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Abstract

Covariance parameter estimation of Gaussian processes is analyzed in an asymptotic frame-
work. The spatial sampling is a randomly perturbed regular grid and its deviation from the
perfect regular grid is controlled by a single scalar regularity parameter. Consistency and asymp-
totic normality are proved for the Maximum Likelihood and Cross Validation estimators of the
covariance parameters. The asymptotic covariance matrices of the covariance parameter estima-
tors are deterministic functions of the regularity parameter. By means of an exhaustive study
of the asymptotic covariance matrices, it is shown that the estimation is improved when the
regular grid is strongly perturbed. Hence, an asymptotic confirmation is given to the commonly
admitted fact that using groups of observation points with small spacing is beneficial to co-
variance function estimation. Finally, the prediction error, using a consistent estimator of the
covariance parameters, is analyzed in details.

Keywords: Uncertainty quantification, metamodel, Kriging, covariance parameter estimation,
maximum likelihood, leave-one-out, increasing-domain asymptotics

1. Introduction

In many areas of science that involve measurements or data acquisition, one often has to
answer the question of how the set of experiments should be designed [18]. It is known that
in many situations, an irregular, or even random, spatial sampling is preferable to a regular
one. Examples of these situations are found in many fields. For numerical integration, Gaussian
quadrature rules generally yield irregular grids [21, ch.4]. The best known low-discrepancy se-
quences for quasi-Monte Carlo methods (van der Corput, Halton, Sobol, Faure, Hammersley,...)
are not regular either [19]. In the compressed sensing domain, it has been shown that one can
recover a signal very efficiently, and at a small cost, by using random measurements [6].

In this paper, we are focused on the role of spatial sampling for meta-modeling. Meta-
modeling is particularly relevant for the analysis of complex computer models [27]. We will
address the case of Kriging models, which consist in interpolating the values of a Gaussian
random field given observations at a finite set of observation points. Kriging has become a
popular method for a large range of applications, such as numerical code approximation [26, 27]
and calibration [20] or global optimization [12].

One of the main issues regarding Kriging is the choice of the covariance function for the
Gaussian process. Indeed, a Kriging model yields an unbiased predictor with minimal variance
and a correct predictive variance only if the correct covariance function is used. The most
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common practice is to statistically estimate the covariance function, from a set of observations
of the Gaussian process, and to plug [31, ch.6.8] the estimate in the Kriging equations. Usually, it
is assumed that the covariance function belongs to a given parametric family (see [1] for a review
of classical families). In this case, the estimation boils down to estimating the corresponding
covariance parameters.

The spatial sampling, and particularly its degree of regularity, plays an important role for
the covariance function estimation. In chapter 6.9 of [31], it is shown that adding three observa-
tion points with small spacing to a one-dimensional regular grid of twenty points dramatically
improves the estimation in two ways. First, it enables to detect without ambiguities that a
Gaussian covariance model is poorly adapted, when the true covariance function is Matérn %
Second, when the Matérn model is used for estimation, it subsequently improves the estimation
of the smoothness parameter. It is shown in [40] that the optimal samplings, for maximizing
the log of the determinant of the Fisher information matrix, averaged over a Bayesian prior on
the true covariance parameters, contain closely spaced points. Similarly, in the geostatistical
community, it is acknowledged that adding sampling crosses, that are small crosses of obser-
vation points making the different input quantities vary slightly, enables a better identification
of the small scale behavior of the random field, and therefore a better overall estimation of its
covariance function [11]. The common conclusion of the three examples we have given is that
irregular samplings, in the sense that they contain at least pairs of observation points with small
spacing, compared to the average density of observation points in the domain, work better for
covariance function estimation than regular samplings, that is samplings with evenly spaced
points. This conclusion has become a commonly admitted fact in the Kriging literature.

In this paper, we aim at confirming this fact in an asymptotic framework. Since exact
finite-sample results are generally not reachable and not meaningful as they are specific to the
situation, asymptotic theory is widely used to give approximations of the estimated covariance
parameter distribution.

The two most studied asymptotic frameworks are the increasing-domain and fixed-domain
asymptotics [31, p.62]. In increasing-domain asymptotics, a minimal spacing exists between two
different observation points, so that the infinite sequence of observation points is unbounded.
In fixed-domain asymptotics, the sequence is dense in a bounded domain.

In fixed-domain asymptotics, significant results are available concerning the estimation of
the covariance function, and its influence on Kriging predictions. In this asymptotic framework,
two types of covariance parameters can be distinguished: microergodic and non-microergodic
covariance parameters. Following the definition in [31], a covariance parameter is microergodic
if two covariance functions are orthogonal whenever they differ for it (as in [31], we say that
two covariance functions are orthogonal if the two underlying Gaussian measures are orthogo-
nal). Non-microergodic covariance parameters cannot be consistently estimated, but have no
asymptotic influence on Kriging predictions [28, 29, 30, 38]. On the contrary, there is a fair
amount of literature on consistently estimating microergodic covariance parameters, notably
using the Maximum Likelihood (ML) method. Consistency has been proved for several models
[36, 37, 16, 38, 15, 4]. Microergodic covariance parameters have an asymptotic influence on
predictions, as shown in [35, ch.5].

Nevertheless, the fixed-domain asymptotic framework is not well adapted to study the in-
fluence of the irregularity of the spatial sampling on covariance parameter estimation. Indeed,
we would like to compare sampling techniques by inspection of the asymptotic distributions of
the covariance parameter estimators. In fixed-domain asymptotics, when an asymptotic distri-
bution is proved for ML [36, 37, 8], it turns out that it is independent of the dense sequence
of observation points. This makes it impossible to compare the effect of spatial sampling on
covariance parameter estimation using fixed-domain asymptotics techniques.

The first characteristic of increasing-domain asymptotics is that, as shown in subsection
5.1, all the covariance parameters have strong asymptotic influences on predictions. The sec-
ond characteristic is that all the covariance parameters (satisfying a very general identifiabil-
ity assumption) can be consistently estimated, and that asymptotic normality generally holds
[33, 17, 7]. Roughly speaking, increasing-domain asymptotics is characterized by a vanishing



dependence between observations from distant observation points. As a result, a large sample
size gives more and more information about the covariance structure. Finally, we show that
the asymptotic variances of the covariance parameter estimators strongly depend on the spatial
sampling. This is why we address the increasing-domain asymptotic framework to study the
influence of the spatial sampling on the covariance parameter estimation.

We propose a sequence of random spatial samplings of size n € N. The regularity of the spa-
tial sampling sequence is characterized by a regularity parameter e € [0, %) € = 0 corresponds to
a regular grid, and the irregularity is increasing with e. We study the ML estimator, and also a
Cross Validation (CV) estimator [32, 39], for which, to the best of our knowledge, no asymptotic
results are yet available in the literature. For both estimators, we prove an asymptotic normality
result for the estimation, with a /n convergence, and an asymptotic covariance matrix which
is a deterministic function of . The asymptotic normality yields, classically, approximate con-
fidence intervals for finite-sample estimation. Then, carrying out an exhaustive analysis of the
asymptotic covariance matrix, for the one-dimensional Matérn model, we show that large values
of the regularity parameter ¢ always yield an improvement of the ML estimation. We also show
that ML has a smaller asymptotic variance than CV, which is expected since we address the
well-specified case here, in which the true covariance function does belong to the parametric
set used for estimation. Thus, our general conclusion is a confirmation of the aforementioned
results in the literature: using a large regularity parameter e yields groups of observation points
with small spacing, which improve the ML estimation, which is the preferable method to use.

The rest of the article is organized as follows. In section 2, we introduce the random sequence
of observation points, that is parameterized by the regularity parameter e. We also present the
ML and CV estimators. In section 3, we give the asymptotic normality results. In section 4,
we carry out an exhaustive study of the asymptotic covariance matrices for the Matérn model
in dimension one. In section 5, we analyze the Kriging prediction for the asymptotic framework
we consider. In sections Appendix A, Appendix B and Appendix C, we prove the results
of sections 3, 4 and 5. In section Appendix D, we state and prove several technical results.
Finally, section Appendix E is dedicated to the one-dimensional case, with e = 0. We present
an efficient calculation of the asymptotic variances for ML and CV and of the second derivative
of the asymptotic variance of ML, at € = 0, using properties of Toeplitz matrix sequences.

2. Context

2.1. Presentation and notation for the spatial sampling sequence

We consider a stationary Gaussian process Y on R?. We denote © = [0in g, Osup)?. The subset
© is compact in (—o0,00)?. The covariance function of Y is Ky, with 0,5 < (6p); < Osup, for
1 < i < p. Ky, belongs to a parametric model {Kjy,0 € O}, with Ky a stationary covariance
function.

We shall assume the following condition for the parametric model, which is satisfied in all
the most classical cases, and especially for the Matérn model that we will analyze in detail in
sections 4 and 5.

Condition 2.1. e For all 6 € O, the covariance function Ky is stationary.

e The covariance function Ky is three times differentiable with respect to 0. For all q €
{0,...,3}, i1, ...,ig € {1, ..., p}, there exists C;, .. ;, < +oo so that for all 0 € ©, t € RY,

0 0 Ciy,..i
— < e
801-1 89iq Ky (t) =14+ |t|d+1’ (1)

where |t| is the Euclidean norm of t. We define the Fourier transform of a function h : R? —
R by h(f) = ﬁ fRd h(t)e7Ftdt, where i> = —1. Then, for all 6 € O, the covariance function

Ky has a Fourier transform [%.9 that is continuous and bounded.
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Figure 1: Examples of three perturbed grids. The dimension is d = 2 and the number of observation points is
n = 82. From left to right, the values of the regularity parameter are 0, % and %. € = 0 corresponds to a regular
observation grid, while, when ¢ is close to %, the observation set is highly irregular.

e For all 0 € ©, Ky satisfies

Ko(t)= [ Ko(f)e!"df.

Rd
o Ky(f):(R?x ©) =R is continuous and positive.

Let N* be the set of positive integers. We denote by (v;),cy- a sequence of deterministic
points in (N*)¢ so that for all N € N*, {v;,1 <i< N?} = {1,...,N}% Y is observed at the
points v; +eX;, 1 < i < n, n € N*, with € € [O,%) and X; ~jiq Lx. Lx is a symmetric
probability distribution with support Sx C [~1,1]¢, and with a positive probability density
function on Sx. Two remarks can be made on this sequence of observation points:

e This is an increasing-domain asymptotic context. The condition ¢ € [0,3) ensures a

2
minimal spacing between two distinct observation points.

e The observation sequence we study is random, and the parameter € is a regularity pa-
rameter. ¢ = 0 corresponds to a regular observation grid, while when € is close to %, the
observation set is irregular and, more specifically, groups of observation points with small
spacing appear. Examples of observation sets are given in figure 1, with d = 2, n = 82,
and different values of e.

Naturally, the parameterized irregularity that we consider here is governed by a single scalar
parameter, and thus cannot be representative of all the notions of spatial sampling irregularity
that exist. We can already discuss two examples for this. First, because the observation points
are linked to a regular grid, there is a limit for the number of points that can form a cluster with
very small spacing. For instance in dimension 2, this limit number is 4 (for 4 points stemming
from perturbations of elementary squares of the form (i,7),(: + 1,7), (4,5 + 1),(i + 1,5 + 1)).
Second, still because the random sampling relies on a regular grid, it remains rather regular
at a global level, as one can observe in figure 1. In [13] and [14], an asymptotic framework is
studied in which the observation points are iid realizations stemming from a common probability
distribution, not necessarily uniform. This purely random sampling solves the two limitations we
have mentioned: the sampling is globally not uniform, and clusters of arbitrary numbers of points
can appear. Nevertheless, the spatial sampling family we propose is simple to interpret, and is
parameterized by a scalar regularity parameter, which enables us to compare the irregularities
of two samplings stemming from it with no ambiguity. Furthermore, the conclusions of section
4 obtained from the perturbed regular grid are of interest, since they confirm that using groups
of observation points with small spacing is beneficial to estimation, compared to evenly spaced
points.




We denote Cs, = {t; —ta,t1 € Sx,t2 € Sx}, the set of all possible differences between two
points in Sx. We denote, for n € N*, X = (X, ...,Xn)t, where we do not write explicitly the
dependence on n for clarity. X is a random variable with distribution C?}”. We also denote
x = (x1,...,x,)", an element of (Sx)", as a realization of X.

We define the n x n random matrix Ry by (Ry); ; = Ko (v; —v; +€(X; — Xj;)). We do
not write explicitly the dependence of Ry with respect to X, ¢ and n. We shall denote, as a
simplification, R := Ry,. We define the random vector y of size n by y; =Y (v; + €X;). We do
not write explicitly the dependence of y with respect to X, € and n.

We denote as in [10], for a real n x n matrix A, |A|?> = %Zﬁjzl A?’j and ||A]| the largest
singular value of A. |.| and ||.|| are norms and [|.|| is a matrix norm. We denote by ¢; (M),
1 < i < n, the eigenvalues of a symmetric matrix M. We denote, for two sequences of square
matrices A and B, depending on n € N*, A ~ B if |A — B| =, 0 and ||4]| and || B|| are
bounded with respect to n. For a square matrix A, we denote by diag (A) the matrix obtained
by setting to 0 all non diagonal elements of A.

Finally, for a sequence of real random variables z,,, we denote z, —, 0 and z, = o, (1) when
zpn, converges to zero in probability.

2.2. ML and CV estimators
We denote Ly := = {log (det (Rp)) + y'R, 'y} the modified opposite log-likelihood, where
we do not write explicitly the dependence on X, Y, n and e. We denote by 6prz, the Maximum
Likelihood estimator, defined by
Opr € argmin Lg, (2)
6co

where we do not write explicitly the dependence of O, With respect to X, Y, € and n.

Remark 2.1. The ML estimator in (2) is actually not uniquely defined, since the likelihood
function of (2) can have more than one global minimizer. Nevertheless, the convergence results
of O, as n — 400, hold when Oyrp is any random variable belonging to the set of the global
minimizers of the likelihood of (2), regardless of the value chosen in this set. Furthermore, it
can be shown that, with probability converging to one, as n — oo (see the proof of proposition
Appendiz D.10 in section Appendiz D), the likelihood function has a unique global minimizer.
To define a measurable function Onrr of Y and X, belonging to the set of the minimizers of the
likelihood, one possibility is the following. For a given realization of Y and X, let K be the set
of the minimizers of the likelihood. Let Ko = IC and, for 0 < k <p—1, Kyt is the subset of Ky,

whose elements have their coordinate k + 1 equal to min {§k+1,§ € le}. Since, K is compact

(because the likelihood function is continuous with respect to 0 and defined on the compact set

0©), the set K, is composed of a unique element, that we define as éML, which is a measurable
function of X and Y. The same remark can be made for the Cross Validation estimator of (3).

