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RESUMEN

El analisis de datos funcionales (FDA por sus siglas en inglés) es la rama de la estadistica que
estudia cantidades que dependen en parametros continuos, como las variaciones de temperatura o la
evolucion de la actividad cardiaca a lo largo del tiempo. Estos datos son, en principio, infinito dimen-
sionales ya que las funciones observadas pueden ser evaluadas en cualquier punto de su dominio. En
este contexto puede ser muy util identificar componentes que capturen informacion relevante. Estos
pueden ser utilizados para formular métodos mas sencillos, interpretables y, en ocasiones, precisos

que aquellos basados en los datos originales.

En este trabajo se exploran dos métodos de reduccién de dimensionalidad. El analisis de com-
ponentes principales (PCA por sus siglas en inglés) elige las componentes buscando maximizar su
varianza mientras que minimos cuadrados parciales (PLS por sus siglas en inglés) maximiza la cova-
rianza entre las componentes de dos grupos o bloques de variables. Estos métodos de reduccién de
dimensionalidad se pueden extender para tratar datos funcionales, resumiendo la informacién de tra-
yectorias infinito-dimensionales en espacios de dimensidn finita. Asimismo, estas dos técnicas pueden
ser aplicadas a problemas de regresién funcional, a fin de solventar problemas como la multicolinea-
ridad o la irregularidad excesiva de los coeficientes del modelo. En particular, para mitigar este ultimo

problema, se incorporan términos de penalizacion de rugosidad al criterio de optimizacion.

Este proyecto busca disefiar e implementar herramientas computaciones para las versiones funcio-
nales de PCA y PLS, a fin de integrarlas en la la libreria scikit-fda. Esta es una libreria de Python para
el analisis de datos funcionales. En particular, busca ser una alternativa a opciones en R como fda o
fda.usc en uno de los lenguajes de programaciéon mas utilizados en el ambito del analisis de datos y
el aprendizaje automatico. Asimismo, esta libreria proporciona una interfaz compatible con scikit-learn,

que es familiar para muchos usuarios de Python en contextos cientificos.

Finalmente, se incluyen tres ejemplos del uso de estos métodos en conjuntos de datos reales a fin
de ilustrar su eficacia. Los primeros dos ejemplos muestran las capacidades de regularizacién de los
dos métodos de regresién considerados. Por otra parte, el ultimo ejemplo presenta un escenario en el

que PLS obtiene mejores resultados que PCA, demostrando el valor de PLS en este tipo de problemas.
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Analisis de datos funcionales, Python, analisis de componentes principales, minimos cuadrados

parciales, regresion por componentes principales, regresion por minimos cuadrados parciales
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ABSTRACT

Functional data analysis (FDA) is the branch of statistics that studies quantities that depend on con-
tinuous parameters, such as temperature variations at a geographical location or the heart’s electrical
activity in the cardiac cycle. These data are, in principle, infinitely-dimensional because the functions
observed can be evaluated at any point within their domain. In this context, it can be helpful to identify
components that capture relevant information. These components can then be utilized to formulate mo-
dels that are simpler, typically more interpretable and, in some cases, more accurate than those based

on the original observations.

In this work, two dimensionality reduction techniques are explored. In Principal component analysis
(PCA), the components are obtained by maximizing the explained variance for a set of variables. Partial
least squares (PLS) seeks to maximize the covariance between the components of two groups or
blocks of variables. These dimensionality reduction techniques can be extended to deal with functional
data. They provide a way to summarize the information of trajectories in an infinitely-dimensional space
by projecting onto a finite-dimensional one. Moreover, one can apply these techniques in functional
regression methods to address problems such as multicollinearity or excessive roughness of the fitted
coefficients. In particular, to address this last issue, roughness penalty terms can be added to the

optimization criteria of the dimensionality reduction process to smooth the projection functions.

This project aims to design and implement computational tools for functional PCA and PLS, and
integrate them into the library scikit-fda. Scikit-fda is a Python library for data analysis and machine
learning with functional data. This library seeks to provide an alternative to popular R packages such
as fda or fda.usc in one of the most commonly used languages for data analysis and machine learning.
Furthermore, this library provides a compatible interface with scikit-learn. Thus, the interface of the

library should be familiar to many Python scientific users, and functionality of scikit-learn can be reused.

Finally, three examples in real datasets showcase the effectiveness of these methods. The first two
examples demonstrate the regularization capabilities of each of the regression methods considered. In
turn, the last example focuses on how PLS might be considerably superior to PCA in some circumstan-

ces.

KEYWORDS

Functional data analysis, Python, principal component analysis, partial least squares, principal com-

ponent regression, partial least squares regression, roughness penalties
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INTRODUCTION

Functional data appears naturally in many different areas of application. For example, in biology,
functional observations appear in a wide array of topics, from fertility rates (number of descendants
per female) in insects [1] to temporal gene expression [2]. In medicine, studies such as muscle-joint
coordination [3], heart rate analysis [4] or human growth [5] also rely heavily on functional data analysis.
In economics, it has been successfully applied to the analysis of cash flow [6] and the price dynamics
of online auctions [7]. In linguistics, speech analysis research has employed functional data analysis to

study speech production variability [8] or tongue movements [9].

Functional data analysis (FDA) is the branch of statistics that studies quantities that depend on
continuous parameters. In contrast to multivariate data, in which each observation consists of a finite
number of components, a functional observation can take values over an infinite parameter space. This
entails some complications. For instance, since the random process can only be sampled at discrete
points, some information loss is unavoidable. One of the hypothesis that help in this situation is the
assumption that the sampled trajectories are continuous and, in some cases, have a certain degree of
underlying smoothness. Working under this assumption, the trajectories can be evaluated at any point

within their domain by interpolating from the measured values.

Additionally, since the measurements at nearby points convey similar information, they cannot be
treated as independent variables. The high redundancy can lead to multicollinearity issues when stan-
dard multivariate methods for statistical analysis and machine learning are directly applied to such data.
In these situations, a solution is to apply dimensionality reduction techniques. The functional versions
of these techniques provide a conversion from functional to multivariate observations. In particular, we
will cover two of these methods: principal component analysis (PCA) and partial least squares (PLS).
The difference between them lies in how they select the new multivariate variables (components). PCA
seeks to maximize the variance of the components, while PLS works with two blocks of variables and

tries to maximize the covariance between the components of each block.

The aim of this work is to employ PCA and PLS to solve functional linear regression problems.
Linear regression is one of the cornerstones of statistics. However, its application to functional data

requires some adaptations to avoid the multicollinearity issues mentioned before. The use of a basis
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expansion or principal components in regression problems has been explored extensively (see [10]
or [11]). However, the development of partial least squares (PLS) is more novel. The first definition of
functional PLS was presented in [12], while a comparison with the principal components approach was

conducted in [13].

The wide rage of applications in which functional data appears has spurred the development of
computational tools for FDA, with the R packages fda [14] and fda.usc [15] being some of the most
complete ones. However, there are few libraries available in Python, with limited functionality. Given
the widespread adoption of Python in data analysis and machine learning projects, it is important to
develop computation tools that offer functionality comparable to these R packages in this language.
The scikit-fda library seeks to fulfill this purpose while providing a seamless integration with scikit-learn

and extending the capabilities of the scientific Python ecosystem .

1.1. Goals and Scope

The main goal of this project is to extend the functionality available in the Python library scikit-fda,
adding functional regression methods based on dimensionality reduction techniques. The two dimen-

sionality reduction techniques chosen are principal component analysis and partial least squares.

The scikit-fda library is an open source project with a strong focus on code quality. Rigorous coding
standards, style guides and code review process were followed to ensure consistency and readability
across the entire codebase. Code performance and correctness were ensured by means of extensive
testing, incorporated in a continuous integration and testing workflow. Finally, since the library is inten-
ded for the entire FDA research community, the documentation had to not only describe the software

but also provide clear and concise examples of its usage.

1.2. Structure of the document

The main section of this document is divided into four chapters that follow this introduction. In Chap-
ter 2, the theoretical framework for the new functionality is described, along with a description of the

other available libraries and scikit-fda itself.

In Chapter 3, the software development process is described, from the analysis phase to the im-
plementation and validation. Three examples using the new functionality are presented in Chapter 4.
Finally, Chapter 5 closes the main section with the conclusions and some remarks about future related

work.

Aside from the main document, four appendices are included. The first two aim to provide additional
context for multivariate PLS (Appendix A) and roughness penalty techniques (Appendix B). The last two
include the Gantt diagram (Appendix C) and additional design diagrams (Appendix D).

2 Dimensionality Reduction for Functional Regression
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In functional data analysis (FDA) each sample is a trajectory that has been obtained from a random
process t — X (t), where t takes values in 7 C R. We will denote the number of samples as V.
Then, the collections of trajectories sampled can be denoted as {z;}2_,. In most cases, these samples
have been observed in a grid of M points t = (¢4,... ,tM)T. Then, each sample is characterized by
its values at these points. Therefore, it can be expressed as a vector z;(t) = (z;(t1), ..., z;(ty))". In
the following, we will assume that M is large enough so that the functional character of the samples is

apparent. The opposite case is covered by sparse functional data analysis techniques [10, Chap. 7].

One of the objectives of FDA is to study how multivariate statistical methods can be adapted to
the functional setting. In particular, the goal of the present work is to take advantage of dimensionality
reduction techniques to address functional linear regression problems. When dealing with functional
data, the conventional multivariate models have to be adapted. The noise is still assumed to be inde-
pendent to the regressor variable. However, depending on whether the predictor and predicted variables
are multivariate or functional, different models (see [10, Chap. 4]) should be used. Let us consider the

scalar-on-function model:

Y:/Tﬁ(t)X(t) dt +e. 2.1)

In this model, the predictor variable (X) is an stochastic process, the predicted variable (Y) is a
scalar, and the noise ¢ is scalar and independent from X. Therefore, the observations used to fit this
model are N pairs: {(z;,y;)})\,, where the first component corresponds to a trajectory (t — z;(t)),
while the second is an scalar.

A problem where this model could be applied is predicting the fat content of meat samples from its
absorbance curves. In the Tecator dataset (fetched from http://1ib.stat.cmu.edu/datasets/
tecator), these data are provided for N = 215 meat samples. A plot of the absorbance curves is in-

cluded in Figure 2.1.

The parameter that must be fitted in model (2.1) is a function 5. Therefore, our goal is to obtain a

function 3 € L?(T) such that the model is able to predict the values of Y accurately. For example, the


http://lib.stat.cmu.edu/datasets/tecator
http://lib.stat.cmu.edu/datasets/tecator

STATE OF THE ART

least squares criterion consists of finding B such that the variance of ¢ is minimal.

5.5 4

5.0

850 875 900 925 950 975 1000 1025 1050
Wavelength (nm)

Figure 2.1: Tecator dataset. Each trajectory represents the absorbance of a sample depending on
the wavelength. The saturation of the color corresponds to its fat content.

The most straightforward approach to find 5 would be to discretize the functions in a grid of points
{tm}M_, and use some integration weights {a,,}_, to estimate the integral (see [16, sec. 5.2]). This

would lead to the following set of IV equations (one for each sample):

M
yi= Y am@i(tn)B(tm) +ei, i=1,...,N. (2.2)
m=1

To understand how these equations relate to a multivariate model, it is insightful to consider the

following definitions:

i(ty) ... x1(twm) B(t1) €1 Y1

X= : : , B= : ;o e=| i, y= (2.3)
zy(t1) .. an(tm) B(tm) €N YN

If we also define A = diag(as,...,ay) a diagonal matrix, the equations can be expressed as

y = XA3 + €. In light of this expression, it is immediate that the equations in (2.2) can be fitted using
traditional multivariate methods by means of a simple variable change considering X = XA. For exam-
ple, the ordinary least squares estimator applied to this problem is 3 = A~!(XTX)~1X"y. However, this

approach has several shortcomings.

M

m—1 variables are not

Firstly, since the trajectories of X are assumed to be smooth, the {X (¢,,)
independent and collinearity issues can arise. Secondly, if we use fine grids, as soon as M > N,
the range of X is less than M and, as a result, X"X has no inverse. This can be overcome using
the Moore-Penrose inverse. However, since in this situation there are more unknowns than equations,
several possible B fit the data perfectly. Furthermore, the resulting B functions can be very noisy, which

is generally an undesirable trait. Since we have assumed that the random trajectories are smooth, it

4 Dimensionality Reduction for Functional Regression



is to be expected that their influence on the response should also be smooth when expressed as a
function of ¢. In order to obtain smooth solutions, roughness penalizations can be incorporated, using

the methods outlined in Appendix B.

An alternative approach is to express the functions in a certain basis and work with their coefficients
in said basis. By choosing a finite basis, the search for the functional parameter 5(t) is converted into
a search on a multivariate space. However, in doing so, the functional space for the search of the
parameter is restricted to the span of the basis functions. In particular, if we choose a basis {¢x}5_,,
we can express the trajectories of X in that basis using K coefficients for each trajectory. To do so, we
define {1} 5, as the coefficients of the i-th sample. Similarly, we consider {b;}1_ | the coefficients of

8. Therefore, we have the following expansions in terms of the basis functions:

K K
mi(t) = &Gkdn(t),  B() =D broi(t). (2.4)
k=1 k=1

These coefficients can now be arranged into matrices in a similar way as in (2.3). Note that we
will maintain the same notation for the matrices and vectors as in (2.3) even though the definitions are

slightly different.

i1 ... &k b1 €1 Y1
Evt - ENK bar EN YN

To express (2.1) using a basis expansion in a matrix form, we must first define the inner product
matrix of the basis. Consider g;; = [ ¢i(t)¢;(¢)dt. Arranging these values in a matrix one obtains
G = (gi;), the inner product matrix of the basis. Then, from the model in (2.1), we obtain that, for each
n=1,...,N:

K K
i [ i) b0t | 4, =
i=1 j=1

= Z xnibj/¢i(t)¢j(t>dt+€n: Z Tnibjgij + €n

1<i <K 1<i <K

(2.6)

Expressing these equations in a matrix form, one obtains y = XG3 + €. As with the discretized re-
presentation, this model can be fitted using multivariate techniques by means of the change of variable

X = XG. Using ordinary least squares again, one can obtain 3 = G‘I(XTX)‘ley.

