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Abstract: In functional data the interest is to find a global mean pattern,
but also to capture the individual curve differences in phase and amplitude.
This can be done conveniently by building in random effects on two levels:
in the warping functions to account for individual phase variations; and in
the linear structure to deal with individual amplitude variations. Via an
appropriate choice of the warping function and B-spline approximations,
estimation in the nonlinear mixed effects functional model is feasible, and
does not require any prior knowledge on landmarks for the functional data.
Sufficient and necessary conditions for identifiability of the flexible model
are provided. A theoretical study is conducted: we establish asymptotic
normality and consistency of the estimators of the registration and ampli-
tude models, convergence of the iterative process, and consistency of the
final estimator provided by the iterative process. The finite-sample perfor-
mance of the proposed estimation procedure is investigated in a simulation
study, which includes comparisons with existing methods. The added value
of the developed method is further illustrated via the analysis of a real data
example.
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1. Introduction

Functional data are encountered in many fields, a multitude of examples can
be found in the books by [10, 24, 25]. When analyzing functional data it is of
particular interest to provide answers to the questions: (i) is there a common
main (mean) functional pattern to be distinguished?; (ii) can we quantify the
significant individual fluctuations with respect to such a mean pattern? While
the common functional mean is capturing main features such as peaks and val-
leys, differences between individual curves are often exposed via differences in
phase and in amplitude of the main features. In Figure 1 the Pinch Force data
are depicted. These data were collected as part of an experiment to investigate
the force (measured in Newton) exerted by thumb and forefinger when pinching
a 6 cm width force meter. See [26]. Data on 20 recordings of such force mea-
surements, recorded every 2 milliseconds during a time period of 0.3 seconds,
are presented in Figure 1. There seems to be a clear maximum for each curve,
but the position and the size of this maximum differs considerably from curve
to curve. See further Section 5.

Often there is no prior information available regarding the number of impor-
tant features, and where, in which region, they occur. A flexible method should
thus not rely on such information, and be able to extract a main pattern from
the data, as well as information on major individual variations. Aligning the
individual curves via individual shift functions is conveniently done via time
warping functions, see for example [2, 7, 8, 14, 19, 33]. One approach towards
describing the curve-specific deviations from the mean curve is via random ef-
fects. See for example [5, 9, 15]. An analysis of variance model for functional data
describing the phase variability through time-warping and allowing for inference
in the presence of amplitude variability, was introduced by [13]. This approach
was further extended to a functional regression setting in [11, 12]. A functional
mixed effects regression model was used to analyse spike train data in [16]. In
[36] the emphasis was to construct separate boxplot-type displays for the three
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main components of the observed variation in functional data, the amplitude,
phase, and vertical translation. A shift-warping method is used in [3] for multi-
variate functional data where each of the components may contribute to a shift
with its own parameter value. In [35], warping methods are proposed for data
from exponential families. The methodology consists of working with principal
components analysis (PCA) and using an expectation-maximization (EM) al-
gorithm for parameter estimation. In [17], PCA is studied to analyse warping
functions. A nonparametric registration method is proposed in [4], based on a
local variation measure introduced to provide nonparametric conditions that
lead to identifiability. The phase and amplitude are separated in [31] by using
a representation of functional data that is based on the Fisher-Rao metric to
compute an elastic shape analysis of the curves. Based on this representation,
[37] analyses the phase variation using a principal nested sphere approach. In
[28], a constrained elastic shape analysis is used with a landmark representa-
tion. While there are Bayesian methods for registration too, see for example
[6], these are not considered here. Other papers focus on curve registration and
classification or clustering, see [21, 27, 30, 38].

In this paper we use a mixed effects model in which random effects enter on
two levels: (1) a warping function with random effects describes the individual
phase variability in a flexible manner, and (2) a second random effect is used
to model the individual amplitude variability. This follows the approach of [13],
but with two major differences: (i) the definition of the warping function does
not depend on ‘landmarks’ (locations of peaks and valleys); (ii) the estimation
procedure. A first important advantage of our method is that there is no need to
know nor estimate landmarks, neither their number nor their positions, which
can be time consuming and/or difficult. Second, our estimation procedure is
computationally less demanding than, for example, an EM-algorithm as used in
[13]. Different from [23] is that we use nonparametric estimation by means of
B-splines and avoid a linearization of the mean around the warped values as in
their estimation approach. We focus in this paper on homogeneous signals. We
prove the identifiability results of the proposed data registration model under
some mild conditions. In addition, the asymptotic properties of the proposed
estimation procedure are investigated: convergence of the algorithm, asymptotic
normality of the estimator at each step, and consistency of the final estimator.
An important contribution of this theory is the study of the algorithm, seen
as an iterative process, and not on the estimator that it approximates. The
added value of the method is illustrated on the Pinch Force data in Section 5,
where our analysis not only provides a mean pattern, but also allows to describe
clearly where most individual differences occur with respect to either phase or
amplitude.

The paper is organized as follows. In Section 2 the modeling framework is
introduced together with the necessary notations. The identifiability of the pro-
posed model is obtained. Details about the estimation procedure are provided
in Section 3. An estimator for the warping parameters is constructed, and its
asymptotic normality is proven. Linear mixed model estimators are proposed
for the functional parameters and their asymptotic normality is shown. In Sec-
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tion 3.3 we derive an iterative estimation procedure for which we show the
convergence and the consistency of the resulting estimators. The finite-sample
performance of the proposed estimation method is investigated in Section 4,
which also includes a comparison with four existing methods. The methodol-
ogy is used to analyse the Pinch Force data in Section 5. The paper concludes
by some discussion in Section 6. This paper is accompanied by the R package
warpMix. All proofs are given in the Appendices.

2. The model and its identifiability

Suppose one observes individual curves Yi(t),Ya(t),...,Y,(¢) on the interval
[0,1] (without loss of generality), and a first aim is to find a main pattern
p(t) in these individual curves. First, we introduce the various elements of the
modeling framework, and provide the identifiability of the model. All the proofs
of the results stated in this section can be found in Appendix A.

2.1. A functional mired model with warping function

We consider the following functional mixed model. For ¢ = 1,...,n, and for
t € [0,1], we define the process

Vi(t) = p{w ' (0,)} + Ui {w  (t:0:)} + e {w ' (t:0,)}, (1)

with p the unknown common mean and where U; denotes the unknown random
effect on the amplitude for the observation i. The flexible warping function
w : [0,1] — [0, 1] is strictly increasing and depends on a random variable 8; ~
N (0¢,%9), that describes the individual phase variability. Details about the
warping function are provided in Section 2.3.

We rather use the discretization of model (1) with time points (¢; ;) for j =
1,...,T;;i=1,...,n, where T; denotes the number of fixed (non-random) time
points for the individual i:

}/i(ti,j) =u {w_l(ti,j; 01)} + Uz {w_l(ti,j; 01)} + Ei’j. (2)

We assume that for all 4, the error vectors &; = (g;1,...,6i1;) with g ~
N1, (07,,0217,) are i.i.d., meaning that the error terms are independent of ¢; ;
and of the warping effects ;.

An analogous model was used in [23], where the warping function stands
only in the common mean and not in the individual effect, and in [13], where a
group level is added. We argue that from this general formulation, many things
have to be defined to allow the estimation of this model. The specificities of our
study and its novelty will be described in the next two subsections, through the
decomposition of the signals onto a B-splines basis and the warping function.
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2.2. B-spline basis decomposition

The warping function w, the unknown mean function g and the individual
random effect amplitude functions U; are modeled in a flexible fashion via B-
splines. In this paper, we make the following assumption.

Assumption A. We assume that the functions p, (U;)i=1,...n and w belong to
the space spanned by the considered spline basis.

Assumption A ensures to have unbiased estimators for the curves, and avoids
having to theoretically deal with a modeling bias. When using a spline basis in
practice, the curves are well approximated when utilizing a finite (maybe large)
number of knots.

For the mean function z, we define a sequence of K, interior knots 0 = k{j <
kY < ...K,f;{u < K/,;{M"’_l = 1. In addition, we put p, + 1 boundary knots at 0
as well as at 1, and denote r”, = ... =r") = kf and K ., = Ky L, =
= /@’;{HJFPM_&_}. We denote by k* = .{Iiﬁp“,.. . IQLIL(H_H,‘LJ,_]} the set of all knots
involved in estimation of ;.. The B-spline basis functions of degree p,, are defined

by induction as

1 ifwrf <t<&kl;
Bﬁl(t;ﬁu) { 0 l 1+1

otherwise;
N
t— K" Ky ;—t
M el l B . Put B AN
Bl,pu+1(t’K’ )*ﬁu — By, (t; k") + o — Bl—‘rl,pu(t?ﬁ’ )i
l+pu l I+pu+1 I+1

for l = —py,..., K,. With the use of the additional (boundary) knots, this gives
precisely m, = K,, + p, + 1 basis functions. The function p is decomposed in

the B-spline basis, with coefficient vector a* = (a‘im, e af(u)—'—,
KH
pt)y=>_ af B, 4 (t;K"). (3)
l=—ppu

Note that if u(-) does not belong to the space spanned by the basis functions,
then the equality in (3) should be replaced by an approximation. The induced
modeling bias can be controlled by taking a large number of knots.