When the increasing-domain asymptotic sequence of observation points is deterministic, it
is shown in [17] that €577 converges to a centered Gaussian random vector. The asymptotic

covariance matrix is the inverse of the Fisher information matrix. For fixed n, the Fisher

information matrix is the p x p matrix with element (i, j) equal to 3Tr (Re_olaaR—eioR(,_O1 a;;?’).

Since the literature has not addressed yet the asymptotic distribution of O in increasing-
domain asymptotics with random observation points, we give complete proofs about it in section
Appendix A. Our techniques are original and not specifically oriented towards ML contrary to
[33, 17, 7], so that they allow us to address the asymptotic distribution of the CV estimator in
the same fashion.

The CV estimator is defined by

Ocv € argmin > {y; — Gio (y-i)}°, (3)

beo i



where, for 1 <i <n, gi0 (y—i) = Eo\x (¥ily1, - ¥i—1, Yit1, .-, Yn) is the Kriging Leave-One-Out
prediction of y; with covariance parameters ¢. Eg x denotes the expectation with respect to the
distribution of Y with the covariance function Ky, given X.

The CV estimator selects the covariance parameters according to the criterion of the point-
wise prediction errors. This criterion does not involve the Kriging predictive variances. Hence,
the CV estimator of (3) cannot estimate a covariance parameter impacting only on the variance
of the Gaussian process. Nevertheless, all the classical parametric models { Ky, 0 € ©} satisfy the

N _ . -
decomposition 0 = (02,9t> and {Ky,0 € O} = {0°K;,0% > 0,0 € O}, with K; a correlation
function. Hence, in this case, 6 would be estimated by (3), and 0% would be estimated by the

L. 5 {vi—19; 5(y—i)}> .
equation U%V(H) = %Z?:l %, where ¢2 G "= vargx (YilY1s ooy Yim1s Yit 1y oy Yn) 18

i,—i,0 i~ ~
the Kriging Leave-One-Out predictive variance for y; with covariance parameters o2 = 1 and 6.
varg, y denotes the variance with respect to the distribution of Y with the covariance function

Ky, 0 = (1,§t)t, given X. To summarize, the general CV procedure we study is a two-step
procedure. In a first step, the correlation parameters are selected according to a mean square
error criterion. In a second step, the global variance parameter is selected, so that the predictive
variances are adapted to the Leave-One-Out prediction errors. Here, we address the first step,
so we focus on the CV estimator defined in (3).

The criterion (3) can be computed with a single matrix inversion, by means of virtual LOO
formulas (see e.g [25, ch.5.2] for the zero-mean case addressed here, and [9] for the universal
Kriging case). These virtual LOO formulas yield

n ) _ . -~ _2 _
Z {yi — Uio (y—i)}2 =y'R, " diag (R, 1) Ry'y,
=1

which is useful both in practice (to compute quickly the LOO errors) and in the proofs on CV.
We then define

1 _
Vo := ~y'Ry " ding (B, ") " Ry'y

as the CV criterion, where we do not write explicitly the dependence on X, n, Y and €. Hence
we have, equivalently to (3), fcy € argming.q C'Vp.

Since the asymptotic covariance matrix of the ML estimator is the inverse of the Fisher
information matrix, this estimator should be used when 6y € © holds, which is the case of
interest here. However, in practice, it is likely that the true covariance function of the Gaussian
process does not belong to the parametric family used for the estimation. In [5], it is shown that
CV is more efficient than ML in this case, provided that the sampling is not too regular. Hence,
the CV estimator is relevant in practice, which is a reason for studying it in the case 6y € ©
addressed here.

In the sequel, we call the case 6y € © the well-specified case, and we call the case where the
true covariance function of ¥~ does not belong to {Kjy, 8 € O} the misspecified case, or the case
of model misspecification.

Hence, we aim at studying the influence of the spatial sampling on CV as well as on ML,
in the well-specified case addressed here. Furthermore, since it is expected that ML performs
better than CV in the well-specified case, we are interested in quantifying this fact.

3. Counsistency and asymptotic normality

Proposition 3.1 addresses the consistency of the ML estimator. The only assumption on
the parametric family of covariance functions is an identifiability assumption. Basically, for a
fixed ¢, there should not exist two distinct covariance parameters so that the two associated
covariance functions are the same, on the set of inter-point distances covered by the random
spatial sampling. The identifiability assumption is clearly minimal.



Proposition 3.1. Assume that condition 2.1 is satisfied.

For e = 0, if there does not ezist 0 # 0y so that Ky (v) = Ky, (v) for all v € Z¢, then the ML
estimator is consistent.

For ¢ # 0, we denote D. = U,czag (v + €Csy ), with Cs, = {t; —t2,t1 € Sx,ta € Sx}.
Then, if there does not exist 0 # 0y so that Ko = Ky, a.s. on D, according to the Lebesgue
measure on D., and Ky (0) = Ky, (0), then the ML estimator is consistent.

In proposition 3.2, we address the asymptotic normality of ML. The convergence rate is
\V/n, as in a classical iid framework, and we prove the existence of a deterministic asymptotic
covariance matrix of \/ﬁéM 1, which depends only on the regularity parameter €. In proposition
3.3, we prove that this asymptotic covariance matrix is positive, as long as the different derivative
functions with respect to 0 at 6 of the covariance function are non redundant on the set of inter-
point distances covered by the random spatial sampling. This condition is minimal, since when
these derivatives are redundant, the Fisher information matrix is singular for all finite sample-
size n and its kernel is independent of n.

Proposition 3.2. Assume that condition 2.1 is satisfied. N
For 1 < i,j < p, define the sequence of n x n matrices, indexed by n € N*, M/, by,

4 ._ 1p—-10R p—10R 1 (2] F g
Myi, = 3R TeiR 50, - Then, the random trace - 'Tr (MML) has an almost sure limit as
n — +o00.

We thus define the p x p deterministic matriz X1, so that (Xarr); ;18 the almost sure limit,
as n — +o0o, of %Tr (M}V[JL)

Then, if 1, is consistent and if Xprr @s positive, then
\/ﬁ (éML — 90> —r N(O, E]T/IlL) .

Proposition 3.3. Assume that condition 2.1 is satisfied.
For e = 0, if there does not exist vy = (A1, ...,)\p)t € RP, vy different from zero, so that
- )\k%ngo (v) = 0 for all v € Z9, then Xy, is positive.

For € # 0, we denote D. = Uycga\o (v + €Csy ), with Cs, = {t1 —ta,t1 € Sx,t2 € Sx}. If
there does not exist vy = (A1, ..., \p)" € RP, vy different from zero, so that S, )\ka%kl(go (t) :
R? — R is almost surely zero on D., with respect to the Lebesque measure on D., and that

2:1 )\k%[(‘go (0) is null, then Xysp, is positive.

Remark 3.1. The asymptotic distribution of M -estimators of the regression parameters in a
linear regression framework with dependent errors, with a stochastic sampling, has been ad-
dressed in [14]. In this reference, the observation errors stem from a general random field, and
increasing-domain asymptotics is addressed, as well as mized increasing-domain asymptotics, in
which both the observation domain and the density of the observation points go to infinity. In
[14], the rate of convergence of the estimation of the regression parameters is not the square root
of the number of observation points anymore, but the square root of the volume of the observation
domain. This is the rate we also find in proposition 3.2 for the covariance parameters, in the
particular case of increasing-domain asymptotics, where the number of observation points grows
like the volume of the observation domain. It is nevertheless possible that this analogy would
not happen in the mized domain-asymptotic framework, since it is known that the estimation of
microergodic covariance parameters can have a \/n rate of convergence even in the fized-domain
asymptotic framework [36].

Notice also that, similarly to us, it is explicit in [14] that the asymptotic covariance matriz
of the estimators depends on the distribution of the random observation points.

Proposition 3.4 addresses the consistency of the CV estimator. The identifiability assumption
is required, like in the ML case. Since the CV estimator is designed for estimating correlation
parameters, we assume that the parametric model {Kj,6 € O} contains only correlation func-
tions. This assumption holds in most classical cases, and yields results that are easy to express



and interpret. The case of hybrid covariance parameters, specifying both a variance and a corre-
lation structure should be consistently estimated by the CV estimator. Nevertheless, since such
covariance parameters do not exist in the classical families of covariance functions, we do not
address this case.

Proposition 3.4. Assume that condition 2.1 is satisfied and that for all 0 € ©, Ky (0) = 1.
For ¢ = 0, if there does not exist 6 # 0y so that Kq (v) = Ky, (v) for allv € Z2, then the CV
estimator is consistent.
For e # 0, we denote D. = Uy,eza\o (v+€Csy ), with Cs, = {t1 —t2,t1 € Sx,t2 € Sx}.
Then, if their does not exist 6 # 0y so that Ky = Ky, a.s. on D., with respect to the Lebesgue
measure on D., the CV estimator is consistent.

Proposition 3.5 gives the expression of the covariance matrix of the gradient of the CV
criterion C'Vp and of the mean matrix of its Hessian. These moments are classically used in
statistics to prove asymptotic distributions of consistent estimators. We also prove the conver-
gence of these moments, the limit matrices being functions of the p x p matrices Yy, and
Ycv,2, for which we prove the existence. These matrices are deterministic and depend only on
the regularity parameter e.

Proposition 3.5. Assume that condition 2.1 is satisfied.
With, for 1 <i <p,

i 1 4 =2 .. _10Rg __ . 1y -1 _10R _
M} = Ry ' diag (R;1) {dlag(Rela; 61)dlag(R91) —39139?}}291,

we have, for all 1 <i,j <p,
0

00;

We define the sequence of n x n matrices, indexed by n € N*, Mé{/l by

1 )
= —2y"'M}y.
n

i\t j i\
MCVl =2 {Méo (MQO) }R9o {Mgo + (Mgo) }R90'
Then,

) P 1 .
cov (Vg Vo Vit OV X ) = 130 (018, (1)

Furthermore, the random trace %Tr (Mé{,l) converges a.s. to the element (ZCVJ)M ofapxp

deterministic matriz Xcv,1 as n — +oo.

Defining
i . C1N-3 . ORg ORy
Mgy, = —8diag(Ry') " diag (R o 20, T ) Rg! 20, “Ry!

. —1\—2 1 BRQO 1 aR@o 1

+2diag (Ry') "~ Ry, 90, Ry, 90, Ry,
. Z1n—4 . _10Ry _10Ry _

+6 diag (Reol) diag (R 01 20, R, ) <R 01 a0, “R, > Rgol,

we also have 92
_ 1 ij
E (86 80 C%0|X> = ETI‘ (MCV,Q) . (5)

Furthermore, the random trace ETr (Md{n) converges a.s. to the element (Ecvz)ij of a
p x p deterministic matriz Ycy,2 as n — +00.



In proposition 3.6, we address the asymptotic normality of CV. The conditions are, as for
the consistency, identifiability and that the set of covariance functions contains only correlation
functions. The convergence rate is also y/n, and we have the expression of the deterministic
asymptotic covariance matrix of \/ﬁécv, depending only of the matrices Ycv,; and Yoy 2 of
proposition 3.5. In proposition 3.7, we prove that the asymptotic matrix Xcv 2 is positive. The
minimal assumption is, as for the ML case, that the different derivative functions with respect to
0 at Oy of the covariance function are non redundant on the set of inter-point distances covered
by the random spatial sampling.

Proposition 3.6. Assume that condition 2.1 is satisfied.
If Ocv is consistent and if Yoy, is positive, then

\/TTL (écv — 90) —L N <0, EE%/,QZCVJEE‘%/VQ) as n — +00.

Proposition 3.7. Assume that condition 2.1 is satisfied and that for all 0 € ©, Ky (0) = 1.

For e = 0, if there does not exist vy = (A1, ...,)\p)t € RP, vy different from zero, so that

(- )‘ka%kKGo (v) =0 for all v € Z2, then YNcvo is positive.

For € # 0, we denote D. = Uycga\o (v + €Csy ), with Cs, = {t; —ta,t1 € Sx,t2 € Sx}. If
there does not exist vy = (A1, ..., )\p)t € R?, vy different from zero, so that > }_, )‘ka%kKﬁo (t) :
R? — R is almost surely zero on D., with respect to the Lebesgue measure on D,, then Ycova 18
positive.

The conclusion for ML and CV is that, for all the most classical parametric families of
covariance functions, consistency and asymptotic normality hold, with deterministic positive
asymptotic covariance matrices depending only on the regularity parameter e. Therefore, these
covariance matrices are analyzed in section 4, to address the influence of the irregularity of the
spatial sampling on the ML and CV estimation.

4. Analysis of the asymptotic covariance matrices

The limit distributions of the ML and CV estimators only depend on the regularity parameter
€ through the asymptotic covariance matrices in propositions 3.2 and 3.6. The aim of this section
is to numerically study the influence of € on these asymptotic covariance matrices. We address
the case d = 1, with p = 1 in subsections 4.2 and 4.3 and p = 2 in subsection 4.4.

The asymptotic covariance matrices of propositions 3.2 and 3.6 are expressed as functions of
a.s. limits of traces of sums, products and inverses of random matrices. In the case e = 0, for
d = 1, these matrices are deterministic Toeplitz matrices, so that the limits can be expressed
using Fourier transform techniques (see [10]). In section Appendix E, we give the closed form
expression of Yy, Yoy, and Yoy for € = 0 and d = 1. In the case € # 0, there does not
exist, to the best of our knowledge, any random matrix technique that would give a closed form
expression of X1, Yoy, and Xcy. Therefore, for the numerical study with € # 0, these
matrices will be approximated by the random traces for large n.

4.1. The derivatives of X1, Xcva and Xcov,2

In proposition 4.2 we show that, under the mild condition 4.1, the asymptotic covariance ma-
trices obtained from X1, ¥cv,1 and X¢ov,2, of propositions 3.2 and 3.6, are twice differentiable
with respect to e. This result is useful for the numerical study of subsection 4.2.

