimators.

Note that if we assume that the eigenvalues of a covariance operator up to a certain order p
are all distinct, then we obtain that the corresponding eigenfunctions are identifiable up to a
sign change. The following proposition is very useful to prove consistency of eigenvalues and
eigenfunctions estimators in this context, and will be of great use in the next chapter.

11



Chapter 1. Functional Data Analysis

Proposition 1.1.5 (e.g. Hall and Hosseini-Nasab [HHNO06], Horvath and Kokoszka [HK12]). Let
Z be the covariance operator of an L?([0,1]) -valued random variable X such thatE| X IIi2 <00,
and %, be an estimator of it based on a sample of n independent copies of X. Let {0;,;} be the
eigenvalues and eigenfunctions of #Z where the first p eigenvalues are distinct and bigger than
zero, and let {éi,gﬁi} be the eigenvalues and eigenfunctions of %,,. Then

0; =01 < | % — %nll s

and

" A 2v2
I sign({i, did12)pi — Pill 12 < a_\/-_ % - Znl us,

fori=1,...,p and wherea) =0, -0 anda; =min{f;_1-0;,0; - 0.1} for2< j<p.

To simplify the presentation, we will now assume that the eigenfunctions of % are identifiable
up to their sign, i.e. that 6, <8, < ..., and to avoid dealing with this sign issue, we will suppose
that the eigenfunctions of %,, are correctly estimating this sign, i.e., that {(¢;, $;) ;2 = 0. We will
moreover assume that X has mean zero, or equivalently that the mean m,, has been subtracted
from the curves Xj,..., X;;. The empirical version of the Karhunen-Loeéve expansion for a
function X; is given by

Xi()=Y (X, dpredj)=Y &di@),
j=1 j=1

where the eigenfunctions {(Z)i};’zl of %, are called the empirical principal components and the
inner product ¢;; = (X, ¢ ;)2 the empirical j-th score of X;, where as before ¢;; represents the
amplitude of the contribution of ¢ j to the curve X;. As discussed in Section 1.1.3, in practice
we use a truncation of the Karhunen-Loéve expansion at a level r (usually much smaller than
n) to obtain a concise, but accurate approximation of the data X;,..., X;;. There are many
possible procedures to choose the level of truncation r. A popular one is the graphical method
based on the so-called scree plot, which consists in plotting the eigenvalues 0; against i, and
selecting r as the value i beyond which the decrease of the eigenvalues levels off. Another
method is based on the cumulative percentage of total variance (CPV) explained by the first p
empirical principal components which is given by CPV (p) = er'):l 0;/ PO 6;. The idea is to
choose r such that CPV(r) is bigger than a certain threshold, and the recommended value for
this threshold is usually 85%. It is also possible to use approaches based on pseudo-versions
of AIC and BIC (Yao et al. [YMWO05]) and on cross-validation (Rice and Silverman [RS91]).

We conclude this section by pointing out that the empirical principal components ¢; have
behaviour similar to the principal components ¢;, in the sense that they form the optimal
empirical orthonormal basis to represent the functions Xj, ..., Xj,. In fact, if we minimize the

function

n 2

f(Vl,VZ,---»Vr) = Z

i=1

.
Xi— ) (Xi,vj)p2v;
j=1

)

12
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1.2. How to deal with discrete measurements?

over the set of orthonormal basis {v;} ;:1,

{(Z’]' ;:1'

then the minimum is attained by letting {v f};:l =

1.2 How to deal with discrete measurements?

In the previous section, we introduced the basic objects and concepts of functional data
analysis, and also their empirical counterparts based on a sample formed by independent
realizations of a random function. These realizations were assumed to be fully observed, i.e.
we were observing the whole functions on the interval [0, 1]. However, it is clearly impossible to
observe a whole function in practice, and thus one has to deal with discrete measurements, i.e,
to deal with the fact that every function in the sample is observed on a discrete grid of points.
Moreover, it is common to assume that what we observed has been corrupted by random
noise, resulting, for example, from measurement errors. The following model is commonly
adopted to deal with functional data (e.g., Shi et al. [SWT96], Staniswalis and Lee [SL98], James
and Hastie [JHO1], Diggle et al. [DHLZ02], Miiller [Mul05]). We observe a sample of vectors
Xi,..., X, where the entries of the vector X; of dimension »n; are such that

Xiljl1=Y;(t;jj) +€ij, for t,...,tp €[0,1], (1.2.1)

where the random variables ¢; ; have mean zero, variance o

, are independent across i and j
and are uncorrelated with the Y;’s. The functions Y1,..., Y}, are independent copies of Y, an
L2([0,1])-valued random variable, and the grid of points {t; j};-lil on which the function Y; is
observed can be random or deterministic. Even if the model (1.2.1) gives the appearance of a
model for multivariate data, it is far from being one. In fact, the vectors X;’s can be vectors of
different length, and even if they were of same length, it does not mean that their respective
component would represent a realization of the same part of the curve Y, since the grid of
points on which the functions Y;’s are observed can be different for every curve. The main
difference comes from the fact that each observed vector X; is assumed to be the noisy discrete
realization of an underlying continuous process Y;, where this latter is assumed to have a

certain degree of smoothness. Indeed, this smoothness is a key feature of FDA.

As we already emphasized in Section 1.1, covariance operators, or equivalently covariance
functions, are key objects in FDA, since they allow us to carry out functional PCA. In this
subsection, we will mainly focus on how to estimate them from a sample of vectors defined
asin (1.2.1). There are two main general approaches to do that, namely the "smooth-then-
estimate" and the "estimate-then-smooth" approaches. The two approaches are respectively
introduced in Section 1.2.1 and in Section 1.2.2.

1.2.1 "Smooth-then-estimate" approach

The "smooth-then-estimate" approach has been popularised by Ramsay and Silverman [RS05],
and consists in first carrying out a preprocessing step where one smooths the data, i.e.,

13



Chapter 1. Functional Data Analysis

transforms the raw data into smooth functions, and then uses the resulting functions to
estimate the mean and covariance functions as explained in Section 1.1.4. This approach is
most suitable for densely-observed data, i.e. when the numbers ny, ..., n, of observations per
curve are relatively large and well-dispersed in [0, 1].

The objective of preprocessing the data is to recover the whole function Y; from the observed
vector X;. Since this preprocessing step is done independently for each curve, we will now drop
the index i, and consider only the problem of recovering a function Y, from the observed vector
X oflength K, with entries X[j] = Y (¢;) + ¢, foragrid #,,..., x € [0,1]. A common method to
estimate Y from the vector X is to approximate the function Y by a linear combination of a
finite number p of basis functions vy, ..., vy :

p
Y1) =) civi(®). (1.2.2)
i=1

The choice of the basis is quite important here since the estimate Y will inherit of the charac-
teristics, such as continuity and differentiability, of the chosen basis. A common approach is
to use a Fourier basis if the data are periodic, and to use B-spline bases otherwise. Wavelet
bases have also gained in popularity in the last years, since they are fast to compute and allow
one to capture local features in the data with only a few basis elements (e.g. Mallat [Mal09]).

The classical method to determinate the coefficients ¢; in (1.2.2) is to choose them such that
they minimize the least squares criterion

K p 2
> (X[j] DN v,-(t,-)) =(X-Vo) (X-Vo),
j=1 i=1

where V is the K x p matrix such that V(j, i) = v;(¢;) and c is the vector containing the p
coefficients to estimate. Such coefficients are given by ¢ = (VTV)"lv T X, which leads to
Y= Zle ¢;v;(1). Note that choosing p is not easy and it leads to the classical bias/variance
trade-off. If p is too large then Y () will fit the data well but will certainly have a high variance
and a wiggly appearance since it will likely be affected by the noise observed in the data.
On the other hand, if p is too small, then there is a risk that ¥ (¢) will be too smooth (small
variance) to capture local features of the data that could be of interest. In summary, the value
of p controls the degree of smoothness of our estimator Y.

The least squares method that we just described provides the basis of many other smoothing
methods such as weighted least squares and localized least squares methods. We will now
briefly present the penalized least squares method, since according to Ramsay and Silverman
[RS05], adding a roughness penalty to the least squares criterion usually gives better results,
and has the advantage that the degree of smoothing is controlled in a continuous manner
instead of with a discrete parameter (p). This method consists of estimating Y by the function
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1.2. How to deal with discrete measurements?

Y that minimizes the penalized least squares criterion

K 1/ 42 2
Y = argmin ) (X[j]—f(tj))2+itf (d fgt)) dt. (1.2.3)
fec2(o,1)) j=1 o \ dt

The integral of the second derivative of f is used here to characterize its roughness, since it
is a measure of the total curvature of f (for a discussion on the use of roughness penalty in
statistics, see, e.g., Green and Silverman [GS94]). The parameter A = 0 is called a smoothing
parameter and as its name suggests, it controls the degree of smoothing or equivalently the
tradeoff between the bias and the variance of the estimator. Indeed, if A is big then Y will
be smooth but will not necessary fit the data well, whereas if A is very small, Y will be an
approximate twice differentiable interpolant. Remarkably it turns out that the function ¥
defined in (1.2.3) is a cubic spline (de Boor [dB01]).

As we already mentioned, once we have the smoothed data Yi,...,Y,, we can obtain an esti-
mator Z of the covariance operator of Y. Using this estimator we can carry out a functional
principal components analysis as explained in Section 1.1.4, and then approximate the func-
tions {Y;} by their r-term Karhunen-Loéve expansion. This approach of smoothing first the
data, and then doing an fPCA has been studied in Besse and Ramsay [BR86], Ramsay and
Dalzell [RD91] and Besse, Cardot and Ferraty [BCF97]. In Hall et al. 2006 [HMWO06], they show

that if the numbers ny,..., n;, of observations per curve are such that n; > nl/4

as n — oo,
and if each curve has been smoothed with a local linear smoother (Fan and Gijbels [FG96]),
then the estimators of the mean function, of the covariance function, of the eigenfunctions
and of the eigenvalues are \/n-consistent. On the other hand, Paul and Peng [PP11] show
that if the number of observations per curve is not sufficiently large, then the diagonal of
the covariance function obtained with this approach will suffer of an intrinsic bias. In Rice
and Silverman [RS91], Pezzuli and Silverman [PS93] and Silverman [Sil96], it is suggested to
incorporate the smoothing part into the fPCA procedure by imposing a roughness penalty on

the eigenfunctions, though this is done when considering a fully-observed curves setup.

1.2.2 "Estimate-then-smooth" approach

The "estimate-then-smooth" approach consists of using the raw data to obtain an estimator
of the discrete (multivariate) version of the mean and covariance functions, and then to
smooth these discrete objects using a nonparametric method in order to transform them into
functions. As for the previous approach, once we have an estimator of the covariance operator,
we can do fPCA in order to estimate the eigenfunctions and then predict the functions {Y;}.

If the data are densely observed, the procedure is quite straightforward, as we present below.
However, if the data fall into the category of longitudinal data, i.e. when each underlying curve
Y; is only observed on a sparse and irregular grid, the procedure has to be slightly modified. In
this case, one needs to pool all the curves together in order to construct scatter plots that are
used as surrogates of the empirical multivariate mean and covariance function (Staniswalis
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and Lee [SL98], Yao et al. (2003) [YM*03] and Yao et al. (2005) [YMWO5]).

We first consider the case where all the curves of the sample are observed on the same dense
grid of points 1y, ..., tx. Let Xj, ..., X,; be a sample of vectors where each vector is defined as
X; = (X;[1],..., X;[K]), with X;[j] = Y;(¢;) + &;; and let m, ¢ and % be respectively the mean
function, the covariance function and the covariance operator of the random function Y.
Since the sample we are working with is actually constructed as a multivariate sample, we can
calculate its empirical mean vector and covariance matrix, respectively given by

ml,f[a]:lZXi[a], RX[a,b] = Z(Xl[a mX1al)(X;(bl - mX(b]), forl<ab<K.
i=1 i=1

:IH

By smoothing these estimators, with a kernel smoothing technique for example, we can obtain
an estimator of m on the interval [0, 1] and of ¢ on the interval [0, 1]2. This procedure works
well to obtain an estimator of the mean function, however, we have to be careful when we
consider transforming RX into a surface, since the effect of the measurement errors is different
on the diagonal than it is elsewhere on [0, 1]2. In fact, we have that

Cov(X;[j], X; D) Cov(Y;(t), Yi(t)) + Cov(e;j, €i1)

B Cov(Y;(t)), Y;(17)), J#1L
~ | Cov(Yi(r), Yitp)) +0?, j=1,

and thus RX[a,a], 1 < a < K, is a biased estimator of Var[Y ()], since E[(X;[a] - mX[a])?] =
Var[Y (a)] + 0. The strategy to obtain a good estimator of the covariance function of Y is then
to remove the diagonal of RX before smoothing it. This diagonal removal procedure has been
first introduced in Staniswalis and Lee [SL98]. The estimators of the mean and covariance
functions obtained with this approach can achieve consistency only if K = K},, the number of
observations per curve, grows with the sample size 7.

Let’s now consider the more challenging setup where each underlying curve Y; is observed on
a sparse and irregular grid. The objective is again to estimate the mean function m and the
covariance function ¢ of the L%([0, 1])-valued random function Y from the sample Xi,..., X,
defined as in (1.2.1). Since the functions Y3,..., Y}, are not necessarily observed on the same
points, we cannot calculate an empirical multivariate version of the mean (respectively covari-
ance) function as before, and even if the curves were all observed on the same grid of points,
since the grid is sparse we could not obtain good estimates on the whole interval [0, 1] (resp.
[0,1]) by applying a smoothing technique. The idea is then to pool all the curves together in
order to borrow information from neighbors of a given point from all the curves in the sample.
More precisely, the estimator 72 of the mean function is obtained by smoothing the scatter
plot
{(X,[]], l'l'j), i= 1,...,n,andj =1,...,n;},

across time. This smoothing can be done with a nonparametric smoother such as a local
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polynomial smoother. Similarly, the estimator ¢ of the covariance function is obtained by
smoothing the 2D scatter plot

(X [j] = m(t; ) (X; k] = m(tip), tij, tik), i=1,...,n, and j, k=1,...,n;, j # k},

from which we have removed the diagonal since, as in the dense case, it is contaminated
by the variance of the noise component. The asymptotic setup in sparse sampling is that
maxi<j<, 1; < C, where C is a constant, as n — oo. Both estimators 1 and ¢ can achieve
consistency only if the grid of pooled points {#;;,i =1,...,nand j = 1,...,n;} is getting dense
in [0,1] as n — oo, and if so, their rate of convergence will be nonparametric.

In the scatter plot procedure that we just described, each curve does not have the same
weight in the smoothing step, since this weight is proportional to the number of points on
which a curve is observed. Li and Hsing [LH10] studied an alternative method that unifies
the dense and the sparse framework by assigning to each curve the same weight. Zhang and
Wang [ZW16] push this work forward by studying in greater depth the effect of either putting
the same weight on each curve or on each observation. Their work yields a classification of
sampling schemes into three categories, namely ultra dense sampling, dense sampling and
sparse sampling, accordingly to the bias and the rate of convergence of the corresponding
mean and covariance function estimators. More work has been done to study the effect of
the sampling scheme in FDA. For example, Cai and Yuan [CY11] study the effect of the design
of the grid (deterministic or random) on the convergence rate of the estimator of the mean
function obtained with a nonparametric approach. On the other hand, Amini and Wainwright
[AW12] study the effect of the sample size n and functional size (number of grid points) on the
estimation of the subspace span by the eigenfunctions of the covariance operator of Y, where
it is assumed that the curves Yi,..., Y}, lie in a RKHS.

We conclude this subsection by describing the Principal components Analysis through Con-
ditional Expectation (PACE) method introduced in Yao et al. (2005) [YMWO05]. This method
has been developed to extend fPCA to longitudinal data but can also be used with densely
observed data. Its main novelty is to use conditional expectation to provide estimators of
the principal component scores of the random functions Y3, ..., Y,,. Using these scores, it is
then possible to predict the curves themselves by estimating their r-term Karhunen-Loéve
expansion.

The setting is as before, i.e., we observe a sample of vectors Xj, ..., X, where X;[j] = Y;(#;)+€;,
where Var(¢;;) = o2. The estimators of the mean and covariance functions m and ¢ of Y are
obtained using local linear smoothers as follows. For each ¢ € [0, 1], ipacg(t) = ,30, where ,30
is such that

A A no t—tii
(Bo, p1) =argmin ) Y ki ( ! ) (Xilj1 - Bo— Pr(t—1; ),
Bo,f1 i=1j=1 h

where k; is a kernel and h; is a bandwidth. For each (s, ) € [0, 1]?, ?pACE(s, t) = Yo, where g is
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such that

S—1Lij t—t
kz( 2 il

) ){Gi(l‘ij,l‘il)—)’o—}’l(s—l‘ij)—)’z(t—l‘il)}z,
h h

n ni
(fo,71,72) =argmin) )
YoYuYz i=11<j#l<n;
where G; (¢, t;;) = {Xi[j] — mpace(t; ))HX; 1] — mpace(ti1)}, ko is a bivariate kernel and h; is a
bandwidth. The estimator of o2 is defined as

3/4
6 = Zf (V(t) = lpace(t, )dt,
1/4

where V (¢) is an estimator of the diagonal ¢(¢, t) + 0% obtained by using a local linear smoother
on {G;(t;j,t;j)|1 <i < n,1 < j < n;}, and the integral is not defined on the entire interval [0, 1]
to avoid boundary issues.

Let the Karhunen-Loeve expansion of Y; be Y;(#) = m(¢) + 230:1 (Yi,ma)12n4(1), and denote
the a-th principal component score of Y; by ¢;,. The best linear prediction of {;, given the
vector X; is

ElialXil = Aan],Zx (Xi — my),

where A, is the eigenvalue associated with the eigenfunction n, of .Z, nl.Ta =Maltin),...,Naltin)),
Zx,1j, 1] =Cov(X;[j], X;[I]) and m; = (m(til),...,m(tini))T. From the covariance operator de-
fined through / PACE, one can obtain the estimators {;la} and {f)4} of the eigenvalues and
eigenfunctions of .Z, and then the estimator of the best linear prediction of ¢;, is given by

where ixi [j, 1= ?pACE(tij, ti) + 62 Finally, the estimator of the curve Y; is given by
A r A
Yi() =)+ Y EiafalD),
a=1

where the number r is chosen by cross-validation.

