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FAST MEMORY EFFICIENT EVALUATION OF SPHERICAL
POLYNOMIALS AT SCATTERED POINTS

KAMEN IVANOV AND PENCHO PETRUSHEV

ABSTRACT. A method for fast evaluation of spherical polynomials (band-limited
functions) at many scattered points on the unit 2-d sphere is presented. The
method relies on the sub-exponential localization of the father needlet kernels
and their compatibility with spherical harmonics. It is fast, local, memory
efficient, numerically stable and with guaranteed (prescribed) accuracy. The
speed is independent of the band limit and depends logarithmically on the pre-
cision. The method can be also applied for approximation on the sphere, verifi-
cation of spherical polynomials and for fast generation of surfaces in computer-
aided geometric design. It naturally generalizes to higher dimensions.

1. INTRODUCTION

In this paper we take on the problem for effective computation of the values of
high degree (> 2000) 2-d spherical polynomials at scattered points on the sphere.
We seek an algorithm which is accurate, fast, stable and memory efficient. This
problem is important for many areas, where high degree spherical harmonics are
employed. A targeted application and motivation for this undertaking is the prob-
lem for fast efficient computation of the values of the geoid undulation determined
from the Earth Gravitational Model EGM2008 of NGA [14].

The problem for fast evaluation of a spherical polynomial at many scattered
points on the unit sphere S? in R? is usually divided into two subproblems:

(i): Evaluate a spherical polynomial of degree N given by its coefficients at
reqular grid points on S?;

(ii): Evaluate at J scattered points a spherical polynomial of degree N given
by its values at regular grid points.

“Regular grid points on S?” may have several different meanings. As is well
known there are no equally spaced points on the sphere, except for the vertices
of the five Platonic solids. Hence, asymptotically equally distributed points may
be considered as regular grid points. On the other hand the regular grid points
may be defined as points which are equally spaced with respect to their spherical
coordinates (0, ). We shall adopt the latter notion. It has the obvious drawback
that the grid points congregate near the poles, but this is fully compensated by the
possibility of applying fast Fourier methods. The mesh size in each coordinate is
O(N~1), thus having a total of O(N?) points the grid is compatible with (N +1)2,
the number of polynomial coefficients (see §2.1).
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A direct evaluation of a spherical polynomial of degree N at O(N?) grid points
has computational complexity O(N*). Using straightforward separation of vari-
ables and the associated Legendre functions recurrence formulas the complexity of
problem (i) is reduced to O(N?3) and the algorithm is numerically stable.

The first two-dimensional fast Fourier method on the sphere (for expansion, not
evaluation) was developed by Driscoll and Healy [2]. Mohlenkamp presented in [9]
two algorithms for approzimate solution of problem (i) with costs O(N°/21log N)
and O(N?(log N)?). The stability of the original algorithms in [2, 9] was problem-
atic and subsequent efforts were made for their stabilization. Another approach for
approximate solution of (i) with O(NN?log V) operations was recently proposed by
Tygert [16]. It is based on the multi-pole method; the algorithm is claimed to be
stable.

A standard method for solving problem (ii) is by using bivariate spline interpo-
lation, see e.g. [8]. In principle this method experiences accuracy problems because
the sets of spherical splines and polynomials have small intersection. Consequently,
the error of approximation is O((hN)"), where h is the mesh size, N is the degree
of the polynomial being approximated and r is the order of the spline interpolant
(the constant depends on the uniform norm of the polynomial). The accuracy can
be improved by decreasing the mesh size h in (i) or by restricting the set of spheri-
cal polynomials to those which approximate functions with prescribed smoothness.
The decrease of the mesh size causes both memory and speed problems. Restric-
tions on the spherical polynomial set narrows the range of problem (ii) and lead
to undesirable high value of N in the case of low smoothness of the approximated
function.

In this paper we present an alternative method for solving problem (ii), based on
the spherical “needlets” introduced in [11, 12]. We propose a new approximation
scheme based on “father needlets”. These are kernels on the sphere which reproduce
high order spherical harmonics and are sub-exponentially localized and hence are
perfectly well suited for approximation in the uniform norm.

The method requires problem (i) to be solved in advance on a regular grid consist-
ing of O(N?) points. The father needlets being spherical harmonics friendly allow
to achieve the desired accuracy € using a grid with larger mesh size than when using
e.g. spline interpolation. This distinctive feature of our method leads to modest
requirements on the computer memory size, and hence makes it attractive for com-
pressed (memory efficient) evaluation of spherical polynomials. Furthermore, the
grid depends only on the polynomial degree N and is independent of the polyno-
mial coefficients and the targeted accuracy. Thus better accuracy can be achieved
without solving problem (i) for a new refined grid.

The method is fast because it is local in the sense that only the polynomial
values from a small neighborhood of the point of computation are used. More
precisely, we determine within an arbitrary precision ¢ the value of a polynomial at
a given point using its values at v. = O((log(1/¢))?(loglog(1/¢))?*2#) neighboring
grid points, where § > 0 (say § = 1/2). Thus the number of operations for solving
(ii) is O(v.J). As the form of v, indicates, the precision increase is achieved by a
slight enlargement of the point neighborhood. On the other hand the number of
floating-point operations does not depend on the polynomial degree. Let us also
point out that the method is numerically stable.
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The method has been implemented in MATLAB 7.2 with double-precision vari-
ables. Variable precision arithmetic is not needed for achieving accuracy 10719 in
evaluating spherical polynomials of degree several thousand. All our experiments
were performed in real time on a standard 1.6 GHz PC with 1 GB of RAM. The
method has been intensively tested for degrees between 500 and 2160 (see §5).
These tests (and other experiments with polynomials of degree up to 8000) confirm
the features of our method outlined above.

The paper is organized as follows. The formulation of the problem and the
theoretical basis for its solution by our method is given in §2. In §3 we discuss
all parts of the method, describe the relations between the parameters and present
the method in an algorithmic form. In §4 we generalize our method to dimensions
d > 2 and present some of its applications to other problems. Some numerical
experiments are described in §5. Section 6 contains our concluding remarks.

We will denote by ¢ positive constants which may vary at every appearance and
by ¢, ¢, ¢/, ¢ and the alike positive constants which preserve their values throughout
the paper. The relation f ~ g means c¢f < g < cf, while f ~ g is used when
f/g — 1 under an appropriate limit of the argument.

2. THEORETICAL UNDERPINNING OF OUR METHOD

2.1. Spherical harmonics: Background. Recall first the relation between the
cartesian coordinates (z,y, z) and the spherical coordinates (0, ), 0 < 6 < 7,0 <
A < 27, of a point 1 on the unit 2-d sphere S?:

(2.1) n=(x,y,z) = (sinfcos A, sinfsin A, cos 9).

Thus @ is the co-latitude (polar distance) and X is the longitude of the point 7.
We shall denote by & -7 the inner product of &, € S? and by p(£,7) the geodesic
distance (angle) between & and 7. If £, € S? are given in spherical coordinates,
eg. £=(0,)\), n=(6,)\), then according to the Spherical Law of Cosines

(2.2) &-n=rcosp(&n) =cos cosf +sinf sinfcos(\ — \).

Denote by H,, (n > 0) the space of all spherical harmonics of degree n on S2.
We refer the reader to [15] and [10] for the basics of spherical harmonics. The
standard orthonormal basis {Cp, n o U {8m,n =1 for H, is defined in terms of
the associated Legendre functions of the first kind P,, ,,. Namely, for £ = (6, \)
(23) Conn(€) = Gmm P (cosB) cosmA, m=0,1,--- ,n,
. S (€) = GmmPmom(cosf)sinm), m=1,2,--- ,n,

where the coefficients gy, are given by

_ |
(2.4) don = V2n+1; qmyn:\/2(2n—|—1)(nm)' m=1,...,n,

(n+m)!’
and

dm

o 2\m/2
Ppn(z) = (1 —2?)™ S Pal@).
Here P, is the nth degree Legendre polynomial normalized by P,(1) =1, i.e.
1 dr

(2.5) P,(7) (2 —1)".

= onpl dzn
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Then for m =0,1,--- ,n, m' =0,1,--- ,n’ we have

47 T 4rm
S2 S2

! ém,n(f)ém’,n/ (f) dO’(f) = ! /gm,n(g)gm’,n’ (5) dO’(ﬁ) = Jm,m/dn,n’a
(2.6 1= [ B8 (@ do(e) =0,
S2

where 0y, ¢ is the Kronecker delta and o is the standard Lebesgue measure on S?,
which in spherical coordinates (2.1) is given by

(2.7) do(¢) = sin 0 do dA.

In the standard basis (2.3) a spherical polynomial Yy of degree N is given by
its coefficients {am n,bm.n}, i-€.

N n
(28) YN(f) = Z Z (am,ném,n(g) + bm,ns'rrz,n(g))~

n=0m=0

In sums of this form we shall always assume that the term bomgo,n (€) is missing (or,
equivalently, 8., (€) = 0). Note that the number of coefficients in (2.8) is (N +1)2.

