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We study estimation and prediction of Gaussian random fields with co-
variance models belonging to the generalized Wendland (GW) class, under
fixed domain asymptotics. As for the Matérn case, this class allows for a con-
tinuous parameterization of smoothness of the underlying Gaussian random
field, being additionally compactly supported. The paper is divided into three
parts: first, we characterize the equivalence of two Gaussian measures with
GW covariance function, and we provide sufficient conditions for the equiv-
alence of two Gaussian measures with Matérn and GW covariance functions.
In the second part, we establish strong consistency and asymptotic distri-
bution of the maximum likelihood estimator of the microergodic parameter
associated to GW covariance model, under fixed domain asymptotics. The
third part elucidates the consequences of our results in terms of (misspec-
ified) best linear unbiased predictor, under fixed domain asymptotics. Our
findings are illustrated through a simulation study: the former compares the
finite sample behavior of the maximum likelihood estimation of the microer-
godic parameter with the given asymptotic distribution. The latter compares
the finite-sample behavior of the prediction and its associated mean square
error when using two equivalent Gaussian measures with Matérn and GW
covariance models, using covariance tapering as benchmark.

1. Introduction. Covariance functions cover a central aspect of inference and
prediction of Gaussian fields defined over some (compact) set of R¥. For instance,
the best linear unbiased prediction at an unobserved site depends on the knowledge
of the covariance function. Since a covariance function must be positive definite,
practical estimation generally requires the selection of some parametric classes of
covariances and the corresponding estimation of these parameters.
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The maximum likelihood (ML) estimation method is generally considered best
for estimating the parameters of covariance models. The study of asymptotic prop-
erties of ML estimators is complicated by the fact that more than one asymptotic
framework can be considered when observing a single realization from a Gaussian
field. In particular, under fixed domain asymptotics, one supposes that the sampling
domain is bounded and that the sampling set becomes increasingly dense. Under
increasing domain asymptotics, the sampling domain increases with the number
of observed data, and the distance between any two sampling locations is bounded
away from zero.

The asymptotic behavior of ML estimators of the covariance parameters can be
quite different under these two frameworks [Zhang and Zimmerman (2005)]. Un-
der increasing domain asymptotic framework and some mild regularity conditions,
Mardia and Marshall (1984) give a general result. Specifically, they show that ML
estimators are consistent and asymptotically Gaussian, with asymptotic covariance
matrix equal to the inverse of the Fisher information matrix.

Equivalence of Gaussian measures [Ibragimov and Rozanov (1978), Skorokhod
and Yadrenko (1973)] represents an essential tool to establish the asymptotic prop-
erties of both prediction and estimation of Gaussian fields under fixed domain
asymptotics. In his tour de force, Stein (1988, 1990, 1993, 1999a, 2004) provides
conditions under which predictions under a misspecified covariance function are
asymptotically efficient, and mean square errors converge almost surely to their
targets. Since Gaussian measures depend exclusively on their mean and covari-
ance functions, practical evaluation of Stein’s conditions translates into the fact
that the true and the misspecified covariances must be compatible, that is, the in-
duced Gaussian measures are equivalent.

Under fixed domain asymptotics, no general results are available for the asymp-
totic properties of ML estimators. Yet, some results have been obtained when as-
suming that the covariance belongs to the parametric family of Matérn covariance
functions [Matérn (1960)] that has been very popular in spatial statistics for its
flexibility with respect to continuous parameterization of smoothness, in the mean
square sense, of the underlying Gaussian field. For a Gaussian field defined over a
bounded and infinite set of R¢, Zhang (2004) shows that when the smoothness pa-
rameter is known and fixed, not all parameters can be estimated consistently when
d =1, 2,3. Instead, the ratio of variance and scale (to the power of the smooth-
ing parameter), sometimes called microergodic parameter [Stein (1999b), Zhang
and Zimmerman (2005)], is consistently estimable. In contrast for d > 5, Anderes
(2010) proved the orthogonality of two Gaussian measures with different Matérn
covariance functions, and hence, in this case, all the parameters can be consistently
estimated under fixed-domain asymptotics. The case d =4 is still open.

Asymptotic results for the ML estimator of the microergodic parameter of the
Matérn model can be found in Zhang (2004), Du, Zhang and Mandrekar (2009),
Wang and Loh (2011) and Kaufman and Shaby (2013). In particular, Kaufman
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and Shaby (2013) give strong consistency and asymptotic distribution of the mi-
croergodic parameter when estimating jointly the scale and variance parameters,
generalizing previous results in Zhang (2004) and Wang and Loh (2011) where the
scale parameter is assumed known and fixed. Kaufman and Shaby (2013) show by
means of simulation study that asymptotic approximation using a fixed scale pa-
rameter can be problematic when applied to finite samples, even for large sample
sizes. In contrast, they show that performance is improved and asymptotic approx-
imations are applicable for smaller sample sizes when the parameters are jointly
estimated.

Under the Matérn family, similar results have been obtained for the covariance
tapering (CT) method of estimation, as originally proposed in Kaufman, Schervish
and Nychka (2008) and consisting of setting to zero the dependence after a given
distance. This is in turn achieved by multiplying the Matérn covariance with a
taper function, that is, a correlation function being additionally compactly sup-
ported over a ball with given radius. Thus, the resulting covariance tapered matrix
is sparse, with the level of sparseness depending on the radius of compact support.
Sparse matrix algorithms can then be used to evaluate efficiently an approximate
likelihood where the original covariance matrix is replaced by the tapered matrix.
The results proposed in Kaufman, Schervish and Nychka (2008) have then in-
spired the works in Du, Zhang and Mandrekar (2009), Wang and Loh (2011) and
Kaufman and Shaby (2013), where asymptotic properties of the CT estimator of
the Matérn microergodic parameter are given.

Using the Matérn family, Furrer, Genton and Nychka (2006) study CT when
applied to the best unbiased linear predictor and show that under fixed domain
asymptotics and some specific conditions of the taper function, asymptotically ef-
ficient prediction and asymptotically correct estimation of mean square error can
be achieved using a tapered Matérn covariance function. Extensions have been
discussed by, for example, Stein (2013) and Hirano and Yajima (2013). The basic
message of CT method is that large data sets can be handled both for estimation
and prediction exploiting sparse matrix algorithms when using the Matérn model.

Inspired by this idea, we focus on a covariance model that offers the strength
of the Matérn family and allows the use of sparse matrices. Specifically, we study
estimation and prediction of Gaussian fields under fixed domain asymptotics, using
the generalized Wendland (GW) class of covariance functions [Gneiting (2002a),
Zastavnyi (2006)], the members of which are compactly supported over balls of
R? with arbitrary radii, and additionally allows for a continuous parameterization
of differentiability at the origin, in a similar way to the Matérn family.

In particular, we provide the following results. First, we characterize the equiv-
alence of two Gaussian measures with covariance functions belonging to the GW
class and sharing the same smoothness parameter. A consequence of this result
is that, as in the Matérn case [Zhang (2004)], when the smoothness parameter is
known and fixed, not all parameters can be estimated consistently under fixed do-
main asymptotics. Then we give sufficient conditions for the equivalence of two
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Gaussian measures where the state of truth is represented by a member of the
Matérn family and the other measure has a GW covariance model and vice versa.

We assess the asymptotic properties of the ML estimator of the microergodic pa-
rameter associated to the GW class. Specifically, for a fixed smoothness parameter,
we establish strong consistency and asymptotic distribution of the microergodic
parameter estimate assuming the compact support parameter fixed and known.
Then we generalize these results when jointly estimating with ML the variance
and the compact support parameter.

Finally, using results in Stein (1988, 1993), we study the implications of our
results on prediction under fixed domain asymptotics. One remarkable implication
is that when the true covariance belongs to the Matérn family, asymptotic effi-
ciency prediction and asymptotically correct estimation of mean square error can
be achieved using a compatible GW covariance model.

