Electronic Journal of Statistics
Vol. 17 (2023) 3050-3102

ISSN: 1935-7524
https://doi.org/10.1214/23-EJS2170

Asymptotic analysis of ML-covariance
parameter estimators based on
covariance approximations

Reinhard Furrer and Michael Hediger

Department of Mathematics, University of Zurich
e-mail: reinhard.furrer@math.uzh.ch; michael.hediger@math.uzh.ch

Abstract: Given a zero-mean Gaussian random field with a covariance
function that belongs to a parametric family of covariance functions, we
introduce a new notion of likelihood approximations, termed truncated-
likelihood functions. Truncated-likelihood functions are based on direct
functional approximations of the presumed family of covariance functions.
For compactly supported covariance functions, within an increasing-domain
asymptotic framework, we provide sufficient conditions under which consis-
tency and asymptotic normality of estimators based on truncated-likelihood
functions are preserved. We apply our result to the family of generalized
Wendland covariance functions and discuss several examples of Wendland
approximations. For families of covariance functions that are not compactly
supported, we combine our results with the covariance tapering approach
and show that ML estimators, based on truncated-tapered likelihood func-
tions, asymptotically minimize the Kullback-Leibler divergence, when the
taper range is fixed.
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1. Introduction
1.1. Omn infill- and increasing-domain asymptotics

Maximum likelihood (ML) estimators for covariance parameters are highly pop-
ular in inference for random fields. Aiming towards asymptotic properties of such
estimators, one needs to specify how the observation points and the associated
sampling domain behave as the number of observation points increases. Two
well-studied asymptotic frameworks are referred to as infill-domain asymptotics
(also termed fixed-domain asymptotics) and increasing-domain asymptotics (see
[13, p. 100], for an introduction of terms). In infill-domain asymptotics, ob-
servation points are sampled within a bounded sampling domain, whereas in
increasing-domain asymptotics, the sampling domain grows as the number of
observation points increases. When referring to infill- and increasing-domain
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asymptotics, one often places additional assumptions on the minimum distance
between any two distinct observation points. In increasing-domain asymptotics,
the latter distance is often assumed to be bounded away from zero, while in infill-
domain asymptotics, one frequently assumes that distinct observation points
can be sampled arbitrarily close to each other (see for example [37]). There is
a fair amount of literature which demonstrates that asymptotic properties of
ML estimators for covariance parameters can be quite different under the two
mentioned asymptotic frameworks (see [37] or more lately [6]). For example, it
is known that some covariance parameters can not be estimated consistently
under an infill-domain asymptotic framework ([34, 36]), whereas they can be
estimated consistently, under given regularity conditions, within an increasing-
domain asymptotic framework ([25, 4]). It is worth noting that in infill-domain
asymptotics, these results can depend on the dimension d of the Euclidean space
R?, where the random field is assumed to be observed. For example, when the
true covariance function belongs to the Matérn family ([26]), and smoothness
parameters are given, it is shown in [36], that for d = 1,2,3, the scale and
variance parameters can not be estimated consistently via an ML approach in
an infill-domain asymptotic framework. The case where d = 4 is still open, but
for d > 5, it is shown in [2] that under infill-domain asymptotics, all covariance
parameters of the Matérn family can be estimated consistently using an ML
approach.

1.2. Compactly supported covariance functions

In recent years, the dataset sizes have steadily increased such that statistical
analyses on random fields can become quite expensive in terms of computa-
tional resources (see for example [15] for a recent discussion). One prominent
issue with large datasets is the large size of covariance matrices, constructed
upon applying an underlying covariance function to given data. However, in
certain fields of application, observed correlations are assumed to vanish be-
yond a certain cut-off distance (see [18, pp. 750-751], and references therein, for
an example in meteorology or also [10] and [19]). On the other hand, in the con-
text of real valued random fields, it is common practice to multiply a presumed
covariance function with a known positive-definite and compactly supported
covariance function, called the covariance taper. The resulting compactly sup-
ported covariance function is referred to as the tapered covariance function. For
an introduction to covariance tapering we refer to [17]. The use of compactly
supported covariance functions can thus be of great importance for some fields
of application. Not only do they potentially reflect the nature of the underlying
covariance structure, but also, their application can lead to sparse covariance
matrices. The latter are helpful in terms of the high computational costs in the
context of large datasets. An excellent introduction to the construction of com-
pactly supported covariance functions, associated to stationary and isotropic
Gaussian random fields, is given in [21]. Additional results are available in [35],
[28] and [11].
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1.3. Motivation

The parametric family of generalized Wendland covariance functions represents
one example of a family of compactly supported covariance functions which al-
lows, similar to the Matérn family, for a continuous parametrization of smooth-
ness (in the mean square sense) of the underlying random field. Its origin is due
to Wendland ([32]) and an early adaptation for statistical applications was given
by Gneiting ([20]). In its general form (see [21] and [28] for special cases) the
generalized Wendland covariance function with smoothness parameters v and
K, variance parameter o2 and range parameter 3 is given by

0.2

B
B(2k, v + 1)32r+v /t w(w?® — 2)"H(B — w)”dw, (1)

if t € [0,0) and is zero otherwise. In the above display, B is the beta function.
For technical details about valid parameter values, we refer to [9] or Section 6 of
the present article. Clearly, in comparison with closed-form covariance functions,
computing (1) is cumbersome, as it involves numerical integration. Depending
on the support 8 and a set of locations si,...,s, € R? the n x n covariance
matrix X; ; = ¢(||s; — s;]|) requires at most n(n — 1)/2 calculations of (1). One
strategy, which facilitates computing X, is to reduce the number of times (1)
must be calculated. As an illustration, we give three examples which involve
approximations ¢;, i = 1,2, 3, of ¢ (respectively approximations ¥; of X):

o(t) =

(d}l) Truncation of the support
(¢2) linear interpolation
(¢3) addition of a nugget effect

For ¢, we truncate ¢ to obtain ¢; which has a smaller support compared
to ¢. This becomes especially interesting, when the original function ¢ tails off
slowly (high degree of differentiability at the origin). As a result, 37 will be more
sparse compared to X. Example ¢ is to predefine the numbers at which (1) is
calculated. This is achieved by introducing a partition 0 < t; < ... <ty = of
the support of ¢. Then, ¢, results in N calculations of ¢. This defines a closed
form approximation of ¢. Notice that ¢1,...,¢y do not need to be equispaced.

Finally, ¢3 can be interpreted as a tuning option for a given approximation ¢,

of ¢:

- > 0.
¢* (t)’ 3 7& O? N
With regard to practical usage, this form of approximation increases numerical
stability. Further, it allows for more flexibility in practice, where the number of
observations n is given and X, based on (5* might not be positive-definite.
Following up the above examples, we picture an approximation é of ¢ (re-

Bolt) = {¢*(t) e

spectively approximation Y of ¥). Several questions arise:

e What are conditions on ¢ to ensure that Y is asymptotically (as n —
00) equivalent to ¥ and eventually (for n large enough) remains positive-
definite?
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e In terms of ML estimators for covariance parameters, how shall a log-
likelihood approximation based on ¢ be defined?

e Under which conditions on ¢ are ML estimators based on ¢ consistent and
asymptotically normal?

In the more general setting of a given parametric family of covariance func-
tions, the present study gives a concrete context, where the latter questions are
answered by introducing the notion of truncated-ML estimators.

1.4. Framework and contribution

Truncated-ML estimators for covariance parameters are based on truncated-
likelihood functions. The latter are defined upon parametric families of se-
quences of functions, which approximate a presumed family of covariance func-
tions on a common domain. Colloquially we will call these parametric sequences
of functions covariance approximations. The respective matrices, constructed
upon applying covariance approximations to a given collection of observation
points, will be termed covariance matrix approximations. We will allow for co-
variance matrix approximations that are not necessarily positive semi-definite.
Therefore, truncated-likelihood functions are more general than existing likeli-
hood approximations methods such as low-rank, Vecchia, or covariance tapering
approaches (see [22] for a summary of commonly used methods).

We work in an increasing-domain asymptotic framework, where collections of
observation points are realizations of finite collections of a randomly perturbed
regular grid (see also [4]). We consider a stationary Gaussian random field, with
a zero-mean function and a true unknown covariance function that belongs to a
given parametric family of covariance functions. If the presumed family of covari-
ance functions is compactly supported, we provide sufficient conditions under
which truncated-ML estimators and (regular) ML estimators for covariance pa-
rameters are consistent and asymptotically normal. Some conditions imposed
on families of covariance functions are identical to the conditions that were al-
ready considered in [4]. The main difference is that we work with compactly
supported covariance functions. Therefore, it is possible to simplify some of the
conditions that were set up in [4]. As for statistical applications, we apply these
results to the family of generalized Wendland covariance functions. In contrast
to the infill-domain asymptotic framework considered in [9], we show that under
the studied increasing-domain asymptotic framework, under some conditions on
the parameter space, (regular) ML estimators for variance and range parame-
ters are consistent and asymptotically normal. Further, we show that the same
asymptotic results are recovered for truncated-ML estimators, based on various
generalized Wendland approximations, such as truncations, linear interpolations
and added nugget effects.

Additionally, we provide an extension to families of covariance functions
which are not compactly supported. We combine our results with the covari-
ance tapering approach. That is, we study covariance taper approximations and
their asymptotic influence on the conditional Kullback-Leibler divergence of the
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misspecified distribution from the true distribution (see also [5]). We show that
the latter divergence is minimized by truncated-tapered ML estimators.

1.5. Structure of the article

The rest of the article is organized as follows. Section 2 establishes the context.
We introduce some primary notation, define the sampling domain and the ran-
dom field itself. In Section 3 we introduce regularity conditions on covariance
functions and approximations. In Section 4 we present intermediate asymptotic
results on covariance matrices and approximations. Section 5 contains our main
results: We introduce truncated-ML estimators and present results on consis-
tency and asymptotic normality. In Section 6, we apply our results to the family
of generalized Wendland covariance functions and discuss several examples of
generalized Wendland approximations. Then, in the context of non-compactly
supported covariance functions, Section 7 contains results on the asymptotic
influence of taper approximations on the Kullback-Leibler divergence. Section 8
gives an outlook and some final comments. The Appendix is split into three
parts. Covariance approximations for isotropic random fields are discussed in
Appendix A. Appendix B contains additional supporting results, whereas all
the proofs are left for Appendix C.

2. Context
2.1. Primary notation

The set Ny and R, shall represent the set of positive integers and non-negative
real numbers, respectively. For d € N, we use the notation B(z;r) (Bx;r]) for
the open (closed) ball of radius r > 0 with center z € R%. Given n € N, for
some set A C R™, we write B(A) for the Borel o-algebra on A.

For a vector (w1,...,wq) = w € RY, we write [|w|| = (w}+ -+ w?j)l/Q for

the Euclidean norm of w on RY. In the case of d = 1 we use the notation |-| for
the Euclidean norm. For two vectors w,w’ € R?, (w,w') = w'w’ = Zle w;w,
represents the inner product that induces [|-|| on R%. Given D C RY, we write
Bc(D; S) for the space of real valued, uniformly bounded functions on D, having
compact support S C D. If f € Be(D;S) and f is also continuous, we use the
notation Cc(D;S) instead of Bo(D;S). For f € Co(D;S) we write | f]l, =
sup{|f(h)| : h € D} for the uniform norm on Cc(D;S). For vectors w € R%,
|w|, = max;—1,__q|w;| denotes the uniform norm on R<.

For a real n x n matrix A, [[A, = maxg,. Zt2:1}<z,AtAz>1/2 denotes the
spectral norm of A. We write A > 0 (A < 0) to indicate that A is positive-
definite (negative-definite). Further, A;(A) > --- > A, (A4) denote the n real
eigenvalues of a matrix A € S,,«,(R), where S, x,(R) represents the space of
real symmetric n X n matrices.

We use the notation Vf(z) = (ﬁ(x), e ﬁ(x)) for the gradient of f

Ox1 ? Oy
at x, where = — f(z) is any differentiable, real valued function, defined on
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some E C RP. Further, for a vector valued, differentiable function g(x) =
(g1(x),...,gm(x)), with values in R™, defined on some U C RP, we write
Jg(@)1 = ng:c(x), 1<1<m,1<k<p, for the Jacobi-matrix of g at x.

A mapping Y from a probability space (Q, F,P) to a measure space (E,.A)
will be called a random element if it is F/A measurable. If we write that
Y: (Q,F) = (E, A) is measurable, we mean that it is F/A measurable. If
(Y )nen, denotes a sequence of random elements, where for any n € N, Y, is
a mapping form a probability space (2, F,P) to a measure space (F,.A), we use
the notation

Y, —— Y and Y, —— L,
n—oo n—oo
to indicate convergence of (Y, )nen, to a random element Y in probability and
in distribution, respectively. Note that for convergence in distribution, the in-
troduced notation indicates that the limit Y has law £ on (E,.A). A sequence of
estimators (én)neN . for 8y € RP will be referred to as consistent if it converges in
probability to 6y. Finally, A(u,Y) indicates a multivariate normal distribution
with mean vector p and covariance matrix X.

2.2. Random sampling scheme

On a probability space (€2, F,P), we consider a real valued Gaussian random
function Z, which has sample functions on R?. We assume that Z is stationary
(homogeneous) with zero-mean function and covariance function cg, (s), s € R?,
where 6y € O, with ©® C RP, compact and convex. Thus, we consider a real
valued random field {Z,: s € R?}, which has true and unknown covariance
function cp, that belongs to a family of covariance functions {cg: 6 € ©}.