Denote by Il the set of all spherical polynomials of degree N. The spherical
polynomials are also known as band-limited functions on the sphere. As the restric-
tion to S? of any algebraic polynomial in three variables is a spherical polynomials
(a linear combination of spherical harmonics) [15, Theorem 2.1, Ch. IV], then

(29) felly, gelly, = fgellpyin.

This property is standard for polynomials but, in general, it is not true for harmonic
functions.

An important property of Legendre polynomials is that the kernel of the orthog-
onal projector Proj;, : La(S?) — Hy, of Ly(S?) onto M, is given by (1/47)(2n +
1)P,(&-n), ie.

210)  (Projy, €)= 1 [@nt DPE mdatn), ] € La(s?)
S2

and hence P, (¢ - n) is in ‘H,, as a function of 1 for every ¢ € S2.
As usual we denote by L,(S?), 1 < p < oo, the space of functions defined on S?
with norm

e = (5 [ 1P as9) ™"
J

For p = oo we shall consider both L., (S?) and C(S?) with the standard modification
to sup-norm and max-norm, respectively.

We shall denote by

(2.11) Ex(f)r, 2 = Yieﬂriv 1f =YL, @s2)

the best approximation of f € L,(S?) from spherical polynomials of degree N.
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2.2. The problem of spherical polynomial evaluation. Here we introduce
some notation and state precisely the problems of interest to us in this article.

Problem 1. Given a spherical polynomial Yy with its coefficients {am, n,bm.n},
evaluate Yy (&;) at arbitrary (scattered) points &;,j = 1,...,.J, on the sphere S
with a prescribed precision £ > 0.

As explained in §1 we split this problem into two sub-problems. For the first
sub-problem we need regular grid points on the sphere. Examples of such grids are
the sets X(7) = {17,(;3 = (9,(;), )\ET))}, 7 = 1,2, which for given K, L > 1 are defined
by

2w
2.12 W T k=0,1,... . k; \YV=2"y r=0,1,....,L -1
( ) 01{; Kkv k Oa ’ 9 ’ AZ Léa é 07 ) 9 )

and

@ _ Ty T @ 2T,
(2.13) 0, _Kk 5% k=12,...,K; N\~ = Lﬁ, (=0,1,...,L —1.
Here in X we consider only one node for k¥ = 0 (the North Pole) and only one
node for k = K (the South Pole).
Another example, which can be considered as “regular”, is the set X(®) generated
by the zeros uy, of the Kth degree Legendre polynomials Pk (Pk (ux) = 0). In this
case we write

2
(2.14) 0 =arccosuy, k=1,2,... K; AP = fﬂé, ¢=0,1,...,L—1.
The relations between K, L and N above are explained in §3.4.

As explained in the introduction, Problem 1 can be split into two problems:

Problem 2. Given a spherical polynomial Yy with its coefficients {am n,bm.n},
evaluate Yy (n) at all points n from a regular grid X on S?, e.g. the X given in
(2.12), (2.13) or (2.14) with precision not exceeding a given & (or exactly).

Problem 3. Given the values Yy (n) of a spherical polynomial Yy at regular grid
points n € X, evaluate Yn(;) at arbitrary (scattered) points §;,j = 1,...,J, on
the sphere S? with precision .

Methods for solving Problem 2 were discussed in the introduction. In the present
paper we deal with Problem 3.

2.3. Spherical polynomial evaluation via “father needlets”. “Mother needlets”
on the sphere have been developed and used in [11, 12]. For the purposes of eval-
uation of spherical polynomials it is convenient to use spherical “father needlets”,
defined as kernels of the form

(2.15) An(u) = Zd(%)@u +1)P,(w), uel-1,1],

where P, is the Legendre polynomial (see (2.10)) and @ is an admissible cutoff
function of type (a) according to Definition 1.1 in [6], namely, for some « > 0

(2.16) ae€C™0,00); at)=1,0<t<1,anda(t)=0,t>1+a.
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The standard choice of « (used in [11, 12, 6]) is & = 1. It is convenient to write a
as

, t €0,1];

(I4+a—-t)/a), te[l,1+al;

, te[l+a,00),

(2.17) a(t) = a(b, a;t) =

[enis N

where b satisfies
(2.18)  be C%0,1], b(0) =0,b(1) = 1,6 (0) =b(1) =0, s =1,2,..., 5,

for sufficiently large S or S = co. In this section we use (2.18) only with S = oc.
Usually b satisfies 0 < b < 1 (hence 0 < a < 1), although this condition is not
necessary for the theory.

By (2.10) and (2.16) it follows that the operator

(2.19) Lnf(e) = ﬁ/AN(én)f(n) do(n)
SZ
has the properties:

(2.20) Lyf=Ff Vfely;
(2.21) Lnfely, 1 Yfe Li(S?) with N, = [N 4 aN];

(2.22) 4i / [An(E-n)|do(n) = %/|AN(0059)\sin9d9 <e VEeSh
s
§2 0

Here in (2.22) ¢ > 1 is a constant depending only on G. As is shown in [11,
Theorem 3.5] the properties of @ from (2.16) imply nearly exponential localization
of the kernels Ay from (2.15):

Theorem 2.1. Let a be a cutoff function satisfying (2.16) for some o > 0. Then
for any s > 0 there is a constant ¢s such that

(2.23) |An(cosf)| < e N*(1+NO)~*, 0<6<m.

Note that Theorem 2.1 with s = 3 implies the estimate in (2.22).
The localization of Ay can be improved to sub-exponential if one additionally
requires that @ € C*°[0,00) have “small” derivatives, i.e. & satisfies

1
(2.24)  |afleo <&, ng(’“’Hoo <& (@me+k—11P)" k=12

for some constants [3,¢,¢” > 0. The existence of cutoff functions & satisfying
simultaneously (2.16) and (2.24) is proved in [6, Theorem 3.1] and under more
general conditions in [7, Theorem 2.3]. The sub-exponential decay of the kernels
AN can be stated as the following (see [6, Theorem 5.1]):

Theorem 2.2. Let a be an admissible cutoff function satisfying (2.16) for some
a >0 and (2.24) for some constants 3,&,é" > 0. Then the kernels Ay from (2.15)
satisfy

cBNO
[In(e + N§)|1+8

where ¢ = &'c* for an absolute constant ¢* > 0, and ¢’ > 0 depending only on «, 3,
~/ ~I
¢ and c’.

2.25 An(cos)| < ¢’N?exp{ — , 0<6<m,
(2.25) |
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In order to make the operator Ly from (2.19) convenient for computations we

discretize £ ~ by using a cubature formula on S?. Let X' be a finite set of nodes on
S2, e.g. X is one of the grlds X 7 =1,23, in §2.2. We shall use cubatures

(2.26) /f do(n) ~ Y wyf(n)
nex

with the properties (M € N and a constant ¢ > 0)

(2.27) /f do(n) Z wpf(n) VfeIly_q;
neX
_ [ cosp; —cosps  sinpj + sin ps 1
(2.28) n;{ lwy| < & < 5 + i + M2>

cos pa <E-n<cos p1

for all ¢ € S? and 0 < p; < pa < 7. Note that 47(cos p; —cos p2)/2 above is the area
of the spherical ring between the spherical angles p; and ps. The boundary of the
same region is of total length 27 (sin p; + sin pg). The last term M ~2 is necessary
for values of p1, pa close to 0. Note that (2.28) with ¢ =n € X and p; = p2 =0
implies |w,| < M ~2. Having in mind that (2.27) with f = 1 implies Donex Wy =1,
we conclude that the number of nodes in X is at least cM?. In fact, we shall utilize
cubatures with ¢M? nodes. Cubatures satisfying (2.27)—(2.28) are constructed in
§3.4.

Applying cubature (2.26) to the integral in (2.19) we get a discrete counterpart
to the operator L N, hamely,

(2.29) LyfE) =D wyhn(&-m)f(n).

nex

Furthermore, the superb localization of the kernel Ay, given in Theorem 2.2, sug-
gests that most of the terms in (2.29) are very small and this leads us to the idea
of introducing the truncated operator

(2.30) Lusf(&) = Y wyhn(&-n)f(n),

nex
&-n>cosd

where § > 0 is a small parameter. Observe that in the above sum 7 runs only over
the nodes in X which are in a §-neighborhood of the point &.

2.4. Properties of the discrete operators. We next record some properties of
Ly.

Theorem 2.3. Let Ay be given by (2.15) with a satisfying (2.16) for some a > 0
and let the cubature (2.26) satisfy (2.27)-(2.28) for some M > N. Then Ly given
by (2.29) satisfies:

(2.31) Ly : C(S*) — C(S?) is a bounded linear operator;
(2.32) LN < C, where C > 0 is a constant independent of N;
(2.33) LyfeTly, 1 Yfe€CS?) with Ny =[N +aN].

Moreover, if

(2.34) M > N+ N,
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then
(2.35) Lyf=f VfeTy:
(2.36) If = Lnfllee) < (Enl+ DEN(f)oe2y Vf € C(S?).

Proof. Using (2.29) we get (2.31) with norm
IEnll = sup > eyl [An (& - n)l.