The remainder of the paper is organized as follows. In Section 2, we review
some results of Matérn and GW covariance models. In Section 3, we first char-
acterize the equivalence of Gaussian measure under the GW covariance model.
Then we find a sufficient condition for the equivalence of two Gaussian measures
with Matérn and GW covariance models. In Section 4, we establish strong consis-
tency and asymptotic distribution of the ML estimator of the microergodic param-
eter of the GW models, under fixed domain asymptotics. Section 5 discusses the
consequences of the results in Section 3 on prediction under fixed domain asymp-
totics. Section 6 provides two simulation studies: The first shows how well the
given asymptotic distribution of the microergodic parameter applies to finite sam-
ple cases when estimating with ML a GW covariance model under fixed domain
asymptotics. The second compares the finite-sample behavior of the prediction
when using two compatible Matérn and GW models, using CT as a benchmark.
The final section provides discussion on the consequence of our results and iden-
tifies problems for future research.

2. Matérn and generalized Wendland covariance models. We denote
{Z(s),s € D} a zero mean Gaussian field on a bounded set D of R?, with sta-
tionary covariance function C : R? — R. We consider the class ®; of continuous
mappings ¢ : [0, c0) — R with ¢(0) > 0, such that

cov(Z(s), Z(s')) = C(s" —s) = ¢(|s" — s]),

with s, s € D, and || - || denoting the Euclidean norm. Gaussian fields with such
covariance functions are called weakly stationary and isotropic.

Schoenberg (1938) characterized the class ®; as scale mixtures of the charac-
teristic functions of random vectors uniformly distributed on the spherical shell of
R4, with any positive measure, F:

$(r) =/0 QUEFEE),  r=0,
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with Qg (r) = r1=4/2 s2—1(r) and J,, a Bessel function of order v. The class ® 4
is nested, with the inclusion relation ®; D ®; D --- D d, being strict, and where
D :=\yg=>1 Py is the class of continuous mappings ¢, the radial version of which
is positive definite on any d-dimensional Euclidean space.

The Matérn function, defined as

21V Y r
2
= — ) Kol =), >0,
vao? () =0 F(v)<a> ”<a> r=

is a member of the class ®, for any positive values of & and v. Here, K, is a
modified Bessel function of the second kind of order v, o2 is the variance and
o a positive scaling parameter. The parameter v characterizes the differentiability
at the origin and, as a consequence, the differentiability of the associated sample
paths. In particular for a positive integer k, the sample paths are k times differen-
tiable, in any direction, if and only if v > k.

When v =1/2 4+ m and m is a nonnegative integer, the Matérn function simpli-
fies to the product of a negative exponential with a polynomial of degree m, and
for v tending to infinity, a rescaled version of the Matérn converges to a squared
exponential model being infinitely differentiable at the origin. Thus, the Matérn
function allows for a continuous parameterization of its associated Gaussian field
in terms of smoothness.

We also define CDZ as the class that consists of members of ®; being additionally
compactly supported on a given interval, [0, b], b > 0. Clearly, their radial versions
are compactly supported over balls of R¢ with radius b.

We now define GW correlation functions ¢, , as introduced by Gneiting
(2002b), Zastavnyi (2006) and Chernih and Hubbert (2014). For « > 0, we de-
fine

M

1 1 _
(D) Punclr) = m/ (@ = A —wtde,  0<r<l,

0? rzlﬂ

with B denoting the beta function. Arguments in Gneiting (2002b) and Zastavnyi
(2006) show that, for a given k > 0, @, « € <I>Cll if and only if

) w>rd, k)= d+1)/2+«.

Throughout, we use A instead of A(d, k) whenever no confusion arises. Integration
by parts shows that the first part of (1) can also be written as

1 1
m/ (uz—rz)K(l—u)“_ldu, 0§r<1
i, ) Jr

Note that ¢, o is not defined because k¥ must be strictly positive. In this special
case, we consider the Askey function [Askey (1973)]
(1 —r)k, 0<r<l,

0, r>1,

Au(r)=(1-nk = i
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where (-)4 denotes the positive part. Arguments in Golubov (1981) show that
A, € @) if and only if 1 > (d + 1)/2 and we define ¢, 0 := A,.

Finally, we define the GW covariance function, with compact support 8 > 0,
variance o> and smoothness parameter x > 0 as

3) O po? () = 02Quir/B), 1 =0,
and ¢, . 52 € CDS if and only if u > A. Accordingly, for « =0, we define

) Pu.0,8,02(r) = Uzwu,o(r/ﬂ), r>0.

When computing (3), numerical integration is obviously feasible, but could
be cumbersome to (spatial) statisticians used to handle closed-form parametric
covariance model. Nevertheless, closed-form solution of the integral in equa-
tion (1) can be obtained when x = k, a positive integer. In this case, ¢, x,1,1(r) =
A4k (r) Pi(r), with P a polynomial of order k. These functions, termed (original)
Wendland functions, were originally proposed by Wendland (1995). Other closed-
form solutions of integral (1) can be obtained when k = k4-0.5, using some results
in Schaback (2011). Such solutions are called missing Wendland functions.

Recently, Porcu, Zastavnyi and Bevilacqua (2017) have shown that the GW
class includes almost all classes of covariance functions with compact supports
known to the geostatistical and numerical analysis communities. Not only origi-
nal and Wendland functions, but also Wu’s functions [Wu (1995)], which in turn
include the spherical model [Wackernagel (2003)], as well as the Trigub splines
[Zastavnyi (2006)]. Finally, Chernih, Sloan and Womersley (2014) show that, for
k tending to infinity, a rescaled version of the GW model converges to a squared
exponential covariance model.

As noted by Gneiting (2002a), GW and Matérn functions exhibit the same be-
havior at the origin, with the smoothness parameters of the two covariance models
related by the equation v =« + 1/2.

Fourier transforms of radial versions of members of @, for a given d, have a
simple expression, as reported in Yaglom (1987) or Stein (1999b). For a member
¢ of the class &4, we define its isotropic spectral density as

L1=d/2

@m)d

—~ o0
%) ¢(z) = /0 ud/sz/g_l(qu(u) du, z>0,
and throughout the paper, we use the notation: M va,o2 and @, g ;2 for the radial
parts of Fourier transforms of M, , ;> and ¢, , g ,2, respectively.
A well-known result about the spectral density of the Matérn model is the fol-
lowing:
F(v+d/2) o2

© Moar@ = "anp ) T rayran 220
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For two given nonnegative functions gi(x) and gz(x), with g;(x) < g2(x) we
mean that there exist two constants ¢ and C such that 0 < ¢ < C < oo and
cgr(x) < g1(x) < Cgy(x) for each x. The next result follows from Zastavnyi
(2006), Chernih and Hubbert (2014) and from standard properties of Fourier trans-
forms. Their proofs are thus omitted. Let us first define the function | F; as

o0

L (@)rz*
1F2(a,b,c,z)—kg(:)i(b)k(c)kk!, z€R,

which is a special case of the generalized hypergeometric functions 4F),
[Abramowitz and Stegun (1965)], with (¢)x = I'(q¢ + k)/T'(q) for k € N U {0},
being the Pochhammer symbol.

THEOREM 1. Let ¢, . g ;2 be the function defined at equation (3) and let
as defined through equation (2). Then, for k, 02, 8 > 0 and > A:

L G por(@) =02LSBI PO a4 o & 1 G2 7 0

2. Bpspor(@ = 02LSBYc3 )1 + O D} + ¢ (zB)~“H {cos(zB —
05§) + O YY), for z — oo;

3. O por(@) < 772>, for 7 — oo,

T(u+22) ¢ _ I'(u+2)) § KST (k)
TG0 >S4 = Fogpt €3 = 3 (I + 1), LS = 5= o and

where c3

2~K=d+H1 =5 (1 + DT (2 + d)
Tk + DT (e +22)

KS_

where ¢ := (u, k,d)’.

Point 1 has been shown by Zastavnyi (2006). Points 2 and 3 can be found in
Chernih and Hubbert (2014). Note that the case ¥ = 0 is not included in Theorem 1.
We consider it in the following result, whose proof follows the lines of Zastavnyi
(2006) and Chernih and Hubbert (2014) for the case x > 0.

