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1. Introduction

Due to the growing interest in studying complex data, functional data analysis has become a relevant subject. When
dealing with functional data, each observation consists of one or several infinite-dimensional objects such as curves, surfaces
or images rather than scalars or vectors. Functional data analysis has applications in a wide range of fields (archaeology,
medical science, biometrics, econometrics, environmetrics, chemometrics, etc.). As mentioned in Ramsay and Silverman [40],
in many areas of statistics the collected data are more naturally represented as functions rather than finite-dimensional
numerical vectors. It has been extensively discussed that simplifying the functional model by discretizing the observations as
sequences of numbers can often fail to capture some of its important characteristics, such as the smoothness and continuity
of the underlying functions. Statistical methods to analyse such functional data may be found, for instance, in Ferraty and
Romain [18], Ferraty and Vieu [19], Horvath and Kokoszka [28], Hsing and Eubank [29] and Ramsay and Silverman [40]. For
a summary of recent advances in functional statistics see Aneiros et al. [4], Cuevas [ 14] and Goia and Vieu [22].

When the observed data are infinite-dimensional, dimension reduction is an important task. To tackle this problem and
depending on the goal sought different procedures have been considered, including functional principal components, single-
index functional data analysis and other effective reduction methods as discussed in Yao et al. [44]. Functional canonical
correlation analysis provides a useful dimension reduction tool to quantify correlation or association between two functions
recorded for a sample of subjects on the same population. For multivariate data, canonical correlation analysis is performed
by obtaining linear combinations of each subset of variables that maximize their correlation with the restriction that their
variances are equal to one. Under a Gaussian model, Leurgans et al. [35] showed that the natural extension of multivariate
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Fig. 1. Speed of the pen on the horizontal axis X (left panel) and on the vertical axis Y (right panel). The trajectories labelled 139 and 175 are shown in solid
black lines.

estimators to the functional scenario fails since there is always a pair of directions with empirical canonical correlation
equal to one. To solve this problem, they proposed a consistent estimator which penalizes the roughness of the canonical
directions. On the other hand, He et al. [25] provided conditions ensuring the existence and proper definition of the canonical
directions and correlations for processes admitting a Karhunen-Loéve expansion, see also Cupidon et al. [ 16], while Cupidon
et al. [17] derived the asymptotic distribution of regularized functional canonical correlation and variates.

All aforementioned authors studied the problem of maximizing the Pearson correlation, which is known to be sensitive
to atypical observations (see Taskinen et al. [42]). In the multivariate scenario, there are several approaches which
consider robust estimators for the canonical correlations and directions. Croux and Dehon [10] and Karnel [34] proposed
arobust canonical correlation analysis replacing the sample covariance estimators by M-estimators or minimum covariance
determinant estimators of multivariate scatter in the equations defining the classical canonical directions. The influence
function of these robust plug-in canonical correlation estimators was discussed in Taskinen et al. [42]. Exploiting the
relation between canonical correlation and regression estimation, Filzmoser et al. [20] proposed using robust alternating
regression to obtain estimators of the first canonical variates. This proposal was generalized in Branco et al. [9] to estimate
all the canonical variates. A different approach based on projection-pursuit uses a robust association measure instead of
the Pearson correlation in the maximization procedure. This procedure has been considered in Alfons et al. [2] and Croux
and Filzmoser [12] for multivariate data. Furthermore, Jin and Cui [33] studied the asymptotic distribution of the estimators
obtained by projection-pursuit. As far as we know, there are no robust proposals in the functional setting.

As a motivation, consider the writing data set consisting of 2858 character samples that correspond to the speed profile
of a pen writing on a tablet. The data is available at https://archive.ics.uci.edu/ml/datasets/Character+Trajectories and has
been used by Williams et al. [43] to have a better understanding of the sub-blocks arising in biological movements and their
timings. Among others, this data set has been considered in Hubert et al. [30] to illustrate their depth-based functional outlier
detection method and in Hubert et al. [31] to perform robust supervised functional classification based on depth. We focus
on the 186 data related to the speed of the pen on the horizontal and vertical axis when writing the letter “e”, denoted X(t)
and Y(t) respectively. We seek to explain how the movement variability on the horizontal axis is related to that of the vertical
one. Fig. 1 displays the data trajectories where some trajectories, such as those labelled 139 and 175, clearly seem to deviate
from the bulk of the data. For that reason, it is important to provide a procedure for estimating the canonical directions that
will not be influenced by atypical trajectories, as well as to provide a rule allowing for the identification of these influential
trajectories.

In this paper, we introduce robust estimators for the first canonical correlation and directions adapting the robust
projection pursuit approach considered in Alfons et al. [2] to the functional data setting by means of a sieve method. As
is well known, the sieves method involves approximating an infinite-dimensional parameter space ® by a sequence of
finite-dimensional parameter spaces ®,, which depend on the sample size n, and then estimating the parameters on the
spaces ®, rather than on ®, allowing for the introduction of the dimension of ®, as a smoothing parameter.

The paper is organized as follows. In Section 2, we begin by introducing some notation and then review some basic
concepts used throughout the paper. In Section 3, we define the robust estimators of the first canonical direction and
canonical correlation based on general association measures. Consistency results are established in Section 4, while Fisher-
consistency of the related functionals is presented in Section 4.1. Section 5 discusses the use of the given robust proposals to
construct detection rules allowing for the detection of influential observations, which is an important step in any analysis.
The results of a Monte Carlo study conducted to examine the robustness and finite sample performance of the proposed
procedures are reported in Section 6. The writing data set is analysed in Section 7, where the advantage of the proposed
estimators is illustrated. Furthermore, the robust estimators allow to identify observations with a different writing pattern.
Finally, Section 8 contains some concluding remarks. Proofs are relegated to the technical supplementary material available
on-line.
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2. Notation and preliminaries

Let#;,j = 1, 2,be Hilbert separable spaces with inner product (-, VH; and norm Il ll3;- Denote S; = {ue#;: llull3; = 1},
Jj = 1,2, the unit sphere in H;, H = H; x H, the product space and {(uy, v1), (U2, v2))3 = (U1, U2)3¢, + {V1, V2) 4, the inner
product in . Let Z = (X, Y)" be a random element of the Hilbert space # defined in (£2, A, Pr). When Z has finite second
moment, i.e., E(||Z||§{) < oo,wedenoteas I'xx : H1 — Hu Iyy : Hy — Ho, Ixy : Hy — Hiand Iyx : Hi — Ha,
the covariance and cross-covariance operators, respectively. More precisely, for any uq, u, € Hq, v € Hy, we have that
Cov((uy, XYy, (U2, X)3eq) = (U1, Dex2) 3, Cov((uy, X)2,, (v, Y)n,) = (u1, Ixyv), and similarly for I'yy and Iyx. With
this notation, the covariance operator Iy, : H — % can be decomposed as Iy (u, v) = (I'xtt + xyv, Tyxt + Nyyv)T,
allowing to write I'z; in the matrix form

rwo=(5 5)()

Given a random sample W; = (S;,T;)", 1 < i < n, of a random vector W = (5, T)" : £2 — R2, P,[S, T] will denote
the empirical measure induced on R2. More precisely, for A € B, where B is the Borel o-Algebra of R?, P,[S, T](A) =
(1/n)2?=1HA(W,-), where I4(-) stands for the indicator function of the set A.

2.1. Association measures

As mentioned in Alfons et al. [2], robust estimators of the canonical correlation for multivariate data can be defined using
the maximal value that a bivariate association measure can attain between any pair of one-dimensional projections. For that
purpose, association measures giving an alternative to the classical Pearson correlation must be considered. In this section,
we recall the definition of an association measure and we review some examples of such measures.

The association p between two univariate variables S and T, denoted p(S, T), is a functional defined in the space of
bivariate probability measures that verifies the following conditions

(i) p(S,T)=p(T,S),
(ii) p(aS + b, cT + d) = sign(ac) p(S, T)foralla, b, c,d € R,
(iii) p*(S,T) < 1.

When (S, T)" ~ P[S, T], we also denote p(P[S, T]) = p(S, T).
The most well-known association measure is the Pearson correlation, denoted o, which measures linear correlation. For
a bivariate random vector W = (S, T)T ~ P[S, T] with covariance matrix = = Var(W), we have

DIP)
VEuEn
It is well known that p, is very sensitive to the presence of outliers. Alternatives to the Pearson correlation can be seen in
Maronna et al. [38] or Shevlyakov and Vilchevski [41] among others. We will now briefly describe some of them.