Note that the definition of G also provides a simple approach to calculate the basis coefficients using
the formula in (2.7). In order to apply this formula, G has to be invertible, which holds true for all inner

product matrix. As long as the basis functions are linearly independent, G must have maximum range.

David del Val Moncholi 5
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gn,l fl‘n(t)(bl(t)dt
D=6 : . 2.7)

EnK [ @0 (t)pr (t)dt

Note that, sometimes, an orthonormal basis is chosen so that G = Ix. On the contrary, it is also
possible to use two different basis to represent X and 5. In that case, the uses of G in (2.6) are replaced

by the inner product matrix between the two basis.

One advantage of this basis expansion is that, as long as {qbk}le are smooth, it is possible to
obtain a smooth approximation of the desired functions with fewer coefficients than in the discretized
approach. Therefore, the issues in the discretized approach caused by K being larger than N do not

usually arise using a basis expansion.

However, in order to take advantage of this basis expansion, one must first decide which basis to
use. One possibility is to employ Fourier or B-Spline basis (see [10, Sec. 1.1]). These are generic ba-
sis that are generally able to provide good approximations for arbitrary functions when sufficient basis
functions are considered. However, there is no guarantee that the most important information for the
regression model will be encoded in the first K coefficients of the corresponding basis expansion. An
alternative is to look for a basis that is adapted to the problem and captures most of the relevant infor-
mation of the data in a few components. This is the role that dimensionality reduction techniques fulfill.
Dimensionality reduction techniques can be defined as methods that obtain projections of the original
data onto fewer dimensions, while losing little information. In the functional setting, these directions are

functions. Moreover, this set of directions extracted constitutes the basis we are looking for.

In this document, two dimensionality reduction techniques will be considered. The first of them,
principal component analysis (PCA) corresponds to summarizing the variance information in X. On the
contrary, partial least squares (PLS) seeks to maximize the covariance information between X and Y

present in the components. These two methods will be covered in detail in Sections 2.1 and 2.2.

2.1. Principal Component Analysis

The multivariate version of PCA aims to find orthogonal directions such the projections of the data
along them have the highest variance. Formally, let X be the N x M data matrix (/N samples and M

features) and w; the [-th projection direction. Then the optimization problem to solve is:

w; =maxarg (var(Xw)) subject to
w

wi =1 28)

wlw; forallj <!

Moreover, since all data are centered, the variance of the projections can easily be calculated as

6 Dimensionality Reduction for Functional Regression



2.1. PrincipAL COMPONENT ANALYSIS

var(Xw) = %WTXTXW. Additionally, it can be proven (see [11, p. 153]) that the desired projection

directions are the eigenvectors of the covariance matrix X" X.

This criterion can be easily extended for functional data by changing the inner product to the L?

inner product

w = ma)fu arg (Var < / X(t)w(t) dt)) subject to

2.9

w Lr:w; forallj <,

where ||Al|z: = ([ h(t)%lt)2 denotes the L? norm and 1 ;- denotes orthogonality with respect to the
L? inner product. However, the way in which the L? products should be estimated depends on the
chosen representation of the functional data. As we introduced at the beginning of this chapter, there
are two ways to represent functional data: as a basis expansion or discretized in a grid. The integrals of

the L2 inner product are calculated in a different way in each of these two situations

M

When the functions are discretized in a grid: {t,, },,_1.

an integral can be approximated with inte-
gration weights: {am}%zl. These integration weights are then arranged diagonally in a matrix A. One
example of these weights is the Simpson quadrature [16, p. 257]. Moreover, it is also convenient to

define L such that LLT = A. Using these definitions, the integrals in (2.9) can be approximated:

M
I or o7
var < / X (H)w(t) dt) = var (lemwmam> = W AX"XAw. (2.10a)
1/2 M ; 1/2
lwl|ze = </w(t)2dt> = (Z wmwmam> = (wTAW) /2 = |LTw]]. (2.10b)
m=1

Therefore, it easily follows that the functional problem can solved by solving the multivariate problem
with a different data matrix. Let w; be the solutions to the multivariate problem with the data matrix

X = XA(L")~!. Then, w; = (L") ~'w; corresponds to the desired w; functions discretized in the grid.

When the functional data are given in a basis representation, a similar calculation can be carried
out. However, in that case, the integration weights will be replaced by the inner product matrices of
the basis involved. In particular, it is possible to use a different basis for X and w. In that case, two
different matrices are required. Let G be the inner product matrix of the basis used to express w and,
J, the inner product matrix between the basis for X and the basis for w. In this case, L is defined such
that LLT = G. We can then calculate w;, the solutions to the multivariate problem with the data matrix
X = XJ(L")~L. Then, w; = (L") ~'w; corresponds to coefficients of the sought {w}}_; functions in the

selected basis.

A detailed discussion of this whole procedure in terms of operator and eigenfunctions can be found
in the eight chapter of [11].
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2.1.1. Regularized Principal Components

Regularized Principal Components is a variation of the FPCA method described before that uses
a different maximization criteria. Standard FPCA seeks components with the maximum variance. Ho-
wever, regularized PCA seeks smooth components with the maximum variance. In order to do so, a

roughness penalty term (see Appendix B) is added to the maximization criterion.

AEMET principal components
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Figure 2.2: FPC projection directions for the temperature readings in the AEMET dataset from [15]

This is necessary in some cases since applying standard FPCA can lead sometimes to noisy or
spiky projection directions. An example of this situation can be seen in Figure 2.2. In that case, the
evolution of the average temperatures during a year in different weather stations has been analyzed. To
see why the roughness of the obtained weight functions may be undesirable, it is useful to consider the
following notion. In [11, p. 154], it is explained that the magnitude of a weight function in a given point
can be interpreted as the contribution of that point to that principal component.

With this intuition in mind, one can interpret the weight plots in Figure 2.2. In particular, the third
principal component is particularly noisy. The spikes indicate that data that corresponds to almost con-
secutive days have a very different significance. Considering that the average temperatures should
evolve smoothly across the year, this indicates that the information is being extracted from random

noise in the measurements, rather that from the original data.

The regularized version of FPCA is based on defining the notion of a penalized variance. While
non-regularized FPCA seeks components with the maximum variance, when regularization is applied,
the algorithm maximizes the penalized variance instead. Given a linear differential operator P and a
regularization parameter A, the penalized variance is defined as

var (f X(Hw(t)dt)
PVAR(w) = |w|2, + APENp(w)’

(2.11)

where PENp is the penalization of P as defined in Appendix B.

8 Dimensionality Reduction for Functional Regression



2.1. PrincipAL COMPONENT ANALYSIS

If we are working with a discretized representation, by substituting here equations (2.10a), (2.10b)
and (B.14), the variance, norm and penalization can be estimated. Additionally, we can consider the
Cholesky decomposition of the matrix S + AP. That is to say a matrix L such that LL" = S + \P. By

also considering the variable change w = (LT)~'w, one can rewrite (2.11) as

N PVAR(w) — WISXXSW _ wISX'XSw _ wISX'XSw _ WIL~'SXXS(L™)"
YT WSWH AWTPW WS+ AP)W  wiLL'w w'w '

(2.12)

And that problem is equivalent to maximizing the numerator subject to the denominator being 1.
This is easy to see as multiplying w by any constant does not change the result. Therefore, the PCA
penalized problem in the grid representation can be reduced to the standard multivariate version. Let w;
be the solutions to the multivariate problem with the data matrix X = XS(L")~!. Thenw; = (L")~ 'w; is

the solution to the regularized problem.

A very similar derivation can be carried out when the functions are expressed in a basis. This
argument is available in [11, p. 181]. The only difference with the discretized version is the definitions
of X and L. In this case X = XJ(L")"! and LLT = G + AP, where G is the inner product matrix of the
basis of the weights and J is the inner product matrix of the basis for X and the basis of the weights.

Additionally, P represents now the basis version of the penalty matrix.

There is a major side effect of the variable change for w. While standard FPCA leads to orthogonal
weight functions, this property is lost when applying regularization. This is due to the fact that this va-
riable change is actually changing the inner product with respect to which the directions are calculated.

The weights are orthogonal with respect to this new inner product:

< wj,wj >r= /wi(s)wj(s)ds + /P(wi)(s)P(wj)(s)ds =0, i#j. (2.13)

2.1.2. Functional Principal Components (FPC) Regression

FPC regression is a regression technique that takes advantage of the FPCA methods to perform
functional regression using the principal component basis. This method can be decomposed in two

steps

Firstly, FPCA is carried out with the data available for the X stochastic process. In order to do so,

any of the techniques in this section can be utilized. This step will result in obtaining a basis {¢k}§:1-

Secondly, a linear regression model is fitted using the components. These components are the
coefficients of the observed functional data in the basis {(ﬁk},’f:l. After obtaining these coefficients,

following the steps in (2.6), the problem is reduced to a multivariate regression.
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2.2. Partial Least Squares (PLS)

Partial least squares (PLS) as a dimensionality reduction method is a particular case of the NIPALS
(nonlinear iterative partial least squares) algorithm introduced in [17]. However, nowadays, outside of
certain areas such as economics or chemometrics, these two terms are used almost interchangeably.
In short, the algorithm used to solve the PLS problem is generally called NIPALS even if it is a special
case of the original NIPALS algorithm

The goal in PLS is to extract two sets of weights, one for the X block and one for the Y block:
{w;}£ | and {¢;} ;. The components are defined as the projections of the data along these directions.
That is to say, the components are t; = Xw; and u; = Yc;. These directions are selected such that all

components of the same block are incorrelated:

corr(t;, t;) =0 corr(u;,u;) =0 ifi<jy (2.14)

Moreover, the weights are chosen to maximize cov?(t;, u;). However, before defining how they are
chosen, there are a couple of caveats that one should keep in mind. Firstly, this method is iterative in
nature. From its initial conception, it has relied on applying a maximization criterion, modifying the data
matrices and applying that said criterion again. Therefore, it is not possible to characterize the result of
PLS as simply as in PCA.

Secondly, there are several versions of PLS. All of them share the same maximization goal but they
establish different constraints between the components extracted in each iteration, leading to different
residual matrices. This, in turn, leads to different final results. In the present work, we shall focus on
the PLS methods derived from the NIPALS algorithm. However, there are other alternatives such as
SIMPLS (see [18]) or PLS-SVD (see [19]).

Appendix A provides an introduction to the multivariate PLS methods for the readers unfamiliar with
PLS. On the contrary, the following sections focus on the definitions of the functional method. In Section
2.2.1, PLS as a dimensionality reduction technique is introduced. Section 2.2.2 covers the incorporation

of regularization into the PLS method and Section 2.2.3 covers its application to regression problems.

2.2.1. Functional Partial Least Squares (FPLS) for dimensionality reduc-

tion

There are several alternative formulations of functional PLS. On the one hand, it is possible to adapt
the NIPALS algorithm to accept functional data. This approach has been covered in [12] and [13].
Additionally, there have been some efforts that rely on using a slightly different definition of PLS such
as [20].

10 Dimensionality Reduction for Functional Regression
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For our goals, the extension of NIPALS for functional data is more convenient. We will see how
NIPALS is even able to mix functional and multivariate data. That is to say, one block (X or Y) can be

functional, while the other can still be treated as multivariate data.

Moreover, adapting NIPALS to handle functional data will be rather easy. In fact, as long as no
regularization is applied, it is sufficient to add the corresponding integration weights or inner product
matrices in the correct places. The functional version of NIPALS has been included in Algorithm 2.1.

The inner section of the while loop can be divided in the following steps:

1. Weights calculation. To simplify the analysis, assume that only the X block is functional. Then,
the weight of the X block is a function w(-). As we know, the goal of NIPALS is to maximize the
covariance between the projections. In this case, the projection in the X block is performed using
the L2 inner product. To reduce this situation to the multivariate case, the same logic as in PCA

must be applied. To do so, the inner product matrices must be incorporated into the calculation.

» G, represents the inner product matrix between the X process and the weight functions

(basis representation) or the integration weights (grid representation)

= G, represents the inner product matrix for the weight functions (basis representation) or the

integration weights (grid representation).

Additionally, a Cholesky decomposition of G, is needed to estimate the norm, leading to the
definition of LmL; = G- Using this matrix, we introduce the change of variable w = L;w and

the covariance can be approximated as:
cov / X w(t)dt,e'Y ) =  cov (WTL;GWX, cTY> . (2.15)
lwllz2=1,lle||=1 [W][=1,[e]l=1

Looking at the right side of this expression, the problem is reduced to the multivariate problem
with the X matrix X = XGy., L;l. Note that the normalization included in lines 8 and 9 in Algorithm
2.1 is only needed when regularization is applied (see Section 2.2.2). If both blocks are functional,
the analogous G,., G.. and L, can be defined. On the contrary, if these matrices are set to the

identity matrix, the multivariate behaviour is recovered.

2. Scores calculation. The scores are defined as the projection of the data along the weights. When
the data are functional, we must use the L? inner product. For example, if the X block is functional,

its score (t = (t1,...,tx)") can be calculated as:

t, = / Xo(Hw(t)dt = (XGzowW)s, (2.16)

3. Choose latent variable for Y. A different deflation scheme must be used when NIPALS is applied
to regression problems. In those problems, the loading calculation of the Y block is performed with

respect to the X scores. The reasons behind this are covered in Appendix A.
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4.