1.3 What if roughness is not just pure noise?

In this section, we first discuss the assumptions and the limits of the standard model for
discretely observed data (Section 1.3.1). We then study in Section 1.3.2 the effects of including
the variations of a random function at finer scales into the standard model on the two main
approaches that have been introduced in the previous section. We conclude the section with
a description of the objective of this thesis (Section 1.3.3).
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1.3.1 Limits of the standard model

Let’s first recall the classical setup in FDA. We are interested in carrying out statistical inferences
on an L?([0,1])-valued random function Y using a collection of independent realizations
Y1,..., Y,. Since in practice we cannot observe the complete functions Y;, we have to work
with a sample of vectors Xj, ..., X, for which we assume the following model:

Xi[j]IYi(l‘j)+£ij, j=1,...,K. (1.3.1)

For simplicity we have assumed that each function Y; is observed on the same deterministic
grid of K points (f3,..., fx). The ¢;; are identically and independently distributed (i.i.d) random
variables of mean zero and variance o2, and they are uncorrelated with the functions Yj,..., Y;,.
Note that as K increases, the vector €; = (¢;1,..., £,~K)T is becoming a white noise process. In
fact, the model (1.3.1) is equivalent to the following model where each random variable ¢;; is
viewed as the realization of a white noise process W; at time ¢; as follows

Xilj) = Yi(ep) + Wirp), j=1,...,K. (1.3.2)

We are committing a slight abuse by calling the process W white noise. In fact, we know
that such a process is not realizable as a proper stochastic process, as it would not be trace
class (Ramsay and Silverman [RS05, Section 3.2.4]). This means that W must have some
dependence structure at some very fine scale, so its covariance function is supported on a
band {|s — | < 6} for some infinitesimally small §.

As explained in the previous section, there are two general approaches to deal with such
discretely observed data. While different, these approaches share the same two-step structure:
a smoothing step followed by a step consisting in doing fPCA, or equivalently a step consisting
in approximating the functions {Y;} by a r-term Karhunen-Loéve expansion. Moreover, they
both make the same implicit assumption in the smoothing step, which is that the random
function Y in which we are interested (the "true" signal) is of smoothness class C* with k = 2,
while in the fPCA step, they both assume that Y can be well-approximated by a process of rank
r. It follows that any variations that are of smoothness class less than C2, or that correspond to
fluctuations around eigenfunctions of order at least r +1, are consigned to the noise process W.
However it seems restrictive to consider any rough variation in the data as noise, since a rough
process could still have some structure, but at a finer scale. This observation is confirmed
by the discussion of Ramsay and Silverman [RS05, Section 3.2.4] on the standard model for
the errors ¢;;. They claim that the assumption that W has a covariance function with only
a o2-ridge on the diagonal is often too restrictive to hold with functional data. In fact, it is
really common to see autocorrelation in the functional residuals {W;}, which indicates that the
process W is probably smooth at some fine resolution. This means that instead of modeling
W as a white noise process, we should probably consider it as a mean-square continuous
process having a banded covariance function b(s, £) = b(s, £)1{|s — t| < 6}, for b a non-constant
continuous function and é > 0 non-negligible. In this case, W would be a rough process that
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captures the local variations, or equivalently the variations at scale at most 9, of the data. As
stated by Ramsay and Silverman [RS05, Section 3.2.4], this modification to the standard model
is worthy of consideration:

" Nevertheless, a model specifically for variance heterogeneity and/or autocorrelation can pay off
in terms of better estimation, and this type of structure may be in itself interesting. A thoughtful
application of functional data analysis will always be open to these possibilities".

1.3.2 Effects of a less restrictive model on the two main approaches in FDA

We now study the consequences of allowing the covariance function b of W to be banded
(instead of having a trivial structure as in the standard model) on the two approaches described
in the previous section.

We first investigate the effect on the smoothing step. To accommodate for this new definition
of the process W, we would need to modify the "smooth-then-estimate" approach (Section
1.2.1) by replacing the objective function (1.2.3) by a weighted penalized least square criterion:

1
Y; = argmin (X; - f,)TQX; - )T+ 14 f (f"(0)%dt,
fecz([0,1]) 0

where f, = (f(t),..., f(tx)T and Q = =1, with X, the covariance matrix of the vector & =
Wi(t),..., W(tK))T. However, there are two problems that arise with this new formulation of
the objective function. First, the matrix X, is unknown, and second, we would need to add
some parametric assumption for the processes Y; and W; to be jointly identifiable (Opsomer
et al. [OWYO01]). On the other hand, for the "estimate-then-smooth" approach (Section 1.2.2),
instead of removing the diagonal of the empirical covariance matrix RX before smoothing it,
we would now need to remove a band {(s, £) € [0,1]? : |s — t| < §}. As with the other approach,
this would again lead to identifiability issues.

To study the effect of the new model for W on the fPCA step, we first study its consequences at
the population level. Let X = Y+ W, and {0;, ¢;}92,, {Ai,n:};_; and {B;, ;12| be the respective
spectrum of the covariance operator &% of X, .Z of Y and % of W, where we assumed .Z to be
sy
{m}lfz1 and {y; ‘Z’Z 1 since we want to study when it is possible to separate the processes Y

of rank r < co. We are interested in the relationship between the set of eigenfunctions {¢;}

and W from X using its Karhunen-Loéeve expansion, or to simply recover the eigenfunctions
of .Z. This is a relevant question, because now that we do not consider W as a white noise
process, it is not necessarily true that the first r eigenfunctions of # and . will be equal. With
the standard model, this was not a problem because we know that if Z = . + 9, with @ a
covariance operator defined through the covariance function d(s, t) = 021{|s— t| < 5} for § = 0,
then the first eigenfunctions of % and .Z will be exactly the same.
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1.3. What if roughness is not just pure noise?

To help clarify things, let’s write the Karhunen-Loéve expansion of X =Y + W:

X=) (X, pdpi =Y Y,midni+ Y (W),

i=1 i=1 i=1

and the Mercer decomposition of its covariance function r:

r(s,0)= 0i¢i(Pi(0) =Y Aini(&)ni () + Y Biwi(yi(0).
i=1 i=1 i=1

If the systems {n;}!_, and {y;}72, are orthogonal, then we can recover the expected principal
components of variation since the set {¢;}72, will be equal to {n;};_, U{y;}?2,. If moreover the
eigenvalues are "well-ordered", i.e. 1, > f1, then {¢;}!_, = {n;};_,, and since W is orthogonal
to the functions {n;};_,, we obtain that Y is exactly equal to the r-term Karhunen-Loéve
expansion of X, which means that for this particular case, the process W does not affect
the fPCA step. However, there is no reason why the systems {n;}!_; and {y;}?2, should be
orthogonal or "well-ordered", and if they are not, then it might well happen that neither {n;}
nor {1} are eigenfunctions of %Z. Assuming for example that no pair {n;,y j} is orthogonal,
then even in the "well-ordered" situation where A, > f, it is not necessarily true that ¢; =n;
fori=1,...,r. In fact depending on the spacings of {Ai};zl U {ﬁ,-}‘l?‘il, it could happen that
¢;,i <r,is alinear combination of some 77; and v ;. A similar situation is illustrated in Figure
1.1 with a simulated example. We have simulated data such that X = Y + W, where the
covariance operator .Z of Y is of rank 5 and has trigonometric eigenfunctions, and where
the eigenfunctions of % are locally supported on non-overlapping intervals of length § =
0.05 (which implies that the covariance function b has a banded structure). Moreover, the
eigenvalues have been chosen such that A4 > ; > A5. The figure shows 10 realizations of Y,
W and X ((a) to (c)), the covariance functions ¢, b and p ((d) to (f)) and the eigenfunctions of
each operator ((g) to (i)). In graph (i) we can see that ¢5 (green) has been affected by 1, since
it is clearly a distorted version of 7j5. But it is not the only eigenfunction of % that has been
affected, since in fact, even if ; < 14 < A3, we can see that eigenfunctions ¢3 (blue) and ¢4
(vellow) are slightly modified versions of n3 and 14 .

The smoothing step which is taken before the fPCA step can also have some confounding
effects in practice. In fact, since spline smoothing is approximately equivalent to kernel
smoothing (Silverman [Sil84]), smoothing either using spline bases or a local linear smoother
implies approximately convolving the discrete data with a kernel of bandwidth h. If this
bandwidth is comparable with §, then the variation of W would propagate to larger scales,
and then it would be impossible to separate the covariance operators . and 4 from &%.

1.3.3 Objective of the thesis

It seems clear from the discussion of Section 1.3.2 that the two common approaches in FDA
cannot handle, without major modifications, a model where the rough part (variations at fine
scales) of a random function is not considered as white noise, and thus there is a need for
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a new approach. Developing the theory and the practical implementation of such a novel
approach is the main objective of this thesis.

In Chapter 2, we formulate the new model rigorously, and we then find nonparametric con-
ditions under which there exists a unique decomposition of the covariance operator % into
Z + 2, or equivalently under which . and # are jointly identifiable. We then consider the
more challenging problem of finding conditions to ensure the uniqueness of the discrete
analogue of this decomposition, i.e., of the decomposition #X = ZX + %X where ZX is the
K-resolution version of % obtained from the evaluation of the curve X on a grid of K points.
The idea is to translate the discrete version of the decomposition into a matrix completion
problem, and then translate the identifiability conditions at the continuum level into condi-
tions ensuring the uniqueness of the matrix completion problem. Once we have conditions
ensuring that our problem is well-posed, we define consistent estimators of the covariance
operators . and %4, without assuming knowledge of the rank r of .Z or of the bandwidth § of
2. Using these estimators, we then define consistent estimators of the best linear predictors
of Y and W respectively. In Chapter 3, we describe how to obtain in practice the estimators
defined in Chapter 2, and we study the finite-sample performance of our new approach by
means of a simulation study and on a real dataset.
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(a) Smooth part Y (b) Rough part W (c) Observed data X=Y+W
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Figure 1.1 — Ten smooth curves Y1,..., Y1¢ (plot (a)), ten rough curves Wi, ..., Wiq (plot (
and their sum resulting in ten observations Xj,..., Xjo (plot (c)). The kernel of the smooth
operator .Z of rank 5 is illustrated in plot (d) with eigenfunctions n; (plot (g)), that of Z in
plot (e) with eigenfunctions vy ; (plot (h)) and finally that of 7 = £ + 2 in plot (f) with its first
5 eigenfunctions ¢; represented in plot (i). The first 5 eigenfunctions of each operator are
represented respectively in black, red, blue, yellow and green.






Y4A new approach to analysing func-
tional data

In this chapter we develop a new approach to analyze functional data that allows the possibility
that the rough part observed in a random curve is not simply due to random noise, but is
due to a rough process that has a smooth structure at some fine scale and thus that is itself a
signal. We first introduce our new model and the practical setup under consideration (Section
2.1), then in Section 2.2 we give conditions under which our model is unique and identifiable
for both continuous and discrete versions of the covariance operators of the smooth and the
rough processes. We then define estimators of these covariance operators and prove their
consistency (Section 2.3), and we conclude the chapter by separating the smooth part from
the rough part of the data in Section 2.4 by estimating the best linear unbiased predictors of
these two processes.

2.1 The model: smooth plus rough components

As we already mentioned, we want to develop a model that can deal with data that arise as
the sum of a smooth process and a rough process where this latter is not necessary a noise
component. Our new model is defined as follows. We assume that X € I2([0,1]) is a mean-zero
mean square continuous random function that can be decomposed as

XM=Y +W(), tel01], (2.1.1)

where Y and W are two uncorrelated processes. From Equation (2.1.1) and the fact that Y
and W are uncorrelated random variables we obtain the following additive structure of the
covariance operator # of X and of its covariance function p(s, t) = E[X (s) X (#)], s, t € [0,1]

4
p(s, 1)

L+A
£(s,0)+b(s, 1), t,s€l0,1],
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Chapter 2. A new approach to analysing functional data

where .Z and £ are the covariance operators of Y and W, respectively defined by the covari-
ance functions

(s, ) =E[Y (Y (DI -E[YIEIY (D], b(s, 1) =E[W ()W (D] -E[W (S)IE[W (£)].

In this model, the process Y represents the smooth part of X and the process W represents its
rough part. Smooth versus rough processes can be interpreted as having variation of coarse
scale or fine scale respectively. Let {A;,7 1}5:1 be the spectrum of the operator .Z, which leads
to the following Mercer decomposition of ¢

0(s,0)=)_ Ajn;(s)n;(1).
=1

To ensure that Y represents variations that occur at a global scale, we will assume that the
eigenfunctions {n j};: | are smooth and finite in number, i.e., that . is of finite rank (r < 00).
We assume that r is finite because it is usual in FDA to suppose that there are finitely many
non-negligable modes of variation, and also to ensure that the process Y is smooth. We will
specify later (Section 2.2.1) what precise smoothness conditions we need to impose on the
eigenfunctions of .. From now on we will refer to . as the smooth operator.

Another way to think of a process representing variations that occur at local scale is to see it as
a short-range dependence process. Letting the range of dependence of W be of order 6 € (0, 1),
we expect its covariance function b to have a 6-banded structure, i.e.

b(s,t)=0 for s,t€[0,1] suchthat |s—¢|>90, (2.1.2)

with Mercer decomposition given by
b(s,t) =) Bjyjw;jt)=Ut-sI<8} ) BjwiSy;),
j=1 j=1

where {£; ‘]"; ,and {y; ‘;‘;1 are respectively the eigenvalues and the eigenfunctions of %. Note
that in the sequel we will refer to % as the banded operator and to b as the §-banded function.

The main objective of this chapter is to estimate . and % based on a sample of curves
observed discretely. Throughout the chapter, we will work with a sample Xj, ..., X, of n iid
random functions defined as in (2.1.1), where each function X; is observed on the grid of K
points

(1, tx) € Tx = {(x1,...,xK) € RX:x € g,..., XK € Ix .k},

where {I i, K}f:1 is the partition of [0, 1] into intervals of length 1/ K. We consider the set of grids
Ik because it imposes a regularity on the grid that will be very helpful when we will work with
the discrete version of the covariance function b, and this without being too restrictive (the
points of the grid don't have to be equally-spaced for example). Using this kind of sample, we
will derive estimators of the covariance operators . and % and prove their consistency in
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2.2. Well-Posedness : uniqueness and identifiability

Section 2.3. We will then work on the second objective of the chapter which is to recover the
curves Y and W from X, and to do this we will define consistent estimators of the best linear
unbiased predictors for both curves Y and W (Section 2.4). But before doing all this, we study
in the next section the well-posedness of the decomposition of Z into .Z + %, i.e. we study
if the decomposition is unique and if it is identifiable given a sample of discretely observed
curves constructed as we just described.

2.2 Well-Posedness : uniqueness and identifiability

In this section, we first study under which conditions the decomposition # = . + % is unique
(Section 2.2.1). We then study in Section 2.2.2 the uniqueness of the discrete version of this
decomposition, which is defined using the K-resolution version of the covariance operators.

2.2.1 Uniqueness of the decomposition %7 = .Z + A

Recall that we have a covariance operator # that can be decomposed as the sum of a smooth
operator . and a banded operator %4, and we would like to estimate these two latter operators.
It is clear that we need to make more assumptions on at least one of them if we want the
decomposition to be unique, since a priori there is no reason to suspect that only two operators
sum up to Z%.

It turns out that the key assumption we need to make for this decomposition to be unique is
that the covariance function ¢ of . is a bivariate real analytic function. Recall that a function
f:U — R, where U is an open subset of R¥, is analytic if for each a € U the function may be
represented by a convergent power series in some neighborhood V of ¢, i.e. f(x) = Z‘;LOZO P, (x—
a),Vx e V,where P, is a homogeneous polynomial of degree n in k variables. Using analytic
continuation, we know that if the function ¢ is analytic on an open subset % containing the
band {(s, ) € [0,1]? : |s — ] < &}, then knowing ¢ on the domain {(s, t) € [0,1]?: |s — t| > 5} is
equivalent to knowing it on the whole domain [0, 1]?. This last fact is sufficient to obtain
uniqueness of the decomposition, as stated in the following theorem.

Theorem 2.2.1 (Uniqueness). Let A, % : 2 [0,1] — 2 [0, 1] be trace-class covariance operators
of rank ry < oo and r» < oo, respectively. Let 5, P> : L2[0,1] — L2[0,1] be banded trace-class
covariance operators of bandwidth §, < 1 and §, < 1 respectively. If the eigenfunctions of £
and %), are real analytic, then we have the equivalence

$1+%1=$2+<@2 — ,,%1:.,?2 & %12%2.

Proof. Since the eigenfunctions of .7} and .%, are analytic and max{ry, 2} < oo, it follows that
the corresponding covariance functions ¢; and ¢, are bivariate analytic functions on [0, 112
(Krantz and Parks [KP02]).

The zero set of a real bivariate analytic function is at most 1-dimensional, unless the function is
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Figure 2.1 — Schematic illustration of the idea underlying the proof of Theorem 2.2.1.

uniformly zero (Krantz and Parks [KP02, Thm 6.33]). Since analytic functions are closed under
subtraction, this implies that if £, and ¢, coincide on an open subset U of [0, 112, then the
function ¢; — ¢, has to be uniformly zero, which implies that ¢; and ¢, coincide everywhere on
(0,1)2, and thus on [0, 1]? by continuity. This will in turn imply that %, and %, also coincide.
Finding such a subset U will then conclude the proof.

Without lost of generality, assume that §; = §,. Define
U=(61,1)x(0,1-61).

Since A + B, = Lo+ B>, but B = B» =0 on U, it must be that the covariance functions of
2 and % coincide on the open set U, and the proof is complete. O

An schematic illustration of the idea of the proof is presented on Figure 2.1; the squares
represent covariance functions and the white color is used to represent zero values.

In the previous theorem, it would have sufficed to assume that the covariance function ¢ is
areal analytic function on some open subset % > {(s, ) € [0, 112:|s—t] < 8}. We present the
theorem with the stronger assumption that the smooth operator .Z is of finite rank and has
real analytic eigenfunctions since this stronger assumption will be required when we will
consider the discrete version of this decomposition problem in the next subsection.

Itis interesting to note that the condition of the analyticity of £ on an open subset % containing
the 6-band is essentially a necessary condition. Indeed, it is impossible to relax it without
stronger assumptions on the covariance operator %, since even assuming that ¢ is C* on the
whole domain [0, 1]? is not sufficient to guarantee the uniqueness of the decomposition. This
follows from the fact that it is possible to construct §-banded functions that are C*. Let s be
C®, h be a 6-banded function and m be C* and d-banded. Then if we consider the function
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2.2. Well-Posedness : uniqueness and identifiability

r(s,t) =c(s, t)+ h(s, t) + m(s, t), we have more than one way to write it as a smooth component

plus a banded one. We can eitherset { =c+mand b= h or ¢ = cand b = h + m. An example

of a C* and 6-banded function is given by the self-convolution of the bump function defined
as

ool

b(s, t) = 1—(32;5[)

0 otherwise.

) if |s—t] <29,

On the other hand, the assumptions of finite rank and real analytic eigenfunctions that we
make on .Z are not as restrictive as they may seem. Indeed, the class of real analytic func-
tions includes polynomials, trigonometric functions, exponential and logarithmic functions,
and it is closed under the most common operations such as linear combinations, products,
compositions and differentiation. Moreover, the following proposition tells us that the set
of finite rank r covariance operators with analytic eigenfunctions is dense in the set of all
finite rank r covariance operators. This means that the rank r Mercer approximation of the
covariance function, which is optimal in a mean-square sense, can be approximated at any
level of precision by a rank r covariance operator with analytic eigenfunctions. Consequently,
if we do believe that a covariance operator is approximately of finite rank, then it can be very
well approximated by an operator of the same rank having analytic eigenfunctions:

Proposition 2.2.1. Let Z be an L?[0, 1] -valued random function with a trace class covariance
& of rank r < co. Then, for any € > 0 there exists a random function Y whose covariance £ has
analytic eigenfunctions and rank q < r, such that

ElZ-YI5 <e and |¥9-ZLlrr<e.