The Spearman'’s rank correlation ps, and Kendall’s tau correlation p, are well known association measures that have been
used in the finite-dimensional setting by Alfons et al. [2]. They are defined as

Pca(W) = pe(P[S, T]) =

Psp(PIS, T1) = pau{Fs(S), Fr(T)}  and  p«(PIS, T1) = E[sgn{(S1 — S2)(T1 — To)}] (1)

respectively, where Fs and F; are the cumulative distribution functions of S and T and (S;, T;)" and (S,, T,)" are two
independent copies of (S, T)". A discussion on the robustness properties of Spearman’s and Kendall’s correlations can be
found in Croux and Dehon [11].

Another robust alternative to the Pearson correlation can be obtained by means of a bivariate robust scatter functional
V = V(S, T) instead of the classical covariance matrix X. The association measure induced by a bivariate scatter matrix V is
given by

V12(S, T)
(Vir(S, T)Va(S, T)}2

where V;(S, T) is the (i, j)th element of the scatter matrix V(S, T). One possible choice for V(S,T) is the M-scatter
estimator defined by Maronna [37], since it provides an efficient estimator which is also highly robust in the bivariate
case. Another possible choice is to consider the orthogonalized Gnanadesikan-Kettenring covariance proposed by Maronna
and Zamar [39]. When using M-estimators or the orthogonalized Gnanadesikan-Kettenring covariance the corresponding
association measures will be denoted by py,, and pocx respectively.

A desirable property is that different measures of association determine the same value, which is the target one, at least
for a given distribution family 7. If this occurs we will say that the corresponding measure is Fisher-consistent at P. This
property will allow us to guarantee the consistency of the canonical directions and canonical association estimators to the

ov(P[S, T]) =

. (2)
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population quantities of interest. In particular, if ? = {P,, o, } is the family of bivariate elliptical distributions (which
contains the family of normal bivariate distributions) with location zero and scatter matrix

E,( _ ( U]z KU]20'2) ,
K 0109 o,
we want to identify which association measures consistently estimate the quantity —1 < « < 1. Without loss of generality
we can assume o; = o, = 1 and denote P = {P,}. Note that, if we define T(x) = p(P,), Fisher-consistency is achieved
when T(k) = x. Maronna et al. [38] show that, if the robust scatter functional V is affine-equivariant, V(P,) = ¢ =, for some
positive constant c. Hence, the association measure py is Fisher-consistent for « at the family of elliptical distributions. In
particular, we have py,,(P,) = «. Even if the orthogonalized Gnanadesikan-Kettenring covariance is not affine equivariant,
the results in Section 6.12.10 in Maronna et al. [38] easily entail that pock(P,) = k.
Let us consider the family of normal distributions P, = {N(u, =,)}. One may transform the Spearman and Kendall
correlations defined in (1) as

pur(PIS. T]) = 25in | %b‘sp(ms, T])} and pK(P[S,T])=Sin{%5K(P[5, T])} (3)

to ensure that pg, and py are Fisher-consistent at the family of bivariate normal distributions. We will call ps, and pg the
normalized (or transformed) Spearman and Kendall correlations respectively.

3. The estimators
3.1. Functional canonical correlation analysis

Given (X,Y)T : 2 — #; x H, a random element of the Hilbert space 7 with probability measure P, we denote the
probability measure of ((u,X)Hl, (v, Y)Hz) T e R? induced by P as P[{u, X)2,, (v, Y)n,]. The statistical functionals of
the canonical directions (or canonical weights) and the maximum canonical association defined in the multivariate setting
by Alfons et al. [2] can be extended to the functional setting, replacing the inner product in the Euclidean space by the
corresponding inner product in the Hilbert space. Given p an association measure as defined in Section 2.1, let pxy(u, v) =
o (PL(L X) 30, (0, Y)ag,]), pax(Un, u2) = p (PLut. X)2g,s (U2, X)3g,1) and pyy(v1,v2) = p (PL(v1, Y)3g,. (V2. Y)25,]). The
first canonical direction (or weight) functionals related to the association measure p are defined as

(@1(P), ¥1(P)) = (@1, ¥1) = ol argﬂnﬁlx ﬂPXY(U, V). (4)

As in the multivariate canonical correlation analysis, the first or maximum canonical association is given by

P1(P) = p1 = pxy(P1, ¥1) = p(P{P1, X) 3,5 (W1, Y1) (5)

where (@1, X), and (¥1, Y) 4, are the first canonical variates. As mentioned in Alfons et al. [2], condition (ii) in the definition
of the association measure p entails that the maximum canonical association is indeed non-negative. As in He et al. [24],
higher order canonical variates may also be defined, see Section 8 for a discussion on this topic.

When the association measure is the Pearson correlation and the random element (X, Y)T has finite second moments,
the first canonical weights given in (4) will be denoted as (@, 1, ¥, 1). Furthermore, in this case the function pxy : H — R
can be defined using the covariance operator I'z; as

(U, Ixyv)3,

VU, Tty (v, Tyyv) s, ’

where the ratio (u, Ixyv)3,, /((u, Txx)a, (v, Tyyv)sy,) is equal to 0 when (u, Ixu) = 0 or (v, [yyv) = 0.
More generally, given a linear self-adjoint, positive semi-definite and compact operator I" : # — # such that

Iy I
I = s 6
<F21 F22> (6)

I" induces the functionals pr : # — R, ppy, : H1 x H1 — Rand p, : Hy X Hy — Ras

pxy(U, v) =

(u, I'pv)
pr(u, v) = ”l (7)
VU, Tit)g, (v, Tv)sy,
(uy, INquy) (v1, Ipvy)
oy (U, up) = 12 Py V1, v2) = o (8)

VU, Tiptiy) g, (U, Tiatia) gy, VWi Tv1)3, (v2, Tiiv2)a,

where u, uy,u; € Hq, v,v1,v2 € Hy and pp(u,v) = 0 if either (u, I'qu)y, = 0 or (v, Ipv)y, = 0. Moreover,
oy, (U1, uz) = 0 when either (uq, I'quq)5, = 0o0r (uy, Iquz), = 0 and similarly for o, .
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Using pr, the canonical directions (@ 1, ¥r.1) associated to I" can be defined as in (4), replacing p by pr. The first or
maximum canonical association associated to I', pr 1, satisfies the equation

ora = pr(PUPr 1, X)2, (Yr1, Y)n,])- 9
When p is the Pearson correlation and 7 = L%(0, 1) x L?(0, 1), Leurgans et al. [35] showed that the estimation method
used in the Euclidean case breaks down in the infinite-dimensional setting. More precisely, let (X1, Y1), ..., (Xa, Ya)" be

arandom sample of (X, Y)T and denote as P, its empirical distribution. When p is the Pearson correlation and (X, Y)" is a
Gaussian process, replacing in (4) and (5) the probability measure P by the empirical distribution P,, does not lead to reliable
estimators since directions can be found with empirical canonical correlation equal to one. This property shows that in the
classical setting it is necessary to use a method involving some smoothing. Proposition 3.1 shows that the same result holds
when a general association measure is considered.

Given (u, v) € H1 X Ha, denote as p, the empirical version of pxy, that is,

,On(u,U)=,0(Pn[<u,X>'H1, <U!Y>Hz])' (10)

We will need the following assumptions

A1 Pr(X € £) = 0 for any finite-dimensional proper linear space £ of #;.
A2 Given any bivariate probability measure Q supported on the line R = {(x1,x) € R? : x, = x;} such that
Q({x1 =c}) = Q({x, = c}) < 1forall c € R, the bivariate association measure p satisfies that p(Q) = 1.

Remark 3.1. Straightforward arguments allow us to see that A1 holds if for any orthonormal basis {§;};~1 of #; and any
k € N such that k < dim(#,), the k-dimensional random vector ((X, 81);, - - -, (X, 8k} %, )T has a density. In particular, this
last statement holds if X has an elliptical distribution, as defined in Bali and Boente [6], with a dispersion operator I';; with
kernel reducing to {0}. Effectively, if X ~ &€(u1, I'11, ¢) and ker(I1) = {0}, then X can be written as X = w + SX, where
Pr(S > 0) = 1 and the scalar random variable S and the Gaussian random element X € #; are independent (see Boente
et al. [8]). Moreover, the covariance operator of X is proportional to I'y. Hence, ((X — 1, 81)2¢y, - - -, (X — 1, Skdagy )T
S (X, 8103y -+ -5 (X, Bk)aey )T and the result follows from the fact thatw = ((X, 8wy -5 (X, Bk) 2y )T has a kth dimensional
non-singular multivariate normal distribution and is independent of S.