£es? nex
In order to bound the above quantity we set pp = 2%, k = 0,1,..., K, with
K = [logy N] and pgy1 = 0. Thus px ~ 275 ~ N~1. Using (2.28) and (2.23)
with s = 3 we get

K+1

LN < sup > > |wy|[An (S - n)
£e8% 30

neX
cos pr—1<&-n<cos pg

K . .
. COS P, — COS Pp—1  Sin pg + sin py—1 1 9 Ckn—3
< cécs (gl ( 5 + ~ + N2> N*(N27™")7° +1

K

< it (Z (272 +27* NP+ NT2) N2 4 1) < cées,
k=1

where ¢ > 0 is an absolute constant. This proves (2.32). Property (2.33) follows

from (2.29), (2.15) and (2.10).

By (2.9), (2.15) and (2.10) we infer that if f € IIy, then Anx(£-n)f(n) is a
spherical polynomial of 1 of degree N 4+ N, — 1 for every ¢ € S?. Now, property
(2.35) follows from (2.29), (2.27), (2.19) and (2.20). For the proof of (2.36) let ¥’
be given by (2.11) with p = co. Then

If = Lnflles) < If =Yleen + 1Y = LaYllee) + [1£x(F = Y)lce2,
which gives (2.35) on account of (2.31) and (2.35). O

Note that Theorem 2.3 holds for any C* cutoff function @ and property (2.24)
is not needed. From (2.33), (2.11), (2.36) and (2.32) it follows that

(2.37) En.1(f)esy S Nf = Laflles?) < cEn(f)ees?),
which shows the superb approximation properties of operators L.
Some of properties of the operators £y s read as follows:

Theorem 2.4. Let Ay satisfy

(2.38) [An(cosf)| <~ for 6§<6<m.

Then under the assumptions of Theorem 2.3 we have

(2.39) Lys:C(S?) — Loo(S?) is a bounded linear operator;
(2.40) 1f = Lnsflloaese) < evllfllenxy VS €ln;

(241)  |If = Lnofllzos < (CH+D)EN(Foe2y + A flewy V€ C(S?),

where ¢ is the constant from (2.28) and C' is from (2.32). If the weights of the
cubature (2.26) satisfy w, >0, n € X, then (2.40) and (2.41) are true with ¢ = 1.
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Proof. From (2.38) and (2.28) we get

(2.42) S hwgl ANEI< DD fwyl v <y
nex nex
&-m<cosd &n<cosd

This along with (2.29)-(2.30) leads to
ILnsf(€) — Lnf(E)] < Z lwy| [ANCE -] ([ fllecx) < EVIfllen)-

nex
£-m<cosd

Now Theorem 2.4 follows immediately from Theorem 2.3 and the above estimate.
O

Note that by (2.30) it follows that Ly sf(£) is a discontinuous function of &,
which is a piece-wise spherical polynomial of degree N, — 1.

3. TOWARD AN EFFECTIVE COMPUTATIONAL METHOD

Theorem 2.4 suggests the main steps in solving effectively Problem 3 from §2.2.
For simplicity in this section we assume that the cubature weights are positive, and
hence ¢ = 1.

According to (2.40) with f = Y the error of computing (approximating) Yy (&)
by means of Ly sYn(§) will not exceed ¢ if

(3.1) v =¢/I¥nllew(x)-

The quantity ||Yn |, (x) can be easily computed as the values Yy (n), n € &, are
known. In (3.1) we may consider ¢ as the absolute error of our method (if the
computations are performed in the exact arithmetic), while ~ is the relative error
(with respect to the polynomial norm, not a particular polynomial value!).

Apparently, the number of operations needed to compute Ly 5(£) is a constant
multiple of the number of terms in (2.30), which in turn depends on how smaller ¢ is.
Thus varying é in (2.16) we seek for a given 7 the smallest possible § such that (2.38)
holds. Upper and lower bounds for the order of the best possible § are given in §3.1
and an improved criterion for determining 4 is given in §3.2. Note that the choice
of ¢ is independent of the cubature formula (because || Y|, (x) < [Yn|c(s2)) and
its dependence on the polynomial Yy is very loose; it is only via the polynomial
norm and degree.

The problem for fast and accurate computation of the values Ay (€-7) is nontrivial
due to fact that the function Ay (cosp) in (2.30) is very rapidly changing its values
for p close to 0. Thus the round-off error in the computation of £ - by (2.2)
may cause undesirable big error in the value of Ay (€ - 7). In §3.3 we present an
effective solution to this problem combined with a very fast method for evaluation
of An(cosp).

Having obtained § we need to determine effectively the nodes n € X' that satisfy
&-m > cosd. This step gives advantage to nodal sets with some kind of structure,
e.g. as in (2.12), (2.13) or (2.14). The values of the cubature weights associated
with these nodes and the proof that the cubatures satisfy (2.27)—(2.28) are given
in §3.4. In §3.5 we establish for the cubatures from §3.4 sharp error estimate for
the truncated operator Ly s.

As was pointed out in §2.2 the nodes in (2.12), (2.13) or (2.14) get denser around
the poles. This means that for £ close to one of the poles the sum in (2.30) will
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have O(N?§) terms as opposed to the normal O(N?24§2) terms for ¢ away from the
poles. A simple method for avoiding this undesirable drawback is given in §3.6.

The connection between the cubature and the polynomial degree N is only one-
sided — via the inequalities M > N or M > N-+N,, in the hypothesis of Theorem 2.3.
This means that we can increase the degree of exactness M and thus the number
of nodes. If we keep ¢ fixed, then this will lead to higher number of nodes in the
d-neighborhood of £ and slower computations. Such dependence is inconsistent
with the general perception that the knowledge of the polynomial values at larger
number of nodes should make the point-wise evaluation easier and faster. In our
method in accordance with this idea we can increase the parameter « in (2.16),
which will lead to the decrease of § and, as a consequence, to smaller number of
nodes in the d-neighborhood of a point. The details are given in §3.7.

All elements of our algorithm for solving Problem 3 are given in §3.8.

3.1. Bounds on §. Given a > 0, a cutoff function a satisfying (2.16), 0 < v < 1
and N > 1 we denote by
§(a;y, N)

the minimal ¢ for which (2.38) holds. We next derive lower and upper bounds on
d(a;y, N).

For the lower bound we shall employ the Chebyshev polynomials. By (2.15)—
(2.16) it follows that Ay (defined in (2.15)) is an algebraic polynomial of degree
n = N, — 1 satisfying

(3.2) A=Y (%) (20 + 1) ~ C(a)N?

v=0

with 1 < C(a) < (1 + )2 As is well known among all algebraic polynomials of
degree n, which are bounded by 1 on [—1, 1], the Chebyshev polynomial of the first
kind T;, has the fastest growth for uw > 1. Therefore, the n-th degree polynomial
T (u) = 4T ((2u+d)/(2—d)) with d = 1 —cos dy satisfies the counterpart of (2.38),
namely,

T, (cos@)| <~ for dy <6 <m provided T,(1) = A(1).

From this condition, (3.2) and the standard representation of T,,(u) for u > 1 we
obtain the following equation for d

n n 20C(a)N2 _
33 (t+vE-1) "+ (- VE-T) :(?(;l), t:%

Thus we have proved

Proposition 3.1. For any a,7v, N as above we have 6(a;7y, N) > 0o, where §g is
determined in (3.3).

The exact explicit solution of (3.3) is not possible, but the asymptotic of oy for
large N and small v is readily available:

2 In(2C(a)N?
) 5 V2 IRC@N?/y)
1+« N
This asymptotic formula gives a clear idea what is the best that can be expected

from 6(a;vy, N). However, the lower bound on 6(a;7y, N) from Proposition 3.1 is
hardly achievable since the first IV coeflicients of Ay in the Legendre polynomial
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basis (determined by @) behave much differently compared to the coefficients of T,
in the same basis.

Due to a possible rapid growth of the constants {¢;} in Theorem 2.1 conditions
(2.16) on a (used as hypothesis in Theorem 2.3) solely are not sufficient for obtaining
a good upper bound on §(a;~y, N). Cutoff functions @ with “small” derivatives as
in (2.24), however, come to the rescue.

Proposition 3.2. Let N € N and «, 3,7 > 0. Assume G obeys (2.16) and (2.24)
with the given a and 8. Let the constants ¢',c¢” > 0 be from (2.25) and let the
constant Eg > 0 be defined by

1+
In(e + u[ln(e + u)]Hﬁ)}
3.5 Eg = .
(35) e
Then for v < ¢”N? we have 6(a;~y, N) < 0, with
Ej In(¢"N?/) L RINCNA
. = —=——" "1 —1 N .
(3.6) 01 73 N nle+ 73 n(c"N*/~)
Proof. From (3.5) with u = fg In(¢”N? /) > 0 and (3.6) it follows that
Clﬁ]V51

(e 1 o, yoFe = (¢ N?/).

From (2.25) and the above inequality we get for every 6 € [§1, 7]
cBNO
[In(e + N§)|1+8
C/ﬁ[V51 }

|An(cosf)| < ¢"N?exp {—

< ’N? exp {—ln(c"N2/7)} =7,

Mn(e + Noy)|i+5

which proves the proposition. (I

< ’N? exp {—

Neglecting the constants in (3.6) for large N2/~ we arrive at

In(N? 9, \l
c% [InIn(N?/v)] .

