ALTASING EFFECTS FOR RANDOM FIELDS OVER SPHERES OF ARBITRARY
DIMENSION

CLAUDIO DURASTANTI AND TIM PATSCHKOWSKI

ABSTRACT. In this paper, aliasing effects are investigated for random fields defined on the d-dimensional
sphere S%, and reconstructed from discrete samples. First, we introduce the concept of an aliasing function
on S%. The aliasing function allows to identify explicitly the aliases of a given harmonic coefficient in
the Fourier decomposition. Then, we exploit this tool to establish the aliases of the harmonic coefficients
approximated by means of the quadrature procedure named spherical uniform sampling. Subsequently, we
study the consequences of the aliasing errors in the approximation of the angular power spectrum of an
isotropic random field, the harmonic decomposition of its covariance function. Finally, we show that band-
limited random fields are aliases-free, under the assumption of a sufficiently large amount of nodes in the
quadrature rule.

1. INTRODUCTION

1.1. Motivations. We are concerned with the study of the aliasing effects for the harmonic expansion
of a random field defined on the d-dimensional sphere S¢. The analysis of spherical random fields over
S is strongly motivated by a growing set of applications in several scientific disciplines, such as Cosmol-
ogy and Astrophysics for d = 2 (see, for example, [BM07, MP10]), as well as in Medical Image Analysis
([HCWT13, HCK T 15]), Material Physics ([MS08]), and Nuclear Physics ([AA18]) for d > 2. For example, in
Medical Image Analysis the statistical representation of the shape of a brain region is commonly modelled
as the realization of a Gaussian random field, defined across the entire surface of the region (see for exam-
ple [BSX07]). Many shape modelling frameworks in computational anatomy apply shape parametrization
techniques for cortical structures based on the spherical harmonic representation, to encode global shape
features into a small number of coefficients (see [HCW™13]). This data reduction technique, however, can
not provide a proper representation with a single parametrization of multiple disconnected subcortical struc-
tures, specifically the left and right hippocampus and amygdala. The so-called 4D-hyperspherical harmonic
representation of surface anatomy aims to solve this issue by means of a stereographic projection of an entire
collection of disjoint 3-dimensional objects onto the hypersphere of dimension 4. Indeed, a stereographic
projection embeds a 3-dimensional volume onto the surface of a 4-dimensional hypersphere, avoiding thus,
the issues related to flatten 3-dimensional surfaces to the 3-dimensional sphere. Subsequently, any discon-
nected objects of dimension 3 can be projected onto a connected surface in S, and, thus, represented as the
linear combination of hyperspherical harmonics of dimension 4 (see [HCK™15]).

A spherical random field T is a stochastic process defined over the unit sphere S? and thus depending on
the location z = (9, ) = (9, ..., 9@ ) € S, where 9 € [0,7 ), fori =1,...,d—1, and ¢ € [0, 27].
The harmonic analysis has been proved to be an insightful tool to study several issues related to the random
fields on the sphere and the development of spherical random fields in a series of spherical harmonics has
many uses in several branches of probability and statistics. We are referring, for example, to the study of
the asymptotic behaviour of the bispectrum of spherical random fields (see [Mar(06]), their Euler-Poincaré
characteristic (see [CM18]), the estimation of their spectral parameters ([DLMI14]), and the development
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of quantitative central limit theorems for nonlinear functional of corresponding random eigenfunctions (see
[MR15]). Under some integrability conditions (see Section 2.2), the following harmonic expansion holds:

T (79, QO) = Z a’f,mn,m (19, <p) 5
4,m

where £ € N and m = (my,...,mg_1) € N©"2 @ Z are the harmonic (or wave) numbers.

The set of spherical harmonics Yom = Yzmy....ma_, : S¢ — C provides an orthonormal basis for the space
L? (S%) = L? (S%,dz), where dz is the uniform Lebesgue measure over S¢ (see Section 2.1). The harmonic
coefficients ag.m = aemy,....mq_,, given by

(1) a¢m = <Ta )/Z,m>L2(S‘i) = /Sd T (‘T) Yim (.CE) de,

contain all the stochastic information of T (9, ¢).

Nevertheless, the explicit computation of the integral (1) is an unachievable target in many experimental
situations. Indeed, the measurements of T' (1, p) can be in practise collected only over a finite sample of
locations {z; : i =1...N}. As a consequence, for any choice of £ and m the integral producing the harmonic
coefficient am is approximated by the sum of finitely many elements T (z;), ¢ = 1...,n, the samples of
the random field. This discretization produces aliasing errors, that is, different coefficients become indistin-
guishable - aliases - of one another. The set of coefficients, acting as aliases each other, depends specifically
on the chosen sampling procedure.

The concept of aliasing comes from signal processing and related disciplines. In general, aliasing makes

different signals to become indistinguishable when sampled, and it can be produced when the reconstruction
of the signal from samples is different from the original continuous one (see, for example, [PM96, Chapter
1]).
The aliasing phenomenon arising in the harmonic expansion of a 2-dimensional spherical random field has
been investigated by [LN97]. On the one hand, it is there proved that band-limited random fields over S?,
which can be roughly viewed as linear combinations of finitely many spherical harmonics, can be uniquely
reconstructed with a sufficiently large sample size. On the other, an explicit definition of the aliasing func-
tion, a crucial tool to identify the aliases of a given harmonic coefficient, is developed when the sampling
is based on the combination of a Gauss-Legendre quadrature formula and a trapezoidal rule (see Section 4
for further details). In many practical applications, this sampling procedure is the most convenient scheme
to perform numerical analysis over the sphere (see, for example, [AT12, SB93, Sze75]). Further reasons
of interest to study the aliasing effects in S? have arisen in the field of optimal design of experiments. In
[DMPO5], designs over S? based on this sampling scheme have been proved to be optimal with respect to
the whole set of Kiefer’s ®,-criteria, presented in [Iie74], that is, they are the most efficient among all the
approximate designs for regression problems with spherical predictors.

Recently, interest has occurred in regression problems in spherical frameworks of arbitrary dimension and
the related discretization problems (see, for example, [LS15]). In particular, in [DIKSG18], the experimental
designs, obtained by the discretization of the uniform distribution over S¢ by means of the combination of
the so-called Gegenbauer-Gauss quadrature rules (see Section 3.2 for further details) and a trapezoidal rule,
have been proved to be optimal with respect not only to the aforementioned Kiefer’s ®,-criteria, but also to
another class of orthogonally invariant information criteria, the ® g -criteria. Given the improved interest for
spheres of dimension larger than 2, it is therefore pivotal to carry out further investigations into the aliasing
effects for random fields sampled over S¢, d > 2. On the one hand, this research improves the understanding
of the behaviour of the approximated harmonic coefficients when computed over discrete samplings, in par-
ticular over a spherical uniform sampling (see Section 3.3). On the other hand, our investigations make large
use of the properties of the hyperspherical harmonics, providing thus a deeper insight on their structure,
carrying on with the results presented in [DKSG18].

We work under the following assumption: a spherical random field T is observed over the a finite set of
locations {x; = (9, ¢;) : i = 1,..., N}, the so-called sampling points. Thus, for any set of harmonic numbers
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£ and m, the approximated - or aliased - harmonic coefficient is given by

~ / I
apm = E T (£7m7£ , 1M )aé’,mﬁ

’ ’
¢ m

where 7 (¢, m; ¢, m’), defined in Section 4.1 by (29), is the aforementioned aliasing function. The coefficient
ap v 1s said to be an alias of aym with intensity |7 (¢, m; ¢/, m’)| if 7 (¢, m; ', m’) # 0.

First, we study the general structure of the aliasing function under the very mild assumption that the
sampling is separable with respect to the angular coordinates, that is, the sampling points {z; : ¢ =1,..., N}
can be written as follows

{(19&) Lo j),cpkd,l) ki1 =0,...,Q; 1 —1 forj:l,...,d},

where Qq, Q1,...,Q4—1 € N are defined so that H?;& @; = N (see Section 3.1). Then, we investigate on the
explicit structure of such a function and, consequently, on the identification of aliases assuming a spherical
uniform design as the sampling procedure.

Second, under the assumption of isotropy, we consider the aliasing effects for the angular power spectrum
of a random field, which describes the decomposition of the covariance function in terms of the frequency
£ >0 (see Section 2.2), providing information on the dependence structure of the random field.

Third, we investigate also on the aliasing effects for band-limited random fields. More specifically, we estab-
lish suitable conditions on the sample size in order to guarantee the annihilation of the aliasing phenomenon.

1.2. Plan of the paper. This paper is structured as follows. In Section 2, we introduce some fundamen-
tal background results on the harmonic analysis over the d-dimensional sphere as well as a short review
on spherical random fields. Section 3 includes also a short overview on the so-called Gegenbauer-Gauss
quadrature formula, crucial to build a spherical uniform sampling, and provides some auxiliary results. In
Section 4, we present the main findings of this work. In particular, Theorem 4.1 describes the construction
of the aliasing function 7 (¢, m; ¢, m’) under the assumption of the separability of the sampling with respect
to the angular components, while Theorem 4.3 identifies the aliases for any harmonic coefficient a¢ ., when
the sampling is uniform. In Section 5, we study the aliasing effects for the angular power spectrum of an
isotropic random field (see Theorem 5.1), while in Section 6 we provide an algorithm to remove the aliasing
effects for a band-limited random field sampled over a spherical uniform design (see Theorem 6.1). Finally,
Section 7 collects all the proofs.