Let Q = [~1,1] and X: Q — QY+ be a stochastic process, defined on the
same probability space (€2, F,P), but independent of Z. We assume that the
sequence (X;)ien, is a sequence of independent random vectors with common
law on Q, which has a strictly positive probability density function on Q (see
also Remark 2.1). Given 7 € [0,1/2) and a sequence of deterministic points
(vi)ien, , with v; € Ni, we define a randomly perturbed regular grid S as the
process

{Si I:Ui+TXiZi€N+}, (2)

where we assume that for all I € N, {vi, 1<i< Id} = {1,...,I}d. There-
fore, for any w € Q, S(w) is a sequence on Ny, with image S[N,](w) C
[12, (vi+7Q) = G and any first I¢ coordinates are in {1,...,I}4+7Q (see also
Figure 1). At this point we remark that if nothing is mentioned, the parameter
7 € [0,1/2) and the sequence (v;);en, shall be fixed. Let X,y == (X1,...,Xy,)
and S,y = (S1,...,5,) denote finite collections of X and S, respectively. We

use the notation () = (1,...,2,) for a vector that contains the first n entries
of a given sequence in QV+. Correspondingly, given 7 € [0,1/2), v1,...,v, and
Ty € Q", we write s(,) = (51,...,5,), 8i = v; + T2;, for n perturbed grid

locations in G, =[]\, (v; + 7Q).
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Fic 1. For 7 = 0.4 and I € Ny, a random field Z is observed at two realizations s; and s;
of S =vi +7X; and S; =v; +7X;, i #j, 1 <4,5 < I2. Dotted and dashed lines mark the
borders of the ranges of S; and S;, respectively.

On (Q, F,P), we define the random vector

W Zpy(w) = (Zsl(w)(w), s 23, (w) (w)) = (Zsyy--or2s,) = Z(n), (3)

which denotes Z observed at a finite collection of S. The situation, where a Gaus-
sian random field is assumed to be observed at a randomly perturbed regular
grid, with parameter 7 and deterministic points (v;)sen, , as introduced above,
is also considered in [4]. Given 6 € ©, we let Xg(s(,)) = [co(5: — 55)]1<i,j<n de-
note the non-random n X n covariance matrix based on an arbitrary S(n) € Gn.
On (Q, F,P), we write

W Bpg(w) =Yg(Smy(w)), 0€06,

for the n x n random covariance matrix based on a finite collection S(,) of S.

Remark 2.1. Some technical remarks are worth pointing out. We assume that
the random function Z(s,w) = Zs(w), s € RY, is measurable as a function
from the measure space (R? x Q,B(R?) @ F) to (R,B(R)). That is to say
that Z is (jointly) measurable. This condition makes sure that the components
W Zg,(w)(w) = Z(Si(w),w),i=1,...,n,of (3) are F/B(R) measurable as the
composition of the measurable functions w — (S;(w),w) and (s,w) — Z(s,w).
Thus, the random vector Z(,) is well defined. Since Z and S are independent,
it is readily seen that the conditional distribution of Z,) given Sy,) = s(y)
is Gaussian, with characteristic function exp(—(1/2)a'%,, 6,(w)a), a € R"™. In
addition, we note that for fixed w € €, S[N;](w) is not bounded and if we
define A, := 1 — 27, we are given some fixed A, > 0, which is independent of
n € Ny and 0 € O, such that

inf inf — sl > A 4
nlenm 15’%9”81 sill 2 Ar (4)
i#]

Hence, we are in an increasing-domain asymptotic framework where the min-
imum distance between any two distinct observation points is bounded away
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from zero. The assumption that for any given ¢ € N4, X; has strictly positive
probability density function on Q, is purely technical (see also the proof of The-
orem 5.2). As it can be seen from the mentioned proof, if 7 = 0, the assumption
becomes redundant.

3. Regularity conditions on covariance functions and covariance
approximations

3.1. Regularity conditions on the family of covariance functions

Assumption 3.1 (Regularity conditions on cg).

(1) There exist real constants C', L < oo, which are independent of § € O,
such that ¢y € Bo(R%; Sp), with Sp C B[0; O] and ||cg]|,, < L.

(2) For any s € R, the first, second and third order partial derivatives of
0 — co(s) exist. In addition, for any ¢ = 1,2,3, i1,...,4, € {1,...,p},

% € Bc(R% Sy(iy, ..., iq)), where there exist constants C’, L' <
11 Zq
0o, which are independent of § € O, such that Syp(i1,...,i,) C B[0;C’]

and ||89¢?f1%?597:q |oo < L.

(3) Fourier inversion holds, that is for any 6 € ©

(o) = [ aalr) e gy

with © x R? 3 (0, f) + ¢ép(f) continuous and strictly positive.

Remark 3.1. Note that (1) and (2) of Assumption 3.1 are different to the con-
ditions assumed in [4] (compare also to Condition 3.2 imposed in [5], or Con-
dition 4 stated in [7]). In [4] it is assumed that a given covariance function kg
is not only bounded on R¢, but also it decays sufficiently fast in the Euclidean
norm on RY. Explicitly, it is assumed in Condition 2.1 of [4] that there exists
a finite constant A, which is independent of § € ©, such that for any s € R?,
|ko(s)| < A/(1+ ||s]|4Tt). This polynomial decay condition on kg can be inter-
preted as a summability condition on the entries of the respective covariance
matrices Ko(s(n))i,j = ko(si — s5), which guaranties that the maximal eigen-
values of Ky(s(,)) are uniformly bounded in n € N, 5(,,) € G,, and 0 € O (see
Lemmas D.1 and D.5 in [4]). Note that the exponent d 4+ 1 can be replaced
by d + a, with o > 0 some fixed constant (see also (6) in [6]). In the present
study we show that under the assumption of a minimal spacing between any
two distinct observation points, if ¢y has compact support on R¢, the number
of possible observation points, which are covered by the support of ¢y, must be
bounded uniformly in n € Ny, s,y € G, and 6 € © (see Lemma B.1). This,
together with the condition that ¢y is also uniformly bounded on © and R¢,
will be sufficient to conclude that the maximal eigenvalues of ¥g(s(,)) are uni-
formly bounded in n € Ny, s(,) € G, and 6 € © (see Lemmas 4.1 and B.3).
Similar remarks can be made with regard to the conditions imposed on the
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partial derivatives of ¢y with respect to 6 (see Lemma B.5). In addition, (3) of
Assumption 3.1 is also imposed in [4] (compare also to [8] and [7]). It guarantees
that the minimal eigenvalues of ¥y (s(,)) are bounded from below, uniformly in
n € Ny, s,y € G, and 0 € O (see Lemmas 4.1 and B.3). Finally, we remark that
within the framework of compactly supported covariance functions, the given
conditions are very minimal and can be considered as classical in the context
of ML estimation. Especially, if one is not interested in the asymptotic distri-
bution, and rather seeks conditions under which ML estimators are consistent
(with regard to a concrete example, we refer to Remark 6.2).

3.2. Regularity conditions on the family covariance approximations

Given 6 € O, we let (Gm,0)men, denote a sequence of real valued functions
defined on R¥. The families {(Em’g)m€N+ :0e 6} can be put under the following
assumption.
Assumption 3.2 (Regularity conditions on ¢,.g).
(1) For any 6 € © and m € N4, the function &,: (R?, B(R?)) — (R, B(R))
is measurable and such that &, ¢(s) = &y.e(—s) for any s € R%.
(2) For any m € N4, &, satisfies (1) of Assumption 3.1, where respective
constants C' and L can be further chosen independently of m € N,..
(3) supgee [1Em.0 — coll . ~— 0.
(4) For any m € N4, ¢, satisfies (2) of Assumption 3.1, where respective

constants C’ and L’ can be further chosen independently of m € N, .
(5) For any ¢ =1,2,3, 41,...,ig € {1,...,p}, we have that

8q5m79 anQ

sup _ m—oo 0
oco || 00;, ---00;,  00;, ---00; || )
To make the notation easier, we write (Gm,0) = (€m,0)men,. In the fol-

lowing, we formally introduce covariance matrix approximations (random and
non-random versions). To do so, let 7: N} — N be such that r(n) — oo as
n — oo. Given s¢,) € Gn, we let Xo(s(n)) = [Cr(n),0(5: — 5j)]1<i,j<n denote
the non-random n x n matrix based on a given family {(5m79): RS @}. Then,
on (Q,F,P), if {(ém79)2 S @} is a family of Borel measurable sequences of
functions, we write

W S e(w) = iﬂ(s(n) (w)),

for the n x n random matrix based on a finite collection S,y of S. Colloquially
we will use the term covariance approximation when we refer to a given fam-
ily {(ém,0): 0 € ©}, which can approximate a family of covariance functions
{cp: 0 € O} in the sense of Assumption 3.2. In these terms {cy: 6 € O} itself is
a covariance approximation. The expression covariance matrix approximation
will be used for both, ¥4 (s(,)) and its random version ¥,, g. Similar, we use the
expression covariance matrix for both, Xg(s(,)) and 3, g.
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Remark 3.2. (1), (2) and (4) of Assumption 3.2 are natural extensions of (1) and
(2) of Assumption 3.1. Notice that the measurability condition imposed in (1) of
Assumption 3.2 makes sure that img is 7/B(R"") measurable. Condition (3) of
Assumption 3.2 specifies in which sense a family {(émﬂ): S @} approximates
the family {cg: 0 € ©}. We require that (¢, 4) converges uniformly on R? to cg,
where the convergence is also uniform on the parameter space 0. In fact, we will
show (see Lemmas B.3 and 4.1) that the uniform convergence of (é,0) to cg,
together with the condition that the families {cp: 0 € ©} and {(Emjg)l 0 c @}
have uniformly bounded compact support, are, among others, sufficient criteria
to proof that the matrices ¥y (s(,)) and Xy (s(,)) are asymptotically (as n — oo)
equivalent, uniformly on © and G. Condition (5) of Assumption 3.2 will allow us
to conclude that a similar result holds true for the first, second and third order
partial derivatives (with respect to ) of ¥g(s(,)) and ¥g(s()). For concrete
examples of covariance approximations, where the conditions of Assumption 3.2
are verified, we refer to Section 6.

4. Uniform asymptotic equivalence of covariance matrices and
covariance matrix approximations

This section presents intermediate results on covariance matrices and approx-
imations. In particular, Lemma 4.1 gives precise conditions under which 3, ¢
eventually (for n large enough) remains positive-definite with P probability one.

Lemma 4.1. Assume that the family {co: 0 € ©} satisfies (1) and (3) of As-
sumption 3.1. Consider {(Gn): 0 € O} that satisfies (1), (2) and (3) of As-
sumption 3.2. Then, we have that P a.s.

sup sup Hzn,9H2 <00 and sup sup H§”79H2 < 00
neNy €O neNy €O

In particular we can conclude that P a.s.

n—oo

sup ||Zn,9 - inﬁ”z — 0.
6co

Further, it is true that P a.s.

B, B e ) >0

and there exists N € Ny such that P a.s.

25 J2h n (o) > 0

5. Truncated-ML estimators

Given a square matrix A, we define det, (A4) to be the product of the strictly
positive eigenvalues of A. If all of the eigenvalues are less or equal to zero,
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dety (A) = 1. Further, we use the notation A™ for the pseudoinverse of A (some-
times called Moore-Penrose inverse). For the given collection {cg: 8 € ©}, we
define, on (Q, F,P), for any n € N4 and 6 € ©, the random variable

1 1
In(0) = —log (dety(Snp)) + E(Z(n), S 0 Zm))- (5)

Given w € Q, 0 — ,,(0)(w) shall be called the truncated-modified log-likelihood
function based on {cg: 6 € O}. A sequence of estimators (én(c))neN+, defined
on (9, F,P), will be called a sequence of truncated-ML estimators for 6y based
on {cyp: 0 € O}, if for any n € Ny,

0,(c) € argmini, (6).
6co

Similarly, on (Q, F,P), for a given collection of sequences of real valued functions
{(émﬂ): S @}, we introduce, for any n € N, and 6 € O, the random variable

= 1 ~ 1 ~
ln(0) := —log (dety(2n0)) + E<Z(n),EZ,9Z(n)>~ (6)

Then, for w € Q, the function 6 — [,(6)(w) denotes the truncated-modified
log-likelihood function based on {(én0): 0 € ©}. A sequence of estimators
(én(é))neN+, defined on (Q,F,P), will be called a sequence of truncated-ML
estimators for 6y based on {(6m79): 0 c @}, if for any n € N4

~

0,,(¢) € argminl,, (). (7)
0co

At this point is important to note that for a given w € €2, it is in general not true
that 1, (0)(w) and [,,(0)(w) are continuous in 0 for any n € Ny. Nevertheless, a
consequence of Lemma 4.1 is the following proposition:

Proposition 5.1. Assume that the family {co: 0 € ©} satisfies (1) and (3)
of Assumption 3.1. Consider {(¢m,p): 0 € O} that satisfies (1), (2) and (3) of
Assumption 3.2. Then, we have that for anyn € Ny, P a.s.,

1 1
ln(G) = o log (det(En,g)) + £<Z(n), E;IGZ(,”)>

Further there exists N € Ni such that for any n > N, P a.s.,

~ 1 ~ 1 ~
1(0) = —log (det(Sn0)) + E<Z(n),2;}92(n)>,

and we have that

sup [1,(6) — In()] —— 0.
0cO n— oo
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Using Proposition 5.1, we notice that if, for any s € R and m € N, both
0 — co(s) and 0 — €, 9(s) are k times differentiable, we have that 6 +— [,,(0)(w)
and 0 — 1,,(A)(w) are k times differentiable for n large enough, respectively.

For the rest of the article, if we refer to truncated-ML estimators (without
mentioning further whether estimators are based on families of covariance func-
tions or approximations), we refer to both, truncated-ML estimators based on
families of covariance functions and approximations. The same is applied for the
notion of truncated-modified log-likelihood functions based on either covariance
functions or approximations. However, if {cy: 8 € O} satisfies the assumptions
of Proposition 5.1, a sequence of truncated-ML estimators (én(c))n€N+ shall be
simply called a sequence of ML estimators for 6. Similarly, we will simply refer
to a modified log-likelihood function when the given family {cg: 6 € ©} is under
the assumptions of Proposition 5.1.

Remark 5.1. The introduction of truncated-modified log-likelihood functions is
not standard. Modified refers to the fact that the log-likelihood for the Gaussian
density function of a random vector (Zs,,...,Z, ) is scaled by —2/n. This is
common practice in the literature about ML estimators for covariance param-
eters under an increasing-domain asymptotic framework (see for instance [4, 5]
and also [7]). The matrices ¥, o(w) and in,g(w) are not necessarily positive-
definite. In particular, f)n#g (w) can be negative-definite. If the matrices 3, g(w)
and in,g (w) are not positive-definite, we truncate the log-likelihood by a pseudo-
determinant and -inverse to obtain the functions 6 + 1,,(8)(w) and 8 — I,,(8)(w).
Hence, the use of the expression “truncated”.