THEOREM 2. Let ¢, g ,2 as being defined at equation (4). Then, for o2, 8>
0, u>(d+1)/2:

1. (pﬂoﬁgz(z)—o-zj(slgd +1 d+1 + A d+1 + L + (Zﬁ)z),z>o;

2. 9u0p.02(2) = Gszﬁ"[cg(zﬁ) (d“){l + O(z 2)} + S (Zlg)—(u+(d+1)/2) %
{cos(zf — Cg) + O~ YY1, for z — o0;

3. $u0.p.02@) <279, for z — oo,

with cé’_, cf, cg and K S defined as in Theorem 1 but with ¢ := (,0,d)’.
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TABLE 1
GW correlation ¢, . 1,1(r) and Matérn correlation M, 1 | (r) with increasing smoothness
parameters k and v. SP(k) means that the sample paths of the associated Gaussian field are k times

differentiable
K (P/L,lc,l,l(r) v Mv,l,l(r) SP(k)
(1—nk 05 e
A= a4 r+1) 15 e (1+47)

2
A= 20+ r@+) 4202 +4p 430 25 e +r+5)
3
A=A +r@+3)+r2Qu2 + 120+ 151 35 e (1+5+28+0)
+ 33+ 9 + 23+ 15)45)

W N = O
W NN = O

The spectral density and its decay for z — oo in Theorems 1 and 2 are useful
when studying some geometrical properties of a Gaussian field or its associated
sample paths [Adler (1981)]. For instance, using Theorem 1 Point 1 or Theorem 2
Point 1, it is easy to prove that for a positive integer k, the sample paths of a
Gaussian field with GW function are k times differentiable, in any direction, if and
only if k > k — 1/2. Table 1 compares the GW ¢, . 1,1(r) for k =0, 1,2, 3 with
M, 1.1(r) for v =0.5,1.5,2.5,3.5 with the associated degree of sample paths
differentiability.

3. Equivalence of Gaussian measures with GW models. Equivalence and
orthogonality of probability measures are useful tools when assessing the asymp-
totic properties of both prediction and estimation for Gaussian fields. Denote with
P;, i = 0,1, two probability measures defined on the same measurable space
{2, F}. Py and P; are called equivalent (denoted Py = P;) if Pi(A) =1 for
any A € F implies Pp(A) = 1 and vice versa. On the other hand, Py and P;
are orthogonal (denoted Py L Pp) if there exists an event A such that P;(A) =1
but Py(A) = 0. For a stochastic process {Z(s),s € R?}, to define previous con-
cepts, we restrict the event A to the o -algebra generated by {Z(s), s € D}, where
D C RY. We emphasize this restriction by saying that the two measures are equiv-
alent on the paths of {Z(s), s € D}.

Gaussian measures are completely characterized by their mean and covariance
function. We write P(p) for a Gaussian measure with zero mean and covariance
function p. It is well known that two Gaussian measures are either equivalent or
orthogonal on the paths of {Z(s), s € D} [Ibragimov and Rozanov (1978)].

Let P(p;), i =0, 1 be two zero mean Gaussian measures with isotropic covari-
ance function p; and associated spectral density p;, i = 0, 1, as defined through (5).
Using results in Skorokhod and Yadrenko (1973) and Ibragimov and Rozanov
(1978), Stein (2004) has shown that, if for some a > 0, pp(z)z¢ is bounded away
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from 0 and oo as z — o0, and for some finite and positive c,

© i1 [P1(2) —ﬁO(Z)}Z
@) /L Z {750(2) dz < o0,

then for any bounded subset D C R4, P(pg) = P(p1) on the paths of Z(s),s € D.

For the reminder of the paper, we denote with P(M,, , ,2) a zero mean Gaus-
sian measure induced by a Matérn covariance function with associated spectral
density f\/\l,)’a’gz, and with P(g,, . g ,2) a zero mean Gaussian measure induced
by a GW covariance function with associated spectral density @, . B.o2-

Using (7) and (6), Zhang (2004) established the following characterization con-
cerning the equivalent conditions of two Gaussian measures with Matérn covari-
ance models.

THEOREM 3 [Zhang (2004)]. For a given v > 0, let P(M

be two zero mean Gaussian measures. For any bounded infinite set D C R¢, d =
1,2,3, P(M g) =P(M 1z) on the paths of Z(s),s € D, if and only if

V,00,0,

2), 1 =0,1,

V,04,0;

V01,0

(8) og/ag’ =of/at’.

The first relevant result of this paper concerns the characterization of the equiv-
alence of two zero mean Gaussian measures under GW functions. The crux of the
proof is the arguments in equation (7), coupled with the asymptotic expansion of
the spectral density as in Theorems 1 and 2.

THEOREM 4. For a given k > 0, let P((pu,K,ﬂi,UZ)’ i =0,1, be two zero mean
Gaussian measures and let i > A + d /2, with A as defined through equation (2).
For any bounded infinite set D C R*, d = 1,2, 3, P((pM’K!ﬂO’%z) = P((pu,fc,ﬂl,tff)
on the paths of Z(s), s € D if and only if

PROOF. We first consider the case k > 0. Let us start with the sufficient part
of the assertion. From Theorem 1 (Point 3), there exist two positive constants ¢;
and C; such that

2~ .
i <z %,x,ﬁ,-,al?(Z)fCi’ i=0,1.

In order to prove the sufficient part, we need to find conditions such that, for some
positive and finite c,

(10) / % -1 (aﬂvkvﬂwf @) = @y .00 (@)
C

2
= ) dz < o0.
wﬂik’ﬂo’gg (Z)
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We proceed by direct construction and, using Theorem 1 (Points 1 and 2), we
find that, as z — oo,

au,/c,ﬁl ,012 (z) — (O\M,K,ﬁo,ag (2)

Pucpo.o2 @)
< LS¢y ' 2o B[ (Bro) {1+ O(z7?))
+c§ 1)~ cos(Brz — e5) + O]
— 03By Le3 (Bor) {1+ 072}
+¢§ (@Bo) ™ cos(Boz — ¢3) + O]
< L5 [e5[of By T —ag By ]+ O
+c§ [0 Bl cos(Brz — cf) — o B cos(Boz — )]
+cf O o B~ oi A
where A =d — (u 4+ A). Let us now write
AG) =S [0_12/31—(1+2K) _ Ggﬁ()_(HZK)] i O(z_z),
B(z) = cfzk_”[alzﬁlX cos(Biz —c5) — 002,63 cos(Boz —cs)], and
D) =50 ol B — o0 o).
Then a sufficient condition for (10) is the following:

(1 (L)) [~ 27 (A + B@) + D)) dz < oo,

c

Note that A(z) is of order O(z~2) under Condition (9). We claim that (11) is sat-
isfied if 028, ') = 028y 1T for p > A +d/2,d =1,2,3.
In fact, we have, for z — oo,
|B@)| < c§z" M[of B + 05 B5] < coH
and
[D@)| = c§2 0" of B + 05 5 )
< cre§ ot B+ o B))
1

< gz THT

with cg, c7 and cg being positive and finite constants. Expanding (11), we notice
that the dominant terms are A2 and B2, independently on the cross products. These
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are respectively of the order O(z™*) and O(z2*~M). This in turn implies that the
integral (11) is finite if 628, ' 72 = 628,12 for 4 > A+d/2andd = 1,2, 3
and this implies that (10) is satisfied under the same conditions. The sufficient part
of our claim is thus proved.

The necessary part follows the proof of Zhang (2004). For u > A +d/2 and d =
1,2,3, we suppose olzﬂl_(H'ZK) £ ag,BO_UHK) and let 05 = o (Bo/p1)~ 129,
Then ¢ 1, Bos08 and ¢ i, B0l define two equivalent Gaussian measures. We need
to show that Pt pr.02 and Prie.pr.o? define two orthogonal Gaussian measures.
The rest of the proof follows the same arguments in Zhang (2004).

We omit the proof of the special case x = 0, since is similar to the case k¥ > 0,
but using the arguments in Theorem 2. [

An immediate consequence of Theorem 4 is that for fixed x and y, the 8 and o'
parameters cannot be estimated consistently [Zhang (2004)]. Instead, the microer-
godic parameter 028~ (112€) is consistently estimable. In Section 4, we establish
the asymptotic properties of ML estimation associated to the microergodic param-
eter.

The next result depicts an interesting scenario in which a GW and Matérn model
are considered and gives sufficient conditions for the compatibility of these two
covariance models. We offer a constructive proof, the crux of the argument being
again equation (7). We treat the cases « > 0 and x = 0 separately.

THEOREM 5. Forgivenv > 1/2 and k > 0, let P(Mv,a’%z) and P((pumﬂ,fff)
be two zero mean Gaussian measures. If v=r« + 1/2, u > A + d/2, with A as
defined through equation (2), and

(12) 00201_2" = va,(,uolzﬁ_“”"),
12T ()T (k)T (26 +d)

where C, ;. = F+d/ DT Fd D) Bk i) then for any bounded infinite set D C
R, d=1,2,3, P(Mvva’%z) = P(‘pu,x,ﬂ,of) on the paths of Z(s),s € D.