Thus the difference between estimates (3.4) and (3.7) is a double logarithmic factor,
which is essentially a constant for the values of the parameters considered here; the
quantities InIn(N2/v;) with Ny = 103, 7, = 1075, and InIn(N2 /y2) with Ny = 104,
v2 = 1078, differ from one another with less than 10%.

(3.7) 0 <

3.2. An improved criterion for §. The majorant of |Ay(cos 8)| given by (2.25),
after reaching the value ~y for 8 = 7, preserves its fast decay for > d;. This means
that it is possible to select a smaller value of § in (2.30) and still have the same
error bound. This can be achieved, for example, by replacing the uniform condition
in (2.38) by an integral one. Thus we arrive at the equation

cos 1

(3.8) s / (o) do = ] / An(z)de| = 7,

which determines & = §(a;~y, N) as a function of v, N and @ (satisfying (2.16) for
some o > 0). The fact that the second integral in (3.8) is equal to 2 follows from
(2.15) and the orthogonality of Legendre polynomials.



12 KAMEN IVANOV AND PENCHO PETRUSHEV

Equation (3.8) is justified by the following approximate identity (see (2.42)) for
cubatures with positive weights:

39 Y whwEnl=g [ e nldot)

nex

&-m<cosd §m<cosd

DN | =
—
S
=2
2
a
S
|
2

™ 2
1
:—/|AN(COSH)|Sin9d9 /1d)\:
4
5 0

From (2.38) and (3.8) we get immediately
(3.10) 8(a;y, N) < 8(a;y, N).

Hence, the upper bound from Proposition 3.2 holds for 6(é;~y, N) as well. However,
using (2.25) this upper bound can be improved as follows:

Theorem 3.3. Assume that for a given a the kernels Ay satisfy (2.25) for some
d,c",8 >0, 8<1. Then there exists a number C1 > 0 depending only on c’,c”
and 8 such that for any N € N and 0 < v < e~ ¢ we have §(a;7y, N) < d2, where

(3.11) by = Cl% [InIn(1/~)]" 7.

For convenience we place the proof of Theorem 3.3 in §3.5.
From (3.9) and Theorem 3.3 we get the following error bound on the truncated
operator

(3.12) I1ENf —Lnsfllios?) < fllewry Yf elly

for every § € [0, 7] with d2 given in (3.11). We shall prove estimate (3.12) for the
cubatures from §3.4 independently of (3.9) in §3.5 (see Theorem 3.12).

Note that for a fixed « the upper bound for §(a;~, N) in (3.11) with the increase
of N becomes smaller than the lower bound for §(a;~, N) in Proposition 3.1. This
fact justifies the replacement of (2.38) in Theorem 2.4 by (3.8) for practical appli-
cation. Note that the product Nds depends on v but not on N. This means that
the complexity of (2.30) will not depend on N and we can use Ly s for very high
degrees N.

Looking for small § in (2.30) we arrived at

Problem 4. For given @ > 0, v € (0,1] and N > 1 find a cutoff function a
satisfying (2.16) which minimizes d(a;~y, N).

In Problem 4 we can relax the requirement a € C° without changing its essence.
In making §(a; v, N) as small as possible we necessarily look for cutoff functions a
with high smoothness and “small” derivatives.

Selection of a. For fixed a, v and N it is easy to write code for approximate
computation of §(a;~y, N) from (3.8) and thus to compare its values for different
a. Although this is not a solution of Problem 4, it guided us in selecting for our
purposes cutoff functions &(l;n, a;t) of the form (2.17) with n = 5,6, where by is
defined by

b () = (22722—;)1!?!! /Sin2"+1tdt _ 1 cosmu  cosmu Z 2k 1 sm 2%

2

k=1
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Note that the functions l;n(v /) are trigonometric polynomials of degree 11 or 13,
respectively, and b/, (v/7) has zeros of order 2n + 1 at 0 and at m. Here it is
important that the values of Bn(v /7) can be computed rapidly at many points with
sufficiently high precision. The values of 6(a;~y, N) for @ defined by (2.17) with
a =3 and b = by and for several choices of N and ~ are given in Table 2 in §5.

A better choice for a could be the cutoff function a with “small” derivatives
(see (2.24)) from [6, Theorem 3.1]. However, as for now we do not have a practical
algorithm which allows to quickly compute the values of that a at many points with
sufficiently high precision.

3.3. Accurate kernel evaluation. The next step in developing our algorithm is
the accurate and fast evaluation of Ay (&-n) for given &, 1 € S2, which is a nontrivial
task.

For every u € [—1,1] one can evaluate Ay (u) using, for instance, the downward
Clenshaw recurrence formula. It employs the Legendre recurrence relation

n+1)Pry1(u) = 2n+ DuPy(u) —nPr_q1(u), n>0; Py(u)=1, P_1(u) =0.

This algorithm is numerically stable and fast since it requires O(NN) operations.
The straightforward calculation of Ay (§-7), where u = £ -7 is obtained via (2.2)
and Ay (u) is computed by the Clenshaw summation, looses accuracy when ¢ is
close to n that is exactly the case we are interesting in. In order to improve the
accuracy by several significant digits we perform the calculations as follows:
(i): We compute the spherical distance p between £ = (6',X’) and n = (6, \)
via the Haversine Law of Spherical Trigonometry
9 P 0 —0 PURSD

(3.13) sin 5= sin? 5+ sin @’ sin 0 sin?

(ii): We compute Ay (€-n) = (An ocos)(p) via an approximation of Ay o cos.

The Haversine Law (3.13) is well-conditioned for computation of p close to 0 and
the round-off error is smaller when compared with the Spherical Law of Cosines
(2.2). This fact has been known since the XIX century. The haversine function is
defined by havt := (1 — cost)/2 = sin®(t/2); we have used the last form in (3.13).

The advantage of using the trigonometric polynomial Ay o cos in step (ii) over
the algebraic polynomial Ay stems from the fact that the derivative of Ay o cos
near the origin is ¢V times smaller than the derivative of Ay near 1.

In order to get fast and accurate evaluation of (Ay ocos)(p) for p € [0, 5] we take
the equally spaced points ¢, = dr/R for r = —s, —s+1,..., R+s and determine ¢} =
arccos(cost, ). Note that in general t # ¢, because of the machine arithmetic, while
costr and cost, coincide as double precision numbers. Then Ay (u,), determined
for u, = cost, = cost} via the Clenshaw summation, is a good approximation to
(AN o cos)(t). Thus we have the values of Ax o cos at the points ¢¥, which are
close to equally spaced but not equally spaced. Now (Ax o cos)(p) is computed by
Lagrange interpolation of Ay ocos with nodes t%, r =m—s,m—s+1,...,m+s+1,
where m = |pR/d|. The Lagrange polynomial is of degree 2s + 1.

The choice of R and s depends on the targeted relative error v and the degree
N, —1 of Ay ocos. Our experiments showed that for v > 107!° and N, < 16000
one can take R = 2000 and s = 1 or s = 2. The numbers Ay (u,) are computed
in O(NR) operations and stored at the initial stage of the program. At the later
stages the evaluation of (A ocos)(p) requires only O(s) operations. Of course, the
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third degree Lagrange interpolation, i.e. s = 1, is faster but less accurate than the
fifth degree Lagrange interpolation for s = 2.

The graph of the kernel Ay o cos in [0,4] as well its extrema and their location
in this interval are given in Figure 3 and Table 3 in §5.

3.4. Nodes and cubatures. The following lemma gives a simple method for con-
structing cubatures on S? from one-dimensional quadratures. These simple cuba-
tures are very attractive since they are exact for high degree spherical polynomials
and their nodes and weights can be computed easily to very high precision. They
also demonstrate the advantage of the regular grids defined in §2.2 over other “reg-
ular” grids such as HEALPix.

Lemma 3.4. Let K,L > 1 and assume that the quadrature

1 K
(3.14) 5 [ 10~ s,
4 k=0

with u, € [—1,1] 4s exact for all algebraic polynomials of degree K1 — 1 and the
quadrature

27

L-1
1
(3.15) o [ 9 dt ~ > veg(e),
A £=0

with Mg € [0,27) is exact for all trigonometric polynomials of degree L1 — 1. Then
the cubature

1 L

47
SZ

K
(3.16) F(g)do(€) ~ Y
k=0

—1
v U F' (arccos(ug), \e)
=0

is exact for all spherical polynomials of degree M — 1 with M = min{K1, L1 }.

The lemma is immediate from the form of the basis of H,, given in (2.3) (with
the variables separated) and the form of the measure do given in (2.7).

Note that if uy = 1, then all nodes (arccos(ug), A\¢) = (0, A¢) coincide with the
North Pole and the cubature weight associated with this node is v = 25;01 Vg
A similar modification is made if up = —1, i.e the node coincides with the South
Pole.