Similarly, for ¢ = 1,...,n each individual random function U; is decom-
posed in a basis of B-splines of degree py,. Denote the B-spline basis for U; by
(BY 0 po i1+ Bk pu +1) With knots sequence V%, resulting in my, =
Ky, + pUL 41 basis funczcioris7 and consider

KU,L
_ U pU Ui
Ui(t) = E 1B gy 1 (R,
l=—pu,
where al = (a¥ ;oY )T, For this random vector af of B-spline

i,—pu; " U,
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coefficients, attaining values in R™v: X!, we assume that, for all i = 1,..., n,
U oy 0 0
OLZ\*PUQ- O7 2 0
. . : v Oy -
af = ~ Ny (()mUi,E ) with X% = ) )
U 0 0 " 0
o
Ku, 2
LRy, 0 0 O muy,

the covariance matrix for which we assume a diagonal structure, and which needs
. T
to be estimated. Further we denote a¥ = ((af)7,...,(a{)") , a random

gooee n

. . n
vector taking values in R i=1 v X1,

2.3. The warping function

A flexible way to model the warping function is as follows. For every ¢ € [0, 1],
we define

fot exp {h™!(u;6;)} du
fol exp {h~"(u;6;)} du’

with =1 as indicated below. Note that w™! (and hence w) is by construction
an increasing function. The advantage of using the exponential function is that
it warrants the positivity of the function. A non-random version of this warping
function was introduced in [25] and used in [16, 32]. There are many other choices
of warping functions that could be made (see for example [20]). In short, the
warping function w=! (or w) in (4) satisfies the following necessary conditions:
increasing, and from [0, 1] to [0,1]. To ensure identifiability, the function h~*
will be decomposed using a basis of centralized B-splines, i.e.

W (t;6;) = (4)

o (u; 0;) = Z 9i,le}fph,+1(u§'@h)a (5)

h .
where (Bl,ph+1)l:_ph,-~~7Kh satisfy

1
/ Bl}fphﬂ(u; k")du = 0.
0

The vector of random effects 8; = (0; _p,,...,0; k,)" describes the individual
phase variability, for which we assume a linear mixed effects model

0; =00 +E; +&, (6)

with E; ~ N,.(0,,XF) and &; ~ N,.(0,,021,) independent. Then 6; ~ N.(6o,
¥9), with ¢ = XE+621,.. To ensure identifiability, we assume that o2 is known.
In [13] the parameter 0y is considered to be a Jupp transform of the landmarks
of the mean function u. In contrast, we avoid the use of landmarks, and 6 is a
parameter to be estimated.

By construction, the warping function is injective, as proved in Lemma 1.
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Lemma 1. The warping function w defined via (4) and (5) is injective with
respect to the second parameter: for every t € [0, 1],

t=w(w (t;0"); 0?) = 0" =6

Further, we assume that the as and ;s, the random effects describing the
individual phase and amplitude variability, are independent of each other.

2.4. The model in matrixz form

For further analysis it will be useful to introduce some matrix notation. The
matrix B of dimension T; x m,, contains (j,)th element B ppt1(tijs K1), and

BY is the matrix of dimension T} x my, with (j,1)th element Bf’]l,pU_Jrl(tij; wU).
Further, (BY)® = ([(BY)%];1)j=1.... 1:s1=—p,.... K, With

[(BI)%]50 = By, 1 {w ™" (t:j; 6:); K"}

Define [(Bé‘)eivéi]j,l = Bl’)‘p“ﬂ[w’l{w(ti,j;Oi);éi};n“] for j = 1,...,T; and

l=—pu,...,K,. Similarly, we define (BY)% and [(ng)givéi]ﬂ.
The model (2) in matrix representation is

Y =B'o"+BYa" +¢ 7)
with
Y = (it Yiltaa ) oo (V) - Yo (b)) T) T €REEL T X,
e = ()T sen)) ~Now 7050 7,050 1),
ot € RMex1,
B¥ = [(B})%;...; (B)?"] € R-i= Toxme,
o ~ Nso iy, (052, my, 27,

»hoo0 0 0
0 XU o 0

~ 0 o - 0
0 0 0 xU»

BY = [(BY)?;...;(BY)?] € R=i= Txme,
0=((61)7,-.,0.)7) ~Noxn(80,1, © 59,
go c R(rxn)xl,

where A ® B denotes the Kronecker product of two matrices A and B.
In summary, the unknown parts in the model consist of a*, 0'272[}, 6,,%°.
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2.5. Identifiability of the model

In this section, we provide sufficient and necessary conditions to ensure the
identifiability of model (7). First, the joint model (7) is identifiable if and only if
at least one (approximate) individual model (2) is identifiable. We thus focus on
a fixed 4, and on the set of parameters (a*, 02, LV, 6, ©.¢) which consists of the
subparts (o, 02,V and (09, %?), where the latter is linked to the warping
modeling part, and the former with the other parts. We start by investigating
identifiability in each part.

2.5.1. Identifiability of the warped process

Take any i € {1,...,n}. For j =1,...,T;, let X; be the warped process:

Xij = Y‘{w(t‘,j?e‘)} = pltiy) + Ui(tij) + i,

Z aétBlfpu+1 7.7’ Z Oé 1 l,pU +1(ti7j; KUi) + 6i,j~ (8)

l==pu l=—pu;
Since &; ~ N7, (0r,,0217,), we obtain

Xilo ~ Nr,(Bf' o + B o, 0217,).

First, remark that if we know (02,%Y), or if we know o2, or if we know
¥V model (8) is identifiable. In the following theorem, we give sufficient and
necessary conditions for model (8) to be identifiable when both variance pa-
rameters are unknown. Since, for given (6g, %?), and due to the use of B-spline
approximations, the warped process leads to a linear mixed effects model, we
can use general results on the identifiability of such models, as obtained by [34].
Theorem 1 is an adaptation of Corollary 4.2 in [34] to the current setting.

Theorem 1. Leti€{l,...,n} be given. Model (8) is not identifiable if and only
if the three conditions are fulfilled:

1' (B?)TBEJ # 07nui ;
2 HU = BU{(BY) BV} (BY)T = In,;
3. (BY)TBY is diagonal.

Consequently, model (8) is identifiable if at least one of the three conditions
in Theorem 1 is not satisfied.

2.5.2. Identifiability of the warping function

Here, we assume that we know the parameters of the mixed effects model
(a*, 02, %Y, and we want to prove the identifiability of the warping process

Yi(t) = Xi{w™ (£ 0:)}, (9)
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involving the parameters (8, %9).
Sufficient and necessary conditions for identifiability of this part are estab-
lished in Theorem 2.

Theorem 2. Let i € {1,...,n} be given. Let 6; ~ N(680,%°) and 0; ~
N;(80,%9) be used to define two warping functions w='(.;0;) and wl(.;6;),
and let X; and X; be the corresponding warped functions, such that

Yi(t) = X{w ' (t:0:)} = Xe{w ™' (1:6,)}.

Then model (9) is identifiable if and only if

2.5.8. Identifiability of the global model

We proved that, when knowing the warping parameters, the functional linear
mixed effects model is identifiable, and that when knowing the functional linear
mixed effects model, the warping parameters are identifiable. Then, by iterat-
ing between these two identifiable steps until convergence, we have a procedure
which is identifiable and leads to the estimation of all the parameters of the
model defined in (2). Note that the identifiability conditions are essentially con-
ditions on the englobing B-spline basis structure.

3. Estimation procedure and asymptotic properties

Recall that the unknown parameters of model (2) are (a“,o§,§U700,Ea).
Model (2) is a nonlinear functional mixed effects model due to the composi-
tion by the warping function, which is an essential ingredient to describe the
individual phase variability. First, we analyse each part of the model, that is,
the warping parameters and the linear mixed effect model, by providing an es-
timator and theoretical guarantees. Then, we propose an iterative estimation
procedure, where in a first step we fix the warping parameters (8o, %%) and
estimate the functional parameters (a*, o2, gU); and next, we start from these
estimated parameters, and estimate the warping parameters. Further, we obtain
the convergence of the method and the consistency of the global estimator.