2. PRELIMINARIES

This section collects some introductory results, concerning harmonic analysis and its application to spher-
ical random fields. It also includes a quick overview on the Gegenbauer-Gauss formula. The reader is referred
to [SW71, AH12, VK91] for further details about the harmonic analysis on the sphere, to [AT07] for a de-
tailed description of random fields and their properties, while [MP11] provides an extended description of
spherical random fields over S?. Further details concerning the Gegenbauer-Gauss quadrature rule can be
found in [ASG4, AH12, SB93, Sze75].

2.1. Harmonic analysis on the sphere. Let 9" € [0, 7], for i = 1,...,d — 1, and ¢ € [0,27) be the
spherical polar coordinates over S?. Since now on, we will denote by = = (9, ) = (19(1), Y ICa N <p) the

generic spherical coordinate, that is, the direction of a point on S%. Let the function f : [0,7]* " — [~1,1]
be defined by

(2) f@)=f (19(1), ot 1)) lf[ (qug(J )
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Thus, the uniform Lebesgue measure da over S?, namely, the element of the solid angle, is defined by
d—1 d—2
dzx = (Sin 19(1)) RUASY (sin 19(2)) d9® . sing@=D g9 dp
—f (19“), . 719(d-1>) doW .. 49D dy,

such that the surface area of the hypersphere corresponds to

Let us denote by H, the restriction of the space of harmonic homogeneous polynomials of order ¢ to S?. As
well-known in the literature (see, for example, [ATT12, SW71]), the space of square-integrable functions over
S? can be described as the direct sum of the spaces H,, that is,

2 (s%) = PH..
>0

For any integer £ > 0, since now on called frequency, we define the following set

3)

My = {m €Z i mi=0,...,06ma=0,....m1;...;mg_2="0,...,Mg_3:Mg_1 = —md,g,...,md,g}.
Following [AW&2, ATT12, VK91], for any £ > 0, it holds that
He = Span{Yim : m € My},

where, for z € S%, Yem = Yomy,omg_q - S? — C denotes the so-called spherical - or hyperspherical - har-
monic of degree ¢ and order m. In other words, fixed ¢ > 0, M, appoints the finitely many vectors m which
identify the spherical harmonics spanning the space H,.

Another common approach to introduce spherical harmonics exploits the so-called d-spherical Laplace-
Beltrami operator Aga (see, for example, [MP11]). Fixed ¢ > 0, the spherical harmonics Y; m (2) correspond-
ing to any m € M, are the eigenfunctions of Ags with eigenvalue €. = £ (£ + d — 1), that is,

(Aga + €0.0) Yom (z) = 0, for 2 € S©.

As proved for example in [AWS82], for any ¢ > 0, the size of {Yp m : m € M,}, namely, the multiplicity of
the set of spherical harmonics with eigenvalue eg.q4, is given by
(204+d—1)(L+d—2)!

2(d—1)!

(4) Ea (0) =

The set {Yym (z) : £ > 0;m € M,} provides therefore an orthonormal basis for L? (Sd). For any g € L? (Sd),
the following Fourier - or harmonic - expansion holds

g9@)=>">" armYom(x), for z €8,

£>0 meM,

where {asm : ¢ > 0;m € M,} are the so-called harmonic coefficients, given by the integral

tm = {9 Yem) 200 = [ 9(2) Vem (2)do.
S
Since now on, for the sake of notational simplicity, we fix mg = £. Furthermore, we will use indifferently the

two equivalent short and long notations Yy m (z) and Yo, my s (19(1), R ICaoN ¢). Following [AW82],
the hyperspherical harmonics are defined by

d-1 d—j m;
(5) Yom () = \/% H (hmjl,mﬁjc'r(r:?jjnzv,.j) (cos ﬁ(j)) (Sinﬁ(j)) ]) eima-1¥
T



ALIASING EFFECTS FOR RANDOM FIELDS OVER SPHERES OF ARBITRARY DIMENSION

ot

where Ay, | my:k 1S @ normalizing constant, given by

1
22t d=I=2 (my_y —my)! (2my—1 +d — j) T? (mi + dj) 2

2
6 R g =
(6) M —1,MM55] Tm(mj_1+m;+d—j—1)

The function C{* : [-1,1] = R, @ € [-1/2,00) \ {0}, is the Gegenbauer (or ultraspherical) polynomial of
degree n and parameter «. Following for example [AS64, Sze75], they are orthogonal with respect to the
measure B

vo () = (1=12)"" 2 1_y qy (1),
that is,

™) [ e 0t =

see, for example, [Sze75, Formula 4.7.15].

Roughly speaking, each hyperspherical harmonic in (5) can be viewed as product of a complex exponen-
tial function and a set of Gegenbauer polynomials, whose orders and parameters are properly nested and
normalized to guarantee orthonormality, that is,

7217297 (n + 2a)
nl(n+a)T?(a) ™’

d—1
1/é,m (17) Y/é’,m’ (JC) de = 65/ 52"

Hyperspherical harmonics feature also the following property, known as addition formula (see, for example,

[AW82]):
_ (204+d—1)T (L) (b +d—2)! (a2

® Y Ve @) Ve (@) = At 2 ol (a0 = Ko (.0,
meM, 27z (d— 1)l
where (-,-) is the standard inner product in L? (Rd+1). Note that K, can be viewed as the kernel of the
projector over the harmonic space Hy, the restriction to the sphere of the space of homogeneous and harmonic
polynomials of order ¢. The projection P, of g € L? (Sd) onto Hy is given by

Pelg] (z) = /Sdg(y) K (z,y)dy, zeS%

It follows that

Pelg] (z) = Z armYem (x), forz €S
meMy

and that any function g € L? (Sd) can be rewritten as the sum of projections over the spaces Hy,

g(zx) = ZPZ [g] (x), for z € s<.

>0

2.2. Spherical random fields. Given a probability space {Q2, F, P}, a spherical random field T, (z), w € Q
and 2z € S?, describes a stochastic process defined the sphere S?. Since now on, the dependence on w € Q
will be omitted and the random field will be denoted by T (z), = € S¢, for the sake of the simplicity (see also
[ATOT]).

If T has a finite second moment, that is, E {|T (z)ﬂ < oo for all z € S, a spherical random field can be
decomposed in terms of the projections over the space Hy, £ > 0, so that
(9) T@) =S"Ti(), zes?,
£>0

where Ty (x) = P [T] (z). Each projector onto H, can be described as a linear combination of finitely many
hyperspherical harmonics,

(10) Ty(x)= Y amYem(z), zeS%
meMy
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As in the deterministic case described in Section 2.1, for any ¢ > 0 and m € My, the random harmonic
coefficient is defined by

(11) pm = /Sd T (z) }_/g’m () da.

The random harmonic coefficients contain all the stochastic information of the random field 7', namely,
agm = G m (W), for w e Q, £ >0 and m € M,.

A random field is said to be band-limited if there exists a bandwidth Ly € N, so that agpm = 0 for any
¢ > Lg, whenever m € My. In this case, it holds that
Lo
(12) T(z)= Z Z armYem (), x€ se.
(=0 meM,
By the practical point of view, band-limited random fields provide a useful approximation of fields with
harmonic coeflicients decaying fast enough as the frequency ¢ grows.

Let us define the expectation p () = E [T (z)]; the covariance function I' : §¢ x S? — R of the random
field T is given by

(13) I (z,2") =E[(T (z) - p(2)) (T (2') — i (a"))],
where, for z € C, Z denotes its complex conjugate. Without losing any generality, assume that T is centered,
so that, for z, 2z’ € S?, it holds that

p(z) =0
I (z;2")=E[T(z)T (2)].

Let v:S%xS? — [0,7],7 (z,2") = arccos(w, 2’ )gat1 be the geodesic distance between z, 2’ € S?. A spherical
random field is said to be isotropic if it is invariant in distribution with respect to rotations of the coordinate
system or, more precisely,

T (z) £ T (Rz), forz € S* Re SO (d+1),

where < denotes equality in distribution, and SO (d 4 1) is the so-called special group of rotations in R+,
Following [BKMP09, BM07, MP11], if the random field is isotropic, then I depends only on « and its variance
02 (z) =T (z, ) does not depend on the location 2 € S%, so that it holds that

o?(r) =E [\T(m)ﬂ =0o? forallzeS?

where 02 € RT. The covariance function itself can be therefore rewritten in terms of its dependence on the
distance between z and z’, so that

[ (z,2')=T(y(z,2")).
Let us finally define the correlation function p : [—1,1] — [—1, 1], which is invariant with respect to rotations
when the random field is isotropic, that is

T ! r !
(14) ploosy (w,a) = —ant)___LO@T) o g
T (z,z)T (2, 2") o
As far as the random harmonic coefficients {agm : £ > 0,m € M,} are concerned, since u(x) = 0 for
x € S%, we have that | [a¢,m] = 0. Furthermore, the spectral representation of the covariance function yields

d—1
(15) Cov (ag’m, az/’m/) =E [az’mdz/’m/] = Cz55/ H 5%:,
k=1

where {Cy : £ > 0} is the so-called angular power spectrum of T'. The angular power spectrum of a random
field can be viewed as the harmonic decomposition of its covariance function and can be rewritten as the
average

1

(16) Cr= Ea ()

Z Var (a¢,m) ,

meMy

1]
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where 24 (¢) is given by (4), see, for example, [Mar(06] for d = 2.
The Fourier expansion of T' can be read as a decomposition of the field into a sequence of uncorrelated
random variables, preserving its spectral characteristics. Combining (8), (13) and (15) yields

r (1’,1'/) = ZCEKZ (SU,I'/) )
£>0

where we rewrite the covariance function in terms of the projection kernel corresponding to the frequency
level £.