On the other hand, A2 states that given a bivariate random vector (S, T) € R? such that S = T almost surely, then
p(S,T) = 1, whenever S and T are not constant. The Pearson correlation as well as the association measure pocx and the
transformed Spearman or Kendall correlations, ps, and pi satisfy A2. As noted in Maronna [37], the M-scatter functional
is not defined when S = T. However, defining the Mahalanobis distance as in page 185 of Maronna et al. [38] we get that

ovy = 1.

Proposition 3.1. Assume that A1 holds and that for any v € H,, Pr(Y = v) = 0. Let p be a bivariate association measure
satisfying A2andn € N, 2 < n < dim(#,). Then, with probability one there exist u, € H, and v, € H; such that p,(uy, v,) = 1.

It is worth noticing that the conclusion in Proposition 3.1 still holds when the roles of X and Y are reversed.

A direct consequence of Proposition 3.1 is that, if dim(#;) = oo, some kind of smoothing is needed since sup,cg, ves,
on(u, v) = 1. Section 3.2 describes our proposal which combines robust projection-pursuit with the method of sieves as a
smoothing tool.

3.2. Sieve approach for robust functional canonical correlation analysis

Let (X1, Y1), ..., (Xn, Yx)" be a random sample of the random element (X, Y)" : 2 — #. Let {§;i}i>1 and {n;}j>1 be
orthonormal bases for 71 and %, respectively. From now on, let #; ;, and #, 4 denote the subspaces of #; and #, spanned
by {61, ..., 8} and {n1, ..., ng} respectively. We denote by S; , = S1 N H1p and S, ¢ = S, N Hy 4 the unit spheres of #Hq
and #; 4 respectively. The sieve estimators for the first canonical directions are defined as

(@1,¥1) = argmax  pn (U, v) (11)

UEST py VESY gp

where p, is defined in (10), while the first or maximum canonical association estimator p; > 0 is such that

pr=p (Pull1. Xy (B, V1) = o (B1.91) (12)

These estimators depend on the chosen bases of #; and #;, on the sequences (p;)nen and (gn)neny and on the association
measure p used. Some of the frequently used bases for functional data are the Fourier, polynomial, splines and wavelet
bases; see, for instance, Ramsay and Silverman [40].
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3.3. Selection of the smoothing parameters

Once the association measure p and the bases {4;};>1 and {n;};>1 are chosen, the selection of the approximating linear
space dimensions p, and g, that play the role of the smoothing parameters is an important practical issue. The most popular
general approach to address such a selection problem is to use cross- valldatlon methods.

Denote by r, = (pn, ) the parameter to be determined. Let (dﬁ '1, e ) be the first canonical direction estimators
computed without the ith observation and when the approximating subspaces have dimensions p, and q,, that is,

@ o= argmax p (PSL(W X)wy. (v, Y)as)
UEST p,y VES) gy
where P(f')(A) (l/n)ZJ#]IA(X], Y;) for a Borel set A of .

Let Ur')1 = (dﬁﬁ '] , Xi)2¢, and V, ')1 = (lIIr ;), Yi)4, be the canonical variates of the ith subject. He et al. [26] proposed a
selection method based on maximizing the sample correlation of the canonical variates. However, as in other settings, using
a non-robust criterion to select the smoothing parameters even if combined with a robust estimation procedure may lead
to non-resistant estimators. For that reason, we propose using the same association measure p considered in the estimation
step to select the smoothing parameters. Let

RCV,-n=,02{ ZAUS v }’

where A ) denotes the bivariate probability measure giving all its mass to the point (a, b). Given R a set of possible values
for the parameter r,, the cross-validation parameter equals T where

T = argmaxR(V;, . (13)
meR
As in He et al. [26], once the dimension is chosen, one may also choose the value p; = +/RCV as the estimator of the first
canonical association.

3.4. Numerical implementation of the estimators

Except for the Pearson correlation pc;, the maximizers of (11) cannot be computed exactly. For that reason, algorithms to
obtain approximate solutions are needed.
Given {§;}i>1 and {n;};>1 orthonormal basis of #; and #, respectively, the estimators proposed in (11) are obtained

searching directions u = Zf’ 10i6; € Hyand v = Zl 1bini € Ha, D i 1a12 = ?”]bf = 1, that lead to the maximum value

of p(Pul{u, X)4,, (v, Y)2,1). Denote a = (ay, .. ., apn) andb = (by, ..., qn) the coefficients of u and v in the considered
basis and let X = ((X, 81)ay, .o (X, 8py)aey) T andy = ((Y. 71)2p, - (Y, 1gy) 2, ) - Noting that (u, X)4,, = a'x and
(v, Y)y, = by, the estimators given in (11) can be obtained using any multivariate algorithm allowing to find the vectors
a; = (a1, ..., a1p,)" and b, = (b1, ..., qun )T with norm 1 which maximize p(P,[a"x, b"y]), i.e.,

(4,b))= argmin  p(Py[a’x,b'y]). (14)
lallgp=1,[Ibllgg=1

The alternate GRID algorithm described in Alfons et al. [1,2] is a well known algorithm allowing to perform multivariate
canonical analysis for association measures such as the Spearman and Kendall correlation and the association measure
based on a bivariate M-scatter matrix. It provides an accurate method to approximate the weights a; and b; maximizing
p(P.[a™x, by]), using optimization in two-dimensional spaces. The algorithm is implemented through the function
ccaGrid in the R package ccaPP. Once the multivariate weights a; and b, are obtained, the canonical direction estimators
in #; can be reconstructed as

qn
é] = Z&US,- and 'JA/] = Zb]ﬂ]]’ . (]5)

j=1

4. Consistency

As in Cupidon et al. [17] and Leurgans et al. [35], in this section we show that under mild conditions the estimators of
the first canonical weights and the related first canonical association defined in Section 3 are consistent to the functionals
given in (4) and (5). It is worth noticing that our results include the multivariate setting by taking p, = dim(#4) and
qn = dim(#;). In this sense, we extend the results given in Jin and Cui [33] from the Euclidean to the infinite-dimensional
case in a more general setting, since weaker assumptions are required. Finally, it should be noticed that, in Theorem 4.1 when
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dim(#4) < oo, we understand that the requirement p, — oo is replaced by p, = dim(#). Similarly, when dim(#,) < oo,
qn = dim(#>).

To derive the consistency of the estimators we will need the following assumptions. To avoid burden notation, from now
on, let (@1, ¥;) = (D1(P), ¥1(P)) the solution of (4), which we assume to exist, and p; = p1(P) the functional defined in (5).

a.s.
a SUPyes; p,.v€S2 gp |P)2(y(ll, v) — ,0,?(”, v)l — 0.
2 ,o)%y : Hq X Hy — Ris continuous at the first canonical directions (&1, ¥;).
C3 There exists a compact, self-adjoint and positive definite operator I" : H1 X Hy — H1 X Hy such that p)%x(ul, U) =

hx {P%“(Ul, Uz)}v p%y(vl, vz) = hy {)012"22(1)17 Uz)} and

pxy(u, v) = h{pr(u,v)} . (16)

where pr, pry, and pr,, are defined in (7) and (8). Furthermore, ifh [0, 1] — [0, 1] stands for any of the functions
h, hx or hy, then h is a strictly increasing function such that h(0) = 0 and lim,_, ;- h(x) = 1.
C4 (&1, Y1) exists and is unique up to change of sign. Moreover, there exists p, with 0 < p, < p; such that if

pxx(u, @1) = pyy(v, ¥1) = 0 then pg, (u, v) < p3.

The notion of convergence of the first canonical directions estimators to the first population canonical weights will be the
convergence with respect to the measures of association that is analogous to the I"'-norm convergence defined in Leurgans
et al. [35]. More precisely, given sequences (Up)peny S H1, (Un)nen S Ha, We say that (u,, v,) converges to (u,v) € H
in association if p)%x(un, u) — 1and ,of,y(vn, v) — 1. As noted in Leurgans et al. [35], this convergence means that the
canonical variates obtained from (uj,, v,) for a given random element (X, Y) behave as those obtained from (u, v). This kind
of consistency is a desirable property to hold for the estimated canonical directions.

The following theorem shows the strong consistency of our estimators.

Theorem 4.1. Let (ciﬁl, lffl) and pq be the estimators defined in (11) and (12). Assume that the sequences (pn)nex and (qn ey are
such that p, — oo and q, — oc. Then, under C1 and C2, we have

(i) 7 = pi;
.s ~ ~ a.s.
(i) pgy(P1, ¥1) —> p%;
(iii) Ifin addition €3 and €4 hold, then p2, (®1, ®1) —> 1and p2, (¥4, ¥1) ~5 1.

We include below some comments regarding assumptions €2 to C4. Conditions under which C1 holds and further
comments on C2 are relegated to the supplementary file available on-line.