PROOF. In order to prove Theorem 5, we need to find conditions such that for
some positive and finite c,

o~

/OO 41 ((?)\U’K’ﬂ’alz @~ M"’O‘v%z (@)
c

13 —
(4 M,y 2

2
) dz < o0.

It is known that /T/l\v w.02(2)z% is bounded away from 0 and oo as z — oo for

some a > 0 [Zhang (2004)]. Using (6) and Theorem 1 (Points 1 and 2), we have,
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as 7z — 00,

aﬂ,K,ﬁ,Ulz(Z) - Mv,oz,aoz(z)
Mv,ot,og ()

2 nd
:‘ AETOL [0 1+06)
v+ d/Z)O’gO(_ZVT[_%

+ S (B) B cos(Bz — ¢f) + Oz )} ]2 +Z2)v+% _ ll

2 pd
:‘ AT s {1+ 0()
T +d/2)ofa2r2

+e§ @)~ cos(Bz — ) + O] (@) 2+ 1) - 1‘

= w1z {1+ 0 )} M1+ (v + d/2)(@2) >+ O(z2)]
Fwpz W[ 4 (0 4+ d /D) () 2+ O 7))
x {cos(Bz —cf) + Oz )} -1

LSo?2p~ 12T (v)c§ Sph— /.5 Q 2v+d
F(v+ii/2)oga*2“n*d3/2’ wy = wicy B /c3. Since z VHa[(v +d/2) x

(@2) 24+ 03] = 0> *+1-2), we have

/00 i (pu,/{,[ﬁ,af(z) —Mv’a’ag(z) 2
Z —
¢ Mv,a’gg(Z)

_ /Oozd—1|wlz—2xo(zzv+d—2) w22+ )
C

+ w]Z—ZA{O(ZZV—i—d—Z) + O(Z2v+d—4)}
+ wzz*(#+k){0(z2v+d72) + sz+d}{COS(,3Z _ CSS) + (’)(Zil)}|2 dz.
For assessing the last integral, the following is relevant:

() wiz?~ 0429 _ 1 =0ifv=k+1/2 and w; = 1.
(i) [z w2720 ) dz < o ifd =1,2,3 and v =k + 1/2.
(i) [z N wiz7HOEV ) + 0V H)2dz < 0 if d = 1,2, 3 and
v=k+1/2.
(iv)

f 2 (waz = IO H2) 4 22 cos(Bz — ¢f) + Oz )} dz < o0

9’

where wi| =

dz

ifu>i+d/2andv=«x+1/2.
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v)
/oozd_l(w1Z_QAO(Z2v+d—2))(wlZ—ZAO(Z—Z)(O(Z2v+d—2) + Z2v+d)) dz < o0

ifd=1,2,3andv=«+1/2.

(Vl) /‘COO Zd—l (wlZ—ZAO(ZZV—i-d—Z))(wzz_(l/H-)L){O(Z2v+d—2) +sz+d}{COS(ﬁZ _
) +0E Hhdz<ooif u>r+d—2andv =« +1/2.
(vii)
/ Zd—l (wIZ—ZAO(Z—2){O(Z2v+d—2) + Z2v+d})

x (wpz= P [O(24972) 4 24 cos(Bz — ¢§) + O(=)}) dz < o0
ifu>A+d—2andv=x+1/2.
This allows us to conclude that, for a given k > 0, if wi =1, v=k +1/2, u >
A+d/2andd =1, 2, 3, then (13) holds and thus P(Mv,ot,aoz) = P((pu,&ﬂﬁf)‘
Condition w1 = 1 is equivalent to

LScSof ™) = =420 (v + d/2)T (v) oga™,

and from the definition of 035 and LS, the previous condition can be rewritten as
agoz_z" = CU,K,Molzﬂ_UH"). O

THEOREM 6. Let P(/\/ll/la,%z) and P(wu,O,ﬂ,alz) be two zero mean Gaussian
measures. If w > d +1/2 and

(14) oga?" =Ryl

1—-d
where R, = Wm, then for any bounded infinite set D C R¢, d =

1,2,3, P(Ml/z,a,gg) = P((pu’oﬁ’alz) on the paths of Z(s),s € D.

PROOF. The proof follows the same arguments exposed for the case k > 0
in Theorem 5, but using (6) and Theorem 2 (Points 1 and 2). In this case, it can
. 2'-dra/)r - -
be shown thatif u >d 4+ 1/2,d =1,2,3 and (%)afﬁ l=oda™?
then (13) holds. [

REMARK. In Theorems 5 and 6 since v =« + 1/2 for x > 0, using the
duplication formula of the gamma function, we easily obtain Cii1/2,, =
ul'2ek +p+1)/T(nw+1), and R, = p in (12) and (14), respectively. Then the
sufficient condition for P(Mv’a,%z) = P(yp Lk, 57012) can be simplified as

(15) 00201_2‘) _ (,U«FQK +un+ 1)>012,3_(1+2K),
C(n+1)
v=k+1/2,u>r+d/2andd =1,2,3 fork > 0.
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4. Asymptotic properties of the ML estimation for the GW model. We
now focus on the microergodic parameter o28~1+2¢) associated to the GW fam-
ily. The following results fix the asymptotic properties of its ML estimator. In
particular, we will show that the microergodic parameter can be estimated consis-
tently, and then we will assess the asymptotic distribution of the ML estimator.

Let D C R? be a bounded subset of R? and S, = {s1, ..., s, € D C R?} denote
any set of distinct locations. Let Z,, = (Z(s1), ..., Z(s,))’ be a finite realization of
a zero mean stationary Gaussian field with a given parametric covariance function
o2¢(-; ), with 62 > 0, T a parameter vector and ¢ a member of the class @4,
with ¢ (0; T) = 1.

We then write R, (t) = [¢(|ls; — s;ll; 'r)];”j:1 for the associated correlation
matrix. The Gaussian log-likelihood function is defined as

(16)  Lu(o% 1) = —%(n log(27r0?) +log(| R, (7)) + %Z;Rn(t)_lln)

Under the Matérn model, the Gaussian log-likelihood is obtained with ¢ (-; T) =
M, 4.1 and T = (v, @)’. Since in what follows v is assumed known and fixed, for
notation convenience, we write T = «. Let 6,% and &, be the maximum likelihood
estimator obtained maximizing £, (¢'2, &) for a fixed v.

Below, we report a result that establishes strong consistency and asymptotic
distribution of the ML estimation of the microergodic parameter of the Matérn
model.

THEOREM 7 [Kaufman and Shaby (2013)]. Let Z(s),s € D C R d=1,2,3,

be a zero mean Gaussian field with a Matérn covariance model M, w02 - SUppose
E) ) 0

(Gg,ao)’ € (0,00) x [ar,ay], for any 0 < ap < ay < o0. Let (8,12,&,1)’ maxi-
mize (16) over (0, 00) x [ar, ay]. Then as n — oo:

AD yADY a.s. 2 2v
1. o;/a;’ — oy /ay’, and

2. Jn(62/82 — 02 Jad’) 2> N(0, 2(02 [ad")?).

Analogous results can be found in [Wang and Loh (2011), Zhang (2004)], when
@, is replaced by «, an arbitrary positive fixed constant. Kaufman and Shaby
(2013) show, through simulation study, that asymptotic approximation using a
fixed scale parameter can be problematic when applied to finite samples, even
for large sample sizes. In contrast, they show that performance is improved and
asymptotic approximations are applicable for smaller sample sizes, when the pa-
rameters are jointly estimated.

Now, let us consider the Gaussian log-likelihood under the GW model, so that
T=(u,k,B) and ¢(:; T) = ¢« p,1(-) according to the previous notation. Since
in what follows x and u are assumed known and fixed, for notation convenience we
write T = . To prove the analogue of Theorem 7 for the GW case, we consider
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two types of estimators. The first maximizes (16) with respect to o2 for a fixed
arbitrary compact support 8 > 0, obtaining the following estimator:

(17) 62(B) = argmax L, (02, B) = Z, Ry (B) "' Z, /n.
o2
Here, R, (B) is the correlation matrix coming from the GW family ¢, . g, 1. The

following result offers some asymptotic properties of the sequence of random vari-
ables 62(8)/p1+%9.