Remark 5.2. As it was mentioned in Remark 2.2 of [5], for given w € Q, we
allow the functions 6 — [,(#)(w) and # — I,(f)(w) to have more than one
minimizer. In which case the asymptotic results given in Section 5.1 hold true
for any given sequence of truncated-ML estimators. With regard to the existence
of a minimizer we refer to Remark 2.1 in [4].

5.1. Consistency and asymptotic normality of truncated-ML
estimators

The main results of this section are that under suitable conditions on the fam-
ilies of covariance functions and approximations, truncated-ML estimators for
covariance parameters are not only consistent (Theorem 5.2 and Corollary 5.3)
but also asymptotically normal (Theorem 5.4 and Corollary 5.5). In particular,
we will make use of the conditions presented in Assumptions 3.1 and 3.2. How-
ever, in the context of random fields that are observed at randomly perturbed
regular grid locations as defined in (2), we will further make use of the following
two technical conditions that were also imposed in [4]. Associated to the com-
mon range Q, of the process X, we define the set D, = Uzezd\{o}(z +1Ug),
where Ug = {u1 — uz: u1 € Q,us € Q} denotes the set of differences between
two points in Q.
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Assumption 5.1 (Asymptotic identifiability around 6y). For 7 = 0, there does
not exists @ # 6y such that cp(z) = cg,(2) for all z € Z% If 7 # 0, there does
not exists 6 # Oy such that s — cg(s) — cg,(s) is zero a.e. with respect to the
Lebesgue measure on D, and cg(0) = ¢y, (0).

Assumption 5.2 (Local identifiability around 6p). For 7 = 0, there does not
exists R? \ {0} 2 & = (a1,...,ap) such that > }_, ak%cT":(z) =0 for all z € Z4.
For T # 0, there does not exists R” \ {0} > a = (a1,...,qp) such that s —

S, ak%cTekD(s) is zero a.e. with respect to the Lebesgue measure on D, and
d

Dkt O‘kacTe,f(O) =0.
Theorem 5.2. Let (én(é))neN+ be a sequence of truncated-ML estimators for
0o based on {(Gmg): 0 € ©}. Assume that {co: 0 € O} satisfies Assumption 3.1
(regarding (2), ¢ = 1 and the continuity of first order partial derivatives is
sufficient) and Assumption 5.1. Suppose further that {(¢mg): 0 € O} satisfies
Assumption 3.2 (regarding (4) and (5), ¢ = 1 and the continuity of first order
partial derivatives is sufficient). Then, we have that

A P

9n (C) —_— 90.

n—oo
The following corollary is immediate.

Corollary 5.3. Suppose that {cg: 6 € O} satisfies Assumption 3.1 (regard-
ing (2), ¢ = 1 and the continuity of first order partial derivatives is sufficient)
and Assumption 5.1. Then, we can conclude that a sequence of ML estimators
(én(c))neN+ for 0y is consistent.

Before we present the results about asymptotic normality, it is helpful to
consider some additional notation. Let K € Ny, such that for any w € €, the
sequences of functions

(I, (0)(@)) ey, = (nr-1(O)@)) e, (8)
and
(T, k(O)@)) e, = (nrr-1(0)@)) e, (9)

are differentiable with respect to 6. Note that if {cp: 0 € ©} satisfies Assump-
tion 3.1 and the collection {(5m79): 0 € @} satisfies Assumption 3.2, then we
know about the existence of such a K under application of Proposition 5.1. For
the given K € N, on (Q, F,P), we introduce the sequence of random functions

{(w — Gn,K(w,H))n€N+: 0c @},
=Gy, k(0)

where for n € Ni and § € ©, the random vector G, k() has components
Gink(0),j=1,...,p, with

aan aan
Gy (6) = 2l <e>—E[ ’ @\sn]
g a6, a0, ()
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and thus

Similarly, on (2, F,P), we introduce the sequence of random functions

{(we Gur(@,0)), oy, 0 €O},
N—————

=G,k (0)

where for any n € N, and 0 € ©, the components of én k(0) are given by

-~ 8Zn K 8l~n K .
Gjnk(8)= d (9)—1@{ d (9)’5,1], j=1,...,p,
7 80, 86, ()
and thus _ ~ 3
G (0) = Vi k(0) = E[Vinx(8) | Stny]- (11)

If the collection {cy: 6 € ©} satisfies Assumption 3.1, we simply write, for any
n e N+,

Ja, (0o) = Ja, ,(60),
for the random Jacobi-matrix of 6 — G, 1(0) evaluated at 6.

Theorem 5.4. Let (én(é))neNJr be an sequence of truncated-ML estimators
Jor 0y based on {(Gmy): 0 € O}. Suppose that {cy: 0 € O} satisfies Assump-
tions 3.1, 5.1 and 5.2. Suppose further that {(Em,.g): RS @} satisfies Assump-
tion 3.2. Then, we have that

n/2(6,,(&) — 6) ﬁ N(,A7Y), (12)

where Spxp 2 A > 0 is deterministic and such that

1 P
570 00) o0 Ao 376, (B0)

with N € N1 as in Proposition 5.1.
Corollary 5.5. Suppose that {cy: 0 € O} satisfies Assumptions 3.1, 5.1 and

5.2. Then, we can conclude that a sequence of ML estimators (@n(c))neNJr for
0o is such that
n'/2(8i(c) — b0) —— N (0,A7"),

n— oo

with A as in Theorem 5.4.

Remark 5.3. Under Assumptions 3.1, for any K € N;, E [Vln,K(G) | S(n)] =0
with P probability one. However, even if {cy: § € ©} is under Assumptions 3.1
and {(6m79): 0 e @} is under Assumptions 3.2, it is not in general true that
P a.s. E[VZZL’N(G) | Sny] = 0, where N is as in Proposition 5.1. Notice further
that under Assumptions 3.1, for w € 2, —(n/2)Jg,, (6o)(w) represents the second
derivative of the log-likelihood 6 — —(n/2)l,,(6)(w) based on {cg: § € O}.
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6. Example of application: generalized Wendland functions

In this section we work in the same setting as in Section 2.2, but we additionally
assume that Z is isotropic. Explicitly, for the given family of covariance functions
{cp: 0 € O}, we assume that there exists a parametric family {@g: § € O} such
that for any § € ©, s € R?, cy(s) = wy(|s]|). The family {pg: 6 € O} is called the
radial version of {cp: 6 € ©}. We can recycle the notation of Section 3 and easily
translate Assumptions 3.1 and 3.2 by considering families of approximations
{(@m,0): 0 € ©} for {py: 6 € O} on Ry. This allows us to readily recover the
results of Sections 4 and 5 for isotropic random fields. For the details we refer
to Assumptions A.1 and A.2, as well as Theorems A.1 and A.2 in Appendix A.

In terms of an explicit family of radial covariance functions, we reconsider the
generalized Wendland covariance function which we have already introduced in
(1) of Section 1.3. Let © 3 0 := (02, 3), where © = [02,,, 02 x) X [Bmin, Bmax),
with 0 < 02, <02, <ooand 1—27 < Buin < Bmax < 00. We assume that the
covariance function of the random field Z is given by ¢, (|s])), s € R%, 6y € O,
where ¢y, belongs to the family {¢y: 6 € ©} which is defined by

do(t) = o¢(%) e [0,00), (13)

where

1 K— 1%
(s = { BT L 0 = ), e 1),
’ 0, r € [1,00),

compare to (1) of Section 1.3. We treat x and v as given but such that x > 0
and v > (d 4+ 1)/2 + k. Notice that the latter restriction on x and v makes
sure that for any 6 € ©, ¢y belongs to the class ¢4, the class of real valued and
continuous functions, defined on R, which are strictly positive at the origin and
such that for any finite collection of points in R, evaluation at the Euclidean
norm of pairwise differences between points of the collection results in a non-
negative definite matrix (see for example [21]). Actually, in the latter reference
it is argued that for k > 0, ¢, . € ®q4 if and only if v > (d + 1)/2 + k. For the
respective family defined on R?, we use the notation wy(s) = ¢a(||s|)).

Remark 6.1. The restriction B, > 1 — 27 is imposed to proof that the family
{wg: 0 € O} satisfies Assumptions 5.1 and 5.2 (see the proof of Propositions 6.2).
This is not surprising, as 1 — 27 defines the minimal spacing between pairs of
distinct observation points of the randomly perturbed regular grid, defined in
(2) of Section 2.2. Further, as we have noted that ¢, , € ®4 if and only if
v > (d+1)/2+ k, the two smoothness parameters v and k can not be estimated
without further constraints.

Proposition 6.1. Let k > 4. Then, the family {¢g: 0 € O} satisfies Assump-
tion A.1, where for any 0 € © and for any ¢ = 1,2,3, i1,...,4, € {1,...,p},
the functions t — ¢g(t) and t — %flf‘?g%(t) are continuous on R .
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Proposition 6.2. Let k > 2. Then, the family {wg: 0 € O} satisfies Assump-
tions 5.1 and 5.2.

Using Propositions 6.1 and 6.2, under application of Theorems A.1 and A.2
(recall also Corollaries 5.3 and 5.5), we obtain the following result:

Proposition 6.3. Let k > 4. A sequence (én,(¢))n6N+ of ML estimators for 6
based on {¢g: 6 € O} is consistent. Further there exists a non-random symmet-
ric p X p matriz A > 0 such that

n/2(0,,(¢) — 6o) ﬁ N(0,A7Y).

Remark 6.2. Tt is worth to note that the restriction x > 4 is only needed for the
asymptotic distribution of ML estimators, respectively truncated-ML estima-
tors. In particular, in Proposition 6.1, if one only demands conditions involving
first order partial derivatives of ¢y, with respect to 0, k > 2 is sufficient. With
regard to consistency of the estimator (6’An(¢))ne\;+ in Proposition 6.3, k > 2 is
sufficient as well. The same applies for the truncated-ML estimators considered
in Examples 6.1, 6.2, 6.3 and 6.4. Keeping in mind the differentiability condi-
tions imposed in Assumption A.1, the given restrictions on k are not surprising

(compare also to [9], within the infill-domain asymptotic framework).
We discuss four examples of generalized Wendland approximations.

Ezample 6.1 (Truncation of ¢g). Let {¢g: 6 € O} be as in Proposition 6.1. Let
{(Th.0): 6 € ©} be defined as follows: For § € © and m € N, we set,

Tno(t) = dolipc,,(t), tE€RL, Cpn — 00asm — oo.

Proposition 6.4. A sequence (@n(i))neN+ of truncated-ML estimators for 6g
based on {(Tm,g)I 0 e @} is consistent and we have that

n/2(0,(%) — 6o) ﬁ/\/’(&A‘l)’

where A is defined as in Proposition 6.3.
In the following we let M < oo denote a real constant, which is independent
of 6 € [5min7 5max] such that ﬂmax < M.

Ezample 6.2 (Trimmed Bernstein polynomials). Let {¢g: 6 € ©} be as in Propo-
sition 6.1. We consider a family {(Pm,0): 0 € ©} defined as follows: For 6 € ©
and m € Ny, we set for t € Ry,

Bm,@(t; bm), t S M7

Frmo(t) = {0 t>M

with
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the Bernstein polynomial of the function ¢g on [0, by, ), where by, % 5o and
we assume that b, = o(m). Thus, for any 0 < k < m,

k+1 k' mooco
4=,

bm,i - bm* Oa
m m

the distance between adjacent points converge to zero as m approaches infin-
ity. See also [12] for an introduction of Bernstein polynomials on unbounded
intervals.

Proposition 6.5. The family {(Pm.g): 0 € O} satisfies Assumption A.2.

Using Propositions 6.1, 6.2 and 6.5, under application of Theorems A.1 and
A.2, we have proven the following result:

Proposition 6.6. A sequence (én(m))n€N+ of truncated-ML estimators for 6
based on {(Pm.,0): 0 € O} is consistent and we have that

n'/2(0,() — b0) —— N(0,A7"),

where A is defined as in Proposition 6.3.

Ezample 6.3 (Linear interpolation). Let {¢p: 6 € ©} be as in Proposition 6.1.
For a given m € N, we consider a partition of the interval [0, M], 0 =ty < ¢; <
-+ <tn,, = M, where N,,, “== oo and for 0 < k < Ny, %, — 7" 7% 0.
Then, we define the family {(Em,e): 0 € @} as follows: For § € © and m € N,
we set for t € Ry,

1, t; N, t< M
Sm,e(t) — {Om,O( ) m), . ; M;

where

Po(tiha)—Po(ty’)
FTRRE CICORESS == L SN o
m, ) m) —
0, tE [t

Thus, for a given m € N, £,, ¢ represents a linear interpolation of the function
¢ on the interval [0, M].

Proposition 6.7. The family {(Lp0): 6 € O} satisfies Assumption A.2.

Using Propositions 6.1, 6.2 and 6.7, under application of Theorems A.1 and
A .2, we have further proven the following result:

Proposition 6.8. A sequence (QAn(S))neN+ of truncated-ML estimators for 6g
based on {(Sm,g)l 0 e @} s consistent and we have that

n'/2(0,(£) — 60) —— N(0,A7Y),

where A is defined as in Proposition 6.3.
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Ezample 6.4 (Vanishing nugget effect). Let {¢g: 6 € O} be as in Proposition 6.1
and consider a family {(¢m79): RS @} that satisfies Assumption A.2. Then,
define for any 6 € © and m € N, the function

(i:)m’g(t) +6(m), t=0,

¢m,0(t), t 7é 07 (14)

Gm,g(t) = {

where (6(m))men, is independent of # € © and ¢t € R and such that 6(m) — 0,
as m — oo. Note that since the family {¢p: 0 € O} satisfies Assumption A.2,
we could also choose ¢, 0 = ¢ in (14).

Proposition 6.9. A sequence (én (6))neN+ of truncated-ML estimators for g
based on {(Gm’o) 10 e 6} is consistent and we have that

n'/2(6,(8) — ) —— N(0,A7"),

where A is defined as in Proposition 6.3.