Ifadditionally¥ has C' eigenfunctions on [0,1], then we have the stronger result that for any
€ > 0, there exists a random function Y whose covariance £ has analytic eigenfunctions and
rank q < r, such that

sup E|Z(t) - Y(t)l2 <e and sup |g(s, 1) —Y(s, t)| <€,
te[0,1] s,te(0,1]

where g and ¢ are the kernels of ¢ and £, respectively.

Proof. We will first prove the results referring to the processes Z and Y, and then those
referring to their covariances, ¢4 and .Z. Let u be the mean functionof Zand ¥ =Y/ _, 0,4, ®
¢, be the spectral representation of its covariance operator, with {8, ¢,} the corresponding
eigenvalues/eigenfunctions. The Karhunen-Loéve expansion of Z is given by

.
Z=p+ )Y (Z—dn)2dn.
n=1
Now let € > 0 be arbitrary, and define y = €/[{¢ || Tr. Define the function f;, ; to be the order
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J Fourier series approximation of ¢b,;, and note that this is an analytic function for all J < co
(and of course all n). Since Fourier series are dense in L2, we know that there exists /1, ..., J;
such that

||‘,bn _fn,],, ||L2 <Y.

In particular, if we we pick /. = max{Jy, ..., J;} and define f,, = f; ;+, we have that

sup llpn = fall2 <7.
l<n<r
The functions f;, are, of course, analytic. Finally, define a new random function Y via the
random series . .
Y=p+ Z (Z—pu, Pz fu=2+ Z $nen,
n=1~"————"— n=1
=n

where ey, = f;, — ¢, satisfies [ e, ;2 < y. Note that since the {f,})_, are analytic and finitely
many, their span consists of analytic functions. Thus the eigenfunctions of the covariance
of Y (which are not necessarily exactly equal to the f;,) are analytic too. Furthermore, the
rank of Y can clearly not exceed r, whatever the value of €. Now, since the {{,;} are mean-zero
uncorrelated random variables of variance {0}, we may write

1/ r 2 1 r 2 1 r
[Ef (ane(t)) dt:f E(Z.{ne(t)) dt=f Y nek(ndt
0 n=1 0 n=1 0 n=1

.
Y Onllenli. <y Y 0n=vI¥Irr =¢.
n=1

n=1

ElZ-YI?,

If we happen to know that {¢,} are C', we may define again y = ¢/|¥| rr, but now re-define
fn to be trigonometric functions such that

sup lldn — fulloo <13,

l=n=<r

where ||¢nlloo = supflpn(£)|: ¢ € [0,1]}. This is possible, since the eigenfunctions {¢,} are ct,
and thus can be uniformly approximated by Fourier series. Define Y and e, as before, but
with the new definition of f}, in place. Once again, since the {¢,} are mean-zero uncorrelated
random variables of variance {6}, we have that for any ¢ € [0, 1],

r 2 r
E(Z(H)-Y(t)*=E [ > énen(t)] =Y 0ne5 () <YIY TR =€.
n=1 i=1

Now let us focus on the approximation of ¢ itself. Let ¢ > 0, and define y = ¢/ (2||¢ || rr). Define
the function f;, ; to be the order J Fourier series approximation of the eigenfunction ¢, as
before. Again, there exist /i, ..., J; such that

lpn = frg, Iz <.
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Set J. = max{/j, ..., J} and define f;, = f,, ;+, so that
sup ll¢n— fullzz <vy.

l<nsr

The functions f;, are, of course, analytic. Now define the operator .Z to be
r
L= 0nfn® fo.
n=1

This operator is analytic and has rank at most r. Furthermore, its eigenfunctions are analytic
since they lie in the range of ., which is spanned by the analytic functions f;,. We now have:

A
M-~

”g_cg”TR = Qn”(Pn@(Pn_fn@fn”TR

1

3
1l

Il
M-
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where we used the fact that || f;,||;2 < 1 and where the fourth line is obtained from the equality
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where {e;} is an arbitrary orthonormal basis of L?([0, 1]). If we know that the eigenfunctions
{¢,,} of & are C!, the Fourier series expansion of each ¢, () converges uniformly and absolutely.
Let ¢ < oo be the maximum of the ¢; norms of the Fourier coefficients of ¢y, ..., ¢, (c; < oo by
absolute convergence of the respective Fourier series). Re-define
-1
y=€x

c1+ sup ”(/)n”oo))”g”TR

l<n<r

Following the same steps as before, we can choose a J* sufficiently large, such that setting
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fn = fn,j+ we have
sup l¢n— fullo <7.

l<n<r

It now follows that
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l<n<r

Finally, for any € > 0, we can replace the specific truncation J*(¢) used in each of the four parts
of the proof, by the largest of all these J*(€), and so € can be chosen to be the same in all the
approximation results. This concludes the proof.

2.2.2 Uniqueness of the decomposition ZX = #X + X

As we already mentioned, in practice we can’'t observe the function X on the whole interval
[0,1] but only on a grid (#y,..., tx) € Tk of K points. This means that we need to work with a
discrete version of the objects #,.Z and 4, i.e., with their K-resolution representations that
is denoted respectively by ZX, K and %X, and defined respectively through the covariance
functions

K
pXxy) = Y plti U y) € Lk x Ik},
ij=1
K
K,y = Y 0 )UY€ Lk x Lixh,
i,j=1
K
br(x,y) = Y b(ti, t)U(x, ¥) € Ii k % I k.
i,j=1

Since these three K-resolution covariance functions are uniquely defined by K x K coefficients,
we use the following matrices to represent them

R, y=p(ti, tp), LXG,j)=0(t,tp), BX3,j)=b(t;t)).
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Figure 2.2 - Illustration of a K-resolution covariance function and of its matrix representation
for the case K =4

Figure 2.2 illustrates the concept of a K-resolution covariance function and of its matrix
representation. Note that the Hilbert-Schmidt norm of a K-resolution covariance operator
can be written in terms of the Frobenius norm of its matrix representation as

1 1
negansztf jﬁ(pK(&tDZdtds ‘[ ‘[ (ot )2 d1ds
0 Jo 11] 191k

=zzpmmm—nﬂh

i=1j=1

We are now interested in finding conditions under which the decomposition ZX = K + 2K
is identifiable, and for this, we will work with the equivalent matrix decomposition given by
RX = X + BK, From the assumption rank(.#) = r, we have that the matrix LX is at most of
rank r. On the other hand, since the covariance function b of 4 is §-banded and due to the
regularity of the grids contain in 9, we have that the matrix BX is a banded matrix such
that BX(i, j) = 0 if |i — j| > [§ - K1, and from now on we will refer to it as the §-banded matrix.
To sum up, we are looking for conditions under which it is possible to uniquely recover the
matrices LX and BX from RX, when LX is at most of rank r and BX is §-banded, which is
a particular case of a sparse structure. We are essentially dealing with a decomposition of
the type "low-rank + sparse". This kind of problem has received a lot of attention in recent
years, see Remark 2.2.1 below, and it is also related to low-rank matrix completion. In fact, an
appealing aspect of our problem is that we know the sparsity pattern of the matrix BX exactly,
so we can translate our "low-rank + sparse" decomposition into a low-rank matrix completion
problem in the following way. Define the matrix Rg as the matrix RX from which we have
removed the values on the band s5 = {(i, j) € {1,..., K}?||i — j| < [§ - K]} (by removing the values
we mean that we now consider them as unknown). We are then looking for conditions under
which a completion of Rg of at most rank r will be unique and equal to LX. It turns out
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Chapter 2. A new approach to analysing functional data

that the conditions to ensure such a unique completion are those that ensure the unique
decomposition of Z = .Z + %, plus a condition on the relation between the resolution K, the
rank r of the smooth operator and the bandwidth 6 of the banded operator. The result is
stated in Theorem 2.2.2 below .

Remark 2.2.1. In recent years, considerable attention has been dedicated to two statistical prob-
lems involving the estimation of a low-rank matrix from partial or contaminated information:
namely the low-rank matrix completion problem and the low-rank plus sparse decomposition
problem. In the first problem, some entries of the data matrix are unobserved and in the second
one, some of its entries have been corrupted by noise of arbitrary magnitude. The classical
example of an incompletely observed low-rank matrix is the matrix obtained from users ranking
of movies on Netflix ([Net]) and examples of data that can be effectively modelled as the sum of
a low-rank matrix plus a sparse one are abundant in imaging data (Basri and Jacobs [B]03],
Candes et al. [CLMW11]).

The problem of low-rank matrix completion can be translated into mathematical terms as
follows. Let My be a n x n low-rank matrix and let M be equal to My for the entries (i, j) € Q,
where Q) is a subset of [n] x [n], with [n] ={1,2,..., n}, and be unobserved for the other entries.
The goal is to recover My from M, and for this one would like to solve the optimisation problem

QIeIﬂlQi"er" rank(6) subject to M;j=0;; V(i,j)eQ, (2.2.1)
and hope that there is a unique solution which is equal to My. Unfortunately, this problem is
computationally intractable. But we know from the work of Fazel [Faz02] that the nuclear norm
of a matrix gives a good approximation of its rank (more precisely that the nuclear norm is the
convex envelope of the rank function), where we recall that the nuclear norm of a matrix A is
the sum of its singular values and is denoted by || All «. Using the nuclear norm as a surrogate of
the rank in (2.2.1) gives a convex relaxed version of the low-rank matrix completion problem
and this version has received considerable attention. A key contribution on this subject is that of
Candes and Recht [CR09], who give conditions to ensure that the solution of the relaxed problem
is unique and equal to My with high probability. These conditions can be summarised as follows.
The low rank matrix My has to satisfy the standard and strong incoherence properties which
among other things, imply that My is not sparse. Moreover the number m of missing values
has to be smaller than a given bound and the subset Q) has to be uniformly distributed over all
subset of m values of [n] x [n]. Using these assumptions, considerable work has been done to
improve the bound on m (Candes and Tao [CT10], Recht [Recl1], Gross [Groll1]) and to extend
the model to the case where the observed entries of M are corrupted versions of those of My
(Candes and Plan [CP10], Chen at al. [C]SC13]). On the other hand, Chen [Chel5] shows that
strong incoherence is not a necessary condition. More importantly still, Chen et al. [CBSW14]
show that neither incoherence property (standard or strong) is necessary if, instead of being
chosen uniformly at random, the revealed entries are chosen proportionally to the local row
and column coherence of the matrix, which roughly speaking means that the more a row or a
column is sparse, the more of its entries should be revealed.
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2.2. Well-Posedness : uniqueness and identifiability

Let’s now focus on the decomposition of a matrix into a low-rank matrix plus a sparse matrix.
Let M be a n x n matrix equal to Ly + So where Ly is a low-rank matrix and Sy is a sparse one.
Using the observed matrix M, the goal is to recover both Ly and Sy, and to do this one would
like to solve the optimisation problem

L ;nui&n rank(L) + A|lSllo subject to M=L+S, (2.2.2)
, € nxn

where A is a tuning parameter and the pseudo-norm || Sl yields the number of non-zero entries
of S. Again this problem is computationally intractable, so a common approach is to work with
the relaxed version given as follows. The rank is replaced by the nuclear norm as before, and
the ¢y pseudo-norm is replaced by the €1 -norm. Note that the ¢|-norm is known to be a good
surrogate when dealing with cardinality minimisation since it is the convex envelope of the ¢
pseudo norm. Recall that the €1-norm of a n x n matrix A is given by || All, = Z‘,ijl laijl. In
Candes et al. [CLMW11], conditions on Ly and By that guarantee that the solution (L, S) of the
convex relaxed version of (2.2.2) is unique and such that (L, S) = (Lo, So) with high probability
are provided. These conditions are quite similar to those for the low-rank matrix completion
problem, namely the matrix Ly has to satisfy the standard and the strong incoherence properties
and the sparsity pattern of So has to be selected uniformly at random. An extension of this paper
is Zhou et al. [ZLW* 10], which considers the more general model M = Lo+ So + Z, where Z is a
noise matrix. Instead of assuming that the sparsity pattern of Sy is random, Chandrasekaran et
al. [CaSPW11] develop deterministic conditions to ensure that the non-zero entries are "well
spread". The work in Chen et al. [C]SC13] unifies the low-rank matrix completion and the
low-rank plus sparse decomposition problems where both the missing values (the erasures)
pattern and the sparsity pattern of the errors can be either random or deterministic. Particular
cases of their main unified result recover the results of Candes and Recht [CR09], Candes and
Tao [CT10], Chandrasekaran et al. [CaSPW11] and Candes et al. [CLMW11].

Theorem 2.2.2 (Discrete Identifiability). Let £, and %, be covariance operators of finite
ranks r; < oo and r, < oo, respectively, and assume without loss of generality that ry = 1.
Let %, and %, be two banded continuous covariance operators of bandwidth 5, < 1/2 and
02 < 1/2 respectively. Given (ti,..., tx) € Ik, define their K -resolution matrix coefficients to be
(LK, BK, LK, BX) e RK*K,

KNG, p=0ntit) and BXG,j)=bw(t,t), ijell,...K}, form=1,2,

If the eigenfunctions of £\ and %, are all real analytic, and

2r+2 2r+2

K=K*=max|——,=———|,
1-26,"1-26,

then we have the equivalence
K, pKk_7K_ pk K_71Kk K _ pk
Ly +By, =L, +B, < Ly =L, & B] =B;,
almost everywhere on Ik with respect to Lebesgue measure.
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Chapter 2. A new approach to analysing functional data

We now have a result that holds almost everywhere on 9 but not pointwise on it. This means
that it is valid for almost all grids in J, or equivalently, that if we choose a grid uniformly at
random in Jk, then the result hold with probability one. This restriction comes from the key
result stated in the following theorem, which is fundamental in proving Theorem 2.2.2.

Theorem 2.2.3. Let. be a covariance operator associated with the covariance function (s, t) =
Y1 Aimi($)n;i(t) with r < oo and real analytic orthonormal eigenfunctions (n1,...,n,}. If K >,
then the minors of order r of the matrix LX = {£(t;, tj)}f(j:1 are all non-zero, almost everywhere

onJg.

Proof. Firstnotice that from ¢(s, t) = ;:1 Aini(s)n;(t), we have

XG0 =Y Amiepni ).
i=1

Thus, LX can be written as UXZ(UX)T, where

mn) na(t) - n(f) Ay 0O - 0

K n() n2) - n.() 0 A - 0
Uu" = . . . and X=| } )
mx) n20tg) -+ 1) 0o 0 - A,

Any r x r submatrix of LX obtained by deleting rows and columns, can then be written as
UFzu)’,

where U 1{5 (resp. U 5) is an r x r matrix obtained by deleting rows of UX whose indices are not
included in F < {1,...,K} (resp. F'). The condition that any minor of order r of LX be non-zero
is then equivalent to the condition that

det|US2(UF)T | = det{Uf 1det[Z1det U] #0,

for any subset F F' c {1,...,K} of cardinality r. By construction det(X) # 0, so the minor
condition is then equivalent to requiring that det(U{f ) # 0 for any subset F < {1,...,K} of
cardinality r.

We will show that this is indeed the case almost everywhere on 9. Note first that Ik can be
seen as a hypercube of dimension K with side length 1/ K, where each point in the hypercube
represents a different grid, and so we can define the Lebesgue measure py on 9. Let F =
{1,...,r}, without loss of generality (so that U {f is formed by keeping the first r rows of UX).
Using the Leibniz formula, we have that det(U {f ) can be written as the function

.
D(ty,....t) =Y. €@ [ niltow),

o€S; i=1
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2.2. Well-Posedness : uniqueness and identifiability

where S; is the symmetric group on r elements and €(o) is the signature of the permutation o.
The function D is real analytic on (0,1)", by virtue of each 17; being real analytic on (0, 1).

We will now proceed by contradiction. Assume that
pi(x1,...,xx) €Ik : D(x1,...,x,) =0} > 0.

Since p is Lebesgue measure, it follows that the Hausdorff dimension of the set A = {(x,...,x;) €
(0,1)" : D(xy,...,x;) = 0} is equal to r. However, since D is analytic, Theorem 6.33 of Krantz
and Parks [KP02] implies the dichotomy: either D is constant everywhere on (0,1)", or the set
Ais at most of dimension r — 1. Thus it must be that D is everywhere constant on (0,1)", the
constant being of course zero:

D(x1,...,x) = Y, €0) [[ni(@) =0, V (x1,...,x,) € (0,1).

o€S, i=1

Now fix (xy,..., x,—1) and apply to D (viewed as a function of x, only) the continuous linear
functional T;, (f) = (f,n,). We obtain that for all (xy,...,x,-1) € (0, n:

0=D,n) = Y e@| [l 7itxew)|Mo109mr
o€S; i:o(i)#r
r—1
= ) €[] nixow-
0€S, 1 i=1

Applying the continuous linear functionals T;,(f) = (f,n;) iteratively to D while keeping
(x1,...,xj-1) fixed then leads to
my)=0,Vye(©D.

This last equality contradicts the fact that n7; is of norm one, and allows us to conclude that
pixy,...,xx) €Ik : D(x1,...,xr) =0} =0.

The proof of Theorem 2.2.2 below is inspired by Proposition 2.12 of Kirdly and Tomioka [KT12]
and makes great use of Theorem 2.2.3.

Proof of Theorem 2.2.2. Let § = max{61,0>} and assume without loss of generality that r; = r».
Let Q be the set of indices on which both B; and B, vanish, which is Q = {(i, j) € {1,.. ., K12
|i — j| > [0 K]} due to the bandwidth assumption imposed on %; and %, and the fact that
(t1,...,tx) € Ig. From L) + By = Ly + By, we obtain that L, (i, j) = Lo (i, j),V(i, j) € Q. Let Q4
be the set of indices of a submatrix formed by the first r; rows and the last ; columns of a
K x K matrix, the condition K = K* = % implies that Q 4 c Q, which in turn implies that

the matrices L; and L, contain a common submatrix A of dimension r; x ry .
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Chapter 2. A new approach to analysing functional data

Step 1 Step 2

Figure 2.3 — Illustration of two possible first steps of the iterative procedure explained in
the proof of Theorem 2.2.2. The gray squares represent known entries and the white ones
unknown entries. In this example, K = 10,6 = 0.2 and r; = 2 and the red squares represent a
r1 x r; matrix with only one unknown entry.

Assume that all minors of order r; of L1 are non-zero. Then, the determinant of A is non-zero,
which implies that the rank of L; is also r;. We thus establish that L; and L, are two rank ry
matrices equal on Q. Let L* be a matrix equal to L; on Q, but unknown at those indices that

do not belong to Q. We will now show that there exists a unique rank r; completion of L*. Due
2r1+2

26
possible to find a submatrix of L* of dimension (r; + 1) x (r; + 1) with only one unobserved

to the banded pattern of the unobserved entries of L* and the inequality K = K* = itis

entry, denoted x*. Using the fact that the determinant of any square submatrix of dimension
bigger than r; + 1 is zero, we obtain a linear equation of the form ax* + b = 0, where a is equal
to the determinant of a submatrix of dimension r; x r;. Since we assume that any minor of
order r is non-zero, we have that a # 0 and the previous equation has a unique solution. It is
then possible to impute the value of x*. Applying this procedure iteratively until all missing
entries are determined allows us to uniquely complete the matrix L* into a rank r; matrix.
Note that this iterative procedure is illustrated in Figure 2.3 .