3. THE GAUSS-GEGENBAUER QUADRATURE FORMULA AND THE SPHERICAL UNIFORM DESIGN

This section includes a quick overview on the Gegenbauer-Gauss formula. We also introduce the spherical
uniform sampling and two related auxiliary results. Further details concerning the Gegenbauer-Gauss quad-
rature rule can be found in [AS64, AH12, SB93, Sze75], while the spherical uniform sampling is presented
by [DKSG18].

3.1. Separability of the sampling. We first introduce a very mild condition on the sampling procedure.
Generalizing the proposal introduced by [LN97] on S? to S§¢, d > 2, here we consider a discretization scheme
produced by the combination of d one-dimensional quadrature rules, with respect to the coordinates 97,
j=1,...,d—1, and ¢.

More specifically, we introduce the following condition on the sampling points and weights.

Condition 3.1 (Separability of the sampling scheme). Fix Qg, Q1,...,Q4—1 € N, so that N = H?;é Q;. For

any j = 1,...,d, there exists a finite sequence of positive real-valued weights
(17) {w,(j)_ ki =0,...,Qj_1 — 1} ,
so that

Qj-1—1 ‘

Z w,?jll =1.

kj_1=0
The sampling points {z; : i = 1,..., N} are component-wise given by
(18) {(ﬂl(gt)vﬂﬁl(cii;)’kad*l) ij,lzo,...,Qj,1—1 fOI‘j:L...,d}.

Roughly speaking, each sequence in (17) corresponds to the set of weights for a quadrature formula with
respect to the j-th angular component of the angle vector x = (19(1), RV ICat N L,O). The subscript index is
related to the harmonic numbers ¢ = mg, mqy, ..., mg_1.

Each value of the index i* € {1,..., N} corresponds uniquely to a suitable choice of values {ké, N },
while the related weight w;- is given by

d
] I (4)
Wi = Wy .
% ki,
j=1

3.2. The Gauss-Gegenbauer quadrature formula. In general, a quadrature rule denotes an approxima-
tion of a definite integral of a function by means of a weighted sum of function values, estimated at specified
points within the domain of integration (see, for example, [SB93]). In particular, a r-point Gaussian quad-
rature rule is a formula specifically built to yield an exact result for polynomials of degree smaller or equal
to 2r — 1, after a suitable choice of the points and weights {tx,wy : K =0,...,r — 1}. For this reason, it is
also called quadrature formula of degree 2r — 1. The domain of integration is conventionally taken as [—1, 1],
and the choice of points and weights usually depends on the so-called weight function a, whereas the integral
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can be written in the form f_ll p(t)a(t)dt. Here p(t) is approximately polynomial, and a (t) € L ([-1,1])
is a well-known function. In this case, a proper selection of {tx,wy : k=0,...,r — 1} yields

/ p(t)a()di =3 wip (t).
k=0

-1

Following for example [SB93], it can be shown that the quadrature points can be chosen as the roots of

some polynomial belonging to some suitable class of orthogonal polynomials, depending on the function a.
When a (t) = 1 for all ¢ € [—1, 1], the associated polynomials are the Legendre polynomials. In this case,
the method is then known as Gauss-Legendre quadrature (see [AS64, Formula 25.4.29]). Such a method is
widely used in the 2-dimensional spherical framework (see, for example, [AH12]), and the aliases produced
by this formula were largely investigated in [LN97]).
More in general, as stated in [AS64, Formula 25.4.33], when a (t) = anp (t) = (1 — )" (1 + #)?, the method
is known as the Gauss-Jacobi quadrature formula, since it makes use of the Jacobi polynomials (see also
[SzeT5, p.47]). Since it is well-known that Jacobi polynomials reduce to Gegenbauer polynomials when oo =
(see, for example, [Sze75, Formula 4.1.5]), we refer to the quadrature rule denoted by a weight function v, (t)
(equal to aq g (t) for @ = B) as the Gauss-Gegenbauer quadrature (see, for example, [ESM14]).

Subsequently, the discrete uniform sampling over the sphere is obtained by combining a trapezoidal rule
for the angle ¢ and (d — 1) Gauss-Gegenbauer quadrature rules for the coordinates 9\9), for j =1,...,d —1,
with weight function a; (t) = va(j) (1), a(j) =d -1 —j.

This method has been described in details by [DKSG18, Lemma 3.1] in the framework of optimal design
for regression problems with spherical predictors. Indeed, by the theoretical point of view, the (continuous)
uniform distribution on the sphere provides an optimal design for experiments on the unit sphere, but this
distribution is not implementable as a design in real experiments (for more details, see [DKSG18; Theorem
3.1]). Thus, a set of equivalent discrete designs is established by means of the combination of the following
quadrature formulas over the sphere, written as in [DKSG18, Lemma 3.1]), to which we refer to for a proof.

Definition 3.2 (Gauss-Gegenbauer quadrature). Let a € L' ([—1,1]) be a positive weight function so that
a= fil a (t)dt. Consider also the set of € N points —1 < tg < ... < t,_; < 1, associated to the positive

weights wy, . ..,w,_1 such that Zz;é wr = 1. Then the set of points and weights{ty,wr : k =0,...,7 — 1}
generates a quadrature formula of degree z > r, namely,

1 r—1
(19) / a(t)tpdt:dZwktﬁ, forp=0,...,z
-1 k=0

if and only if the following conditions are satisfied:

(1) The polynomial H;;;é (t — tx) is orthogonal to all polynomials of degree smaller or equal to z — r
with respect to a (t),

1 r—1
H(t—tk)a(t)tpdt:(), forp=0,...,z—r;
—1 k=0

(2) the weights wy are given by

1t
(20) wk:j/ a(t) g (t)dt, fork=0,...,r—1,
aj
where Ay (t) is the k-th Lagrange interpolation formula with nodes ¢, ..., t._1, given by
r—1
t—t;
A (B) = .
(1) ,_H ti — t
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3.3. The spherical uniform sampling. Assume now z = 2@Q), in Definition 3.2. Following [Sze75, Formula
4.7.15] (see also (7)), the Gegenbauer polynomials ) are orthogonal with respect to a (t) = v, (t). Fixed n,
the real-valued n roots of C’fla) have multiplicity 1 and are located in the interval [—1, 1]. Thus, it follows that
foranyr € {Qo+1,...,2Q0}, there exists at least one set of points and weights {t,(cj),wlij) k=0,...,r— 1},
j=1...,d—1, generating a quadrature formula (19) with a (t) = a; (t) = va) (1), and a (j) =d — 1 —j.
The following Condition exploits properly these quadrature formulas for ¥, combined with a trapezoidal

rule for @, to establish a well-defined uniform distribution over the sphere of arbitrary dimension d (see also,
for example, [AH12, DKSG18]).

Condition 3.3 (Spherical uniform sampling). Assume that Condition 3.1 holds and fix M € N so that
Q4—1 = 2M. The sampling with respect to ¢ is uniform, so that for any ky_; =0,...,2M — 1, it holds that

k‘dflﬂ'
(21) Pha—1 :7;
(@ _T
(22) -

The sampling with respect to each component 9), j =1,...,d — 1 has the form

(23) 19,(5)71 = arccos (t,(cJL) ;
©)
(24) w(j) — wkjfl

kj_1 . d—j’
’ (sinﬂ,(vjj_ll)

d—j
where, for any j = 1,...,d — 1, {tk]-,l tkic1=0,...,Qj-1 — 1} in (23) are the zeros of Céj:), while
{wk,-,l tkji—1=0,...,Qj-1 — 1} in (24) are the corresponding weights in the Gauss-Gegenbauer framework,
given by (20) in Definition (3.2).

We present now two auxiliary results crucial to prove Theorem 4.3, referring to the aliasing effects under
Condition 3.3. Their proofs can be found in Section 7.2

The first Lemma establishes the parity properties of the cubature points and weights for each angular
component 9U) with respect to 9) = 7/2, for j = 1,...,d—1. Indeed, due to the parity formula Cﬁa) (—t) =
(-1)" cle) (t) (see [Sze75, Formula 4.7.4]), the roots of ) (t), t1,...,t., are symmetric with respect to 0,
namely, ¢, = —t,_x_1 for k =0,...,[r/2]. As a consequence, the following lemma holds.