(63}

20

21

22

Loading calculation. The loadings are calculated by fitting a linear regression. If the X block is

functional, its loadings will be a function instead of a vector. The model to fit is

X(t) =tp(t)" +E, (2.17)

where X(t) = (X1(t),... Xy ()" and p(t) = (p1(t),...,pn(t))". Therefore, for each ¢, we still
have to fit the same model as in the multivariate case. This proves that the same formula is valid
when the functions are discretized. Using the linearity of the basis expansion, it is easy to prove

that this also holds in that case.

Data deflation. The new data matrices for the next iterations are the residuals of the linear models

fitted for the loading calculations.

Xo X, Yo« Y

l+1

while [ < L do

# Weights calculation

Xl—l <~ Xl—lewL;1

Y1+ Yi_1Gyel, !

w; L1 (normalized dominant eigenvector of )~(lT71vz—1v;71)~(l—1>

C; < L;1?171X171W

# Weights normalization (only needed with regularization)
W, < Wl/(W;waWl)
¢; < ¢1/(c]Gecey)

# Scores calculation
t < Xi—1GzwW;
u; < Y;_1Gzwey

# Choose latent variables for Y
if deflation_mode == regression then
‘ d«t
else
‘ d<«u
end

# Loadings calculation

p, < X t/(tY)
q; < Y] ,d/(d"d)

# Data deflation
X; X1 — thlT

Y, < Y1 —dq]
l+—1+1

end

Algorithm 2.1: NIPALS algorithm for FPLS
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2.2. ParTiAL LEAST Saquares (PLS)

The rotations of functional blocks are functions as well. For simplicity, if the functional block is using
the basis representation, the rotations will also be represented as a basis expansion using the same
basis as the weights. Similarly, if the weights are discretized, the rotations will be handled in the same
manner. Conveniently, using the definitions of G, and G, the coefficient or grid discretization of the

rotations (using the canonical deflation mode) can be calculated as:

R, =W(P'G,,W)"' R,=C(Q'G,.C)* (2.18)

2.2.2. FPLS Regularization

In order to obtain smooth rotation functions, a very similar approach as in FPCA is followed. This can
be done since smoothing the weights results in smooth rotation functions. Therefore, we need only to
modify the weights calculation (first step in the loop of NIPALS). The goal is to change the maximization

criterion so that the roughness of the weights is taken into account.

The roughness of the weights is estimated as the norm of a differential linear operator P applied
to them. With this definition in mind the penalized covariance can be defined. This is the value that
must be maximized during the weight calculation. Its definition depends on whether a single block is
functional or both blocks are functional. If only the X block is functional, it is defined as
cov? ([ X (t)w(t)dt,cTY)

lwl?2 + APENp(w)

PCOV,(w,¢) = (2.19)

Following the same procedure outlined in Section 2.1.1, the following sample version can be obtai-

ned:

w'G] X"Ycc YTXG,,, W
N PCOVa(w,¢) = W' (Gyy + P)W

, (2.20)

where G,,, is defined in the same way as in the previous section and w is the discretization or basis

coefficients of w (depending on the representation considered).

It is possible to transform this problem back into the multivariate version. To do so, it is required to
modify the Cholesky decomposition, redefining L,. as the matrix that fulfills LIL; = Gyuw + P. Then, the

variable change w = (L])~!w can be used. As a result, the penalized covariance can be rewritten as

T —1 AT yT TyT T\ —1yy,
L-'GT X"Yee Y'XG,u (L
N - PCOV,(w, ¢) = -z Zew? TCC T vwlbe) "W (2.21)
W w

For the same reasons as with the PCA penalized version, this problem is equivalent to maximizing
the numerator subject to the denominator being one. That, in turn, makes it possible to solve for w and ¢
with the multivariate version. The result of multivariate NIPALS optimization criterion with XG,, (L)~

as the X data matrix and Y as the Y data matrix are two vectors w and ¢ that maximize the numerator
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constrained to their norm being one. Thus, ¢ = ¢ and w = (L, )~ 'W maximize the penalized covariance.

This method has to be slightly adjusted if the second block is also functional. In that case, the
penalized covariance is defined as
cov? ([ X (t)w(t)dt, [V (t)c(t)dt)
(wll72 + APENp, (w))([lell7. + APENPy(C))’

PCOV, y(w,c) = (2.22)

where P, and P, are two linear differential operators that measure the roughness of the weights.

The same procedure as before can be carried out in this case. Then, one obtains that this penalized

covariance can be calculated in a similar manner:
WL, 'GouXTYGy (L, 1)ch L 1G] .Y XGyu (L))" 'W
(W'w)(e'e) ’

where two Cholesky decompositions have been carried out: L L] = Gy, + P, and LyL; = Gec + Py.

N -PCOV, y(w,c) =

(2.23)

Additionally, two variable changes have been made: W = (L) 'wand ¢ = (L;)~!

From expression (2.23), following the same steps as before, the problem can be solved using the
standard multivariate PLS maximization criterion. Moreover, using the definitions of the inner product
matrices G, Guw, Gye, Gee, We have reached a procedure that can be applied both to the discretized

and basis expansion representations.

2.2.3. FPLS Regression

FPLS regression employs the same techniques as the PLS multivariate regression covered in Ap-
pendix A. However, in this case, the response, the explanatory variable or both can be functional data.

Even though this would seem to complicate the calculations immensely, this method is quite simple.

The main idea of the multivariate method was to calculate the approximation of the response variable
Y in two steps. First, use the rotations (R,) to obtain T from X as T = XR,.. Then, use the loadings (Q)
to approximate Y from T as Y = TQ". Therefore, Y = XR,Q"

One interesting observation is that, in NIPALS, regardless of whether X, Y or both are functional
data, the extracted components (or scores) are still vectors (samples of a scalar variables). As a result,
when X is functional data, the only difference is that R, is now also functional data and the inner
product matrix has to be used: T = XG,,R.- Thus, if Y is scalar but X is functional, Y= XG,.,,R,Q"

When Y is functional data, the expression for Y does not even change, as the nature of T is always
the same. That is to say, TQ" is not an inner product calculation. Instead, it is the calculation of N
linear combination of the loadings expressed as a matrix multiplication. Therefore, in that identity the
only change is the meaning of Q, which is now a matrix of coefficients (if the functions are expressed

in a basis expansion) or discretized values (if they have been sampled in a grid).
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2.3. Computational tools for FDA

The ever-growing interest in functional data analysis has resulted in the development of many FDA
computational tools. In particular, the goal of this work is to extend the functionality of one of these
tools: scikit-fda. However, before describing this Python package in detail, we will cover some of the

most prevalent alternatives.

Most of the tools have been implemented in R. That is the case of fda [14], one of the main re-
ferences in this field. This package (which is also available in Matlab), uses a basis representation of
the functional data and provides an implementation of the results and methods discussed in [11]. In
particular, it includes both standard functional regression and PCA functional regression. However, it

does not provide any functionality related to PLS.

Another widespread R package is fda.usc [15]. In contrast to fda, this library handles data in a
discretized manner. That is to say, it works with the values of the functions in some discrete grid.
In addition to standard functional regression and PCA functional regression, it also provides a PLS

functional regression implementation with multivariate response.

Additionally, there are other packages that focus on specific problems. For example the package
refund [21] is focused on solving regression problems of different kinds. However, it does not provide any
functionality for PLS regression, and its implementation of FPCR is not fully complete as of the writing
of this work. Another option is pls [22], which provides an implementation of PLS and PCA regression.
Even though this implementation is much more complete, some aspects such as regularization and

functional response are not covered.

The options in Python are much more limited. Two examples are FDApy [23] and fdasrsf [24]. Both
of these packages include the functionality required to calculate the principal components and apply
PCA to regression problems. However, their functionality does not include PLS in any of its versions.

In this context, the package scikit-fda [25] seeks to provide a complete implementation of FDA tools
in Python. Before starting this bachelor’s thesis, scikit-fda already provided an implementation of PCA,
albeit not fully complete. The goal of this work is to complete that implementation, extend it to regression
problems and implement PLS both as a dimensionality reduction technique and as a tool for regression.

In the following subsection, we will explore the structure of this package.

2.3.1. The scikit-fda package

The goal of the scikit-fda [26] package is to provide functional data processing and analysis in
Python. Additionally, the package is designed from the ground up to handle functional data expressed
both as a basis expansion and as values discretized in a grid. It provides an extensive list of functionality,

from preprocessing to classification, clustering or regression.
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However, the aim of scikit-fda is not only to create a complete and effective tool for FDA. Great
care and attention is paid to the documentation and design of the codebase, ensuring that it is easy to
read, maintainable, performant and coherent. Both examples and tests are included for all functionality,

making sure that the end user has enough information to use this package effectively.

Currently, scikit-fda has seven public modu-

skfda

les. An overview of the package is provided in Fi-

gure 2.3. Complete descriptions for each module

can be found in the documentation of the package
-
(accessible at https://fda.readthedocs.

io/en/latest/index.html). However, in

order to provide sufficient context for the following Figure 2.3: Diagram of scikit-fda modules

chapter, we provide a short summary of the con-

tents of each module.

m The Datasets module enables the user to fetch datasets in a format readily compatible with the

rest of the modules.

= The Inference module provides methods to derive conclusions from the sampled functional data.

It also provides utilities to estimate the reliability of the results obtained.

= The Machine Learning module contains estimators that solve some of the most common machine

learning problems, such as classification of data, clustering or regression.

m The Representation module contains the structures and basic functionality required to handle
functional data across the entire library. Among others, this module contains the definitions of the

different basis.

= The Exploratory module provides functions that can provide descriptive statistics of the functional

data. Moreover, utilities for visualization and Interpretation of the data are included.

= The Miscellaneous module was created to contain general functionality that was used by other
modules or features that did not fit properly in the other modules. In particular, it contains the logic

used to calculate the penalization matrices for linear operators.

= The Preprocessing module provides functionality to be applied before analyzing the data. For

example, smoothing, feature construction and dimensionality reduction.

The functionality available in all these modules is provided both for functional data discretized in a
grid and functional data expressed as a basis expansion. Across scikit-fda, these two representations
are associated with FDataGrid and FDataBasis objects. These two types inherit from the abstract
class FData. In general, the different public functions and objects take their input data as an FData.
Then, internally, the implementation may be specialized for each functional data type. This enables the

user to work with both representations interchangeably without adapting their code.
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SortwARE DEVELOPMENT PROCESS

The goal of this bachelor’s thesis is to expand the functionality of the package scikit-fda [25] descri-
bed in Section 2.3.1. Two brand new features are to be added: functional regression based on principal
component analysis and functional regression based on partial least squares. Additionally, the current

principal components dimensionality reduction functionality is to be completed.

In order to accomplish these goals, an agile software development methodology has been emplo-
yed. The following sections contain the final results of the development process. Sections 3.1 and 3.2
include the final requirements and designs. Section 3.3 describes the development process, and Sec-

tion 3.4 details the testing procedures.

3.1. Analysis

This section contains the analysis of the functionality to be added to scikit-fda. This analysis is pre-
sented in the form of a catalogue of requirements. The requirements have been divided into functional

and non-functional requirements.

3.1.1. Functional Requirements

The functional requirements described in this section have been divided into the groups: basis repre-
sentation (FR-BASIS), regularization (FR-REG), principal component analysis(FR-FPCA) and partial
least squares (FR-FPLS).

Basis representation

As mentioned in Section 2.3.1, functional data in scikit-fda is stored either as the values taken by
the functions in a grid or as their expansion in some basis. Currently, several generic basis are available

such as Fourier o B-Splines. The selection of basis is to be expanded a new types of basis.
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FR-BASIS-01 A basis object can be created from a collection of linearly independent functions that

can be evaluated in a particular range 7.

1.1 The provided functions for the basis can be either discretized or given as a basis expansion.
1.2 The basis created can be evaluated at any pointin 7.

1.3 It is possible to take derivatives of functional data expressed in this basis.

Regularization

In order to provide regularization in both FPC and FPLS, the calculation of penalty matrices as

defined in Appendix B must be available.

FR-REG-01 The penalty matrix can be calculated for any linear differential operator and discretized

functions.

FR-REG-02 The penalty matrix can be calculated for any linear differential operator and functions

expressed as a basis expansion.

FPCA

The FPCA functionality can be applied in two ways. Firstly, the calculation of the FPC constitutes a
dimensionality reduction technique (see Section 2.1). Secondly, this dimensionality reduction technique

can be applied to regression problems as described in Section 2.1.2.

FR-FPCA-01 From a set of functional observations in discretized form, it is possible generate a basis

with a specified number of principal components weights.

FR-FPCA-02 From a set of functional observations in basis form, it is possible generate a basis with

a specified number of principal components weights.

FR-FPCA-03 It is possible to incorporate regularization into the calculation of the FPC basis.

3.1 The regularization corresponds to penalizing the norm of a linear differential operator applied

to the calculated components.

3.2 The strength of the regularization is controlled by means of a regularization parameter.

FR-FPCA-04 The user can perform functional principal component regression (FPCR).

4.1 Regularization can be applied both to the weights calculation (FR-FPCA-03) and to the calcu-

lation of the regression coefficient.
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FPLS

As with FPCA, FPLS can be applied either directly as a dimensionality reduction technique (see
Section 2.2) or it can be used to solve regression problems (see Section A.4). As described in Section
2.2, FPLS works with two blocks: X and Y. When it is used as a dimensionality reduction technique,
the two blocks are interchangeable. However, when it is used for regression problems, the X block

corresponds to the regressor variable and, the Y block, to the response variable.