THEOREM 8. Let Z(s),s € D C RY, d =1,2,3, be a zero mean Gaussian
field with GW covariance model ¢ e, fo. 03 with u > A +d /2. Suppose (ag, Bo) €
(0, 00) x (0,00). For a fixed B > 0, let 63(,3) as defined through equation (17).
Then, as n — o0:

a.s. 2

L. 67(B)/B> = o (Bo)/ By " and
A D
2. VG (BB — 5 (Bo)/ By ") —> N(0.2(06 (o) /By ).
PROOF. The proof of the first assertion follows the same arguments of the
proof of Theorem 3 in Zhang (2004), and we omit it. The proof of the second

assertion is quite technical and long and it has been deferred to the Supplementary
Materials [Bevilacqua et al. (2019)]. O

The second type of estimation technique considers the joint maximization
of (16) with respect to (02, B) € (0,00) x I, where I =[fr, Byl and 0 < B <
Bu < oo. The solution of this optimization problem is given by (6,% (Bn), Bn) where

G (Bw) = Zy Ru(Ba) ™' Zu/n
and ,3n =argmaxge; PLy(B). Here, PL,(B) is the profile log-likelihood:

1
(18) PLL(B) = 5 (log(2m) + nlog(67 (B)) +og| Ru(B)| + ).

In order to establish strong consistency and asymptotic distribution of the sequence
of random variables 8,12(,8,1) / ,B,{”K, we use the following lemma that establishes
the monotone behavior of 8,% (B)/B'+% when viewed as a function of g € I under
specific condition on the p parameter.

LEMMA 1. For any By < B € I and for each n, 62(B1)/B1 2 < 62(B2)/
BATH if and only if 1 > A + 3.

PROOF. The proof follows Kaufman and Shaby (2013). Let 0 < 8; < 2, with
B1, B2 € I. Then, for any Z,,,

&X(B1) /BT —G2(B) /By

_ %z;(Rnwl)—lﬁf (420 _ (8~ 12),
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is nonnegative if the matrix R, (,81)_1/3_(1+2K) — R, (B2 )_1/3_(1+2K) is positive
semidefinite and this happens if and only if the matrix B = R, (B2)8, I+2e _
R, (B1) /31+2" with generic element

142
By e pii(lsi —sjl)

is positive semidefinite. From Theorem 2 in Porcu, Zastavnyi and Bevilacqua
(2017), this happens if and only if u > A +3. O

142
Bij =By X ou . p1(llsi —sjll) —

THEOREM 9. Let Z(s), s € D C RY, d =1,2,3, be a zero mean Gaus-
sian field with a GW covariance model Pt fo. 02 with uw > A + 3. Suppose

(00 Bo) € (0,00) x I where I =B, Byl with 0 < B < By < 00. Let ( ﬂn)/
maximize (16) over (0, 00) x I. Then as n — o0:

a.s.

1. 62(Bn)/ B> 25 02(Bo)/BaT an
2. G2 (BB — (ﬁo)/ﬁl““ 25 N0, 2(63(Bo)/BLH*)?)

PROOF. The proof follows Kaufman and Shaby (2013) which uses the same
arguments in the Matérn case. Let gn (x) = oz(x) /x'72¢ and define the sequences
Gu(Br) and G,(By). Since Br < Bn < By for every n, then using Lemma 1,
G.(Bu) <G, (ﬁn) < G,(B) for all n with probability one. Combining this with
Theorem 8 implies the result. [

5. Prediction using GW model. We now consider prediction of a Gaussian
field at a new location §g, using the GW model, under fixed domain asymp-
totics. Specifically, we focus on two properties: asymptotic efficiency prediction
and asymptotically correct estimation of prediction variance. Stein (1988) shows
that both asymptotic properties hold when the Gaussian measures are equiva-
lent. Let P(p, . B 0,-2)’ i = 1,2, be two probability zero mean Gaussian mea-

sures. Under P(g, . 4 Ug), and using Theorem 4, both properties hold when
odBy 1T =287 1) s A+ dj2andd =1,2,3.

Similarly, let P(./\/lv’a’ 022) and P ((pu,lc, B1. 012) be two Gaussian measures with
the Matérn and GW model. Under P(Mu,a,af)’ both properties hold when (15) is

true, u > A +d/2,d =1,2,3. Actually, Stein (1993) gives a substantially weaker
condition for asymptotic efficiency prediction based on the asymptotic behavior of
the ratio of the isotropic spectral densities. Now, let

(19) Zn (i, k6, B) = e (i, &, B Ry, i, B) ' Z,,

be the best linear unbiased predictor at an unknown location sg € D C R?, under
the misspecified model P(goﬂ,,(’ﬁ’gz), where ¢, (i, &, B) = [@u.ic,p,1 (IS0 —si D],
and R, (i, k, B) = @ .p,1(lI5i — 5 ||)]?,j=1 is the correlation matrix.
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If the correct model is P (¢ Lk, ﬁo,%z), then the mean squared error of the predic-
tor is given by

Var, g o2[Za(i. i, B) = Z(s0)]

20)  =og(1 = 2¢n(it, &, B) Rulpt, k. B) " ' en (i, 1, Bo)

+ cn(/’Li K, ﬁ)/Rn(//L, K, ﬁ)_an(/’L’ K, ,BO)Rn(/J«» K, ﬂ)_lcn(ﬂ“v K, ﬂ))'
In the case that By = B, that is, true and wrong models coincide, this expression
simplifies to
Var, g o2 Z(1e k. Bo) = Z(s0)]
(21)
=05 (1 — ea(tt. k. Bo) Ru (it k. Bo) ™" en (1. &, B0)).
Similarly, Varv’a,azz[/Z\n(M, Kk, B) — Z(so)] and Varv’a’azz[’Z\”(v, o) — Z(sp)] can be
defined under P(M,, w0

using the Matérn model. The following results are an application of Theorems 1
and 2 of Stein (1993).

22), where 2n(v, «) is the best linear unbiased predictor

THEOREM 10. Let P(‘/’u,/«ﬁo, ), P((pﬂvK’ﬂl’Ulz), P(Mv,a,ozz) be three Gaus-

sian probability measures on D C R and let ju > . Then, for all s¢ € D:

2
90

1. Under P(¢M’K7ﬂ0’ag), asn — oo,

Varpb,l(,ﬂo,o'oz[z\n(lu‘v Ka ﬁ]) - Z(SO)]
Varu,xvﬂo’(yoz[zn (Ma K, ﬂO) - Z(S())]

for any fixed B1 > 0.
2. Under P(Mv,a,azz)’ ifv=x+1/2asn— oo,

Var, , 21 Zu(w, k. B1) = Z(s0)]
Var 22[2,1(1), a) — Z(so)]

(22)

9

(23)

V,,0.
for any fixed B1 > 0.
. —(142 —(142
3. Under P(9,, g, 52> if o2 By (142 _ olB; 29 then as n — oo,
Varu,x,ﬁl,alz[/z\n(u’ i, B1) — Z(s0)]
= —1

Varu,x,ﬁo,a(%[zn(u’ i, B1) — Z(s0)]
4. Under P(M, , ,2), if WDk +p+1D)/T(u+1) x o271 = ofa2,

v=k +1/2, then as n — oo,
Var/t,K,,B],olz[/Z\n(/’Lv i, B1) — Z(s0)]

Va‘rv,tx,azz [Zn (e, K, B1) — Z(s0)]

(24)

(25)
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PROOF. Since g’o‘u . fo.02 (z) is bounded away from zero and infinity and as
7 —> 00,
@M,K,ﬁl,gf(z)
aﬁh&ﬂoa%z (@)
_ _ —(uA2) _a— -
o BIIS BT+ O + ¢f By Y P cos (21 — ) + Oz )]
- _ —(utn
o BELCS By M1 + Oz 2)) + ¢ By M 2= {cos(zB0 — ) + Oz~ )]

then, for i > XA, we have

@L,K,ﬂl of (2) _ (712’31—(1—1—2@

(26) Y _
=20, @ o2py

and, using Theorem 1 of Stein (1993), we obtain (22). If 012,31_(1+2K) = 02,30_(1+2K)
and using Theoremg\of Stein (1993), we obtain (24).