The case of quadrature (3.15) is quite simple, the best choice is the rectangular
quadrature

7 L1y o
(3.17) %/g(t)dtngg()\g), A=l £=0,...,L—1,
J —

which is exact for trigonometric polynomials of degree L — 1.
The algebraic quadrature formulas (3.14) with nodes {cos 91(;)}, T=1,2,3, from
§2.2 are given in the following three lemmas.

Lemma 3.5. For given K > 1 denote by u,(:) = cos@,(:), 6),(:) =nk/K, k =
0,1,..., K, the points of extrema of the Chebyshev polynomial Tk . If the weights
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1
{v,g )} are defined by

.1 K =

R . 2 (1)
(1) .:i 1 4 sin” ro, P K1
Uk K(QR—%—I+ ; 42 -1 )’ T ’

where R = | (K —1)/2], then the quadrature

1

1 K
(3.19) 5 [ S0~ S ol ),
2_1 k=0

is exact for all algebraic polynomials of degree 2 (K +1)/2] —1 > K — 1.

Lemma 3.6. Given K > 1 denote by u(z) = cos 0(2) 9,&2) = 7(2k — 1)/(2K),

k=1,...,K, the zeros of the Chebyshev polynomial Tk . If the weights {v,(f)} are
defined by

R . 2 (2

(2) 1 1 sin” ro,,
3.20 == 45 —r k=1,....K
(8:20) K K<2R+1+ < 4r2—1 )’ o

where R = |(K —1)/2], then the quadrature
. 1
(2) (2)
(3.21) 3 / f(t) Zv ),
51
is exact for all algebraic polynomials of degree 2 (K +1)/2] —1 > K — 1.

Quadrature (3.19) is usually known as Clenshaw—Curtis quadrature [1] or Fejér’s

second quadrature. (In [4, 5] Fejér gave the values of v,(cl) under the assumption that

f(=1) = f(1) = 0.) Quadrature (3.21) is usually known as Fejér’s first quadrature
[4, 5]. The weight expressions (3.18), (3.20) deviate from the standard ones, but
we prefer them because they underline the weights’ positivity.

Lemma 3.7. For K > 1 denote by u(3) = 0059(3) 0(3) € (0,7), k=1,...,K, the
zeros of the Legendre polynomial Pi . If the weights {v,(j)} are defined by

—2
(3.22) (3). (PK(COSG( ))81119(3)) , k=1,.. K,

then the Gaussian quadrature
1

(3.23) ; / £t Z o F ),

-1

is exact for all algebraic polynomials of degree 2K — 1.

There are several effective schemes of complexity O(K) (logarithmic factors are
omitted) for computing with good precision the values of the nodes and weights
9,&3), v,(f) of the Gaussian quadratures. We shall not elaborate on them.
Applying (3.17) and Lemmas 3.5-3.7 in Lemma 3.4 we get
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Theorem 3.8. Let M > 1 and assume that X7, 7 =1,2,3, is one of the reqular
grids from §2.2 with K, L > 1 satisfying the conditions

2|(K+1)/2), 7=1,2
= 3.

(3.24) M<L  M< { 2K, ’

Forn = (9,(;), )\g)) € X set wg,T) = vl(cT)L_l. Then the cubature

1

(3.25) o

F(&)do(€) ~ Y wiF(n)
)

S2 nEX(T
is exact for all spherical polynomials of degree M — 1.

In other words, if K > M and L > M, then we have a cubature satisfying
(2.27) with nodes at the regular grid points from (2.12) or (2.13). It a number of
applications we have L ~ 2K because at the equator the mesh size is 27/L in the
longitude direction and 7/K in the latitude direction. For the grid points (2.14)
the condition K > M may be relaxed to K > M/2.

Our next step is to show that the cubatures from Theorem 3.8 satisfy (2.28). To
this end for any finite set X C S? we define the Voronoi cells ,, n € X, by

Q,={¢€eS* :p(&n) <p(& () Ve X},

i.e. €, consists of all points from the sphere, which are closer to 7 than to any
other point from X. Note that every cell is a convex spherical polygon. The set of
all Voronoi cells forms the Voronoi tessellation of S?. Thus U,ecx€2, = S? and the
interiors of any two different cells are disjoint.

The connection between the Voronoi tessellation and (2.28) is given by

Lemma 3.9. Let for some constants &,¢" the weights of cubature (2.26) satisfy
lw,| < &[] (1| is the Lebesgue measure of Q) and diam(Q,) < &’M~! for all
n € X. Then the cubature satisfies (2.28).

Proof. Let ¢ € S and 0 < p; < py < m. We denote by X (&, p1,p2) the set of
all n € X such that cospy < &-n < cospy. Set p; = max{p; — ¢’M~1,0} and
po = min{ps + &' M1, 7}. Evidently, Q, C {¢ €S? : cosps < - < cosp;} for
all n € X(&, p1, p2). Hence

S owlsd U oelse [ 1w

neEX(E,p1,p2) nEX(§,p1,p2) cos pa<&-C<cos p1

= 27¢ (cos py — cos pa)
and the lemma follows. O

Now it is easy to prove

Theorem 3.10. Under the hypothesis of Theorem 3.8 the cubature (3.25) satisfies
(2.28).

Proof. For the Gaussian quadrature (7 = 3) it is well known that uniformly

(326) 0%, -0 ~K k=1,2,...., K -1, 0¥ ~K 1 7-6Y ~K
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Using also )\Ei)l —)\1(53) =27L~! we get diam(2,;) = O(max{K ', L7'}) = O(M 1)
and |, ~ K~'L"1sinf'®. The weights v{*) are positive and satisfy uniformly
(see e.g. [13])

(3.27) o~ K sind®) k=1,2,... K,

which implies w,(f’) < &|Q,|. Now Lemma 3.9 proves the theorem in the case 7 = 3.

If =1 or 7 = 2 we have estimates similar to (3.26) and (3.27). Estimate (3.27)
follows from (3.18) and (3.20), and (3.26) follows from (2.12) and (2.13). The only
exceptions are the two poles (k = 0 and k = K) in the case 7 = 1. If 5 is any of
them, we have || ~ K~2 and w$") = K~1(2 (K —1)/2] + 1)~1. This completes
the proof. O

Theorem 3.8 and Theorem 3.10 show that cubatures (3.25) satisfy (2.27) and
(2.28) under the assumptions (3.24). Consequently, if (2.34) is fulfilled, then the
operators from (2.29) and (2.30) satisfy Theorem 2.3 and Theorem 2.4, respectively,
for every of the cubatures (3.25).

We now turn our attention to the problem for determining the nodes n = (0, \) €
X7 which satisfy ¢ -7 > cosé for given £ = (6, \') € S? and § € (0,7/2]. From
the Law of Sines in spherical trigonometry we conclude that for 6 < 6’ < 7 — 4 it
suffices to have

(3.28) O N) [0 —6,0 +6] x [N —d, N +¢], ¢=arcsin(sind/sin@’).

For 0 < 0" < § (3.28) can be replaced by (0, ) € [0,6' + 6] x [0,27) and for 7 — § <
0 < mby (0,\) € [0 — 6w x[0,27). Tt is easy to create code which determines
quickly the indices of the grid points 7 = (g, A¢) satisfying (3.28). Observe that
approximately /4 of the grid points obeying (3.28) satisfy £ - n > cosd. Thus, if
the kernel is evaluated for all grid points satisfying (3.28), then the extra work of
27.4% could be fully compensated by not performing the verification £ - 7 > cosd.
The number of points from X(7), 7 = 1,2, 3, satisfying (3.28) is approximately

2K L2
w2sinf’’
Thus the number of terms in (2.30) increases from O(KL§?) for points at the

equator to O(K Lo) for points near the poles. This drawback of our method can
easily be overcome as shown in §3.6.

(3.29) v=

3.5. Truncation error estimate for the cubatures from §3.4. In this subsec-
tion we prove Theorem 3.3 and show in Theorem 3.12 below that for the cubatures
from §3.4 inequality (3.12) holds for § of the form (3.11).

For 8 > 0 set

(3.30) By(t) = ' exp {_[ln(e(iﬁtt)]w} . te0,00),

where ¢’ and ¢’ are the constants from (2.25). Then estimate (2.25) in Theorem 2.2
takes the form
(3.31) |An(cosf)| < N?®5(N6), 0<6<m.