Remark 6.3. As it was already mentioned in the introduction, computing (13)
is costly. However, if k is a positive integer, closed form solutions of (13) exist.
More specifically, if K = k € Ny, then

Guk(r) = Apyr(r)Pe(r),

where Py, is a polynomial of order k and A,y the Askey function ([3]) of order
v+k,

(1—r)tk 0<r<1,
Avi(r) = {0, r > 1.
In addition, if k € (N1 — 1/2), a positive half-integer, it is shown in [28] that
further closed form solutions of (13), involving polynomial, logarithmic and
square root terms, exist. Thus, in the specific example of generalized Wendland
covariance functions, covariance approximations will facilitate computing (13)
when k ¢ Ny U (N3 —1/2).

7. Covariance taper approximations: beyond compactly supported
covariance functions

Asymptotic properties of (regular) tapered-ML estimators were addressed in
both the infill- and increasing-domain asymptotic framework (see [23, 14, 30]
and [16]). The direct functional approximation approach studied here can be
combined with covariance tapering. Given observations of S, it is known that
under weak assumptions on the presumed covariance function, ML estimators
based on tapered covariance functions (tapered-ML estimators) preserve consis-
tency (see [16], in particular Corollary 2 in the increasing-domain framework).
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However, this is the case for covariance tapers that have a compact support
which is not fixed, but rather grows to the entire R? as the number of ob-
servations from S increases. Within an increasing-domain asymptotic frame-
work, given a fixed compact support of the covariance taper, one can in general
not expect tapered-ML estimators to be consistent. Still, under suitable con-
ditions, tapered-ML estimators asymptotically minimize the Kullback-Leibler
divergence (see for instance Theorem 3.3 in [5]). Given the theory developed
here, we can readily recover the same result for truncated-tapered ML estima-
tors, ML estimators based on tapered covariance function, where the covariance
taper is replaced with a functional approximation of it. To be more formal, let
us remain in the setting of Section 2, but assume that Z has true and unknown
covariance function kg,, 6y € O, which belongs to a family {ky: 6§ € ©} which
satisfies:

e For any s € RY, 0 ky(s) is continuously differentiable

e There exist constants A < oo and o > 0 such that for all ¢ = 1,...,p,
for all s € R? and for all 6 € O, |ko(s)| < A/(1 + ||s]|**) and g’;? (s)] <
A1+ |ls]|)

o {kg: 0 € ©} satisfies (3) of Assumption 3.1.

The given assumptions are very weak and satisfied for instance for the Matérn
family (see also Condition 2.1 in [4] or Remark 3.1). Then, we consider a fixed
covariance taper s — tg (s), 0 € ©', 0" C R!, compact and convex. We assume
that ¢, belongs to a family of tapers {t¢:: 0’ € ©'} that satisfies Assumption 3.1
(regarding (2), ¢ = 1 and the continuity of first order partial derivatives is
sufficient). As we have seen in Section 6 (Proposition 6.1), we may choose, with

b= (Bo0,1), K >2,v>(d+1)/2 + K, a generalized Wendland taper (see also
Remark 6.2). In the given context it is more convenient to write tg, = tg;,
where f3y is the taper range, that is ¢g,(s) = 0 for ||s|| > (. Based on a finite
collection S,y of S, on (Q2, F,P), we then define the tapered n x n covariance
matrix Rn,gm. = ko(S; —S;j)ts, (S; —5;), 1 <1i,j <n. Additionally, we consider
a covariance matrix approximation

Enﬂiyj = k9(SZ - Sj){r(n),% (Sz - Sj)7 1< Za] <mn, r(n) — 0 asn — oo,

of R, ¢, where (fm,%) is a sequence of functions that belongs to a family of taper
approximations {(Z,, ¢/): @ € ©'}, for which Assumption 3.2 applies. Again,
we write fm% = tm.g,, m € Ny, to highlight the fixed range parameter. We
note that the results of Lemma 4.1 and Proposition 5.1 remain true with 3, ¢

and in)e replaced with R,, o and Rn,g, respectively. We know (see Remark 2.1)
that the conditional distribution of Z(,) given S(,) is given by the random
variable w — N (0, K}, g, (w)). On the other hand, we can assume a misspecified
distribution w — N (0, R, ¢(w)), where the true covariance matrix is replaced
with the tapered covariance matrix Ry, ¢(w), § € ©. Then, we define the scaled
(see [5]) conditional Kullback-Leibler divergence of N'(0, R;, ¢) from N (0, K, o,),

n,0p n,

1 1
dn.o = - log (det(Rn 0K, 5 ) + - tr(K,0, R, 5) — 1.
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The distribution N (0, R, ) shall be called a regular taper miss-specified dis-
tribution. If we choose n > N (N as in Proposition 5.1), we can even further
misspecify the distribution of Z(,) given S(,) by replacing R, s with En,g in
N(0, R, 9). This gives rise to the scaled conditional Kullback-Leibler divergence
of N'(0, Ry, 9) from N(0, K., ,),

1 ~ 1 ~
.o = - log (det(Rn 0K, 5.)) + - tr(Kn.o,R;, 5) — 1.

We use the notation (én(kt))nel\r+ and ((‘jn(lff))n@\;+ for ML and truncated-
ML estimators for 6y with respect to {kets,: 6 € O} and {(kot, 5,): 0 € O},
respectively. In accordance with the literature about tapered-ML estimators,
the estimators (én(kt))neN . and (én(kf))neN . are then further referred to as
tapered-ML estimators and truncated-tapered ML estimators, respectively. We
can now state the following theorem:

Theorem 7.1. We have that P a.s.

sup ’dmg - Cin,@’ 270, (15)
6co
and as n — oo,
0,0 (k) = J2E dnp + 0n, (16)

P
where 6, — 0.
n—oo

Therefore, in the given scenario, truncated-tapered ML estimators asymptoti-
cally minimize the conditional Kullback-Leibler divergence of taper misspecified
distributions from the true distribution (compare also to Theorem 3.3 in [5]).
Thus, in terms of Kullback-Leibler divergence, truncated-tapered ML estimators
and tapered-ML estimators perform asymptotically equally well.

8. Discussion and outlook

With the introduction of truncated-likelihood functions, we allow for more far-
reaching forms of covariance approximations, such as linear interpolations or
polynomial approximations. Our approximation approach relates directly to the
presumed covariance function. Thus, combinations with existing approximation
methods such as low-rank or covariance tapering approaches are well possible.
We studied the quality of truncated-ML estimators from an asymptotic point of
view. For compactly supported covariance functions, the conditions imposed in
Sections 3 and 5 permit us to obtain truncated-ML estimators that are asymp-
totically well-behaving. That is, we obtain estimators that are consistent and
asymptotically normal. Our proof strategies were strongly influenced by [4]. We
have provided a comprehensive analysis for the family of generalized Wendland
covariance functions. That is, we give precise conditions on smoothness, variance
and range parameters, under which ML estimators for variance and range pa-
rameters are consistent and asymptotically normal. To our knowledge, this does
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not exists in the literature so far (compare also to [9], within the infill-domain
asymptotic context). Further, we gave four examples of generalized Wendland
approximations, for which truncated-ML estimators preserve consistency and
asymptotic normality.

We now discuss some open questions. Our results on consistency and asymp-
totic normality depend on the condition that correlations vanish beyond a cer-
tain distance. It would be of interest to recover the consistency and asymptotic
normality results for truncated-ML estimators, where the assumption of a com-
pact support is dropped. To this end, we recall that the imposed conditions
on covariance functions and approximations resulted in the uniform asymptotic
equivalence of covariance matrices and approximations. Using this, we estab-
lished the existence of a positive integer N, after which covariance matrix ap-
proximations remain positive-definite. Expanding to non-compactly supported
covariance function, this result remains unchanged, as long as covariance matri-
ces and approximations are uniformly asymptotically equivalent (uniformly on
the parameter and sample space). Thus, in this case, consistency and asymp-
totic normality can be recovered, even when presumed covariance functions are
no longer compactly supported. However, as a mere condition, the asymptotic
equivalence of covariance matrices and approximations is of little practical im-
portance. Thus, the case of non-compactly supported covariance functions de-
serves further attention.

From a more applied point of view, our results provide a strong theoretical
basis for further research. It remains to test and extend the given examples
of covariance approximations. The four examples of generalized Wendland ap-
proximations and their effect on parameter estimations were discussed from a
theoretical point of view. An important next step is to provide numerical im-
plementations and practical comparisons.

In conclusion, for large datasets built upon correlated data, the present work
provides an essential missing piece in the area of covariance approximations.

Appendix A: Covariance approximations for isotropic random fields

We consider families of approximations {(@m)e)Z 0 e @} for {p: 6 € O} on R
and translate (recycling the notation of Section 3) Assumptions 3.1 and 3.2 as
follows:

Assumption A.1 (Regularity conditions on ¢y).

(1) There exist real constants C', L < oo, which are independent of § € O,
such that ¢y € Bo(Ry; Sp), with Sy C [0,C] and ||ps]|, < L.

(2) For any t € R, the first, second and third order partial derivatives of
0 — wo(t) exist. In addition, for any ¢ = 1,2,3, 41,...,i, € {1,...,p},

895.1%% € Be(Ry;Sg(ia, ... ,4q)), where there exist constants C’, L’ <
0o, which are independent of 6 € O, such that Sy(i1,...,43) C [0,C'] and
[

891169“1 oo :
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(3) Fourier inversion holds, that is for any 6 € ©,
aollslh = [ cal£)er)ay
Rd

where © x R? 3 (0, f) ~— ¢g(f) is continuous and strictly positive.
Assumption A.2 (Regularity conditions on @, g).

(1) For any 6 € O, for any m € Ni, the function ¢p,0: (R4, B(Ry)) —
(R,B(R)) is measurable.
(2) For any m € Ny, @, ¢ satisfies (1) of Assumption A.1, where respective
constants C and L can be further chosen independently of m € N, .
(3) supgco [[Pm.0 — voll o S0,
(4) For any m € Ny, @, ¢ satisfies (2) of Assumption A.1, where respective
constants C’ and L' can be further chosen independently of m € N_.
(5) For any ¢ =1,2,3, 41,...,i4 € {1,...,p}, we have that
0%m.0 0%pp
sup —
oco || 00, ---00;,  00;, ---00;,
Note that the family {@g: § € O} satisfies Assumption A.1 if and only if
{cy: 6 € O} satisfies Assumption 3.1. Further, for any n € N, and 6 € ©, we
have that

m—r oo

0.

oo

Sno = [eo([1Si — S;l))] 1<i,j<n’

on (,F,P). Thus, a sequence of truncated-ML estimators for 6, based on
{cg: 6 € ©} is a sequence of truncated-ML estimators for 6, based on {@g: 6 €
©}. If we define a sequence of truncated-ML estimators (én(gﬁ))neN . for 6y
based on a given {(Gm,9): 6 € ©} upon replacing inﬁ in (7) with the random
nxn matrix [@,m)0([1S: — S;l)] , we can recover the results of Sections 4
and 5:

1<ij<n

Theorem A.1l. Let (én(¢))neN+ be a sequence of truncated-ML estimators
for 0y based on {(¢me): 6 € ©}. Assume that {pg: 6 € O} satisfies Assump-
tion A.1 (regarding (2), ¢ = 1 and the continuity of first order partial deriva-
tives is sufficient) and {cp: 6 € O} satisfies Assumption 5.1. Suppose further
that {(Gm,0): 0 € O} satisfies Assumption A.2 (regarding (4) and (5), ¢ = 1
and the continuity of first order partial derivatives is sufficient). Then,

0 () —— 0.

n—oo
Theorem A.2. Let (én(cﬁ))neN+ be an sequence of truncated-ML estimators
Jor 0 based on {(@me): 0 € O}. Suppose that {¢g: 0 € O} satisfies Assump-
tion A.1 and {cy: 0 € O} satisfies Assumptions 5.1 and 5.2. Assume further
that {(Pm,0): 0 € O} satisfies Assumption A.2. Then, we have that

n'/2(0n(¢) — 60) —— N'(0,A7Y),

with A as in Theorem 5.4.
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Appendix B: Supporting results

Let r: Ny — Ny be such that r(n) — oo as n — oo. For the families {¢g: 6 € O}
and {(6m,9): 0 e @}, we introduce, for any n € N, and 0 € O, for an arbitrary
S(n) € Gn, for any ¢ = 1,2,3, i1,...,iq € {1,...,p}, the non-random n x n
matrices

8q29(5(n)) ._
96, - 06,

|: 6(100 (s._s-):|
00;, ---00; " I<ij<n

tq

and

3q§39(8(n)) 91Cr(n),0
= (5i — s5) )
891‘1 e 891(1 8911 e 891(1 1§i7j§n

whenever the above partial derivatives with respect to 6 exist. Further, for Borel
measurable sequences of functions {(ém79)2 0 e @}, we introduce, on (Q, F,P),
the n x n random matrices

D% 0 _ 0789(S(n)(w))
90, 00, ) " 00, - 00;,

tq

w —

and

w =

D%, 0 - 9759(S(y (w))
90;, 00, T 00, - 00;,

iq
whenever the above partial derivatives with respect to 6 exist.

Lemma B.1. Let C, L < oo be some real constants. Consider g: R? — R
such that g € Bo(R% S), with S C B[0; O] and ||g||, < L. Then, for anyi € N,
for any sequence (s;)jen, € G,

> g(si—s;) < LR(d,C,7), (17)

JENy

where R(d,C, 1) = (229dC%1) /AL, with A, = 1 — 27. Further, we also have
that
Z g(s; —sj) =0. (18)
JENy
|’Ui7’Uj‘OCZC+1

Remark B.1. We would like to point out that Lemma B.1 resembles Lemmas
D.1 and D.3 of [4], where f: R? — R, which is such that f(s) < 1/(1+ |s|go+1),
is replaced with a compactly supported function g, defined as in Lemma B.1.