Condition 4.1. o Condition 2.1 is satisfied.

o Ky(t) and %Kg (t), for 1 <i <p, are three times differentiable in t for t # 0.



e ForallT >0,0€0,1<i<p, ke{l,2,3},iy,...,ix € {1,...,d}* , there exists O < +oo
so that for |t| > T,

3} 5} Cr

ey <

P 1) e ©
Cr

0 0 0
oy — — K, G —
‘8til T Oty 06; o <t)’ e e

Proposition 4.2. Assume that condition 4.1 is satisfied.
Let us fix 1 < i,j < p. The elements (Sn1); 5, (Bcv);; and (Scvz), ; (as defined in

propositions 3.2 and 3.5) are C* in € on [0, 3). Furthermore, with +Tr (M]l\/,[JL) —a.s. (BML); s

%Tr (Mé{/l) —as. (ECV’l)m and %Tr (Mé{m) —Sas. (Ecv;g)m. (propositions 3.2 and 3.5), we

have, for (¥), ; being (Xarr); ;5 (Ecva);; or (Bcv,2), ; and M% being M7, Mé’Vl or Mél{',’z,

0? 1 (82 y
@ (E)’L,] = lim —-E {862Tr (M 7‘])} .

n—+oon
Proposition 4.2 shows that we can compute numerically the derivatives of (Xas1.), i) (Xevik); It
k = 1,2, with respect to € by computing the derivatives of MJZ-V’[jL, M(Z;{,k, k = 1,2, for n large.
The fact that it is possible to exchange the limit in n and the derivative in € was not a priori
obvious.

In the rest of the section, we address specifically the case where d = 1, and the distribution
of the X;, 1 < i < n, is uniform on [—1,1]. We focus on the case of the Matérn covariance
function. In dimension one, this covariance model is parameterized by the correlation length ¢
and the smoothness parameter v. The covariance function Ky, is Matérn (¢, v) where

Kew (0 = moms (M'Z')VKV (2veld). ™)

with T' the Gamma function and K, the modified Bessel function of second order. See e.g [31,
p.31] for a presentation of the Matérn correlation function.

In subsections 4.2 and 4.3, we estimate v when ¢ is known and conversely. This case p =1
enables us to deal with a scalar asymptotic variance, which is an unambiguous criterion for
addressing the impact of the irregularity of the spatial sampling. In subsection 4.4, we address
the case p = 2, where ¢ and v are jointly estimated.

4.2. Small random perturbations of the regular grid

In our study, the two true covariance parameters ¢y, vy vary over 0.3 < ¢y < 3 and 0.5 <
o < 5. We will successively address the two cases where ¢ is estimated and v is known, and
where v is estimated and /¢ is known. It is shown in section 4.1 that for both ML and CV, the
asymptotic variances are smooth functions of e. The quantity of interest is the ratio of the second
derivative with respect to € at ¢ = 0 of the asymptotic variance over its value at ¢ = 0. When
this quantity is negative, this means that the asymptotic variance of the covariance parameter
estimator decreases with e, and therefore that a small perturbation of the regular grid improves
the estimation. The second derivative is calculated exactly for ML, using the results of section
Appendix E, and is approximated by finite differences for n large for CV. Proposition 4.2 ensures
that this approximation is numerically consistent (because the limits in n and the derivatives in
e are exchangeable).

On figure 2, we show the numerical results for the estimation of ¢. First we see that the
relative improvement of the estimation due to the perturbation is maximum when the true
correlation length ¢y is small. Indeed, the inter-observation distance being 1, a correlation
length of approximatively 0.3 means that the observations are almost independent, making the
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Figure 2: Estimation of £. Plot of the ratio of the second derivative of the asymptotic variance over its value at
e = 0, for ML (left) and CV (right). The true covariance function is Matérn with varying o and vo. We retain
the two particular points (¢op = 0.5,v9 = 5) and (¢p = 2.7,v9 = 1) for further investigation in subsection 4.3
(these are the black dots).

estimation of the covariance very hard. Hence, the perturbations of the grid create pairs of
observations that are less independent and subsequently facilitate the estimation. For large ¢,
this phenomenon does not take place anymore, and thus the relative effect of the perturbations
is smaller. Second, we observe that for ML the small perturbations are always an advantage for
the estimation of £. This is not the case for CV, where the asymptotic variance can increase with
e. Finally, we can see that the two particular points (¢g = 0.5,19 = 5) and (¢y = 2.7, = 1) are
particularly interesting and representative. Indeed, (¢ = 0.5,9 = 5) corresponds to covariance
parameters for which the small perturbations of the regular grid have a strong and favorable
impact on the estimation for ML and CV, while (¢, = 2.7,19 = 1) corresponds to covariance
parameters for which they have an unfavorable impact on the estimation for CV. We retain
these two points for a further global investigation for 0 < e < 0.45 in subsection 4.3.

On figure 3, we show the numerical results for the estimation of ». We observe that for
¢y relatively small, the asymptotic variance is an increasing function of € (for small €). This
happens approximatively in the band 0.4 < ¢y < 0.6, and for both ML and CV. There is a
plausible explanation from this fact, which is not easy to interpret at first sight. It can be seen
that for £ =~ 0.73, the value of the one-dimensional Matérn covariance function at t = 1 is almost
independent of v for v € [1,5]. As an illustration, for v = 2.5, the derivative of this value with
respect to v is —3.7 x 1075 for a value of 0.15. When 0.4 < /y < 0.6, £ is small so that most
of the information for estimating v is obtained from the pairs of successive observation points.
Perturbing the regular grid creates pairs of successive observation points ¢ + ex;,i + 1 + ex;y1
verifying w = ﬁ, so that the correlation of the two observations becomes almost
independent of v. Thus, due to a specificity of the Matérn covariance function, decreasing the
distance between two successive observation points unintuitively removes information on v.

For 0.6 < ¢y < 0.8 and vy > 2, the relative improvement is maximum. This is explained the
same way as above, this time the case ¢ = 0 yields successive observation points for which the
correlation is independent of v, and increasing e changes the distance between two successive
observation points, making the correlation of the observations dependent of v.

In the case £y > 0.8, there is no more impact of the specificity of the case ¢y =~ 0.73 and the
improvement of the estimation when € increases remains significant, though smaller. Finally, we
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Figure 3: Same setting as figure 2, but for the estimation of v. We retain the three particular points
(lo = 0.5,v9 = 2.5), (bp = 0.7,v0 = 2.5) and (bg = 2.7,v9 = 2.5) for further investigation in subsection 4.3.

see the three particular points ({p = 0.5, 19 = 2.5), ({p = 0.7,19 = 2.5) and (ly = 2.7, vy = 2.5)
as representative of the discussion above, and we retain them for further global investigation for
0 < € <0.45 in subsection 4.3.

4.8. Large random perturbations of the reqular grid

On figures 4 and 5, we plot the ratio of the asymptotic variance for e = 0 over the asymptotic
variance for ¢ = 0.45, with varying ¢y and vy, for ML and CV and in the two cases where £ is
estimated and v known and conversely. We observe that this ratio is always larger than one
for ML, that is strong perturbations of the regular grid are always beneficial to ML estimation.
This is the most important numerical conclusion of this section 4. As ML is the preferable
method to use in the well-specified case addressed here, we reformulate this conclusion by saying
that, in our experiments, using pairs of closely spaced observation points is always beneficial
for covariance parameter estimation compared to evenly spaced observation points. This is an
important practical conclusion, that is in agreement with the references [31] and [40] discussed
in section 1.

For CV, on the contrary, we exhibit cases for which strong perturbations of the regular grid
decrease the accuracy of the estimation, particularly for the estimation of ¢. This can be due
to the fact that the Leave-One-Out errors in the CV functional (3) are unnormalized. Hence,
when the regular grid is perturbed, roughly speaking, error terms concerning observation points
with close neighbors are small, while error terms concerning observation points without close
neighbors are large. Hence, the CV functional mainly depends on the large error terms and
hence has a larger variance. This increases the variance of the CV estimator minimizing it.

We now consider the five particular points that we have discussed in subsection 4.2: (¢, =

0.5, = 5) and ({y = 2.7,p = 1) for the estimation of £ and (¢y = 0.5,y = 2.5), ({p = 0.7,19 = 2.5)

and (€p = 2.7, = 2.5) for the estimation of v. For these particular points, we plot the asymp-
totic variances of propositions 3.2 and 3.6 as functions of € for —0.45 < € < 0.45. The asymptotic
variances are even functions of € since (€X;)1<;<, has the same distribution as (—eX;)1<i<n-
Nevertheless, they are approximated by empirical means of iid realizations of the random traces
in propositions 3.2 and 3.5, for n large enough. Hence, the functions we plot are not exactly
even. The fact that they are almost even is a graphical verification that the random fluctua-
tions of the results of the calculations, for finite (but large) n, are very small. We also plot the
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Figure 4: Estimation of . Plot of the ratio of the asymptotic variance for ¢ = 0 over the asymptotic variance
for e = 0.45 for ML (left) and CV (right). The true covariance function is Matérn with varying £o and vg. We
retain the two particular points (¢op = 0.5,v9 = 5) and (Lo = 2.7,v9 = 1) for further investigation below in this
subsection 4.3 (these are the black dots).
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Figure 5: Same setting as in figure 4, but for the estimation of v. We retain the three particular points
(b = 0.5,v9 = 2.5), (Lo =0.7,v90 = 2.5) and (Lo = 2.7,1v9 = 2.5) for further investigation below in this subsec-
tion 4.3.
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Figure 6: Global influence of € for the estimation of the correlation length ¢. Plot of the asymptotic variance for
ML (left) and CV (right), calculated with varying n, and of the second order Taylor series expansion given by
the value at e = 0 and the second derivative at e = 0. The true covariance function is Matérn with £y = 0.5 and
Vg = 5.

second-order Taylor-series expansion given by the value at ¢ = 0 and the second derivative at
e=0.

On figure 6, we show the numerical results for the estimation of ¢ with (¢y = 0.5, = 5).
The first observation is that the asymptotic variance is slightly larger for CV than for ML. This
is expected: indeed we address a well-specified case, so that the asymptotic variance of ML is
the almost sure limit of the Cramer-Rao bound. Therefore, this observation turns out to be true
in all the subsection, and we will not comment on it anymore. We see that, for both ML and
CV, the improvement of the estimation given by the irregularity of the spatial sampling is true
for all values of e. One can indeed gain up to a factor six for the asymptotic variances. This
is explained by the reason mentioned in subsection 4.2, for ¢y small, increasing e yields pairs of
observations that become dependent, and hence give information on the covariance structure.

On figure 7, we show the numerical results for the estimation of ¢ with (¢y = 2.7, = 1). For
ML, there is a slight global improvement of the estimation with the irregularity of the spatial
sampling. However, for CV, there is a significant degradation of the estimation. Hence the
irregularity of the spatial sampling has more relative influence on CV than on ML. Finally, the
advantage of ML over CV for the estimation is by a factor seven, contrary to the case ¢y = 0.5,
where this factor was close to one.

On figure 8, we show the numerical results for the estimation of v with (¢y = 0.5,y = 2.5).
The numerical results are similar for ML, and CV. For € small, the asymptotic variance is very
large, because, £y being small, the observations are almost independent, as the observation points
are further apart than the correlation length, making inference on the dependence structure very
difficult. We see that, for ¢ = 0, the asymptotic variance is several orders of magnitude larger
than for the estimation of ¢ in figure 6, where ¢y has the same value. Indeed, in the Matérn
model, v is a smoothness parameter, and its estimation is very sensitive to the absence of
observation points with small spacing. We observe, as discussed in figure 3, that for € € [0,0.2],
the asymptotic variance increases with € because pairs of observation points can reach the state
where the covariance of the two observations is almost independent of v. For ¢ € [0.2,0.5), a
threshold is reached where pairs of subsequently dependent observations start to appear, greatly
reducing the asymptotic variance for the estimation of v.

14
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Figure 9: Same setting as in figure 6 but for the estimation of v and with ¢y = 0.7 and 19 = 2.5.

On figure 9, we show the numerical results for the estimation of v with (¢y = 0.7, 19 = 2.5).
The numerical results are similar for ML and CV. Similarly to figure 8, the asymptotic variance
is very large, because the observations are almost independent. For € = 0, it is even larger than
in figure 6 because we are in the state where the covariance between two successive observations
is almost independent of v. As an illustration, for £ = 0.7 and v = 2.5, the derivative of this
covariance with respect to v is —1.3 x 1073 for a value of 0.13 (1% relative variation), while for
¢ = 0.5 and v = 2.5, this derivative is —5 x 1073 for a value of 0.037 (13% relative variation).
Hence, the asymptotic variance is globally decreasing with € and the decrease is very strong for
small e. The variance is several orders of magnitude smaller for large €, where pairs of dependent
observations start to appear.

On figure 10, we show the numerical results for the estimation of v with (¢y = 2.7, = 2.5).
For both ML and CV, there is a global improvement of the estimation with the irregularity of
the spatial sampling. Moreover, the advantage of ML over CV for the estimation, is by a factor
seven, contrary to figures 8 and 9, where this factor was close to one.

4.4. Estimating both the correlation length and the smoothness parameter

In this subsection 4.4, the case of the joint estimation of ¢ and v is addressed. We denote,
for ML and CV, V,, V,, and C;,, the asymptotic variances of \/ﬁg and y/n¥ and the asymptotic
covariance of /nf and \/n¥ (propositions 3.2 and 3.6).

Since we here address 2 x 2 covariance matrices, the impact of the irregularity parameter e
on the estimation is now more complex to assess. For instance, increasing e could increase Vj
and at the same time decrease V,,. Thus, it is desirable to build scalar criteria, defined in terms
of Vo, V,, and C,, measuring the quality of the estimation. In [40], the criterion used is the
average, over a prior distribution on (g, vy), of log (V;V,, — Czy), that is the averaged logarithm
of the determinant of the covariance matrix. This criterion corresponds to D-optimality in
standard linear regression with uncorrelated errors, as noted in [40]. In our case, we know the
true (¢o,1p), so that the Bayesian average is not needed. The first scalar criterion we study is
thus Dy, = V,V, — Cﬁy. This criterion is interpreted as a general objective-free estimation
criterion, in the sense that the impact of the estimation on Kriging predictions that would be
made afterward, on new input points, is not directly addressed in Dy, .
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Figure 10: Same setting as in figure 6 but for the estimation of v and with ¢y = 2.7 and vg = 2.5.