The following lemma will be instrumental in the proof of Theorem 3.3.
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Lemma 3.11. Let ¢,¢" > 0, 0 < 8 < 1. Then there exists a constant C; > 0

depending only on ¢, and B such that for any 0 < v < e~ ¢ and
(3.32) T := CyIn(1/7) [Inln(1/7)]'?
we have
1 o0
(3.33) s / Bs(t)t dt < .
T
Proof. Set g(t) := ¢'Bt[In(e +t)]"*7A. Then
W, )
g(t) (e+t)In(e +t)
and hence
1 tg'(t
(3.34) Lowl) oy ysyg
37 ()

g(t) g(t)
— e (o} + [en -0} G
T
2 5[ t
< exp{—g(T)} + 3 [ exp{—g(t)} —=dt
o(7) 3 T/ 0
2 7 2
< e (o) +5 [ew (o) 2 a

Hence
(3.36) / exp {—g(t)}
T

Assume




FAST EVALUATION OF SPHERICAL POLYNOMIALS AT SCATTERED POINTS 19

where Ejg is the constant defined in (3.5). Then from (3.5) with v = % it follows
that g(t) > 20 for t > T. Hence, (3.30), (3.34) and (3.36) yield
/Oocp (t)tdt<37oc”e b g0} g (0 dt < 4" L exp {(—g(T}
< xp {— — < xp {— .
’ 9(t) 9(T)
T T
Therefore,
17 2c" d BT
— | ®g(t)tdt < —=TI1 )17 ———
5 [ ottt < 25T n(e+ D) exp { P
T
2¢" (1/2)d BT
, <= R Sl el Al el
(3:37) =g { [In(e + T)]+7

for T > C3, where Cj is sufficiently large, depending only on ¢ and 3 (C5 > C5).
It is readily seen that estimate (3.37) with T as in (3.32) with C; sufficiently large
(depending only on ¢/, ¢’, and ) implies (3.33). O

Now Theorem 3.3 is an easy consequence of Lemma 3.11.

Proof of Theorem 8.8. Given N € Nand 0 < v < e~ set §y := N~ 'T, where T is
defined as in (3.32). Then by (3.31) and Lemma 3.11 we have

cos 8 ™
% / [An(z)|dx = %/|AN(COSU)|SiH’udU
as] 82
< 1/NQCI)B(NU) sinu du = 1/<I>[3(t)tdt <.
? 32 ? T
On account of (3.8) the above implies Theorem 3.3. O

We next show that inequality (3.12) can be established in a slightly weaker form
for the cubatures from §3.4 without making use of the approximate identity (3.9).

Theorem 3.12. Let N € Nand o > 0, 0 < 8 < 1. Assume a obeys (2.16)
and (2.24) with the given o and 3. Let the cubature (3.25) with nodes X = X(7)
and weights w, = wﬁ,ﬂ, T = 1,2,3, fulfill the hypothesis of Theorem 3.8 with M
satisfying (2.34). Then there exist numbers 517 62 > 0 depending only on «, (3, the
constants c',c’ from Theorem 2.2 and the constants ¢',¢" from Lemma 3.9 such
that for all 0 < v < Cy and 6 € [83, 7] we have

(3.38) > wy [An(E )| <,
nex
&-m<cosd
where
(3.39) bs = (?1% InIn(1/~)]"7.

As a consequence estimate (3.12) holds with § = Js.
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Proof. From (2.16), (2.24) and Theorem 2.2 we obtain that the kernel Ay satis-
fies (2.25) and hence (3.31). From (2.34) we get M > (2 4+ a)N. According to
Theorem 3.10 the cubature (3.25) satisfies Lemma 3.9 and hence

(3.40) lwy| < &|Qy,|, diam(Q,) <&'M~' Vne X,
where €, is the Voronoi cell for n € X'. Set

Das = o a(t)/a(t+ /(2 a)) = exp (3¢ /(2 + )}
te|0,00

Using the triangle inequality, (3.40) and (2.34) we get
Np(&,¢) < Np(&n)+¢"/2+a) for (€9,
and, hence, for all £ € S?, n € X and ¢ € Q,, we have

(341) (I)ﬁ(Np(g7 77)) < Da.ﬂéﬁ (Np(ga 77) + 6///(2 + OZ)) < Da,ﬁq)ﬁ(Np(g, C))

Now from (3.40), (3.31), (3.41) and Lemma 3.11 with v/(4wé& D, ) instead of v
we get for v < 4wé D, ge°

> w vl <e Y [ 1d0(Q) NBa(N (e )

nex nex

¢-n<cosd §~n<cosz§Q"
<EDLN' Y [ Bp(Np(E ) do(c)
neX
&mn<cosd "

< @D, 5N? / 5(Np(€, Q) do ()
&-¢<cos(6—&"M—1)

™

=27& Dy gN? / ®5(N6)sin b do

6_5//M—1
Ané' D 7
< =2 (1)t dt
N&—¢"NM-1
<Ard Dy p—t—— =
= P 47E Do 5

provided
NG > Cy In(4n& Dy 3/7) [InIn(47& Do 5 /7)) 727 + &' /(2 + ).

Taking the constant 47¢’' D, s out of the logarithms in the above inequality we get
that (3.38) holds for every ¢ € [d5, 7] with d5 given in (3.39). O

Theorem 3.12 has mainly theoretical value showing that the operator Ly s, can
be used for spherical polynomial evaluation with 5 from (3.39). The practical value
of the theorem is diminished by the fact that the constant 51 is too large.

Note also that Theorem 3.12 holds for all cutoff functions @ obeying (2.16) and
(2.24). This might be considered as positive information because many cutoff func-
tions can be applied in computations. However, the theorem lacks the criterion
property of the approximate identity (3.9) as it does not show which of two given
cutoff functions will guarantee the aimed precision with less operations.
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3.6. Computations near the poles. In order to evaluate Ly sf(£) at points
&= (¢, \) with latitudes between 45° North and 45° South, i.e. 7/4 < ¢ < 3w /4,
we apply the method as explained so far. For the remaining points from the two
45° caps centered at the poles we apply the change of variables

(3.42) T=Zz y=2, z=71,
or in spherical coordinates
(sinf cos A, sin §sin A\, cos ) = (cos 0, sin 0 cos \, sin 0 sin 5\)

In the new coordinate system the above spherical caps appear as 45° caps centered
at the points (7/2,7/2) and (7/2,37/2), which are on the new equator. In order
to apply the same operator we need the values of the spherical polynomial to be
approximated at regular grid points with respect to the new coordinate system,
which are its values at the images of these grid points under the mapping inverse
to (3.42). Note that each of the spaces H,, n = 0,1,2,..., is invariant under the
mapping (3.42) (rotation).

Using this approach we essentially improve the computational speed for points
near the poles. Now in the worst case scenario one uses a factor of /2 more points
to evaluate Ly sf(€) than the points used when £ is on the equator. Another
positive feature is the reduction of the total number of nodes where we have to
precompute the polynomial values. The reduction is by approximately 256% and is
due to the fact that the grid points, which are denser near the poles, are replaced
by new points with “equatorial” density.

3.7. Optimal selection of parameters. For a given function b satisfying (2.18)
let & = a(b, o) be defined by (2.17). Here we focus out attention on the following
problem:

Suppose a spherical polynomial of degree NN is given by its values at, say, the
M x 2M regular grid points (2.13). Choose a subject to (2.34) so that the number
of terms in (2.30) is minimal.

~ To be more specific, let, say, N = 1000, M = 6000, v = 1078 and § = b, =
d(a;v, N) as in §3.2. Consider the following two selections of «a:

(i): @ =4 in the definition of & and we make the computations using d4 and
the 6000 x 12000 grid (M = 6000);

(ii): @ = 1 in the definition of & and we make the computations using d;
and the 3000 x 6000 sub-grid (M = 3000). Of course, we can use a larger
sub-grid, but this will lead only to higher number of terms.

The question is, in which case the cap {£ -1 > cosd} will contain less points from
the respective grid.

Note that (2.34) is satisfied as equality in both cases. This makes us to define
M := N(2 + «) which is the best choice for the grid parameter. The number of
grid points in the §-neighborhood of a point is a constant multiple of (M4)? =

(24 )N, )2
Without going into details we would like to mention the asymptotic equality
~ C(y,
(3.43) 5, = C00)

Na
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valid for a fixed b. In fact, C (7, ) in (3.43) is a slowly varying function of v and
« > «ag, which has a limit as a — oo.

Thus the number of terms is ¢(1 + 2a~1)2, which is a decreasing function of a.
In particular, this result implies that the smallest number of terms for given N and
M will be achieved for the largest possible « in (2.34), i.e. we cannot gain speed
by using sub-grids. Going back to our example, in case (i) we have approximately
4 times less terms than in case (ii).

3.8. The algorithm. Based on the ideas from §2 and §3 we propose the following
algorithm for solving Problem 3:

(1) Choose a function b with “small” derivatives which satisfies (2.18) for large
S or S =00 (see §3.2).

(2) Using (3.18), (3.20) or (3.22) determine the weights w,(f)7 T =1,2,3, of the
cubature (3.25) according to the type 7 of the grid X(7) from §2.2.

(3) Determine the largest possible M for the cubature.

(4) For the given M, N determine the largest possible « satisfying (2.34).

(5) Determine ||Yy||,.(x) and v from (3.1).

(6) For a given by (2.17) determine a(v/N).

(7) Determine & = §(a;v, N) from (3.8).

(8) For @ and § from Steps 6-7 compute Ay (costr), r=—s,—s+1,...,R+s
(see §3.3).

(9) Forevery¢;,j=1,...,J, compute Yn(&;) using (2.30) with f = Yy, where
An(&-n) = (Anocos)(p) is determined as in §3.3 with p determined from
(3.13).

If the improvement described in §3.6 is applied, then for every &;,j =1,...,J,
in Step 9 one verifies in advance to which of the three domains &; belongs and in
two of the three cases the change of variables (3.42) is applied before computing
the approximation in (2.30).