Similarly, since M, o2 (z) is bounded away from zero and infinity and as z —
oo,

‘/ﬁu,,(’ﬂl,c% (2)
M, 4,62(2)

2 6d P (VLS
B INQ :252)0—(;;—2%—% [5 (B {1+ 0(z72)} +c§ ()~
0

x {cos(Bz —cf) + Oz N} (@™ + Zz)u+%

e : i/j;;g;in— [§ (B2 {1+ 0} +cf B
x {cos(Bz — c£) + Oz W21+ (v +d/2) (@) > + O(z7%)]

olpIT(v)LS

N v+ d/Z)O’gO{_ZVJT_%
S B 2=+ oo (B — ) + Oz 1))
X [14+@+d/2)(@z) 2+ 0]

then, if 2v +d = 2A, that is, k + 1/2 = v, u > A and considering the Remark then

Pipror@ o2 T < T2 + 1+ 1)>
Fp+1)

[Cgﬂ—21Z2v—21+d{1 + O(Z—Z)}

27 lim — =
( ) 7—> 00 MU’O{’O.%(Z) 0_22a—2v

Using Theorem 1 of Stein (1993), we obtain (23). If o7, ' *29 (u Gt —
02205_2" and using Theorem 2 of Stein (1993), we obtain (25). U
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The implication of Point 1 is that under P (¢ k. Bo 05)’ prediction with Prtic.pr.o2

with an arbitrary 81 > 0 gives asymptotic prediction efficiency, if the correct value
of « and w are used and > A. By virtue of Point 2, under P (M 22), prediction

V,H,0.
with @ i 102 with an arbitrary 81 > 0, gives asymptotic prediction efficiency, if

v =« 4+ 1/2, u > A. For instance, if 0226_’ /@ is the true covariance, asymptotic
prediction efficiency can be achieved with 002(1 —r/B 1)i, using an arbitrary S,
and u > 1.5 when d = 2. In view of Point 3, under P((pu «.Bo Ug), prediction with

20— (42c) _ 2 p—(14+2k)
Puk.prop when o5 8, =0 B

ciency and asymptotically correct estimates of error variance, if © > A. Finally,

Point 4 implies that under P(M, , 022)’ prediction using Prtic.prool> under the con-

ditions uT" (2 4 1+ 1)/T(u + D)o 2p;7 ) = 62072, v =k +1/2and pu > A,
provides asymptotic prediction efficiency and asymptotically correct estimates of
error variance.

For instance, if 0226*’ /@ is the true covariance and d = 2, asymptotic prediction
efficiency and asymptotically correct estimates of variance error can be achieved
with o2(1 — r/B1)’ setting i = paofo, 2, and u > 1.5. Setting 07 = o = 1,
n =3, a=x/3 (x in this case is the so-called practical range, that is, the corre-
lation is lower than 0.05 when r > x), the equivalent compact support is f; = x.
Note that in this special case, the practical range of the exponential model and
the compact support of the Askey function coincide. Figure 1 shows the Matérn
correlation model with v = 0.5, 1, 1.5 and practical range equal to 0.6, and two
compatible GW correlation models when d =2 withk =v — 0.5, u =A + 1+ x,
with x = 0.5, 2 and the associated compact supports are obtained using the equiva-
lence condition. They are 0.601, 0.595, 0.624 for « =0, 0.5, 1, respectively, when
x =0.5and 0.901, 0.821, 0.815 for « =0, 0.5, 1, respectively, when x = 2.

In practice, covariance parameters are unknown, so it is common to estimate
them and then plug into (19) and (21). Nevertheless, the asymptotic properties of

provides asymptotic prediction effi-

v=05 v=1 v=15

24 — Matem(v =0.5) 2 — Matern(v=1) 21 — Matem(v = 1.5)
- —-- GW(x=1,p=4)

-~ GW(x=05,u=35) )

rrrrr GW(x = 0.5, 1=5) \ el OW(k=1.u=55)

FI1G. 1. Compatible correlation models for the case d = 2: The Matérn model when v =0.5,1, 1.5
(from left to right) and the practical range is 0.6 and two compatibles GW models. For the GW
models k =v — 0.5, u =Xx + 1 + x, with x =0.5,2 and the compact support is fixed using the
equivalence condition.
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this procedure are quite difficult to obtain [Putter and Young (2001)]. Instead, most
theoretical results have been given under a framework in which plug-in parameters
are fixed, rather than being estimated from observations.

As in Theorem 4 of Kaufman and Shaby (2013), our Points 3 and 4 may be
extended to include estimation of the variance parameter. Specifically, let Enz =
Z! Ry(u,k, B1)"'Z,/n. Then as n — oo,

Var, o 51 520 Zn (1, 16, B1) — Z(50)]
Var, g o2 Zu(, ke, B1) — Z(s0)]

Var, o 51 520 Zn (1, 6, B1) — Z(50)] ~
Varv,ot,gzz [Zﬂ(u7 K, :81) - Z(SO)]
The proof follows the lines of Kaufman and Shaby (2013), and we omit it. As

outlined in Kaufman and Shaby (2013), we also conjecture that (28) and (29) hold
if B is replaced by its maximum likelihood estimator.

—

(28)

’

(29)

6. Simulations and illustrations. The main goals of this section are twofold:
on the one hand, we compare the finite sample behavior of the ML estimation of the
microergodic parameter of the GW model with the asymptotic distributions given
in Theorems 8 and 9. On the other hand, we compare the finite sample behavior
of MSE prediction of a zero mean Gaussian field with Matérn covariance model,
using both a Matérn and a compatible GW covariance model, using CT applied to
a Matérn model as a benchmark.

Regarding the first goal, we simulate, using Cholesky decomposition, and then
we estimate with ML, 1000 realizations from a zero mean Gaussian field with GW
model. Sampling locations are constructed as in Kaufman, Schervish and Nychka
(2008), using a perturbed regular grid. A perturbed grid helps to get more stable
estimates because different sets of small distances are available to estimate the pa-
rameters. Specifically, we have considered a regular grid with increments 0.03 over
[0, 119, d = 2. Then the grid points have been perturbed, adding a uniform random
value on [—0.01, 0.01] to each coordinate. Figure 2 shows the perturbed grid con-
sidered, from which we randomly choose n = 50, 100, 250, 500, 1000 locations
without replacement.

For the GW covariance model ¢, fo.o3> We use different values of the compact
support and smoothness parameters, that is, fp = 0.2,0.4,0.6, x =0,0.5, 1, and
fix 002 =1 and, in view of Theorem 9, u = A(2, ) + 3. For each simulation, we
consider k and u as known and fixed, and we estimate with ML the variance and
compact support parameters, obtaining 61.2 and ,é,-, i=1,...,1000. To estimate, we
first maximize the profile log-likelihood (18) to get Bi- Then we obtain 6i2 (,3,-) =

zZ; R(ﬁ,-)_lz,- /n, where z; is the data vector of simulation i.
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FIG. 2. Perturbated grid consisting of n = 1156 considered in the simulation study. The black dot
has coordinates (0.26,0.48). In the circles (from smaller to larger), the location sites involved in
prediction with GW with compact support equal to 0.1,0.2,0.4.

Optimization was carried out using the R [R Development Core Team (2016)]
function optimize where, following Kaufman and Shaby (2013), the compact sup-
port parameter was restricted to the interval [¢, 158] and ¢ is slightly larger than
machine precision, about 10~13 here.

Using the asymptotic distributions stated in Theorems 8 and 9, Table 2 compares
the sample quantiles of order 0.05,0.25,0.5,0.75,0.95, mean and variance of
2@ (x) By T /(0dx1F2) — 1) for x = Bi, Bo, 0.5B0, 280 with the associated
theoretical values of the standard Gaussian distribution, for Sy = 0.4, k =0, 0.5, 1
and n = 250, 500, 1000.

As expected, the best approximation is achieved overall when using the true
compact support, that is, x = fp, with little difference between the different values
of B and k. In the case of x = B\, , the asymptotic distribution given in Theorem 9 is
a satisfactory approximation of the sample distribution, visually improving when
increasing n. The value of « has less impact compared to fy. In general, smaller
values lead to better results.