One could build other scalar criteria, explicitly addressing the impact of the covariance
function estimation error, on the quality of the Kriging predictions that are made afterward.
In [40], the criterion studied for the prediction error is the integral over the prediction domain

- . 2 N
of E [(Yéo (t) — Yé(t)) ], where Yp(t) is the prediction of Y'(¢), from the observation vector,

and under covariance function Ky. This criterion is the difference of integrated prediction mean
square error, between the estimated and true covariance functions. In [2] and in [40], two different
asymptotic approximations of this criterion are studied. In [40], another criterion, focusing on
the accuracy of the Kriging predictive variances built from é, is also treated, together with a
corresponding asymptotic approximation. In [5], a criterion for the accuracy of the Kriging
predictive variances, obtained from an estimator of the variance parameter, is studied, when the
correlation function is fixed and misspecified. Since we specifically address the case of Kriging
prediction in the asymptotic framework addressed here in section 5.2, we refer to [2, 40, 5] for
details on the aforementioned criteria. In this subsection 4.4, we study the estimation criteria
‘/Ey Vl/7 CZ,V and DK,V-

In figure 11, we consider the ML estimation, with varying (¢y,v9). We study the ratio of
Ve, Vi, and Dy, between € = 0 and € = 0.45. We first observe that V, is always smaller for
€ = 0.45 than for € = 0, that is to say there is an improvement of the estimation of ¥ when using
a strongly irregular sampling. For Vj, this is the same, except in a thin band around ¢y =~ 0.73.
Our explanation for this fact is the same as for a similar singularity in figure 3. For ¢y = 0.73
and ¢ = 0, the correlation between two successive points is approximatively only a function
of /. For instance, the derivative of this correlation with respect to v at £ = 0.73,v = 2.5 is
—3.7 x 1072 for a correlation of 0.15. Thus, the very large uncertainty on v has no negative
impact on the information brought by the pairs of successive observation points on ¢ for e = 0.
These pairs of successive points bring most of the information on the covariance function, since
£y is small. When e = 0.45, this favorable case is broken by the random perturbations, and the
large uncertainty on v has a negative impact on the estimation of ¢, even when considering the
pairs of successive observation points.

Nevertheless, in the band around ¢; ~ 0.73, when going from ¢ = 0 to ¢ = 0.45, the
improvement of the estimation of v is much stronger than the degradation of the estimation
of ¢. This is confirmed by the plot of D, ,, which always decreases when going from € = 0 to
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Figure 11: For ML, plot of the ratio, between € = 0 and € = 0.45, of V; (left), Vi, (center) and Dy, (right). The
true covariance function is Matérn with varying £o and vo. We jointly estimate ¢ and v. We retain the particular
point (4o = 0.73,v9 = 2.5) for further investigation below in this subsection 4.4.
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Figure 12: Same setting as in figure 11 but for CV. We retain the particular point (¢g = 1.7, = 5) for further
investigation below in this subsection 4.4.

€ = 0.45. Thus, we confirm our global conclusion of subsection 4.3: strong perturbations of the
regular grid create pairs of observation points with small spacing, which is always beneficial for
ML in the cases we address.

Finally, notice that we have discussed a case where the estimation of a covariance parameter
is degraded, while the estimation of the other one is improved. This justifies the use of scalar
criteria of the estimation, such as Dy, or the ones related with prediction discussed above.

We retain the particular point (¢g = 0.73, 9 = 2.5), that corresponds to the case where going
from € = 0 to € = 0.45 decreases V,, and increases V;, for further global investigation in figure
13.

In figure 12, we address the same setting as in figure 11, but for the CV estimation. We
observe that going from € = 0 to € = 0.45 can increase Dy, . This is a confirmation of what
was observed in figure 4: strong irregularities of the spatial sampling can globally damage
the CV estimation. The justification is the same as before: the LOO error variances become
heterogeneous when the regular grid is perturbed.

We also observe an hybrid case, in which the estimation of ¢ and v is improved by the
irregularity, but the determinant of their asymptotic covariance matrix increases, because the
absolute value of their asymptotic covariance decreases. This case happens for instance around
the point (£y = 1.7, = 5), that we retain for a further global investigation in figure 14.

In figure 13, for £y = 0.73,9 = 2.5 and for ML, we plot V, V,, and Dy, with respect to e,
for € € [0,0.45]. We confirm that when e increases, the decrease of V,, is much stronger than
the increase of V. As a result, there is a strong decrease of D, ,. This is a confirmation of our
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Figure 13: Joint estimation of £ and v by ML. £o = 0.73 and v = 2.5. Plot of V; (left), V,, (center) and Dy,
(right) with respect to e.

main conclusion on the impact of the spatial sampling on the estimation: using pairs of closely
spaced observation points improves the ML estimation.

In figure 14, for ¢y = 1.7,y = 5 and for CV, we plot V;, V,,, C¢, and D,, with respect
to €, for € € [0,0.45]. We observe the particular case mentioned in figure 12, in which the
estimation of £ and v is improved by the irregularity, but the determinant of their asymptotic
covariance matrix increases, because the absolute value of their asymptotic covariance decreases.
This particular case is again a confirmation that the criteria V, and V, can be insufficient for
evaluating the impact of the irregularity on the estimation, in a case of joint estimation.

4.5. Discussion

We have seen that local perturbations of the regular grid can damage both the ML and the
CV estimation (figure 3). The CV estimation can even be damaged for strong perturbations
of the regular grid (figure 4). As we have discussed, our interpretation is that perturbing the
regular grid creates LOO errors with heterogeneous variances in (3), increasing the variance of
the CV estimator minimizing their sum of squares.

Our main conclusion is that strong perturbations of the regular grid (e = 0.45) are beneficial
to the ML estimation in all the cases we have addressed (figures 4, 5, 11). Furthermore, ML is
shown to be the preferable estimator in the well-specified case addressed here. This main result
is in agreement with the references [31, 40, 11] discussed in section 1. The global conclusion is
that using groups of observation points with small spacing, compared to the observation point
density in the prediction domain, is beneficial for estimation.

Notice also that, in the reference [5] addressing the misspecified case, it is shown that using a
sparse regular grid of observation points, compared to a sampling with iid uniform observation
points, strongly damages the CV estimation, and has considerably less influence on the ML
estimation. This result is also an argument against using only evenly spaced observation points,
from an estimation point of view.

5. Analysis of the Kriging prediction

The asymptotic analysis of the influence of the spatial sampling on the covariance parameter
estimation being complete, we now address the case of the Kriging prediction error, and its
interaction with the covariance function estimation. In short words, we study Kriging prediction
with estimated covariance parameters [31].

In subsection 5.1, we show that any fixed, constant, covariance function error has a non-
zero asymptotic impact on the prediction error. This fact is interesting in that the conclusion
is different in a fixed-domain asymptotic context, for which we have discussed in section 1
that there exist non-microergodic covariance parameters that have no asymptotic influence on
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Figure 14: Joint estimation of £ and v by CV. £y = 1.7 and vy = 5. Plot of V; (top-left), Vi, (top-right), Cy,,
(bottom-left) and Dy, (bottom-right) with respect to e.
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prediction. In subsection 5.2, we show that, in the expansion-domain asymptotic context we
address, the covariance function estimation procedure has, however, no impact on the prediction
error, as long as it is consistent. Thus, the prediction error is a new criterion for the spatial
sampling, that is independent of the estimation criteria we address in section 4. In subsection
5.3, we study numerically, in the case of the Matérn covariance function, the impact of the
regularity parameter € on the mean square prediction error on the prediction domain.

5.1. Influence of covariance parameter misspecification on prediction

In proposition 5.1, we show that the misspecification of correlation parameters has an asymp-
totic influence on the prediction errors. Indeed, the difference of the asymptotic Leave-One-Out
mean square errors, between incorrect and correct covariance parameters, is lower and upper
bounded by finite positive constants times the integrated square difference between the two
correlation functions.

Proposition 5.1. Assume that condition 2.1 is satisfied and that for all 0 € ©, Ky(0) = 1.
Let, for 1 < i <n, G0 (y—i) = Egix (Wily1, s Yi-1,Yis1, s Yn) be the Kriging Leave-One-
Out prediction of y; with covariance-parameter 8. We then denote

Dy(0.60) :=E % Z {vi — gi,@(y—i)}2] —E

I X
LS =g )
Lt
Then there exist constants 0 < A < B < 400 so that, for e =0,
AN {Ko(v) — Koy (v)}* < lim D, (6,6))

vezd n—-+o0o

and
im D, (0,00) < B Y {Ky(v) — Kg,(v)}*.

n—4oo
veZd

For e # 0, we denote D, = Uycza\o (v + €Csy ), with Csy = {t1 —ta2,t1 € Sx,ta € Sx}. Then
A [ (Kolt) = Kay ) dt < i D, (6.60)
D. n——+oo

and
T Dy(0.00) < B [ {Ko(t) = Koy 0} .

n—-+oo

Proof. The minoration is proved in the proof of proposition 3.4. The majoration is obtained
with similar techniques. O

5.2. Influence of covariance parameter estimation on prediction
In proposition 5.2, proved in section Appendix C, we address the influence of covariance
parameter estimation on prediction.

Proposition 5.2. Assume that condition 2.1 is satisfied and that the Gaussian process Y, with
covariance function Ky, (t), yields almost surely continuous trajectories. Assume also that for
every € ©,1 <1 <p, a%iKa (t) is continuous with respect to t. Let Y/g(t) be the Kriging predic-
tion of the Gaussian process Y at t, under correlation function Ky and given the observations
Y1,y Yn. For any n, let Ny, so that Nldm <n < (N1, +1)% Define

1 . 2
Eopi=—— (Vo) = (1)) at. (8)
Nld,n [0,N1,»]4
Consider a consistent estimator 0 of 8g. Then
|Ee00 — E 5l = 0p(1). (9)
Furthermore, there exists a constant A > 0 so that for all n,

E(E.p,) > A. (10)
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In proposition 5.2, the condition that the Gaussian process Y yields continuous trajectories
is not restrictive in practice, and can be checked using e.g. [3]. In proposition 5.2, we show that
the mean square prediction error, over the observation domain, with a consistently estimated
covariance parameter, is asymptotically equivalent to the corresponding error when the true
covariance parameter is known. Furthermore, the mean value of this prediction error with the
true covariance parameter does not vanish when n — 4o00. This is intuitive because the density
of observation points in the domain is constant.

Hence, expansion-domain asymptotics yields a situation in which the estimation error goes to
zero, but the prediction error does not, because the prediction domain increases with the number
of observation points. Thus, increasing-domain asymptotic context enables us to address the
prediction and estimation problems separately, and the conclusions on the estimation problem
are fruitful, as we have seen in sections 3 and 4. However, this context does not enable us to
study theoretically all the practical aspects of the joint problem of prediction with estimated
covariance parameters. For instance, the impact of the estimation method on the prediction
error is asymptotically zero under this theoretical framework, and using a constant proportion
of the observation points for estimation rather than prediction cannot decrease the asymptotic
prediction error with estimated covariance parameters.

The two aforementioned practical problems would benefit from an asymptotic framework that
would fully reproduce them, by giving a stronger impact to the estimation on the prediction.
Possible candidates for this framework are the mixed increasing-domain asymptotic framework,
addressed for instance in [13] and [14], and discussed in remark 3.1, and fixed-domain asymp-
totics. In both frameworks, the estimation error, with respect to the number of observation
points, is larger and the prediction error is smaller, thus giving hope for more impact of the
estimation on the prediction. Nevertheless, even in fixed-domain asymptotics, notice that in
[23] and referring to [34], it is shown that, for the particular case of the tensor product exponen-
tial covariance function in two dimensions, the prediction error, under covariance parameters
estimated by ML, is asymptotically equal to the prediction error under the true covariance pa-
rameters. This is a particular case in which estimation has no impact on prediction, even under
fixed-domain asymptotics.

5.3. Analysis of the impact of the spatial sampling on the Kriging prediction

In this subsection 5.3, we study the prediction mean square error E (E. 4, ,,) of proposition
5.2, as a function of €, £y and vy, for the one-dimensional Matérn model, and for large n. This
function is independent of the estimation, as we have seen, so there is now no point in distin-
guishing between ML and CV. In the following figures, the function E (E. 4, ,,) is approximated
by the average of iid realizations of its conditional mean value given X = z,

1 n
E /O (1 - TZ),VO (t)RZOZEDOTZU,VO (t)) dta
where (rggu,(t)); = Koo (i + exi — t) and (Regu,); 5 = Koo (1 — J + €[z — 25]).

On figure 15, we plot the ratio of the mean square prediction error E (E. 4, .,), between
e = 0 and € = 0.45, as a function of ¢y and vy, for n = 100 (we observed the same results for
n = 50). We see that this ratio is always smaller than one, meaning that strongly perturbing
the regular grid always increases the prediction error. This result is in agreement with the
common practices of using regular, also called space filling, samplings for optimizing the Kriging
predictions with known covariance parameters, as illustrated in figure 3 of [40]. Similarly, the
widely used prediction-oriented maximin and minimax designs (see e.g chapter 5 in [27]) yield
evenly spaced observation points.

In figure 16, we fix the true covariance parameters ¢y = 0.5, vy = 2.5, and we study the
variations with respect to e of the asymptotic variance of the ML estimation of v, when /¢ is
known (figure 8), and of the prediction mean square error E (E, g, ., ), for n = 50 and n = 100.
The results are the same for n = 50 and n = 100. We first observe that E (E, g, ., ) is globally
an increasing function of e. In fact, we observe the same global increase of E (E. 4, .,), for
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Figure 15: Ratio of the mean square prediction error E (Ee,loﬂm) in proposition 5.2, between e = 0 and € = 0.45,
as a function of £9 and vg, for n = 100.

n = 50 and n = 100, with respect to ¢, for all the values (0.5,5), (2.7,1), (0.5,2.5), (0.7,2.5),
(2.7,2.5), (0.73,2.5) and (1.7,5), for (¢o,1p), that we have studied in section 4. This is again a
confirmation that, in the increasing-domain asymptotic framework treated here, evenly spaced
observations perform best for prediction. This conclusion corresponds to the common practice
of using space filling samplings for Kriging prediction with known covariance parameters.