Remark 4.1. Assume that the association measure satisfies (16) for a continuous increasing function h such that h(0) = 0
and that p; > 0, then C2 holds. Effectively, from p; > 0 and the fact that h is increasing, we get that the ratio

(@1, I'2¥W1) 2,
V@1, T11®1) 3, (W1, TaWr)y,

is positive, so (@1, I'11P1)#, # 0and (¥, W), 7 0.0nthe other hand, the compactness of I" entails that the functions
g1(u) = (u, ')y, &2(u) = (v, Npv)y, and g12(u, v) = (u, Ipv)4, are continuous functions which together with the fact
that g1(®1) # 0 and g»(¥1) # 0 entail that C2 holds.

Note that when the kernel of Ij; is equal to {0} for j = 1, 2, we have g;(®1) # 0 and g,(¥1) # 0. Hence, if h(t) = t, C3
implies C2. On the other hand, Lemma S.3.2 in the Supplementary file implies that C2 holds if the association measure p is
continuous with respect to the Prohorov distance at the bivariate distribution P[{®1, X)3,, (¥1, Y) 2, .

It is worth mentioning that (16) in C3 is analogous to assumption (iv) of Alfons et al. [2].

Remark 4.2. When we use Pearson’s correlation p = pg in (4), pxy = pry, with I'; the covariance operator of Z, hence
C3 holds. Notice that, in this case, a necessary condition for a good definition of the canonical weights is that both random
elements X and Y have finite second moments. This condition may be relaxed when the random element Z is elliptic and
the association measure corresponds to one of those described in Section 2.1.

LetZ = (X,Y)" ~ &, I', ¢) be arandom element in 4 where y € H and I" isas in (6). Given w = (w1, wy) € H1 X Ha,
define A, : # — R%ZasA,(x,y) = (w1, X)3p5 (W2, ¥) 2y )T. Using that Z ~ &(u, I, @), we get that z,, = A, (X, Y) has
an elliptical distribution, z,, ~ & (A, 1, A, I'A})), where the (i, j)th element of A,, I"A}, equals (w;, [jjw;j)y;, fori,j € {1, 2}.
Hence, given an association measure p Fisher-consistent at the elliptical family, from the discussion given in Section 2.1 we
conclude that

(u, 1—'121))%{1

<u1 FH“)'H1 <U, F22U>’H2

Ply(u, v) = = p(u,v). (17)

Therefore, p satisfies (16) with h(t) = t. Moreover, we also have pg, (u1, uy) = p?-“(uh up) and pgy (v1, v2) = p%n(v1, v2),
that is, Fisher-consistent association measures for bivariate elliptic families satisfy C3.
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Remark 4.3. Assumption C4 is similar to assumption 3 in Leurgans et al. [35]. Consider the special situation of an elliptical
random element Z = (X, Y)" ~ &(u, I', ¢) where I is given by (6) and let p be an association measure Fisher-consistent
for elliptical families. Assume that E ||Z ||§r¢ < 00, then, without loss of generality, we may assume that I” is the covariance
operator of Z. Define R = F]_]l/z I 1‘2;1/2, where Fl_ll/z and 151/2 are the generalized inverses of the roots of /1 and I,
respectively. Assume that there exists only one orthonormal eigenfunction v; associated to the first eigenvalue ¢; of R*R and
denote as u; = Rvy/+/A1. When Z € [2(0, 1) x L?(0, 1) and p is the Pearson correlation, He et al. [25] provide conditions
ensuring the existence and proper definition of the canonical directions and correlations. Under these conditions, Theorem
4.8 of He et al. [25] entails that (¢, ¥;) = (F]_ll/zu1/||1"1_11/2u1 24,5 F2;1/2v1/||1"2;l/zv1 ll%,) is the unique maximizer in (4)
except for sign change. Furthermore, if £&; < ¢; where ¢; is the second eigenvalue of R*R, then, given u € #; and v € H;
such that pxx(u, @1) = pyy(v, ¥7) = 0, we have pxy(u, v) < py = /¢, which shows that C4 holds.

As mentioned in Remark 4.2,if Z = (X, Y)T ~ &(u, I', ¢) is an elliptical random element, Fisher-consistent association
measures for bivariate elliptic families, such as the coefficients py,, or pocx defined through (2), satisfy (16). Hence, we have
01(P) = h(pr.1), ®1(P) = & 1and ¥1(P) = ¥r 1. Therefore, the above discussion implies that C4 holds for these association
measures, under the assumptions in Theorem 4.8 of He et al. [25].

On the other hand, for Gaussian processes, C4 holds when considering the transformed Spearman or Kendall correlations,
psp and pyg, under the assumptions of Theorem 4.8 of He et al. [25].

4.1. Fisher-consistency

Theorem 4.1 shows that the estimators defined in (11) and (12) are consistent for the population first canonical directions
and the maximum canonical association given in (4) and (5). It is important to highlight that the quantities p; = p;(P) and
(@1, ¥1) = (D1(P), ¥1(P)) depend on the chosen association measure p and we need to clarify what they represent. This
section focusses on showing that the functionals p1(P) and (®1(P), ¥1(P)) have a simple interpretation, at least in some
situations. In particular, our results hold for the elliptical families, even though they are not restricted to them.

When the measure of association satisfies C3, we have p{(P) = h(pr.1), ©1(P) = ®r; and ¥(P) = ¥ ;. Hence, in
this case, the estimated canonical directions defined in (11) are consistent for the first canonical weights associated to I".
Furthermore, if h(t) = t, p; provides a consistent estimator of the first canonical association associated to I". As mentioned
above, if Z ~ &(u, I', ) and has finite second moment, there exists a constant ¢ > 0 such that I' = c I'zz, where Iy is the
covariance operator of Z. Therefore, the canonical analysis done using the dispersion operator I" or the covariance operator
I'7; are identical.

We will see that for elliptic families, the functionals p1(P), @1(P) and ¥1(P) have a simple interpretation for some of the
association measures described in Section 2.1. Let Z = (X, Y)T ~ &(u, I, ¢) be a random element in % where y € % and
I' is as in (6). From Remark 4.2, we have that C3 holds with the scatter operator I, see (17), implying that o,(P), @1(P) and
Y1(P) are the first canonical association and directions associated to I" respectively. Hence, Fisher-consistent association
measures for bivariate elliptic families provide estimators of the quantities of interest. Examples of association measures
Fisher-consistent at the elliptical distributions are, for instance, those defined from scatter matrices, i.e., the measures py,,
or pock defined through (2).

Finally, consider the family of Gaussian distributions and any association measure Fisher-consistent for normal bivariate
vectors, such as the normalized Spearman or Kendall correlations ps, and p given in (3). Then, using (17) we get that (16) is
satisfied with h(t) = t which implies that p;(P), @1(P) and ¥;(P) are the first canonical association and directions associated
to I" respectively.

5. Detection methods to identify influential observations

An important use of robust estimators is the detection of potential outliers. In this section, we describe two criteria to
detect observations with a significant impact on the first canonical weight estimators. More precisely, we are not interested
in providing a rule to detect any kind of outliers in functional data, but only to identify observations which influence the first
canonical directions estimators. The first method is based on prediction, while the second is based on cross-prediction, both
related to the functional canonical analysis described above.

To describe the first detection rule, let (X, Y)" be a centred random element of # = #; X H». Our detection method
considers the orthogonal projections on the first canonical weights (X, ®1), @1 and (Y, ¥1)4,¥; as predictors of X
and Y respectively. More precisely, given a sample {(X;, Y;)" L, C H, let i = (fix, fy) be robust location estimates
computed from this sample, such as the spatial median, that is, iy = argmingeﬂlzy=1 (||X,- —0Olly, — ||X,-||H]) /n and
fly = argminge4y, Zf:] (||Yi —0Olly, — ||Y,-||H2) /n.Let(@, 1171)be the robust estimates of the first canonical weights defined
in Section 3.2 and computed as described in Section 3.4. Robust estimators are needed since, as in other settings, the detection
methods based on the Pearson correlation may produce a masking effect that will not allow us to properly identify the
influential observations. ) . . R

Denote as Xi(c) = X; — fix and Yi(c) = Y; — [y the centred observations and let Xfc) = (Xi(c), @1)3,P1 and Yi(c) =
(Y,-(C), lff])Hz ¥ be their predictors respectively. We expect that an influential or atypical observation will be poorly fitted
leading to large values of at least one of the two squared residuals norms Ry ; = X — )A(,A(C)H%{1 orRy ;= Iy — f(i(c)niz.
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As noticed in Boente and Salibidn-Barrera [7], exploring the residuals norms may allow to detect abnormal points in the
data. Taking into account that the distribution of the residuals squared norm is typically skewed to the right, we propose
to flag an observation as atypical if its squared residual norm exceeds the upper whisker of a skewed-adjusted boxplot (see
Hubert and Vandervieren [32]). More precisely, denote as Gx and Gy the set of indices exceeding the upper whisker of the
skewed-adjusted boxplot of the residuals (Riﬁi)lg,'in and (R%_,-)K,Sn respectively. The observations with indices in the sets
Gx, Gy or Gx U Gy are considered as potential influential observations which, from now on, are called outliers as shorthand.