Lemma 3.4. Let the cubature points and weights be given by (23) and (24) respectively in the framework
described by Definition 5.2. Hence, for any j =1,...,d — 1, it holds that
©) ) .
1976;’—1 =T 19Qj—1—kj—1—1’
@ _,,0
wk?j—l - ij—l*kj—lfl'
The next result exploits Lemma 3.4 to develop parity properties on the Gauss-Gegenbauer quadrature
formula.

Lemma 3.5. Let ¢ € [0,7], and j =1,...,d—1. Let m; € m, with mg = ¢ and m} € m’, with m{, = ¢’ and
define, for j=1,...,d—1,

G, (1) = 72 (cos ) LT (cos ) sin )

Then it holds that
(25) Gy (r =) = (<1 T G ().
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Furthermore, for Q € N, let {¢r, : k=0,...,Q —1} and {wg : k=0,...,Q — 1} be samples of points and
weights in [—1,1] so that for k=10,...,[Q/2]

Y = Yo-_1-k,

Wk = WQ—1—ks
where [-], t € R denotes the floor function. Then, if (mj_1 + myi_q —mj — m;) =2c+1, c € N, it holds that

Q-1
(26) > wiGj () = 0.

k=0

4. ALIASING EFFECTS ON THE SPHERE

This section presents our main results concerning the aliasing phenomenon for d-dimensional spherical
random fields. First, we define the aliasing function, the key tool to determine explicitly the aliases for any
given harmonic coefficient. Then, we study the aliasing function and, more in general, the set of harmonic
numbers identifying the aliases for any given coefficient as m, in two different cases. The proof of the theorems
presented in this section are collected in Section 7.1.

As a first step, we just assume that the aliasing function is separable with respect to the angular compo-
nents. This assumption is very mild, as it reflects both the separability of the spherical harmonics and the
practical convenience of choosing separable sampling points, with respect to the angular coordinates.

As a second step, we study the aliasing effects under the assumption that the sample comes from a spherical
uniform design.

4.1. The aliasing function. In practical applications, the measurements of the random fields can be sam-
pled only over a finite number of locations on S?. As a straightforward consequence, the integral (11) can
not be explicitly computed, but it has to be replaced by a sum of finitely many samples of T'.

Fixed a sample size N € N and given a set of sampling points over S? {z; = (9;,¢;) :i=1,..., N}, the

measurements of the spherical random field T are collected in the sample {T (z;):4=1,...,N}. For any
£ >0 and m € My, the approximated harmonic coefficient is given by

N
(27) dpm = Y wiT (9,0:) Yom (9i,05) f (93),
=1

where f (1) is given by (2). Combining (9) and (10) with (27) yields

N
dZ,m - Z Wy Z Z ap’ m’ Yvﬁ,m’ (’191, Soz) Yv@,m (1913 ‘)02) f (197.)
=1

U>0m/ eEM,
(28) = Z Z 7(6,m; ¢, m’) apr -
>0 m’ eM,
where 7 (¢, m; ¢, m’) is given by
N —
(29) T(mil,m') = wi Ve e (9i,00) Yem (93, 00) £ (9:) -
i=1

Since now on, we will refer to 7 (¢, m; ¢, m’) as the aliasing function and to G, m as the aliased coefficient.
For ¢/ # ¢ and m' # m, the coefficients ag n in (28) are called aliases of apm if 7(¢,m;¢',m’) # 0. As
stated by [LN97] for the case d = 2, on the one hand, the following equality

d—1
(€m0 m') = o [] o,
1=1
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is a necessary and sufficient condition to identify a; m and @gm. This equality does not hold in general (see
Section 6). On the other hand, fixed ¢,¢, m and m’, if 7 (¢, m; ¢, m’) # 0, that is, ay m is an alias of ag m,
its intensity, denoting how large is the contribution of this alias, is given by |7 (¢, m; ¢, m’)|.

The total amount of aliases in (28) and the corresponding intensity depends specifically on the choice
of the sampling points {z; :4=1,..., N} over S?, which characterizes entirely the subsequent structure of
(29). In other words, every setting chosen for the sampling points leads to a specific set of aliases, described
by the corresponding aliasing function.

Here we study the aliasing function 7 (¢, m; ¢/, m’) first in a more general framework, under the assumption
of a separable sampling with respect to the angular coordinates in Section 4.2, and then for a discrete version
of the spherical uniform distribution in Section 4.3.

4.2. The separability of the aliasing function. Let us assume now that the assumptions of Condition
3.1 hold. Thus, given Qq, @1,...,Q4—1 € N, so that N = H?;é Qj, for j =1,...,d — 1, the corresponding
set of quadrature points and weights is given by

{(9 0 ) €10, x [0,1]  kjor = 0,0, Q1 — 1,

while, for j = d, we have that

{(gokd*l,w,g‘&) €[0,27] x [0,1] : kg1 = 0, ..., Qu_y — 1},

so that
Qj—1-1
3 w(” =1 forj=1,...,d

kj_1=0

As a straightforward consequence, the following result holds.

Theorem 4.1. Let Condition 5.1 hold. Then it holds that
d—1

(30) 7 (6, m; ¢, m’) = Hhm] vomgiibmt g Tt s (g ml) JR4t (miy_y )
=1

where Ry, m;.5 is given by (6) and

(31)
Qa-1—1
IR (i) = D wfl) iy
ka—1=0
(32)
Q S~ I I () 6) | o(mi+5?) ()
J
Iy 1,m1( J—1,Mm Z w " (smﬂ ) Co,limm, (cosﬁkj_l) Cm;,l—m} (cosﬁkj_l).
J 1=0

Remark 4.2. Loosely speaking, the function 7 (¢, m; ¢, m’) can be rewritten as a chain of products of func-
tions, pairwise coupled by two indexes m;,m, j =1,...,d — 2. Indeed, as shown by (5), each angular com-

ponent 9 is related to two harmonic numbers m;_1 and m;. While J,%j ! (m&_l) is concerned with the

discretization of components along the azimuthal angle ¢, the factors Igj 1,m; (m;-_l, m;-), j=1,...,d—1,
represent the discretization along the j-th component of the vector . Finally, the multiplicative factor

hin;_y,m;;; comes from the normalization of hyperspherical harmonics in (5).
Since now on, we will refer to I,%j,mj ( mji_q,m ) forj=1,...,d—1, and m; ! (mfi_l) as the aliasing
(function) j-th and d-th factors respectively.
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4.3. Aliasing and spherical uniform designs. As already mentioned in Section 1.1, the motivations
behind the study of this particular setting come from two different sources. On the one hand, the uniform
design is largely used in the framework on numerical analysis over the sphere (see [AH12, SB93, Sze75]).
On the other hand, in the field of mathematical statistics, the spherical uniform sampling has be proved to
be the the most efficient design with respect to a large set of optimality criteria such as the Kiefer’s ®,- as
well as the @ g, -criteria, in the framework of optimal designs of experiments (see [DICSG18]). Furthermore,
in Remark 4.5, we show that our findings align with the results established [LN97]) for the two-dimensional
case. Example 4.6 establishes explicitly the set of aliases of a given harmonic coefficient.

The main results of this section, stated in the forthcoming Theorem 4.3, require some further notation,
produced in Remark 4.4.

Theorem 4.3. Assuming that Condition 5.3 holds, for any £ > 0 and m € My, the aliased harmonic
coefficient defined in (28) is given by

(33) d@,m = Q¢ m + Z Z n (67 m; 14 + 250) m + 28) Ap4259,m+2s
s0€Do(f) sez? |

where 1) (€, m; { + 259, m + 2s) is defined by (18), while the sets Dy (£) and Z2

£, m

are given by (34) and (47).

Remark 4.4. Let us fix preliminarily my = ¢. Since now on, s = (s1,...,54_1) € Z%! will denote a (d — 1)-
vector of indices, while Q = (Qo,Q1,...,Q4—1) is a d-vector collecting the cardinality of the quadrature
nodes for each angular component in (4, ¢). Following Lemmas 3.4 and 3.5, for £ > 0 and m € My,
Theorem 4.3 establishes that the aliases for asm are identified by the harmonic numbers (¢, m’), so that
|mj — m3| =2s5,7=0,...,d—1. The aliases of aym take thus the form

Ap42s9,m+2s — Af4250,m14+251,....,mg_2+25q_2,mq_1+2rM

where the indices sg,...,sq—1 belong to suitable sets defined as follows. For the index sg, we define
14
(34) Do = Dy (3)2{80€Ziso>—2}-

Then, for j =1,...,d — 2, we have that

, . 9 ) —m
(35) Hf,{j (mj_1+2sj_1) = {sj €EZ: —% <s; < (m; 1+ ;J D=m }

Finally, the last index s;_1, characterizing the trapezoidal rule on ¢, depends on the constant M given in
Condition 3.3, so that sq_1 = rM, where r belongs to the following set,

(36)  RM (mg_o+ 254 9):= {r €l:—

mMd—1

(Ma—2 +284-2) +mg_1 << (Ma—2 + 254-2) — mg_1
2M - - 2M '
Notice that for j = 1,...,d — 1 each index s;, belongs to a set whose size depends on the value of s;_;.