In summary, we have demonstrated that when all minors of order r; of L, are non-zero,
L* = L) = L, and hence B; = B,. Theorem 2.2.3 assures us that L; indeed has non-vanishing
minors of order r; almost everywhere on 9k, and so we conclude that it must be that L; = L,
and B; = B, almost everywhere on Jk. O

We now comment in more detail on the result stated in Theorem 2.2.2. As already mentioned,
when we pass from the continuous to the discrete case, we still have a unique decomposition,
but this time for almost every grid in 9k and only if this following relation between the number
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Maximal Rank r

0 20 40 60 80 100

Resolution K

Figure 2.4 — Illustration of the relation between the resolution K, the rank r of the smooth
operator and the bandwidth 4 of the rough operator. For different values of §, the maximal
possible rank r is plotted as a function of the resolution K.

of grid points K, the rank r of . and the bandwidth § of % holds:
1
r< K(— - 6) -1
2

As depicted in Figure 2.4, we can see that this last condition is not very restrictive, since in
the practice of FDA, one almost always assumes that the rank of the smooth operator is quite
small (= 5), so it allows us to have identifiability for quite large values of 6 and modest values
of K.

Another interesting aspect of this theorem is that we can use it to derive directly an optimi-
sation problem in order to uniquely recover LX and BX from RX. This result is presented in
Corollary 2.2.1 and will be very helpful in the next section in order to define estimators of .2
and #.

Corollary 2.2.1. Let.Z be a rank r < oo covariance operator with analytic eigenfunctions and
kernel ¢, and % a banded continuous covariance operator of bandwidth & with kernel b. For
(t1,...,tx) € Tk, let

LX =, tphij, BN =1{b(t;, tp)}i),

and RX = [K + BX Assume that

1
d< 1 and K=4r+4.
Define the matrix PX e RX>*X by PK(i, j) = 1{li - jI > [K/41}. Then, for almost all grids in Tk:

1. The matrix LX is the unique solution to the optimisation problem

min rank{f}  subject to | PX o (R —6)|% = 0. (2.2.3)

0€RK><K
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Chapter 2. A new approach to analysing functional data

2. Equivalently, in penalised form,

1¥ = argmin{[| PX o (RX = 0) [ + Trank(®)} (2.2.4)

HERKXK

for all T > 0 sufficiently small.
Here “o" denotes the Hadamard product (entrywise product).

Instead of letting 6 < 1/2 and K = (2r +2)/(1 —29) as in Theorem 2.2.2, we have made the more
restrictive assumption that § < 1/4 and K = 4r + 4. Passing from § < 1/2 to § < 1/4 allows us to
uniquely solve the optimisation problems (2.2.3) and (2.2.4) without knowing neither r nor J,
which is very appealing. Note also that the minimisation problem (2.2.3) is exactly a low-rank
matrix completion. Indeed, it asks to find the matrix with the smallest rank that is equal to
RX everywhere except on the band sy,4 = {(i, j) € {1,...,K}?||i — j| < [ K/41}, and this is exactly
equivalent to seeking to complete the matrix Rg p (RX without the band sy,4) such that it has
the smallest possible rank.

Proof. Sinced <1/4and K = 4r+4 implies K = %, we can directly use Theorem 2.2.2, which
tells us that LX is the only matrix of rank at most r such that PX o RX = PKo [X and then such
that || Px o (RK — LK) II§ = 0. The objective function (2.2.3) thus achieves its minimal value of r

at LX. We now prove that

K= argmin{”PK o (RX-0) ||fD + nank(@)},

0ERKXK

for all T > 0 sufficiently small. Since we have established that LX uniquely solves

min rank{@}  subject to |PX o (RX-0) ||§: =0,

GERKXK

[RKXK

it follows that for all T >0 and any 6 € of rank greater or equal to r, we have that

1P o (RX — LY ||%. + Trank(LX) < | PX o (RK = ) || 5. + T rank(6).

[RKXK

We thus concentrate on matrices 8 € of rank at most r — 1, for r > 1. Let

= min — {|PKo®RE-0)[3}>0.

B OeRK*K rank(@)<r-1

Nowlet 7, = % Then, for any 7 < 7., and any 0 of rank less than r,
|PX o (RX = LX) |3 + Trank(LX) = 77 < p+ 7 < | PK o (RK = 0) | + 7rank®).
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In summary, putting our results together, we have shown that for all 7 € (0, 7.),

K= argmin { || PKo (RK -0) ||§ + Trank(H)} .
GERKXK
Finally, it is worth pointing out that although 7. depends on r, this does not mean that the
objective function depends on unknowns: r can be shown (using Theorem 2.2.3) to be equal
to the rank of the submatrix formed by the first [K/4] rows and the last [K/4] columns of RX,
and thus we can determine 7, directly from the matrix RX. This completes the proof. O

2.3 Estimation of .¥ and %

In this section we will define estimators of .’ and %, and we will prove that they are consistent.
In order to do this, we will first define estimators of the matrices LX and BX. In the previous
section, we gave conditions under which there exists a unique decomposition of the matrix RX
into a low-rank matrix LX plus a banded matrix BX, and Corollary 2.2.1 gave us two equivalent
optimisation problems that one can solve to recover LX from RX. The idea to define our
estimator of LX is simply to use the optimisation problem (2.2.4) but where we have replaced
the unknown matrix RX by its empirical version as it is presented in the following definition.

Definition 2.3.1. Let(Xy,...,X,) bei.i.d. copiesof X =Y + W. Let(t,..., tx) € Ik and assume
we observe
X;(tj) = Y;(tj) + W;(¢j), fori=1,...,n and j=1,...,K.

Let RK € RK*K pe the empirical covariance matrix of our sample, i.e.

1 & 1 &
RNG, j)= - Y (Xalt) — (1)) (Xa(t)) — i(t))), where p(t;) = - Y Xalty).
a=1

a=1

We define the estimator LX of LX to be an approximate minimum of

min %{ |PX o (RK - ) |5 + T prank(6)}, (2.3.1)

0=<0eRK*K

where PX € RK*K s defined as PX (i, j) = 1{|i — j| > [K/41} and 1, > 0 is a tuning parameter
such that T, — 0 as n — oco. By approximate minimum it is meant that the value of the
functional at LX is within Op(n~") of the value of the overall minimum.

Since the function to be minimized in (2.3.1) is not convex, it is not immediately clear how to
solve the optimisation problem in practice, and it is also not clear how to choose the tuning
parameter 7,. We will discuss in detail how to get around these issues in Section 3.1. Now that
we have an estimator of LX, we could simply define the estimator of BX as being AX = RK — [ K,
However, we have no guarantee that this matrix will be positive definite or banded. We thus
define our estimator of BX as follows.
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Definition 2.3.2. Let RX and LX be as in Definition 2.3.1. We define the estimator BX of BX to
be the projection of AK = RK — X onto the convex set of non-negative banded K x K matrices of
bandwidth at most [K/4].

Once again, we will discuss how to obtain this estimator in practice in Section 3.1. Now that
we have the estimators LX and BX, we define their sum to be an estimator of RX:

Definition 2.3.3. Let LX and BX be as in Definitions 2.3.1 and 2.3.2. We define the plug-in
estimator RX of RX to be RK = L.X + BX.

The estimator RX should be preferred to the raw empirical estimator RX, since due to the way
we constructed it, it should be less noisy. Now that we have the estimators (]:In< , E,If , }?5 ), we
can define the K-resolution estimators (05?,{( , ,@f , @,If ) of (&, BB, %) to have respectively the
covariance functions

K

Onxy) = Y Lyt DU y) €Lk x 1k},
j=1

A K A

bXx,y) = Y BXG, pureny elixxIjxl,
j=1
K A

X,y = Y RNG, HU(xy) € Lix x Ik,

~
I
—

and the spectral decompositions

P K K

f#%mfwf, %§=;ﬁj¢§®¢f, %2‘:;9]@?@@5&

where 7 is the rank of j,{( . We place the subscript K on the eigenfunctions to emphasize
that these functions are K-resolution estimators, i.e., piecewise constant functions, of the
original eigenfunctions. In particular, the functions f)f ,j =1,...,r are estimators of analytic
functions, so if one wishes to have smoother estimators than piecewise constant functions,
two strategies are possible. One could either smooth directly the eigenfunctions f]f yj=1,...,1,
but there would be no guarantee that the resulting functions would be orthogonal to each
other. Another possibility is to smooth the covariance function ¢X, and then to work with
the eigenfunctions of the resulting smooth operator (these will inherit the corresponding
smoothness properties).

In the rest of this section we will establish the consistency of the estimators j,f , 93’,[5 and
@,If and of their corresponding spectra. Of course our asymptotic framework will be that
the number of observed curves is growing to infinity (n — o0), and that the grid of points
on which we observe each curve is getting dense (K — oo). However to simplify the proof
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of the consistency of .,22,{( (which is quite subtle), we will consider nested grids of points
obtained from refinement of a grid of critical resolution K* = 4r + 4. Moreover, we will use the
convention that the signs of the eigenfunctions are correctly identified. Our main consistency
result, which is the consistency of our estimator of .’ and of its spectrum is presented in
Theorem 2.3.1.

Theorem 2.3.1. Let X =Y + W, #Z = £ + % be defined as in Section 2.1, and let the r < oo
eigenvalues of £ be of multiplicity one, and the corresponding eigenfunctions be real analytic.
Lez‘[Ellel‘i2 <00,0 < i, and define K* = 4r +4 to be the critical resolution. Provided thatt, — 0,
it holds almost everywhere on Ik that

SK 2 -1 2 2
(.,an —3“ < Op(nh+4K™2 sup [V(x, I, (2.3.2)
HS x,y€10,1]
2
|75 -ni], = osh2k A, jet,..m, (2.3.3)
supl;lf—)tjlz = Op(n ) +4K 2 sup ||V€(x,y)||§, (2.3.4)
j=1 x,y€[0,1]

for any refinement K = m x K*, m = 1. All three Op(n~Y) terms are uniform in K. Furthermore,
the rank ofjf satisfies,

nt, K2 |rank(ZX) - r| = Op(1). (2.3.5)

This theorem tells us that we obtain a parametric rate of convergence for .,?,f , irrespective
of the convergence rate of 7, to zero, if the number of grid points K is at least of the order
v/n. On the other hand, if we want the rank estimator rank(.j,{( ) to be consistent, K has to be
o(y/nty) with nt,, — oco. The take home message then seems to be that dense grids will lead
to accurate estimation of the covariance operator but that sparse grid are more appropriate to
accurately estimate the rank.

Proof. We begin by the usual bias/variance decomposition

N 2
Hx,f —.,s,ﬂH
HS

IA

2| 2K -2X| +2 L%~ 2]

2K | 2 - X5+ 2|25 - 2 s
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Figure 2.5 — Illustration of how to obtain a grid tg+ from g, for K* =4,and K=3-K* = 12.

For the second term (bias), we note that by a Taylor expansion

1 1 K
f f (0(x,y) - €5 (x, ) *dxdy Y f f (C(x,y) - €(t;, t)))*dxdy
0 Jo Lix JIjx

ij=1

K
< ¥ f f 2K sup IV DI
ij=191ix Ik yelixxljx
K
= Y 2k sup Ve, I3
i,j=1 (xx,elixxljk
< 2% sup |Ve(x 2.
(x,y)€[0,11?

It now remains to be shown that K2 ||I:I,,f - LK||§ = Op(n~1), and that the Op(n~!) is uniform
in K. To show that this is valid almost everywhere on 9k with respect to the Lebesgue measure,
we will show equivalently that it is valid almost surely, when choosing a grid uniformly at
random from 9. Using the fact that K = m x K*, m = 1,we consider a simple coupling
construction, as this will be convenient for our proof:

1. Choose ¢ x uniformly at random from I; g, independently for all j = 1,..., K, writing
Iy = {tj,K};(:y

2. Choose ¢ g+ uniformly at random among the m elements of ¢x N I; x+, and write g+ =

. K*
{ t],K* }j:1 .
3. Define theset g ={j €11,...,K}: tj x € tg+} of cardinality K*.
Figure 2.5 illustrates how a grid tx+ with K* = 4 is constructed from a grid #x with K =12. In
this particular example g = {2,4,9,11}. Note that our construction guarantees that fx+ < g,

with tx- being marginally uniformly distributed on k. Define @ to be the space of K x K
covariance operators of rank smaller than K/4. We consider the functionals

Snk:0k— 0,00,  Sux@ =K 2IPXo@-RN|Z+7,K *rank(®),

Mn,K (6)
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2.3. Estimation of .Z and 4

Snx:0g —[0,00),  Spx(@) = 2||PKo(9 RK)||F+rnK rank(6),

MK(Q)

where Px (i, j) = 1{|i — j| > [K/4]}. We will show that for n sufficiently large, LX is the unique
minimizer of S, x(-) on Og. Note that, since K = 4r + 4, Theorem 2.2.2 implies that LK is
(almost surely) the unique matrix for which the functional M (0) attains the minimal value of
zero on O}, where 0} is defined as the space of K x K covariance operators of rank at most r.
It follows that for any H € O different than LX and of rank peir...,K/4-1},

I'Tn _I'Tn _ PTn

Sni(LX) = Mk(L) + <7 = —5 < =5 < My(H)+ 222 2 = Snx(HD,

for all n = 1, almost surely. Thus the addition of the penalty term distinguishes LX as the
unique minimizer among all matrices of rank in {r,..., K/4}, almost surely. We will now show
that for n sufficiently large, LX almost surely uniquely minimises S,, x, even when considering
matrices of rankin {1,...,r — 1}.

Let 6 € RK*K and 0, € R *K" be a matrix obtained by keeping only rows and columns of
0 with indices in the index set g and define the function 7 : [K*] — g such that 0,(i, j) =
0(z(i),7(j)). Then, by the coupling construction of #x and #x-, it almost surely holds that

Mc® = Y K0t -t 0|
i,je[K]
li—jI>K/4]
-2 .. 2
- y K200, )= r(ti t01[ +
i,jeq
[T () -1 ()I>[K* /4]
2
y K200, )= r(ti 1,01[ +
i,jeq
[T () -1 ()= [K* /4]
li—jI>TK/4]
fY K2 - |
i,jéq
[i—jI>[K/4]

\%

2
2|04(a,b) - r(taie )|
a,be[K*]:|la—b|>[K* /4]

K* 2
( e ) Mg+ (0,).

As 0 ranges over RX*K matrices of rank at most r — 1, the sub-matrix 0, ranges over RK™*K*

matrices of rank at most r — 1. It follows that

K* 2 K* 2
inf MK(H)E(—) inf Mg+(0) = (—) €(tx+), almostsurely.
0Ok K | 6eog- K

rank(f)<r rank(f)<r
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Chapter 2. A new approach to analysing functional data

Since K* = 4r + 4, e(tx+) > 0 almost surely, as fx- is uniformly distributed on Jg-. Thus, if n is
sufficiently large so that 7, < (K*)%e(tx+)/r a.s., it holds that

%\ 2
( X ) e(tg+) > rTnK_z, almost surely.

Note that the critical N(#x+) that n needs to surpass for this to hold true does not depend on
K, but only on the distribution of #x-, which is the uniform distribution on 9%+, and on the
precise rate of convergence of 7, to zero (which is for us to choose). Consequently, N(#x+)
does not grow with K. Summarising, provided that n is sufficiently large,

Qi%f Mk (6) > rrnK_2 = Sn,K(LK), almost surely.
€0k

rank(@)<r

But

inf S,x@) = inf {MK(0)+TnK_2rank(0)}> inf Mgy (0), almost surely,
GEGK 06@1( 9€®K

rank(@)<r rank(@)<r rank(@)<r

which shows LX to be the unique minimizer of S, x(-) on O almost surely, for n sufficiently
large. Rephrasing, we have shown that for almost any grid tx € Ik, there exists an N (indepen-
dent of K), such for all n = N, the matrix LX is the unique minimum of S, k.

From now on, take n = N(#g+), and note that all statements are valid almost surely with respect
to the random grid tx. Our strategy will be to make use of Theorem 3.4.1 of van der Vaart and
Wellner [vdVW96]. To this aim, define d,, : O x O — [0,00) as

dn(01,02) = \ /K210, — 0,2 + 7, K~2|rank(0) — rank(6,)],

noting that d,, does not need to be a metric. To obtain the result, we need to show that for
v >0,

@) SUPgeqy:a, ik o)<y AO) <y, with A©) = S,k (0) - Sy k (LX),

(i) E { \/ﬁsupee(axzdn 0,L5)<y D) |} Sy, with D) =S,k (0) S,k (0) _§n,K(LK) +Sn,K(LK)-

To simplify the proof, we will work with vector representations of the matrices involved in
the functions A and D, and we will indicate this modification at the level of the matrices and
of the functions themselves by the addition of a tilde in the notation. Recall that the vector
representation of a K x K matrix is obtained by serially stacking its columns over each other.
Let’s first show (i). Consider the difference

AB) = 8, x0) = S, k(LX) = My (6) - My (LX) + 7,rank(0)K 2 —7,,rK 2.
By doing a second order Taylor expansion with Lagrange remainder of the function My around
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2.3. Estimation of .Z and 4

LX, we obtain that for some p, € [0,1] and 0, = p.LX + (1 - p,)0 we have

A@) = (M (LX), 6 - L5y + %(é — 5T M 0.0 - ) + 7, K *(rank(9) — 1),

where M} (6) = 2K2PX o (6 — RX) and M(0,)(6 - LX) = 2Kk~2PK o (9 — LX). Noticing that
M}((I:K) =0 (by Theorem 2.2.2), we have

A(0)

K 2(PKo(@-15),0-15 +7,K%@rank®) - 1)

= K2PKo@-15),PKo0@-1L5) +1,K ?ank®) - r)
= K ?|PXo(0-LM)2 +7,K %(rank(0) - 1)

I\

K210 - LX)2 + 7,K ?|rank(9) — r|.

It follows that supgeg,.q, 1% 6)<y 1AO)] < y?2. To prove (ii), consider:

D(@)

Snk(0) = Spx(0) =S (LX) + 8y k(LX)

= My (®) — Mg (0) — My, k(LX) + Mg (L5).

We expand (M, x — M) in a first order Taylor expansion with Lagrange remainder, around L,

which gives for a certain p* € [0,1] and 6* = p*LX + (1 - p*)6:

D(9)

(M), 1 (0%),6 - LX) — (M} (6%),6 - LX)

= K2@2PXo(6* - RX),0- LX) - Kk 22PK 0 (8* - RX), (0 - LX)
= K22PK o0 — 2PN 0" — 2550 RN + 25K 0 R, G- IK)

IA

K 212PX o (RK — RE)|Ip10 — LX) < 2K Y| RK — RX||p k1116 — LXIg.