We have access to a sample (Y;(t;;))j=1,..7;i=1,...n Of n curves, the ith
curve being evaluated in 7T; points. Given are the knot sequences in the B-
splines approximations, the degree of the B-splines, and the dimension of the
warping parameters r = K + pp + 1.

Proofs of the results in this section are provided in Appendix B.
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3.1. Parameters of the warping function

3.1.1. Estimators for the parameters of the warping function

Suppose we know the functional parameters (a’ﬂg)U, 02), and the predictors

o for alli=1,...,n. The goal is to estimate (6, %9).
We construct pseudo-observations by minimizing the following empirical Lo
criterion:

T;—1
~T; . c ~ 2
0, = argmin | ) {Yi{w(ti,j?(’i)} — pltiz) — Ui(tm)} (tij+1 —tig) | - (10)
0;eR" i=1
Note thag the criterion which is minimized tends to the Lo distance between
Yiow(.;0;) and p+ U, if T; — +oo.
However, as we want to consider the warping parameter as a random effect,

we fit a mixed effects model as defined in Eq. (6) on the pseudo-observations

T T, .
011,...,0n , that is,

~T; .
0; =60 +E;+¢, (11)
with E; ~ N.(0,,XB), & ~ N,(0,,02L,) for all i = 1,...,n. The random

variables E; and €; are independent. As we assume that aeg is known for iden-

AT ATy .
tifiability reasons, we use the empirical mean of {8,",...,8,"} to estimate 8,
and the empirical covariance to estimate £ = XF + 021,.. The prediction of E;
is easy to get because Jé2~ is known. We consider the following estimators:

n

~ 1 i "Ti,. 20 1 ~T; ~ ~T; AT
eozﬁ;@a ¥ = Z(ez —00)(8; —6o) ;

n—1
i=1

B = (29— o21,) (29)

AT
3.1.2. Asymptotic normality of 0,

AT ..
First, we focus on the distribution of 8, conditional on ;. To do so, we rely on
the theory of nonlinear least squares estimators developed in [18], which uses
the weighted tail product defined as follows.

Definition 1. Let p be a nonnegative integer and (t;);=1,... » be fized time points.
Let x = (zp) and y = (yp) be two sequences of real numbers and let

-1
1 p
(@,y) = I;chjyj(tjﬂ —tj).
j=1

If (x,y);; converges to a real number when p — +o0, its limit (x,y)™ is called
the weighted tail product of x and y.
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Let g and h be two sequence valued functions on ©. If (g(a),h(B)); —
(g(a), h(8))™ when p — +oo uniformly for all o and § in ©, we define

9, ]] : (@, ) € © x © = (g(a), h(B))".

This function is called the weighted tail cross product of g and h.

Then, we define the r x r-matrix a;(0;) as follows.
Definition 2. Forl=1,...,r, we denote by

Al(p(w(t:,530:)) + Us(w™ (L 53 éi)))j:].““,Ti].

A(p+Us) = 0611

the partial derivative of the aligned signal. We define

ai1,(0:) = [(Ou(p+Us), 0 (1 + Ui))7 ],

=1,....m;l/=1,...,r

the matriz with coefficients the weighted tail product between two partial deriva-

tives, and ai(éi) its limit when T; — +o00.
Assumption B. For alli=1,...,n, the r X r-matriz a;(6;) is non-singular.

~Ti
Theorem 3. Fizi € {1,...,n}, and « € (0,1). Let (6, )1, be a sequence of

weighted least squares estimators of 8;. We assume that the model is identifiable
NI
and satisfies Assumption A. With probability 1 — «, conditional on 0;, 8, is a
strongly consistent estimator of 0; (convergence a.s.).
If we assume that the model satisfies Assumption B, conditional on 6;,

~T;
L0 =00 5 M 0,02aT (00):

~T,

and a; 7,(0;") is a strongly consistent estimator of a;(8;).
Let f,r: (.|6;) be the conditional distribution function. Denote by ¢ the Gaus-
sian denslity function. Theorem 3 implies that for all n € R,

Tori(nl6s) = (0 0:,02a;(6)).

By the dominated convergence theorem, we get the asymptotic marginal dis-
tribution, for all #:

mar () | =g () = [ 200107 (61))0(0:360, 59)d0,

i T; —~+o00
:/ ©(0;; ¢, C)@(Bo;n,a?ajl(ei) + %9)d6;

AT

where 9?0 =lim7,_,0 0, , and

7

C= (05_2&7;(01') + (Ee)_l)_l;
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—1 ~ 00
¢ = (072a;(6,) + (29)7) (U;Qai(ei)ai + (20)—190) .

The last line comes from a computation with Gaussian densities, see Lemma 4
in Appendix C.
We discuss two cases where the limiting distribution mge is computed ex-
plicitly: '
e the case when the noise € tends to disappear, which makes the theory
easier, but also requires a strong assumption for the limit to hold;
e the case when the eigenvalues of the matrix a;(0;) are bounded. Under
this weak assumption the limiting distribution will be more complicated
(see below).

We next discuss these two cases in more detail.
In the first case we assume that the noise tends to disappear, when the
number of points in the time grid increases.

Assumption C. We assume that o, — 0.
min T; — o0

It is important to remark the following. If, however, there is a non-negligible
noise, the method will warp the observed noise curve on some global mean,
and the warping parameter will depend on this noise, whereas the true warping
parameter does not, as it would be based on the denoised data.

~T; .
Theorem 4. Fixz i € {1,...,n}. Let (0, )1, be a sequence of weighted least

squares estimators of 8;, and éloo = lim7, oo él ". We assume that the model is
identifiable and satisfies Assumptions A, B and C. Then, for allm € R,

lim mge(n) = (n; 60, £°).

2
o2—0

We now turn to the second case. With weaker assumptions, the limiting
distribution mge (1) is more complicate to describe. Denote by £,(0o, $°) the
following ellipsoid:

£,(00,2%) = {z e R"| (6 — 2)"(X%) ' (80 —z) < p}.

Assumption D. For all 8;, a; ' (0;) —a; ' (8y) is positive definite.

Assumption E. The eigenvalues of a; are bounded: there exist \p,, Apr such
that, for all 0,

Am < min eigen(a;(0;)) < max eigen(a;(0;)) < .

The following theorem establishes that in this second setting, the limiting
distribution mge<(n) is close to a Gaussian distribution.

~T;
Theorem 5. Fiz i € {1,...,n}. Let (0, )1, be a sequence of weighted least

squares estimators of 6;, and 9;)0 = lim7, 00 911 We assume that the model
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is identifiable and satisfies Assumptions A, B, D and E. Let p > 0, and A a
positive definite matriz. Then,
mg== (1) = (1 + O(p))(11; 80, 02a; ' (80) + £°) if n € E,(60, A).

In summary, we get that under the two settings, the distribution of 9;)0 is
close to a Gaussian distribution.

8.1.8. Asymptotic normality for éo and °

We consider the linear mixed effect model given in Eq. (11). We assume that

o2 is known for identifiability reasons. Remark that $¢ = ¥ + 62I7,. We are

now interested in the estimators 6, and 3.

Theorem 6. Fiz i € {1,...,n}. Let (9?)7« be a sequence of weighted least
squares estimators of 8;. We assume that the model is identifiable and satisfies
Assumptions A, B and C.

Let b, t = 2?21 Ti_l. Then,

-1/2 (5 d 0.
bn’T (00 00) n—>+o<>,rr:r>1 T;—+o00 NT(O’ > )7
3.9 4, W, n —1),

n—+oo,min T; —+o00

where W(X, p) denotes the Wishart distribution with scale matriz ¥ and p de-
grees of freedom.

Note that this implies that 7; has to go to infinity faster than n goes to
infinity, i.e. n = o(minT};). Indeed,

1 [min T}
> .
Zn 1 n

i=1 T,

3.2. Functional parameters

Suppose we know the warping parameters (6;);=1,...,. Then, we warp the ob-
servations (Y;(;;))j=1,..7,;i=1,..,n onto the estimated warped curves X;; =
Yi{w(t; ;;0;}, and we fit a functional linear mixed model on (X;);=1, . as de-
fined in Eq. (8) using maximum likelihood estimation, which leads to estimators
(&", %V, (62)) and predictors (&Y );1... . Following the ideas described in [22,
Chapter 3], we need the following assumption:

.....

Assumption F. Ezistence and positive definiteness of Z, which is the limit of
minus the expected Hessian matriz of the log-likelihood function based on the
model given in Eq. (8).