The detection rule based on cross-predictions is based on the following property that can be found in Yohai and Garcia
Ben [45]. Let x € R? andy € RY be centred random vectors and assume that E||x||§p < oo and E||y||H2§q < oo. Given a
random vector z € R, denote as y; the best linear predictor for y based on z, i.e., y; = E(yz" )E(zz" )~ 'z Then, when each
component z; of z = (z1, . . ., z¢) is a linear function of X, the random vector z that minimizes the determinant of the matrix
E(y —y:)y — ;)" is given by the first £ canonical variables related to x.

As in Section 3.4, given {8;};>1 and {n;};>1 orthonormal bases of 7{; and #, respectively and a sample {(X;, ;)" i, set
X; = ((Xia 61)’){13 e <Xi7 51)")7{1) T and yi = ((Yl’ 771)7{2’ R (Yia 77q,.>’r’-t2 )T- Denote XEC) =Xj — ﬂx and yEC) =Y¥i— llyv the
centred observations where ji, and ﬂy are robust location estimates, such as the spatial median computed from the samples

{Xi}1<i<n and {yi}1<i<n respectively. Furthermore, let a; and 131 be defined as in (14) and compute the sample of the centred

first canonical variables 29 = 4, 7x{ and 3 = b, Ty\”. It is worth noticing that ﬁ{(.c) = (Xi, 1)#, — 41" fiy provides an
approximation for the centred canonical variate in the space H; given by Ui(c) = (Xic), Di)p, = X, P1)m, — (x, P1)w,

and similarly for 1‘),@. Using for each observation the centred canonical variates, we obtain the best robust linear predictors

of x and y) based on d(©) and ') respectively, denoted as X and §%. As before, one expects that an influential observation

will be poorly predicted causing large values of at least one of the two squared residuals norms r)%,i = ||x§c) - f(’g i||§p and

"3,1 = ||y§c) — 93’1.”]12@. Three different sets of indices are used to identify the possible atypical data. As above, Gx and Gy

indicate the sets of indices exceeding the upper whisker of the skewed-adjusted boxplot of the residuals (r)%,i)g,gn and
( r;,i)lsisn respectively, while Gy y stands for those indices exceeding the upper whisker of the skewed-adjusted boxplot of
the sample (r)%,,. + r%ii)@ﬁn. Finally, any observation with index in the sets Gy, Gy, Gx UGy or Gx_.y is considered as a potential
atypical data. o

It is worth noticing that a detection rule based on the bagplot of (Ui(c), Vl.(c)) may also be considered as a diagnostic tool.
We refer to Alvarez [3] for readers interested on the performance of this detection method.

6. Monte Carlo study

In this section, we numerically explore the finite sample behaviour of the proposed estimators for different association
measures and different choices for the approximating subspaces when the Hilbert spaces are L?-spaces. More precisely, we
report the results of a Monte Carlo study designed to compare the performance, for Gaussian and contaminated data, of the
first canonical association and direction estimators defined in (11) and (12) when using the Pearson correlation and two
robust association measures. In all cases, we performed NR = 1000 replications.

6.1. The estimators

As mentioned above, the estimators defined in (11) depend both in the association measure to be maximized and in the
bases generating the approximating spaces. Beyond the Pearson correlation p,, we report here the results obtained using
the association measure defined through the M-scatter matrix py,, defined in (2), where Vy, is computed using Huber’s score
function with tuning constant k; = ( Xzzqo_g)l/ 2 and the normalized Spearman coefficient ps, given in (3). The results for other
association measures can be seen in Alvarez [3].

Two different sieve bases are considered: the cubic B-spline basis as fixed basis and the basis of functional principal
directions as an adaptive one. The elements of the B-spline basis are orthonormalized before applying the algorithm to
compute the estimators. On the other hand, when p is the Pearson correlation o, the principal direction basis on each
space is chosen as the eigenfunctions of the sample covariance operators of X and Y respectively. For the robust association
measures, robust principal direction estimators are considered. Taking into account that, when performing cross-validation,
the principal directions need to be computed each time an observation is removed, we need to choose a robust and fast
procedure to compute the principal direction estimators. The spherical principal directions defined in Locantore et al. [36]
and studied in Gervini [21] achieve this goal, since they provide a simple and fast method to obtain estimators of the
functional principal directions.

The canonical direction estimators were computed as described in Section 3.4 using the alternate GRID algorithm
implemented through the function ccaGrid. It is worth mentioning that an algorithm using the centred data as possible
directions may also be considered to estimate the first canonical directions, following the ideas used by Croux and Ruiz-
Gazen [ 13] for the estimation of the first principal component. However, as shown in Alvarez [ 3], the GRID algorithm leads to
better results. For that reason, we omit the results obtained using the centred data as candidates and we refer to Alvarez [3]
for further discussions.

To select the dimension of the approximating spaces, we use the criterion defined in Section 3.3, where for computational
simplicity, we have only considered the same dimensions in both spaces, that is, R = {(p,p) : p € R*}, so r, equals
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(p, p) in (13). The set R* is taken as R* = {3, ..., 11} for both bases. It is worth noticing that the possible values of the
dimension p start in 3 when using B-splines since we are using cubic splines. On the other hand, for the simulation model to
be described in Section 6.2, the eigenvalues related to the first three principal directions are equal, so the principal directions
are not uniquely defined for p < 3. Once the valueT = (p, p) in (13) is obtained, the estimators of the canonical weights are
computed using the algorithm described below, leading to the first canonical weights estimators (@1, ¥;) and the maximum
canonical association estimator p;. We also computed the estimator 5, = ; 1 defined as 51 = +/RCV;.

6.2. Simulation settings

Our simulation model is similar to the one considered in He et al. [26]. For each replication, we generate independent
samples {(X;, Yi)T}?:] C M1 X Hy of sizen = 100 with H; = 12[0, 50]. The processes were observed over an equispaced grid
of 50 points t;, j = 1, ..., 50. Hence, the inner products (X;, u)4,, and (Y;, v)4,, were approximated as sums over the design
points {tj}1<j<so.

The clean data sets, denoted Cy, were generated with the same distribution as the Gaussian random element (X, Y)T e
H1 X Hy, given by X(t) = Zj";gjfj(t) and Y(t) = ij:lgﬁ(t), where {f;};>1 is the Fourier basis of L?[0, 50] and m = 21.
The scores & = (&1, ...,&n)" and & = (¢4, ..., &) are m-dimensional normally distributed random vectors, (€7, ¢T)T ~
N(0, ) where

<211 212)

= T

212 222

with 3, = 1 = 10diag(1, 1, 1,0.75, ..., 0.75™3) and =, = diag(7, 3, 1,0, ..., 0).

Taking into account that the process (X, Y) is Gaussian and that all the considered association measures are Fisher-
consistent at the bivariate normal distribution, the target quantities to be estimated do not depend on the selected
association measure and are equal to the canonical weights and correlations defined in He et al. [24]. Hence, they will be
simply denoted as p, and (®,, ¥, ). For the process described above, we have p; = 0.7, p = 0.3, p3 = 0.1and p, = 0if
¢ > 3, whereas the canonical weights are @,(t) = ¥,(t) = fy(t), for £ =1, 2, 3.

Besides the central Gaussian model, we have considered two contaminated situations that can be described as follows
Cy: (X, Y;)T are i.i.d. with the same distribution as (1 — B)(X, Y)T + BW(f,,f,)", where B ~ B(1,0.1), W ~ A/(25, 1) and
W, B, (X, Y)T are all independent of each other. This contamination corresponds to a strong contamination in the direction
of the second canonical direction of (X, Y)T.

Cy: (X;, ;)" are i.i.d. and the process X; and Y; are such that

21

Xi~(1-B)X + B [&f + wfigf“ FOAES + 018f + 35S
j=5
f +f 21

o =BY 4B (afi + W £ 0155 40160 + )50

=5

where B ~ B(1,0.1), W ~ N(25, 0.01)independentof B,X and Y and (7, ¢7)" ~ A/(0, ). This contamination corresponds
to a strong contamination in the direction of a linear combination of the third and fourth canonical weights of (X, Y)T.