Lemma B.2. Let 5, L < oo be some real constants. Consider a sequence
of functions (gm)men,, with values in Ry, where for any m € Ny, g, €
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Be(R%: S,,), with S, C B[O;é} and || gm|| o, < L. Then, for any i € Ny, for
any sequence (s;)jen, € G,

SUP Z gm T 8] < ER(d767T)a (19)

meNy |

where R(d,C,7) == (224dC41)/AY
that

with A = 1 — 27. Further we also have

T

sup Z gm(si —s;j) =0. (20)

meNL jEN,
\Uq-,—'uj|OOZC~’+1

Lemma B.3. Assume that {cg: 6 € ©} satisfies (1) and (3) of Assumption 3.1.
Consider {(¢m,9): 0 € ©} that satisfies (1), (2) and (3) of Assumption 3.2.
Then, we have that

sup sup sup HZ@ S(n) H2 < 00, sup sup sup HZ@ S(n) H2 < oo, (21)
nENY s(,)EGn €O n€NY s(n)EGn €
and in particular
e sup [¥o(sen) - Sa(s0m)l, = 0. (22)
Further, we have that
B o, el A (alo) > 0 9
and there exists N € N such that
inf inf inf A, (ZQ(S(TL))) > 0. (24)

n>N s,)€G, 0€EO

Corollary B.4. Let {cg: 0 € O}, {(ém,9): 0 € O} and N be as in Lemma B.3.
Then, we have that

sup sup sup ||Zg S(n))~ H < 00, Sup sup sup ||Zg n))ile < oo.
neNLp S(n)ng (USC] n>N S(n)egn

In addition we can conclude that

sup sup HE@ s(n)) — ie(S(n))+|’2 7.

S(n)€Gn 0€O

In particular we have that P a.s.

n—oo

sup sup HZn 9||2, sup sup ||En 9||2 < o0 and sup HE;Q — EI,QHQ — 0.
neNy /€O n> 0ce
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Lemma B.5. Suppose that {cg: 0 € O} satisfies (2) of Assumption 3.1. Con-
sider {(¢m,p): 0 € ©} that satisfies (1), (4) and (5) of Assumption 3.2. Then,
for any ¢ = 1,2,3, 41,...,iq € {1,...,p}, we have that (21) and (22) of
Lemma B.3 are satisfied with ¥g(s(,)) and ig(s(n)) replaced with the respective

Gqu(s(n)) aqig(S(n>) . _
a0, 90, and o0, 90, - In particular, for any ¢ = 1,2,3,

i1,...,1q € {1,...,p}, we have that P a.s.

partial derivatives

915, 4
0;, --- 00,

8%, 0

sup sup 78&1 - 00,

neN, /€O

< 00, Ssup sup
2 neNy 0€O

< o0,
2

and in addition it is true that for any ¢ =1,2,3, i1,...,iq € {1,...,p}, P a.s.

3q2n,e _ aqin,e
00, ---00;, 06, ---00

n—oo
sup 0
6€o

2

Lemma B.6. Let I € Ny be fixzed. On (Q, F,P), for k=1,....1, we con-

sider a sequence of n X n random symmetric matrices (Akm,g)neNJr, 0 € 0O,
such that P a.s., for any k = 1,...,1, SUP,en, SUPgeco H‘Z’%"ﬂH < o0. Fur-
ther we assume that there exists N € Ny such that P a.s., for k = 1,...,1,
inf,>n infgco Ay, (Avk’n’.g) > 0. Let (A;f,mg)n@\u, e, k=1,...,1, be another
sequence of m X n random symmetric matrices, defined on the same probability
space, which is such that P a.s., fork=1,...,1,

A < d inf inf \,(A 0.
féﬁ??g” knolly < 00 an oo and n(Ak.n.6)

Finally we also assume that P a.s., for any k=1,...,1,

n— oo

sup HAvk,n,G - Ak,n,OHQ — 0.
0co

Then, we have that P a.s.

I
1 1
- log (det+ <k1:[1 Ak,n79)> - log <det+ <

Lemma B.7. On (Q,F,P), consider two sequences of n X n random matrices

(Amg)nel\u and (An,e)nEN+: 0 € ©, such that P a.s.

0cO

i)

k=1

sup || Anp — Ap o], 222 0.
(IS)

Then, we have that

1 ~ P
sup 7|<Z(n), An,OZ(n)> — <Z(n), AnﬂZ(n)” — 0. (25)

ISR n—o00
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Lemma B.8. Suppose that {cg: 0 € O} satisfies Assumption 3.1 and 5.2 (regu-
larity conditions for partial derivatives up to order g = 2 are sufficient). Suppose
further that {(émyg)t 0 e 9} satisfies Assumption 3.2 (reqularity conditions for
partial derivatives up to order ¢ = 2 are sufficient). Let N be as in Proposi-
tion 5.1 and define {(Gn,N(Q))n€N+: 0 c 9} and {(én’N(H))neN+: 0 € @} as
in (10) and (11), respectively. We then have that

17, (60) = . (B0)||, —— 0. (26)

n—oo

Further, we conclude that the random p X p matriz J@n N(GO) converges in prob-
ability P to a non-random matriz 2A, where Spx, 3 A > 0.

Appendix C: Proofs
C.1. Proof of results in Appendixz B

Proof of Lemma B.1. Let (sj)j€N+ € G. For j € Ny such that [v; — v;| > C+1
we have that [s; — s;|_ > C and thus ||s; — s;|| > C as well (since |w|_ < [wl]|
for any w € RY). Therefore, (18) follows since we have assumed that g has
compact support S C B[0; C]. The proof of (17) depends on the fact that there
exists a minimal spacing A, > 0 between any two distinct observation points
(see (4)). This allows us to show that for some arbitrary ¢ € Ny, if Ny, ¢ denotes
the cardinality of the set {j € Np: [|s; —s;|| < C} C {j € Ny [s; — 54| <
C'}, we have that N, ¢ < R(d,C, 7). For a complete argument one could for
example consider the proof of Lemma 4 in [16]. Using this we can estimate,

> glsi—si) =Y g(si—s;) Loy (lIsi — s5)

JEN4 JEN4
<L Y Iposy (s —s5l)
JENy
S LR (d7 C? T) )
and thus also (17) is proven. O

Proof of Lemma B.2. The proof is similar to the proof of Lemma B.1 and hence
we consider the lemma as proven. O

Proof of Lemma B.3. Let C, L and C~', L be defined as in (1) of Assumption 3.1
and (2) of Assumption 3.2, respectively. We use Lemma B.1 to show that there
exists a real constant M > 0, which does not depend on n € Ny, s,y € G,, and
¢ € © such that for any n € Ny, 5,y € G,

max{||29(8(n))| fzg(s(n))HQ} < M. (27)

27

To see this, let C, := max{C,C} and L, := max{L, L}. Using (1) of Assump-
tion 3.1, we have that for any 6 € ©, ¢y € Bo(R?; Sp), where now Sy C B[0; C,]
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and |cgll,, < L, with C, and L, finite constants that are independent of
n € Ny and 6 € ©. Thus we can write, for any n € Ny, 5,y € G,, and 0 € O,
by Gershgorin circle theorem,

n
[Zats)ly < . S lew (s =)

< sup Z lco (s;i —sj)| < L.R(d,Cy,7) = M,

1ENL

under application of Lemma B.1, with R (d,Cy,7) = (224dC4~1)/A2, where
A; = 1—27. Note that M is independent of n € Ny, s,,) € G,, and 0 € ©.
Similarly, by (2) of Assumption 3.2 we then use Lemma B.2, together with
Gershgorin circle theorem, to show that for any n € Ny, s,,) € G, and 0 € O,

12 (8(n))|l2 < M as well. This shows (27). Thus, we have established that

sup sup sup Hig(s(n))H <M,
nEN} 5(n)EGy €O 2

and

sup  sup  sup [|Zg(sny)|[, < M,
TLEN+ S(n)ng 6cO

and therefore (21) of Lemma B.3 is verified. It is shown in [4] (Proposition D.4)
that because of the increasing-domain setting, where there exists a minimal
distance between any two observation points (see (4)), and since (3) of Assump-
tion 3.1 is satisfied,

inf inf inf A\, (2 > 0.
Juf | infJnf An (So(s))

This shows (23) of Lemma B.3. Using this result, we can fix some § > 0 (small
enough, independent of n € Ny, 54,y € G, and 6 € ©), such that for any
S(n) € Gn,

1)
0<e=———— < min {(a, Xg(sm))a).
R, o)~ iy o Zolseo)a)

=1

For the above § > 0, we can then find N € N, such that,

Sup sup sup HEQ(S(n)) — ie(s(n))H <. (28)
n>N s(n)€EGn 0€O 2

This is valid since for the given £ > 0, by the uniform convergence of (¢,(,),0)
to cp (see (3) of Assumption 3.2), we find N € N such that for any n > N, for
any s(,) € G, and 1 <i,j <n,

sup

sup | [Zo(s()];.; ~ [Zo(s0)]

<e.
] i

,J
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Then, if we define

Rd S5 gr(n)(s) = 2118 ’(0‘9 - Er(n)ﬁ) (8) , n>N,
(S

since we have assumed that the families {cg: € ©} and {(¢n,): 0 € O}
have compact supports, which belong to B [0; C.], we have that g,(,)(s) = 0 for
Is|| > C.. Thus, by Gershgorin circle theorem, under application of Lemma B.2,
for n > N and s(,,) € Gn,

Hig(S(n)) — ZQ(S(n H < max Zgr n) i — 8]
< sup Z Gr(n) (5 ) <eR(d,C,, 7).

Since eR (d,Cs,7) is independent of n € Ny, 5,) € G, and 6 € O, we can
conclude that (28) must be satisfied. Using (28), we have, for n > N, s(,) € G,
and 0 € ©, and for vectors a such that ||a|| = 1, that

<a,29(8(n)) > a 29 ‘ = ‘ S(n ig(S(n)))a>‘

< HEG S(n)) - Ee(s(n))‘ 9

<9,

under application of the Cauchy—Schwarz inequality. In conclusion we have for
vectors a such that |al| = 1, forn > N, 5(,) € G, and 0 € ©,

”nﬁm (a,o(smy)a) — 6 < |\nhi£l1<a’ ig(s(n))a>.

But we know that inf,,> x inf;, g, infoce minjq=1(a, Xg(s(n))a) > 0and d > 0
was chosen small enough (but otherwise arbitrary). Thus, we have also proven
(24) of Lemma B.3. Notice that (22) is proven with (28), hence the proof of
Lemma B.3 is complete. O

Proof of Corollary B.4. This follows from Lemma B.3. O

Proof of Lemma B.5. We omit a formal argument and argue that one can proof
Lemma B.5 using the same way of reasoning as in the proof of Lemma B.3. O

Proof of Lemma B.6. For n > N (N as in the statement) and § € O, we can
write P a.s.

I
det+ < H Ak,nﬂ) = det (A}’/jo B A1/2 A1 n 9A2 no" A?/’rf,@ ),
k=1

::Bn)Q

and

1
doti ([T Auna) =det (A} A2 o)y A2 ).
k=1

::Bn)g
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Note that Emg and B, ¢ are random symmetric matrices. Further, for each of
the random symmetric matrices

172 /2 1/2 1/2
AI,n,G""’AQ,nﬂ? Aing, Al,n,B’"'7A2,n,07 Aino,

the smallest eigenvalue is strictly greater that zero, P a.s., uniformly in n > N
and 6 € © and hence we have that

inf inf Ay (Bpg) > 0and inf inf A, (Emg) >0, Pas. (29)
n>N €O n>N 0€©
In addition, since P a.s. for k =1, ..., I, by assumption

, Sup sup H;{k)n’gH < 00,
2

sup sup HAk’n’e
2 n>Noco

n>N €O

and

e n—00
sup HAk,n,o - Ak,n,QH — 0,
0cOe 2

we also have that

sup sup Héng‘ , sup sup || By |, < o0, (30)
n>N 00 2 n>N0cO
and _
sup HB"’G — B"’OH 272. (31)
€O 2
Using (29), (30) and (31), we pick § > 0 arbitrary and define
1)
0<e=

Sup,,> N SUPgeco ”Bn,@Hz

such that for some given integer N* > N, P a.s.,

sup sup HB;}, — B;,éH <e.
n>N* 0€© 2

Now write

= %log (det (Bn,eég,})))
- %tr (1og (Bnﬁé;,19>)

= Sos(n(BusBy)). 62)
i=1

We can then estimate (32) from above and below as

tog (A (BuoB; b)) < %ilog (X (BuoBrs)) <tog (M (BusBry))-
i=1

l lOg det(Hi:l Ak,n,e)
n det(IT; Ar.no)
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But for the given € > 0, for n > N*, we have that P a.s.
A (Bn,eé,;};) < A (Bno) M (EJ,}))
= [1Broll.l| Bl

< 1BuollollBis = Busll + | Broll 1 B5
<1454

On the other hand, by (31), we also have that for n > N*, P a.s.

M (BuoBrh) = Mn (Buo) M (Br))
= min a, B, gpa min a,é‘la >
({a: Hal\zl}< ! >> <{a: |\a|\:1}< 0 >
> min a, By pa min a,B la 5>
N ({a: Hal\zl}< 0 >> <{a: Ha||:1}< n,0 >

>1-6.
Since 6 > 0 was arbitrary and independent of § € ©, the lemma is proven. [

Proof of Lemma B.7. First, using the Cauchy—Schwarz inequality and the com-
patibility of the spectral norm with the Euclidean norm, we can estimate P a.s.

1Z|”

1 ~ -
- (Znys An0Z(n)) — <Z(7L)7An,GZ(n)>‘ < sup HAn,e - An,9H2 o

0cO

Let us fix some arbitrary € > 0 such that for n large enough we have that P a.s.,

sup HAnﬂ - /Nln,gH <e.
0cOe 2

Then, let § > 0 be arbitrary and notice that
_ 2 _ 2
P (E’n 1 HZ(”)H > ’ S(n) = S(n)) =P <€n 1 HEQO(S(n))l/QVnH > 5> s

where V,, is a Gauss vector, defined on (€, F,P), with zero-mean vector and
identity covariance matrix. Then, we use Markov’s inequality to estimate

P (5TL1 HZ@O (S(n))1/2Vn

2 2
> 5) <en 157E |:H290(S(n))1/2VnH }

< e 2 172
<e 00 (5(n)) .

where the latter term is bounded uniformly in S(m) € Gn, and n € Ny (see
Lemma B.3). Thus we conclude that

Zw)|”
n

>0

sup P [ sup HAn’e - gn’eH
S(n)€EGn 0co 2

Smy = 8<n>> =50,
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which shows that

7 12wl e
sup [0 — Ao 0l 2
0co 2 n n—oo
and thus the proof is complete. O

Proof of Lemma B.8. For n € Ny, let h(n) =n+ N —1. Then, for k =1,...,p,
we have that P a.s.