Furthermore, while Dy (¢) provides just a lower bound for sy, each Hy(,ij) (mj—14+2sj-1),j=1,...,d—1,
features only finitely many elements.
Let us now define the following sets,

V4
(37) Avo(&Qo){506Z52§80§Q051};
(38) By =By (£,Q0) ={so € Z: Qo — £ < 59 < 00},
and, for j=1,...,d— 2,

mj

(39) Aj:Aj(mjan):{Sj62272 gsngjfmjfl};

mi_1 — Mm;
(40) Bj = Bj (mj_l,mj,sj_l,Qj) = {Sj cl: Qj — my S S5 S % +Sj_1}.
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mi—1—my

Observe that the definition of A; and B; is formally correct only if Q; —m; < ==5— + s;_1, that is,

sj-1>Qj — mj%m Thus, since now on, for s;_; < Q; — mj%ﬂnj, we consider
m; mi_1 —m,;

(41) Aj—{SjGZS;SSjSW+S]‘_1};

(42) B =0,

to take into account all the possible combinations of s;_; and @;. It is straightforward to observe that
Do =AgUBy, HY) (mj—1+2s;1)=A;UB;, forj=1,...,d—2.

Define now the following sets

(43) HOO (mjq +2s5-1) = HY) (mj 1+ 2s;1) N {s; # 0};
M;0
(44) Ry (ma—2 +2s4-2) N {r # 0},

which are equal to H,%),fl,mj (sj—1) and R}~ (ma_s] + 2sq_2) respectively, but omitting the null value.
Finally, we define, for j =1,...,d — 2,

Aj=Aj(mj1+2s5-1,m5,Qj-1,5j-1)
(45) = {Sj €Z:s; € (Hﬁ{?"o (mj—1+2sj_1)1{s;—1 € Aj_1} + Hé{]) (mj—1+2sj_1)1{sj_1 € Bj—l})} .

while
Ago1 =Ag-1 (Mg—2 +284-2,ma—1, M, 54-2)
= {sd,l =MriM=Qq_1/2,r€Z: 1€ (R%ﬁl (mg—o +284-2)1{s4—2 € Ag—2}
(46) +RM  (ma g+ 254_2) Lsqs € Bd_Q})} ,

In other words, when s; € A;, it can take any value in H%).,l (mj_1+2sj_1) if s,_1 € Bj_1. Otherwise, if

)

sj—1 € Aj_1, it can take any value in Hy(,{FI (mj,l + 2sj,1) except to the null value.

We collect these sets together with the notation
(47) Zt?m = {(81,...,851,1) 181 € Al,...78d,1 € Ad,1;81 >...> Sdfl}.

Finally, we define
d—1

(48)  n (6, m; € + 250, m + 25) = H hmj*hmj§jhmj—1+25j717mj+28j;jl7%j::iymj (mj—l +2s5-1,m; + 28j) )
j=1

where Ny, m,;; and I%:}_ymj (mj_1+2sj_1,m; +2s;) are defined by (6) and (32) respectively, and cor-
responding to 7 (¢,m; ¢/, m’) as given by (30), with £ = £+ 25y, m’ = m + 2s and J2.~! (m_,) = 2.
Remark 4.5 (Comparison with the 2-dimensional case). The aliasing effects over S? have been studied by
[LN97], involving a trapezoidal rule for the coordinate ¢ and the Gauss-Laplace quadrature formula for the
angle 9. More formally, fixed Q € N, a quadrature formula is obtained by a set of @) points and weights
{0k, wi : k=0,...,Q — 1}, obtained as in Definition 3.2. The points {6 : k=0,...,Q — 1} are, in this
case, the nodes of the Legendre polynomial of order ). Recall that, for d = 2, m does not identify a vector
of harmonic numbers, but just an integer, defined so that —¢ < m < £. Thus, the aliases of the harmonic
coefficient ag ,, are given by the following formula,

Q—4—1
Ap42s, m+2rM = Z Z Cf,m<€+2s,m+27‘M]fQ’m (Z + 28; m+ QTM) Ap42s,m~+2rM
s=—L/2r€RM (£+2s)

+ Z Z <€,77LC€+28,77L+2TMIEm (E + 283 m+ 2TM) Ap425,m~+2rM
52Q—Lre RYIO(0425)
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where

— )N 2
Qm:(%—kl(f m).> |

2 ((+m)!
Q-1

Igm (€ + 28, m + QTM) = Z Wi sin 'ﬂkpé,m (COS ﬁk) Pg.;,_gs,m_;,_g,«M (COS ’L9k) .
k=0

Simple algebraical manipulations show that this formula coincides with (33) claimed in Theorem 4.3 for
d=2.

Before concluding this section, the reader is provided with a simple example, with the aim of giving a
practical insight on the identification of the aliases of an harmonic coefficient.

Fzxample 4.6. Let us fix d = 3 and calculate the aliases of the harmonic coefficient ag,0. Let us assume,
furthermore, that Q = Qp = Q1 = Q4—2 = 2M. We have that

_— 0 Q
a0,0,0 = @0,0,0 + E E ho,0:1h2s0,251:1 1070 (280, 251) ho,0,2h2s, 25521070 (251, 252) 25,254 25, -
s0€Do (51752)6Z0Q,0,0

On the one hand, using (6) yields

2\ ? 1
hoo;1 = () ; hoo2 = —=;
sy T sy \/i
1

L (2% (250 — 281)! (250 + 1) T2 (251 + 1) 3 (2% (259 — 251)! (250 + 1) (2s)H?\”
250,291;1 (250 + 251 + 1)! B (280 + 251 + 1)!

b

1 1
) (2t (251 — 250) (451 + 1) T2 (250 + 3) \ T [ (251 — 2s0)! (451 + 1) ((4s2))* )"
261,282:2 (251 + 259)! 245211 (251 + 252)! ((252)!) ’

so that we can define

€s0,51,52 :ho,o;l h2so,281;1h0,0;2h231,252;2

[ (280 — 251)! (251 — 282)! (280 + 1) (451 + 1) 3 92(s1-52) (25,1 (450)!
B (250 + 251 + 1)! (251 + 2s2)! 7 (2s2)! '

On the other hand, we obtain from (34), (37),(38),(39), and (40) that
Do:{50EZSSOZO},AOZ{S()EZSOSSOSQ*I},BOZ{S()EZIS()ZQfl},
Hél)(Qso):{slEZ:OSsl§so},A1:{51EZ:O§51SQ—I},Blz{sleZ:QflgslSso}.

R (2s —{reZ:—Sl<r<sl},
: (251) Q- ~Q

Hence, from (47) we have that

2800 ={(s1,7) 51 € (H™ (250) Lo € Ao} + H{" (250) Lso € Bo} ),

re (Rg?’o (281) 1{81 S Al} + Rég (281) 1{81 € B1}>} .
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We can then rewrite

Q-1 so S1
~ _ E E E Q Q
@0p,0,0 = @0,0,0 + 650751,82‘[0,0 (2807 281) IO,O (2817 232) A2s¢,251,252

s0=0s1=1s2=—s51

$27#0
s1
Q
+ Z Z Z €s0,51,52 00(2507251)100(251,252)
502>Q =0 sas=—51
s2#0
S0 S1
(49) + Z Z 650751»82130 (2307281)150 (251,252) | 250,251,255 -

s1=Q s2=—351

Observe that the first line in (19) describes the aliases obtained for sg € Ay, while the other two lines contain
the aliases corresponding to sy € By. Notice that if sg € Ag, then By = (). As a consequence, it follows that
both the indexes s; and sy can not take the null-value. When sy € By, we have that 4; = {0,...,Q — 1}
and By = {Q,...,s0}. Hence, we obtain the second and the third sums in (49).

5. ALIASING FOR ANGULAR POWER SPECTRUM

In this section, our purpose is to investigate on the aliasing effects as far as the spectral approximation
of an isotropic random field is concerned. More specifically, we establish a method to identify the aliases of
each element of the power spectrum {Cy : ¢ > 0}.

Assume to have an isotropic random field on S¢, so that (14) and (15) hold. When the integral (11) is
replaced with the sum (28) under the Condition 3.3, we want to study how the aliasing errors arising in

(28), affect the estimation of C; = Var (ag,m) (see (15)). In particular we are interested on developing the
presence of aliases when Cy is approximated by the average

(50) = Z Var (dg,m)

mEMz

where Z4 (¢) is given by (4) (cf, for example, (16)). Let us recall that Dg (£) is given by (34), and let Vﬁm ()
be defined by

2
E Qj—1
Vv@m - HhmJ 1,mM55] mJ 1+2s;1,m;+2s;;5 <Imj 1,m (m] 1+28J 1’m3+28.7) .
seZ?mJ 1

Our findings, which extend to the d-dimensional sphere the outcomes of [LN97, Theorem 3.1] (cf. Remark
4.5), are produced in the following theorem.