It is worth noticing that, when p is the Pearson correlation, @,(P) = ¥,(P) = f; for £ = 1,2, 3 under Cp, but not
necessarily for the contaminated distributions. More precisely, under C; the order between f; and f; is reversed when using
p = pe, SO the first canonical directions are @,(P) = ¥;(P) = f, for this association measure, while f; corresponds to the
second canonical weights.

6.3. Simulation results

For each situation, we evaluate the performance of the first canonical directions and the maximum canonical association.
To compare the performance of the first canonical weight estimators (&1, ¥;) of (@4, ¥7), we compute

e a global goodness of fit measure, denoted as MISE, considered also in He et al. [26], which is the average over
replications of ||&1 — @112 + ¥ — ¥ 2.

e the average over replications of the absolute Pearson correlation between the canonical variates computed only for
the non-atypical data, that is, the average of

’Z;;](l — B)UU;
I - B)0? Y, (1 - B)U?

where U; = (X;, 1) and 0,— = (X, q31). This measure provides a way to quantify how the proposals fit the good
observations. A similar measure was computed for ¥;.

i)X = /A)CL,XX,CLEAN(‘DL él) =



56

A. Alvarez, G. Boente and N. Kudraszow / Journal of Multivariate Analysis 170 (2019) 46-62

PcL Pvu Psp PoL Pvy Psp PcL Pvu Psp

PcL Pvu Psp PoL Pvy Psp PcL Pvu Psp

B—Splines FPC
Co c C. Co c C.
= i i L@ o i i Lw
~ ® o i “ T|® e ein i “
P ®iA ol 5 s RN o o
o | : ° : L4 © o | ° 3 ° “
e : : e :
! Lw : L w
: o : o
~ @ ; ~ o ;
< °© | FRw <& © ; Le
c : @ c : @
gz EREE RS i
' o ' o
o : A VN [~ : A e A [ -
¥ [ : N :
e : Al AlLw e Lo A Al w
i . o B B o
NS | IS |
° | Lo o | | Lo
< T T T T T T T T \o O‘ T T T T T T T ‘O

Fig. 2. MISE of the canonical weight estimators (in red triangles) and average of px = Perxx.cean(P1, @1) (in blue solid points), when using the Pearson
correlation pc,, the association measure py,, defined in (2) and the normalized Spearman coefficient ps, given in (3). The considered sieve bases are the

cubic B-spline basis and the basis of estimated functional principal directions, labelled B-Splines and FPC, respectively.
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Fig. 3. Mean (in blue solid points) and mean square error (MSE) (in red triangles) of the estimators p;, when using the Pearson correlation p.., the association
measure py, defined in (2)and the normalized Spearman coefficient ps, given in (3). The considered sieve bases are the cubic B-spline basis and the basis
of estimated functional principal directions, labelled B-Splines and FPC, respectively.

Taking into account that the results obtained for J; are similar to those obtained for &7, we only report the summary
measures for the first component of the canonical direction estimators. More precisely, Table 1 reports the MISE and averages
over replications of px for different association measures and bases. We also report the median of the dimension p obtained
by cross-validation to illustrate how the contaminations affect the dimension of the chosen linear spaces.

The better performance of the estimators computed using a robust association measure is better illustrated in Figs. 2 and
3, where, for simplicity, the functional principal direction basis is denoted FPC. More precisely, Fig. 2 plots in red triangles
and blue solid circles the MISE and the average over replications of px = pcp xx.cLean(P1, D1) respectively.

Note that for clean data the average of py is close to 1, while the values of the MISE are small, as expected. This fact is more
evident in Fig. 2 which reveals that under Cy all the procedures lead to similar results. On the other hand, for contaminated
samples the estimators based on Pearson’s correlation are strongly affected by the presence of outliers. Indeed, in this case
Fig. 2 shows that the average values of p¢; xx.ciean(P1, 1) move away from 1approaching 0 and the MISE grows taking values
very close to 4, which is the maximum possible value. On the other hand, both robust estimators give more resistant results.
However, the proposal based on the Spearman coefficient stands out, since it has the lowest MISE value and the average over
replications of per xx. crean(P1, iﬁl) is the one closer to 1 for the considered bases in both contaminated scenarios.

To summarize the behaviour of a given estimator p; of the maximum canonical association p;, we compute the mean
over replications of the obtained values as well as the mean square error (MSE). Table 2 reports the mean and mean square
error (multiplied by 10*) of the estimators p; and p; = P5.1. On the other hand, Fig. 3 shows the mean and MSE of the
estimators o1 in blue solid points and red triangles respectively revealing the sensitivity of the classical procedure based on
the Pearson correlation that increases its mean square error due to its increased bias. The same conclusion can be obtained
from the estimator p; reported in Table 2. Indeed, for clean data the mean values of the estimates p; are close to p; and the
MSE are low and very similar to each other. However, it should be noted that the estimates p; present a positive bias in all
cases, while the estimator g; ; is slightly negatively biased. In this scenario, the absolute bias of /5 ; is lower than that of py,
leading to MSE values which are in general smaller than those of p.

For contaminated samples, both estimators p; and 55 1 are strongly affected, moving away from p;, when the Pearson
correlation is used. The best procedure is the one based on the normalized Spearman coefficient giving the smallest mean
square errors and only a small increase on the estimators bias. As for uncontaminated samples, the MSE of /5 ; is somewhat
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Table 1

MISE and mean over replications of px = pcrxx.cean( @1, 031) for different contamination settings, when using the Pearson correlation o, the association
measure py, defined in (2) and the normalized Spearman coefficient ps, given in (3). The median of the dimension p obtained by cross-validation is also
reported. The considered sieve bases are the cubic B-spline and the estimated functional principal directions bases.

Co G G
p p Px MISE p Dx MISE p Dx MISE
B-splines
PeL 3 0.98 0.14 3 0.21 3.20 5 0.28 2.98
Py 3 0.96 0.23 4 0.82 0.82 5 0.84 0.87
Psp 4 0.95 0.26 4 0.93 0.38 5 0.90 0.54
Functional principal direction basis
Pa 4 0.97 0.23 3 0.19 3.30 4 0.26 3.07
Py 5 0.95 0.33 5 0.81 0.94 5 0.83 0.90
Psp 4 0.95 0.33 4 0.89 0.57 5 0.89 0.56

Table 2

Mean and mean square error (multiplied by 10*) of the maximum canonical association estimators ; and p; = pj ; for different contamination settings,
when using the Pearson correlation p, the association measure py,, defined in (2) and the normalized Spearman coefficient pg, given in (3). The median
of the dimension p obtained by cross-validation is also reported. The considered sieve bases are the cubic B-spline and the estimated functional principal
directions bases.

Co C G
Mean 10*x MSE Mean 10*x MSE Mean 10* x MSE
P p P P1 P1 P1 p P P1 P P1 p P P1 P P1
B-splines
PcL 3 0.73 0.69 34 33 3 0.91 0.90 437 415 5 0.89 0.87 373 306
Py 3 0.74 0.69 45 36 4 0.86 0.82 288 171 5 0.82 0.75 177 57
Psp 4 0.75 0.68 53 45 4 0.80 0.76 124 63 5 0.79 0.72 104 42
Functional principal direction basis
Pt 4 0.73 0.68 36 40 3 0.91 0.90 435 419 4 0.89 0.87 356 321
Py 5 0.74 0.68 48 45 5 0.86 0.81 287 146 5 0.82 0.74 167 57
Psp 4 0.75 0.67 55 62 4 0.79 0.73 116 52 5 0.78 0.71 92 43

lower than the one obtained with o1, in all cases. We can explain this result by the nature of the introduced contamination,
which tends to increase the values of the correlation estimators. Recall that for clean samples /55 1 has a negative bias, while
p1 has a positive bias. In this case, as a result of the considered contamination, the estimators p; ; and p; give larger values
resulting in estimators 55 ; with smaller bias than p;.

We also study the performance of the two methods proposed in Section 5 to detect influential observations. For each
detection method, Tables 3 and 4 report the average sensitivity and specificity over the 1000 replications. Recall that
sensitivity is the proportion of actual atypical trajectories that are correctly flagged as such, while specificity is the proportion
of non-atypical curves correctly identified as not atypical. An ideal method will simultaneously maintain high sensitivity and
specificity. As described in Section 5, the detection rule based on prediction flags as outliers the observations with indices in
the sets Gy, Gy or Gx UGy defined therein, leading to the detection methods denoted ATy, ATy and ATy,y respectively in Table 3.
On the other hand, the cross-prediction method defines three sets of indices Gx, Gy and Gx .y based on the skewed-adjusted
boxplot of the cross-prediction residuals norms. Any observation with index in the sets G, Gy, Gx U Gy or Gx.y is considered
as a potential atypical data, leading to the detection rules labelled by ATy, ATy, ATxoy and ATx.y respectively in Table 4.