Ol N 1 <1 O,
N (9,) = tr (S )80
00, (60) h(n)( I‘< h(n),00 00y,
o 3§h(7),0 o
~Z(n(n)s Zinn) 00 ae; > tny.00 20 |

and

E [ai”JV (6)

1 < Ohiny6
- s-1 ——hn),%
00, S(h(n)):| h(n) (tr ( h(n),00 a0,

_ %y, _
-1 (n),00 -1
—tr (Eh(n),eo o0, : Eh(n),eo Zh(n)ﬁo)) :

Similar expressions can then be calculated for I, x based on Xy, ¢, We can
further calculate, for n € Ny, for 1 <k, [ <p, P as.,

%l N 1 kil 1 Tkl
90,00, (00) - h(n) tr (Al,h(n),eo) + h(n) <Z(h(n))7 AQ,h(n),GO Z(h(n))>7
where
_ - % - o5 - %%
Kl | h(n),00 S —1 h(n),60 -1 h(n),00
Al,h(n)ﬂo — Eh(n)ﬁo 90y, h(n),00 a0, + Eh(n),eo 00,00, (33)
and
_ - % hin) 00 < % ~
Kl i om—1 (n),00 S —1 h(n),00 -1
A2 o0 =200 g, Tnimm ™ pg,  h(moy (34)

_y-l 82ih(n)ﬂo Sh!
h(n).0o 99,50, ~hn)bo’

In addition, for n € N, we also have that P a.s.,

e 00 | S ] .
0 (E [ 90, E:QO: S(n( ))]) _ h(ln) (tr (A]f,lh(n),eo) +tr (A’;fh(n)’eth(n)’go) >

Again, similar expressions can be obtained for I, x based on ¥, g,, where for
n € Ny, 1 <kl < p, the respective terms A’ffh(n)ﬂo and A’;fh(n)ﬂo are defined
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as in (33) and (34), respectively, but ih(n)ﬂo is replaced with Xy (,,) g,- Then,
we have for n € Ny, for k,l=1,...,p, P a.s.,

Ol N 02l N 1 -
= (0 0 =t (AR _ M ‘
aekael ( ) 86k89l ( 0) h(n) r ( 1,h(n)790 l,h(’ﬂ),eo)
_1 Akl kl
+ h(n) ‘<Z(h(n))aA2,h(n),90 - Ag’h(n)’eoz(h(n)ﬁ‘
1 Akl kl
< i 1 (A0 = AW )|
2
x | Z ey |
+ HAQ h(n),00 AQ,h(n),OO QW.

We can apply Lemma B.7 to the sequence of random matrices (Z’;lh(n) 90)n6N+

and (A2lh(n) 00 )nEN+ to conclude under application of Lemma 4.1 (see also
Corollary B.4 and Lemma B.5) that

gkz Akl HZ(h(n)) H2 LN
We also have P a.s.
1 ~
- ’tr (Alf,lh(n),eo - A’f,lhm),eo) =50,

using the triangular inequality, von Neumann’s trace inequality and Lemma 4.1
(see also Corollary B.4 and Lemma B.5). Hence, we have shown that for any
kil=1,....,p

Pl N Ol N P
(60) — (6o 0.
80k891 89,@91 n—roo
In addition, we have that for any k,l =1,...,p, P a.s., the expression

O(E [Z2(60) | Sniny]) (B [%500) | Stnn))
89k aek

is bounded from above by

|tr( ) 00 — A, 0) | | tr (A% "h(n) 0 Agfh(n),éo)zh(")voo)}
h(n) ’

which again, under application of the triangular inequality, von Neumann’s trace
inequality and Lemma 4.1 (see also Corollary B.4 and Lemma B.5), converges
to zero P a.s. Hence, we have shown that for any k,l =1,...,p,

‘(‘]én,N(eO))kz - (JGn,N(eO))kl n

2 50,

n—o0
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which concludes the proof of (26). Now it is shown in [4] (see Propositions
D.7 and D.8 and also consider the proofs of Propositions 3.2 and 3.3), under
application of Lemmas B.1, B.2, 4.1, B.5 and Corollary B.4, that

JGn,N (00) %) 2A7

where A is the P a.s. limit of a sequence of p x p matrices (Hh(n)(@o))nel\;+
defined as

1 — aEh(n) 0, _ ﬁEh(n) 0,
tr (ot 22RO -1 - TEh(n)bo : '
{ {Qh(”) ' < 0o 9y, Thm 0o 5, 1<k,I<p met

Further, by Assumption 5.2, it is concluded that the limit A is such that A > 0.
But then, we use (26) to show that

Jg, (60) —— 24,

n—oo

as well, which concludes the proof of Lemma B.8. O

C.2. Proof of results in Section 4

Proof of Lemma 4.1. We rely on Lemma B.3 and a proof is evident. O

C.3. Proof of results in Section 5

To simplify the notation, we write (én)nEN+ = (én(é))n€N+.

Proof of Proposition 5.1. The statement is verified as a consequence of Lem-
mas 4.1, B.6 and B.7. O

Proof of Theorem 5.2. Let N € N be as in Lemma 4.1 (or Proposition 5.1) and
define, for any w € €2, the sequence (l~n7N(0) (w) )nen, as in (9) of Section 5.1.
We note that, under the given assumptions of Theorem 5.2, the first order partial
derivatives with respect to 6 exist for the sequence (I, n(6) (w) Jnen, - Then, we

define the sequence of estimators (9n7N)neN+ = (9n+N_1)neN+. Therefore 6, n
minimizes I, y(8) P a.s. for any n € Ny. To prove that

én L 90,

n—oo

it is sufficient to show that

Oy —— fo. (35)
n—oo

We consider a similar approach as given in [4]. As N is fixed, we write for
n € Ni, h(n) = n+ N — 1. Under the assumptions of the theorem we have that
P a.s.

n—

Var (In,n(0) | S(hin))) —— 0, (36)
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and

max sup
k=1,...p pcO®

(’)
~N(0)| =O0p(1) as n — oo. (37)
69k
To see it, we remark that P a.s. (using Proposition 5.1),

2 - -1
h(n)? ( h(n) ezh(n),eoxh(n),azh(n)ﬂo )

=:ﬁh(n),9

Var( ()|Sh(n):

From here, we can use von Neumann’s trace inequality to show that P a.s.

Now, by Lemma 4.1 (and Corollary B.4) we can conclude that there exists a
real constant My > 0, such that for any n € N, P a.s., Var(ZmN(Q) | S(h(n))) <
My/h(n), which proofs (36). For (37), we first notice that by Lemma B.5, there
exist constants M, My > 0 (which are independent of n € Ny, s,y € G,, and
6 € ©) such that P a.s.

2

Ei

‘tr (ﬁh(n),e)’ < h(n) || X500

Eh(n) 9o

a~

Y, < M.
89k =2

2

0

SES|
sup HZ”’G ‘ < M; and max sup
0€O k=1,...poco

Using this result have that P a.s.

8 -
a0, "

max sup
k=1,...p9cO

1 0 < 95
h(n) tr h(n) 0 90, h(n),0

1 0 <
— Z ) 02
h(n )< (h(n))’ h(n)Gaa h(n)9 h( ),0 (h(n))>’

L, n(#)| = max sup
k=1,...pgco

Z(h(n
< MMy me.
(39)

Let Vi, (n) be a Gauss vector on (€2, F,P), with zero-mean vector and h(n) x h(n)
identity covariance matrix. Then (see also Remark 2.1), for any finite M > 0,
we have that the probability

P(My M + MMah() ™ | Zina I” > M | Siumy = 501m)
is bounded from above by
P(M1 M (14 h(n) " H|Viml?) > M).
Therefore, P a.s.,

P(My My + MZMah(n) || Zinuy |* > M | Siua)
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is bounded from above by P(MyM; (1 + h(n) = |Vym)[|?) > M) as well. Since
MM (1 + h(n)"H[Vam|I?) = Op(1) as n — oo, (37) is shown.

Notice further that © is convex, 6 + [, y(6) is continuously differentiable
and by (38)

iZ}J\;(H)H < .

sup ELmax sup a6,

neNy =1,...pgco

Thus, under application of Corollary 2.2 of [27], with (36) and (37), we can
conclude that

sup |Zn,N(9) —E [Zn,]v(e) | S(h(n))” L} 0. (39)

0cO n—0o0
To continue, we define the sequences of random variables

(Dh(n).0.60) neny, = E[lnn(0) | Stuny)] = E[ln.n(00) | Shn)]) e, »
(Dr(m)0.00) nen, = Ellnn(0) | Sainy] = Elln.v (00) | Strinn]) pen, -

For any n € N, we have that P a.s.,

1 1 _
Dt 0.00 = 37,7y 108 (At (Bnny 0)) + 505 tr (ZrtyoShm.an)

1 ) .
_ m lOg (det (Zh(n),eo)) - W tr (Eh(]:rb),QDZh(n),oo) .

Similarly, For any n € N, we have that P a.s.

Eh(n),gﬂo = ﬁ log (det (ih(n)ﬂ)) + ﬁ tr (ig(ln)yeEh(n),go)

1 ~ 1 -
_ —h(n> log (det (Zh(n)ﬂo)) - h(n) tr (Eh(n),eozh(n),éo) .
Notice that because of (39) we have that

LO.

n—oo

sup ‘(Zn,N(g) — LN (00)) — Eh(n),aﬂo
0c6

Further, it is shown in [4] (see the proof of Proposition 3.1) that under applica-
tion of Lemma B.3 there exists some constant B > 0 (which does not depend
on n € N ) such that P a.s.

1 h(n)
D >B——
h(n),&,@o — h(n) Z

ij=1

s

(Ce(Si — 5j) — co,(Si — 5j)>2-

::D2,h(n),9.60
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Under application of Lemmas B.1, B.2, B.3 and Corollary B.4, it is then shown
in the proof of Proposition 3.1 of [4] that either, if 7 = 0, Da j(n),0,9, is deter-
ministic and we have that

n—oo

sup | D, (n),0,00 — Doo.0,6,| —— 0,
6cO

where the limit is given by Doc 9.6, = Y., cz4 (co(z) — cao(z))Q. Or 7 >0 and it
is concluded that

P
sup | Dy h(n),0,60 — Doo.0.0o] —— 0,
96@ n—oo

where in this case

Doy = /D (co(5) — can(5))*F(5)ds + (ca(0) — ¢4, (0))*.

.

Notice that because of the assumption that (X;)sen, is independent with com-
mon law that has a strictly positive probability density function, the function
f is strictly positive almost everywhere with respect to the Lebesgue measure
on D, (see the end of the proof of Proposition 3.1 in [4]). In either case, we can
thus conclude that

P
sup |D2,h(n),6,00 — DOO,9,90’ — 0,
0cO n—oo

where for any a > 0, because of Assumption 5.1, infg. |9_g,|>a Doo,6,6, > 0, and
the limit D g0, is deterministic. We now want to show that there exists some
Ny > N such that for any n > Ny, for any § € O, P a.s.,

Bh(n),eﬂo > BD3 1(n),0,60 (40)

as well. In this case, with Ds j,(,)0,0, @ Tandom function on {2 and D 9, a
deterministic function of § € ©, we would have for any fixed 7 > 0, and for any
given a > 0,

P
sup |D27h(")79790 - D0079790| > 0,
0cO n—oo

inf DOO79790 > DOO)90790 =0,
0:10—00|>c

where the sequence of estimators (Gn,N)n€N+, is such that for n > Ny, P a.s.,

Dy 1

n),0n, n,00

1 ~ - 1 - ~ -
= D2,h(n),0_n,N,90 - E (ln,N (Gn,N) - ln,N (00)) + E (ln,N (on,N) - ln,N (00))

‘5 n),0, 1 - ~ ~ 1 -~ - -
< W = 5 (00 (0n.) = T (00)) + 5 (b (Bu.) = In.v (60))



3086 R. Furrer and M. Hediger

1 . . _
< D3 h(n) 00,00 + 3 Sup ’(ln,N(G) —ln,N(00)) = Drn).0.00 |5
9co

"L_>O

n— oo

and we can conclude the proof of Theorem 5.2, using Theorem 5.7 of [31]. Hence,
it remains to show (40). We write P a.s.,

Dh(”)ﬂ:@o - Dh(n),é,eg

< ‘ALh(n),a,eo — A1 h(n),0.00

+ ‘A2,h(n),0,90 — A2.h(n),0.60

)

+ ‘gs,h(n),e,eo — A3 h(n),0,00

where
~ 1 .
ALn 0,00 = Avn(m).0.00 = o5 108 (det (Eh(")ﬂozh(n)ﬁ))

_ %n) tog (et (Siny.00 Sty ) )

T 1 S-1 -1
AQ»h(”)ﬁﬂo - AQah(")ﬂﬂo = h(n) tr ([Eh(n),e - Zh(n),e} 2h(“)ﬂo) )
and
A A =L oa(s I B
3,h(n),0,00 — 413,h(n),0,60 = h(n) tr ([ h(n),00 h(n),eo} h(”)ﬂo) :

By Lemma 4.1, Corollary B.4 and Lemma B.6, we already conclude that P a.s.

‘Al,h(nw,eo — ALh(n) 60,00

converges to zero uniformly in 8 € © as n — oco. Further, we can conclude that
P a.s.

| Ao, n(m).0.00 = A2nm).000 | < 1S iy.0 = Sy ol =00l

and thus, since by Lemma 4.1 P a.s. [|Zp(n).0, |2 [|Zn(n).0ll2 and [|Znmyoll2 are
finite, uniformly in n € Ny and 6 € ©, and P a.s.

n—roo

-1 -1
th(n),e - Eh(n),0H2 0,

uniformly in 6 € ©, by application of Corollary B.4, we can also see that P a.s.