The second conclusion than can be drawn for figure 16 is that there is independence between
estimation (ML in this case) and prediction. Indeed, the estimation error first increases and
then decreases with respect to €, while the prediction error globally decreases. Hence, in figure
16, the regular grid still gives better prediction, although it leads to less asymptotic variance
than mildly irregular samplings. Therefore, there is no simple antagonistic relationship between
the impact of the irregularity of the spatial sampling on estimation and on prediction.
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Figure 16: ¢y = 0.5, 1o = 2.5. Left: asymptotic variance for the ML estimation of v, when ¢ is known, as a
function of € (same setting as in figure 8). Right: prediction mean square error E (Ee,lowo) in proposition 5.2 as
a function of e.

6. Conclusion

We have considered an increasing-domain asymptotic framework to address the influence of
the irregularity of the spatial sampling on the estimation of the covariance parameters. This
framework is based on a random sequence of observation points, for which the deviation from
the regular grid is controlled by a single scalar regularity parameter e.

We have proved consistency and asymptotic normality for the ML and CV estimators, under
rather minimal conditions. The asymptotic covariance matrices are deterministic functions of
the regularity parameter only. Hence, they are the natural tool to assess the influence of the
irregularity of the spatial sampling on the ML and CV estimators.

This is carried out by means of an exhaustive study of the Matérn model. It is shown
that mildly perturbing the regular grid can damage both ML and CV estimation, and that
CV estimation can also be damaged when strongly perturbing the regular grid. However, we
put into evidence that strongly perturbing the regular grid always improves the ML estimation,
which is a more efficient estimator than CV, in the well-specified case addressed here. Hence,
we confirm the conclusion of [31] and [40] that using groups of observation points with small
spacing, compared to the observation density in the observation domain, improves the covariance
function estimation. In geostatistics, such groups of points are also added to regular samplings
in practice [11].

We have also studied the impact of the spatial sampling on the prediction error. Regular
samplings were shown to be the most efficient as regards to this criterion. This is in agreement
with, e.g. [40] and with [22] where samplings for Kriging prediction with known covariance
parameters are selected by optimizing a space filling criterion.

The ultimate goal of a Kriging model is prediction with estimated covariance parameters.
Hence, efficient samplings for this criterion must address two criteria that have been shown to be
antagonistic. In the literature, there seems to be a commonly admitted practice for solving this
issue [40, 22]. Roughly speaking, for selecting an efficient sampling for prediction with estimated
covariance parameters, one may select a regular sampling for prediction with known covariance
parameters and augment it with a sampling for estimation (with closely spaced observation
points). The proportion of points for the two samplings is optimized in the two aforementioned
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references by optimizing a criterion for prediction with estimated covariance parameters. This
criterion is more expensive to compute, but is not optimized in a large dimensional space. In
[40, 22], the majority of the observation points belong to the regular sampling for prediction
with known covariance function. This is similar in the geostatistical community [11], where
regular samplings, augmented with few closely spaced observation points, making the inputs
vary mildly, are used. In view of our theoretical and practical results of sections 4 and 5, we are
in agreement with this method for building samplings for prediction with estimated covariance
parameters.

An important limitation we see, though, in the expansion-domain asymptotic framework we
address, is that prediction with estimated covariance parameters corresponds asymptotically
to prediction with known covariance function. Said differently, the proportion of observation
points addressing estimation, in the aforementioned trade-off, would go to zero. As we discuss
after proposition 5.2, mixed increasing-domain or fixed-domain asymptotics could give more
importance to the estimation problem, compared to the problem of predicting with known
covariance function.

Since our sampling is built by perturbing a regular grid, it may not enable us to address very
high degree of irregularity, such as the one obtained from éid random observation points with
non-uniform distribution [13, 14]. Nevertheless, using directly iid random observation points
makes it difficult to parameterize the irregularity of the sampling, which have enabled us to
perform exhaustive numerical studies, in which comparing the irregularity of two samplings
was unambiguous. A parameterized sampling family we see as interesting would be samplings
in which the observation points are iid realizations stemming from a given distribution, but
conditionally to the fact that the minimum distance between two different observation points is
larger than a regularity parameter ¢. In this framework, ¢/ = 0 would correspond to the most
irregular sampling. Increasing ¢’ would correspond to increase the regularity of the sampling. It
seems to us that convergence in distribution similar to propositions 3.2 and 3.6 could be obtained
in this setting, using similar methods, though technical aspects may be addressed differently.

The CV criterion we have studied is a mean square error criterion. This is a classical CV
criterion that is used, for instance, in [27] when the CV and ML estimations of the covariance
parameters are compared. We have shown that this CV estimator can have a considerably
larger asymptotic variance than the ML estimator, on the one hand, and can be sensitive to the
irregularity of the spatial sampling, on the other hand. Although this estimator performs better
than ML in cases of model misspecification [5], further research may aim at studying alternative
CV criteria that would have a better performance in the well-specified case.

Other CV criteria are proposed in the literature, for instance the LOO log-predictive prob-
ability in [24] and the Geisser’s predictive mean square error in [32]. It would be interesting to
study, in the framework of this paper, the increasing-domain asymptotics for these estimators
and the influence of the irregularity of the spatial sampling.

In section 4, we pointed out that, when the spatial sampling is irregular, the mean square er-
ror CV criterion could be composed of LOO errors with heterogeneous variances, which increases
the CV estimation variance. Methods to normalize the LOO errors would be an interesting re-
search direction to explore.
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Appendix A. Proofs for section 3

In the proofs, we distinguish three probability spaces.

(Qx, Fx, Px) is the probability space associated with the random perturbation of the regular
grid. (X;)ien~ is a sequence of iid Sx-valued random variables defined on (Qx, Fx, Px), with
distribution £x. We denote by wx an element of Q.

(Qy, Fy, Py) is the probability space associated with the Gaussian process. Y is a centered
Gaussian process with covariance function Ky, defined on (Qy, Fy, Py). We denote by wy an
element of Qy .

(Q, F,P) is the product space (Qx X Qy, Fx ® Fy, Px X Py). We denote by w an element
of Q.

All the random variables in the proofs can be defined relatively to the product space (92, F, P).
Hence, all the probabilistic statements in the proofs hold with respect to this product space,
unless it is stated otherwise.

In the proofs, when (f,)nen+ is a sequence of real functions of X = (X;),, f, is also a
sequence of real random variables on (Qx, Fx, Px). When we write that f,, is bounded uniformly
in n and z, we mean that there exists a finite constant K so that sup,, sup,cgn [fn(z)| < K.
We then have that f, is bounded Px-a.s., i.e. sup, f, < K for a.e. wx € Qx. We may
also write that f, is lower-bounded uniformly in n and z when there exists a > 0 so that
inf,, inf,esy fn(z) > a. When f,, also depends on 6, we say that f, is bounded uniformly in n,
x and § when supycg fr is bounded uniformly in » and . We also say that f,, is lower-bounded
uniformly in n, z and # when infycg f, is lower-bounded uniformly in n and x.

When we write that f,, converges to zero uniformly in z, we mean that sup,cgn |fn(2)] =n—+too
0. One then have that f,, converges to zero Px-a.s. When f,, also depends on 9),( we say that f,
converges to zero uniformly in n,  and 6 when supgcg fn converges to zero uniformly in n and
T.

When f,, is a sequence of real functions of X and Y, f, is also a sequence of real random
variables on (Q, F,P). When we say that f,, is bounded in probability conditionally to X = x and
uniformly in z, we mean that, for every § > 0, there exist M, N so that sup,,> y Supyesn P(|fn] =
M|X = z) <. One then have that f,, is bounded in probability (defined on the product space).

Appendiz A.1. Proof of proposition 3.1

Proof. We show that there exist sequences of random variables, defined on (Qx,Fx, Px),
Dy g, and Ds g g, (functions of n and X), so that supy |(Lg — Lg,) — Da,g,] —p 0 (in proba-
bility of the product space) and Dy g, > BDs3g, Px-a.s. for a constant B > 0. We then
show that there exists Dy 9,4,, @ deterministic non-negative function of 0,6, only, so that
supy |D2,0.0, — Doo,0,0,] = 0p (1) and for any o > 0,

inf Dy 0. Al
ot Doco60 > (A.1)

This implies consistency.

We have Ly = L log {det (Rg)} + %the_ly. The eigenvalues of Ry and R, ' being bounded
uniformly in n and = (lemma Appendix D.5), var (Lg|X = x) converges to 0 uniformly in z,
and so Ly — E (Lg|X) converges in probability P to zero.

1

Then, with 2 = R, *y,

0Ly 1 { ( _18R9) ol 4ORg 1
sup — sup —<Tr|R,"—— | + 'R} —R, "R} 2
ke{l,...,p}0c0 | Ok ke{l,...,p},0c0 1 o 90y 070 pg, "¢ "o
_ ORy _ ORy 1
< su maz | ||R,! H SR R;? H >}<1+z2),
< o e (1| Sl 12571 | L

and is hence bounded in probability conditionally to X = x, uniformly in x, because of lemma
Appendix D.5 and the fact that z ~ N (0,1,,) given X = x.
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Because of the simple convergence and the boundedness of the derivatives, supy |Lg—E (Lg| X) | =,
0. We then denote Dy g, := E (Lg|X)—E (Lg,|X). We then have sup, | (Lo — Lo,) — Da,9,] —>p O.
We have E (Lg|X) = L log {det (Rg)} + 2 Tr (R, 'Ry,) and hence, Px-a.s.

1 1 1
Dgg, = Hlog{det (Rg)}—&—ﬁTr (REIRQO)—Elog{det (Rg,)} —

53 [tos{on (g )} o () <],

Using proposition Appendix D.4 and lemma Appendix D.5, there exist 0 < a < b < +00
so that for all =, n, 0, a < ¢; (RéoRgleo) < b. We denote f(t) = —log(t)+t—1. As fis
minimal in 1, /(1) = 0 and f” (1) = 1, there exists A > 0 so that, for ¢ € [a,b], f (¢) is larger
than A (t — 1)°. Then,

1 & 1 1\2
Doay = A=Y {1-4 (R;ORelR,;“O)}

o

n

2
— 4 ‘Rﬁ (Rg — Ro,) R;%

Then, as the eigenvalues of R;% are larger than ¢ > 0, uniformly in n, z and 0, and with
IMN|? > inf; ¢? (M) |N|? for M symmetric positive, we obtain, for some B > 0, and uniformly
in n, z and 0,

Dy.g, > B|Rg — Rp,|? := BDa g g,

For e =0, D3 g4, is deterministic and we show that it converges uniformly in 6 to

D9 = {Ko(v) = Kg, (v)}°. (A.2)
vEZD
Indeed,
||Ro — Ro,|* = Doc.0.00| < = Z Z{Ke — Ky, (v; — )} — Z {Ko (v) — Ko, (v)}7].
i=1 [j=1 veZ?

Now, using lemma Appendix D.1 and (1), supgee,1<i<n D_pen-)a 1Ko (vi —v) — Ko, (v; — v)}?
is bounded by C' < +o00, independently of n. Let § > 0. Using lemma Appendix D.3 and (1),
there exists T < 400 so that SUPgco,1<i<n ZUE(N*)dz‘U_UilooZT {Ky (v; —v) — Ky, (v; — U)}Q is
bounded by ¢ independently of n. Finally, for any n, let E,, be the set of points v;, 1 < ¢ < n,
so that szl {(i)k =T, oo, (V) + T} & {v;,1 <i < n}. The cardinality of E, is denoted by
N1, and is so that = —, 0.

then,
1 - 2 2
|Rs — Rgy|> = Doc,p,60| < - > Do AKewi — ;) = Koy (vi —v))} = > {Kp (v) = Ko, (v)}
1<i<n,v;€E, |j=1 veZd
1 2
T Z Z{KO i) — Koy (vi —v;)}° — Z {Ky (v) — Ky, (v)}
1<i<n,u; €E, |j=1 veZd
Nin 1 2
< d - ) — _
< - (20) + Z Z {K@ (Uz U) Ko, (vl U)}
1<i<n, i € En ve(N*)4 |v—v; |00 >T
<

ni
—(2 0.
—(20) +
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Thus, ||Rs — Rg,|* — Doc,9,6, | is smaller than 26 for n large enough.

For ¢ = 0, Deo gy, is continuous in 6 because the series of term sup, |Ky (v)|?, v € Z4
is summable using (1) and lemma Appendix D.1. Hence, if there exists « > 0 so that
infg_g,|>a Doo,0,6, = 0, we can, using a compacity and continuity argument, have 0., # 6o
so that (A.2) is null. Hence we showed (A.1) by contradiction, which shows the proposition for
e=0.

For € # 0, Dagg, = %Tr {(Rg — RQO)Q}. With fixed 6, using proposition Appendix D.7,
Dy 9.9, converges in Px-probability to Do g0, := lim,, o0 Ex (D2,9.6,). The eigenvalues of the
50° 1 <4 < n, being bounded uniformly in n, 6, z, the partial derivatives with respect to 6 of
Dy 99, are uniformly bounded in n, § and z. Hence supg |D2 9,6, — Doo,0,6,] = 0p (1). Then

2
Jim {0 (0) = Ko, (0))
1<i,j<n,i#j

1
Docogy= lim = V (Ky (vi —v; +1) — Koy (v — v + 1)} fr (t) dt
eCsy

with fr (¢) the probability density function of € (X; — X;), i # j. We then show,

+{Ky (0) — Ko, (0)}?

Do 6,6,

) Vecsx {Ko (v+1) = Ko, (v + )} fr (1) dt

vEZA\0

/D (K () — Ky (1) Fr (1) dt + (Ko (0) — Koy (0)}2, (A3)

where fT is a positive-valued function, almost surely with respect to the Lebesgue measure on
D.. As sup, |Kp (t) | is summable on D, using (1), Dw 9.9, is continuous. Hence, if there exists
a > 0 so that infjg_g)|>a Doo,g,6, = 0, we can, using a compacity and continuity argument, show
that there exists 6. # 6y so that (A.3) is null. Hence we proved (A.1) by contradiction which
proves the proposition for € # 0.