Theorem 5.1. Let T be an isotropic random field on S with angular power spectrum given by (15). Under
the assumption given in Condition 5.3, it holds that

> AP (04 250) Cryasg,
so€ Do (E)

where

AL (04 2s0) = > VI (+2s0).

meMy

1
a(f)

The proof of Theorem 5.1 can be found in Section 7.1.

(1]
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6. BAND-LIMITED RANDOM FIELDS

In this section, we establish the condition on the sample size, leading to an exact reconstruction of the
harmonic coefficients a¢m for band-limited random fields, in the paradigm of the spherical uniform design.
In other words, for band-limited random fields and for a suitable choice of Q, the approximation of the
integral (11) by the sum (27) is exact and, then, there are no aliases, analogously to the findings described
in [LN97, Section 4] for d = 2. The reader is referred to Section 7.1 for the proofs of the theorems collected
in this section.

If the number of sampling points is sufficiently large with respect to the band-width characterizing the
random field, we obtain two crucial results, stated in the next theorem. On the one hand, the band-limited
random fields are alias-free in G, and, on the other, they are exactly reconstructed by means of the Gaussian
quadrature procedure described above.

Theorem 6.1. Assume that T (x) is band-limited with bandwidth Lg, that is, the harmonic expansion given

by (12) holds. If also Condition 3.3 holds, with Q = Qo = ... = Qq—2 > Lo and M > Ly. Then, it holds
that
(51) ag,m = Q¢,m for £ < Lo,m € M,.

Furthermore, for any L € N satisfying QQ > L > Lg, the following reconstruction holds exactly:

Qo—1 Qa—1—1 [fd-1

d—1 .
T@=Y ... 3 (J[wi™ H(sinﬁ,g{l)d ’ T (00 on )
j=1

ko=0 kqa—1=0 \j=0

L
(52) YK (@m0
£=0

where Ty = (ﬁk07---7kd—2’¢kd—1) and Ky is given by (8).

A random field has a band-limited power spectrum with bandwidth Py, if C, = 0 for any ¢ > Pp. The
following theorem shows that these random fields are aliases-free in Cy, employing a Gauss sampling under
Condition 3.3 and given a suitable sample size.

Theorem 6.2. Let T be a random field with a band-limited power spectrum with bandwidth Py, sampled by
means of a Gauss scheme under Condition 5.5, so that Q@ = Qo = ... = Qq—2 > M > Pr. Thus, it holds
that

Var (Gg,m) = Var (ag,m) = C.

7. PROOFS

In this section, we provide proofs for the main and auxiliary results.

7.1. Proofs of the main results.
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Proof of Theorem J.1. Using (2), (5), (17) and (18) in (29) yields

Qo—1 Qa-1—1 [ d o) d—1 o) d—j
. — J . J
7 (0,m; ¢, m') = Z .. Z H wy” (bln’ﬁkj71>
ko=0  ka_1=0 \j=1 j=1
L dl:[l h ‘C(m;-i_%) 19(j) ‘inﬂ(j) m My _1Pkg_y
o | 1 m;717m};] m;—l_m‘/j Cos kj_1 8 kj_1 e
]:
LT (mj+557) D)\ (sing@ Y™ gima-1e
wird 1 (hmjhmj;ijjlm]_ (COSﬂkj,J (Slnﬂkjil) )e -1
]:
d—1 [Qj-1—1 /
1 mjt+myt+d—j my+
:g Z ’U)](Gj) . (smﬁ;(j) ) 7 m171,mw7hm;71,m],j qujlfrzn ) (00819](3) )

as claimed. O

Proof of Theorem 4.5. We divide this proof in two parts. The first part establishes explicit bounds for the
indices sq,...,S84_2,T by means of

(1) the parity properties of the Gegenbauer polynomials (see Lemma 3.5);
(2) the definition of My (cf. (3)), which exploits the definition of spherical harmonics in (5).

The second part of the proof detects then some sets of indices sg, . . ., Sq—2, 7 for which 7 ({,m; ¢, m’) =0 as
a consequence of

(1) the order of the quadrature formula (see (19)).
(2) the orthogonality of the Gegenbauer polynomials (see (7));

For both the cases, we follow a backward induction step, studying first the aliasing effects due to the trape-
zoidal sampling for coordinate j = d, using the results holding for the j-th component to prove the statement
for the j — 1-th component, until we reach j = 1.

Part 1 - Here our purpose it to exploit either properties due to the uniform sampling and the ones related
to the harmonic numbers of spherical harmonics, to establish lower and, where possible, upper bounds for
the indices sq,...,Sq—2,7. These indices identify the aliases of the harmonic coefficient asm, given in the
form A¢+2s9,m+2s-

Let us consider initially j = d and apply to the coordinate ¢ the standard trapezoidal rule. As well as in
[LN97] (see also [DKSG18]), using (21) and (22) in (31) yields

2M—1
s (! an L
(53) Tk, (mia) = g7 2 @i )R < amgni
q=0

where r € Z is such that |mg_; +2rM| < m/,_,. Indeed, from (5) it follows that Yy v (x) is well-defined

only for |m/,_,| < m/_,. Thus, it holds that r € R}  (m/,_,), where

i !
M o Mgy +Ma Mq_y — Md-1
Ryl (ml_y) = {TGZ.— i <r< i }

Consider now j = d— 1. The component 9?1 is subject to the aforementioned Gauss-Legendre quadrature
formula (cf. the case d = 2 in [LN97]). Indeed, by using (53) jointly with the definition of the sampling
points and weights given by (23) and (24) respectively with j = d — 1, the (d — 1)-th aliasing factor is given
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by
Qa—2—1 9
B (ma_1+rM)+1
Iﬁ; 2 s (Mg, ma_1 +2rM) Z w(dii)( 19](;; ;))
kqg_2=0
(ma-1+3) (d-1)\ A(ma1t+2rM+3) (d—1)
(54) .Cmd—2*m2d—1 (COSﬂkd_g )Cm;_z—md,l—;rM ( ﬂkd 2 ) :

Observe now that the Legendre polynomials can be expressed in terms of a Gegenbauer polynomial by means
of the formula

(2mg—1)! ( i 94 1))"‘”1‘1 C(mdflfé) ( - 1)) = Py g (00519 - 1)),

oma_1 (md—l)! ka—2 mq_2—md—1 ka—2 ka—2
see for example [Sze75, Formula 4.7.35]. Hence, we obtain that

[Qa-2 (mdfz,md,l + 27‘M)

mq—2,Md—1

Qa—2—1
- (d=1) s (d=1) 1)
(55) = Crmy_ 1 Crg_q+2rM E wy O siny, Py yma o (€895 )7 ) Pt oma g vorm cosﬁkd L, )
kq_2=0

where

In analogy to [LN97, Theorem 2.1], using (25), given in Lemma 3.5, for j =d — 1, in (55) leads to
Ifgj 2 s (my_g,mg—1+2rM) =0 for any mj_, = mg_o + 2sa—2 + 1, 84-2 € No.
In other words, the d — 1-th aliasing factor is not null only for even values of |m2172 — md_2|, that is,
ml_o = mg_o2 + 254_2,

where s4_9 € Dy, ,, given by

mq—2
Dpyyy = {Sd—Q €EZL:84-22>— 9 },

which guarantees that m/,_, > 0 and, thus, a well-defined aliasing factor in (54).

On the one hand, using m),_, = mg_2 + 254_o in the set concerning the d-th aliasing factor, we have that
reRM (ma_s+2s4-2), as given by (30).

On the other hand, following (3) and (5), it holds that m}_, = mg_o + 2s4-2 < m/,_5. Thus, sq_2 €
R, , (m&_g), where

My 5 — Ma—2
Rmdfz (m:i—3) = {Sd—Q €L :8sq_9 < ‘7l?’2} )
Therefore we obtain that sq_o € Hy' (m!,_5), where
Hf’g;i) (m:i—3) =Dy, N Ry, (m:i—3) .