We next determine the complexity of all steps in the typical case K = O(N),
L = O(N). Step 2 requires O(N log N) operations when FFT is used for computing
v,(;) and O(N?) assignments to wff). In Step 5 we need O(N?) operations. The
values a(v/N) in Step 6 can be computed in O(N log deg IA)n) operations using the
representation in §3.2 and the computation of ¢ in Step 7 can be done with good
precision with O(N?) operations. In Step 8 we need O(N R) operations. The total
complexity of the preparatory Steps 1-8 is O(N?) without counting the operations
necessary to compute Yy (), n € X(7) (or the time to read them from the disk).

From inequalities (3.29) and (3.11) we get that the number of terms in (2.30)

is O([In(1/¢))? Inln(1/2)]***%) (or O([In(N?/e)]? [InIn(N2/e)]***") if criterion
(2.38) is applied). Hence, O(J [In(1/¢)]? [lnln(l/s)]Hm) is the total complexity
of Step 9.

4. GENERALIZATIONS AND APPLICATIONS

4.1. Generalization to higher dimensions. Let S? (d > 1) be the unit sphere
in R and denote by H, (v > 0) the space of all spherical harmonics of degree v
on S¢. Tt is well known [15, p. 140] that dim H% = % for v > 1 and
dim Hg = 1.
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As is well known [15] the orthogonal projector Projy, : La(S*) — ‘H, has the
representation (a generalization of (2.10))

. 1 vtk .
(41) (Projye, £)(6) = - [ R CE(E m)fdota)
ad
where o is the standard Lebesgue measure on §%, 1= 9451w, = [., 1do = %

is the hypersurface area of S¢, and £-7 stands for the inner product of &, € S%. Here
C} is the Gegenbauer polynomial of degree v normalized with C(1) = (”"'25_1)
3, p. 174].
Using the relationship between Gegenbauer and Jacobi polynomials [17, (4.7.1)]
IN(k+1/2) T(v+2k)

K — P(n—l/Q,n—1/2)
CO="Tam) Tot+rtio’” ®)

we obtain the following generalization of (2.15)

B v\ (R (k+1/2)T (v +2K) oy 9.k—1/2
(42) Avlt) = Z“(N) kT(26)0(v + K+ 1/2) P22 (0).

v=0
In dimension d = 1 one has after passing to the limit in (4.1) and (4.2) as kK — 0
(here F' = f o cos)
2

(Projye, F)(¢) = = [ (2= 8,0) cosv(io — 6)F(6)as,

0

oo
A
An(t) = Z( )@= 80T,

where T}, is the v-th degree Chebyshev polynomial and 6, », is the Kronecker delta.

The point is that in the general case all necessary ingredients are either known,
e.g. the generalization of the sub-exponential decay of A in Theorem 2.2 is proved
in [6, Theorem 5.1], or can be derived following the same route as when d = 2. Let
us only mention that estimate (3.11) remains true. Hence, the number of terms in
(2.30) becomes O([In(1/¢)]* Inln(1/e)]* ).

Finally, let us point out that in the case d = 1 our method serves as an algorithm
for fast evaluation of trigonometric polynomials at scattered points.

4.2. Working with grids of wider mesh size. There are two groups of condi-
tions important to our theory: (a) inequalities (3.24) connecting K and L with M,
and (b) deg Yy < N and inequality (2.34) connecting M with N. The first group
can be consider as a simple definition of the term “spherical degree of exactness
M?”. For simplicity in this subsection we consider the case of equally spaced nodes
(with L = 2K = 2M), so the distance between the nodes is /M in both latitude
and longitude direction (at the equator).

We now turn our attention to the group (b) conditions. Let N = deg Yy be
the exact degree of the polynomial to be evaluated. The condition N < N is
implicitly part of our theory, however, in applications one can choose in (2.15)
N < N. Similarly, condition (2.34) was essentially used in establishing (2.35)
in Theorem 2.3 and (2.40) in Theorem 2.4, which enable us to claim that the
error of approximation does not exceed €. In the typical case a = 1, however,
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inequality (2.34) implies M > 3N, i.e. the nodes are at least three times denser
(linearly) than the the sampling interval for the Nyquist frequency =/N for Nth
degree polynomials. Therefore, the fundamental question here is:

Can one utilize successfully the truncated operators from (2.30) whenever (A)
N < N and/or (B) M < (24 «a)N?

We would like to emphasize that we are interested in significant reductions of the
sizes of N and M above. A small percentage reductions of N and M are always
possible since the coefficients a(v/N) of Ay are very close to 1 when v is close
to N and very small when v is close to N,. Also the trivial positive answer of
question (B) that (2.30) is applicable for M > 2N (with @ = MN~! — 2) is not
very satisfactory. Of course, one will be covered by the theory but, as explained in
§3.7, decreasing « reduces significantly the speed of the algorithm.

One can write explicitly the errors which conditions (A) and (B) bring in property
(2.35). Effects of such type are often called “aliasing”. These questions can also
be explored numerically when taking ~ smaller than the aliasing error. One of
the conclusions from our experiments in Example 1 in §5 is that condition (A) is
more damaging to the error than condition (B) for polynomials with nonvanishing
coefficients am n, bm,»n for n closed to N.

The above question has a positive answer in the the case when (i) one has to
compute the values of a spherical polynomial Yy which approximates a function
with a given smoothness (i.e. Yy has certain smoothness), and (ii) the error must
not exceed € which is within some reasonable bound depending on the smoothness
of Yy (not arbitrarily small). Being able to reduce significantly the size of M allows
to utilize our method for fast compressed (memory efficient) evaluation of spherical
polynomials with tight control on the accuracy. This is precisely the case described
in Example 2 in §5.

4.3. Application to other problems. The operators Ly from (2.29) and their
truncated versions Ly in (2.30) are a powerful approzimation tool as evidenced
by estimates (2.36) in Theorem 2.3 and (2.41) in Theorem 2.4. Note that condition
(2.34) is no longer needed when these operators are used for approximation. Rather,
the identity N = M/(2 + «) can be used to define the parameter N appearing in
the right-hand sides of (2.36) and (2.41).

The superb localization of the kernels of the operators L and Ly, and their
compatibility with spherical harmonics make them an excellent tool for global as
well as local approximation. The latter is a desirable feature for practical appli-
cations. Here “local” means that the approximant is closer to the approximated
function in regions where the function is smoother than globally. This is a well
known fact in the classical approximation theory.

Formulas (2.29) and, especially, (2.30) can be viewed as “interpolation” formulas,
and hence used for fast generation of surfaces in computer-aided geometric design.

Our algorithm can also be used for fast verification whether given data repre-
sent (within accuracy ¢) the values at given regular grid points of some spherical
polynomial of a given degree N. The criterion is defined by

[f(§) = Lnsf(E) <e VEe X,

where f(£) denotes the value at £ and ¢ is calculated for v defined in (3.1). In this
case the grid should be oversampled with respect to the polynomial degree.
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As already indicated the algorithm considered in this paper is based on the spher-
ical “father needlets”. For other purposes we have also developed algorithms for
approximation and representation of functions on the sphere based on the “mother
needlets” introduced in [11, 12], which are similar in nature to the widely used
wavelets. We shall not present the details of that development here.

5. NUMERICAL EXPERIMENTS

The method for evaluation of high degree spherical polynomials at scattered
points described in this article has been implemented in software written in MAT-
LAB 7.2 with double-precision variables. Variable precision arithmetic has not been
used in the code.

All our experiments were conducted in real time on a standard 1.6 GHz PC with
1 GB of RAM. The method has been intensively tested for degrees between 500
and 2160. The verification of experiments with high degree spherical polynomials
is not easy for lack of independent reliable software. For instance, the MATLAB
function legendre(n,X,’norm’) gives wrong answers (including 0 or NaN) for
degrees n > 3000.

We have also made a number of experiments with spherical polynomials of de-
grees up to 8000 and compared the results with the results of code performing sharp
direct computations in variable precision arithmetic. Unfortunately, such code is
too slow for any substantial testing. In all experiments the results were in full
agreement with the theory.

Here we report the result of two experiments with our method: the first with
spherical polynomials of “large” high degree coefficients, and the second with the
spherical polynomial representing the geoid undulation in the 2160 model of NGA
(EGM2160) with relatively small high degree coefficients.

Example 1. For n = 500, n = 1000 and n = 2000 let F), be defined by

F.(0,)) := qonPon(cosf) +2 Z GrmnPrmn(cos 0) cos(mA)
m=1
with g, given by (2.4). The values of F,, on an 800 x 1600 grid range from -
452.1885 to 371.7888; F, has values close to zero in the interiors of the domains
{0,N) :0<0<ZZ <A< and {(0,)):2<0<m-3 <A\<Ih
The extrema of F,, are localized around (5, Z) and (%, 3%). The graph of Fsg in
spherical coordinates is given in Figure 1.

A representative of the behavior of F, is the region D = {(6,A) : |5 — 0] <
15T = Al < 21—2}7 where we have high oscillation in the longitude direction and
essential decrease of the absolute value in the latitude direction. The values of F},
in D range from -22.7986 to 22.8061. The graph of F,, over this rectangle is given
in Figure 2.