O

Appendiz A.2. proof of Proposition 8.2

Proof. For 1 < i,j < p, we use proposition Appendix D.7 to show that ~Tr (R_lg—éf_R_l%)
has a Px-almost sure limit as n — +oo.

We calculate %Lg = % {Tr (R;l%—lgf) - the_l%—I;fR(;ly}. We use proposition Appendix
D.9 with M; = R;l%—lgf and N; = —R;l%—lng;l, together with proposition Appendix D.7, to
show that

0
\/E%Lgo —L N(O, 4ZML) .

We calculate

o2 1 OR ., OR 9°R
R _ ZTy _p-1 1Y —1
90,00, % ~ & r( R 567 a0, TH aeiaej)
1, (. 0R L OR__, | &R __,
Ly (2r 12 - .

Hence, using proposition Appendix D.8, g—;LgU converges to 2X,,; in the mean square
sense (on the product space).

Finally, 86&6%8@[’@ can be written as % {Tr (Mé) + th(;z}, where Mj; and Ny are sums of
matrices of M (proposition Appendix D.7) and where z depends on X and Y and £ (2| X) =
N (0, 1I,,). Hence, the singular values of M and N; are bounded uniformly in 6, n and z, and so
SUp; ; 1o 6&%‘?89&-[’5 is bounded by a + b%|z|2, with constant a,b < +00 and is hence bounded

in probability. Hence we apply proposition Appendix D.10 to conclude.
O
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Appendiz A.3. Proof of proposition 8.3

Proof. We firstly prove the proposition in the case p = 1, when X, is a scalar. We then show
how to generalize the proposition to the case p > 1.

For p = 1 we have seen that +Tr ( R, 18R6° Rt
n ) 0o

1 1 6R9 718R9 1 -1 8R9 i 1 8R.9 1 8R9 1 2
n (R"O 96 o0 5g ) = 7 \Ra gg Ra Bo’ g o’ ) = | Ra) g Ra’

BRg

) — Py 2ZML Then

v

ut o 1)’

1,Mn,T

_1\4
By lemma Appendix D.5, there exists a > 0 so that inf; ,, » ¢; (R902> > a. We then show,

similarly to the proof of proposition 3.1, that the limit of ‘ Rog ’2 is positive.

We now address the case p > 1. Let vy = (A1,...,\p)" € Rp, vy, different from zero. We define
the model {K5,5 € [5mf,6sup]}, with 6inf <0< 6sup by Ks = K(90)1+5)\17___7(90)p+5)\p. Then
Ks—o = Kp,- We have %Ks—o(t) = Y .1_; Mega-Ka, (t), so the model {Ks,6 € [0ins, dsup]}
verifies the hypotheses of the proposition for p = 1. Hence, the P-mean square limit of g—;L(;:O

. .« . . 2 2
is positive. We conclude with %ngo = vf\ (%Leo) Vy.
O

Appendiz A.4. Proof of proposition 3.4

Proof. We will show that there exists a sequence of random variables defined on (Qx, Fx, Px)
Dy g, so that supy | (CVy — CVp,) — Da.g,| —p 0 and C > 0 so that Px-a.s.

Dg.6, > C|Rg — Ry, |*. (A4)
The proof of the proposition is then carried out similarly to the proof of proposition 3.1.
Similarly to the proof of proposition 3.1, we firstly show that sup, |CVy —E (CVy|X)| —, 0

We then denote Dy g, = E (CVy|X) — E (CVy,|X). We decompose, for all ¢ € {1,...,n}, with P,
the matrix that exchanges lines 1 and i of a matrix,

1 7t
X t _ 7,0
P;RyP; (7"1‘,9 Ri,&) .

The conditional distributions being independent on the numbering of the observations, we have,
using the Kriging equations

1 — 2
Do, = HZE{(zoR_wy i — oo R 0,y ) X}
i=1
1 — _ _ i i
= o Z (Tf,aR—z‘l T GOR—z 00) R_; ¢, (R—z‘l,eriﬂ - R—z{eoriﬂo) .

Similarly to lemma Appendix D.5, it can be shown that the eigenvalues of R_; g, are larger
than a constant A > 0, uniformly in n and . Then

2
b = a5t )
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Using the virtual Cross Validation equations [25, ch.5.2], the vector Rjﬁri,g is the vector of the

(Bo),

—5=L for 1 < j <n, j #i. Hence Px-a.s.
(R9 )“

1 . (R 1)
L ]
=1 j#i i,i 0o Ji,i
. N 2
= AH diag (R ')~ — diag (Reol) Ry!
> B% diag (R;!) diag (R;l)‘lel R\, with B=inf,,, 7 {aiag (R7,") '}, B> 0.

The eigenvalues of diag (R, ") diag (R, 1)71 are bounded between a > 0 and b < oo uniformly
in n and . Hence we have, with D, the diagonal matrix with values A\, ..., Ay,

Dy o,

IV

1_p-t 2
ABa<,\1, An <b|D’\R Fg, }

ABC D1 Ry — Rg,|?, using [10] theorem 1,
e >\ <b

Y

> ABC inf |D,\R9—Reo|’

1s--5An

with C' = %infn’m’g HRlBHQ HR% 5 C > 0. Then

1 n
D9,90 > ABC-— Z AiRy 10, R907 ;])

i,j=
1 n n
= ABC=> inf» (ARgi;— Re,i;)°
[ R
1 n
= ABC-> infe (A=1)>+>  (ARgi; — Ro,i;)°
nig j#i
Lemma Appendix A.1l. For any ay,...,a, and by,....,b, € R,
Yoy (ai = bi)?
1nf -1) 24 i — Ab;) ’—.
{ Z } N 1+ Zz 1 1
Proof.

A=D1+ (ai = Ab)* = N2 <1+Zb2> —2)\<1+ZQZ > + <1+§n:a§>.
. i=1

. . . . 2
The minimum in z of az? — 2bx + ¢, is —% + ¢, hence

n

A=D1+ (ai = Ab)* > 1+Z >_1+Zmaz)

i=1 1 + Zz 1 z)
2
_ > i (ai — bi)2 — (i aibi) + (Z:‘L:l a’zz) (Zz 1 bzz)
1 +Zz 1 z
n _ bi 2
> leJrl(Z>’ using Cauchy-Schwartz inequality.
=1 "1
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Using lemma Appendix A.1l, together with (1) and lemma Appendix D.1 which ensures
that >, (Rg.i.;)? < ¢ < 400 uniformly in 4, § and z, we obtain

ABC**ZZ Ry 4,7 Reoﬂ,j)z

i=1 j#i

1
ABC——|Ry — Roy|*, because Ro i =1 = Ry i,

Dy ¢,

v

which proves (A.4) and ends the proof.

Appendiz A.5. Proof of proposition 8.5
Proof. Tt is shown in [5] that 53-CVp = 2y'Mjy = Lyt {M; + (Mg)t} y. We then show that

cov (yt Ay, y' By|X) = 2Tr (AR, BRy,) for symmetric matrices A and B, which shows (4).
A straightforward but relatively long calculation then shows

82 ]. t>—1 aR@ 1 -3 .. —1 aRg —1
— = _— —_— d
89i89j0% 4ny R, 20, — Ry "diag (R, ") ~ diag <R 50, Ry
1 ORy -3 .. ORy _
—4ﬁth9 ! 20, ——Ry'diag (R, ") " diag <R9 ! 90, —Ry ) R,y
l t _18 0 1 2 18R0
+2ny R, 20, (Ry

00; ?

1 aR OR
—4-y' Ry diag (R; ") ~ diag Ryt 4 9189939 )R;ly

1 OR
+6ny Re diag Re dlag <R9 18R0 ) diag <R9 120 g ) Re_ly

+2%th9_1diag (R; ")~ diag <R—1 a R" R‘l) Ry'y

o 90,00,
+2%th;1 diag (R, ) Ry %]:9 Ry’ %};9 Ry
+2%th;1diag (R, R, 1%];"}2 188];"}2 !
—Q%th;I diag (R, ") Ry ;;ggj Ry'y

We then have, using E (y*Ay|X) = Tr(ARy,) and for matrices D, M; and Ms, with D
diagonal, Tr {M; D diag (Ms)} = Tr {MyD diag (M;)} and Tr (DM;) = Tr (DM}),
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aRgo

2 -
IE( 0 CV90|X> = 8T Rg Udiag (R;) " diag <R9_018§;“R9_01) Rgol}
-

Rgo

Re diag (Ry,') : Ry, 83}29_0 Re_ol}

1 . 8R90 ORg, _
+6nTr diag Re dlag (Reol 20, )dag <R901 26, Reol)

1 aR@O

1 . - _10Rg, , 4 -1
—4nTr{d1ag R, ~ diag (Reo 20, Ry, 20, Ry, ) Ry,

ot L dia (R;") "’ diag | R, 0" Ry, RY)R!
n & (As, &\ 96,00, % ) Mo

1 _10Rg, ._,0Rg, . _
+4—Tr | diag (Ry.") Rool 5 91_0 R,! 69; Reol}

00;00;

The fourth and sixth terms of (A.5) are opposite and hence cancel each other. Indeed,

1 0’R
—2— Tr diag Reo Rgol % Re_ol} .

Tr {diag (Ry!) ™ diag <R901 88}290 Ry 88}290 Ry ) Rgol}

-3 (_10Re, _10Rg, _ _
= Z (R901)i’i <R901 896:0 Reol aajo R001>‘ ] (Rﬁol)i’i
_10R,

OR,
1 0
(R9o )z i <R90 90, R90 agjOR ) ‘

_ . 1\ 2 51 aRg -1 8Rg 1
= Tr {dlag (RGO ) Ry, 892-0 Ry, 50; Ry ¢
Similarly the fifth and seventh terms of (A.5) cancel each other.
Hence, we show the expression of E (%;%CV(MX) of the proposition.

[
MS

We use proposition Appendix D.7 to show the existence of ¥cv; and Xy s. O

Appendiz A.6. Proof of proposition 3.6
Proof. We use proposition Appendix D.9, with Mgo the notation of proposition 3.5 and

; N
N; = = { g, + (05,)' }
together with propositions Appendix D.7 and 3.5 to show that
0
\/E%CVQO —LC N (0, 20\/71) .

We have seen in the proof of proposition 3.5 that there exist matrices P; ; in Mg, (proposition
Appendix D.7), so that #;%C’Vgo = %yth-y, with %Tr (P ;R) — (ECV,Q)i’j Px-almost
surely. Hence, using proposition Appendix D.8, 59722[/00 converges to Ycy,2 in the mean square
sense (on the product space).

Finally, WC’V@ can be written as % (ZtN;;,j,kZ) where Ng,j,k are sums of matrices of
My (proposition Appendix D.7) and z depending on X and Y with £ (2|X) =N (0,1,,). The
singular values of Ng’j’k are bounded uniformly in , n and z and so SUp; ;14 (WZ%CC’V@)

is bounded by b%ztz, b < 400, and is hence bounded in probability. We apply proposition
Appendix D.10 to conclude.
O
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Appendiz A.7. Proof of proposition 8.7
Proof. We show the proposition in the case p = 1, the generalization to the case p > 1 being
the same as in proposition 3.3.

Similarly to the proof of proposition 3.1, we show that ‘g—;CV};O ) (%CVMX)‘ —p 0
We will then show that there exists C' > 0 so that Px-a.s.,

0 ORy|?
<692CV9°|X) “1 o0

The proof of the proposition will hence be carried out similarly as in the proof of proposition
3.1.

g—;CV};O can be written as 2! Mz with z depending on X and Y and £ (2| X) = N (0, I,,), and
M a sum of matrices of My, (proposition Appendix D.7). Hence, using proposition Appendix

(A.6)

D.7, uniformly in n, sup, ‘g—;CVg‘ < a%ztz with a < +00. Hence, for fixed n, we can exchange
derivatives and means conditionally to X and so

9?2 0?2
B (5aCWlX) = SEECIX).

Then, with 7; 9, R_; ¢ and y_; the notation of the proof of proposition 3.4,

1 & 2
E(CVplX) = - Z [1 — 750, R g, Ti00 + E { (Tf,eoR:z{eoyﬂ - Tﬁ,eR:z{ey*i) |XH
i—1

1 « 1 —
t -1 - —1 -1
= (1 - ri,eoR—z‘,aoriﬁo) + n Z ( L OR—z 0 T R—z 90) R_i 0, (R—i,eriﬁ - R—z’,«%riﬁo) .
i—1

n
i=1

By differentiating twice with respect to 6 and taking the value at 8y we obtain

= (G evi ) Z{ (<taria)} 2o {5 (i)
002 0 o0 —1,00 100 ©o Y 99 —1,00 26'0

> | (et}

with A = inf, ; . ¢? (R_;4,), A > 0,
then, using the virtual CV formulas |25, 9],

Y

V

(o) = afe[a{f)

2

. BTN _10Rg, . iyl o . _n-1(__10Ry, _

= A|diag (R,)  diag (Reol 390R001> diag (Ry) Ry, — diag (Ry,) (Reol 390R901

. _10Rg, . _1y—1 L ORg, |* . . _
> A’B|diag <R901 50 Reol) diag (Ry,') ~ — Ry, —5g¢|  with B =infi . 6; (Ry'), B>0

. ORy
> A’B inf |Dy 10
= [P oy 5

2

> A?B% inf |Ry,Dy— O,

1.9 \n 89
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Then, as Ky (0) = 1 for all 6, and hence 2 Ky, (0) = 0,

2
) 9o I ORa,
> —
<692CV“’°|X) > ATB nf DD N D N (e, a0 ),

i=1 VED

2

ORy

_ a2p2l 2 o
= A°B°— Elnf)\—‘rg{Rgo (89)m}

J#i

We then show, similarly to lemma Appendix A.1, that

n n 2
2 Zz 1 az
3 (0 — A A.
4 i i=1 (al A ) 1 + Zz 1 z ( 7)

Hence, with C € [1,400), by using (1) and lemma Appendix D.1,

2
o2 A2B21 & ORy,
<602CV"°|X) = C RZZ{( 90 )}

>
i=1 ji
A2B2 |9Ry, |?
= C 8990 because %K@O(O) =0.

We then showed (A.6), which concludes the proof in the case p = 1.