When using compact supports that are too small or too large with respect to the
true compact support (x = 0.580, 280), the convergence of the asymptotic distri-
bution given in Theorem 8 is very slow. In particular, when x = 0.58, the asymp-
totic approximation is not satisfactory even for n = 1000. In other words, confi-
dence intervals for the microergodic parameter, based on Theorem 8, that is, fixing
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TABLE 2
Sample quantiles, mean and variance of«/n/Z(aiz(x)ﬂ(l)"'z'(/(ogxH'ZK) —1),i=1,...,1000, for
x = Bi, Bo, 0.580, 2P0 for different values of k, when By = 0.4 and n = 250, 500, 1000, compared
with the associated theoretical values of the standard Gaussian distribution

K x n 5% 25% 50% 75% 95% Mean Var
0 250  —-1.699 -0.721 —-0.020 0.798 2.084 0.072 1.375
B 500 —1.680 —0.677 0.027 0.758 1.966 0.071 1.212
1000 —1.614 —0.666 0.062 0.767 1.788 0.057 1.104
250 —1.548 —0.670 —0.039 0.675 1.833 0.025 1.058
Bo 500  —1.632  —0.665 0.001 0.661 1.754 0.027 1.047

1000 —1.629 —0.690 0.020 0.698 1.627 0.011 1.009

250 3.224 4.953 6.163 7.471 9.370 6.234 3.493
0.58¢ 500 3.399 4.762 5.948 7.018 8.879 5.979 2.840
1000 2.792 4.063 5.059 5.984 7.516 5.088 2.088

250  —2.443 —-1.698 —1.128 0.490 0.610 —1.065 0.898
280 500 —2.485 —-1.576 —0.941 0.313 0.718 —0.904 0.947
1000 —2.324 —1.438 —0.759 0.107 0.819 —-0.757 0.949

0.5 250 —-1.761 —0.786 0.019 0.807 2.271 0.072 1.506
B 500 —-1.774 —-0.714 0.027 0.822 1.978 0.063 1.309
1000 —1.609 —0.700 0.047 0.761 1.840 0.051 1.152

250 —1.548 —0.670 —0.039 0.675 1.833 0.025 1.058
Bo 500 —1.632 —0.665 0.001 0.661 1.754 0.027 1.047
1000 —1.629 —0.690 0.020 0.698 1.627 0.011 1.009

250 11.462  14.603  16.995 19.573  23.414 17.155 12.818
0.58¢ 500 11.133  13.624 15459 17.592  21.090 15.697 9.060
1000 9.192  11.051 12.578 14.187  16.904  12.733 5.560

250  -3.166 —-2.469 —-1914 —-1315 -0.260 —1.860 0.784
280 500 -3.136 —2.258 —1.628 —1.037 —-0.029 —1.604 0.883
1000 —2.851 —1.999 —1.353 —0.707 0.207 —1.342 0.907

1 250 —1.825 —0.868 0.042 0.836 2.389 0.078 1.661
500 —1.869 —0.770 0.027 0.820 2.092 0.059 1.412
1000 —-1.679 —0.719 0.058 0.762 1.836 0.045 1.199

250 —1.548 —0.670 —0.039 0.675 1.833 0.025 1.058
Bo 500 —1.632 —0.665 0.001 0.661 1.754 0.027 1.047
1000 —1.629 —0.690 0.020 0.698 1.627 0.011 1.009

250 28.654  34.704  39.574  44.651 52477 39.856  51.483
0.58¢ 500 27.166  31.848  35.553  39.808 46.519 35.992  34.995
1000 22.055 25.398  28.218  31.256  36.451  28.565  19.929

250 -3.949 3312 -2.806 —2.262 —1.288 —-2.750 0.666
280 500 —-3.876 —3.050 —2.445 —-1.862 —-0.925 —2.427 0.809
1000  —3.524 —2.675 —2.065 —1.419 —-0.532 —2.047 0.856

N(,1) —1.645 —0.674 0 0.674 1.645 0 1

=)
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k=0 k=05 k=1

1.0
1.0
1.0

—— Po=0.6 n=250
Bo=0.6 n=500
24 — Bo=0.6 n=1000

—— Po=0.6 n=250
Bo=0.6 n=500
24 — Pg=0.6 n=1000

—— Po=0.6 n=250
Bo=0.6 n=500
24 — Bg=0.6 n=1000

0.6
L
0.6
L
0.6
L

CDF
CDF
CDF

04
;
04
;
04
;

0.2
L
0.2
L
0.2
L

0.0
0.0
0.0

F1G. 3. Empirical CDF of the simulated ML estimation of the standardized microergodic param-
eter vs. CDF of a standard Gaussian distribution (red line) when ag =1,«=0,0.5,1 (from left to
right), Bo = 0.6 and n = 250, 500, 1000

an arbitrary compact support, can be problematic when applied to finite samples,
even for large sample sizes. We strongly recommend jointly estimating variance
and compact support and using the asymptotic distribution give in Theorem 9 or,
alternatively, choosing § conservatively.

As a graphical example, Figure 3 compares the empirical CDF of the ML
estimates of the standardized microergodic parameter with the CDF of the
standard Gaussian distribution when 002 =1,k=0,05,1, Bp =0.6 and n =
250, 500, 1000. Finally, our numerical results are consistent with the results in
Kaufman and Shaby (2013), in the Matérn case.

As for the second goal, using the results given in Theorem 10 Points 2 and 4,
we now specifically compare asymptotic prediction efficiency and asymptotically
correct estimation of prediction variance using ratios (23) and (25), respectively.
As a benchmark, we also consider the same ratios using a tapered Matérn model.

More precisely, we consider a Matérn model Mv’a’ o2 setting 022 =1,v=
0.5,1,1.5and ¢ = y/c, with y =0.1,0.2,0.4 if v = 0.5, y = 0.101, 0.202, 0.404
if v=1and y =0.097,0.193, 0.385 if v = 1.5. Here, c, is a scalar depending on
v such that M, 1 1(r) is lower than 0.05 when r > ¢, that is, y is the practical
range.

Let us define the ratios (23) and (25) as U;(B1) and U,, respectively. For each
v and «, we randomly select n; = 50, 100, 250, 500, 1000, j =1,..., 500 loca-
tion sites without replacement from the perturbed grid in Figure 2. For each j, we
compute the ratio U; ;(B1) and the ratio Uy, j =1, ..., 500, using closed-form ex-
pressions in equations (20) and (21) when predicting the location site (0.26, 0.48)’
(black dot in Figure 2). Specifically for each U, following the conditions in The-
orem 10 Point 4, we set 012 =1, k=v—1/2, u =i+ 1.5. The “equivalent”
compact support is obtained as

gt — [< T2+ + 1)>afa—2T/<1+2K>
N A PP DR ‘
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Under this specific setting, the “equivalent” compact support associated to the
(varying with v) practical range is approximately B = 0.1, 0.2, 0.4, irrespectively
of v. Figure 2 shows the location sites involved in the prediction using GW func-
tions with g =0.1,0.2,0.4.

For each Uj;(B), following Theorem 10 Point 2, we fix k =v — 1/2, u =
A+ 1.5 and B = B}. Then, to investigate the effect of considering an arbitrary
compact support on the convergence of ratio (23), we also consider, U;;(0.28})
and Uy (5B}). For each combination of v, «, Table 3 shows the empirical means
Ur(xB) = X730 U (xB)/500 for x =1,0.5,2, and Up = 332, U2;/500 when
increasing n.

As a benchmark, we also compute the empirical means replacing the GW
model with a tapered Matérn covariance model, that is, considering the model
Mu,a,afKXﬁT’ and we denote these means by UlT(x,Bi“), x=1,0.5,2 and UZT.
Here, K g is a known compactly supported correlation function called the taper
function. Following Furrer, Genton and Nychka (2006), as the taper function, we
use Kxﬂ?‘ = (pZ,O,xﬂ;‘,l ifv=0.5, Kx,BT = (p3,1,x,3;k,1 ifv=1and KxﬁT = (p4,2,xﬂ;‘,l
ifv=1.5.forx=1,0.5,2.

These specific choices of taper functions guarantee the convergence of ra-
tios (23) and (25), using a tapered Matérn model instead of the GW model [see
Theorem 2 in Furrer, Genton and Nychka (2006)]. In Table 3, the percentages of
nonzero elements in the covariance matrices are also reported in all scenarios and
for each n when using the compact support ;.

Table 3 shows that U, clearly overall outperforms UZT in terms of speed of
convergence in particular when increasing B}. This implies that in terms of finite
sample, if the Matérn model is the state of nature, prediction efficiency and cor-
rect estimation of prediction variance are better achieved when predicting with the
(compatible) GW model with respect to the so-called naive CT predictor [Furrer,
Genton and Nychka (2006)], sharing the same compact support.