FR-FPLS-01 The user can use FPLS as a dimensionality reduction technique.

1.1 Both the X and Y inputs can be either multivariate or functional. The functional inputs can either

be provided as discretized functions or as a basis expansion, without affecting the result.
1.2 |t is possible to transform data back and forth between the input space and the component
space.
FR-FPLS-02 The user can perform FPLSR.
2.1 This functionality accepts both multivariate and functional data both for the response and

explanatory variables.

FR-FPLS-03 It is possible to incorporate regularization into the calculation of the FPLS weights to
obtain smooth rotation functions. The regularization corresponds to penalizing the norm

of a linear differential operator applied to the calculated weights.
3.1 Regularization can be applied to the X block.
3.2 Regularization can be applied to the Y block.

3.3 Regularization can only be applied to blocks of functional data.

3.1.2. Non-functional requirements

In this section, the different types of non-functional requirements will be detailed. Most of these
requirements are dictated by the developing guidelines of the library.
Environment

NFR-ENV-01 The entirety of the library is developed in Python, with a strong focus on using NumPy

for vectorized arithmetic to ensure performant implementations.

NFR-ENV-02 The library can be deployed in the main operating systems (MacOS, Windows and

Linux-based).
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Coding Guidelines

NFR-CG-01 All code must follow the Python Enhancement Proposal (PEP) 8 [27] , which provi-
des general coding style conventions, and PEP 257 [28], which documents the seman-
tics and conventions of docstrings. In particular, scikit-fda’s utilizes wemake-python-
styleguide [29] as its linter. This is a plugin for flake8 [30] that provides stricter checks,
and is configured in the setup. cfg file. All additions to the codebase must be free of

linter warnings.

NFR-CG-02 All code must be typed according to PEP 484 [31]. This Python Enhancement Proposal

defines the semantics of type hinting.

NFR-CG-03 New designs must follow the API conventions in scikit-learn [26] to ensure a seamless
integration between modules of both libraries. Details of this APl are available in [32]. To
a lesser extent, the style and naming conventions of NumPy [33] and SciPy [34] should

also be taken into account.

Documentation

NFR-DOC-01 The documentation will be generated from the docstrings of the functions and clas-
ses using sphinx [35]. Therefore, the reStructuredText(reST) markup language must be

used in the docstrings.
NFR-DOC-02 To illustrate the functionality of the classes, doctests will be employed.

NFR-DOC-03 The examples will be generated using sphinx-gallery [36] during the documentation
build process. Each example must be included in a separate file using the sphinx-gallery

syntax.

Testing

NFR-TST-01 The testing framework to be used is pytest.

NFR-TST-02 Tests for the same functionality must be grouped in a single file. Each test will be enclo-

”

sed in a function whose name starts by “test_".

3.1.3. Use cases

As part of the analysis process, the most relevant use cases were identified. Two use cases were
considered particularly important. They are detailed in the following sections. Additionally, two functio-
nality tests were envisioned to verify that these use cases were present in the final product. These

functionality tests correspond to the first two examples of Chapter 4.
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FPC Regression

Calculate a
penalization matrix for
a function expressed in

a CustomBasi
Calculate a - =

Calculate FPC <extends> penalization matrix

Calculate a
penalization matrix for a

<<extends>> . p -
discretized function

<<includes>>

Fit a linear
regression

User FPC Regression <includes>>

Figure 3.1: FPC regression use case diagram

Given a dataset with functional observations and a scalar variable, the user is able to use FPC
regression to predict the value of the scalar variable from the functional observations. The user can
choose the number of components that are used in this prediction. Additionally, the user can incor-
porate an adjustable level of regularization given by a linear differential operator and a regularization

parameter.

FPLS Regression

Calculate a
penalization matrix for
a function expressed in
a CustomBasis

Calculate a
penalization matrix

Calculate FPLS

Calculate a
penalization matrix for a

<<includes>> A A p
discretized function

User FPLS Regression

Figure 3.2: FPLS regression use case diagram

Given a dataset with functional observations and a scalar variable, the user is able to use FPLS
regression to predict the value of the scalar variable from the functional observations. The user can
choose the number of components that are used in this prediction. Additionally, the user can incor-
porate an adjustable level of regularization given by a linear differential operator and a regularization

parameter.
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3.2. Design

An overview of scikit-fda was provided in Section 2.3.1. Four of its modules have to be modified to
fulfill the new requirements. The internal submodules of each modified module are presented in Figure

3.3, where modified submodules have been highlighted in green.

Machine Learning Representation Preprocessing

Classification Regression Basis Grid RS Smoothing
Construction
. . . . . Dimensionality
Clustering Extrapolation Interpolation Registration Reclcion

Miscellaneous

L S
- Malrix
Squares

Figure 3.3: Structure of the modified scikit—-fda modules

The changes made to each module are discussed in the following sections. The next two sections
will cover the Representation and Miscellaneous modules. However, for the sake of conciseness, the
design of the Machine Learning and Preprocessing modules will be described together (as these are

deeply related).

3.2.1. Representation module

The Representation module contains the data structures and functionality needed to represent and
store functional data within the library. Two new classes have been added to it, defining two new ty-
pes of basis. As it can be seen in the diagram in Figure 3.4, both of them inherit from Basis. Note
that in Figure 3.4, not all methods are included, only the most representative ones for the new Basis
subtypes. A full diagram can be consulted in Appendix D (see Figure D.1). We will now describe both
objects separately. Note, however, that methods that are overloading a method in Basis are not des-
cribed. Their documentation can be checked at https://fda.readthedocs.io/en/latest/

modules/autosummary/skfda.representation.basis.Basis.html.

®m CustomBasis is a basis where the basis functions can be arbitrary FData objects as long as
they are linearly independent. This basis definition seeks to fulfill FR-BASIS-01. The brand new
methods are:

e The method _check_linearly_independent checks that the input functions are li-
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nearly independent. This method is called during the construction of the object. If the provi-
ded functions are not linearly independent, a ValueError exception is raised. This method
has specializations both for FDataGrid and FDataBasis arguments.

e The method _create_subspace_basis_coef creates a new basis spanning subspace
generated by the derivatives of the basis functions. The second argument contains the coef-
ficients of some functions in the original basis. The function returns the coefficients of the
derivatives in the newly created basis. This method has specializations both for FDataGrid

and FDataBasis arguments.

®m GridBasis is a basis that enables the representation of an FDataGrid object as an FData-
Basis. . An FDataBasis with a GridBasis as its basis and a series of coefficients in this
basis corresponds to an FDataGrid discretized in the GridBasis grid_points attribute
and with the FDataBasis coefficients as the data_matrix.

This different representation for FDataGrid object has enabled simplifications in the penalty
calculation (see Section 3.2.2). However, this basis does not support evaluation. Therefore the
_evaluate method raises an exception. To evaluate an FDat aBasi s with this underlying basis,

it must be converted to an FDataGrid first.

domain_range
n_basis
dim_domain
dim_codomain
n_basis

- _evaluate(eval points: Array): Array
evaluate(eval _points: Array): Array
- _derivative_basis_and_coefs(coefs: Array, order: int): Array
derivative_basis_and_coefs(coefs: Array, order: int): Array
- coordinate_basis_and_coefs(coefs: Array, key: slice): Array

/\ /N

CustomBasis

- _check_linearly_ independent(fdata: FData)
check_linearly_independent_grid(fdata: FDataGrid)
_check_linearly_independent_basis(fdata: FDataBasis)
_derivative_basis_and_coefs(coefs: Array, order:int): Array
- _create_subspace_basis_coef(fdata: FData, coefs: Array): Array
_create_subspace_basis_coef _grid(fdata: FDataGrid, coefs: Array): Array

create_subspace_basis_coef_basis(fdata: FDataBasis, coefs: Array): Array
evaluate(eval points: Array): Array

FDataBasis GridBasis
+ grid_points: Array

FDataGrid - _evaluate(eval points: Array): Array

Figure 3.4: Design for the changes to the Representation module
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3.2.2. Miscellaneous module

The changes needed in this module were minor. The only goal was to extend the already present

penalty matrix calculation functionality to the new basis types. This part of the library relies heavily on

global functions instead of object instances. Therefore, to describe its design, a call graph has been

used instead of a class diagram. This can be seen in Figure 3.5, with the new functions highlighted in

green.

compute_penalty matrix(

basis_iterable: Iterable[Basis],
regularization_parameter: float,

regularization: Regularization
): Array

L2Regularization.penalty matrix(
basis: Basis
): Array

gram_matrix(
linear_operator: Operator,
basis: Basis

): Array

multimethod.multidispatch

gram_matrix_numerical(
linear_operator: Operator,
basis: Basis basis: Basis
): Array ): Array

gridbasis_penalty matrix_optimized(
linear_operator: Operator,

fdatagrid_penalty matrix_optimized(
linear_operator: Operator,

Depending on
the basis type

custombasis_penalty matrix_optimized(
linear_operator: Operator,
basis: Basis

): Array

fdatabasis_penalty matrix_optimized (
linear_operator: Operator,

basis: Basis
): Array

Figure 3.5: Call graph of the penalty matrix calculation

The central function in the penalty matrix calculation is gram_mat rix. This function, in turn, uses

dynamic dispatch to call a specialized function depending on the type of basis given. If there are no op-

timized versions available for that particular basis, gram_matrix_numerical provides a numerical

fallback. We now describe the rest of the functions:

m gridbasis_penalty_matrix_optimized. This function uses the procedures described in
Appendix B to calculate the penalty matrix of the given operator for discretized functions. The

discretization grid is defined by the grid_points in the given GridBasis.

m custombasis_penalty_matrix_optimized. This function calculates the penalization ma-

trix in a CustomBasis basis. Depending on whether the basis functions are discretized on a grid
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or expressed as a linear combination of an underlying basis, the calculation is delegated to one of

the following methods:

e fdatagrid_penalty_matrix_optimized. This function is called when the basis fun-
ctions are discretized. It calculates the penalization matrix by applying the differential operator
to each basis function and estimating the L? products with Simpson’s integration weights [16,
p.257].

e fdatabasis_penalty_matrix_optimized. This functionis called when the basis fun-
ctions are provided as an expansion on an underlying basis. In this case, the penalty matrix

is calculated using the penalty matrix of the underlying basis.

3.2.3. Machine Learning and Preprocessing modules

Most of the functionality developed in this project is integrated in these modules. An overview of the
design can be seen in Figure 3.6. The details of the classes contained in both these submodules can
be found in Figures D.2, D.3 and D.4 in the Appendix D. Note, however, that the LinearRegression
and L2Regularization classes were not part of this work and they are only included in the dia-
gram since it the new classes contain instances of them. The overview in Figure 3.6 shows how the
Regression and Dimensionality Reduction submodules are interrelated. Both FPCARegression and

FPLSRegression depend on their counterparts in the Dimensionality Reduction submodule.

As depicted in Figure 3.6, all the estimators have the base classes of scikit-learn as an ancestor. Mo-
reover, their interfaces follow the scikit-learn API guidelines [32]. Four methods are of particular impor-
tance: fit, predict, transform and inverse_transform. All estimators have a £it method
to process the training data. The regressors (FPCARegression and FPLSRegression) predict the
response to new data with the predict method, while the transformers (FPCA and FPLS) project the
data onto the component space using the t ransform method, with inverse_transform perfor-

ming the opposite operation.

The FPCA class calculates the Functional Principal Components as described in Section 2.1. In or-
der to provide regularization capabilities, it can optionally contain a L2Regularization object. This
class is defined in the skfda.misc.regularization module and represents the regularization for

a given linear differential operator.

Following the procedure described in Section 2.1.2, FPCARegression relies on both FPCA and
LinearRegression to carry out the functional principal component regression. Both the fit and pre-
dict methods delegate in these two components. This class can contain up to two regularization objects,
one of them describes the regularization for the FPC calculation, while the other describes the regula-

rization for the linear regression.

The design of the PLS funcionality follows a similar approach. Firstly, the FPLS class implements
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PLS as a dimensionality reduction technique as described in Section 2.2. This class has a similar
interface as FPCA. However, the inputs to both fit and transform are doubled as PLS works with
two blocks of variables (X and Y), instead of one. For the same reasons, two regularization objects can
be contained in a single FPLS transformer.

sklearn.base. TransformerMixin sklearn.base.BaseEstimator sklearn.base.RegressorMixin

Input,
Output,

TransformerMixin Target BaseEstimator RegressorMixin

Input,
Target

+ fit(X: Input) + fit(X: Input)
+ predict(X: Input)
A + score(X:Input, y:Target): float

/N /N /\

Input,
Output,

InductiveTransformerMixin VEITEEE

+ transform(X: Input): Output
/N 7\

'ﬂlr"q-

PCARegression LinearRegression

FPLS FPCA

I PLSRegression

L2Regularization

Figure 3.6: Design overview of the Machine Learning and Preprocessing modules

Secondly, FPLSRegression utilizes FPLS to carry out functional PLS regression as described in
Section A.4. In order to be able to reuse FPLS for regression, the transformer must implement the two
deflation modes of PLS (canonical and regression). A private parameter controls which mode is active
in FPLS, selecting the canonical mode by default. When this object is initialized during the fitting of a
FPLSRegression object, the regression mode is selected.
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3.3. Development methodology

This section seeks to describe the steps, procedures and methodologies used in this project. Firstly,
the general project structure is introduced. Then, the tools and methods used to ensure code quality
during the development process are enumerated. Finally, the documentation methodology for the new

code is described.