As shown in Tables 3 and 4, all detection rules have high specificity levels under all scenarios, even though the rules based
0N ATx,y identify more data as atypical, resulting in a slightly lower specificity but a higher sensitivity. This behaviour is more
clearly observed in Figures S.1 and S.2 in the supplementary file.

For the method based on prediction, the detection rule ATx,y seems to be the one with the best performance, since the
decrease in specificity with respect to those labelled ATy or ATy is small compared to the increase in sensitivity obtained.
Analogous results are observed in the method based on cross-predictions when using the detection rules ATy and ATxy. In
almost all cases, the detection rule ATx,y corresponding to the method based on prediction overcome in sensitivity the rules
based on cross-prediction.

For the scenarios considered here, the detection rule AT,y based on prediction, using the functional principal direction
basis and the transformed Spearman correlation leads to specificity results similar to those obtained with B-splines with only
a slightly smaller sensitivity. Taking into account that the functional principal direction basis is adaptive, the practitioner
may prefer to use as a diagnostic tool the rule ATy,y based on prediction, the association measure ps; and the functional
principal direction basis, when considering a real data set. However, taking into account the better overall performance of
the detection rule based on B-splines and the fact that the B-spline basis is sufficiently rich to represent most data sets, we
still recommend using this basis for diagnostic purposes.
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Table 3

Specificity and sensitivity for the detection rule based on the prediction errors squared norm R)ZU = HX,.(CLXI.(C) H?HI or R%/.i = Yi“) 7Y,.(C) ||?HZ . The estimators
are obtained using the association measure py,, defined in (2) or the normalized Spearman coefficient pg, given in (3) combined with two possible sieve
bases: the cubic B-spline basis and the basis of estimated functional principal directions.

o Co Cioa Cao1
Specificity Specificity Sensitivity Specificity Sensitivity
ATy ATy ATxoy ATy ATy ATxoy ATy ATy ATxoy ATy ATy ATxoy ATy ATy ATxoy
B-splines

PVy 0991 0991 0982 0998 0998 0997 0887 0888 0917 0.999 0999 0998 0933 0929 0.966
Psp 0990 0991 0981 0.999 0999 0998 0964 0978 0994 0.999 0999 0998 0984 0978 0.997

Functional principal direction basis

PV 0990 0991 0982 0999 0999 0998 0887 0.884 0920 0999 0999 0998 0914 0911 0.953
Psp 0991 0991 0982 0999 0999 0998 0949 0956 0973 0.999 0999 0998 0980 0976  0.995

Table 4

Specificity and sensitivity for the detection rule based on the cross-prediction errors squared norm r)%‘,. = ngc) — f(}f_l.l\zkp and r&_i = ||y,© — flg_il\ﬁq. The
estimators are obtained using the association measure py, defined in (2) or the normalized Spearman coefficient ps, given in (3) combined with two
possible sieve bases: the cubic B-spline basis and the basis of estimated functional principal directions.

14 Co Clyg_l CZ.O.I
Specificity Specificity Sensitivity Specificity Sensitivity

ATx ATy  ATxoy ATxyy ATx ATy  ATxey ATxqy ATx ATy  ATxey ATx4y ATx ATy  ATxey ATxyy ATx ATy  ATxey ATxyy

B-splines

pv, 0.992 0992 0.984 0.991 0.999 0.999 0.998 0.999 0.812 0.815 0.869 0.883 0.999 0.999 0.998 0.999 0.834 0.814 0.907 0.912
pse 0.992 0.992 0.984 0.991 0.999 0.999 0.998 0.999 0.931 0.932 0.975 0.978 0.999 0.999 0.998 0.999 0.858 0.862 0.942 0.953

Functional principal direction basis

pv, 0.992 0992 0.983 0.989 0.998 0.998 0.997 0.998 0.748 0.748 0.821 0.821 0.999 0.999 0.998 0.999 0.890 0.883 0.943 0.942
pse 0.991 0.991 0.983 0.990 0.999 0.999 0.997 0.999 0.870 0.873 0.929 0.919 0.999 0.999 0.998 0.999 0.959 0.957 0.988 0.989

7. Example: the writing data set

To illustrate the performance of the proposed first canonical directions estimators and of the atypical data detection rules,
we consider the writing data set described in the Introduction. We only analyse the 186 data related to the speed of the pen
on the horizontal and vertical axis when writing the letter “e” denoted X(t) and Y(t) respectively.

To identify potential atypical observations, we use as detection rules those that turn out to be the most effective
ones in the simulation study described in Section 6. Table 5 reports the indices corresponding to observations detected
as outliers/influential by the prediction and cross-prediction methods using the detection rules labelled AT,y and AT,y
respectively. The estimates of the first canonical weights were computed as described in Section 6.1, using the normalized
Spearman coefficient ps, defined in (3) combined with B-splines and with the functional principal direction basis. The
dimension of the approximating spaces was selected by the cross-validation criterion given in (13) with R = {(p, p), 3 <
p < 11}, when using B-splines and R = {(p,p), 1 < p < 11} for the functional principal direction basis. When the
maximum was attained at 11, the possible values of p were enlarged up to 20. For the B-spline basis, the pair satisfying
(13) has coordinates p = 8, while for the functional principal direction basis the maximum is attained at p = 5. It is worth
noticing that for the B-spline basis, when 5 < p < 8, the values of RCV(, ;) are very close to the maximum RCV(; 5 (see
Figure S.3 in the supplementary file available on-line). In order to show that, for B-splines, with a smaller dimension of the
approximating spaces we can also obtain reliable results, Table 5 reports the results corresponding to dimension p = 5.
Observations 33, 38, 139 and 175 are detected as atypical or influential curves for all bases and detection methods. On the
other hand, when using the functional principal direction basis, the detection rule based on predictions detects as atypical
some additional observations.

In order to evaluate the influence of the potential atypical data on the estimators based on the Pearson correlation,
the classical estimates of the canonical weights were computed after removing the detected atypical observations. More
precisely, when using B-splines, the observations with indices in Z; = {33, 38, 139, 175} are excluded from the analysis.
On the other hand, when projecting on the functional principal direction basis, taking into account that the observations
in Z; are also detected by the cross-prediction method, we compute the estimators based on the data set without the
observations in Z; and those obtained omitting the trajectories with indices in Z, = {7, 33, 38, 113, 139, 154, 175, 137, 140}.
We denote as @C_LI{ the classical first canonical weight estimator in the X space obtained after removing the observations
indexed in Z;, while <1A>CL,1 or &’sm stand for the estimators computed with the whole data set using the Pearson correlation
or the normalized Spearman coefficient respectively. The results for the maximal canonical association are reported in the
supplementary file, while the results obtained for the first canonical weight associated to Y are omitted, since they are similar
to those corresponding to X.
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Table 5

Atypical observations detected by the prediction and cross-prediction methods us-
ing normalized Spearman coefficient combined with the cubic B-spline basis or the
basis of estimated functional principal directions. The dimension of the approxi-
mating subspaces is also reported.

B-splines
p Detection rule Index of the detected observation
5 Prediction method ATy,y 33, 38,139,175

5 Cross-prediction method ATy 33, 38,139, 175

Functional principal direction basis

p Detection rule Index of the detected observation
5 Prediction method AT,y 7,33, 38,113, 139, 154, 175, 137, 140
5 Cross-prediction method ATx .y 33, 38,139,175

Table 6

Association between canonical variables and absolute cosine of the angle be-
tween the robust and classical first canonical weight estimates computed
with B-splines or with the functional principal direction basis using the Pear-
son correlation and the transformed Spearman coefficient. We label as —Z;
the results obtained when the classical estimator is computed after removing

the observations indexed in Z; with Z; = {33,38,139,175} and 7, =
{7, 33, 38, 113, 139, 154, 175, 137, 140}.
B-splines
~ ~ —I A A—Iy
Psp,cL Psp.cL Csp,cL Csp,cL
0.71 1.00 0.09 0.99
Functional principal direction basis
Py A =1 A —Iy A A =TI ~A—Iy
Psp,cL Psp,cL Psp cL Csp.cL Csp cL Csp cL
0.95 0.97 0.97 0.79 0.86 0.85

Table 6 gives some summary measures that illustrate the behaviour of the first canonical directions estimates of X. To
compare the performance of the classical estimators with those obtained using the normalized Spearman coefficient, we
report the absolute cosine of the angle between the robust and the classical first canonical weight estimates. As mentioned
above, the estimators based on the Pearson correlation are computed with the complete sample and after removing the
observations detected as atypical. We denote as Csp o, the absolute cosine of the angle between &g, 1 and @ ; and as

6;?{ that of the angle between @)SPJ and 03;1{ It is worth noticing that we cannot compute the measure pc xx.ciean
defined in Section 6.3, since the abnormal data were not artificially introduced but detected by our diagnostic rules. For
that reason, taking into account that the Spearman coefficient provides a reliable measure when atypical data arise in the
sample, we report the empirical normalized Spearman correlation between the robust and classical canonical variables

corresponding to such canonical directions. More precisely, we report the values pep ¢, = psp(Pn[(ésp’l, X), (@CL], X)]) and

Psoct = Dsp(Pal(Bep 1, X), (Dey 1. X)1).