Then, we get the asymptotic normality of the estimator.
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Theorem 7. Let (&", %V, (62)) be a sequence of mazimum likelihood esti-
mator of the functional linear mixed model, computed over the observations
(Yi(tij))j=1,... Ty i=1,...n- We assume that the model is identifiable and satisfies

Assumption F. Then,

at — at

\/ﬁ oy — oy i) N(O,I_l).
N n—o0
O¢ — O¢

3.3. Global model and iterative estimation procedure

We propose to directly estimate the nonlinear model. Working with the Lo-
distance, we want to fit the model of which the coefficients minimize

K# KUi
Z af‘Bﬁp#H{w_l(.; 0); "} — Z alUBll{pUﬁl{w_l(.;B); kYUY

l=—pp, l=—pu 2

Using the steps described previously, we propose an iterative process that ap-
proximates the following minimizer:

1 n T;—1
. @
argmin - E E Yi( E o] sz“+1{w ( RHCOH
at,al (0;)i=1,...n i=1 j=1 l=—ppu

2

> aliBY w1006 | (ti = tig)

l==pu;

Algorithm 1 presents the steps in the iterative procedure. Further details are
provided regarded the initialization, the convergence criterion, the theoretical
convergence and the consistency of the resulting estimator.

3.8.1. Details about the initialization

First, we initialize the mean function p. There exist several ways to define a
central curve in functional data analysis. Here we use band depth for functional
data as introduced in [29], and compare every observed curve with the deepest
function (9 = pdP. We then deduce a( ) the projection of the function
(%) onto B the B-spline basis considered. In the initialization step, we do not
consider individual amplitude effects, i.e. (&Y)© = Oy, foralli=1,....n

3.8.2. Convergence of the algorithm

We define
Ti—1

==Y ( — p{w ™ (i 5300} — U{w™ (b 5; 91‘)}>2 (tig+1 —tij)-

i=1 j=1

SIP—‘
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Algorithm 1 WarpMix

Initialization: Computation of the deepest function fi(?) = p
fori=1,...,ndo

deep

Approximation of HEO) by

d 2
6 = argmin | > {Yi{w(tz‘,j; 0,)} — i(® (ti,j)} (tig+1 — tig)
0;er" |

Fit a linear mixed model on the pseudo-observations, 0§0> = 080> + EZ(.O) +&;; and deduce
6, (59)® and 61 = 6" + B,
for ite = 1, ... until convergence do

Warp the observed curves according to w_ (]te 13

Estimate {(a/)(te), (&V)(ite) (32Us)(ite) (52)(ite)} with the R package nlme;

0§1te)7 .

Approximate ( ., 05;“*)) by computing, for every i = 1,...,n,

T,—1

i) = argmin D AVi{w(ti;00)} — plti ) — Uilti )} (ti g1 — ti5)
7 j:1

Fit a linear mixed model on these observations: Bgite) = ééitc) + ]:Ji-ite) + &;; and define

égite) _ ééite) n Egite).

The iterations are stopped when C, < 10~* during five successive iteration
steps.

Note first of all that the various iterations in Algorithm 1 involve three op-
erations W1, Uy and W3, and that the update function to go from one iteration
to the next is composed of three parts

U =Wy0W,0 Wy : RMutrmotlinr _y Rructnmutitnr, (12)
Herein ¥ and its components are defined as follows.
(@), (@)D L 020, 0.5 )
ite i 1 ite i 1
= (@ ) (D, (@l )i (o) () (8 2570, )

i=1,...,n? i=1,...,

)i
(

e ,n,< 20, ()5 )

(@), (af )2, (02) ), (02517,
s

(

Uy ()™, (@f

I

lt) ( )(1te) (0})(ite+1) )

i=1,....,n

Wy : (@), (o
o (o )(lte (al )Emi) ( ?)(ite)’(eéithrl)+E(1tc+1))1:1"“’n)

SCI

1,.

s s (@), (@) 2) L (02)1), (06" + B )i )
ite i 1 ite i 1
= (@)D (af )i, (o) 0, (02,

i=1,...,n? 1/)i=1,...,n
In ¥, the vector 0; is updated. This is used as input for ¥4 where observations
are denoised, through the linear model defined in (6). Then, this is used as input
for U3, where a*, (a¥);—1,. ,,02 are updated.
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In Theorem 8 we prove that the algorithm is converging. A condition under
which this holds is that ¥, is a contraction mapping, as stated in the following
assumption.

Assumption G. There exists ky, <1 such that, for (z,y) € (Rmstnmutlinr)2,

101 (z) = 1Y)l < kw2 =yl

Under Assumption G we show the convergence of the algorithm, seen as
- (00)

iterations of W. We denote by ((&/)(>), (6.)>), (gU)(m),HO ,(320)(>)) the
estimator obtained at the end of the algorithm.

Theorem 8. Fiz n and T. Suppose (Y1,...,Y,) is a sequence of iid random
variables satisfying the functional nonlinear mized model (1) observed on fized
time points: for i = 1,...,n, for j = 1,....T;, [Y;]; = Yi(ti;). Moreover,
suppose that the model is identifiable and satisfies Assumption G.

;o)

Then, ((&")(*), (6.)>), (ZJU)(OO),BO ,(29)()) exists and is unique, and
the algorithm converges to this solution with a geometric rate with respect to the
Euclidean distance.

This theorem gives the pointwise convergence of the algorithm. The ran-
domness has not been taken into account. We rather focus on the iterations of
steps. Theorem 8 relies on Assumption G, which appears as rather technical.
To get some insights into this assumption, we investigate it in a specific setting
in Example 1.

Example 1. We focus on p, do not consider U;, and restrict the family of
warping functions to translations: w=(t;0;) = 0; +t. The global mean is sup-
posed to be a linear function u(t) = a+ ft. Let t;1 = 0 and t; 17, = 1 Finally,
we set Oy = 0.

Fiz i. Recalling (10), in this case we are looking for

T;—1
SN ST - .
07; = argmln T (OZ -+ (5 - 6)“7]’ — 591')2(&'7]4,1 — ti,j)
0; voj=1

This is a polynomial function of degree 2 in 0; with nonnegative coefficient of
the quadratic term: there exists a unique minimizer:

a—a B-f=
b= —=— + === > tij(tije1 —tiy)-
ﬁ j=1

We know that the Lipschitz constant is bounded by the norm of the differential.

Here, the function we consider is (64,3) — é, so we compute the differential,
evaluated in (o, B):
2

i

1\* [—a+a B
HD&,B‘MH% = (—E> + =+ 5 Z tij (i —tig) | s
j=1

62
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T;—1

1
IDas¥ill3 = =5 [ 1+ {D tij(tien — ti;)}?
j=1

ﬁ2

These expressions reveal that for 8 small, the problem is more complicated (as
one could expect). Note that in this special case Assumption G in fact leads to
an assumption on (3.

Example 1 also shows that, in some particular settings, Assumption G might
be translated into a condition on p and w.

3.3.3. Consistency of the estimators

To conclude, we provide the statistical consistency of the full procedure. This
has the following meaning. When the sample size and the number of time points
are going to infinity, the parameters estimated by the iterative process are con-
verging almost-surely to the true parameter. Finally, the consistency is deduced
for the common mean, seen as a functional parameter.

Theorem 9. Suppose (Y1,...,Y,) is a sequence of iid random variables sat-
isfying the functional nonlinear mized model (1) observed on fixed time points:
fori=1,....n, for j =1,...,T;, [Y;]; = Yi(ti ;). Suppose that the model is
identifiable, and Assumptions A, B, C, F and G hold. Then,

(&), (5.) ) (SV)) B (50))) 2% (52 97, 9y, 09).

min T; — o0

As a consequence, we get that, from a functional viewpoint, for i € span(B*),
if we denote fi = (&) BH,

= fllraoy —= 0.

n— oo
min T; — oo

4. Simulation study

We investigate the finite-sample performance of the proposed estimation me-
thod, and we compare it with four state-of-the-art methods, described below.
An R package, called warpMix, has been developed for the proposed method and
is available at https://cran.r-project.org/web/packages/warpMix/index.
html.

4.1. Description of the simulation settings
4.1.1. Warping functions

The warping process is the same in most of the settings (with exception of Model
M2), and defined via (4) and (5). Three different interior knots {0.2,0.5,0.7}


https://cran.r-project.org/web/packages/warpMix/index.html
https://cran.r-project.org/web/packages/warpMix/index.html
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Sample of warping functions Covariance of the warping functions
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F1G 2. A sample of size 100 of warping functions (left), and the empirical covariances of
these functions (right).

are used for a basis of cubic splines for h~!. So in this setting k, = 3, pp = 3
andr=kp+pn+1="7.

The random variables (6;);=1,...» are distributed according to N;(0,,%9),
with ¢ = ©F +U§I, where Ug = 1073, and XF a diagonal matrix with elements
{2,0.8,0.4,0.3,0.4,0.8,2}.