‘Az,h(n),a,eo — A2.h(n).0,00
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converges to zero as n — oo, uniformly in § € ©. Using a similar argument we
can also show that P a.s. the term ‘Ag,h(n))gﬁo — Ag)h(n)’g,go’ converges to zero
as n — oo, uniformly in § € ©. Hence, we have shown that P a.s.

n—oo

——0,

‘Eh(n),e,éo = Dp(n),0,60

uniformly in € © and we_can argue that IP a.s. there exists some No > N
such that for all n > N2, Dynye.0, = BD2n(n),60,6, o0 €2, which shows (40).
Therefore, we have that

O — 5 8y,
n—oo
which concludes the proof. O

Proof of Corollary 5.3. This follows from Theorem 5.2 when we define, for any
0 € © and m € Ny, &y,0(s) = cy(s), for all s € R%. O

Proof of Theorem 5.4. Let N € Ny be as in Proposition 5.1 and define, for any
w € , the sequences of functions (lmN(G) (w) )neN+ and (Zn,N(H) (w) )nEN+ as
in (8) and (9) of Section 5.1, respectively. From the proof of Theorem 5.2 we

know that sequence of estimators (en,N)neNJr = (9n+N_1)n€N+, is such that
~ P
HnyN —_— 90.

Define {(Gp,n (0))nen, : 0 € ©} and {(Gpn (0))nen, : 6 € O} as in (10) and
(11) respectively. For n € Ny we set h(n) =n+ N —1. We have for k= 1,...,p,
P a.s., for n € N,

~ 8l~n, 81},
v (00) = 5= () _E[ 5. (0) ‘ S(h(n)):|
—1 -1 8ih(n)’90 S-1
- h(n) " (Zh(n)’g"3—9;€Eh'(")7902h(”);90 )

_1 -1 aih(n),@ ——1
+ h(n) {Znmy), _Ehcm,eoTkOEh(n) 80 Z(h(n)))>

::Nk,h(n)

where, by Lemma 4.1 (see also Corollary B.4 and Lemma B.5) P a.s., forn € N,
| My, h(m)ll2 and || Ny p(n)ll2 are finite, uniformly in 6 € ©. Further, notice that
P a.s.

tr (Mk,h(n) + Nk,h(n)zh(n),90> =0 Vke {1, R ,p}.
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n— 00

From the proof of Lemma B.8, we already know that P a.s., Hy, ) (60) —— A,
where for any k,l =1,...,p, for any n € N,

(_1 O () 00 511 %>

1
[Huny(00)],, = 557 tr h(n)0o g, he T g,

2h(n)

Now, if we define, on (2, F,P), the sequence of random p X p matrices

1 - -
{ ) [‘Cr (Nk,h(n)Zh(n),eoN{l,h(n)}zh(n)ﬂo)} {19719}1 n e N+}

=Hp,(ny(60)

n— oo

we also have that, for any k,l = 1,...p, P a.s., |[ﬁh(n) (90)]kl — Ekl| —— 0.
This follows from the fact that for any k,l = 1,...p, we have that P a.s.

tr (é;jgn) _ B;ggn))

)

‘[ﬁh(”)(e'J)Ll B [Hh(") (90)]"’1‘ = %(n)

where

_ - o% ~ - o5 -

kl -1 h(n),00 S—1 -1 h(n),fo S —1

Bh(”):Eh(n),HO o0;, 0Eh(n),eozh(n)ﬂozh(n)ﬂo 00, Uzh(n),oozh(")ﬁo?
and

oy, ox
kl -1 (n),00 \w—1 -1 h(n),00 \n—1
Bh(n) = Eh(n),@g —39k : Zh(n),eoEh(n),eozh(n),eoTlozh(n),eozh(n)ﬂoa

and again, under application of the triangular inequality, von Neumann’s trace
inequality and Lemma 4.1 (see also Corollary B.4 and Lemma B.5) we thus
have that P a.s. || Hpn)(60) — Hugmy (00)]l2 == 0. But A is the P a.s. limit of
{Hpn)(60): n € N} } and hence we conclude that A is also the P a.s. limit of
{ﬁh(n)(@o)i n € N+}. Then, we can apply Proposition D.9 of [4] to conclude
that

7(n)' /G (B0) —— N (0,4A) .

Notice that because the family {(¢,.0): € ©} satisfies Assumption 3.2, we

have that for fixed w € Q, 6 — én ~N(w, 0) is twice differentiable in § and we
can argue exactly as in the proof of Theorem 5.2 to conclude that the sequence

8 aénL,n,N
(o)
su max _ ,
Geg {1<k,l,;m<p} 00,

neNL
is bounded in probability P. In addition, by Lemma B.8, we also have that

76, 00~ Jo @), 20

2 n—oo
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Finally, the sequence of estimators (6, v)nen, is consistent and such that
P (G (B,v) = 0) "5 1,
Thus we conclude, using for example Proposition D.10 in [4] that
h(n)"2 (B, 5 — 6)) —— N(0,A7).
n—oo
Since N was fixed, we can conclude that

n/2 (B, — 6y) —— N(0,A71),

n—oo

as well. O

Proof of Corollary 5.5. The result follows from Theorem 5.4, a proof is evident
when we define the family {(émyg) NS @} as in the proof of Corollary 5.3. O

C.4. Proof of results in Appendix A

Proof of Theorem A.1. The proof is similar to the proof of Theorem 5.2. O

Proof of Theorem A.2. The proof is similar to the proof of Theorem 5.4. O

C.5. Proof of results in Section 6

Since v and k are assumed to be known, we put ¢, ., = B(2k,v + 1). We define
the function f, . (r,u) = u(u? — r?)*~1(1 —u)", (r,u) € [0,1] x [0, 1]. We recall
that for r = 0,

1
CM,{:/ fu. (0, u)du.
0

Proof of Proposition 6.1. We have already seen that for any 6 € ©, given known
k>0and v > (d+1)/2+k, ¢y is continuous on R,. Further, for any 6 € O, ¢g
has compact support Sy = [0, 8] C [0, Bmax| and since k > 4, we can also see that
for any § > 0, for any t € R, ¢g(t + &) < ¢g(t) and thus ¢g(t) < ¢g(0) = o2,
which implies that ||¢g||, < 02, Hence, with C = Bpax and L = o2,
C and L are independent of # € © and hence we can conclude that (1) of
Assumption A.1 is satisfied with Bc (R ; Sp) replaced with Co(R4; Sp). It is now
sufficient to show that for any 6 € ©, for any ¢ =1,2,3, 41,...,i, € {1,...,p},
there exist constants Cy (i1, ...,14), Lo(i1,...,iq) < 00, such that

01q

m ECC(R+,S@(21,,Z¢I)), (41)
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where
Se(ila"'viq) - [O,Cg(il,...,iq)} C [Ovc(ilv"‘viq)]v

D1pq
80, - 06, | _

42
< Lo(i1y.--,1q) < L(in,...,1q), (42)

with C(i1,...,4q), L(i1,...,4,) < oo, independent of § € ©. This means that
in general we need to check the above condition for 2 + 22 + 23 = 14 partial
derivatives. Let us first focus on the partial derivatives with respect to the range
parameter 8 € [Bmin, Bmax)- For r € [0, 1] we write

b(r)
buw(r) = cp, fo(r,u)du,
a(r)
where [0,1] 5 7 — a(r) = r and [0,1] > r — b(r) = 1 are continuously differ-
entiable on [0, 1]. To simplify the notation we will put f,, = f. Then, since
f:10,1] x [0,1] — R is continuous and for any u € [0, 1], since k > 2,

of (r,
or
exists and is continuous on the rectangle [0,1] x [0,1], we can conclude, using
the general Leibniz integral rule, that [0,1] > r — % (r) is continuous and
given by

u) = —2r(k — 1)u (u —r )572 (1 —w)”,

d¢u K db da

ose (r) = 1o, b(r) 1)~ £, () T2 ()
=0 =0
b(r) 9
—2r(k = 1)t w(w? =" 1 —w)du.
(=0t | by

=Cu,r—1Pv,k—1(T)

Hence, for ¢ € [0, f]

Obg . ot ddy,. ([t 208(k—1)cChp—1 o t
8—B(t) =TT E (E) T o 0 Py -1 (5)7 (43)

exists and is continuous as a function of ¢t. But clearly, as for r € [1,00) ¢,
is zero, we have that for ¢t € [3, 00), %L’;(t) exists as well and is continuous as

a function of ¢. Hence, for any ¢t € R4, %L;f(t) exists, is given by (43) and is

continuous as a function of ¢. Thus, by monotonicity of ¢, ,—1 we define

26%(k — 1) eyt o 2(k—1)cyu 52
53 Cuk 7= ﬂ Cuk and C@( ) 67

Ly(2) =

and have that

%

% € Cc(R4;10,Co(2

] s
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Further, we find

2k —1)cpr—
sup Ly(2) < L_)C’—lofup and sup Cp(2) < B max »
[2SC) Brmin Cu,k he® ( |

=:L(2)

where L(2) and C(2) do not depend on 6 € ©. Since we have assumed that

k > 4, we can now repeat the arguments Which led to (43), for another two
3

times, and conclude that for any t € Ry, Z 652 2(t), and 885539 (t) exits as well, are

given by

(0 = () (44)

with

o) = 4t (k 7616)(/{ —2) 61;7){—2 02¢V7H_2 (;)

6t2(k — 1) Cuk—1 o t
T e, 2\

3 .
and %gg" (t) = ga2(t), with

it = 80 M2 fns 2, (%)
24t2(k — 1) ¢y o1 t
+ ﬁ CMK 2¢1/,m—1 <B>

36tk —1)(k — 2) cup—2 o t
T 2002 )

and are both continuous as a function of ¢ € R,.. Therefore, since ¢, .—1, Pu c—2
and ¢, ,—3 are non-negative and monotonously decreasing, we can define

48%(k — 1) (k — 2) Cu,r—2 2

Lo(2,2) = 5 com
and
8%k —1)(k—2)(k—3) Crp—z o , 24B%(k—1) Crp_1 o
Ly(2,2,2) = 59 o o+ 55 oo o,
as well as Cy(2,2) = Cy(2,2,2) := [, and have that
> ¢o 9o
a5 € CoRy310,Co(2,2)] H 557 Lo(2,2),
9 ¢y 33¢9
o € Cc(R4;10,Cp(2,2,2)]), ‘ 95 < Ly(2,2,2).
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Then, we also find

A —D(E=2) vz 5 _ L(2,2),

sup

sup L9(2a 2) <
0co Brin Cum

as well as

8(k—1) Usgup
sup Lg(2,2,2) < —z—— ((k = 2)(k = 3)cp p—3 + 3crn—1) = L(2,2,2),
[IC] Bmin Cu.k

and C(2,2) = C(2,2,2) = Bmax = supyce Co(2,2) = supgee Co(2,2,2), where
L(2,2), L(2,2,2) and C(2,2) and C(2,2,2) do not depend on § € ©. This then
shows that the partial derivatives of ¢y with respect to the range parameter
exist up to order three and are continuous on R with uniform bounds that do
not depend on # € © and compact supports that are subsets of [0, Smax]. Let us
now focus on the partial derivatives with respect to o2. We can readily see that
for t e Ry,

Son0 =0 (5). (45)

and thus with Sp(1) = [0,5] and Lg(1) = 1 we can choose L(1) = 1 and
C(1) = Bmax such that (41) and (42) are satisfied. Notice that for any t € R,

both 2-%e, (t) and o (t) are zero. Thus, the existence of the desired constants

9(c2)? 9(c2)3
Ly(2,2), Cy(2,2) and L(2,2), C(2,2) for 8’?0@’;2 (t) and Ly(2,2,2), Cp(2,2,2) and
L(2,2,2), C(2,2,2) for 9°9s_ such that (41) and (42) is satisfied, is clear. Let

8(02)% "
us now consider the mixed partial derivatives. Using (43) and (45), we have

8%y B 8%y B 2t2(k — 1) ¢y t
0020 (1) = 0pda? 1) = B3 Cu Do <5> ’

and thus the existence of constants Ly(1,2) = Ly(2,1), Cp(1,2) = Cy(2,1) and
2 2

L(1,2) = L(2,1), C(1,2) = C(2,1) for z%5(t) and z78% (1) such that (41)

and (42) is satisfied follows with

20k —1) cp
L0(172):%C7—1a 09(152):67
and
L) = 2Dt g gy g

Bmin Cu.k
Using (43), (44) and (45) we further have that

63¢9 _ 63¢9 o 83¢)9 _ 1
002032 (t) = 6&802%( ) = 802358ﬂ(t) = ﬁﬂh(t),




Asymptotic properties of truncated-ML estimators 3093

and thus

¢ & ¢g
002032 002032

with Sp(1,2,2) = Sp(2,2,1) = Sp(2,1,2) = [0, 8], and
4k —1)(k —2) ey 2

p? Cup
Further, (42) is satisfied with C'(1,2,2) = C(2,2,1) = C(2,1,2) = fmax, and
4k —1)(k —2) ey 2

) .
Bmin Cu,k

€ CC<R+’ 50(17272))3

< L9(1> 27 2)7

oo

L9(17272) = L9(2,27 ]-) = L9(2, 1a2) =

L(1,2,2) = L(2,2,1) = L(2,1,2) =

Finally we can notice that

o P P
080 (02)2( )= 8028,8802( )= 002002083

(t) =0,

and hence we can verify the existence of constants
Lo(1,1,2) = Ly(1,2,1) = Ly(2,1,1), Cy(1,1,2) = Cp(1,2,1) = Cy(2,1,1),
and