Consider now 2 < j < d — 2. For each component, we use a suitable Gauss-Gegenbauer quadrature rule
described above (see also [DKSG18, Lemma 3.1]). Using Lemma 3.5 yields to the following outcome. If
1% OH) ( ), then Iﬁj_iymj (mj L,m ) £ 0

My (m m]H) # 0 only when m) = m; + 2s;, for s; € Hp, m’

j—1
only when m}_; =mj_1 +2s;j_1, 5j-1 € Hr(,{])._l (mf;_).
On the one hand, Formula (26) in Lemma 3.5 with m/; = m; + 2s; yields I (mf;_y,mj +2s5) #0

only for m;;l = mj_1 + 2s;_1, so that the aliases with respect to the j-th component are identified by the

function
IT?L; vomy (My—1 4 2s5-1,m; + 2s5)
Qj—1-1 2(mj+s;)+d—j d—j d—3j
0 R N (o ) () (mj+2s;+95%) i)
Z w 1(51r119 ) Cryimm, cosvp | C?ftj71+2sj,12—(mj+281) cosdp ).

kj—1=0



ALIASING EFFECTS FOR RANDOM FIELDS OVER SPHERES OF ARBITRARY DIMENSION 19

It is straightforward to set s;_1 € Dy,;_,, where

mi_1
ij71 = {Sj_l IS/ Sj—1 > — J },

2
so that the polynomials in I,C;?Lj Ly (Myj—1 +2sj-1,mj + 2s;),
, o\ 2(myts;)+d—j L d—j ‘ g d=i
D (gip 9 it (my+3) () (mit2s+95t) ()
wf) | (smof?))) o) (cos 9 Yoy T 0o (cos ) )
. L\ (mj+s)) AN g 4 d=i .
_ ) itei) (mi+45h) (L (mj+2s;+951) j
=Wk, <1 B tkj—l) ijfl—mj (tkfj—l) Omj_1+25j_1f(m_7~+25_,») <tkj,1) ’

is of degree m;_1 +2s;_1 > 0.
On the other hand, taking into account (3) and (5), it follows that m}_; = m;_1 +2s;_1 < m}_,. Thus we
obtain that s; 1 € Ry, (m;;Q), where

/
m,;_o — mj,1
ij71 (m;_2) = {Sj_l eZ: Si—1 < = D) }a

with m3_2 = mj_2 + 2s;_o. Combining these two results and recalling (35), for j = 2,...,d — 1, it holds
that '

1€ H(J ) (mf_,), where H,(,{;ll) (mf;_3) = D, N R, _, (mf;_5).
Furthermore, the followmg step of the backward procedure yields m;_Z =mj_2 +25;_9, so that

Sj—1 € HT(Vthll) (mj,g + 2Sj,2) ,
for j =2,...,d— 1. Consider, finally, the case j = 1. This aliasing factor is given by
IP0 (0,my+2s1)  fors; € H{Y (4).

Eml

Here we can thus select ¢/ = £+ 2sqg, sg € Dy (£), where Dy (¢) is given by (34). Note that sg is the only
index that is not selected from a set of finitely many elements.

Part 2 - Here our aim is to use the order of the used quadrature formula to convert, when possible, the sums
of Ir%;:i,mj (m;-_l, m;) to integrals. Then, we exploit the orthogonality of the Gegenbauer polynomials (see
Section 2) to establish further combinations of indices sq, ..., $q—1,7 which lead to a null aliasing function.

First of all, for any j = 1,...,d — 1, as stated in Remark 4.4, the following decomposition holds

D() (f) = AO @] B()7

H7(rJLJ) (mj_l + 25j—1) = Aj U Bj,
where Ay, By, Aj, and B; are given by (37), (38), (39), and (40) respectively. Recall also that A; and B;
are defined by (41), and (12) ifsj—1 <Qj— w
Now, let hg—2 : [=1,1] = R be a polynomial functlon of degree strictly smaller than 2Q4_»; hence, by using
the aforementioned Gauss-Legendre quadrature formula (of order 2Q4_2) we obtain that

Qa—2—1 Qa—2—1
(56) Z w,(;f;;) sinﬁgj)hd_g (cosﬁ,&i:i)) = Z wlgi:j)hd 2 ( / ha—2 (
kq_2=0 kq_o=
As a straightforward consequence, (cf. [LN97, Section 2.2]), for 0 < mg—2 < (Q4—2—1) and sq_2 € Z N
[—ma—2/2, Qi—2 — Mmg—2 — 1], (56) holds with hq—2 (t) = P, 5.ma 1 (&) Prmy_s+2s4_2,ma_; (£), & polynomial
of degree smaller than 2Q);_». Hence, we obtain that
1

Ir%j Z ma—1 (Mma—2 + 2842, md_1) = / ) Py smas (t) Py s42sa_2,ma s (t) de
((md 2 —ma_1)! (2ma_ 2+1)> '
(Ma—2 +mg—1) 2 S
Hence, in the uniform sampling approach, all the aliases of aym corresponding to the values » = 0 and
—mg_2/2 < S4_2 < Q-2 — Mg—2, Sq—2 # 0, are annihilated. Aliases of aym exist for the following
combinations of the indices sq_o,r:
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® 559 € Ay o and r € RM:0 (Mg—2 + 284-2);

md—1
® S4_2 € By and r € R~ (ma_s + 254_2),

where R,J\,fdol (Mmg—2 + 284—2) is given by (44). Thus, if we define s4—; = rM, it holds that sq—1 € Ag_1,
where Ay_1 is defined by (46).
Take now 1 < j < d—2 and let hj_; : [-1,1] = R be a polynomial function of degree strictly smaller than

2Q;—1. The Gauss-Gegenbauer quadrature rule leads thus to

Q] 1_ ) d—j ) ) 1
(57) Z wk (Sinﬁgfj)_l) hj_1 (cosﬁ,(gj)_l> Z W(J)_lhj—l (tl(cjy)_) :/ hj_1 (t)dt.

_] 17 ] 17 —1
Then, for 0 < mj—1 < (Qj_l — 1) and Sj—1 € Z N [—mj_l/Q,Qj_l — mj_l), (37) holds with
(mj+s;) ~(msi+252 mj+2s;+452
hj—l (t) = (1 ) T CT(flyjl r2n]) (t) Or(nj—1+2jsj‘—12*()m_7‘+25j) (t)’

a polynomial of degree 2 (m;_; + s;_1) < 2Q;_1. Hence, from the orthogonality of the Gegenbauer polyno-
mials (cf. (7)), it follows that

mJer;) ji—1

ijrg m7‘+7d73
Ig; : M5 (mj 1+ 255 1’mj / mj_1—m; (t) C?S%j—lJrQZSj),lfmj (t) (1 - t2) . ’
aol—2(m;+%52 )F(mj 1+m;+d—j)

(%) :(qu*mj)! (m] 1+ )F2 (( +d5j))5gjl.

Thus, I,?Lj.j,mj (mj—1 + 2sj_1,m;) is annihilated for s; = 0 and —m,;_1/2 < s;_1 < Qj_1 —m;_1, sj—1 # 0.
For any j =1,...,d — 2, aliases a¢4s,,m+s exist for
(7); 0(

® s5;_1€ AJ 1 and S5 € Hy, mj—1 +25j—1) ;
® s, 1€ BJ and S5 € H7(n3 (mj,1 + 283‘,1),

where Hy(,zz;() (mj—1 4+ 2s;_1) is given by (43). In other words, for any j = 1,...,d —2, it holds that s; € A;,
where A; is defined by (45).

Recombining all these results for j =1, ..., d yields to the fact that the aliases a¢y25,,m+2s €xist for s € me,
where Zsz is defined by (47), as well as for sg € Dy (¢) (cf. Part 1), as claimed. O

Proof of Theorem 5.1. Let us fix £ > 0 and m € My, and recall furthermore that the random variables
(+259,m+s; S0 € Do (€) ,s € Z?m} are uncorrelated with variance Cyio,,. The variance of Gy is, thus,

given by

2
E E Qj-1 . . . )
Var aém - H hmJ 1,M535 mJ 1+2s5_1,m;+2s;;j (Imzfl,mj (mjfl + 28]*17mj + 28])
S()GD()([) SEZZQ,m j=1

- Var (aZ+280,m1+251,~~7md—1+25d—1)

2
E § Qj-1 . . . )
H h’mJ 1,M535 mJ 1+2s5;1,m;+2s;;] (Im;,l,mj (mjfl + 25]*17mj + 28]) C@+250
s0€Do(0) sez 3 |

= Z g ’m C£+2so
so€Dg(£)
Using this result in (50) completes the proof. O
Proof of Theorem 6.1. First of all, let us consider the harmonic coefficient a¢ m and study its aliases, denoted
by @ m’, under Condition 3.3, with Q@ = Qo = ... = Qq—2 > Lo and M > Ly. For any ¢/ > m} > ... >
ml,_o, note that
e m = e, = 0, forany my_y > M > Ly.
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Thus agmy,....mu_s,ma_1+2rm = 0 for any r # 0. Recalling that
aZ’,m/l,...,m:iiz,md_l for a1y m;72 > Q > LOa

we obtain that

a@’,mll,H.,md_2+2sd_2,md_1 = 0 for any sq—2 Z Q — mq—2.

21

Using now (58) leads to sq—2 = 0. Reiterating this backward procedure for the other harmonic numbers m,

j=d-3,...,1 and ¢ yields (51).
To prove (52), it suffices to use the band-width in the expansion (10), that is,

L
T(x)=> Y dmYom(®).

=0 meM,

Using now in the equation above (28), (33), and (51) yields the claimed result.

O

Proof of Theorem 6.2. First, since the power spectrum is band-limited, it holds that Cyyos, = 0 for sg >

(Q — ¢)/2. Furthermore, for 0 < ¢ < @ and m € My, if sg € [—£/2,(Q — {) /2 — 1], we obtain that

E—ml

S1 € |:—m1/2,

+ so} c [—ml/Z, Q-m _ 1] .