Figure 2 depicts a sample of size 100 of the warping function, and the em-
pirical covariance matrix of (w='(.;6;))i=1, .., computed on this sample. This
highlights the differences between the correlation in (68;);=1,..., and that in
(w™'(.;0))i=1,....n- Note that due to the random warping structure, there is a
variability induced on the whole time period.

4.1.2. Elements of the functional model

The elements determining the functional model are the function p and the
individual random effects U;. For the mean function p we consider four different
functions. For t € [0, 1],

(1) = (sin(3mt) + 3t} /4, pua(t) = exp~ (=02 000 4 oy (1-075) /002
us(t) = cos(2nt + 7/2), w4 (t) = sin(6mt)/(67t).

These functions are plotted in Figure 3.

The modeling framework in Section 2 assumes that the functions x4 and U; are
well approximated using a B-spline basis. This is in practice not always the case,
for example when a too limited number of knots is considered in the B-spline
bases. In the simulation study we present results on the B-spline approximations
of the p-functions, denoted by fi1, fie, fi3 and fi4 respectively. To illustrate the
impact of modeling bias, we provide for the fourth function simulation results



5264 G. Claeskens et al.

Several mean functions
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Fic 3. The mean functions u in the simulation study.

for its B-spline approximation fis as well as for the function py itself. We refer
to model (2) with mean function fix (k = 1,2, 3,4) as model My, and with mean
function py as model My.

We consider a low-dimensional setting in which n = 100 and 7; = 70, as well
~ HD
as a high-dimensional setting in which n = 200 and 7; = 150. We use M,
~HD ~HD ~ HD
M, ,M; and M, to refer to the high-dimensional sample setting.

The estimators of p and U are computed using quadratic splines (p, = py, =
2), with interior knots at {0.12,0.24,0.36, 0.48,0.60,0.72,0.84}, so that K, =
Ky, =7, and m, = my, = 7+ 2+ 1 = 10. The individual effects U; in the
functional model have a centered multivariate normal distribution with diagonal

isotropic covariance matrix XY = 0.1119, except for models 1\~/I4 and 1\~/[ZID which
are harder to fit, where we use XV = 0.05I;. The variance of € in the functional
linear model equals o2 = 0.02.

In the numerical study, we simulate 100 times from each setting, and report
the evaluation criteria based on these 100 simulated samples.

4.1.8. Variability

To generate the data, we first construct a sample of the process (Xi,...,X,),
defined in (8) and then un-warp them via (9) and the warping function described
in Section 4.1.1. To understand the variability induced by each modeling aspect,
we plot in Figure 4, a warped sample and the un-warped sample for model M.
The signal-to-noise ratio expresses the ratio of the variability caused by the
signal [p{w=1(t; ;;0;)} + Ui{w™1(t; ;;0;)}] and that due to the noise ¢;

_ Var [p{w " (t:,;0:)} + Ui{w™* (ti3:0:)}]
Var(si,j) '

SNR(t;,;)

To compute the numerator we use the conditional variance formula, for a random
variable V seen as a function of two random variables U and 6,

Var g,y (V) = Eg{Vary (V|0)} + Varg{Ey (V]0)}.
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Sample of X Sample of Y

Time Time
F1G 4. A sample of the warped process X (left) and the un-warped process Y (right) for M.

SNR for Model 1 SNR for Model 2

FIc 5. SNR functions for My (left) and My (right).

For each given time point ¢; ; we compute this SNR function 50 times to get 50
values for SNR at each time point. To compute the function once, we proceed as
follows. For a fixed 0, we compute the empirical conditional variance Vary (Z|0)
and the conditional expectation Ey (Z|0) over a sample of size 100. By varying 6
60 times, we compute the global variance. This whole process is then repeated 50
times. In Figure 5 the resulting approximations for the SNR functions for models
M; and My are plotted. For higher values of SNR we expect the estimation
problem to be somewhat easier. Some caution regarding this interpretation is
needed though. In our functional mixed effects model there are several sources
of variability in the signal part (the individual effect related to U; and the
warping effect due to 6;). The SNR-criterion does not distinguish between these
variabilities, and just considers the global signal variability against the error
variability. Note from the SNR plots in Figure 5 that the estimation task can
be harder in some time-regions. At the endpoints of the interval [0, 1] the SNR-~
values for the different models are equal, since the warping is not effecting these
parts, and the only effect is coming from the covariance matrix XV, the noise
variance o2, and their relative contribution.

4.2. Comparison with existing methods and performance criteria

To illustrate the numerical performance of the proposed method, we compare
with four methods available in the literature.
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TABLE 1
Evaluation criteria for the estimation tasks.

quantity of interest | evaluation criterion

Iz Ay =30 (Aty) — ()P (t+1 — 1))

w Aw =31 wt(t5300) — 512 (41 — £5)
nv Ay = Tr(2V — nV)

b3 Ag = Tr(20 — x9)

o2 Ac =162 — o]

Since our nonlinear functional mixed effects model is closely related to that
of [13] with major differences as indicated in Section 1, we include a comparison
with this method. Some procedure parameters have to be chosen in the method
of [13]: we took p = ¢ = 1 for the number of components in the Karhunen-Loeve
decompositions; A = 1 for the regularization parameter; and 79 = {0.3,0.6}
as the set of average landmarks. Their estimation method involves a Monte
Carlo approximation part, for which we considered 100 iterations; and an EM
algorithm part in which we also considered at most 100 iterations. Convergence
was said to be reached when the difference in norm between estimated param-
eters in two consecutive iteration steps was less than 10~2. We also would like
to mention that in our simulation study we use a rewritten Matlab version of
the original Fortran code used in [13], since the latter was no longer running
properly. The use of the Matlab code can make computations a bit slower.

The elastic square-root slope is a promising framework, so we include a com-
parison with the method developed in [31]. We use the default settings: no
elasticity, Karcher mean, do not smooth the data and at most 20 iterations. We
use the code available in the R package fdasrvf.

Bayesian methods are also of interest, and we choose to compare with [6],
also available in the R package fdasrvf. Also here we considered the default
settings: 150000 iterations and a uniform prior distribution.

Finally, we compare the performances with that of the algorithm of [27],
available in the R package fdakma, that allows for clustering misaligned data.
We assume that there is no cluster, consider affine alignment and compute the
similarity through the cosine of the angle between the two function.

Since the available inference in those studies does not fully match our mod-
eling inference, we can only report on the comparison related to estimating u.

To evaluate the estimation performance for the various components of the
target (o, o2, §U, 0o, %?) we need some criteria. Note that the modeling frame-
work involves two unknown functions, namely the overall mean function p and
the warping function w, unknown matrices XV, %9 as well as the unknown
variance 2. For each sample we obtain estimates ji, o, f)U, 30 and 2. Since
in our simulation setting we have the same observational time points for each
individual curve, i.e. t; ; =t;,and j = 1,...,T;, with T; = T, we use the criteria
in Table 1 to evaluate the estimation performance in each sample. Herein Tr(A)
denotes the trace of a matrix A.
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TABLE 2 _ —HD
Simulation results for the proposed procedure for models M1 and Mf .
o M, M
criterion g - - 5
bias  variance bias  variance
Ay 0.0102 0.0090 | 0.0055 0.0065
Ae 0.0089 0.0003 | 0.0074 0.0004
Ay 0.2349 0.1453 | 0.1880 0.1070
Ag 6.5050 779.6355 | 4.7537  138.9394
JAVH 0.0020 0.0019 | 0.0007 0.0009

For each simulated sample we calculate the estimates, and the corresponding
evaluation criteria of Table 1. To report on the bias of an estimator, we compute
the empirical mean of a criterion over the 100 simulations. To report on the
variance of an estimator, we proceed as follows. For example, when estimating
the function u, we calculate in each point ¢; the empirical mean over all 100
estimated values of i(t;) and denoting this by fi(¢;). For each simulated sample
we then calculate A, = Zjl_ll [i(t;) — fi(t;)]*(tj41 — t;). The empirical variance
of the estimator for p is then computed by taking the average over the 100
obtained A# values. In a similar way we obtain A, Ay, Ag and A..

A final remark is that for Ag and Ag, we use medians rather than means
across all simulations as a measure of central position, since sometimes estima-
tion of some components of X9 resulted in large outlying values. However, even
in the latter cases the quality of the estimated warping function was still very
good, as will be seen from the reported results.

4.3. Swimulation results for the proposed method

—~ —~HD
Models M; and M; . Figure 6 depicts the simulation results for estimating

fi1 in M; and 1\7[11{13. In the left panels we depict, for each time point ¢;, the
boxplots of the obtained estimated values for fi; (¢;), whereas in the right panels
we use a functional boxplot, as developed in [29]. The true curve fi; is in all
plots presented as the solid (red) curve. The black solid curve in the centre
of the functional boxplots indicates the deepest function among all estimated
mean functions.