L(1,1,2) = L(1,2,1) = L(2,1,1), C(1,1,2) =C(1,2,1) =C(2,1,1),

for aﬁ%s(ﬁ"z)g, 80282%02, and (%ggfgaﬁ, such that (41) and (42) is satisfied. Thus,
we have shown that for k > 4, {¢p: 6 € O} satisfies (2) of Assumption A.1, where
forany ¢ =1,2,3, i1,...,3 € {1,...,p}, Bo(Ry; Se(i1, ..., 1)) can be replaced
with Cc(R4; Sg(i1, ... ,4q)). It now remains to show that (3) of Assumption A.1
is satisfied. We already know, since ¢y € P4, that wy is continuous and non-
negative definite on R?. We write L; (R, ) and L, (Rd) for the spaces of Lebesgue
integrable functions on R, and R?, respectively. Since ¢ — t4 1y (t) € L1 (Ry)
we have that wg € Ly (Rd). Thus we can conclude, using for example Theorems

5.26 and 6.18 in [33], that for any s € R, @y(s) = Fady (||s]|) > 0, where
Fade (1) = tlf(d/m/ bo(u)u? Jiayo) 1 (tu)du, t € Ry,
0

with J(g/2)—1 the Bessel function of order (d/2) — 1. This also shows s — wy(s)
is uniformly continuous on R%, a member of L, (Rd) and Fourier inversion holds
(see for example Theorem 1.1 and Corollary 1.26 in [29]). It remains to check
that © x R? > (6, s) ~ iy(s) is continuous. In the present case, where x > 0
and v > (d + 1)/2 4+ &, one has actually already established a closed form
representation of wy(s). We can refer to Theorem 2.1 in [11] (see also Theorem
1 in [9] for a nice summary and further results) and write for s € R%\ {0},

W (s) :F(ﬂ d+1 v d+1 v 1 (|s,3)2>

m B) K,T+H+§,T+K+§+§,_T
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where with ¢ == (v, k,d), L = K°T'(k)/217% B(2k,v + 1), with

¢ _ 9" d+1r=5T (1 + 1) T (2K + d)
I’(ﬁ—i—%)I’(u—l—Z(%—i—m))

)

and for any z € R,

e Sk

1F5 (a3 b, ¢; 2) E k
(¢)
k:O

a special case of the generalized hypergeometric functions 1 F» (see also [1]),
where for k € Ny, (¢), = I'(¢ + k)/T'(¢) denotes the Pochhammer symbol.
Note that for z € R, |z| > 1 (2 # 1), 1F> (a;b,¢; 2) is defined via its analytic
continuation. Since we know that s +— p(s) is continuous on the entire R% and

d+1  d+1 v d+1 v o1
R e e +2T+m+§+§;z

is continuous in 0, we can further note that

d+l,  d+l v od+1 1
-~ _ d_2 d
we(O)(QW)ULcﬁll*B( R e S e +2+20>

= (2m)* o?L¢pe.

This then shows that © x R? 3 (6, s) + @Wy(s) is continuous as a composition
of continuous functions and hence the proposition is proven. O

Proof of Proposition 6.2. We first show that Assumption 5.1 is satisfied. We
write 81 = (07,51) and 6 = (03,52) and show that 6; # 6 implies that
do, (I11]]) # ¢o,(|IR]]) for all A € B(0;min{5,F2}) \ {0}. Suppose first that
B1 = P2 but 0} # o3 we then have that ¢, (||h]]) # e, (||h]]) for all b €
B (0; min {f1, B2}), since for any h € B (0;min {01, 82}), |kl /61 = ||h]| /B2 < 1
and thus ¢, . (||k]| /B1) = ¢v.x (||| /B2) > 0. Suppose now that either 0% # 03,
with 02 < o2 but 81 # B2, or 02 = 03 = 02 but 1 # B2. Then, let us assume
that min {f1, B2} = B2. We have with ||h]| /81 < ||h]| /B2, by monotonicity of
T+ ¢y (), that either

dor (111} = b, (IA]) = (¢ (”%”) "§ o (”5"2”)) >0

for all h € B (0; min {A1, B2}) \ {0} or

B0, (111} = b0, (IAl) = o <¢> <'6i”) b <Bi”)> =0

for all h € B (0; min {1, 82}) \ {0}. When min {51, 82} = 81, we will in either of
the above cases have ¢g, (||2]]) — o, (||2]||) < 0 for all h € B (0;min {51, B2})\{0}.
Further, we can also use a similar argument for the case where either 0% # 03,
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with 62 > of but 31 > B2 or B1 < Po, or 03 = 02 = o2 but 31 > (s or
B1 < B2. Thus we have shown that 6 # 6, implies that ¢g, (||h|]) # ¢, (||R]])
for all h € B(0;min{f1,02}) \ {0}. Then, for 7 = 0, since min {f1, f2} >
1, B(0;min{f1,082}) \ {0} at least contains integers z € {p € Z%: |p|| =1}.
Therefore 61 # 6, implies ¢, () # ¢, (2) on {p € Z*: |]p|| =1}.If 7 € (0,1/2),
since min {f1, B2} > 0, B (0; min {81, B2}) N D, has non zero Lebesgue measure.
We have thus shown that Assumption 5.1 is satisfied. Let us now show that
{wg: 0 € O} also satisfies Assumptions 5.2. To do so, fix some interval I =
(0,b] C Ry, where 1 —27 < b < 8. We will show that for any 6 € O, there exists
tg € I such that

902’ B 9¢q a2%e #0, (46)

900 (tg) 9ot
W (8¢9 8¢9) (to) = det 953 (o) (Zf (to)
—22=(to) —2=(to)

where W(%, %iﬂ")(to) is called the Wronskian of ¢ — %( ) and t — %L’Be(t)

at to € I. This then shows that the functions ¢ — gjg( ) and ¢ +— %iﬁ"(t) are
linearly independent on the entire interval I, more explicitly, for any t € I,

5%
6 2

O

(t) 4+« 235

(t) =0

will imply that oy = s = 0. This then shows that there does not exist (a1, ) €
R?\ {0}, such that for any 6 € ©,

o)

h»—>0¢1 (||h||)+2 (IIhH)

a.e. with respect to the Lebesgue measure on on B [0; 5]\ {0}. This then justifies,
for both cases, either 7 = 0, or 7 > 0, that also Assumption 5.2 must be satisfied.
Hence, let us show (46). We can calculate, using arguments from the proof of
Proposition 6.1, that for ¢t € I,

oloY) _ t
w(t) - ¢V,r€ (E) )
8¢9( £ = 2t2(k — 1) CV’K_102¢V75_1 (i) 7

op B3 Cuk B
d% 2(‘,(/-6 - ) Cur—1 t
W(t) = ﬁ o ¢VK 1 <B> s

a2 4t(k — 1) o2 LY _£e=2 t
datﬂ (t) = (/;3 >c0m (Cmuéml (E) - %CMWMQ (E)) '
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Therefore we have that for ¢ € I, W (32, 2%¢)(t) is given by

o8
_ 2 _
¢u,n <;> 416(,;31)5# <Cu;-; 1¢un 1 (6) H 2 CV7K_2Q§V7H_2 <;)>
vyk )\’
(54 ) g (CCV7 1¢IJK I(E)> .

But the latter expression is not equal to zero on the entire I. To see it, assume
by contradiction that indeed VV(%7 %L;’)(t) = 0 for all ¢t € I. Using standard
algebraic manipulations one can show that this is equivalent to assume that the

function

f1#)
fa(t)’

g(t) =

with

2
fl (t) = ("”‘3 - 2)61/,!-@(7751/,/-{ (;)Cv,n—ngu,n—Q (;) - (/"‘3 - 1) (Cu,n—1¢v,ﬁ—1 <;)>

and
f2 (t) = CV,KCV,H—1¢U7K, <;) ¢V,I£—1 <;) )

is constant equal to S on I. But this makes no sense and thus we arrive at a
contradiction. Hence, there exists to € I such that (46) is satisfied, which shows
that Assumption 5.2 is satisfied and thus concludes the proof of Proposition 6.2.

O

Proof of Proposition 6.4. The goal is to check that { S G)} satisfies
Assumption A.2; then we conclude using Propositions 6 1 and 6.2, as well as

Theorems A.1 and A.2. We first notice that for any 8 € ©, m € N and any g =

1,2,3,41,...,ig € {1,...,p}, Tme and L’g; are Borel measurable functions

on R.. In addition, for any § € © and m € N, “Smﬁ has support [0, Ug ], with
Ug,m = min {C,,, 5} that satisfies SUDP,en, SUPgeo Upm = Pmax. Further, one
can verify that the family {(T,,,0): 6 € ©} is also uniformly bounded by o2,
on R, and it converges uniformly to ¢p on R, independent of § € ©, that is
suPgeo || Tm.o — Bolloo ——— 0. Thus (1), (2) and (3) of Assumption A.2 are
satisfied. To verify the remaining assumptions, we view T,, o(t) as the result of
a truncation operator g — T, (g) = gljo,c,,) evaluated at t. That is, T, 0(t) =
T (¢9)(t). Then, we remark that for any ¢ = 1,2,3, i1,...,i, € {1,...,p}, for

any 6 € O,
0%, 0 _ ¢
38;, - o, ) = T (891-1 --~69iq> )

Thus, by Proposition 6.1, also (4) and (5) of Assumption A.2 are satisfied. O
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Proof of Proposition 6.5. For any m € Ny, for any 6 € ©, B, o(t; by,) is con-
tinuous on [0, M] and it is also continuous as a function of § € © (see also
the proof of Proposition 6.1). Further, it converges uniformly to ¢y on [0, M],
independent of # € ©. That is

sup sup [Bono(t) — do(t)]
0€0 te[0,M]

m—r o0
0

To see this we can rely, for example, on the proof of Theorem 2.3.1 in [24].
There, it is shown that for any ¢ € [0, M] and 6 € O, for any € > 0, there exists
4(t) > 0 such that

bt
B o(t; b)) — <e+200 0 —s
| ﬂ(tvb ) ¢9(t)| Se+ Umaxm(s(t)g

for m large enough. Since [0, M] is compact and ¢y is continuous, we can choose
0* = 4(t), independent of ¢ € [0, M] and 6 € ©, such that the above inequality
is satisfied for arbitrary € > 0, with §(¢) replaced with §*. Then, we conclude
by taking the supremum on the left and right over [0, M] and 6 € ©. For any
m € N, for any 6 € O, we can write

[Brno(t) — Ga(t)] = [Bm.o(t) — Ga(t)] Lio,an) () + [Pm,o(t) — do(t)| Lias,00)(t)-

Notice that because M > [Bax, the latter term is actually zero independent of

6 € © and thus we have that (B,,0),, en, converges uniformly to ¢g on the entire
m—roo
0.

R4, independent of § € ©. Thus, we have that supgcg ||Bm,0 — Polcc ——
Note also that the convergence (in the uniform norm) of B, ¢ to ¢g in particular
implies that the sequence of functions (%,,,6) men, is bounded on Ry for any
0 € O. Therefore we can use that

sup sup sup P o(t) = sup sup sup Pom,e(t),
meN, teR, 0€O© meNy te[0,M] 0€O

to find C == M and L = SUP;en, SUPie(o,m] SUPsco Pm,o(t), two constants,
which are independent of m € Ny and 0 € O (recall that © is compact), such
that (2) of Assumption A.2 is satisfied. Clearly, for any 8 € © and for any m €
N4, the function P, 0: (R4, B(Ry)) — (R, B(R)) is measurable. In conclusion
we have shown that (1), (2) and (3) of Assumption A.2 are satisfied. In the
proof of Proposition 6.1 we have shown that for any § € ©, for any ¢ = 1,2, 3,

i1,...,iqg € {1,...,p}, there exist constants Cy(i1,...,iq), Lo(i1,...,14) < 00,
such that
6q¢)9 . . 8q¢0 . .
——————— € Cc(Rp:[0,C _— <L
agil"'aaiq S C( -‘ra[ 5 Q(lla ’Zq)])v Haghaalq . =~ Q(Zlv 7Zq)7

where for any ¢ = 1,2,3, i1,...,15 € {1,...,p}, supgee Co(i1,...,iq) < Pmax-
In addition, we notice that for any ¢ = 1,2,3, 41,...,4, € {1,...,p}, for any

0 € 0,
"B 0 B 019
5, - og,, ) = P (aeil ---aeiq) ®),
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where g — PB.,.(g) is the Bernstein polynomial operator for a function g with
support included [0, M]:

w0 =2(2) (1) 50) (-3)

for t < M and zero otherwise. Therefore, we can rely on the same arguments
that we have used to show that (2) and (3) of Assumption A.2 are satisfied,
to show that also (4) and (5) of Assumption A.2 must be satisfied. This then
concludes the proof of Proposition 6.5. O

Proof of Proposition 6.7. The proof follows the same reasoning as the proof of
Proposition 6.5. O

Proof of Proposition 6.9. Since (6(1m)) men, does not depend on # € © and
t € Ry, and is such that 6(m) — 0, as m — oo we can see that {(S,,9): 6 € O}
satisfies Assumption A.2. Thus, using Propositions 6.1 and 6.2, under applica-
tion of Theorems A.1 and A.2, the proposition is proven. O

C.6. Proof of results in Section 7

Proof of Theorem 7.1. Given a collection S(,) of S, let Kn,gl.j = ko(S; — 5;),
1 < 4,5 < n, denote the nxn covariance matrix based on the family {kq: 6 € ©}.
We first note that under the given assumptions on the family {ky: 6 € O}, we
have that
K, < d inf inf A\, (K,q) > 0,
sup sup|[ K, < o0 and inf inf An(Koo)
with P probability one. This can be seen from Proposition D.4 and Lemma D.5
in [4]. Using this, the proof of (15) is immediate, it follows from Lemmas 4.1
and B.6.
If we proof
o (ki) = eig(f;) dng+0,, asn— oo, (47)

where ¢/, %) 0, (16) follows from (15), and we are done. We note that (47)
n o)
is established if we prove
SUp |1 v (6) = E [ln,ein (0) | S]] —— 0, (48)
0coO n— o0

where
1 1 »
Ineran (6) = ~log (det (R 0)) + —(Z(n) By p 2y )

the random version of the modified log-likelihood function based on the ta-
pered covariance function. This is seen from the proof of Theorem 3.3 in [5].
But under the given assumptions, the family {kotg,: 6 € ©} satisfies Assump-
tion 3.1 (regarding (2), up to ¢ = 1 and the continuity of first order partial
derivatives). Thus (48) can be shown as it was shown (see (39)) in the proof of
Theorem 5.2. U
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