3.3.1. Project organization

One of the first decisions in a software project is which kind of methodology should be used. This
was considered at the very beginning of this bachelor’s thesis. The decision was made to use an agile
methodology. The goal of the project is to implement computational tools that enable functional data
processing in Python. However, especially when it comes to PLS, there are several ways to approach
the problem, and their advantages and drawbacks are not readily apparent at first sight. In this situation,
an agile methodology enables us to iterate on the different possible approaches and find the best

solution. The development cycle is portrayed in Figure 3.7.

Implementation ﬂ

Review Design

Initia.l Consolidate
planning results

Figure 3.7: Development cycle

Weekly
meetings

At the beginning, an initial planning phase took place. During this phase, the broad goals of the
project were defined. It was decided that both FPCA and FPLS regression had to be added to the
scikit-fda library.

With those goals in mind, the development process started. A series of approximately weekly sprints
took place. In each sprint, new techniques were implemented and different functionality was tested.
At the end of the sprint, during the review phase, the results obtained were evaluated. If the results
were considered sufficient, the focus of the next sprint was set to a new part of the new functionality.
Otherwise, the next sprint was dedicated to overcoming the encountered obstacle and reaching a better
solution. The beginning of a new sprint was also used to look for new references, read different articles

and attain a better understanding of the problem to solve.

During the sprints, weekly progress meetings were held. In these meetings, the members of the
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scikit-fda development team shared their progress, blocking points and foresight on how the develop-
ment should move forward. This approach has two main benefits. Firstly, the entire development team
is aware of how other features are being implemented. This can prevent integration problems when
the functionality is merged and improve the consistency across modules. Secondly, blocking points are

identified quickly and everyone can help to push the development forward.

When all the desired functionality was achieved, the sprint phase was concluded. From this point
onwards, the effort was spent consolidating the results. This included preparing the examples for the
already finished functionality and revising the code, tests and documentation to identify possible issues

and correct them. A Gantt diagram of the entire project is included in Appendix C.

Aside from the development cycle, it is also critical to define how the development team of scikit-fda
should collaborate. Creating a library is a complex task, but one that can be broken down into parts
with little dependencies. As a result, there have been several people working on different features for
scikit-fda at the same time. In order for this collaboration to be successful, it is essential to use
some kind of version control system. Even though it is not the only option, git is the de-facto standard
for many open-source projects. In particular, a repository in GitHub is used as the remote. Aside from
storing the source code, GitHub provides the issue tracking and pull request functionality that is at heart

of effective software development collaboration.

The most basic collaborative tools in git are branches. In the case of scikit-fda, these bran-
ches are organized following the gitflow model. An example of the branch structure in this workflow is

included in Figure 3.8 ! . Five kinds of branches are defined in this model.

Main Hotfix Release Develop Feature Feature

N2 N2 N2
O O

Q
(@)

Figure 3.8: Example of gitflow branching structure

The main branch only contains the official releases of the library, while develop is the branch to

1 Image licensed under Creative Commons Attribution 2.5 from https://www.atlassian.com/git/tutorials/

comparing-workflows/gitflow-workflow (fetched on the 6™ of May 2023)
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which new features are integrated. Once the develop branch is deemed to be stable enough and all
features have been integrated, it is merged to the master branch. Usually, the merge commits to the

master are tagged since they correspond to different versions of the library.

Most of the work is performed in feature branches. Each one of these branches is created to imple-
ment a particular functionality. Once the functionality has been coded and tested, they are merged into
the develop branch. Finally, hotfix branches are created to quickly patch production releases. This is
very beneficial when it comes to bug fixing. It allows us to quickly push out a change both to the develop

and master branch without interrupting the current development efforts in other branches.

Before merging a feature branch into develop, a code review is carried out. That is to say, another
developer reviews all changes in the pull request. This has two main benefits. Firstly, it greatly reduces
the number of bugs introduced into development. Secondly, it helps identify code sections that are not
easy to understand but might seem trivial to the developer who implemented them. Upon identification,

these sections can be refactored or documented properly so that they are as straightforward as possible.

3.3.2. Code quality assurance

One of the key development principles in scikit-fda is the focus on maintainability, code conventions
and complete documentation. A coherent style must be followed across the entire codebase to make
all modules approachable to new contributors. Coding guidelines (see requirements NFR-CG-01, NFR-
CG-02 and NFR-CG-03) have been established to accomplish this goal. In particular, three standards
are employed. On the one hand, PEP 8 regulates indentation, white lines, trailing commas, line width
and other factors that could hinder the readability of the code. On the other hand PEP 257 provides
a standard format for docstrings. That is to say, the build-in documentation strings in Python. Finally,
PEP 484 defines the semantics of the type hits in Python. In order to ensure the quality of the resulting
code several tools and processes have been used. They have been separated into four groups: linting,

formatting, type checking, continuous integration and testing and profiling

Linting

In order to ensure that the written code meets the PEP 8 guidelines, it is imperative to have automatic

checkers that point out violations. That role is primarily fulfilled by the following linting tools:

n flake8 [30] is a linter that scans Python code and indicates the lines whose style deviates from the
PEP 8 standard.

= wemake-python-styleguide [29] is a plugin for flake8 that incorporates stricter rules.

It ensures consistency across the code and helps identify complex sections that

should be refactored to ensure readability.
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Formatting

In order to automate some of the process of producing PEP 8 compliant code, automatic code

formatters have been used. These tools help ensure consistency and readability across the library:

m jsort [37] is a tool that reorganizes the Python imports at the beginning of a file.

This reduces merge conflicts and provides a more consistent ordering of the import

statements.

» black [38] is a heavily opinionated Python formatter. black is PEP8 compliant but it @
is not fully compatible with wemake-python-styleguide. 1t was very effective at fixing Q
most of the linter warnings quickly, even if some manual fixes were needed.

m autopep8 [39] is another Python formatter. This one has the advantage of being able to process

file fragments. Therefore it could be used in files where only a portion of them was modified.

Type checking

Even though Python ascribes to the duck typing paradigm, a type checking tool can identify potential
bugs before the code is even tested. By detecting situation where the expected types do not match the

types of the objects being used, buggy code can be detected and refactored. To do so, mypy is used:

= mypy [40] is a static type checker for Python. Using the type hints defined
in PEP 484, mypy can check if the type definitions are consistent with the @ my[ py]

function calls and class instantiations.
Continuous integration and testing

Another step taken to increase code quality is the use of GitHub Actions. GitHub Actions is a ClI
(Continuous integration) platform that provides automatic testing and linting pipelines. These pipelines
are then triggered by any new commit added to a pull requests, which can only be merged if the
pipelines are successfully executed. For example, there are pipelines that run all tests in all target
operating systems (see NFR-ENV-02) and only finish successfully if all tests pass. Additionally, other

pipelines are used to enforce PEP 8 and mypy compliance.

Regarding the tests themselves, up until recently, unittest was the framework used in scikit-fda.
However, currently, new tests are being created following pytest’s format, as it constitutes a simpler and

more effective framework.

m pytest [41] is a Python testing framework that simplifies the definition of test files. i—i

Its definition of parametrized testing functions avoids unnecessary repetition while

writing similar test scenarios. pyte St
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Profiling

In order to identify bottlenecks, sections that were found to be computationally intensive were analy-
zed using profiling tools. These tools are capable of summarizing where the most CPU time was spent,
identifying the hot path and possible areas of improvement. Depending on the granularity required,
different tools were employed:

» cProfile is a deterministic profiler for Python. It is part of the Python Standard Library and is

capable of tracing function calls and calculate the percentage of time spent in different functions.

m gprof2dot [42] is a Python utility that generates function call graphs from the output generated by
many different profilers. In particular, it supports the creation of function call diagrams from the
output of cProfile. Figure 3.9 contains a section of a call graph generated during the optimization

process of the penalty matrix calculation.

m line_profiler [43] is a line by line Python profiler. This profiler can calculate the CPU time spent in
each line of some previously selected functions. It was used to provide finer measurements than

cProfile when needed.

Figure 3.9: Function call graph generated as part of the optimization process for the discretized
penalty matrix calculation

3.3.3. Documentation

The main tool used to document Python codes are docstrings. A docstring is defined as a string
literal inserted in the first line of the definition of a module function, class or method. This string contains
a description of the defined element as well as some additional details that could help understand its

interactions with other elements. In some cases such as class methods, all needed information can be
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summarized in a single line.

On the contrary, docstrings for class definitions tend to be longer in order to provide a detailed
explanation of the class. An example of this is provided in Code 3.1. These docstrings usually also
include a list of the arguments required to build an instance of this class and the attributes of the class.
Additionally, in most cases an examples section is added. These examples are known as doctests
since they are executed when the documentation is built, and their results are compared to the ones
indicated in the doctest itself. Therefore, they fulfill two purposes. Firstly, they provide extra validation of

some basic functionalities. Secondly, they provide an example of how the class should be used.

1 class FPCARegression (

2 BaseEstimator,

3 RegressorMixin,

4 ) g

5 r"""Regression using Functional Principal Components Analysis.

6

7 It performs Functional Principal Components Analysis to reduce the
8 dimension of the functional data, and then uses a linear regression model
9 to relate the transformed data to a scalar value.

10

11 Args:

12 n_components: Number of principal components to keep. Defaults to 5.
13 fit\_intercept: If True, the linear model is calculated with an
14 intercept. Defaults to "~ “True’ .

15 pca_regularization: Regularization parameter for the principal
16 component extraction. If None then no regularization is applied.
17 Defaults to "'None''.

18 regression regularization: Regularization parameter for the linear
19 regression. If None then no regularization is applied.

20 Defaults to "~"None™'.

21 components_basis: Basis used for the principal components. If None
22 then the basis of the input data is used. Defaults to None.
23 It is only used if the input data is a FDataBasis object.
24

25 Attributes:

26 n\_components\_: Number of principal components used.

27 components\_: Principal components.

28 coef\_: Coefficients of the linear regression model.

29 explained\_variance\_: Amount of variance explained by

30 each of the selected components.

31 explained\_variance\_ratio\_: Percentage of variance

32 explained by each of the selected components.

33

34 Examples:

35 Using the Berkeley Growth Study dataset, we can fit the model.
36

37 >>> import skfda

38 >>> dataset = skfda.datasets.fetch _growth()

39 >>> fd = dataset ["data"]

40 >>> y = dataset["target"]

41 >>> reg = skfda.ml.regression.FPCARegression (n_components=2)

42 >>> reqg.fit (fd, y)

43 FPCARegression (n_components=2)

44

45 Then, we can predict the target values and calculate the

46 score.

47

48 >>> score = reg.score(fd, y)

49 >>> reg.predict (fd) # doctest:+ELLIPSIS

50 array([...])

51

52

Code 3.1: FPCARegression docstring
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However, these doctests are not limited to class definitions. In fact, they have proven to be very use-
ful when documenting complex functions. Adding a doctest to their docstring provides simple example
of the inputs and expected outputs. Moreover, since some functions are not part of a class, including a
simple test in the docstring is more convenient that creating a dedicated unittest file if only very basic
validation is needed.

Nevertheless, these short examples are not sufficient to fully showcase the functionality of each
class or module. To do that, a series of examples are cleated along with each new major feature added
to the library. These have a similar structure to a notebook and are rendered into html by sphinx. All the
examples of the library are accessible at https://fda.readthedocs.io/en/latest/auto_

examples/index.html.

To conclude this section, it is important to mention that the online documentation is generated auto-
matically from the docstrings in the source code by sphinx. This simplifies the documentation process
immensely. If the source code has been documented appropriately, it suffices to add the source file to

the list of files processed by sphinx to have the new functionality added to the online documentation.

3.4. Testing

To ensure that the developed code is correct and free of bugs, several different kinds of tests have
been applied. In this section, the use of doctests, unit tests and functionality tests is described, and their
integration with the continuous integration system is explained. The type checking validation process
using mypy is not included in this section, as it has already been covered in sufficient detail in Section
3.3.2.

3.4.1. Doctests

Doctests are small code fragments included within the documentation of a class or a function. These
fragments are executed during the build process for the documentation and the results are compared
against the expected values specified in the doctest itself. The validation power of these tests is rather
limited, but executing them during the documentation build ensures that the documentation stays up to
date with the implementation

3.4.2. Unit tests

The different classes in scikit-fda have associated unit tests that verify their correctness. Each class
to be tested has an associated test class with all its tests. In order to validate the requirements, three

different testing approaches have been followed. First of all, some small tests are included with data for
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which the output is already known. This includes both tests of very simple scenarios that can be solved
by hand and tests of the behaviour of the class. For example, tests that verify that exceptions are raised

for certain inputs.

Secondly, in some cases, the same functionality has been implemented in some R packages such
as fda or fda.usc. In those cases, tests are created to compare our results with the ones obtained in R
with the same inputs. However, in some cases, the results from one of the libraries has to be adapted
to be comparable. For example, the notion of a penalization matrix in fda.usc is slightly different and its
values differ from the one obtained in our code by a certain scalar that depends on the discretization
grid.

Thirdly, some problems can be solved in more than one way. For instance, there are two ways to
calculate the norm of a differential operator applied to a function. On the one hand, using the regulari-
zation matrix framework, a penalization matrix can be used to calculate this norm. On the other hand,
one can calculate the function that results from applying the linear operator to the original function and,
then, calculate its norm. Since both methods are equivalent, their results can be compared to validate

the new implementation.

Additionally, in some cases, there are other options available. For example the discretized version
of FPCA with unit weights and no regularization must be equivalent to the multivariate PCA. These kind
of tests have also been included since they are very useful to ensure consistency with the estimators
in scikit-learn. This is particularly important since the libraries should have a seamless integration (see
NFR-CG-03).