Appendix B. Proofs for section 4

Appendiz B.1. Proof of proposition 4.2

Proof. Tt is enough to show the proposition for € € [0, ] for all o < % We use the following
lemma.

Lemma Appendix B.1. Let f, be a sequence of C? functions on a segment of R. We assume
fn _>unif f; frrlp _>unif g, frg _>unzf h. Then: f 18 027 f/ =9, and f// = h.

We denote f, (¢) = ~E {Tr (M*7)} where (M*J),en- is a random matrix sequence defined
on (Qx, Fx,Px) which belongs to My (proposition Appendix D.7). We showed in proposi-
tion Appendix D.7 that f, converges simply to X, ; on [0,a]. We firstly use the dominated
convergence theorem to show that f,, is C? and that f/ and f” are of the form

E {iTr (Nw’)} , (B.1)

with N/ a sum of random matrix sequences of My,. Mg, is similar to My, (proposition
Appendix D.T7), with the addition of the derivative matrices with respect to e. We can then,
using (6), adapt proposition Appendix D.7 to show that f;, and f converge simply to some
functions g and h on [0, a].

Finally, still adapting proposition Appendix D.7, the singular values of N*J are bounded
uniformly in 2 and n. Hence, using Tr (A) < nl|A]|, for a symmetric matrix A, the derivatives of
fns f), and f!/ are bounded uniformly in n, so that the simple convergence implies the uniform
convergence. The conditions of lemma Appendix B.1 are hence fulfilled.

O
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Appendix C. Proofs for section 5

Appendiz C.1. Proof of proposition 5.2
Proof. Let us first show (9). Consider a consistent estimator 6 of 6. Since |6 — 0| = 0,(1), it
is sufficient to show that sup;<;<, gco |22-E. o] = Op(1).

Consider a fixed n. Because the traJectory Y (t) is almost surely continuous on [0, N7 ,]¢,
because for every 0 € ©, 1 < i < p, 20 9_Iy(t) is continuous with respect to t and because,

from (1), supyee 1<i<y 52-Kp(t)| is bounded, we can almost surely exchange integration and
derivation w.r.t. ; in the expression of E. g. Thus, we have almost surely

0 1 d . 2

B, = — (Y t) — Yot ) dt

o = [ o (v -Tw))

)

2 A ori(t) ORs
- Y (t) - Y, _9e\) p1 1
N, /[Olem]d( (t) e(t)> ( 26, Ry +rb(H)Ry 0

with (rg(t)); = Ko(vj + exj — t). Then

E <sup )
0cO

<5 B ({0 - o0 | (e - rboms et} a

<5ty o 2 G 0-v0)))

: J fon® L (e s Gene)) )

< \/ [, Eaenez] e (sup { (00"}
V(G ) ) )
otz [ e ( {(o0)})

R (e D ©

n (C.1), the two supremums can be written

= (up{ o)),

with wg(t) a column vector of size n, not depending on y.
Fix t € [0, N1,,]%. We now use Sobolev embedding theorem on the space O, equipped
with the Lebesgue measure. This theorem implies that for f : © — R, supycg|f(0)] <

Cy o (\f(9)|17 +>0 ’(%jf(&)‘p) df, with C, a finite constant depending only on p and ©.

0
%EE,G
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By applying this inequality to the C function of 6, (wy(t)'y)?, we obtain

e (sup{(wn9)'}) < ® (C/@Z ag, (w0’ pd") & (G [ [(Cwottrn))?["as)
_ gcpi /O E (‘ (wo(1)'y) (aaei (wo()) y) p) WG /@ E ({wo()'y}™) o
<

20, Z_p; \//9 E ({(we(t)ty)}zp) d&J /@E ({ <a(zi (we()?) y) }2p> do

2
+Cp/ E ({wo(t)'y}™) ab.
e
There exists a constant C’

»» depending only on p so that, for Z a centered Gaussian variable,
E(Z?F) = C) var(Z)?. Thus, we obtain

E (Slelg { (we(t)ty)2}>

< chc,’é\/ L[ ({we@)tyf)}”ded /. [E ({ " (wau)t)y}gﬂpde

+ cpq;/@ []E ({wg(t)ty}Q)]p do. (C.2)

Fix 1 < i < pin (C.2). By using (1), a slight modification of lemma Appendix D.1 and
lemma Appendix D.5, SUPgco,tc[0,Ny )" lwg(t)]? < A and SUPgeo,te[0,Ny. )7 |a%iw9(t)|2 < A,

independently of n and z and for a constant A < +oco0. Thus, in (C.2), E ({wg(t)ty}2) =
o(t

2
Ex (wo(t)' Ro,we(t)") < AB, with B = sup,, , ||Rg,||. We show in the same way <{£i (we(t)?) y} ) <
AB. Hence, from (C.1) and (C.2), we have shown that, for 1 < i < p,
0
7Ee 0

E(su
(968 a0; )

is bounded inpendently of n. Hence supypeg 1<;<, |22-E. g| = O,(1), which proves (9).
Let us now prove (10).

1 R 2
E(Ecg,) = E (W /[O,Nlm]d (Y(t) —Yeo(t)> dt)

1 _
= (-Nl)d/[ON ]dIEX (1—r§,0(t)3601r90(t))dt.

Now, let Ry, (t) be the covariance matrix of (Y (), 41, ..., yn)?, under covariance function Ky, .
Then, because of the virtual Leave-One-Out formulas [25, ch.5.2],

1 1
E(Es,) = / Ex | = — | dt
N Jiow e \(Rol ()1

1
i T (o) ket 3 (3 —0),(vi)nt1—e— L (2 —e)] (Ry, (1)1

v
’_‘2& =
™
S—
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Now, for t € szl [(vi)k+e+ %(% —€),(vi)p+1—€e— %(% —6)], inf, 1<j<ncesy [t—v; — emﬂoo >
% (% — e). Thus, we can adapt proposition Appendix D.4 to show that the eigenvalues of Ry, (t)
are larger than A > 0, independently of n, x and t € Ui<;<, szl[(vi)k +e+ %(% —€), (vi)g +

1—e€— %(3 —¢)]. This yields

]E(Ee,t%) > —

which concludes the proof.

Appendix D. Technical results

In subsection Appendix D.1 we state several technical results that are used in the proofs of
the results of sections 3, 4 and 5. Proofs are given in subsection Appendix D.2.

Appendiz D.1. Statement of the technical results

Lemma Appendix D.1. Let f : R — RT, so that f(t) < Then, for all i € N*,

< T
€€ (—3,3) and (z;);c. € SY
3)d 1
d
| Z ‘f{'l}i_vj"i_e( i— )t <2 dz e
JEN* jF#i JEN
Lemma Appendix D.2. Let f : R — R, so that f(t) < W' We consider 6 < %
Then, for all i € N*, a >0, € € [=6,0] and (2;),cx- € SN .

fla{vi —v;j+e(x; —x;)} <2dd
Y flafvi—v : >

1+ad+1 +1 26)4tt

JEN* j#£i JEN
Proof. Similar to the proof of lemma Appendix D.1. O
Lemma Appendix D.3. Let f : R? — Rt so that f(t) < W Then, for all i € N*,
N € N* and (2;),cn- € SY ,
4 3yd-1
jeN*,|v§jm>Nf{vi —vj +e(x; —x5)} < QddjeN%Nil (Jl +;~3+1 :
Proof. Similar to the proof of lemma Appendix D.1. O

Proposition Appendix D.4. Assume that condition 2.1 is satisfied.
For all 0 <6 < %, there exists Cs > 0 so that for all |e| < 6, for all § € O, for all n € N*
and for all x € (Sx)", the eigenvalues of Ry are larger than Cs.

Lemma Appendix D.5. Assume that condition 2.1 is satisfied.
For all || < % and for all K € N, there exists Cc x so that the eigenvalues of Ra_l and of

%, 0<q<K,1<iy,..i; <p, are bounded by C ., uniformly inn € N, x € (Sx)"

and 0 € ©.

Proof. Using, proposition Appendix D.4, we control the eigenvalues of R;l uniformly in x and
6.
With (1) and lemma Appendix D.1, and using Gershgorin circle theorem, we control the

eigenvalues of 698%.
,,,,, iq

O
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Lemma Appendix D.6. For M symmetric real non-negative matriz, inf; ¢;(diag(M)) >
inf; ¢;(M) and sup, ¢;(diag(M)) < sup, ¢;(M). Furthermore, if for two sequences of symmetric
matrices M,, and N,,, M, ~ N,, then diag (M,) ~ diag (N,,).

Proof. We use M, ; = et Me;, where (e;);—1..n is the standard basis of R™. Hence inf; ¢; (M) <
M, < sup; ¢;(M) for a symmetric real non-negative matrix M. We also use |diag (M)| <
O

The next proposition gives a law of large numbers for the matrices that can be written using
k
only matrix multiplications, the matrix Ra_l, the matrices 39"97301%9, for iy, ..., ik € {1,...,p},
7/1 EARAS] lk

the diag operator applied to the symmetric products of matrices Ry, Re_l and ﬁRg, and
7«1 EARAS] Tk

. . —1\—1 . . i ij
the matrix diag (Re 1) . Examples of sums of these matrices are the matrices M}/, , M,

and Mé{/Q of propositions 3.2 and 3.5.

Proposition Appendix D.7. Assume that condition 2.1 is satisfied.
Let 0 € ©. We denote the set of multi-indeves S, = Upe(o,1,2,3) {1,...,p}k. For I =
(1, ...,%) € Sp, we denote m (I) = k. Then, we denote for I € S, U {—1},

We then denote

o ML, =Rl forIe S,q:=(S,uU{-1})

o M}, = diag (1%9_1)71

o M, = diag (Rél...Rém”)) for I € Spq := Ugen=S¥,

We then define My as the set of sequences of random matrices (defined on (Qx,Fx, Px)), in-
dexed by n € N*, dependent on X, which can be written MéllM;}’j with {d1, 1}, ....,{dk, Ik} €
({nd} x Spa) U ({sd} x {1}) U ({bd} x Spa), and so that, for the matrices Méj, so that d; = bd,

; T (1) . .
the matriz R(gIJ)l...RO Pmt) g symmetric.

Then, for every matriz MiiMé}f of My, the singular values of MéllMé;‘ are bounded
uniformly in 0, n and © € (Sx)". Then, denoting S, = %Tr (M(ﬁMa]l;{), there exists a

deterministic limit S, which only depends on €, 0 and (d1,11),...,(dk,Ix), so that S, — S
Px-almost surely. Hence S,, — S in quadratic mean and var (S,) — 0 as n — +o0.

Proposition Appendix D.8. Assume that condition 2.1 is satisfied.
Let M € My (proposition Appendiz D.7). Then, %thy converges to ¥ := lim,,_, 1 o %Tr (M Ry,),
in the mean square sense (on the product space).

Proposition Appendix D.9. Assume that condition 2.1 is satisfied.

We recall X ~ £;8}" and y; = Y (i+eX;), 1 < i < n. We consider symmetric matriz
sequences My, ..., M, and Ni,...,N, (defined on (Qx,Fx,Px)), functions of X, so that the
eigenvalues of Ni, ..., N, are bounded uniformly in n and x € (Sx)", Tr(M; + N;R) = 0 for
1 < i < p and there ezists a p x p matriz ¥ so that 2Tr (N;RN;R) — (), . Px-almost
surely. Then the sequence of p-dimensional random wvectors (defined on the p}’oduct space)

(ﬁ {Tr (M;) + ytNiy}) converges in distribution to a Gaussian random vector with mean
i=1...p

zero and covariance matriz 2.
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Proposition Appendix D.10. We recall X ~ LY" and y; = Y (i +€X;), 1 <i < n. We
consider a consistent estimator § € RP so that P (c (é) = O) — 1, for a function c : © — RP,
dependent on X andY , and twice differentiable in 6. We assume that /nc (6y) =2 N (0,%1), for

a p X p matriz X1 and that the matriz 86(00)

converges in probability to a p X p positive matriz Yo
(convergences are defined on the product space). Finally we assume that SUPG ; ik )#gajck (é)‘

is bounded in probability.
Then

Vi (0-60) =2 N (0,75 1%5)

Proposition Appendix D.10 can be proved using standard M-estimator techniques. In
subsection Appendix D.2 we give a short proof for consistency.

Appendiz D.2. Proof of the technical results
Proof of lemma Appendiz D.1.

Proof.
Yo flvi-vitelwi—z)} <Y sup  f(v+3dy,)

_1.114
JEN,j#£i vEZL v£0 v €[=1,1]

Z Z sup  f(v+4d,).

_1.114
JENwe{—j—1,...,j4+1}\{—4,....j }¢ 6y €[—1,1]

Forv € {—j—1,..,5+1}N\{—4,...,5}%, [v+0p|oc > 7. The cardinality of the set {—j —1,...,5+
l}d\{_ja"'aj}d is
2j+3 3 d—1
(25 +3) " —(2j+1)" = / d.t?tdt < 2d (25 +3) " = 2% <j + ) :
2j+1 2
Hence

d—1
3 1
d .
E f{vi—vj—&—e(xi—xj)}gg 2d(j+2> T

JEN jEN

Proof of proposition Appendixz D.J.

1—f2
1<i<mn,h:R— Ris C>®, with compact support, so there exists C' > 0 so that [hi(t;)] <

1

Proof. Let h : R4 — R so that A(f) = Hle hi(f;), with hi(f;) = 1y2ci0,1) €XP <—#> For

. . . d 3 . 1
Hﬁ%. Now, since the inverse Fourier transform of [[;_, h;(f;) is [[;_; hi(t;), we have

W < O d 1 __¢
i=1 o0

Hence, from lemma Appendix D.2, for all i € N and a > 0,

Z |h[a{v¢—vj+e(xi—xj |<C2ddz ]+ )

d+1"
N jen LHa®t(j+1-20)

d—1

(D.1)

The right-hand term in (D.1) goes to zero when a — 4o0. Also, h(0) is positive, because h is
non-negative and is not almost surely zero on R? with respect to the Lebesgue measure. Thus,
there exists 0 < a < oo so that for all 7 € N,

S Jnfofur - vy +e(m -l < 5h(0). (D.2)

JEN,j#i
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Using Gershgorin circle theorem, for any n € N*, x1,...,x, € Sx, the eigenvalues of the
symmetric matrices (h[a{vi —v; + € (@i — 2;)}]),; ;<,, belong to the balls with center %(0)
and radius » 3, o |h[a{v; —v; +€(x; — x;)}]|. Thus, because of (D.2), these eigenvalues
belong to the segment [h(0) — 11(0), h(0) + 21(0)] and are larger than $h(0).