The quality of estimating ji; is quite good for the proposed method. Passing
from low dimension to high dimension (from the top row to the bottom row
plots), we see that the results improve for larger values of n and T. Note that
the largest variability occurs in the region where there was also most variability
noticed in the SNR plot for model M; in Figure 5. Table 2 further summarizes

the simulation results for models M; and l\N/[iID. The results on estimation of
i are in correspondence with what was observed from Figure 6. Note that in
estimation of $¢ there are quite some extreme estimation results. However, the
resulting estimation of the warping function w is still good, as can be noticed
from the last row in Table 2.

In Figure 7 we present boxplots of the estimation results for the components
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Boxplot for Functional boxplot for
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Fic 6. Comparison between fi1 and f11 for model M (n = 100 and T = 70, top) and for
~ HD
model M{{ (n =200 and T = 150, bottom) using the proposed method.

TABLE 3
~ ~ HD
Simulation results for 0 using the proposed procedure for models My and Mf .

Model maximum of estimated diagonal components
M; 30976.0730  6141.906  953.239  333.466 325.040 345.714  290.960
1\~/[IlﬂD 4664.249 193.563 4.735 5.023 46.427 5.329 1.937

of ¥0 for models M; (left) and 1\~/[§ID (right), with the true component values
indicated as red horizontal lines. Outliers have been excluded for plotting the
boxplots for clarity of presentation. To complement these boxplots, we summa-
rize in Table 3 the maximum (across simulations) of the estimated values for
each of the seven components of X¢. Note that the most extreme values occur
for the first coefficient. For larger n and T there are less extreme estimates.

Next, we focus on estimating the individual curve amplitude variability, which
is captured by the estimation of the ten diagonal components of XV. In Figure
8 we provide boxplots of the estimation results. The horizontal red line presents
the true value 0.10 for all diagonal components. As can be seen the estimation
results tend to be better for larger value of n and T', as expected.

G

Models ﬁ;vCD and M;vcc. To study the finite-sample performance of the
proposed estimation method when there is a misspecification with respect to
the warping function, we consider the model with fio and simulate data under
two different warping schemes:

e scheme wcpg: the warping scheme of Section 2.3;
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Fic 7. Simulation results for the components of (2?1')1S1'S7 for the proposed procedure for

model My (left) and M{{D (right). Boxplot without the outliers. True coefficient values: red
horizontal lines.
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Fic 8. Simulation results for the components of (Eyi)lgiglo for models My (left) and M{I
(right) for the proposed procedure. The horizontal red line present the true value.

e scheme wgc: the warping scheme of [13].
In the scheme wgc, 60; are generated via a linear mixed effects model, and then
mapped into the set of landmarks using a Jupp transform. This is followed by
interpolation by cubic splines to get to the corresponding parameters. Simula-

wWCDG

tions were carried out from the two models, referred to as models M, and

~ WGC
2
Table 4 summarizes the simulation results for all elements in the functional

mixed effects model. Overall conclusions remain as above. Note that also under
the misspecified warping scheme wgc the proposed method continues to perform
very well.

TABLE 4
Simulation results for the proposed procedure for models M2 L ope M;UGC
MLToT Mrec
criterion 2 - - 2 -

bias variance bias  variance
Ay 0.0230 0.0136 | 0.0053 0.0052
Ag 0.0079 0.0009 | 0.0089 0.0003
Ay 0.4044 0.2809 | 0.2552 0.1388
Ag 16.3997  497.9732 | 3.7417 42.9801
Ay 0.0012 0.0027 | 0.0003 0.0003




5270 G. Claeskens et al.

— —HD ~ —~HD

Models M3 and M; , and Models My, My and M; . Table 5 presents
the simulation results for the low- and high-dimensional settings for model Ms.
Also in these settings the method performs well.

TABLE 5
Simulation results for the proposed procedure for models Mg and M’;’{D
- s P
criterion - - - -

bias variance bias variance
Ay 0.0183 0.0153 | 0.0126 0.0105
Ac 0.0087 0.0003 | 0.0070 0.0005
Ay 0.2554 0.2111 0.2400 0.1622
Ag 6.1263  1400.3432 | 4.8580 865.6914
Ay 0.0021 0.0020 | 0.0013 0.0018

For the fourth model we include simulation results (in the low-dimensional
sample setting) when simulating from the unprojected function p4, for which the
B-spline approximation induces a modeling bias. As can be seen from columns
2—75 in Table 6 there is only a little loss in performance when modeling bias is
present.

TABLE 6
Simulation results for the proposed procedure for models My, My and JTde.
L My My ML
criterion - - - - - 3

bias variance bias  variance bias  variance
Ay 0.0110 0.0070 | 0.0088 0.0044 | 0.0057 0.0018
Ag 0.0138 0.0003 | 0.0085 0.0004 | 0.0075 0.0003
Ay 0.4398 0.1033 | 0.3906 0.1241 | 0.3999 0.0942
Ag 8.2414  2139.4377 | 4.0467 602.5896 | 4.3262  299.9634
Ay 0.0043 0.0032 | 0.0022 0.0012 | 0.0011 0.0005

4.4. Comparison with available methods.

We compare the four methods introduced in Section 4.2 with the proposed one

~ ~HD ~wcpa rWGe . . :
on models My, M; , M, and My . The simulation results are summarized

in Table 7. Note that the proposed method often has low/lowest bias, but at
the price of having a larger estimation variance. On model M;, the method
fdakma performs the best, with a very low variance, but it has a comparable

~ HD
performance (in terms of bias) to the proposed method for M; . On models
M;VCDG and M;VGC, our method has particularly good results in mean, but with

a larger variance.
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TABLE 7
Simulation results for u(-) for the proposed and competitive methods. Method (3)=Bayesian
warping; Method (4)= elastic square-root slope.

~ ~HD ~ ~
Simulation results for models M1, M; M2WCDG and M‘;GC

1\7[1 MI;ID M;"CDG M;’GC

Method - - - . - - - 5
bias variance bias variance bias variance bias variance
proposed | 0.0102  0.0090 | 0.0055 0.0065 | 0.0230 0.0236 | 0.0053  0.0052
GC 0.0454  0.0043 | 0.0588  0.0048 | 0.0703  0.0134 | 0.0280  0.0014
(3) 0.0435  0.0009 | 0.0201  0.0001 | 0.0493  0.0003 | 0.0423  0.0001
(4) 0.1062  0.0011 | 0.0745 0.0009 | 0.1277  0.0014 | 0.1245 0.0011
fdakma | 0.0075 7.107% | 0.0069 3.107% | 0.0281 2.107® | 0.0283 1.107°

~ HD -~ ~ HD
Simulation results for models M3, M3 ~, My and My,

My ¥ My IV
Method . . . - - - - -
bias variance bias variance bias variance bias variance
proposed | 0.0183  0.0153 | 0.0126  0.0105 | 0.0088  0.0044 | 0.0057  0.0018
(3) 0.0794  0.0024 | 0.0491 0.0002 | 0.0280  0.0003 | 0.0212  0.0001
(4) 0.1851 0.0009 | 0.1951 0.0007 | 0.1555  0.0016 | 0.1754  0.0026
fdakma | 0.0277 4.107® | 0.0272 2.107° | 0.0113 5.107% | 0.0104 2.1076

As GC’s method is very slow (i.e high computational cost) and does not
provide very good results whereas the modelling is close to the proposed one,

~° _HD ~ ~HD
we restrict further comparisons, for Models M3, M3 , My and M, , to the

other three methods. On all models 1\713, 1\7[?1), M, and l\N/I?D, fdakma performs
the best among the competitive methods, followed by the Bayesian warping
method (method (3)), but both are less good than the proposed method in
terms of bias. Finally, we see that the elastic square-root slope method (method
(4) in the table) does not perform well on those simulated datasets.

5. Real data analysis

We analyze the Pinch Force dataset, available in the R package fda. These
data were described and analyzed in [26]. The data consist of measurements, at
every second millisecond, on the exerted force (in Newton) during a period of
0.3 seconds. The resulting measurements consist of 20 curves recorded on 151
points in [0,0.3]. See Figure 1. For convenience the data were rescaled to the
domain [0, 1].

We analyzed these data, using B-splines of degree 2 for y and U (i.e. p, =
pu, = 2), with interior knots {0.25,0.50,0.75}, resulting in six B-spline basis
functions. For the function determining the warping in (5) we use B-splines of
degree 3 (i.e. pp, = 3) and the same set of interior knots {0.25,0.50,0.75}, leading
to seven B-spline basis functions for A~ 1.