3.4.3. Functionality tests

The functionality tests are comprised of a series of examples of use. These intend to mimic the
behaviour of an end user and ensure that the desired functionality is present. In contrast with the unit
tests, no extreme scenarios or edge cases are considered in these test. As with the doctests, these
tests are executed when the documentation is built by sphinx_gallery, and they are a great addition to

the documentation of the library.

3.4.4. Continuous integration and testing

A combination of all these testing approaches is used to provide adequate coverage and require-
ment validation. The coverage of the entire codebase is tracked using codecov, which is integrated into
GitHub Actions. Therefore, only pull requests whose tests are successful and have a sufficient coverage
are accepted onto the develop branch. In particular, the average coverage of the files added for the new

functionality is around 91 %.
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The goal of this chapter is to showcase the application of the regression techniques developed
during this project. Three different experiments have been selected. The first one shows the application
of FPCR with regularization to a noisy dataset. The second one seeks to display the performance of
FPLSR when solving the same problem. Finally, the third scenario compares the two methods applied
to a less noisy dataset, in which no regularization is needed.

4.1. FPCR applied to the Canadian Weather dataset

The Canadian Weather dataset from [14] contains the daily average temperature of 35 Canadian
weather stations along with their geographical information. In this example, the goal is to predict the

latitude of the weather station given the evolution of its daily average temperatures.

Average temperature (°C)

T T T T T T T T
0 50 100 150 200 250 300 350
Day of the year

Figure 4.1: Canadian Weather dataset. Each curve represents the average daily temperature. Their

color corresponds to latitude of the corresponding stations. The darker the color, the higher the lati-
tude.

Figure 4.1 portrays the daily temperatures for each weather station. The daily measurements ha-
ve been averaged across every year from 1960 to 1994. In Figure 4.1, the curves corresponding to
northern stations are colored in a darker shade of green, while the curves of southern stations are
lighter. Naturally, the northern stations tend to be colder.
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Given the noisy nature of the data, it was decided to apply regularization to the calculation of the

principal components. In order to do so, a regularization parameter must be selected. With that goal in

mind, a grid search with cross validation was used. Since the FPCARegression predictor has been

design to be compatible with scikit-learn’s interface, the GridSearchCV function in said library can

be used. The best regularization parameter might change depending on the number of components.

Therefore, the grid search considered both the regularization parameter and the number of components.

The best 5-fold cross validation scores were obtained with 5 components and a regularization parameter
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Figure 4.2: Average R? score obtained in 5-fold cross validation varying either the number of com-

ponents or the regularization parameter, with the other one kept at the optimum

Figure 4.2 shows the cross validation scores obtained depending on the number of components

and regularization parameter with and without regularization. Without regularization, the highest cross

validation score is 0.664 + 0.17. With regularization, the score raises to 0.752 4+ 0.11.
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Figure 4.3: Principal components weights for the first three components

Finally, in Figure 4.3, the weights for the first three principal component are shown. It can be easily

seen that the regularization was able to smooth the weights, removing the noise from the principal

components and leading to better results in the regression.

36

Dimensionality Reduction for Functional Regression



4.2. FPLSR AppLIED TO THE CANADIAN \WEATHER DATASET

4.2. FPLSR applied to the Canadian Weather dataset

The regression problem that FLPSR was tasked with solving in this scenario is the same as the
one in the previous section. Once again, due to the noise in the regressor (X) variable, regularization
has to be applied to the weights in the X block. As with FPLSR, both the number of components and
the regularization parameter were decided based on the results of a cross validation grid search. The

optimum parameters were found to be 4 components and a regularization parameter of 5223.
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Figure 4.4: Average R? score obtained in 5-fold cross validation varying either the number of com-

ponents or the regularization parameter, with the other one kept at the optimum

In Figure 4.4, the performance of the model with different number of components and regularization

parameters is shown. As it can be seen in Figure 4.4(a), applying regularization leads to better results.
In particular, with 4 components, the cross validation score jumps from 0.698 4+ 0.14 to 0.754 4+ 0.12.
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Figure 4.5: X block FPLS weights for the first three components

Finally, in Figure 4.5, the first three X block FPLS weights are plotted. It can be easily seen that the
regularization was able to remove the noise in the weights, which in turn led to better results. It can also
be noted that the weights are different to the ones extracted by FPCR (Figure 4.3) even though both

methods obtained very similar cross validation scores.
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4.3. Comparison between FPLSR and FPCR in the Tecator

dataset

This last scenario seeks to directly compare FPLSR and FPCR using one of the most popular da-
tasets for functional regression with scalar response: the Tecator dataset (from http://1ib.stat.
cmu.edu/datasets/tecator). This dataset contains the absorbance spectra for 215 meat sam-
ples, as well as their concentration of fat, protein and water. Both regression methods are tasked with
predicting the fat contents from the absorbance curves. The input data is shown in Figure 4.6(a), where

darker shades of green correspond to samples with higher contents of fat.
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Figure 4.6: FPLSR and FPCR applied to the absorbance curves

Figure 4.6(b) shows the evolution of the average R? score obtained with 5-fold cross validation de-
pending on the number of components considered. There is very little difference between the maximum

score obtained by both methods, with FPLSR obtaining slightly better results.

Frequently, when analyzing the Tecator dataset, the estimators are fitted using the second deriva-
tives of the absorbance curves instead, which provide a better separation between high and low fat
content (see Figure 4.6(c)). Fitting the estimators using the second derivatives leads to slightly better
results. However, the main difference is the number of components required to obtain the best results.
In particular, FPLSR obtain its best result with only 8 components. This shows the better capabilities of

FPLSR when it comes to summarizing the information needed for the regression in the first components.
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CONCLUSIONS AND FUTURE WORK

The main objective of this bachelor’s thesis was to implement regression methods for functional da-
ta based on dimensionality reduction. Specifically, functional partial least squares regression (FPLSR)
and functional principal components regression (FPCR). Both techniques have been implemented and
integrated in scikit-fda, a Python package for statistical analysis and machine learning with functio-
nal data. The goal of these dimensionality reduction methods is to identify a low-dimensional basis of
components that are linear combinations of the original functional observations. In FPCR, these com-
ponents are computed by maximizing the explained variance of the functional covariates. In FPLSR,
the components maximize the covariance between these covariates and the predicted variable. Once
this basis is obtained, the functional observations are mapped to their coefficients in this basis. In this
manner, the original functions, which are, in principle, infinite-dimensional objects, are represented in a

finite-dimensional space in which standard multivariate regression can be applied.

The basis derived by FPCA and FPLS are expected to capture relevant information in the data better
than generic basis such as Fourier or B-Splines since they are computed from the data themselves. In
particular, FPLS is expected to yield a representation that is better adapted to the regression problem

because it takes into account not only the regressor variable, but also the response.

Moreover, to identify basis that are smooth, roughness penalties have also been implemented for
both FPCA and FPLS. These penalties are defined in terms of linear differential operators. For instance,
the L? norm of the second derivative can be used to penalize the curvature of the components. Besides
being smooth, these components are usually more interpretable, and the regression models built on

them are more robust.

The effectiveness of these methods has been illustrated by means of two examples, where they
were employed to analyze meteorological and spectroscopic measurements respectively with the goal
of predicting related quantities. The first one shows the benefits of applying regularization when the
input data is noisy. In the second one, both methods are compared in a situation where no regularization
is needed, but in which fitting the models with the derivatives of the original data leads to more accurate
predictions. The better performance of FPLSR and FPCR in these examples illustrates the usefulness

of these methods. In future developments, these methods will be extended to accept multiple functional
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covariates.

Another possible extension is the implementation of canonical correlation analysis (CCA). This di-
mensionality reduction technique is similar to PLS. However, where PLS maximizes the variance bet-
ween the components, CCA maximizes the correlation. It is even possible that part of the PLS current
design could be reused to implement CCA, as the two methods are very similar (see [19, p. 26]). Ho-
wever, the application of this dimensionality reduction technique to regression problems has not been
explored as much as PLS in the FDA literature. As we briefly mentioned in Chapter 2, there are different
alternative methods of PLS. Therefore, even within the PLS family, methods such as SIMPLS [18] and

PLS-SVD [19] could be candidates for a future expansion of scikit-fda’s functionality.

However, the NIPALS version of FPLSR and the FPCR methods were considered to be the most
applicable to many problems. Both of them are general tools that can be applied to a wide range of
functional regression problems. In order to be able to implement them within the library, it was first
required to understand both the functional data analysis literature in general, and dimensionality reduc-
tion techniques in particular. Once these topics were understood, a set of requirements was derived.
From there, a design that fulfilled them was created and, when it was considered to be stable enough,
its implementation was started. Finally, the functionality was tested using both unit tests and examples
that validate each use case. All these steps were encompassed in an iterative cycle, following an agile
methodology. This iterative approach led to the refinement of the requirements and design when the

methods were understood in greater detail as the project progressed.

To conclude, the development process of the new functionality added to the library proved very
insightful. Scikit-fda is a large project resulting from a collaborative effort, with contributions from a di-
verse team of developers over an extended period of time. As a result, | gained valuable experience
in collaborating with other developers, working with an extensive codebase and using continuous inte-
gration and testing tools. Moreover, the statistical and machine learning methods implemented in this
project are at the forefront of the FDA research (specially PLS). To successfully codify these methods,
extensive investigation and review of the literature was needed, which greatly improved my research
capabilities. Additionally, the development of the functionality required acquiring in-depth knowledge of
the NumPy, SciPy and scikit-learn models since scikit-fda is integrated in the scientific Python ecosys-
tem and conforms to the scikit-learn API. Finally, as described in Chapter 3, | used many different tools

and utilities to help generate high-quality, self-documented, maintainable and performant code.
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MuLtivariate PLS

The multivariate NIPALS algorithm solves the multivariate PLS problem stated in Section 2.2. The
first iteration of the algorithm looks for a pair of directions (wy, ¢;) such that the covariance between the
components cov?(t;, u;) = cov?(Xwy, Ye1) is maximized. Then, to calculates subsequent components,
the data matrices X and Y are modified so that solving the same problem again leads to incorrelated
components. That is to say, when one has all the components, they must fulfill corr(t;,t;) = 0 and
corr(u;,u;) =0if i # j.

The deflation scheme is described in the following section, with the rest of the algorithm. A proof that
the algorithm fulfills the condition stated in the previous paragraph can be found in [19]. Alternatively, a

simpler proof, but only applicable to scalar Y blocks can be consulted in [44].

A.1. The steps of multivariate NIPALS

The NIPALS algorithm is an iterative method that extracts a pair of PLS components in each iteration.
This algorithm can be broken down into four blocks. Understanding the work being done in each of these
blocks is key to being able to generalize this algorithm for the functional case. In order to analyze this
method, the entire algorithm has been provided in Algorithm A.1. We will now describe each one of the
blocks in the algorithm:

1. Weights calculation. Consider X;_; and Y;_; (the data matrices at that iteration) as the inputs to
this block, and w;, ¢; as the outputs. Then the calculated w; and ¢; must maximize the covariance
of the projections. That is to say,

(w;, ¢;) = max arg cov?(X;_ 1w, Y;_1€). (A1)
w,c

Moreover, these vectors must have norm one. It is not hard to see that the vector that fulfill said

condition must also fulfill:

XYY Xmaw = dow, Y XX Y16 = Mgy, (A.2)
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with the highest possible eigenvalues \,, and A.. Proofs of these claims can be found in [45]
and [19].

The norm one constraint plus the eigenvector characterization is enough to arrive at the calculation

steps of Algorithm A.1.

2. Scores calculation. Score is the name that has been traditionally given to the PLS components.
This has been done in the PLS literature to clearly differentiate the components from the weights.
The scores are defined as the projection of the data along the extracted weights. In the multivariate

setting, this translates into two matrix multiplications.

The extracted vectors can be thought of as realizations of latent random variables that drive the

observed random variables. This interpretation is explained in more detail in Section A.2.

3. Choose latent variables for Y. This step has been included as the deflation must be carried out in
a slightly different manner when using PLS in a regression problem. The logic behind this change
will be explained in Section A.4. The intuitive interpretation of this change is that to perform the
regression, we assume that there is only one set of latent variables that drive both the X and Y
blocks.

It is important to notice that, when the deflation mode is not regression (we will name this setting
“canonical”), the algorithm is symmetric for X and Y. That is to say, if the data matrices for the X

and Y block were interchanged, the results would be the same but for the opposite block.

4. Loadings calculation. The loadings are defined as the result of regressing the data matrices on
the scores. That is to say, they are the result of adjusting two linear regression models by least

squares. In the canonical case:

Xi_1=tp, +E and Y,_; =uq +F. (A.3)

5. Data deflation. At the end of each iteration, the data matrices are changed. The goal of this up-
date is to remove the “information” that can already been explained by the extracted components.
In particular, the data matrices for the next iteration are the residuals left after fitting the models in
(A.3).

A.2. Latent Variables Interpretation

One of the most intuitive ways to understand the NIPALS method is to assume a particular model
for the random variables. In this section, we will denote by X = (X1,..., X»/)" the random vector (with
M features) that is sampled to obtain the data for the X matrix. Similarly, Y = (Y1,...,Yp)" (with D

features) will represent the underlying random variable for the other block.