Since X is a process with continuous sample paths, E[| X II‘i2 < oo implies that the variance of
X(s)X(¢t) is finite for all (s, £) € [0,1]%2. Assume without loss of generality that EX = 0. Since
the observations X;(¢;) are independent for distinct i, and since X, (¢;) X;,(¢;) is an unbiased
estimator of E[X(¢;) X (#;)], we have

-2 K K2
K2E|RK - RN2

IA

K K 1 2 2
YN KPE|= Y Xn(ti ) X (£,6) —E [ X (6, ) X (2,5

i=1 n =1

K K
—Z Var[ X (t; k) X (¢ k)]
noio1j=1
C
— sup Var[X(s)X(5)]=—,
1 (5,1)€[0,1)2 n

and C = supg 1j2 Var[ X (s) X (#)] < co. Note that C is uniform in K. In summary we may con-
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Chapter 2. A new approach to analysing functional data

clude that

/C
[E{ sup |D(6)|} <2yK 'EIRK - RX||p < ZY\/K‘Z[EllRﬁ—RKH% =271/ =.
0€0k:d, (0,LK)<y n

Now that we have proved (i) and (ii), we use Theorem 3.4.1 of van der Vaart and Wellner
[vdVW96] with r,, = v/n and ¢,,(B) = B for B € (0,00) = (5,,7). It follows that if ]:I,f is such that
Sy, K(I:I,f )SSy,, K(LK )+Op(n~Y), which is guaranteed by our definition of I:I,f as an approximate
minimiser of S, , then it holds that

nds (X, L5 = nk 2| LX - LX)% + n (7, K ?Irank(LX) - r|) = Op (D),

where the Op(1) term does not depend on K. We may conclude that

»K K2

nt, K 2|rank(ZX) - r|

nK 21X - 152 = op(1),
Op(1),

where Op(1) is uniform in K.

We now turn our attention to the estimated eigenfunctions. Since these are finitely many,
we will omit the index indicating the order of an eigenfunction for tidiness, and consider an
eigenfunction 7. Let X be the K-resolution step function approximation of 1,

K
n*(x) =Y nt;lixe Ikl

j=1
Then, by Taylor expansion,

! K2 X 2 PR L/
fo (nx) —n"(x)"dx=)_ i () -n(tj) dx< ) KIn'l5 = I
J=1%

K j=1

It follows that

A -nl = 2@ -0 +2n -nl
112 m2
< LK - LKZs+ 2"177(2”"0 =0p(n™h +%,

and the Op(n~!) has been shown to be uniform in K. The constant ¢ can be chosen uniformly
over the order of eigenfunction, since there are only r < co eigenfunctions to consider. The
convergence rate for sup I/if — Al follows from the inequality sup Iflf A1 = 12K - Llns
(Proposition 1.1.5).
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2.3. Estimation of .Z and 4

The consistency of 93’5 is implied directly by that of j,f . However, if we want to have con-
vergence rates, we need to assume more than only continuity of the kernel b. For example, if
we assume that b is C! on the band {| ¢ — s| < 8} or on the whole domain [0, 1]%, we obtain the
convergence rates that are presented in Corollary 2.3.1.

Corollary 2.3.1. Let the first p+1 eigenvalues of % be such that 1 > 2 > ..., Bp > Bp+1. Under
the same conditions as in Theorem 2.3.1, and for any e,y > 0 there exist My (€,y) > 0 such that

P{.’@f—%||Hs>e} <y, and [P’{sjlill)lﬁf—ﬁjl >e} <y Y K,n> M(e€,7),

and My (€,7, j) > 0 such that

[P’{Hlf/f—i//j L2>€}<y, j=1,...,p, VK,n> M€y, j),

for almost every grid (t,, ..., tx) € Tk. If the covariance function b(s, t) : [0, 112 — R associated
with A is additionally assumed to be continuously differentiable on {|t — s| < 0}, we obtain the
rates of convergence

N 2
%’5—@”}18 = Op(n™H)+0K™), (2.3.6)
. 2 Op(n™H)+O(K™)
Vi -wi|, = ’ = . j=1...p 2.3.7)
J
sullalﬁf—ﬁjlz = Op(nH+0K™), (2.3.8)
j=

for any refinement K = m x K*, m = 1, and almost every grid (ty,..., tx) € Tk, where

o1=P1—B2 & oj=min{fj1-B;,6;—Bjh 2=sj=p,

and all three Op(n™') terms are uniform in K. If b is continuously differentiable on the whole
unit square |0, 112, then the O(K™Y) terms in Equations (2.3.6), (2.3.7), and (2.3.8) can be
improved to O(K™2).

Proof. We have

IA

S N e P

K—l

|5~ B+ |25 - B, 239

where the second term on the right hand side converges in probability to zero as K goes
to infinity. Let P be the projection onto the set of non-negative banded K x K matrices of
bandwidth at most [K/4]. The first term on the right hand side of equality (2.3.9) can be
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written as

KBy =By = K7H|[P(Ry - Ly) - P(RE L9

KRS - £ - R% - 19,

I\

where from the consistency of LK and the definition of RX we obtain that the right hand
side term of the last inequality converge to zero as n goes to infinity. The consistency of the
eigenfunctions v, follows directly from the consistency of @5 . This completes the first part
of the theorem. Now assume that b is continuously differentiable on the §-band. In what
follows, we will write I;; = I; x x I k for tidiness. We start with the decomposition:

@5—%”?{8 < 2 “@5—%’<“; +2| B - B

Since the kernel b is C! inside the §-band and zero outside it, we write,

1 1
ff(b(x,y)—bK(x,y))zdxdy = f(b(x,y)—bK(x,y))zdxdy
0 JO
A

+ f f (b(x,y) - bX(x,y)2dxdy,
AC

where A = Ui, {Iij Hlx—yl=61In Iij # (ZS} is the union of rectangles I;; that intersect with the
boundary of the §-band. On this set, (b — bX)2 is bounded by SUPy, y,z,w |b(x,y)— bX(z, w)|? =
C <oo,and so [ ,(b(x,y) — b (x,y))*dxdy is bounded by |A|K~%C, where |A| = #{(i, j) : I;; <
A}. Noting that | A| is of the order of K, we have

/ (b(x,y) - bX(x, y))?dxdy = OK™).
A

For the other term, we decompose the integral and use Taylor’s theorem to see that

(b(x,y) — b (x, y))?dxdy

ff(b(x’ y) - X (x, y))zdxdy
A {|x-yl<8}n A

+ ff (b(x, V) - bK(x,y))zdxdy
{lx—yl=6}nA°
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2.3. Estimation of .Z and 4

f f (b(x, y) — b (x, y))2dxdy

{lx—yl=6InA¢
K
< > I{Iijc{{lx—ylsé}mAc}}ff 2K sup |IVb(x, Y l5dxdy
i,j=1 1ij (o, y)€L;;
< v(K)2K™* sup ||Vb(x,y)I%=0K™?),
|[x—yl<d

where v(K) is the number of rectangles within the §-band, and thus satisfies v(K) = O(K?). In
conclusion,
| 2% - %35 = OK™.

For the other term, we note that, almost everywhere on Ik,
18y — B 5 < 12F — BN g < 2188 - LNV + 21 %5 - %" g = Op(n™Y),

where 2K is the operator corresponding to the matrix AX = RK — [X and, with the Op(n™1)
being uniform in K (as has been shown in the proof of Theorem 2.3.1). The convergence rate
for the estimated eigenfunctions is now obtained by the fact that ||1Z/5.< Vil < 2\/5(7]_.1 I %35 -
Allus (Proposition 1.1.5).

To complete the proof, we need to show that if b e C'([0, 112), then | #X - 2|7, = O(K2). In
this case we may Taylor expand to write

1,1
f [ (b(x,y) - bX (x,y)?dxdy
0 Jo

K

< fo 2K™% sup |IVb(x,y)l5dxdy
i,j=141ij (x,y)el;;
K

= Y 2K sup [Vb(x,y)]5=0K?,
i,j=1 (x,y)el;j

since there are at most order K? terms of the form SUP(y, y)e1;; IVb(x,y) |I§ that are non-zero, by
the bandedness of the kernel b.

The convergence rates for sup; | ,35( — B! follow from the inequality sup; Iﬁf -Bjl = ||?Z’{f -
Allus (Proposition 1.1.5). O
We state the following result without proof since it is derived directly from Theorem 2.3.1 and

Corollary 2.3.1.

Corollary 2.3.2. Under the same conditions as in Theorem 2.3.1, and if the kernel b(s, t) :
0,12 >R of A is assumed to be continuously differentiable on {|t — s| < 8}, we obtain the rate
of convergence

N 2
%,’f—%HHS = Op(nH+0K™), (2.3.10)

51



Chapter 2. A new approach to analysing functional data

for any refinement K = m x K*, m = 1, and almost all grids in T. The Op(n~') term is uniform
in K. If b is continuously differentiable on the whole unit square [0,1)?, then the O(K™!) term
in Equation (2.3.10) can be improved to O(K~2).

2.4 Prediction of the smooth curves

In this section we want to make use of the estimators defined in the previous section in order
to recover the smooth part Y; and the rough part W; from the function X;, fori =1,...,n.In
the rest of the section we will drop the index i since we are working with only one curve at
a time. In order for this curve decomposition to be identifiable, we need to assume that the
mean function of at least one of the two random variables Y and W is equal to zero. We will
thus suppose that the rough process W has mean zero, and that the mean of Y, which is in
this case equal to the mean of X, has been subtracted from the data, so at the end we have
E[Y]=E[W]=0.

Since in practice we only observe a discrete version of X, i.e. X(f1),..., X(tg) for {tj};(:1 €Ik,
we will work with the piecewise constant function XX defined from these observations as
follows
K
XK =Y 1tel;X).

j=1
Using the function XK our goal is to find predictors of yK= Zj.(:l 1(t€ I; k)Y (¢;) and wk =
zle 1(te I ) W(E)).
Let ZX = Y1 059K @ ¢K be the covariance operator of XX and X = = )Lfnf ®n§( that
of YK, From [Bos14, Prop. 3.1], we know that the best linear predictor of YX given XX, i.e. the
linear function IT(XX) that minimises E|| Y X — Ty (XX) ||iz, is given by

r q
nx =ery¥Ix1=Y. Y yij0f onH x5, (2.4.1)
j=li=1

where

CEXN oKy (BYE W oNYEnl) (KoK k) of, 25n%)  aKK )

N S S 6% ok T 6K 6K

The third equality in the previous equation comes from the fact that YX and WX are uncor-
related, thus E(WX, pX)YX = 0. By plugging the expression of y;; in (2.4.1), we obtain the
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following expression for IT

r

m(x" :Zi

~ w|\v>:

;
K K
@il Xt =3 &b
- j=1
Since the Karhunen-Loéve representation of Y X is given by Z;:1<YK , nf )nf , we can see that
¢;j isin fact a predictor of the j th functional principal component score of YX. We will now

show how close this predictor is to the one defined in Yao et al. [YMWO05]. Manipulating the
term ¢ j, we obtain

6= (A5 £ ol ol X = a4 ),

i=1Y;

;

where (%K ) is the generalised inverse of ZX. Translating this latter expression of the predictor
into matrix notation, we obtain

&= lAK(XK)T(RK)tK _ l/lK(XK)T(LK+BK)T~K

1=K M =x" nj

where XX = [XK(1)),..., XX(t)]" and f)f = [nf(tl),...,nf(tK)]T. We thus obtain almost the

same expression as in Yao et al. [YMWO05], except that here instead of having a diagonal matrix

of the form o2l as the covariance matrix of the rough process, we have the banded matrix
BK.

Now that we have defined the best linear predictor of YX given XX, we obtain directly the best
linear predictor of WX given XX which is defined by

¥ (x5 = WX xK) = E[xX - v X xK) = XK -y X xK) = XK -nix 6. (2.4.2)
We finally estimate the predictors IT and ¥ by plugging our estimators .ZX = /IK K ® n

and Z#X = Z? 05K & pKof £K and %X in equations (2.4.1) and (2.4.2), Wthh gives

~Ix

@EA@E XY and W= XK -7

x Fo4g
n =ZZ
]: :

The consistency of these two estimators is stated in the following corollary.

Corollary 2.4.1. Let X =Y + W and # = £ + & be defined as in Section 2.1 and let the r < co
eigenfunctions of £ be real analytic. Let K = m x K* (m = 1) be a refinement of the critical grid
size K* = 4r + 4. If %X is of rank K, and if the kernel b(s, t) : [0,1]*> — R of # is continuously
differentiable on {|t — s| < 6}, then

17K —1xX) 2 = 0p(n7V?), and WK -9 XK)|2 = Op(n'?),
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almost everywhere on J.

Proof. Since K = K*, it must be that
12K - LXns = Op(n™?), & 1 BX -~ BN|us = Op(n™'?),

almost everywhere on 9k (as has been shown in the proof of Theorem 2.3.1 and of Corollary
2.3.1). Consequently, for almost all grids in Ik,

%5 = R s < 1.2y — LN llus + 18 — BN llus = Op(n™!'%).
It thus holds true that, for almost all grids in Ik,
0K -0K1=0p(n™""?), i=1,...K,

where éK (resp. BK ) is the ith eigenvalue of @K (resp. #%). Since rank(#X) = K, it must be
that 0{< ). HK > 0 Letting g(x) = x “11{x > 0}, and noting that g is differentiable at {BK }
the delta method thus implies

i=1

10K >01 1105 >0}
A - K =
ox 0!

1K >00 1

2 ——|=0p(n V¥, i=1,...K,
K K
0! 0!

for almost all grids in k. Now observe that

AK

e <<i>K XK> R
Yf::Hn(XK)_ZZneK pK K)((pl,XK)n 21{0K>0} — | ZKpK.
j=li= l i
(2.4.3)

By the continuous mapping theorem, we know that the right hand side converges in probability
to

(K, XXy
Z( ) )XK K= ZZ <<pl 5, XOnT =1x™),

]111

for almost all grids in Ik, as n — co. The fact that the rate of convergence is O[p(n_l/ 2) follows
directly from the fact that each term of the summands in the right hand side of Equation
(2.4.3) has been shown to converge at the rate Op (n~1/2). The corresponding result follows for
WK —w(XX)|| ;2 by writing

IWE —w (X)) 2 = 1 X5 = VK - (xK—mixE) 1 = 17X —x®)) .
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8] Implementation and simulation study

The purpose of this chapter is to present how our new approach to analyse functional data can
be implemented in practice, and to study its finite-sample performance. We first present in
Section 3.1 how to obtain in practice the estimators ,22,{( and %A’f defined in Section 2.3. Using
simulated data, we then study the performance of our method in Section 3.2; we investigate
our rank selection procedure (Section 3.2.4), compare our estimator of .Z to the one obtained
with three other classical methods (Section 3.2.5), and probe the predictive accuracy of our
estimator of the smooth part of the data (Section 3.2.6). In section 3.3, we conclude the chapter
with an illustration of our method on a real dataset.

3.1 Practical implementation

In this section, we will present how to obtain the estimators LX and BX that have been
introduced in Section 2.3, in practice. We first consider the estimator LX that was defined in
Definition 2.3.1 as an approximate minimiser of

1
min I1PX o (RK —0)|1% + 7,,rank(@). (3.1.1)

0=<0eRK*K

Solving this minimisation problem is equivalent to the following two-step procedure:

(i) Solve the minimisation problem
min [|[PXo(RX -0)I% such that rank(9) <, (3.1.2)
0=<OeRK*K

A

forw=1,...,K, obtaining minimisers 0y, ...,0g.

(ii) Let f:{1,...,K} — Rbe the function that gives the minimum attained by every minimiser,
ie. f(w)=IPXo(RK-0,)|%. Define functions f,g: {1,...,K} — R such that f(w) =
f(w) - f(K) and g(w) = f(w) + Tw. Set the matrix LK equal to 6,, where w* is the
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Chapter 3. Implementation and simulation study

minimiser of the function g over w = 1,..., K. In other words, w* is such that

w* = argmin{f(w) + Tw}. (3.1.3)

There are some comments to be made about this new formulation of (3.1.1). First we have
removed the coefficient K2 since its purpose is to obtain a consistent estimator, but for a fixed
K, the absence or presence of this factor is inconsequential. Secondly, step (ii) can be seen as
the step where we pick the rank 7 = w* of our estimator for a given 7, since by construction
the matrix ,, will have the biggest possible rank which is here equal to w. We will show below
that this step is in fact equivalent to choosing the rank in the following way, which as we will
see later can be seen as a scree plot approach:

(ii") Let c be a given constant. Set the matrix LX equal to § o+ » Where w* is the smallest value
for which f(w*) < c. In other words, w*' is such that

. argmin w argmin f(w)
w* =4 well,. K} ={ we{l,.,K} , (3.1.4)
st flw)<c st.wsf (o)

where f‘l(c) =min{xe{l,...,K}|f(x) < c}.

Steps (ii) and (ii’) are equivalent, i.e. they lead to the same rank w* = w* and then to the same
estimator, for certain values of 7 and ¢, as it is presented in the following lemma.

Lemma 3.1.1. Extend the function f defined in step (ii) to the interval [1, K] by linear interpo-
lation and call this new function f. If x — f(x) is strictly convex, then, for any constant c > 0,
the problem (3.1.4) with constraint parameter c is equivalent to (3.1.3) with a tuning parameter
in the range

max{Aj:j= o} <T<min{A;:j< o) -1},

whereA;:= f(i)— f(i+1) =0, fori=1,...,K—1. Furthermore, T can be made arbitrarily small
by choosing c to be arbitrarily small.

Proof. Choose ¢ >0 and let g = f~!(c). If we can choose a value of T that simultaneously
satisfies

q-p+flg-j) > 19+f(q), Vjell,...,qg-1}and
(q+j))+flg+j) > 1q9+f(q), Vje{l,...,.K—gq}

then the function g(w) reaches its minimal value at w = g and so w* = q. Moreover, since
the function f is decreasing, it will imply that it reaches its minimal value at w = g when w is
constrained to be smaller than ¢, and then that w* = q. If such a 7 exists, it then means that
the problem (3.1.4) with constraint parameter c is equivalent to (3.1.3).
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3.1. Practical implementation

Let’s now examine when choosing such a 7 is feasible. Notice that the two conditions that t
must satisfy are equivalent to:

T<—f(q_]]),_f(q), Visj<gqg & T>—f(q)—5(q+])’

And so, by telescoping,

fa-p-f@ _fa-p-flg-j+bH flg-H-f(@

J . J J |
jt;rrms
and
fa-fa+p _fl@-fg+)  flag+j-D-flg+j)
J J J |
jt(;rrms

We may thus re-write the conditions on 7 as

fa-p-flg-j+v  flg-1)-f(q

J j
fla-flg+D)  fla+j-1D-flg+])
J J ’

, V1l<j<gqg,

By convexity of arithmetic averaging, a sufficient condition for the above to be true is to require

T < f)-fli+1):=A; Vi<i<g,
T > f(O-fi+1)=4A;, Vg=si<sK-1.