2

Consequently, simple algebraical manipulations leads to

0 —m. S
S5 € {—mj/2, 2m] +Sj1:| - [—mj/Z,Q 2m] — 1:| s

forany j=1,...,d—2.
Thus, it follows that, for sq_o € [—md —-2/2, Q-ma _ 1} and Q > M > P;, RM

2

ma_y (Md—2 + sa—2) = {0},

and, then, r = 0. Then, by using (58) backward from j = d — 2 to j = 1 with any element of the product
in (32) yields s; =0 for j =0,...,d — 2. It follows that Vﬁm (¢') = 0 and Var (a¢m) = C¢ = Var (as,m), as

claimed.

7.2. Proofs of the auxiliary results.

]

Proof of Lemma 5.4. The symmetry of the sampling angles follow the symmetry of the roots of the Gegen-

bauer polynomials. Furthermore, note that
e

< q(d) . @ ) — w9
51n19Q]j71_kj71_1 = sin <7r *ﬁk]jq) = smﬁkjji

Then, we have that

1
() _ 1 9\d—1—j
WQj_1—kj_1—1 _fll (1- t2)d—1—j dt /71 (1 -t ) >‘Qj—1—kj71—1 (t)de

r—1

1 ! d—1—j t—t
= : 1—#2 J i
=yt dt/ (=) 1

-1 i=0,i#(Qj—1—kj—1—1)

1 1 L r—l1 t—t.
=— v / (1 —t2)d 1—j H p— gt
Jo, =) dt J—1 10,y 1) 1T i

(7)

=Wy,

@ _ @) :
so that W =W 1) 88 claimed.

ti - tijlfkjflfl

O

Proof of Lemma 5.5. First of all, note that this result for d = 2, involving thus Legendre polynomials, has

been already claimed in [LN97, Theorem 2.1].
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As far as d > 2 is concerned, let us preliminarily recall that, for ¢t € [—1, 1], o (—t) = (-1)" i) (t) (see,
for example, [Sze75, Formula 4.7.4]). Thus, simple trigonometric identities yield

G (m— ) =C\ T2 (cos (m— ) L

m+ 451 )

// (cos (m — ) sin (m - )
"5 (- cosy) (sin) "

T
=7 (—cosy)

’ d—gj ;  d—j d—
= (e o (cos ) R tcosw (s ) J

mj—1—m; mi_,—mj m/, _i—m

_ (71)m]‘_1+m;_17mj7m; Gj (w)7

as claimed.
In order to prove (26), consider initially only even values of ). Hence, by means of Lemma 3.4, we have that

Q-1 [Q/2]
S wnGy (W) = D (WG (Un) + wo-k-1G (Vo-k-1))
k=0 k=0

[Q/2]

—Zwk i (k) + G (7 = Y))

S s 60+ ) =0

Moreover, if @ is odd, since sampling points have to be symmetric with respect to 7/2, the additional point
with respect to the previous case has to coincide with 7/2. Thus G (7/2) = 0 and (26) holds, as claimed. O

[AA1S]
[AH12]

[AS64]

[ATO7]
[AWS2]

[BKMP09]
[BMO7]
[BSXt07]
[CM18]
[DKSG18]
[DLM14]
[DMPO5]
[ESM14]

[HCK*15]

[HCW+13]

[Kie74]
[LN97]

REFERENCES

J.E. Avery and J.S. Avery. Hyperspherical Harmonics and Their Physical Applications. World Scientific, 2018.

K. Atkinson and W. Han. Spherical harmonics and approrimations on the unit sphere: an introduction. Springer,
2012.

M. Abramowitz and 1. A. Stegun. Handbook of mathematical functions, with formulas graphs and mathematical
tables. Dover, 1964.

R. J. Adler and J. E. Taylor. Random fields and geometry. Springer, 2007.

J. Avery and Z.-Y. Wen. Angular integrations in m-dimensional spaces and hyperspherical harmonics. Int. J. Quant.
Chem., 22:717-738., 1982.

P. Baldi, G. Kerkyacharian, D. Marinucci, and D. Picard. Subsampling needlet coefficients on the sphere. Bernoulli,
15:438-463, 2009.

P. Baldi and D. Marinucci. Some characterizations of the spherical harmonics coefficients for isotropic random fields.
Statist. Probab. Lett., 77:490-496, 2007.

R. Bansal, L. H. Staib, D. Xu, Zhu H., and B.S. Peterson. Statistical analyses of brain surfaces using Gaussian
random fields on 2-D manifolds. IEEE Trans Med Imaging, 26:46—57, 2007.

V. Cammarota and D. Marinucci. A quantitative central limit theorem for the Euler-Poincaré characteristic of
random spherical eigenfunctions. Ann. Probab., 46:3188-3288, 2018.

H. Dette, M. Konstantinou, K. Schorning, and J. Gésmann. Optimal designs for regression with spherical data.
arXiv, 2018.

C. Durastanti, X. Lan, and D. Marinucci. Gaussian semiparametric estimates on the unit sphere. Bernoulli, 20:28—
77, 2014.

H. Dette, V. B. Melas, and A. Pepelyshev. Optimal design for three-dimensional shape analysis with spherical
harmonic descriptors. Ann. Statist., 33:2758-2788, 2005.

K.T. Elgindy and K.A. Smith-Miles. Optimal Gegenbauer quadrature over arbitrary integration nodes. J. Comput.
Appl. Math., 242:82-106, 2014.

A.P. Hosseinbor, M.K. Chung, C.G. Koay, S.M. Schaefer, C.M. van Reekum, L.P. Schmitz, M. Sutterer, A.L.
Alexander, and R.J. Davidson. 4D hyperspherical harmonic (hyperspharm) representation of surface anatomy: a
holistic treatment of multiple disconnected anatomical structures. Med Image Anal., 22:89-101, 2015.

A.P. Hosseinbor, M.K. Chung, Y.C. Wu, A.L. Alexander, and B.B. Bendlin. A 4D hyperspherical interpretation of
g-space. Med. Image. Comput. Comput. Assist. Interv., 16 (Pt.3):501-509, 2013.

J. Kiefer. General equivalence theory for optimum designs (approximate theory). Ann. Statist., 2:849-879, 1974.
T.-H. Li and G.R. North. Aliasing effects and sampling theorems of spherical random fields when sampled on a
finite grid. Ann. Inst. Statist. Math., 49(2):341-354, 1997.



[LS15]

[Mar06]
[MP10]
[MP11]
[MR15]
[MS08]
[PM96]
[SB93]

[SW71]

[SzeT5]
[VKO91]

ALIASING EFFECTS FOR RANDOM FIELDS OVER SPHERES OF ARBITRARY DIMENSION 23

A. Lang and C. Schwab. Isotropic gaussian random fields on the sphere: Regularity, fast simulation and stochastic
partial differential equations. Ann. Appl. Probab., 25:3047-3094, 2015.

D. Marinucci. High-resolution asymptotics for the angular bispectrum of spherical random fields. Ann. Statist.,
34:1-41, 2006.

D. Marinucci and G. Peccati. Ergodicity and gaussianity for spherical random fields. J. Math. Phys., 51:043301,
2010.

D. Marinucci and G. Peccati. Random Fields on the Sphere: Representations, Limit Theorems and Cosmological
Applications. Cambridge University Press, 2011.

D. Marinucci and M. Rossi. Stein-Malliavin approximations for nonlinear functionals of random eigenfunctions on
Se. J. Funct. Anal., 268:2379-2420, 2015.

J.K. Mason and C.A. Schuh. Hyperspherical harmonics for the representation of cristallografic texture. Acta Mate-
rialia, 50:6141-6155, 2008.

J. G. Proakis and D. G. Manolakis. Digital Signal Processing: principles, algorithms, and applications. Prentice-Hall
International, 1996.

J. Stoer and R. Bulirsch. Introduction to Numerical Analysis. Springer-Verlag, 2th edition, 1993.

E. M. Stein and G. Weiss. Introduction to Fourier analysis on Euclidean spaces. Princeton University Press, 1971.
G. Szego. Orthogonal Polynomials. Amer. Math. Soc. Colloq. Publ., 4th edition, 1975.

N. J. Vilenkin and A. U. Klimyk. Representation of Lie groups and special functions. Kluwer, 1991.

RUHR-UNIVERSITAT BOCHUM, FACULTY OF MATHEMATICS, D-44780 BocHUM, GERMANY
E-mail address: claudio.durastanti@gmail.com

RUHR-UNIVERSITAT BOCHUM, FACULTY OF MATHEMATICS, D-44780 BocHUM, GERMANY
E-mail address: timpatschkowski@gmail.com



	1. Introduction
	1.1. Motivations
	1.2. Plan of the paper

	2. Preliminaries
	2.1. Harmonic analysis on the sphere
	2.2. Spherical random fields

	3. The Gauss-Gegenbauer quadrature formula and the spherical uniform design
	3.1. Separability of the sampling
	3.2. The Gauss-Gegenbauer quadrature formula
	3.3. The spherical uniform sampling

	4. Aliasing effects on the sphere
	4.1. The aliasing function
	4.2. The separability of the aliasing function
	4.3. Aliasing and spherical uniform designs

	5. Aliasing for angular power spectrum
	6. Band-limited random fields
	7. Proofs
	7.1. Proofs of the main results
	7.2. Proofs of the auxiliary results

	References