The technical details of these models can be consulted in [46] and [47]. For the arguments that
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1 Xo+< X, Yo« Y

2 [+ 1

3 while | < L do

# Weights calculation

4 w; < normalized dominant eigenvector of XlT_lYl_lYlT_lxl_l
T T
5 C; <_Yl,1Xl—1 Wl/||Yl71X1_1 Wl”

# Scores calculation
6 t — Xi_1w;
7 u < Y_i¢

# Choose latent variables for Y

8 if deflation_mode == regression then
9 | d« 1t
10 else
11 | d<+—u
12 end

# Loadings calculation
13 Py X1t/ (L)
1a q; + Y] _,d/(d"d)

# Data deflation

15 X; < Xi—1 — tip]

16 Y <Y1 — dq;

17 l+1+1

18 end

Algorithm A.1: NIPALS algorithm for PLS.
X1 | A Y1 X1 | —> Y1
Xo | @_<»> Y2 X2 <<>—®—<>—> Y2
° H . ° ° H °
° ° ° ° ° ° °
° : ° ° : °
Xu | - Yp Xv |« “—» Yp
(a) Canonical (b) Regression

Figure A.1: Latent variables models depending on the latent variable chosen for Y (step 3 of NIPALS).
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we need in this work we do not need a precise characterization of all relations between the random
variables in the model. However, it is very useful to visualize this model. With that goal in mind, two
diagrams have been included in Figure A.1.

We shall focus on the canonical case first. In this case, pairs of components are extracted. That is
to say, in the first iteration of NIPALS, the two random variables 7 and v, will be extracted. The result
is the vectors t; and uy, which contain the N samples of these random variables. In particular, these
variables are obtained as linear combination of the observed ones in each block. The weight vectors
(w; and ¢;) contain these coefficients.

The regression case is slightly different. In that scenario, only one latent variable is extracted in each
iteration. This will prove to be very useful when this method is applied to a regression problem. We will
cover the details in Section A.4. However, the intuitive idea is the following. By having only one set of
latent variables, we can use the weights to obtain the latent variables from X and, then, we can use the
loadings of the Y block to estimate Y from the latent variables.

A.3. Multivariate NIPALS properties

In order to analyze this algorithm, the vectors obtained in each iteration are arranged into matrices.

W= (wg,...,w) e Rl C=(cy,...,c) € RP*L
T=(t,...,t;) e RV*M U= (uj,...,up) € RV*P (A.4)
P=(py,....p) eR™  Q=(qy,...,q,) e R

There are many interesting relationships between these matrices. However, in the interest of conci-
seness, we will only cover now the ones that are essential for applying the FPLS method. For a more
complete list of properties, refer to [19]. We will now discuss the properties of the matrices obtained with
the canonical deflation mode. The different properties that result form the regression deflation mode will

be covered in the next section.

Firstly, due to the successive deflations, the following expression can be obtained for the data ma-

trices:
X=TP"+E Y=UQ"+F, (A.5)

where E and F are matrices whose entries get smaller as the number of components extracted increa-

ses.

Additionally, two rotation matrices can be defined. If one analyzes the weights extracted during the

algorithm, it is easy to see that w; and ¢; are chosen using the data matrix in that iteration, not the
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original data matrices. As a consequence, T # XW and U # YC in general. That is to say, W are not

the directions that we were looking for. Those directions are the rotations. Their definition is
R, =WP'W)"! and R,=cC(Q'C)".. (A.6)
These matrices do fulfill that

T=XR, and U=VYR,. (A.7)

Using equations (A.5) and (A.7), one can get T and U from the data matrices (using the rotations).
And, conversely, it is possible to approximate the data matrices if T and U are known (using P and Q).
Looking back at the diagram in Figure A.1(a), this means that we can obtain the latent variables from
the observed ones and vice-versa (approximately). Furthermore, the matrices used for this (rotations

and loadings) are not realizations of random variables.

A.4. Multivariate PLS regression

Having understood the properties of PLS as a dimensionality reduction method, we can now apply
them to a regression problem. One possibility would be to use the rotation matrices (see (A.6)) as a
basis and then perform a standard linear regression with the components. That is to say, predict U
using T. Following this approach would mimic the steps that we took to define the application of FPCA

to regression problems.

However, there is a more efficient and simple approach in this case. Moreover, this approach can
easily be extended to the functional case rather simply. In particular, we can use the regression deflation
mode defined in Algorithm A.1. By using this version of NIPALS, one has the latent variable model in
Figure A.1(b). As we already anticipated in Section A.2, this is key to obtaining this regression method.
Before providing the exact steps of this method, it is needed to analyze how the properties of the
algorithm change with this deflation mode. An exhaustive list of these properties can be found in [45]
and [19].

In our case, it suffices to provide the counterparts of equations (A.5), (A.6) and (A.7). Even though
the matrices are different, in order to avoid complicating the notation, we will denote the matrices in the

same manner as in the canonical mode. Then, one has:

X=TP"+E Y=TQ +F (A.8a)

R, =W(P'W)"! and T=XR, (A.8b)

Now, from (A.8a) and using the X rotations, the following expression can be obtained:
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Y=TQ" +E=XW((P'W)'Q" + F=XB +F, (A.9)

where B is the regression matrix. It is immediate that this matrix has the expression

B=WP'W) Q" (A.10)

This regression method is known as PLS2 when the data matrix Y has more than 1 feature (column).
If the response is univariate, it is known as PLS1. In the present work, we will not exploit any of the
properties that are unique to PLS1. However, note that PLS1 has many interesting properties that do
not hold for PLS2, making it a method worth studying in its own right. Some of these properties are
covered in [48] and [44].
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When modeling quantities that depend on a continuous parameter, one typically assumes underl-
ying smoothness. To incorporate this assumption into multivariate techniques, one can incorporate
a roughness penalization in the optimization criteria. In order to do so, the roughness of a function
must be measured in some way. A natural way to quantify the roughness of a given function f is the
norm of its derivatives. In particular, the L? norm of the second derivative is a commonly used penalty
(see [11, p.84]). This penalization is defined as:

PENo() = [ (D?F(s))Pds, ®.1)

where D? denotes the second derivative operator and I is the domain of f.

For example a straight line will have a penalty of 0. On the contrary, a very noisy function will have
a high curvature in many points, leading to a high absolute value of its second derivative. However,
this notion of penalization proves insufficient in some cases. For example, consider a situation where f
represents the position of a travelling object. It is not unreasonable to seek a smooth acceleration of said
object, which would lead to penalizing the second derivative of the acceleration. Since the acceleration

is, in turn, the second derivative of f, the goal would seek to minimize the norm of the fourth derivative

of f.

Similar examples show that there might be reasonable reasons to penalize different derivatives,
or even combinations of them. To accommodate these needs, we define the penalization for a linear

differential operator with constant weights. Such an operator can be defined as

M
P=> wD" (B.2)
k=0

That is to say, the operator P is a linear combination of the first M derivatives. Usually, M will
be a small number since higher derivatives usually do not have a straightforward interpretation. The
penalization for P can be defined as

PENp(f) = / (Pf(s))%ds, (B.3)

I
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With this definition in hand, the task now is to find how this penalization can be easily computed.
As it has already been mentioned, scikit-fda provides two different ways to represent functional data:
discretized and as a basis expansion. Therefore, this penalty must be possible to calculate in both

cases.

If f is represented as a basis expansion in a basis {q&k}szl, we will denote f = (f,..., fx)" its
coefficients in said basis. Plugging the basis expansion into (B.3) and using both the linearity of the

operator and the integral, one obtains:

K 2 K 2
PEN(f) = | <P (mek) <s>> as— | ((wa(m)) <s>> ds =
k=1 k=1

K 2
/ (kap<¢k)(3)> ds = / D> fifiP(i)(s)P(5)(s) | ds = (B.4)
' \k=1 I

1<ij<K

- Z fifj/lp(¢i)(5)P(¢j)(s)ds:fTPf,

I<i,j<K

where P is the penalty matrix for the operator P in the basis ¢. This matrix is defined as

P, — / P(60)(5)P(67)(5). (B.5)
I

The usual approach to calculating these values is to first calculate the result of applying the linear
operator to each basis function. Then the L? inner products can be calculated. Usually the number of
basis functions is rather small. Therefore the K x K products required to populate P can be calculated
rather quickly. Moreover, once P has been calculated, it can be reused to calculate penalties for any

function expressed in the same basis.

To ensure that the computational complexity of this calculation is acceptable, a complexity analysis
has been carried out (see Table B.1). Note that it has been assumed that the derivatives can be easily
calculated from the basis. This holds true for most of the widely use basis such as Fourier or B-Splines.
If that is not the case, the complexity of the first step would increase. However, as it can be seen, the

bottleneck in terms of performance is the last step.

Additionally, for the additions and integrals, it has been assumed that all operations are performed
using the basis expansion of the functions. Therefore, adding functions corresponds to adding their
coefficients in the basis and calculating integrals corresponds to: [ b(t)c(t)dt = b"Gc. Here, b and ¢
are the coefficient vectors of b(¢) and ¢(t), and G is the Gram matrix of the basis. Therefore, addition is

linear in K and, integration, quadratic.

The final complexity is O(K*?). This is usually manageable since K is small in most cases. Mo-
reover, in many situations, additional properties of the basis functions can be applied to speed up the

calculations. For example, the derivatives of the basis functions in a Fourier basis are multiples of the
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Step Time complexity analysis Result

d" < D™ (¢;) M x K derivations. Each of them is usually at most O(K). O(M x K?)
si— S M w,dl M x K sums. Each of them is O(K). O(M x K?)
Pij < [;si(s)s;(s)ds K x K integrals. Each of them is O(K?). O(K*)

Table B.1: Complexity analysis of penalty matrix (P)

elements of the basis. Additionally, if the domain range of the basis is a multiple of the period, the basis
functions are orthogonal. Using these two properties together, it can be deduced that the penalty matrix

is diagonal and that there is a closed formula for the elements of its diagonal.

The process is similar when a function has been discretized. However, it is important to note that, in
this case, we can only estimate the derivatives of the function. Since its values are not known in every
point, the result can vary slightly depending on the method used. In this representation, the values of
the function f are known in some given points {tk}le. In order to use a similar notation as before, we
consider f = (f1,..., fx)T, where fr = f(tz)

We can now consider a certain basis {1y (¢)}1_ such that ¢, (tx) = 1 but yx(t;) = 0if j # k. As
long as this property holds, f = Zle frr. This is true because when functions are discretized, they
are equal if and only if they take the same value in each point of the grid. Since we have no information

outside these points, we can ignore the values of Zszl frr in between grid points.

Using this basis expansion, the same procedure as before can be carried out and one obtains
(B.4) and (B.5), Nevertheless, there is a crucial difference. While the number of basis is usually rather
small, the number of discretization points can be considerably larger. One might only need 20 of 50
basis functions to express a dataset but dense discretization grids can have upwards of 1000 points.
Therefore, it can be easily seen that it is impossible to use the same procedure described as before

since a time complexity of K is not acceptable.

However, {1x}X_, is not an arbitrary basis. We known the values of the basis functions in the grid
points, and we can take advantage of this insight to significantly accelerate the process. Firstly, it is
imperative to decide how to calculate the derivatives of these functions. A reasonable approach is to
use the finite difference formulas [16, p. 174]. These fit our problem particularly well since they only
use the values of the functions in a grid. For example, assuming that the points are equally spaced, the
second derivative of f in{; (1 < k < K) can be estimated as

[ () = % (f(zr—1) = 2f(zk) + fTRy1)) = %(fkq —2fk + frr1) = ()1, (B.6)

where h is the distance between the grid points and di is a vector that can be defined as:

2 — 1 !
d2=1(0,...0,—~,—,—.0,...,0) . (B.7)
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Note that we have, so far, ignored how the derivatives can be calculated in the borders of the grid.
This is not a problem, however, since there are formulas that provide an approximation of the derivative
in such cases. With this in mind, it is possible to calculate the second derivative of f in all points by

multiplying f by a matrix D, (second derivative) whose k-th row is d7. That is to say

(f"(t1), .., f"(tx)) = Dof. (B.8)

Using this last formula, we can calculate the derivative of each function of the basis {4y }2_,. The
coefficient vector for the k-th basis function is a vector with a 1 in the k-th position. Therefore, by
stacking all these vectors vertically, the K x K identity matrix is obtained and one has the following

equation

T(t) o (k)
: = Dyl = Do. (B.9)

Ur(t) - Yk (tx)

Since it is possible to consider approximations of this kind for derivatives of any order (see [16, ch.
4]), we can now accomplish the first step described in Table B.1. Moreover, as the coefficients that form
the differentiation weights vectors (di) have a simple closed formula, the complexity of calculating the

derivatives of all the basis functions is O(M x K?), where M is the number of derivatives required.

With these results, calculating the result of applying the operator P to all {wk}szl can be performed
by adding the matrices D,,, multiplied by the operator weights. These matrices are defined in a similar
fashion to D». There are closed formulas for the differential weights of any order [16]. The result of this

step is a matrix S such that
S=> wuDpy. (B.10)

The complexity of this operation is O(M x K?).

Both these first steps are not faster than before. However, knowing the structure of the matrix S
will be highly beneficial in the third step. Let us consider {s;}X  the rows of S. Then, one has that
S, = Z%zl wpdy'. Since the derivatives of a point t;, are calculated using a small number of grid
points around tx, most of the entries of s;, will be zeroes. Note that now many elements around ¢, are
used in this calculation is a configurable parameter. There are different differentiation rules that use a

different amount of points around ;.