Since x — f(x) is strictly convex, the sequence A; is strictly decreasing in i. It follows that the
last two conditions are compatible, and we may choose any 7 in the range

max{A;:j=f o)} <T<min{d;:j< o) -1,

while retaining the same optima for the two problems. Furthermore, since A; can be made
arbitrarily small for j = f~!(c) by choosing c to be sufficiently small, we see that 7 can be taken
to be arbitrarily small by appropriate choice of c.

Note that if x — f(x) is convex, then it will almost surely be strictly convex since {f (i)};>] are
continuous random variables.

As we already mentioned, step (ii’) can be seen as a scree plot approach. Indeed it consists
in plotting the function f and picking the rank w* as the first value for which the function f
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is below a given threshold c. We will now discuss how we can choose ¢ (or equivalently 7) in
practice. The idea is based on the following fact: if instead of observing f, we were able to
observe fy(w) = |PXo (RK - 6,)|%, where 0, is a minimiser of

min IIPK o (RK - @)II%, such that rank(®) < w,
0<OeRK*K

forw =1,...,K, then we would have by Corollary 2.2.1 that
folw)>0forw=1,...,r-1 and fy(w)=0forw=r, (3.1.5)

where r is the rank of LX. Since the function f can be seen as an approximation of f,, we
expect it to have a similar behaviour to the one described in (3.1.5), and then to level out
beyond r. In practice, we will then plot the function f, and we will set 7 to be the point where
[ islevelling out, or equivalently to be the point representing the "elbow" of the function. The
next lemma tells us that this procedure is consistent, which means that 7 converges to r as

n — oQ.

Lemma 3.1.2. Assume the same conditions and context as in Lemma 3.1.1 and Corollary 2.2.1.
Then for almost all grids in Tk it holds that

limsup f(i) =0 almost surely,
n—oo

foralli=r whereas

. LR s
liminf £ (i) > > Z ¢;>0  almostsurely,
j=i+l
foralli < r, wheneverr >1. Herer = rank(LX) is the true rank of £, and {(,-};:1 are non-
zero eigenvalues of the symmetric K x K matrix UX, obtained by retaining the top-right and
bottom-left r x r submatrices of LX, and setting all other entries equal to zero.

Proof. We will write f;, (i) instead of f(i) in order to highlight the dependence on n. Let
i € Ik be the set of grids for which Corollary 2.2.1 is valid, and fix a grid tx € «/x. Note that
this suffices for the purposes of the proof, since </ is of full Lebesgue measure. Now, note that

Ful) < [ PKo (RE = LX) |2 2% || PX o (RK - LY |7 =0,
where r = rank(LX). Consequently, f,,(j) < f,(r) &> 0 for all j = r, and obviously

limsup f,,(i) =0 almost surely,
n—oo
for all i = r. We now turn to the second assertion. We will consider the case i = r — 1 (the
remaining cases follow similarly). Write { = ¢, > 0 for the smallest eigenvalue of UX. First,
note that this must be non-zero, since Theorem 2.2.2 implies that all r x r minors of LX are of
full rank r.
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3.1. Practical implementation

We will argue by contradiction: suppose that the event {f,,(r — 1) < ¢{?/2 infinitely often} has
positive probability. It follows that there exists a sequence 6 of rank r — 1 random matrices
and a subsequence {R } of {RX} such that

|PKo(RK 005 =|PXoRK —PKob|} <2, k=1,

with positive probability. On the other hand, we know that

L

Consequently, since PX o (LXK — RK) = 0, it follows that for all k sufficiently large,
|PX 06— PXo LK% < 2i2+ (212 =,

with positive probability. Now let 9} denote the symmetric matrix formed by retaining the
bottom-left and top-right r x r minors of 6, and setting the remaining elements equal to zero.
Since our assumptions entail that K = K* = 4r + 4, we now have:

1. By Theorem 2.2.3, UK is of rank r, and of course 9 is of rank at most r — 1, for all k, with
probability 1.

2. The event |PX o6 — PXo LK H; < {? has positive probability, and thus the event || 9 —
UX |12 < ¢? also has positive probability.

These two conclusions constitute a contradiction: the closest element to UX from within the
set {0 :rank(@) = r — 1} is the (r — 1)-spectral truncation of UX, and this has squared Frobenius
distance from UX equal to {?. This concludes the proof.

Now that we have explained how to deal with the second step of our procedure, we need
to discuss how to solve the minimisation problem in step (i). If we had to exactly solve the
same problem but without the presence of the matrix PX in the norm, then we would have a
classical PCA problem, and we would know that the minimiser is given by a truncated version
of the singular value representation of RnK . However, due to the presence of the matrix PK
we are looking for a rank w matrix that fits best the matrix RX outside a given band, and this
complicates the problem — in particular the problem no longer has a closed form solution. To
circumvent this problem, we use the fact that any K x K positive semidefinite matrix A of rank
smaller or equal to w can be written as A= CCT, where C is a K x » matrix. The optimisation
problem (3.1.2) in step (i) can then be written as

0,=C,C), where C,eargmin|PXo(RK-cCCh)|3, (3.1.6)
CERKX“)
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where we solve the latter problem using the function fminunc of the optimisation toolbox in
MATLAB [MAT12]. This uses a subspace trust-region method based on the interior-reflective
Newton method described in Coleman and Li ([CL94] and [CL96]) to perform the optimisation.
The drawback with this procedure is that the minimisation problem is not convex in C, and
so we don't have guarantees that the algorithm will converge to a global optimum. However,
note that our problem can be seen as factorized matrix completion, and Chen and Wainwright
[CW15] recently showed that projected descent algorithms have a high probability of yielding
a "good" local optimum in this kind of problem, if the starting value is reasonable. Although
we are not using the same exact optimisation method, we are in a similar setup and thus
expect to obtain good results in practice. Our stating value Cy is constructed such that C COT is
the projection of RX into the space of matrices of rank w (i.e. Cy = U;Z}'?, where: USU is
the singular value decomposition of RX; U; is the n x i matrix obtained by keeping the first
i columns of U; and %; is the i x i matrix obtained by keeping the first i lines and columns
of Z), which seems to be the natural choice of starting value for this problem. In fact we
perform a sensitivity analysis in Section 3.2.3, and it seems that our minimisation method is
not particularly sensitive to the choice of starting value.

Now that we have described how to obtain LX in practice, we will discuss the case of BX
defined in Definition 2.3.2. We don't have a closed form for the projection P of AK = RK — [ K
onto Cn D, where C is the set of banded K x K matrices of bandwidth at most [K/4] and D
is the set of non-negative definite K x K matrices, but we can approximate it using either an
alternating projection algorithm (also called projections onto convex sets) (Bauschke and
Borwein [BB96]) or the Dykstra’s projection algorithm (Boyle and Dykstra [BD86]), since we
have a closed form for the projections P¢ and Pp and the sets C and D are closed and convex.
In the results presented in the following sections, we used an alternating projection algorithm
to obtain BX.

3.2 Simulation study

In this section we present a simulation study designed to study the performance of our
methodology for a broad class of setups, and also to compare our results to those obtained
with three classical methods. We first present the different types of data we are considering. We
then carry out a sensitivity analysis to probe the effect of the starting value on the algorithm
used to solve (3.1.6), study the effect of the sample size n and of the grid size K on the
performance of our method and study the performance of our scree plot approach to estimate
the rank of the matrix .. We conclude the section by presenting the results of our comparison
study with existing methods and some results related to the prediction part.

Note that in the rest of this section, we consider the maximal value of the bandwidth 6 to be
1/10 and not 1/4 as in the theory, since we rarely expect a rough process to have such a long
memory. The matrix PX is then now constructed as PX (i, J)=Uli—jl>[K/101}.
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3.2. Simulation study

3.2.1 Simulation of the data

To test our method on a variety of data, we consider 3 different ways to simulate the smooth
curve Y and 3 different ways to simulate the rough curve W, which leads to 9 different
scenarios. For each of these scenarios, we simulate samples of 7 iid mean-zero functions Y;
and n iid mean-zero functions W; on the grid T = {1/2K,3/2K,...,(2K —1)/2K} of K equally
spaced points on the interval [0, 1]. For each sample, we compute the empirical covariance
matrix for the smooth and the rough curves, which are respectively given by :

1z 1
LX(a, b);Z Y;(ta)Y;(tp) and B,ff(a,b)zzwi(ra)mub),
i=1 i=1

fora,be{l,...,K}, and then set RX = LK + BXK,

The smooth curves Y; are constructed as independent copies of the random function Y
which is defined such that its covariance function given by ¢(s, t) = ;.:1 Ajn j(s)n () has real
analytic eigenfunctions 7,...,1,. For this, we set Y (¢) = ;:1 cj/l}/znj(t), where Aq,..., A,
are positive scalars and ¢; ~ N(0, 1). The eigenfunctions are constructed in one of the three
following ways :

(FB) as the first r Fourier basis elements, except for the special case r = 1, where instead of
using 171 (£) = 1, we use 171 (f) = sin(27¢);

(AC) as being the Gram-Schmidt orthogonalisation of the first r analytic functions from the

following list:
n1(f) =5tsin (2x 1), n3(f) =5t +sin(2xt) -2, 7ns5(f) = % t(1-1).
n2(t) = tcos(2mt) =3, n4(t) = cos(@mt) + (£/2)?,
(LP) as the first r shifted Legendre polynomials P;(x) defined as :
Py(t) =1, Py(t) =612 —61+1, Py(t) =70t* —140£% +90£2 — 201 + 1.

Pi(H)=2t—1 P3(t)=20t2-30t>+12¢—1,

except for the special case r = 1, where instead of using n,(f) = Py(t) = 1, we use
m (1) = P3(2).

The rough curves W; are constructed as independent copies of the random function W which
is defined such that its covariance function b(s, t) = Z?zl BjviS)y;(r)is 0-banded. For this,
we set W(1) = Z?:l bjﬁ}/zwj‘(t) where the eigenfunctions v, ...,1, are supported on non
overlapping intervals of length at most § (and then d is at most §71), B1,..., B4 are positive
scalars and b; ~ N(0,1). The eigenfunctions are constructed in one of the two following ways :

(TRI) each function v is defined as a triangular function of norm 1 with support [(j — 1), j6]
which attains its maximal value at (j —1/2)4.
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(RBB) each function v is a realisation of a reflected Brownian bridge defined on [(j — 1)6, j6].

For simplicity of presentation, we define the third way we used to construct a rough process
W directly at a discretised level :

(MA) For each tj € T, we set W(t;) = ZZ:OQaej_a, where g = [Kd1, 6y =1, 0y...,05€(-1,1)
are scalars and ¢ id Ny (0,1).

Note that a vector (W (t1),..., W(tx)) generated as described in (MA) has a banded covariance
matrix since it is in fact a moving average of order g.

The 9 scenarios resulting from our different ways to construct the smooth and the rough
functions are described in Table 3.1.

Scenario| A | B | C | D[ E[F | G| H]J T |
Yi FB [ AC [ LP [ FB | AC | LP | FB | AC | LP
W; | MA|[MA | MA | TRI | TRI | TRI | RBB | RBB | RBB

Table 3.1 — Scenarios for the simulation study.

For each of these 9 scenarios, we consider 6 different combinations for the value of the rank
parameter r and of the bandwidth parameter ¢ that are summarised in Table 3.2.

Combination \ 1 \ 2 \ 3 \ 4 \ 5 \ 6 ‘
T 1 1 3 3 5
0.05 | 0.1 |0.05|0.1]0.05]0.1

Table 3.2 — Different values of the rank and bandwidth parameter.

Finally, we also consider two different regimes for the choice of the eigenvalues 1; <--- < 1,
of < and B < --- < B4 of %; the first one can be seen as the easier case where there is a
clear ordering distinction between the two sets, i.e. A, > ; (Regime 1); the second one is
the interlaced case, when A, < 51 < 1,_; (Regime 2). In regime 1, the r eigenvalues A are
equally spaced between 1) = 1.45 and A, = 0.25, and we use A; = 0.25 for r = 1. In regime 2,
the eigenvalues {1,,...,A,} are equally spaced between 1} =1 and 1, = 0.04. In both regimes,
the rough processes are simulated with §; = 0.09. The remaining eigenvalues for the scenarios
(TRI) or (RBB) are smaller than 0.04 and decreasing toward zero, while those for the scenario
(MA) are slowly decreasing toward zero, which yields to a challenging situation in the regime
2 since in this case there is more than one eigenvalue of the rough process that exceeds the
smallest eigenvalue of the smooth process. For each combination (r,0) with r > 1 of Table 3.2,
we consider each of the two regimes and for the particular case r = 1, we consider only regime
1. In total, we consider 10 different cases in each of the nine simulation scenarios.
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3.2.2 Impact of the sample size and of the resolution

As we just mentioned in Subsection 3.2.1, in our simulation study we consider 10 different cases
(rank/bandwidth/regime) for every of our nine scenarios (A-I) which leads to 90 simulation
setups. Still, we need to consider the effect of the sample size n and grid resolution K. Since
we already have a fair number of simulation setups, we first studied the impact of different
values of n and K on the performance of our method for the 10 different cases of Scenario A.
To study the impact of n and K we consider the 7 different combinations given in Table 3.3.
For every possible combination of parameters n and K, of parameters r and 6 and of regime,
we simulated 100 samples from Scenario A. For each of these 100 samples we calculated the
relative error
lu—LXF

RE(Y) = —————,
ILXN

of our estimator I:I,f , and we reporte the median, the first and the third quartiles of these errors
in Table 3.4. The rank of LX is assumed to be known in these simulations. By looking at Table
3.4, we see that our method works quite well (less than 15% error) for the majority of the setups.
In fact we only have unsatisfactory results in the cases with K =25 and r =5, and this makes
sense since in these cases we barely satisfy the condition K = 4r + 4 = 24, which is necessary
to recover LX uniquely (Corollary 2.2.1). Moreover this condition applies to the population
version, so in a finite sample, we can imagine that K would have to be much bigger than 4r + 4
to obtain good results. For the rest of this section, we have chosen to work with n = 300 and
K =100.

n | 100 | 100 | 100 | 300 | 300 | 300 | 300
K| 25| 50 | 100 | 25 | 50 | 100 | 150

Table 3.3 — Different values of the sample size and the grid size.

3.2.3 Sensitivity analysis

In this section we carry out a sensitivity analysis in order to probe the effect of the starting
value on the algorithm we use to solve the minimisation problem (3.1.6). The idea is to solve
the same optimisation problem several times but with different starting values and to look
at the variance of the resulting optima. To do so, we consider the 10 possible combinations
of rank (1,3 and 5), bandwidth (0.05 and 0.1) and regime (1 and 2) of Scenario A. For each
combination i € {1,...,10}, we have simulated 100 samples which gave us 100 empirical
covariance matrices R;1,..., Rj100. Let r; be the true rank associated with the combination i,
andlet S;; for j =1,...,100 be a K x r; matrix such that §;; Sl.Tj is the projection of the matrix
R;j into the space of matrices of rank r;. For each combination i and sample j, we executed
the following two steps.
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Table 3.4 — Table containing the median (the first and third quartiles are in parentheses) of the

Scenario A

(n, K)

(r,0)

Regime 1

Regime 2

n=100,K =25

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.14 (0.10,0.20)
0.15(0.12,0.19)
0.15(0.13,0.19)
0.15(0.12,0.19)
0.30 (0.24,0.37)
0.27 (0.24,0.31)

0.18 (0.13,0.21)
0.18 (0.14,0.23)
0.30 (0.24,0.37)
0.27 (0.23,0.32)

n=100,K =50

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.10 (0.07,0.16)
0.15(0.10,0.22)
0.17(0.13,0.22)
0.17 (0.12,0.21)
0.21 (0.18,0.24)
0.31 (0.23,0.34)

0.17 (0.14,0.22)
0.21 (0.19,0.26)
0.21 (0.18,0.25)
0.32 (0.29,0.35)

n=100,K =100

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.12 (0.06,0.19)
0.14 (0.09,0.20)
0.15(0.12,0.19)
0.16 (0.13,0.22)
0.21 (0.18,0.24)
0.22 (0.18,0.24)

0.19 (0.16,0.23)
0.18 (0.15,0.22)
0.25(0.21,0.29)
0.22 (0.19,0.25)

n=300,K =25

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.08 (0.06,0.11)
0.09 (0.07,0.12)
0.08 (0.07,0.11)
0.10 (0.08,0.13)
0.15 (0.14,0.18)
0.15(0.13,0.18)

0.11 (0.09,0.15)
0.11 (0.09,0.14)
0.19 (0.16,1.41)
0.19 (0.15,0.82)

n=300,K =50

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.07 (0.04,0.11)
0.07 (0.05,0.10)
0.11 (0.08,0.13)
0.09 (0.07,0.12)
0.12 (0.10,0.14)
0.13 (0.11,0.15)

0.10 (0.09,0.13)
0.14 (0.12,0.16)
0.14 (0.12,0.15)
0.15(0.13,0.17)

n=300,K =100

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.05 (0.03,0.09)
0.06 (0.05,0.10)
0.09 (0.07,0.12)
0.08 (0.06,0.11)
0.12 (0.10,0.14)
0.12 (0.10,0.14)

0.11 (0.10,0.13)
0.11 (0.09,0.13)
0.14 (0.12,0.15)
0.13 (0.12,0.15)

n=300,K =150

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

0.13 (0.12,0.16)
0.08 (0.06,0.11)
0.10 (0.08,0.12)
0.10 (0.07,0.12)
0.13 (0.11,0.15)
0.13 (0.10,0.14)

0.12 (0.10,0.14)
0.10 (0.09,0.13)
0.15(0.13,0.17)
0.13 (0.12,0.15)

relative errors of our method for different combinations of » and K.
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1. Find the optima O;y,..., O;j100, where O; ji is obtained by solving the problem

min [|PXo(R;;-CCHIF,
CERerj

using the starting value S;.

2. Calculate the relative standard deviation (Rstd), also called coefficient of variation, of
the optima Ojj1,...,O;j100

1 1 100 -
Rstd;; = — — O;ir—0ji ,
ij Oij 100 ];( ijk z])

where 0;; = 1/100%}%, Oj k.

This gave us 100 relative standard errors for each combination, and the distribution of these
errors are illustrated using boxplots in Figure 3.1. It seems that the only parameter that has an
effect on the convergence behaviour of our algorithm is the regime. In fact, the choice of the
starting value seems to have no effect in Regime 1 while it has a small effect in Regime 2.

3.2.4 Rank selection with the scree plot approach

As discussed in Section 3.1, in order to select the rank 7 of our estimator LX we use a scree plot
approach, i.e., we plot the function f(w) = I PK o (Rf - C’wéaT,) 12, where C’w is defined as in
(3.1.6), and we pick 7 such that the function levels out beyond it. In this subsection we study
the performance of this procedure on one sample from each of the 90 possible combinations
of scenario/combination/regime. For each sample, we have to evaluate the function f(-) at
w=1,...,K, which is quite computationally intensive, especially for high value of w. Since in
practice we expect the rank of .Z to be low, we only calculate f(w) for w =1,...,10. We can
see on the resulting plots of f that doing this is not restrictive since the functions become
flat much before reaching w = 10. Figure 3.2 presents the results for scenarios A to E and
Figure 3.3 those for F to I, where each graph represents a different combination of scenario
and regime. Since we want the functions f(:) for different values of r and 4 to appear on a
same graph, we normalised each function f(-) by | PK o Rf | in order to put them on the same
scale. The functions associated with a true rank of 1 (respectively of 3 and 5) are represented
in blue (respectively in red and in black). To help analysing whether the results obtain with
our method are accurate, a red vertical dotted line has been drawn at w = 3 and a black one at
w =5. We would then pick the right rank if the elbow of a curve (red or black) is located at the
intersection with the vertical line matching its colour. In the case of a blue curve (rank equals
to 1), we would select the right rank if the curve is flat.