Comparing U (xB}) with UlT(x,BT) for x = 1,0.5,2 note that when x = 1,
U; (B}) overall slightly outperforms U 1T (B}) and when x = 0.5, the convergence
of both ratios seems to be very slow, in particular for larger v. This suggests that
taking an arbitrary compact support too small with respect to the “equivalent”
compact support 8] can seriously affect the prediction efficiency both for tapered
Matérn and GW models. This kind of problem disappears when x = 2, as expected.
By the tapering effect, that is, inducing a covariance with an apparent shorter range,
U lT (2B87) slightly outperforms U, 2B7).

7. Concluding remarks. Parameter estimation for interpolation of spatially
or spatio-temporally correlated random processes is used in many areas and often
requires particular models or careful implementation. In recent years, the dataset



Uy (x), UIT x),x= O.Sﬁi‘, 2,3’1", ,Bi" and Us, U2T, as defined in Section 6, when considering a Matérn model with increasing practical range y,

TABLE 3

smoothness parameter v and n. Here 8 T is the compact support parameter of the GW model computed using the equivalence condition.
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y=0.1

y=0.101

y =0.097

1.051
1.096
1.182
1.267
1.325

1.029
1.043
1.046
1.030
1.015

1.009
1.014
1.019
1.015
1.009

1.051 1.008
1.096 1.013
1.183 1.018
1.268 1.016
1.330 1.010

y=0.2

1.025
1.043
1.069
1.077
1.061

1.019
1.035
1.064
1.081
1.073

1.029
1.056
1.118
1.211
1.332

1.098
1.189
1.379
1.608
1.858

1.047
1.076
1.097
1.065
1.032

1.018
1.028
1.038
1.030
1.016

1.101
1.195
1.393
1.639
1.923

1.009
1.013
1.016
1.011
1.005

y=0.202

1.041 1.038
1.072 1.073
1.121 1.138
1.132 1.187
1.088 1.168

1.048 1.124
1.097 1.246
1.204 1.521
1.372 1.928
1.586 2.549

1.054
1.095
1.156
1.116
1.054

1.024
1.039
1.059
1.051
1.025

1.134
1.266
1.567
2.039
2.820

1.012
1.019
1.025
1.020
1.008

y=0.193

1.057
1.105
1.197
1.253
1.209

1.050
1.098
1.197
1.300
1.300

1.056
1.112
1.241
1.481
1.877

1.151
1.209
1.227
1.152
1.061

1.044
1.032
1.012
1.005
1.002

1.016
1.013
1.007
1.003
1.001

1.157 1.016
1.221 1.015
1.247 1.008
1.178 1.003
1.083 1.001

y=0.4

1.058
1.066
1.046
1.021
1.007

1.053
1.068
1.060
1.040
1.024

1.134
1.235
1.397
1.513
1.586

1.316
1.471
1.578
1.415
1.145

1.090
1.068
1.026
1.009
1.003

1.032
1.027
1.013
1.005
1.002

1.326
1.491
1.614
1.447
1.152

1.014
1.011
1.004
1.002
1.002

y =0.404

1.094 1.119
1.103 1.162
1.061 1.146
1.022 1.092
1.014 1.052

1.217 1.448
1.377 1.730
1.590 2.085
1.625 1.945
1.497 1.358

1.139
1.120
1.049
1.017
1.005

1.048
1.045
1.022
1.009
1.003

1.505
1.848
2.363
2.321
1.554

1.021
1.018
1.007
1.004
1.003

y=0.385

1.149
1.186
1.137
1.051
1.029

1.177
1.266
1.271
1.174
1.093

1.288
1.534
1.954
2.069
1.728

1.208
1.151
1.050
1.013
1.003

1.016
1.006
1.001
1.000
1.000

1.008
1.004
1.001
1.000
1.000

1.226 1.010
1.174 1.004
1.066 1.001
1.019 1.000
1.005 1.000

1.050
1.026
1.006
1.002
1.000

1.060
1.041
1.020
1.011
1.006

1.372
1.499
1.598
1.633
1.649

1.507
1.399
1.128
1.024
1.003

1.035
1.013
1.003
1.001
1.000

1.016
1.007
1.002
1.001
1.000

1.530
1.421
1.141
1.044
1.034

1.005
1.002
1.001
1.001
1.000

1.072 1.148
1.030 1.100
1.011 1.048
1.009 1.025
1.006 1.014

1.519 1.900
1.583 1.846
1.454 1.328
1.314 1.053
1.208 1.005

1.066
1.024
1.006
1.002
1.000

1.027
1.011
1.003
1.001
1.000

2.088
2.106
1.491
1.121
1.077

1.010
1.004
1.003
1.001
1.000

1.152
1.071
1.028
1.019
1.009

1.271
1.196
1.091
1.047
1.024

1.823
2.006
1.691
1.373
1.184

4.67
3.70
3.12
2.92
2.82

11.95
11.04
10.48
10.27
10.18

34.97
34.18
33.90
33.66
33.59
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sizes have steadily increased such that straightforward statistical tools are compu-
tationally too expensive to use. The use of covariance functions with an (inherent
or induced) compact support, leading to sparse matrices, is a very accessible and
scalable approach. In this paper, we studied estimation and prediction of Gaus-
sian fields with covariance models belonging to the GW class, under fixed domain
asymptotics.

Specifically, we first characterize the equivalence of two Gaussian measures
with GW models, and then we establish strong consistency and asymptotic Gaus-
sianity of the ML estimator of the associated microergodic parameter when con-
sidering both an arbitrary and an estimated compact support. Simulation results
show that for a finite sample, the choice of an arbitrary compact support can re-
sult in a very poor approximation of the asymptotic distribution. These results are
consistent with those in Kaufman and Shaby (2013) in the Matérn case.

In a second aspect, we give a sufficient condition for the equivalence of two
Gaussian measures with Matérn and GW model and we study the effect on pre-
diction when using these two covariance models under fixed domain asymptotics.
A first consequence of our results is that GW model is more than a valid competi-
tor of the Matérn model. It allows, as in the Matérn case, a continuous parame-
terization of smoothness of the underlying Gaussian field and, under fixed domain
asymptotics, prediction and mean square error prediction obtained with a Matérn
model can be achieved using a GW model inducing an equivalent Gaussian mea-
sure, using our condition. For this reason, we advocate the GW class when work-
ing with (not necessarily) large or huge spatial datasets since well established and
implemented algorithms for sparse matrices can be used when estimating the co-
variance parameters and/or predicting at unknown locations [e.g., Furrer and Sain
(2010)]. Alternatively, for covariances which are analytic away from the origin as
the Matérn model, in some circumstances a hierarchical factorization scheme as
proposed for instance in Ambikasaran et al. (2016), is a possible solution in or-
der to handle sample sizes that cannot be handled by straightforward Cholesky
factorization.

As the theoretical and numerical results illustrate, CT for prediction is essen-
tially an obsolete approach. When comparing both approaches with the same sen-
sible compact support, the tapered CT is less efficient. For estimation, one has to
distinguish between a so-called one-taper or two-taper approach, that is, a proper
likelihood or an estimating function approach, Kaufman, Schervish and Nychka
(2008). Fixing again the support, a GW model can approximate a Matérn covari-
ance function much better than a tapered one. Thus, the GW is in an estimation
setting superior to a one-taper CT. In both approaches, one needs to be aware of
the resulting biases, which can be substantial. In the case of (kriging) predictions
based on plug-in estimates, the biases are largely canceled [Furrer, Bachoc and Du
(2016)]. Finally, the two-taper approach is conceptually a different approach and,
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as it is computationally very expensive, it would not be fair to compare it with the
GW model.

Similar to the Matérn model with smoothness parameter different to p 4+ 1/2,
p € N, the GW does not have a closed-form expression when its smoothness pa-
rameter is different to p, and low level software implementations are needed for a
computationally efficient use.

SUPPLEMENTARY MATERIAL

Supplement to ‘“Estimation and prediction using generalized Wendland
covariance functions under fixed domain asymptotics” (DOI: 10.1214/17-
AOS1652SUPP; .pdf). The Supplement contains the proof of Assertion 2 in The-
orem 8.
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