We will refer to how many points to each side are considered as the spread of the differentiation
weights. For example, the integration weight in (B.7) has a spread of 1 since it uses one point befo-
re t;, and another point after ¢.. Therefore, we can write spread(d:) = 1. It can be easily seen that

spread(sy) < maxj<m<m spread(d}’). The spread of the differentiation weights depends on the parti-
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cular formulas used to calculate them (It is possible to use more points to obtain smoother estimations).
However, for the sake of simplicity, we can assume that the spread is bounded by 2M . Note that, outsi-
de of the borders, the spread has an upper bound of M. Nevertheless, for convenience we will apply
the 2M bound to all points

This result has a huge effect on the time complexity of the calculation of P; ;. In order to understand
the reason behind this, it is crucial to define how P; ; should be computed. In this case, the integral is
discretized in the same grid as the functions using some integration weights {ak}le. That is to say:

K

K
Pij = /P(i/)i)(s)/P(i/)j)(S)ds = apti(te)b;(te) = Y vi(Si)r(S)) (B.11)
k=1

k=1

Using the spread, it can be easily seen that if |i — j| > spread(s;) +spread(s;), then P; ; = 0. Using
the upper bound defined before,

li—j| >4M = P;; =0. (B.12)

In most cases, M is rather small, Therefore, this shows that when the grid has many points, we only
need to calculate the values of P; ; close to the diagonal. This alone reduces the number of integrals
needed to calculate to O(M x K). However, this optimization alone is not enough. If each integral
was calculated naively, it would have a time complexity of O(K?), bringing the overall complexity to

O(M x K3). As soon as K increases past 100 points, this is too slow.

However, we can reuse the idea used to reduce the number of integrals to speedup their calculation.

In particular, from (B.11), one can derive

K

Pij =Y ar(8)k(S)e = D ar(si)k(S))k, (B.13)
k=1 ke ;

where A@j = {k D1 — spread(si) <k< 7+ Spread(sj) and1 < k < K} if 1 < J and Ai,j = Ajﬂ'

otherwise.

Since the spreads are bounded by 2M, when |i — j| < 4M, |A; ;| < 6M. Therefore, for the pairs
of points where we have to do the integral, we need only consider 6 M points. This optimization brings
the time complexity of the integral down to O(M?). Using this bound, the total complexity of this step
is brought down to O(K x M?). As a summary, we present the counterpart of Table B.1 in Table B.2.

Since M << K, the overall time complexity of the entire calculation of the P matrix is O(M x K?).

To conclude, in this section we have explored how to estimate the roughness of a function f ,
whether it is given as a basis expansion or in a discretized form. Following the same notation as in
this section, f represents the basis coefficients in the former and the values in the grid in the latter.

Additionally, P represents the differential operator whose norm is defined as the roughness of the
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function.
Step Grid operation Time complexity
dlt < D™ () d;’ < derivation weights for the m-th derivative in the k-th point. O(M x K?)
sk M wpd? sk XM w,dp O(M x K?)
Pij < [rsi(s)sj(s)ds  Pij < D pen, , Vi(Si)k(S))k O(K x M?)

Table B.2: Complexity analysis of penalty matrix (P) for discretized function

With these definitions in mind, we have derived a method that computes in a reasonable time a
matrix P that depends on the basis selected (if f is given in a basis expansion) or the discretization grid
(if f is discretized) and fulfills

PENp(f) = f'Pf. (B.14)
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GANTT DIAGRAM

In Figure C.1, a Gantt diagram of project is included. This diagram shows the organization of the
different tasks that have been carried out and their relationships with each other. The tasks have been
separated into three groups: the research of the theoretical framework, the implementation of the fun-

ctionality into scikit-fda and the writing of this document.

The first step in each topic was researching the scientific literature on it. As a result, several tasks
have been created for the different theoretical aspects applied in this work. Once a certain method,
algorithm or approach had been understood, the process of incorporating it into scikit-fda could start.

Within the scikit-fda task group, milestones have been associated with the completion of each feature.

The last part of this project corresponds to the elaboration of this document. In this case, the sub-
tasks have been associated with each version of the document. It has been decided not to show the
dependencies between these subtasks, as most of them depend on each other to achieve a coherent
document. Finally, a milestone has been associated with the final deliverable. This milestone depends
on all tasks in this task group. However, to prevent clutter in the diagram, those relationships have not

been drawn.

On the other hand, in section 3.3.1, three phases for the project were identified. The initial planning
phase corresponds to the first 5 weeks of the Gantt diagram. The sprints took place from week 6 to
week 34 and, on week 34, the effort was shifted to consolidating the already achieved results. On the
library development side, this corresponds to the creation of examples and bugfixes and improvements
tasks. Regarding the document creation, during this last phase, all tasks were reopened and effort was

spent on finalizing each section and revising them.

The diagram in Figure C.1 shows the time allocated for each task during each week of the project.

Week one corresponds to the week starting on the 11 of September 2022.
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Gantt diagram of the project

Figure C.1
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AbpDITIONAL DESIGN DIAGRAMS

In this appendix, detailed design diagrams are presented. Unlike hte ones included in Section 3.2,
these diagrams include all fields and operations of each depicted class. Abstract classes have been
labeled with an “A” next to their name and their name is typeset in italics. Also note that, in the FPLS
diagram, InputType is a type alias for the input type of this class, which is equivalent to FData
| NDArrayFloat.

The only diagram that includes significantly more details than the corresponding diagram in Section
3.2 is the FPLS diagram (Figure D.3). The class FPLSBlock and its specializations for multivariate,
grid and basis data were not covered in the design section. These classes are only used within the
FPLS class to simplify the implementation and avoid code repetition. In fact, they are private and not
accessible from other modules. As it was covered in the description of FPLS as a dimensionality re-
duction technique (see Section 2.2.1), this method is symmetric for the two blocks X and Y. As a result,
many operations have to be performed for both blocks in the same manner. These operations have
been delegated to the FPL.SB1ock. Therefore, by having one instance of this class for each block,
these task can be performed by calling the corresponding instance. Additionally, since these operations
must be performed differently depending on the nature of the data, there are three implementations of

this class, overloading the abstract methods.

The UML class diagrams are included in the following pages.
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AppiTioNAL DEesigN DiaGcRrAMS

skfda.representation.basis\

© _GridBasis

grid_points : tuple

_evaluate(eval_points: NDArrayFloat) -> NDArrayFloat

@ Basis

_domain_range : tuple
_gram_matrix_cached : ndarray
_n_basis : int

dim_codomain: int

dim_domain: int

domain_range: DomainRangeLike
n_basis: int

_coordinate_nonfull(coefs: NDArrayFloat, key: int | slice) -> Tuple[Basis, NDArrayFloat]
_derivative_basis_and_coefs(coefs: NDArrayFloat, order: int) -> Tuple[T, NDArrayFloat]
_evaluate(eval_points: NDArrayFloat) -> NDArrayFloat

_gram_matrix() -> NDArrayFloat

_gram_matrix_numerical() -> NDArrayFloat

_mul_constant(coefs: NDArrayFloat, other: float) -> Tuple[T, NDArrayFloat]

_to R() -> str

coordinate_basis_and_coefs(coefs: NDArrayFloat, key: int | slice) -> Tuple[Basis, NDArrayFloat]
copy(domain_range: DomainRangeLike | None) -> T

derivative() -> FDataBasis

derivative_basis_and_coefs(coefs: NDArrayFloat, order: int) -> Tuple[T, NDArrayFloat]
evaluate(eval_points: ArrayLike) -> NDArrayFloat

gram_matrix() -> NDArrayFloat

inner_product_matrix(other: Basis | None) -> NDArrayFloat

is_domain_range_fixed() -> bool

plot() -> Figure

rescale(domain_range: DomainRangeLike | None) -> T

to_basis() -> FDataBasis

© CustomBasis

fdata: FData

_check_linearly_independent(fdata: FData) -> None

_check_linearly_independent_basis(fdata: FDataBasis) -> None
_check_linearly_independent_grid(fdata: FDataGrid) -> None
_check_linearly_independent_matrix(matrix: NDArrayFloat) -> None

_coordinate_nonfull(coefs: NDArrayFloat, key: int | slice) -> Tuple[Basis, NDArrayFloat]
_create_subspace_basis_coef(fdata: FData, coefs: np.ndarray) -> Tuple[T, NDArrayFloat]
_create_subspace_basis_coef_basis(fdata: FDataBasis, coefs: np.ndarray) -> Tuple[T, NDArrayFloat]
_create_subspace_basis_coef_grid(fdata: FDataGrid, coefs: np.ndarray) -> Tuple[T, NDArrayFloat]
_derivative_basis_and_coefs(coefs: NDArrayFloat, order: int) -> Tuple[T, NDArrayFloat]
_evaluate(eval_points: NDArrayFloat) -> NDArrayFloat

_gram_matrix() -> NDArrayFloat

Figure D.1: Detailed design of the new Basis subclasses
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© LinearRegression

|_linear_model

*

@ FPCARegression

coef_ : ndarray,

components_ : FData

components_basis : Optional[Basis]
explained_variance_ : ndarray
explained_variance_ratio_ : ndarray

fit_intercept : bool

n_components : int

n_components_ : int

pca_regularization : Optional[L2Regularization]
regression_regularization : Optional[L2Regularization]

_fpca

skfda.preprocessing.dim_reduction\

© Frca

_X_basis: Basis

_j_matrix: ndarray

_weights : ndarray, NoneType

centering : bool

components_ : FData

components_basis : NoneType
explained_variance_ : ndarray, _GenericAlias
explained_variance_ratio_ : ndarray, _GenericAlias
mean_ : FData

n_components : Optional[int]

fit(X: FData, y: NDArrayFloat) -> FPCARegressionSelf
predict(X: FData) -> NDArrayFloat

(2

¢

fpca_basis

skfda.represehtation.basis
R

©CustomBasis

n_samples_: int
regularization : Optional[L2Regularization]
singular_values_ : ndarray, _GenericAlias

_center_if_necessary(X: Function) -> Function
_fit_basis(X: FDataBasis, y: object) -> FPCA

_fit_grid(X: FDataGrid, y: object) -> FPCA
_transform_basis(X: FDataBasis, y: object) -> NDArrayFloat
_transform_grid(X: FDataGrid, y: object) -> NDArrayFloat
fit(X: FData, y: object) -> FPCA

fit_transform(X: FData, y: object) -> NDArrayFloat
inverse_transform(pc_scores: NDArrayFloat) -> FData
transform(X: FData, y: object) -> NDArrayFloat

Figure D.2: Detailed design of the FPCA and FPCR functionality
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© FPLsBlockpatagasis (© FPLSBlockDataMultivariate

data : NDArrayFloat

inverse_transform(components: NDArrayFloat) -> NDArrayFloat
make_component()

transform(data: InputType) -> NDArrayFloat

y_predict(X: InputType, coef: InputType) -> InputType

data : FDataBasis
weights_basis

inverse_transform(components: NDArrayFloat) -> NDArrayFloat
make_component()

transform(data: InputType) -> NDArrayFloat

y_predict(X: InputType, coef: NDArrayFloat) -> NDArrayFloat

(® FPLSBlock

G_data_weights : NDArrayFloat

G_weights : NDArrayFloat
@ FPLSBlockDataGrid data_matrix : NDArrayFloat
label : str
loadings : NDArrayFloat
n_components : int
inverse_transform(components: NDArrayFloat) -> NDArrayFloat regularization_matrix : Optional[NDArrayFloat]
make_component() -> FDataGrid rotations : NDArrayFloat
transform(data: FDataGrid | NDArrayFloat) -> NDArrayFloat
y_predict(X: InputType, coef: NDArrayFloat) -> NDArrayFloat

data : FDataGrid
integration_weights : NDArrayFloat | None

inverse_transform(components: NDArrayFloat) -> InputType
make_component() -> InputType

set_values(rotations: NDArrayFloat, loadings: NDArrayFloat)
transform(X: InputType) -> NDArrayFloat

y_predict(X: InputType, coef: InputType) -> InputType

1 1
_X_block /_y_block

© Fris

_x_mean : InputType

_x_std : InputType

_y_mean : InputType

_y_std : InputType

coef_ : NDArrayFloat

components_x_ : InputType

components_y_ : InputType

deflation_mode : str

integration_weights_X : Optional[NDArrayFloat]
integration_weights_Y : Optional[NDArrayFloat]
n_components : int

regularization_X : Optional[L2Regularization]
regularization_Y : Optional[L2Regularization]
scale : bool

weight_basis_X : Optional[Basis]
weight_basis_Y : Optional[Basis]

X_loadings_ : NDArrayFloat

Xx_rotations_ : InputType

x_scores_ : NDArrayFloat

X_weights_ : NDArrayFloat

y_loadings_ : NDArrayFloat

y_rotations_ : InputType

y_scores_ : NDArrayFloat

y_weights_ : NDArrayFloat

_fit_data(X: InputType, Y: InputType) -> None

fit(X: InputType, y: InputType) -> FPLS

inverse_transform(X: NDArrayFloat, Y: NDArrayFloat | None) -> InputType | Tuple[InputType, InputType]
transform(X: InputType, y: InputType | None) -> NDArrayFloat | Tuple[NDArrayFloat, NDArrayFloat]

Figure D.3: Detailed design of the FPLS functionality
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©rris

fpls_

skfda.ml.regression \

© FPLSRegression

coef_ : ndarray | FData

integration_weights_X : Optional[NDArrayFloat]
integration_weights_Y : Optional[NDArrayFloat]
n_components : int

postprocess_response

regularization_X : Optional[L2Regularization]
scale : bool

weight_basis_X : Optional[Basis]
weight_basis_Y : Optional[Basis]

X_mean : ndarray | FData

x_std : int

y_mean : ndarray | FData

y_predictor : Callable[[NDArrayFloat | FData], NDArrayFloat | FData]
y_std : int

_configure_x(X)

_configure_x_basis(X: FDataBasis)
_configure_x_grid(X: FDataGrid)

_configure_y(Y)

_configure_y_basis(Y: FDataBasis)
_configure_y_grid(Y: FDataGrid)

fit(X: FData, y: NDArrayFloat) -> FPLSRegressionSelf
predict(X: FData) -> NDArrayFloat

Figure D.4: Detailed design of the FPLSR functionality
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