By looking at the plots on the left of Figures 3.2 and 3.3, we see that in the Regime 1 we would
select the right rank for all scenarios, except maybe for Scenario C, when the true rank r is
either 1 or 3. For r = 5, we do well for scenarios A, D and G, which correspond to scenarios
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Figure 3.1 — Each boxplot is constructed from the 100 relative standard deviations obtained
for a given combination of rank/bandwidh (1-6) and of regime (1 : top six, 2: bottom four) of
Scenario A.

where the eigenfunctions of the operator .# are Fourier bases, but we slightly underestimate
the rank (by choosing 3 or 4 instead of 5) for the other scenarios. When we look at the plots on
the right of the two figures, we notice that for the Regime 2 we underestimate the real rank for
almost all cases.

In order to study the impact of rank misspecification, we carried out the following simula-
tion study. We have simulated 100 samples of every possible combination of scenario A, of
combinations 3 to 6 of Table 3.2 and of the two regimes. For every sample coming from a
combination with r = 3, we have run our method 4 times, i.e., we have solved the problem
(3.1.6) for w = 2,3,4 and 5, which gave us the corresponding estimators ig’. We calculated
the relative error RE(u) = ||u — LX|| g/ | LX| ¢ of each of the 4 resulting estimators, and then
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construct the relative error ratio

RE(w)  u-LX|p

RRE(u) = = = )
RE(L3) L3 -LK|p

for u = 2,13 and L3, which indicates the performance of the estimators obtained with a
misspecified rank compared to the one obtains with the rank specified correctly. If this ratio
is smaller than or equal to 1, the misspecification does not have a negative impact on our
estimation, and otherwise it means that indeed the estimators obtained with a misspecified
rank are not as good as those obtained with the rank specified correctly. We applied exactly
the same procedure for the samples coming from a combination with r = 5, except that this
time we solved the problem (3.1.6) for w = 3,4,5,6 and 7. For each simulation setup with r =3
we then have 3 x 100 relative error ratios, and for the one with r =5 we have 4 x 100 relative
error ratios. We illustrate the distribution of these ratios on Figure 3.4 using boxplots. For
every setup with the regime 1, we see that underestimation has much more negative impacts
than overestimation, while for the setups with the regime 2, an error of +1 on the rank choice
is not very impactful, we thus recommend to chose a larger rank when in doubt.
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3.2.5 Comparison with existing methods

In this subsection we study the performance of our methodology by comparing our results to
those obtained with the three following methods:

1. The method popularised by Ramsay and Silverman [RS05] of smoothing first the data
which leads to a sample of curves Xi,..., X, and then to set the estimator of LX to be
i§ sla,b) = % pn X;(a)X;(b). The smoothing is done with Fourier basis for scenarios A,
D and G since for these scenarios the data are periodic, and with B-splines for all the
other scenarios (for more details look at Section 1.2.1).

2. The PACE method (Yao et al. [YMWO05]) where the estimator ]:5 ACE of LK is obtained by
local polynomial smoothing of the covariance matrix RX from which we have removed

the diagonal (for more details look at Section 1.2.2).

3. The naive method consisting in truncating the empirical Karhunen-Loeve (KL) expan-
sion, i.e. we calculate the spectral decomposition of RX and we set the estimator ﬁﬁ ; of
LK to be the truncation of the above decomposition at a level rg, where rg is chosen
such that the variance explained is at least of 95%.

Before performing our comparison study, let’s first mention that throughout this subsection
we use the real rank r of X when we apply our method. We justify this choice by the fact that
as we have shown in the previous subsection, our scree plot approach gives reasonable results
and moreover, since the simulations are computationally intensive, it would be impossible to
use an automatic selection method. Furthermore, since we have a huge number of replications,
it would also be impossible to make a choice based on the inspection of the scree plot.

We are now ready to present our comparison study. For every possible combination of scenario

(A-I), of combination of r and 6§ (1-6) and of regime (1 or 2), we have simulated 100 samples

of n =300 curves evaluated on a grid T of K = 100 points. For each of these 100 samples, we
K K FK

rs Lpacy and Ly, . We then do a two fold

comparison, i.e. we compare the resulting estimators through their capacity to recover

have obtained our estimator LX and the estimators L

1. the population covariance matrix LX;

2. the empirical covariance matrix LK.

We are interested in the recovery of the matrix LX since besides being the best unbiased
estimator of LX that we could hope for if we could observed the functions Y3, ..., Y, on the
grid T, it is in fact the target of our method since we are not including any smoothing step
in our procedure. For this reason, when we consider the recovery of LX, instead of using our
estimator LX, we use a very slightly smoothed version thereof, denoted by LX. We compare
the estimators on their performance to recover LX through the relative error RE, and to recover

70



3.2. Simulation study

LX through the empirical relative error

lu—LyllF

RE, (u) =
" LK)

Once we have calculated RE and RE,, for the four estimators, we construct the ratios

RE(w)  Ju—L¥|p

RE,(w) lu-LX|F
= = BRREp(U) = —p = :
RE(LK) |ILK - K|

RRE(u) = = — = —% )
RE, (LX) LK -LK|p

for u = I:ﬁs,il}fACE
and 100 ratios RRE,, for each of the three methods of comparison, and we have reported the
median, the first and the third quartiles of the ratios RRE in Tables 3.5, 3.6 and 3.7 and of the
ratios RRE,, in Tables 3.8, 3.9 and 3.10. All the median values exceeding 1 (in bold in the tables)

indicate that our method works at least as well as the method of comparison at least 50% of

and I:ﬁL. For each of the simulation setups, we then have 100 ratios RRE

the time. The distribution of the relative errors RE and RE, for every simulation setup are
illustrated using boxplots in Appendix A.

By looking at Tables 3.5, 3.6 and 3.7, we notice that our method works better than the other
methods when the real rank of the smooth covariance operator is 1 and better or comparably
well in the other cases, except for the case where the smooth components were simulated
with the first 5 Legendre polynomials (scenarios C, F and I with r = 5). In this case, due to the
particular shape of the matrix LX, which has values of large magnitude on the band compared
to the ones outside it, our optimisation procedure was unstable and then sometimes led to
poor estimates, as it is indicated in our tables by the very small values of the first quartiles.

Tables 3.8, 3.9 and 3.10 indicate that our method performs typically much better or comparably
well than the other methods, except in two situations. The first is the same as we explained
before i.e., for scenarios C, F and I with r =5, and the second is for scenarios A and B with
regime 2 where the estimator Lrs outperforms ours. However, by looking at Figures A.3 and
A.6in Appendix A, we can see that in fact our method works quite well in these setups, having
a median relative error smaller than 0.05 for almost all of them, and that it is really the other
method that is giving surprisingly outstanding results.

All these "good" results must be taken with a grain of salt, since we are comparing our method
that has been especially designed to deal with the kind of data we have simulated, to methods
that assume that the rough part of the data can be seen as white noise. Moreover, let’s not
forget that we have assumed that we knew the real rank of the matrix LX and that the other
methods also have tuning parameters that affect their performance. These comparisons
should thus be viewed more as a benchmark, than as claim to superiority.

As we already mentioned, our method has been designed to deal with the case where the
rough part of the data is not simply due to pure noise. However, we would like it to still work
well when the rough process is indeed pure noise, since in practice it might be difficult to
know in which situation we are. We thus finish this subsection by comparing the performance
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of our method using samples containing 300 curves X; = Y; + W; evaluated on a grid T of
100 points, where the smooth functions Y are simulated with r Fourier basis (FB) and the
rough processes W such that W (#) id
3.11 for two different values of 2. We can see that even now our method performs at least

N(0,0?), for t € T. The results are presented in Table

as well as the other methods. We were expecting our method to give reasonable results also
in this situation since the model considered here is that the matrix BX is diagonal which is
a particular case of being banded, but it seems at first a bit surprising that it works so well
compared to the other methods, since one would expect that we are losing information by
doing the completion of the matrix RX to which we have removed a band instead of only
the diagonal like in the PACE method for example. However, in practice we deal with BX the
empirical version of BX, which won't be exactly diagonal, and it might explain why our method
still gives interesting results for this scenario.

3.2.6 Prediction of the smooth curves

In this subsection we want to probe the performance of our estimator Y,X of the best linear
unbiased predictor IT1(XX). To do this, for every possible combination of r and § and of regime
(1 or 2) of Scenario E, we have simulated 100 samples of n = 300 curves evaluated on a grid T
of K =100 points. For each of these samples, we calculated the average of the approximation
of the normalised mean integrated squared error of Y X:

n YK VK () - IxK) ()12
relMISE = ~ y° == ni DT T
nio X X))

The distribution of the resulting 100 values are illustrated using boxplots in Figure 3.5. We can
see that the results seem satisfactory and that not surprisingly, the method performs a little bit
better for regime 1 than regime 2.

3.3 Application to real data

We illustrate our method using data related to the air quality in the city of Geneva, Switzerland
(the data can be found at the address "http://ge.ch/air/qualite-de-lair/requete-de-donnees").
Measurements of the quantity of nitrogen dioxide (NOZ2) in the air (in micrograms per cubic
meter) have been recorded every hour at the station L'lle from the second Monday of Septem-
ber to the second Sunday of November from 2005 to 2011. Our dataset is then composed of
n = 62 curves corresponding to the different weeks, and each curve is evaluated at K = 168
points, corresponding to 7 days (from Monday to Sunday) times 24 hours. The raw dataset
and its empirical covariance function are presented in Figure 3.6.

For these particular data, we are expecting the covariance function ¢ of our model to capture
the variation at the time-scale of a week, and the banded covariance function b to capture
the variation at the time-scale of a day. We thus decided to choose an upper bound of 0.14
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Regime 1

Scenario (r,0)

PACE

KL

RS

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

6.55 (3.67,11.2)
3.98 (2.64,5.70)
1.22 (1.05,1.41)
1.13 (1.06,1.30)
1.16 (1.07,1.23)
1.09 (1.02,1.14)

3.30 (1.94,5.71)
3.12 (2.08,4.32)
1.14 (1.01,1.25)
1.13 (1.02,1.23)
1.11 (1.05,1.22)
1.07 (1.03,1.18)

1.01 (0.92,1.07)
1.38 (1.15,1.88)
1.00 (0.98,1.01)
1.00 (0.95,1.04)
1.00 (0.98,1.02)
1.00 (0.98,1.04)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

6.03 (3.33,8.66)
3.36 (2.35,4.13)
1.36 (1.08,1.49)
1.17 (1.01,1.31)
1.15(1.05,1.24)
1.08 (0.99,1.16)

2.95(1.99,4.67)
2.67 (1.76,3.28)
1.19 (0.89,1.31)
1.11 (0.91,1.25)
1.10(1.00,1.17)
1.04 (0.95,1.10)

1.87 (1.34,2.60)
1.68 (1.39,2.26)
1.02 (1.00,1.05)
1.04 (0.99,1.08)
1.00 (0.98,1.02)
1.00 (0.98,1.03)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

1.59 (1.57,1.62)
1.65 (0.75,6.26)
1.45 (1.07,1.76)
1.25(1.11,1.48)
0.78 (0.71,0.86)
0.67 (0.58,0.76)

0.58 (0.52,0.63)
0.68 (0.41,2.79)
1.19 (1.01,1.43)
1.12(1.03,1.27)
0.79 (0.69,0.85)
0.73 (0.67,0.83)

0.47 (0.45,0.48)
1.08 (0.53,4.94)
1.03 (0.77,1.12)
1.12(1.02,1.21)
0.64 (0.53,0.76)
0.63 (0.55,0.75)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

5.21 (3.04,7.67)
6.12 (4.26,10.6)
1.18 (1.09,1.32)
1.24 (1.11,1.42)
1.08 (1.04,1.12)
1.12 (1.07,1.18)

5.20 (3.03,7.66)
6.09 (4.24,10.6)
1.21 (1.07,1.35)
1.23 (1.10,1.40)
1.08 (1.01,1.13)
1.11 (1.06,1.18)

3.75 (2.23,5.65)
3.74 (2.66,6.37)
1.11(1.02,1.23)
1.08 (1.00,1.22)
1.05 (0.99,1.09)
1.06 (1.01,1.11)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

4.32 (3.04,6.50)
6.51 (4.51,11.2)
1.18 (1.06,1.30)
1.24 (1.15,1.40)
1.06 (1.00,1.13)
1.11 (1.05,1.16)

4.31 (3.04,6.51)
6.48 (4.49,11.2)
1.18 (1.05,1.32)
1.23 (1.13,1.44)
1.07 (0.98,1.16)
1.11 (1.04,1.20)

3.88 (2.73,5.67)
4.74 (3.43,8.12)
1.15 (1.01,1.26)
1.11 (1.05,1.27)
1.04 (0.98,1.12)
1.06 (1.01,1.13)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

8.05 (6.29,9.41)
14.4 (12.3,19.1)
1.58 (1.30,1.88)
1.85(1.51,2.21)
0.67 (0.25,0.92)
0.97 (0.59,1.25)

8.21 (6.40,9.56)
14.4 (12.3,19.2)
1.63 (1.34,1.96)
1.86 (1.54,2.26)
0.68 (0.26,0.97)
0.96 (0.58,1.27)

7.11 (5.60,8.24)
10.6 (8.90,13.9)
1.45 (1.23,1.73)
1.45(1.27,1.81)
0.60 (0.23,0.89)
0.89 (0.53,1.14)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

2.74 (1.69,5.85)
8.16 (4.56,13.0)
1.06 (1.03,1.12)
1.37 (1.17,1.68)
1.02 (1.00,1.05)
1.14 (1.08,1.29)

2.70(1.71,5.82)
8.12 (4.55,13.1)
1.06 (0.99,1.13)
1.40 (1.15,1.66)
1.03 (0.99,1.06)
1.13 (1.07,1.27)

1.90 (1.33,4.05)
6.01 (3.35,9.43)
1.02 (0.98,1.07)
1.25 (1.07,1.43)
1.01 (0.99,1.04)
1.08 (1.02,1.19)

Table 3.5 — Table containing the median (the first and third quartiles are in parentheses) of the
ratios for the three methods we compared our method with and for scenarios A-G with the
regime 1. We highlight in bold the medians that exceed 1.
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Regime 1
Scenario (r,0) PACE KL RS
(1,0.05) | 2.94 (1.90,6.05) | 2.92(1.89,6.08) | 2.43 (1.79,5.41)
(1,0.10) | 7.85(4.72,12.3) | 7.97 (4.72,12.3) | 7.02 (3.97,10.6)
o (3,0.05) | 1.05(1.01,1.12) | 1.05(1.00,1.12) | 1.04 (0.99,1.10)
(3,0.10) | 1.32(1.14,1.90) | 1.29(1.14,1.97) | 1.26 (1.12,1.85)
(5,0.05) | 1.02(1.00,1.06) | 1.04 (0.99,1.08) | 1.01 (0.99,1.05)
(5,0.10) | 1.13 (1.05,1.29) | 1.13 (1.04,1.28) | 1.12(1.02,1.23)
(1,0.05) | 8.18 (5.87,10.6) | 8.42(6.09,10.9) | 7.51 (5.07,9.31)
(1,0.10) | 13.6 (9.71,17.7) | 13.7 (9.82,17.8) | 11.8 (8.31,15.0)
I (3,0.05) | 1.14 (1.05,1.32) | 1.16 (1.03,1.31) | 1.09 (1.02,1.22)
(3,0.10) | 1.93(1.36,2.90) | 1.98 (1.40,3.07) | 1.93 (1.28,2.53)
(5,0.05) | 0.98 (0.85,1.08) | 1.03(0.86,1.12) | 0.96 (0.80,1.05)
(5,0.10) | 0.93(0.25,1.20) | 0.96 (0.26,1.26) | 0.84 (0.24,1.14)

Table 3.6 — Table containing the median (the first and third quartiles are in parentheses) of
the ratios for the three methods we compared our method with and for scenarios H-I with the
regime 1. We highlight in bold the medians that exceed 1.

for 9, since it corresponds to removing a band of width [6 K] = 24 hours in the discrete setup.
In order to pick the rank r, we solved the optimisation problem (3.1.6) for w = 1,...,7, and
we plotted the functions f(w) = ||[PX o (RX - C‘wC’;)II% and the ratio r(j) = f(j)/ f(j+ 1), for
j =1,...,6 on Figure 3.7. Our estimated rank should be the point i where the function f
levels out, or equivalently, the point j for which the ratio r becomes a constant close to 1.
After inspection of the Figure 3.7, we picked 7 = 3 and our estimator of LX is then given by
iKX= 6565,