From the analysis with the proposed method, we get the estimated individual
warping functions as in the left panel of Figure 9, and the warped (aligned)
functions X; ; for each individual (right panel). The estimated covariance matrix
»U (respectively f)e) is presented in the left (respectively right) panel of Figure
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Fic 9. Estimated warping functions (left) and warped individual curves (right).
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Fic 10. Estimated covariance matrices 33U (left) and absolute value of 38 (right).

10. From this, we observe that there is more time variability induced by the
coefficient of the second B-spline basis function in the decomposition of h=1(., 6),
whereas there is more amplitude variability caused by the coefficient associated
to the third basis function in the decomposition of U, see also Figure 9 (right
panel).

6. Conclusion and further discussion

In this paper we considered a nonlinear mixed effect model for functional data.
We apply a B-splines approximation on three different levels: on the inverse of
the warping function describing the individual phase variability; on the global
mean function and on the individual amplitude random effects. Random effects
enter to model the individual amplitude as well as the phase variability. The
main advantage of the proposed method is that it avoids the (costly) choice
of landmarks, and that we can provide important theoretical support for the
procedure: (i) convergence of the iterative algorithm to the target function(s);
(ii) consistency and asymptotic normality of the estimators.

In this paper we considered the discrete T; time points to be fixed (non-
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random). However the methodology could be generalized fairly easily to random
time points. Typically one would then need to assume that the distribution of
the random time points is regular enough (meaning that there are no empty
regions in the observed pattern of discretized time points). This would require,
for example, an adaptation of the criteria used in Sections 3.2 and 3.3.2. An
analysis of the assumptions, particularly modeling assumptions of the noise,
with the aim to see the robustness of the method, would be of interest.We
postpone this analysis to an experimental work.

Appendix A: Proof of results in Section 2
A.1. Proof of Lemma 1

Let @' and 67 such that t = w(w'(t;0"); 8%). Then it follows that,

w(t;6%) = foi exp(h_l(u;ez))du = foj el (o gi)m =w (0"
Jo exp(h=(u; 0°))du [, exp(h=!(u;0"))du
N Jo (05 0% _Jy explh” (:0))d et s g
Jo exp(h=t(u;07))du [ exp(h=1(u; 0"))du
& / [6(6%,0") exp(h™ ! (u;0")) — exp(h™* (u;67))] du = 0.
0

As this equation is true whatever the value of ¢ € [0,1], we have that the
integrand is equal to 0 for every u € [0, 1] except for possibly a countable number

of points. As B-splines are continuous, it is equal to 0 for every u € [0,1]. It
holds that,

K,
log(6(6°,0")) = h™"(u;0%) — ™" (u;0") = > (67 — 0) By (u; &").
l=—pn
As the left hand side does not depend on u, so the right hand side should be
equal to 0 for all u. As (B}'); is a B-spline basis, it induces that 6> =0 O

A.2. Proof of Theorem 1

First, suppose that Hg =1Ir,. Let ¢ = 0217, and choose 0 < 62 < o2. Then,
HY (3. — X¢) = Xc — ¥, Since 62 — 02 < 0, and (BY) 'BY # 0,,,, ,
27 =3+ (o2 - ){(BY) B}

is semi positive, definite, and is diagonal. Thus, we have found two parameters
(Ze,3Y) and (X, %Y) which define the same model. Hence we do not have
identifiability.

Suppose now that model (8) is not identifiable. Then, according to Theorem
4.1 in [34], for all (X, XY), there exists (X, 2Y) # (X, XY) such that
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? K2

b (BU)TEEB? # (BU)TEDEBZU;
° U(Es—Es):EE—EE-
°

S0 = w4 ((BY)TBY} (S - S)BI{(BY)TBY) ! = 5Y 4 (02 -
52){(BV) B},
As S #£ 3., HY =17, i
Since XV # ¥V one gets (BY) T (X, — %e)BY = (02 -52)(BY) 'BY # Oy, s
which implies (BY)TBY # 0y, -
Moreover, as 2.V is diagonal, (BY)TBY must be diagonal. O

4

A.3. Proof of Theorem 2
We have
Xi(t) = X; {w_l {w(t; 0,); éiH = p(t) + Ui(t) + ei(t).

As X;(t) is Gaussian distributed, the identifiability of the warping process is
equivalent to the identifiability of the mean and of the variance of X;. We thus
investigate the expectation and the variance of X (t).

e Expectation:
BIX:(1)] = B [ Xi{w ™ {w(t;0,):6:}}]
— Ey, 5, [BIX:{w " {w(t:6.):0:}16:.0.]]:
ult) = Bq, g, |n{w™ {w(t:0:6,}}]

which is equivalent to, by projecting onto the B-spline basis, for all [ =
—Pu,---, Ky, and forall j =1,...,T;,

By, 1 (tiji6") = Eg, g, [Blpfpwl{wfl{w(ti,j;9i);éi}§ "ﬁ”}}

or, in a matrix representation, B = E, 5 {(Bf)ehei}.

e Variance.
By the formula of the conditional variance,

Var [ Xifw {w(t; 0); 0.1} =Ty, 5, | Var [Kifw ™ {w(t;0:); éi}}] 6:.0:]|

0;, éiﬂ .
(13)

+ Varg 5. [E [Xi{w_l{w(t; 6,); é,}}

i T4

Vr | [Kotu ultess00:8)] | | = B, [(BE)% %) 0 8100 ]
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----- i

+Eo,p, [Var (st (wlt00:01)
and

Var [{Xi(ti ;) }i=1,...n.] = BY) VB + Var[{ei(ti ) }i=1,..1].
As Var[{e;(t; ;) }j=1,..., ] = 021z, and

” + Varg g {(B“) ‘a”},

=1 _ 2
Var[(ez{w (wltegs00i6)) | =02,
(13) becomes

(BY)TSVBY = Varg,g, {(BI)* %o}

By, 5, [((BY)0) TSV BYPA] . O

Appendix B: Proof of results in Section 3
B.1. Proof of Theorem 3
Before passing to the proof of Theorem 3 we study the weighted tail cross

products, that are appearing in this context. This is done in Lemmas 2 and 3.

Lemma 2. The weighted tail cross product of p(w='(t; ;;.)) + Ui(w™1(t; 43 .))
with itself (with respect to T;) exists and

Qo,(0:) =|p(w™(t:5:0:)) + Us(w™ (t:,5;0,))
— (W (ti,330:)) — Us(w™(ti,:0:)°
has a unique minimum at él =0,.

Proof. We assume that p and U; can be decomposed onto a spline basis. As
every function is defined on [0,1], o w™" and U; o w™! are L?. Then the
tail cross product of u(w™'(ti;;0:)) + Ui(w ™ (t;,;:0;)) with p(w™"(t;,;:60:)) +
U;(w=(t;,;0:)) exists because it converges uniformly for 8; € R" and 6; € R".

The function @ has a unique minimum at ;: if Q(0 1) =0, for every t € [0, 1],

(L4 U)(w  (t6:) = (n+ U (w ™ (£:0:)) = t=w(w (£ 0,);:6;).

Then, as the warping function is injective (see Lemma 1), 0,=6,. O
Lemma 3. Forl=1,...,7r andl' =1,...,r, the derivatives
A [p(w™ (ti,5:0:) +Ui(w ™ (ti3.))] O [p(w ™" (ti;:0) +Us(w™ " (ti5:-))]
and
0[04]; 0[0:]:0(0;]1r

exist and are continuous on R"™ and all weighted tail cross products in between

p(w™ (t5:00) + Ui(w™ (ti55.))

and its first and second derivatives exist.
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Proof. Each function is defined on [0, 1], and is either decomposed onto a spline
basis, or composed with the exponential function, then there is no problem to
intervert derivation and integrals. As explained before, the weighted tail cross
products exist because those functions are L*([0,1]). |

Equipped with Lemmas 2 and 3 we can adapt results from [18] to prove
Theorem 3.