The obtained results show that, when considering the estimates based on B-splines and computed with the complete
data set, the robust and classical canonical weight estimators are far from each other, since the association measure psp ¢ is
far from 1 and the absolute cosine Csp ¢, is close to 0 implying that the directions are almost orthogonal. On the other hand,

the canonical variable (qssp_l , X) and the classical one obtained when the potential outliers are removed, (@)CL 1, X), attain

the largest possible empirical association and the absolute cosine Es;ff is also close to 1. It is also worth noticing that, when
the whole data set is considered and the estimators are computed using the Pearson coefficient and B-splines, the maximum
of RCV(, p) is attained at p = 16 with value RCV(3 5) = 0.94, while the values of RCV(, ) for 5 < p < 10 are between 0.78 and
0.85, so a smaller dimension cannot be considered in this case. On the other hand, after removing the data with indices in Z;
the maximum is attained at p = 5. Hence, the dimension of the approximating space and the canonical weights computed
with the Pearson correlation coefficient after removing the observations with indices in Z; are closer to the canonical weights
computed with the Spearman coefficient using the whole data set. Hence, as expected, the robust procedure leads to more
reliable results without excluding atypical data.

A different phenomenon is observed for the functional principal direction basis. In this situation, the classical and robust
first canonical variates in the space X, computed with the whole sample, are highly associated since psp(Pn[(®@sp.1, X),
(@cm, X)]) = 0.95, while the angle between the robust and classical canonical weights is close to 38°. After removing the
potential atypical observations, the cosine of the angle slightly increases resulting in an angle around 30°. Again, as expected,
the estimators based on the normalized Spearman coefficient computed with the complete data set give estimates close to
those obtained with the Pearson correlation coefficient after removing the observations detected as atypical.

To highlight the behaviour of the detected observations, Fig. 4 gives a plot of the data trajectories. The thin grey lines in the
background correspond to the complete set of observations, and they are included for visual reference, while the potential
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Fig. 4. Speed of the pen on the horizontal and vertical axes. Black dashed curves correspond to atypical observations with indices in Zy, while the black
solid curves to those with indices belonging to Z, — Z;.

atypical trajectories are given in black lines. To help in visualizing both sets of atypical data, Fig. 4 shows the potential outliers
with indices in Z; in black dashed lines, while those corresponding to indices in Z, — Z; are given in solid black lines (recall
that Z; C ).

Most of the trajectories with indices in Z, — Z; correspond to individuals with a higher writing speed over the interval
[0.8, 1].1tis clear from Fig. 4 that the observations with indices belonging to Z; correspond to observations far away from the
bulk of the data due to their behaviour both in shape and phase. More precisely, these trajectories seem to have a temporal
phase shift with respect to the bulk of the data. Effectively, the time when their maximum (minimum) is reached is far
from the time in which most of the trajectories reach their maximum (minimum). In particular, two of the trajectories of Z,
corresponding to the observation labelled as 139 and 175, present a distinctly different behaviour within the interval [0.8, 1]
(see Figures S.4 and S.5 in the supplementary file). In this two cases, the pen moves slower than the majority on the vertical
axis. Furthermore, the individual corresponding to the data labelled 175 has a handwriting of the character “e” slower than
most individuals when ending its writing. On the other hand, the observation labelled 33 is atypical since it has a high writing
speed on the vertical axis and a low one on the horizontal axis within the interval [0.8, 1]. Finally, the maximum of X(t) in
the interval [0, 0.5] corresponding to observation 38 clearly exceeds the remaining trajectories. Moreover, this maximum
is attained approximately at t = 0.3, while for most of the data, the value where the maximum is reached is close to 0.2.
As shown in Figure S.6 of the supplementary file, the robust proposal given in this paper was useful to identify potential
atypical data which affect the estimation of the first canonical directions. These atypical data correspond to individuals with
a clearly different handwriting of the character “e”.

8. Concluding remarks

In this paper, we introduce a family of robust estimators for the first canonical weights and the related maximal associa-
tion for functional data. Using robust association measures, our proposal adapts the projection-pursuit ideas introduced in
Alfons et al. [2], Branco et al. [9] and Croux and Filzmoser [12] for multivariate samples with the sieve approach considered
in He et al. [26].

Among other contributions, we provide an extension of the result given in Leurgans et al. [35], when a general association
measure and not only the Pearson correlation is used. More precisely, we show that the natural extension of the projection-
pursuit multivariate estimators considered in Alfons et al. [2] to the functional scenario fails, since directions can be found
with empirical canonical association equal to one, motivating our robust proposal which combines robust projection-pursuit
with the method of sieves as a smoothing tool.

The robust estimators introduced for the first canonical directions and the maximal association are consistent under
mild conditions on the association measure. As in the multivariate case, the proposed estimators are Fisher-consistent for
elliptical or Gaussian processes for appropriate choices of the association measure.

Finally, our simulation study confirms the inadequate behaviour of the classical estimators when atypical data arise in
the sample, while the robust procedures based on the association measure defined through an M-scatter matrix or the
normalized Spearman coefficient lead to more reliable results. In particular, we recommend the procedure based on the
normalized Spearman coefficient. As shown in our simulation study, the robust estimators are useful to detect atypical data
using the predicted canonical variates. The benefits of considering robust estimators are also illustrated on a real data set
where the detection rules reveal the presence of influential observations that would be missed otherwise.

The described procedure can be extended to robustly estimate the subsequent canonical correlations and directions. More
precisely, for k > 2, the kth canonical directions related to the association measure p may be defined as (®k(P), ¥(P)) =
(Dr, Wk) = argmax, yyep, Pxy (U, v), where B, = {(u, v) € S1 X Sz 1 pxx(u, ;) = pyy(v, ¥;) = 0, forall 1 <j < k—1},
while the kth maximal canonical association equals px(P) = p(P[{@k, X)#,, (¥, Y)#,]). The sieves estimators for the kth
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canonical directions are defined as (@k, lf/k) = argmaxy )eg . o Pn (u, v), where p, is given in (10) and By p,.q, = {(u, v) €
Stpn X Sagy 1 APal( X) 3y, (7. X)3,1) = p(Pal(v.Y) s, (¥,Y)5,]) = O, forall 1 < j < k — 1} . Finally, the kth
maximal canonical association estimator equals px = o, P, lf/,? These estimators can be computed using the alternate

GRID algorithm as described in Section 3.4 for the first canonical direction estimators. Consistency results for the canonical
directions and correlations when k > 2 are an interesting topic but beyond the scope of this paper. The main difficulties
arise by the side null-association conditions p(Pn[{u, X)2,, (@, X)3;1) = p(Pul{v, V)3, (¥, Y)9,]) = 0,for1 < j <
k — 1.1t is worth noticing that, when dealing with the Euclidean case, Jin and Cui [33] impose orthogonality conditions,
ie, (u, ®)u, = (v, ¥)un, = 0 as in principal component analysis to derive the consistency of the estimators loosing the
desired null association property between the canonical variates (@j, X)2,, 1 < j < k. These robust canonical direction
estimators may be helpful to obtain a resistant estimation procedure for functional canonical regression generalizing the
approach considered in He et al. [27].

Functional discrimination has been extensively considered and we refer to Cuevas et al. [15] and Hubert et al. [31] for a
depth approach, to Yao et al. [44] for an approach when dealing with sparse data and to Baillo et al. [5] for further discussions.
The relation between canonical correlation and discriminant analysis has been widely described in the multivariate setting
and also extended to the functional case, see, for instance, Hastie et al. [23] and Ramsay and Silverman [40]. Hence, the robust
proposal considered in this paper may be useful to deal with robust functional optimal scoring and discriminant analysis
taking Y as a dummy vector coding the group class.
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