A slightly smoothed version L of LK is illustrated on Figure 3.8, as well as its three correspond-
ing eigenfunctions that represent variation that propagates globally throughout the week.
Since the first principal eigenfunction is negative throughout the week, it seems to indicate
fluctuation of the overall level of NO2 on a weekly basis. Moreover, since the negative weight
put on the afternoon of every day is around three times bigger than that put on every morning,
it seems that the quantity of NO2 in the air is more variable during the afternoon. The second
eigenfunction puts a negative weight on the first days of the week and a positive one on the
last days, it then appears to capture early/late week effects. Similarly, the third eigenfunction
is positive on periods corresponding to the day, and negative on periods corresponding to the
night, so it can be seen as capturing the periodic day/night effects, interpreted as a measure
of uniformity of the quantity of NO2 between the day and the night. The estimation of the
covariance function b and of its three first eigenfunctions are presented in Figure 3.9. We can
notice that as expected they are locally supported even if we didn’t enforce this behaviour in
our method. They can be interpreted as follows, the first represents the mode of variation
during the weekend, the second that during the beginning of the week, and finally the last
represents the variability of the middle of the week. Note that their corresponding eigenvalues
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Regime 2
Scenario (r,0) PACE KL RS
(3,0.05) | 1.27 (1.14,1.41) | 1.12(0.99,1.23) | 0.88 (0.82,0.92)
A (3,0.10) | 1.09(1.01,1.20) | 1.09 (0.99,1.21) | 0.92 (0.86,1.02)
(5,0.05) | 1.22(1.12,1.30) | 1.18 (1.07,1.25) | 0.92 (0.87,0.96)
(5,0.10) | 1.09 (1.01,1.17) | 1.09 (1.01,1.16) | 0.94 (0.89,1.00)
(3,0.05) | 1.45(1.21,1.74) | 1.32(0.90,1.45) | 0.91 (0.82,0.97)
B (3,0.10) | 1.29(0.84,1.49) | 1.26 (0.78,1.47) | 0.94 (0.85,1.01)
(5,0.05) | 1.14(0.98,1.33) | 1.07 (0.88,1.23) | 0.89 (0.82,0.96)
(5,0.10) | 1.05(0.89,1.18) | 1.02(0.89,1.13) | 0.88 (0.79,0.94)
(3,0.05) | 2.36 (1.93,2.98) | 1.40(1.04,1.76) | 1.17 (1.08,1.32)
C (3,0.10) | 1.52(1.30,1.76) | 1.20(1.02,1.42) | 1.26 (1.08,1.49)
(5,0.05) | 1.32(1.19,1.44) | 1.05(0.93,1.15) | 0.85(0.76,0.94)
(5,0.10) | 0.97 (0.87,1.08) | 0.92 (0.83,1.00) | 0.87 (0.77,1.00)
(3,0.05) | 1.40(1.24,1.65) | 1.42(1.22,1.67) | 1.23 (1.06,1.39)
D (3,0.10) | 1.59(1.33,2.05) | 1.57 (1.33,2.03) | 1.27 (1.12,1.54)
(5,0.05) | 1.21 (1.12,1.29) | 1.18(1.11,1.29) | 1.09 (1.02,1.18)
(5,0.10) | 1.27(1.16,1.40) | 1.26 (1.13,1.39) | 1.08 (1.02,1.20)
(3,0.05) | 1.39(1.21,1.61) | 1.36 (1.20,1.62) | 1.29(1.10,1.53)
E (3,0.10) | 1.58(1.31,1.88) | 1.58 (1.33,1.87) | 1.34 (1.15,1.59)
(5,0.05) | 1.07 (0.95,1.18) | 1.05(0.90,1.17) | 1.02 (0.88,1.12)
(5,0.10) | 1.26 (1.16,1.40) | 1.29(1.16,1.48) | 1.16 (1.04,1.28)
(3,0.05) | 1.46(0.18,2.13) | 1.49(0.19,2.25) | 1.35(0.16,1.93)
F (3,0.10) | 1.96 (0.33,2.88) | 1.99 (0.34,2.95) | 1.52(0.27,2.22)
(5,0.05) | 1.07 (0.14,1.41) | 1.08 (0.15,1.45) | 0.98 (0.13,1.31)
(5,0.10) | 1.10(0.18,1.72) | 1.11 (0.18,1.75) | 0.89 (0.13,1.43)
(3,0.05) | 1.12(1.03,1.24) | 1.12(1.02,1.27) | 1.06 (0.98,1.13)
G (3,0.10) | 2.14 (1.50,3.04) | 2.18 (1.50,3.01) | 1.67 (1.30,2.21)
(5,0.05) | 1.06 (1.01,1.11) | 1.10(1.05,1.16) | 1.03 (0.99,1.07)
(5,0.10) | 1.49(1.26,1.76) | 1.49(1.25,1.76) | 1.25(1.10,1.45)
(3,0.05) | 1.12(1.04,1.22) | 1.12(1.01,1.23) | 1.07 (0.99,1.20)
o (3,0.10) | 1.78 (1.38,2.51) | 1.78 (1.39,2.56) | 1.60 (1.30,2.25)
(5,0.05) | 1.04 (1.00,1.13) | 1.08 (1.01,1.18) | 1.03 (0.99,1.09)
(5,0.10) | 1.29(1.05,1.62) | 1.31 (1.05,1.65) | 1.23 (1.01,1.49)
(3,0.05) | 1.35(1.16,1.78) | 1.37 (1.14,1.92) | 1.27 (1.07,1.61)
I (3,0.10) | 2.25(0.38,3.54) | 2.31(0.39,3.64) | 2.01 (0.34,3.10)
(5,0.05) | 0.93 (0.25,1.15) | 0.93 (0.27,1.19) | 0.90 (0.23,1.12)
(5,0.10) | 1.29 (0.34,1.74) | 1.33 (0.35,1.79) | 1.16 (0.27,1.58)

Table 3.7 — Table containing the median (the first and third quartiles are in parentheses) of
the ratios for the three methods we compared our method with and for the 9 scenarios we
considered with the regime 2. We highlight in bold the medians that exceed 1.
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Regime 1

Scenario

(r,0)

PACE

KL

RS

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

16.2 (15.2,17.3)
5.53 (56.13,6.11)
8.09 (7.63,8.50)
4.12 (3.88,4.47)
4.55 (4.17,5.04)
3.28 (3.08,3.51)

8.02 (7.53,8.72)
4.23 (3.91,4.71)
6.04 (5.62,6.34)
3.46 (3.22,3.74)
3.72 (3.32,4.31)
2.89 (2.63,3.14)

1.03 (0.93,1.14)
1.70 (1.56,1.90)
0.94 (0.80,1.07)
1.59 (1.41,1.78)
0.53 (0.45,0.60)
1.09 (0.98,1.25)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

13.4 (12.5,14.1)
5.13 (4.79,5.65)
7.70 (7.23,8.16)
4.40 (4.09,4.65)
3.26 (2.86,3.76)
2.61 (2.23,2.88)

6.74 (6.24,7.06)
3.97 (3.56,4.39)
4.85 (4.47,5.28)
3.26 (2.93,3.56)
2.33 (2.03,2.77)
2.02 (1.72,2.29)

3.85(3.52,4.18)
2.64 (2.37,2.83)
2.25 (1.96,2.55)
2.22(2.02,2.38)
1.03 (0.84,1.13)
1.28 (1.13,1.45)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

1.60 (1.54,1.68)
1.85(0.77,8.53)
6.25 (1.12,8.22)
4.66 (3.93,5.58)
0.63 (0.60,0.66)
0.41 (0.38,0.44)

0.58 (0.54,0.61)
0.84 (0.36,4.15)
3.64 (1.05,5.03)
3.02 (2.62,3.79)
0.61 (0.58,0.63)
0.56 (0.54,0.59)

0.47 (0.43,0.50)
1.37 (0.57,6.35)
2.20(0.41,3.01)
3.59 (2.97,4.05)
0.23 (0.21,0.26)
0.30 (0.27,0.32)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

11.7 (9.89,12.8)
21.0 (18.3,26.5)
6.83 (5.98,7.41)
11.2 (9.62,12.9)
4.51 (3.91,5.18)
7.50 (6.20,8.65)

11.7 (9.89,12.8)
21.9 (18.2,26.4)
6.66 (5.85,7.33)
10.8 (9.10,12.4)
4.27 (3.68,4.95)
7.11 (5.65,8.24)

6.61 (5.62,7.25)
10.5 (8.78,12.5)
5.29 (4.40,5.72)
7.85 (6.56,9.20)
3.86 (3.20,4.59)
6.16 (4.80,7.18)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

7.77 (6.97,9.13)
15.1 (12.6,18.0)
5.55(5.05,6.31)
9.15(7.81,10.7)
2.83 (2.26,3.62)
5.40 (4.31,6.71)

7.76 (6.97,9.12)
15.0 (12.6,18.0)
5.73 (5.15,6.61)
9.36 (8.00,11.0)
3.03 (2.39,3.95)
5.55 (4.56,7.09)

7.03 (6.17,8.01)
11.0 (9.41,13.4)
4.88 (4.45,5.60)
7.08 (5.98,8.25)
2.54 (1.95,3.12)
4.30 (3.34,5.30)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

8.91 (7.56,10.2)
18.2 (14.6,24.5)
5.43 (4.58,6.31)
9.84 (8.83,11.2)
0.51 (0.18,0.86)
1.03 (0.47,2.11)

9.05 (7.69,10.3)
18.3 (14.7,24.6)
5.67 (4.82,6.67)
10.2 (9.12,11.5)
0.52 (0.19,0.91)
1.07 (0.49,2.20)

7.78 (6.77,9.08)
13.3 (10.9,17.9)
4.69 (3.89,5.51)
7.47 (6.51,8.43)
0.44 (0.15,0.72)
0.73 (0.36,1.57)

(1,0.05)
(1,0.10)
(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

13.5 (10.2,17.0)
17.2 (13.0,24.6)
9.78 (8.17,11.8)
9.76 (7.94,12.2)
7.05 (6.07,8.36)
6.93 (5.68,8.23)

13.4 (10.2,16.8)
17.2 (13.0,25.0)
9.21 (7.38,11.2)
9.34 (7.58,12.2)
7.15 (5.93,8.67)
6.44 (5.37,8.03)

7.45 (5.69,9.11)
9.95 (7.57,13.5)
6.99 (5.93,8.65)
7.80 (6.34,9.47)
5.64 (4.52,7.21)
6.26 (5.06,7.55)

Table 3.8 — Table containing the median (the first and third quartiles are in parentheses) of the
empirical ratios for the three methods we compared our method with and for scenarios A-G

with the regime 1. We highlight in bold the medians that exceed 1.
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Regime 1
Scenario (r,0) PACE KL RS
(1,0.05) | 11.0(8.29,13.8) | 10.9(8.49,13.8) | 9.29 (7.66,11.8)
(1,0.10) | 14.2(10.4,18.2) | 14.2(10.5,18.2) | 11.7 (8.96,16.0)
o (3,0.05) | 7.76 (6.74,9.89) | 8.72 (7.00,10.2) | 6.89 (5.65,7.85)
(3,0.10) | 8.67 (6.83,11.2) | 8.63 (6.88,11.3) | 7.95 (6.19,10.2)
(5,0.05) | 4.80(3.41,6.20) | 6.01 (4.49,8.14) | 4.03 (2.94,5.44)
(5,0.10) | 5.36 (3.82,6.89) | 5.60 (3.89,7.17) | 4.67 (3.38,5.95)
(1,0.05) | 11.1(9.31,13.7) | 11.7 (9.68,14.2) | 9.87 (8.21,12.4)
(1,0.10) | 16.0(11.4,20.6) | 16.2(11.5,20.7) | 13.8(9.87,17.4)
I (3,0.05) | 7.13(6.00,9.25) | 7.61 (6.49,10.0) | 6.03 (5.21,7.29)
(3,0.10) | 7.72 (6.29,9.58) | 8.17 (6.49,9.99) | 6.76 (5.46,8.43)
(5,0.05) | 1.06 (0.65,1.53) | 1.33 (0.72,1.92) | 0.88 (0.53,1.27)
(5,0.10) | 0.94 (0.18,1.77) | 0.99 (0.19,1.82) | 0.78 (0.15,1.54)

Table 3.9 — Table containing the median (the first and third quartiles are in parentheses) of the
empirical ratios for the three methods we compared our method with and for scenarios H-I
with the regime 1. We highlight in bold the medians that exceed 1.

are of the same order of magnitude, so their effects should also be of the same order.

We also analyse the dataset using the classical approach of first smoothing the curves, and
then calculating the empirical covariance function and its spectrum from these smoothed
curves. Since the data are periodic we use a Fourier basis smoothing with a roughness penalty
approach to smooth the original data. The six leading eigenfunctions of the resulting estimated
covariance function are plotted in Figure 3.10. We can see that the first three eigenfunctions
are very similar to that obtained by our method. However, since the three subsequent eigen-
functions need to be orthogonal to the three first ones, they are not locally supported and are
very difficult to interpret. Moreover, the first three eigenfunctions only account for 52% of the
total variance explained, and the three subsequent ones for 16%, meaning that one needs to
consider at least all of them to perform the analysis.
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Table 3.10 - Table containing the median (the first and third quartiles are in parentheses) of the
empirical ratios for the three methods we compared our method with and for the 9 scenarios

Regime 2

Scenario

(r,0)

PACE

KL

RS

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

2.05 (1.93,2.20)
1.44 (1.35,1.52)
2.06 (1.94,2.18)
1.62 (1.52,1.73)

1.53 (1.47,1.61)
1.41 (1.32,1.49)
1.83 (1.72,1.93)
1.58 (1.48,1.67)

0.23 (0.19,0.26)
0.56 (0.50,0.63)
0.22 (0.19,0.25)
0.54 (0.48,0.59)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

2.12 (2.08,2.25)
1.67 (1.54,1.79)
1.38 (1.29,1.45)
1.15 (1.06,1.22)

1.71 (1.48,1.84)
1.59 (1.50,1.70)
1.07 (0.95,1.21)
1.06 (0.98,1.10)

0.57 (0.53,0.61)
0.72 (0.66,0.79)
0.39 (0.35,0.42)
0.48 (0.45,0.53)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

5.88 (5.61,6.23)
3.06 (2.87,3.35)
1.68 (1.59,1.76)
0.94 (0.87,1.02)

2.89 (2.69,3.14)
2.00(1.79,2.18)
1.05 (0.99,1.11)
0.76 (0.71,0.82)

1.90 (1.74,2.12)
2.17 (2.02,2.35)
0.57 (0.53,0.61)
0.69 (0.65,0.74)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

5.70 (5.06,6.62)
10.7 (8.66,12.2)
3.58 (3.10,4.18)
6.81 (5.64,8.09)

5.59 (5.03,6.65)
10.5 (8.48,12.2)
3.48 (3.05,4.03)
6.63 (5.54,7.72)

4.12 (3.54,4.94)
6.89 (5.45,8.07)
2.79 (2.33,3.36)
4.90 (4.04,5.83)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

4.60 (3.89,5.43)
8.59 (6.96,10.2)
2.09(1.11,2.76)
3.96 (3.15,5.46)

4.66 (3.96,5.45)
8.65 (7.00,10.2)
2.14 (1.13,2.82)
4.24 (3.33,5.72)

4.16 (3.60,4.81)
6.51 (5.22,7.80)
1.84 (0.94,2.45)
3.12 (2.42,4.27)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

1.13 (0.06,2.74)
3.45 (0.16,7.03)
0.78 (0.07,1.43)
0.70 (0.09,2.85)

1.17 (0.07,2.83)
3.55(0.16,7.20)
0.81 (0.07,1.50)
0.71 (0.09,2.95)

0.99 (0.06,2.47)
2.61(0.11,5.21)
0.66 (0.06,1.27)
0.52 (0.07,2.13)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

7.87 (6.60,9.69)
8.05 (6.46,9.91)
5.73 (4.73,6.52)
5.87 (4.77,7.88)

7.31 (6.22,9.55)
8.02 (6.41,9.92)
7.03 (5.95,8.53)
5.75 (4.69,7.92)

5.30 (4.43,6.77)
5.95 (4.92,7.42)
4.45 (3.53,5.20)
5.01 (3.86,6.49)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

7.10 (6.07,8.22)
7.51 (6.03,9.43)
3.84 (3.16,4.91)
3.89 (1.76,5.46)

6.99 (5.73,8.16)
7.61 (6.09,9.53)
5.26 (4.11,6.90)
4.30 (1.82,5.84)

6.06 (5.13,7.17)
6.74 (5.63,8.19)
3.40 (2.64,4.14)
3.53 (1.47,5.02)

(3,0.05)
(3,0.10)
(5,0.05)
(5,0.10)

4.94 (3.27,6.13)
3.11 (0.20,6.11)
0.59 (0.06,1.47)
1.16 (0.14,2.54)

5.32 (3.48,6.54)
3.16 (0.20,6.24)
0.67 (0.07,1.58)
1.20 (0.15,2.60)

4.41 (3.12,5.30)
2.87(0.17,5.12)
0.49 (0.05,1.24)
1.02 (0.11,2.38)

we considered with the regime 2. We highlight in bold the medians that exceed 1.
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regime 1 and 0 = 1

PACE

KL

RS

O W | =

1.41(1.08,1.78)
1.04 (1.00,1.11)
1.03 (0.99,1.07)

1.36 (1.05,1.68)
1.06 (0.97,1.16)
1.03 (0.99,1.07)

2.05 (1.36,2.68)
1.04 (0.97,1.09)
1.01 (0.97,1.06)

Regime 2 and 0 = 1.7

PACE

KL

RS

5

1.06 (0.98,1.18)
1.01 (0.97,1.08)

1.13 (1.04,1.28)
1.06 (1.00,1.13)

1.11 (0.97,1.27)
1.03 (0.94,1.10)

Table 3.11 — Table containing the median (the first and third quartiles are in parentheses) of the
ratios for the three methods we compared our method with for the classical scenario where

the rough component is a white noise. We highlight in bold the results that exceed 1.
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Figure 3.5 — Distributions of reIMISE for Scenario E. The first 3 rows represent results for
combination with r = 1,3 and 5 (from top to bottom) of regime 1, and the 2 last rows represent
combination with r = 3 and 5 (from top to bottom) of regime 2. For each row, the boxplot on
the left correponds to 6 = 0.05 and on the right to § = 0.1.
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Figure 3.6 — Illustration of the dataset on the left, and of its empirical covariance function on
the right.
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Figure 3.7 — lllustration of the scree plot approach to pick the rank. On the left we plotted
the function f(w) = [|PX o (RK - €, C,)II% for w = 1,...,7, and on the right the ratio r(j) =
fH/fG+Dforj=1,...,6.
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Figure 3.8 — Smoothed estimation of the covariance function ¢ and of its three eigenfunctions.
On each plot of the eigenfunction, the dotted lines indicate the different days of the week.
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Figure 3.9 — Estimation of the covariance function b and of its first three eigenfunctions. On
each plot of the eigenfunction, the dotted lines indicate the different days of the week.
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Figure 3.10 — The first six eigenfunctions of the estimate of / obtained by smoothing with a
roughness penalty the empirical covariance matrix. The dotted lines indicate the different
days of the week.
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.\ Detailed results of the comparison
study

This section contains boxplots of the distribution of the relative errors RE(u) = || u—LX || g/ | LX |
and of the empirical relative errors RE, (1) = |u— LX||z/|LX|| ¢ for our method, the PACE
method, the truncation of the Karhunen-Loéve (KL) expansion method and the spline/Fourier
smoothing method. These results are complementary to those in Tables 3.5, 3.6, 3.7, 3.8, 3.9
and 3.10 of Section 3.2.5. In each of figures A.1 to A.27, the distributions of the relative errors
are plotted on the left and the distributions of the empirical relative errors on the right. The
horizontal lines on the graphics indicate the level 0.05.
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Figure A.1 — Scenario A, combinations 1 and 2 (from top to bottom) of regime 1.
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Figure A.2 — Scenario A, combinations 3 to 6 (from top to bottom) of regime 1.
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Figure A.8 — Scenario C, combinations 3 to 6 (from top to bottom) of regime 1.
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Figure A.10 — Scenario D, combinations 1 and 2 (from top to bottom) of regime 1.
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Figure A.12 — Scenario D, combinations 3 to 6 (from top to bottom) of regime 2.
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Figure A.14 — Scenario E, combinations 3 to 6 (from top to bottom) of regime 1.
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Figure A.16 — Scenario E combinations 1 and 2 (from top to bottom) of regime 1.
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Figure A.17 — Scenario F combinations 3 to 6 (from top to bottom) of regime 1.
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Figure A.20 — Scenario G, combinations 3 to 6 (from top to bottom) of regime 1.
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Figure A.21 — Scenario G, combinations 3 to 6 (from top to bottom) of regime 2.
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Figure A.22 — Scenario H, combinations 1 and 2 (from top to bottom) of regime 1.
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Figure A.23 — Scenario H, combinations 3 to 6 (from top to bottom) of regime 1.
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Figure A.24 — Scenario H, combinations 3 to 6 (from top to bottom) of regime 2.
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Figure A.26 — Scenario I, combinations 3 to 6 (from top to bottom) of regime 1.
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