Proof of Theorem 3. We consider the following compact set:
Eal60,5%) = {z € R" | (8 — 2)! ()" (8o — 2) < x3(1 — a)}

where x2(1 — a) denotes the 1 — «a quantile of the x2-distribution with r degrees
of freedom. o

With probability 1 — «, 8; and 6,  belongs to £, (89, %9). [18, Theorem 6]
is used to get the strong consistency and [18, Theorem 7] is used to get the

asymptotic normality of 9i O

B.2. Proof of Theorem 4
Proof. We use the dominated convergence theorem. As the variance is lower

bounded by %%, the mean is upper bounded by a fixed constant, so we can
construct a dominating function. Then,

lim mye(n) = lim »(0;; ¢, C’)gp(n;@maga;l(@i) + Ee)dBZ-

c2—0 c2—0 R~
:/ lim (p(0;;¢,C)p(n; 00, 02a; (0;) + £9)) db;
Rr U?—)O
= / ©(0:;00,%%)0(n; 00, 5%)d0; = o(n;00,%°). O

B.3. Proof of Theorem 5

We consider n € £,(0y, A), with A positive definite.

mye= (1) = / ¢ (05:n,02a;'(0;)) ¢ (6:;00,%°) db;
= / ¢ (0:;m,0%a; ' (60)) ¢ (0:;00,%°%) x det(a; ' (80)a;(0;))
e (5056~ ) (a1 (00) — 2 (00) (6~ ) ) db,
= ¢(n;60,02a; " (6o) + 29)/ ©(8;; co, Co) x det(a; (09)a,(6;))

coxp (=556~ 0)T (a6 o (60)) (65— ) ) db,
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where the last equality comes from Lemma 4, with
Co = (0-a;(80) + (%))~
co = Co (0-2a;(80)n + (29)7'80) = 00 + Coo - %a;(00)(n — ).

Our goal is now to prove that
7 :/ 30(01, Co, Co) det(afl(eo)al(ez))

coxp (=0 )7 (a6 o 60) (65— ) ) db,

€
is close to 1.
We then divide this integral into two parts: let p > 0, if 8; € £;(00, A),

a; !(0:) = a; ' (60) + Do,a; ' (6; — 60) + O(p),
= (8; —n)" (a7 (8:) —a; '(60))(6; — 1) = O(p + p), and
det(a; 1(00)a;(8;)) = 1+ O(p).
If 0, € £5(00, A)°, by Assumption E we get that

det(a; " (60)a;(6,)) = O(1)

= exp (—%(Gi =) (a;1(8:) —a; ' (80)) (6: — n)) <1

€

This leads to

T=(1+0(p) / (050, Co)d6; + O(1) / (01 co, Co)do;
£5(00,A) E5(00,A)
=14+0(p). O

B.4. Proof of Theorem 6

From Theorem 4,
VIO —00) L N(0,5°).
T;——+o0

~T; )
Fori=1,...,n, let ZZ.Ti NN(OO,%EG), and AZTi =0, —ZiTl.

We know that AZT’ . 4, 0o with dy the Dirac distribution in 0, which implies

P . S . d
that AiT’ — 0. Then, by inverting limits, 5 " AiT’ — do-
T;—+oo n T T;—4o00,n—~+00

For Zf *, we use Lindeberg Central limit Theorem, recalled in Theorem A of
Appendix C.

Let 52 =%0Y" | . We assume that (14) holds. Then,

—+o00

10,1 &
bn}T/Q(EZZiTi—eo) 4 N(0,%9).
=1
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By Slustky’s Lemma, we get that

bt (60— 60) 4 N (0,59).
’ n—~+oo,min T; —+oc0
~ AT ~T; )
Fori=1,...,n, let Z" ~ N(8y, T%Ze), and AT = \/T;(0,'6," — Z"). We

know that /T;Z]" ~ N(89,%°) and then 37 | T, 2 (Z[)T ~ W(20,n —1).

Moreover, we know that A? 4, do,and then

T;—+o00
1 - T; ( ATiNT d
n—l;T’lAz (Al) minTi~>+_o>o,n~>+oo 50'
Thus, we get
1 - N 1 " 1 —
T;0,"(6,)" = T,Z[(zZ)T + =) AT (AT
S Sl O =y ST s (S AT AT

d Wl n-1). O

n——+oo,min T; ——+o00

B.5. Proof of Theorem 7

We check that our model satisfies the assumptions given in [22, Chapter 3]:

e The U; are independent and follow a N'(0,XY7) distribution, ¢; follows a

Nr.(0,02) distribution and the U; are independent of ¢;

The matrix B! is of full rank, as it is a functional basis

n>m,+1+1

e The concatenated matrix [BY, BY] has rank greater than m,, if we don’t
take the same basis for p and U;

e The matrices I7, and BY (BY)* are linearly independent

. —rank(BY
o lim, o0 %() -1
So we get the asymptotic normality of the estimator. O

B.6. Proof of Theorem 8

Recall the different operator parts of the iterative algorithm in (12). The Banach
fixed point theorem, recalled in Theorem B of Appendix C, is used to prove
that there is a unique fixed point, and that the algorithm converges. To use
this theorem, we work in R™»+t?mu+1+77" with the Euclidean distance. It is a
non-empty complete metric space. The mapping we consider is ¥, as defined in
(12). We need to prove that ¥ is a contraction mapping.

Denote by k; the Lipschitz constant for the function f.

We want to find kg such that, for (x,y) € (R™mutrmutitnr)2

W (2) = ()2 < kel —yll2.
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As Wy and U3 are linear, for (z,y) € (R™Mutnmutlinr)2
[Ws0Ws0Wy(z) — W30 Wy 0Wi(y)llz = ||¥s0Wa(V1(z) — ¥i(y))l2

The proof relies on Lemma 5 applied to ¥3 and W, defined via the mixed
effect models. The statement of Lemma 5 and its proof can be found in Appendix
C. Then, using Assumption G, there exists ky < 1 such that ¥ is kg-Lipschitz.
Banach fixed point theorem concludes. O

B.7. Proof of Theorem 9

First, we prove that for a fixed iteration ite, the several computations we are
doing to the true parameters (a“,ag,glU,Bo,Ee) are keeping it fixed under
Assumption C.

Fix the iteration number (ite) and consider (a“7J§,NEU,00, ¥9). We know
(09,%?) and we predict 8; with the BLUP. As n — oo and min; T; — oo,
predictions are good. Then, we estimate (a“,ag,gU), by Theorem 7 we get
(at, 02, gU) (strong consistency).

Then, we approximate 6; for all i = 1,...,n. By Theorem 4, those pseudo-
observations are close to the true random variables, with the good distribution
function. Finally, we estimate a linear mixed model on those observations: by
Theorem 6, we get 6y and ¥ (consistency).

Then, under identifiability, Assumptions A, C and G, (a*, U§,§U7 0o,%%) is
a fixed point of W.

By Theorem 8, there exists only one fixed point: then

(&)%), (5.) ), (SV)) 85 (59))) 5 (.02, 57,80, 5°).
min Ti—>oo

This convergence is almost surely, as the convergence in each step is almost
surely. O

Appendix C: Additional useful results and tools.

Theorem A (Lindeberg Central Limit Theorem). Let (Q, F,IP) be a probability
space, and Xy, : Q@ — R, k € N, be independent random variables defined on that
space. Assume that the expected values E[Xy] = g and variances Var [ Xi] = o}
exist and are finite. Define s2 = > | _, 0%.

If this sequence of independent random variables Xy, satisfies Lindeberg’s con-
dition: for all e > 0,

L
nhanclo 2 Z E [(Xk - /”Lk)z ’ l{lxk—m«|>68n}] =0, (14)

" k=1
where 1 is the indicator function, then the central limit theorem holds, i.e. the
random variables Z, = 2y (Xepe)

. converge in distribution to a standard
Sn
normal random variable as n — oo.
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Theorem B (Banach fixed point theorem). Let (X, d) be a non-empty complete
metric space with a contraction mapping T : X — X with Lipschitz constant
q € [0,1). Then, T admits a unique fized-point x> in X. Furthermore, x>
can be found as follows: starts with an arbitrary element xo in X and define
a sequence {xn,} by x, = T(xp_1), then xz, — x°. Moreover, d(z>®°, z,) =
q"d(z1,20)/(1 - q).

Lemma 4 ([1]). The following holds, for all x € RP, for A, B positive definite
matrices of size p x p and (a,b) € (RP)?:
o(z;a, A)p(x;b, B) = p(a;b, A+ B)p(x; ¢, C),

with C = (A1 + B™Y) 7! and ¢ = C(A~ta + B~1b).

Lemma 5. Let m; and w2 be two orthogonal projections, and denote |||.||| the
operator norm. Then,

] = [lm2ll] = 1; (15)
[||71 0 mal|| < 1 if and only if Ex, N E., = {0}. (16)

Proof. We first prove (15). Let m be an orthogonal projection. As it is a pro-
jection, its norm is larger than 1. As it is an orthogonal projection, we can use
Pythagorean theorem to prove that its norm is smaller than 1.

We now prove (16). If E,, NE,, # {0}, let € E; NE,,. Then, mjomy(x) = x
s0 |||y o ma||] > 1.
If Ex, N Er, = {0}, assume that ||| o m2||| = 1: there exists z # 0 such that

|riome(z)|| = ||z||. But as 71 and mo are projections, it means that € Er, NE,,:
contradiction. O
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