Hence, for all n, t1,....,t, € R, x1,...,x, € Sx,

Z titjh [Cl {Ui —v; + E(Ii - x])}]

i=1 ij=1

n 1 . ‘
S titj—d/ h(f> vy beai—a)} gy
a Rd a

1,7=1
n
E tz_eif»(vi +ex;)
=1

1 ~

w0 ()

a R4 a
Hence, as Ky (f) : (6 xR?) — R is continuous and positive, using a compacity argument, there
exists Cy > 0 so that for all § € ©, f € [—a,d]?, Ky (f) > Cah (5) Hence,

|
=
~—~
=2
~
S0
N

2

df.

2

df,

A

1 =\ 5 1 "
ih(o);ti S o, RdKe(f)

n
Z tl_eif~(vi+ea:i)
i=1

1

= G,TC'Q Z tithé {’Uz' —v; + G(SCZ‘ — JZJ)}

1,j=1

Proof of proposition Appendiz D.7.

Proof. Let M({ll Miﬁj € My be fixed in the proof.

The eigenvalues of Ré , I € Spq, are bounded uniformly with respect to n, 8 and z (lemma
Appendix D.5). Then, using lemma Appendix D.5 on Ry and R0_1 and using lemma Appendix
D.6, we show that the eigenvalues of diag (R@_l)_1 are bounded uniformly in x, n and . Then,

for M}, = diag (Rél...Rém(”), the eigenvalues of Rél...Rém(” are bounded by the product of

the maximum eigenvalues of R)', ..., R,"". As the number of term in this product is fixed

and independent of n, the resulting bound is finite and independent of n. Hence we use lemma
Appendix D.6 to show that the eigenvalues of M}, are bounded uniformly in n, § and z. Finally
we use ||A1...Ak]|| < ||A1]]---||AK]|| to show that HM;;M;;‘H is bounded uniformly in n, § and
T.

We decompose n into n = N{ny +r with Ny,ne,7 € N and r < N{. We define C (v;) as the
unique u € N¢ so that v; € E,, := szl{Nluk +1,.., Ny (ur + 1)}

We then define the sequence of matrices Ry by (ég)‘ = (Re)ij lc()=c(v;)- We denote

5 5 5 ] ’

M;IML{;‘ the matrix built by replacing Ry by Ry in the expression of MéllM;;‘ (we also
make the substitution for the inverse and the partial derivatives).

Lemma Appendix D.11. M;lll\lﬁ: —M(ﬁ...M;ﬁ
Nl,ng — 0OQ.

2
‘ — 0, uniformly in © € (Sx)", when
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(j+%)2(d_1)

W S 6. Then:

Proof. Let § >0 and N so that Ty := C2224d? Y jeN N1

n

2 {(Re)"’j - (ée)m}Q’

(R}; — Ry
ij=1

’ 2

Sl= 3=

> K {vi — v + e (w5 — x5)}

1<i,j<n,C(v;)#C(v;)

%Z Z Kg{vi—vj—ke(a:i—a:j)}.

i=1 jEN*,C(v;)#C (v;)

IA

There exists a unique a so that (aN;)* < n < {(a+1)N;}*. Among the n observation
points, (aNl)d are in the E,, for v € {1,...,a}%. The number of remaining points is less
than dNy {(a + 1) Ny }*". Therefore, using (1),
- 2
R0 -
w€{l,...,a}d 1<i<n,v; €Ey jEN*,C(v;)#£C (vi)

=% > > Y K3 {vi—vte(mi—a)}+o(l).

ue{l,...,a}d 1<i<n,v; EEy jEN* ,C(v;)#C (vy)

Then, for fixed u, the cardinality of the set of the integers ¢ € {1,...,n}, so that v; € F, and
there exists j € N* so that C(v;) # C(vj) and |v; — vj|0o < N is N{ — (N7 — 2N)* and is less
than 2NdN{i_1. Hence, using (1), lemmas Appendix D.1 and Appendix D.3,

- 2 1
’RQ—RQ‘ < o~ > (2NAN{TTy+ NPT) +o(1)
u€e{l,...,a}?

SN a® { 2NAN{ Ty + N{Tn)} +o(1).

This last term is smaller than 2§ for N7 and ng large enough. Hence we showed ’]%9 — Rg’ —0

. . k kD
uniformly in x, when Ny, no — co. We can show the same result for 9" Ro and 2Tt
J ’ 90;, ,--,00 905, ,...,00;,,

ik
Finally we use [10] theorem 1 to show that ‘R;l — R;ll — 0 uniformly in z, when Ni,ns — oc.

Hence, using [10], theorem 1 and lemma Appendix D.6, |M} — M!| converges to 0 uniformly
in  when Ny,ngs — oo, for d € {nd, sd,bd} and I € S,qU {1} U Spq. We conclude using [10],
theorem 1.

O
We denote, for every Ni,ny and r, with 0 < r < Nf, n = Niny + 7 and Sy, n, =
%Tr (M;;M;I’: , which is a sequence of real random variables defined on (Qx, Fx, Px) and

indexed by Ni, ng and r. Using [10], corollary 1 and lemma Appendix D.11, |S,, — Sy, n,| — 0
uniformly in z when Nq,ns — oo (uniformly in 7). As the matrices in the expression of Sy, n,

are block diagonal, we can write S, n, = 7o Y124 Sﬁvf +o (7712), where the Sﬁvf are 4id random
variables defined on (Q0x, Fx, Px) with the distribution of Sys. We denote S‘Nld = Ex (SNfz>.

Then, using the strong law of large numbers, for fixed N1, Sy, n, — SNf’ Px-almost surely when
ng — oo (uniformly in r).
For every Ny,pn,,n2 € N*, there exist two unique n),7 € N so that 0 < r < N{ and
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(N, +pN1)dn2 Ninl, +r. Then we have

Syt = Sy apn, )l S 18wy = Snvmg |+ 1SNy my = Snng ]
+‘SNii”'2+’” - S(N1+PN1)dn2| + ‘S(N1+pN1)dn2 B SN1+pN1 7”2| + ‘SNl"'le’”? -
= A+B+C+D+E.

Because n5 and r depend on Ny, pn, and ne, A, B, C, D and E are sequences of random
variables defined on (Qx,Fx, Px) and indexed by Ny, pn, and ny. We have seen that there
exists Qx C Qx, with PX(QX) = 1 so that for wy € Qx, when Ni,no — 400, we also have
Ny + pn,,nh — 400, and so B and D converge to zero.

Now, for every Ny € N*, let Qx n, be so that Px(Qx n,) = 1 and for all wx € Qx n,,
SNy ms —na—+oo ng. Let Qx = N, en+x v, - Then PX(QX) =1 and for all wy € Qy, for
all N1 € N*, SNl,ng ~—ng—+00 SNf

We will now show that the Ni-indexed sequence S Ny is a Cauchy sequence. Let § > 0.
Px (Q N Q) = 1 so this set is non-empty. Let us fix wx € QNQ. In (D.3), C is null. There exist
N and N, so that for every N; > Ni, ng > 7o, pn, > 0, B and D are smaller than . Let us
now fix any N; > Nj. Then, for every py, > 0, with ny > 75 large enough, A and E are smaller
than 4. .

Hence, we showed, for the wx € Q x Q we were considering, that the N;-indexed sequence
S N is a Cauchy sequence and we denote its limit by S. Since this sequence is deterministic, S

is deterministic and S )@ Ny —+o0 S.
Finally, let n = Ndng + r with N1,no — oo. Then

|Sﬂ - S| < |Sﬂ - SNl,n2| + |SN1,n2 - S’N{l| + |SN{1 - S|

Using the same arguments as before, we show that, Px-a.s., |S, — S| — 0 as n — 4oc.

Proof of proposition Appendiz D.8.

Proof. E (%thy) =E{E(:y'My|X)} =E {%Tr (MRy)} — X. Furthermore var (+y'My) =
E{Var (%thy|X)} + var {IE (%thy|X)} var (%thy|X = 1:) is a O (%), uniformly in z,
using proposition Appendix D.7 and ||A + BJ|| < ||A]| + ||B||. Therefore var (1y*My|X) is
bounded by O() Px- as var {E (1 tMy|X)} = var {1Tr (MRy,)} — 0, using proposition

Appendix D.7. Hence =y y' My converges to ¥ in the mean square sense.
O

Proof of proposition Appendiz D.9.
Proof. Let vy = (A1, ...,)\p)t € RP.

L 1 L 1
Elexp i) M—= {Tr (M) + ¢v' N = ELE|exp|i) M—= {Tr (M) + v’ N, X 5.
D ] I C D] )

For fixed & = (z1,...,2,)" € (Sx)", denoting >-P_, \yR? NyR? = P'DP, with P'P = I,
and D diagonal, z, = PR_%y (which is a vector of 7id standard Gaussian variables, conditionally
to X = z), we have

> ny

k=1

S\

Tr (M) + y'Niy}

<ZAkMk> +;¢Z (ZAkRszR )( 2)? ]
[Z ¢; (Z/\kRszR ) {(20)? - 1}]

S\

S\
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Hence

M\»—l

SERN

e (e

%

var l;)\k\/lﬁ {Tr(Mk)+ytNky} |X] =

p
> MM Tr (RNyRN,)
1i=1

Il
SERN
NE

22 vy for a.e. wy .

s

— U
n—-+4oo

Hence, for almost every wy, we can apply Lindeberg-Feller criterion to the 2y-measurable vari-
ables ﬁ‘bi ( (- )\kR%NkR%) {(zw)l2 - 1}, 1 <i < n, toshow that Y7 _, )\k% {Tr (My,) + y* Nyy}
converges in distribution to A (0, v% (2X) vy). Hence, E (exp {i - /\kﬁ {Tr (M) + ytNky}] ]X)
converges for almost every wx to exp (—lvi (2X) v A) Using the dominated convergence theorem

on (Ux,Fx,Px), E (exp { iy, /\k\f {Tr (My) + ytNky}D converges to exp {—%vf\ (28) va}.
[

Proof of proposition Appendiz D.10.

Proof. It is enough to consider the case ¢ (é) = 0, the case P {c (é) = O} — 1 being deduced

from it by modifying ¢ on a set with vanishing probability measure, which does not affect the
convergence in distribution. For all 1 <k <p

0=c (é) = cy (o) + {88901@ (90)}t (é — 90) +7r

with random r, so that |r| < supg, ; ’%Ck (é)‘ x |6 — 6p|2. Hence r = Op <|é - 90|). We
IXZV A 10U

then have
—cp () = [{880% (90)}t + 0, (1)1 (é - 90) ;

and so
. 9 -1
(6-60) = {ao (80) + 0, (1 )} ¢ (8o) - (D.4)
We conclude using Slutsky lemma.

Remark. One can show that, with probability going to one as n — 400, the likelihood has a
unique global minimizer. Indeed, we first notice that the set of the minimizers is a subset of
any open ball of center 6, with probability going to one. For a small enough open ball, the
probability that the likelihood function is strictly convex in this open ball converges to one.
This is because of the third-order regularity of the likelihood with respect to 6, and because the
limit of the second derivative matrix of the Likelihood at 6, is positive.

O

Appendix E. Exact expressions of the asymptotic variances at e =0 for d =1

In this section we only address the case d = 1 and p = 1, where the observation points
v;+€X;, 1 <i<n,neN* are the i+ €X;, where X, is uniform on [—1, 1], and © = [0, Osup).

We define the Fourier transform function § (.) of a sequence s,, of Z by 5 (f) =3, . sne'™/
as in [10]. This function is 27 periodic on [—m,7]. Then

e The sequence of the Ky, (i), i € Z, has Fourier transform f which is even and non-negative
on [—m, 7.
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e The sequence of the %Kgo (1), i € Z, has Fourier transform fy which is even on [—m,7].

e The sequence of the %Kgo (1) Li20, © € Z, has Fourier transform if; which is odd and
imaginary on [—7, 7.

e The sequence of the %%K@O (2) Li0, @ € Z, has Fourier transform if; g which is odd and
imaginary on [—m, 7].

e The sequence of the %Kgo (1) Liz0, ¢ € Z, has Fourier transform f;, which is even on
[—m, 7).

e The sequence of the g—;%K},O () Li0, @ € Z, has Fourier transform f; ; o which is even on
[—7, 7.

In this section we assume in condition Appendix E.1 that all these sequences are dominated
by a decreasing exponential function, so that the Fourier transforms are C'°°. This condition
could be weakened, but it simplifies the proofs, and it is satisfied in our framework.

Condition Appendix E.1. There exist C < oo and a > 0 so that the sequences of general
. . . . 2 . 2 ”
terms Ko, (i), 3560, (1), 575Ks, (i) Lizo, 55550, (1) Lizo, Ko, (1) Lizo, S 35K, (1) Lizo,
i € Z, are bounded by Ce Il
For a 2m-periodic function f on [—, 7], we denote by M (f) the mean value of f on [—7, 7]
Then, proposition Appendix E.2 gives the closed form expressions of Xyr, Xcv,1, Xov,e

52
and 92 EML
€

Proposition Appendix E.2. Assume that conditions 2.1 and Appendiz E.1 are verified.
Fore=0,

1\ ¢ 0\ 2 1
vova = 8M <f> M() M(f>
1
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Proposition Appendix E.2 is proved in the supplementary material.
An interesting remark can be made on X¢cv2. Using Cauchy-Schwartz inequality, we obtain

reva = () [ () P G} e ] 2o

so that the limit of the second derivative with respect to 6 of the CV criterion at 6y is indeed
non-negative. Furthermore, for the limit to be zero, it is necessary that ;—3 be proportional to

+
<

1 , that is to say fp be proportional to f. This is equivalent to 090 being proportional to

Ky, on Z, which happens only when around 6y, Ky (i) = %K‘go (1), for i € Z. Hence around
0o, 0 would be a global variance parameter. Therefore, we have shown that for the regular grid
in dimension one, the asymptotic variance is positive, as long as 6 is not only a global variance
parameter.
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