Our experiments have shown full agreement of the test results with the the-
ory. The error of computation was within the prescribed bound & for £ = 107°,
107%,1077, 1078, 1072, 10710 in all cases, whereas v in (3.1) was determined by
1 E500(le., = 450 for £ € [0, 7] x [0,27) and by ||Fso0lle., = 23 for & € D. The later
increase of v is allowed by the local nature of the operators.

Experiments with parameters satisfying conditions (A) and/or (B) of §4.2 showed
that for € = 10710 practically no significant reduction of speed is possible. On the

other hand a gain of speed by a factor of two is possible for ¢ = 1075 (depending
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FIGURE 2. Graph of F5gq over D

on the number of grid points). Under similar ratios in conditions (A) and (B)
the contribution of condition (A) to the error was higher than the contribution of
condition (B).

The behavior of F;, for n = 1000 and n = 2000 is the same.

Example 2. The geoid undulation G is approximated by a spherical polyno-
mial of degree and order N = 2159, computed in the official Earth Gravitational
Model EGM2008 and publicly released by the U.S. National Geospatial-Intelligence
Agency (NGA). The polynomial coefficients have been taken from

http://earth-info.nga.mil/GandG/wgs84/gravitymod/egm2008/egm08_wgs84.html.

This website also contains the values of the geoid undulation on two mesh grids
of type (2.12): 2.5’ x 2.5’ (ie. K = M = 4320, L = 8640) and 1’ x 1’ (i.e.
K = M =10800, L = 21600). The 1’ x 1’ grid points are 233,301, 600. The geoid
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undulation values as single precision numbers occupy 890MB on the hard disk and
range from —106.9 m to 85.8 m.

The table given below summarizes the results of the testing. The following
programs are compared:

e hsynth_WGS84 — the NGA spherical harmonic synthesis program comput-
ing G by its coefficients directly from (2.8); written in FORTRAN; for
comparison purposes assumed to be exact, so the error is 0.

e interp_ilmin — the NGA spherical harmonic synthesis program computing
G by spline interpolation of the 1’ x 1’ undulation data; written in FOR-
TRAN; because of the higher memory requirements, the code was tested
on a different computer (with larger RAM) to avoid paging.

e interp_2pbmin — the NGA spherical harmonic synthesis program comput-
ing G by spline interpolation of the 2.5" x 2.5" undulation data; written in
FORTRAN.

e needlet3 — implementation of our algorithm which uses the 3’ x 3’ undu-
lation data; written in MATLAB.

e needlet4 — implementation of our algorithm which uses the 4’ x 4" undu-
lation data; written in MATLAB.

Program Size HD Size RAM points/ Error
(MB) (MB) second (mm)
hsynth_WGS84 71.2 53.9 2 0
interp_1lmin 890.0 1814.0 80000 0.37
interp_2pbmin 142.5 287.6 79280 2.42
needlet3 70.9 132.4 1000 0.10
needlet4 41.1 100.2 400 0.17

Table 1: Program comparison by memory size, speed and error

The NGA program interp_2p5min requires approximately 16 seconds to be
loaded into the memory and initialized, while each of needlet3 or needlet4 re-
quires approximately 3 seconds. The total run time should be formed as the sum
of these values plus the time for proper point evaluation computed using column
“points/second” above.

Program hsynth_WGS84 solves Problem 1 while the remaining programs solve
Problem 3 described in §2.2.

The sampling interval for the Nyquist frequency is /2160 = 5’ and programs
needlet3 and needlet4 work with 3’ x 3’ and 4’ x 4’ mesh grids producing results
with relative errors approximately v = 10~%. The programs demonstrate that for
some quantities used in practice one can violate (2.34) as discussed in §4.2 and
still achieve very good approximation. As explained before one can increase the
accuracy of the needlet software by simply increasing § without doing computations
for new grid points, which is not the case with the spline interpolation software
interp_1lmin and interp_2p5min.

The test results described in Table 1 show that needlet3 and needlet4 are
memory efficient and, therefore, they can be effectively used for fast compressed
and accurate computation of the geoid undulation at scattered points on the sphere.
This is the main advantage of needlet3 and needlet4 over interp_imin. Of
course, as usual here there is a trade-off between memory size and speed.
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Observe also that we use the same algorithm for both Example 1 and Example
2. In contrast, the spline interpolation software discussed above is inadequate for
evaluating functions as in Example 1 because of their rapid oscillation.

In the rest of this section we give the numeric values of some parameters used
in our algorithm and the form of the kernel Ay.

We begin with the values of §(a;y, N) (§3.2) for several selections of N and .
Here @ is defined in (2.17) with a = 3 and b = by given in §3.2.
v\ N 500 1000 2000 4000 8000 | # nodes
10=° ] 0.02644 | 0.013222 | 0.006611 | 0.003306 | 0.0016528 1391
10~7 ] 0.03546 | 0.017729 | 0.008865 | 0.004432 | 0.0022162 2 501
10=% ] 0.05039 [ 0.025195 | 0.012599 | 0.006302 | 0.0031551 5 052

Table 2: The values of §(a;y, N) for a = 3
and number of nodes from a M x M grid, M = (2 + a)N

The last column above indicates the number of points from the M x M grid (M =
(2 + @)N) in the é-neighborhood of a point at the Equator; it is computed from
((2+ a)N§/7)%r and indicates the number of terms in (2.30) for £ at the Equator.
For a general £ = (6, ) this number has to be divided by sin#’. The number is
valid for the mesh grids from (2.12) and (2.13), while for (2.14) it has to be divided
by 2.

The graph of the kernel Ay o cos in [0, ] is given in Figure 3, while Table 3
contains its extrema and their locations on [0, d]. The values of the parameters are
N = 1000, & is defined by (2.17) with o = 3 and b = b5 given in §3.2 and v = 1075

Abscissa Value Abscissa Value

0 6.3283 - 10° 9.4979-1073 | -1.7536 - 103
2.0176 - 103 | -7.1635 - 10° 10.709 - 1072 | 4.0362 - 102
3.3062- 1073 | 2.6774 - 10° 11.897-1072 | -6.5661 - 10*
4.5626 - 1073 | -1.1246 - 10° 13.010-1073 | 5.5069 - 10°
5.8069 - 1073 | 4.6500 - 10* 13.832- 1073 | -5.6846 - 107!
7.0440 - 1072 | -1.7827 - 10* | | 14.550- 1072 | 6.8010 - 10!
8.2747-1073 | 6.0685 - 103 14.993-1073 | 2.2835 - 107!

Table 3: The extrema of Ajggg © cos and their abscissas in [0,0.014993]

6. CONCLUSIONS

In the paper we have presented a method for fast and memory efficient evaluation
within any precision of high degree spherical polynomials at many scattered points
on the sphere. As shown in §4.3 the method can also be used for approximation on
the sphere, verification of spherical polynomials, and for fast generation of surfaces
in computer-aided geometric design.

Some of the distinctive features of our algorithm are:

e The evaluation is done by formula (2.30) which has two loosely connected
parts: the nodes and cubatures weighs on the one hand and the kernel Ay
and the radius of the point §-neighborhood on the other hand. This relation
allows a wide variety of nodal sets, polynomial degrees and precisions to be
covered by one and the same formula.



FAST EVALUATION OF SPHERICAL POLYNOMIALS AT SCATTERED POINTS 29

x 10
7
6L i
5L i
alb i
3k i
oL i
1k i
(o]
-1 . .
[o] 0.005 0.01 0.015
x10° x 10"
6 600
4 400
200
2
0
0
\/ -200
-2
-400
-4 -600
. . . . -6 . . . . 800 . . . .
0 1 2 3 4 5 5 6 7 8 9 10 0.01 0.011 0.012 0.013 0.014 0.015

X10° x10°

FIGURE 3. Graph of Ajggo o cos in [0,0.014993]

The product N§ depends logarithmically on e, which allows the algorithm
to work with practically the same speed for widely varying precisions e.
At the same time the speed does not depend on the polynomial degree.
Thus very high degrees and very fine precisions are attainable for effective
computation.

The algorithm error is measured in the uniform norm, which guarantees the
computational accuracy at any point from the sphere. This feature gives
our algorithm an important advantage over algorithms with error estimates
in average, in RMS or of statistical nature.

The local nature of formula (2.30) implies that only nodes which are close to
the point of interest enter the computations, even if the polynomial is highly
oscillating (see Example 1 in §5). As a consequence, when computations
for a given region are performed only the grid values covering the region
plus a small neighborhood have to be stored in the computer memory.
The local nature of the method also leads to its natural parallelization.
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e The improvement of the precision ¢ is achieved by increasing ¢ and does not
require polynomial values at new nodal points. Such increase of 4 increases
the complexity, thus an application of the algorithm in a nested fashion
may be used for gaining speed (see §3.7).

e One of the main ways for increasing the speed of the algorithm is the
increasing of the parameter « as (3.43) shows. Under certain conditions «
can be chosen larger than the main restriction from (2.34) allows (see §4.2
and Example 2 of §5).

e The kernels Ay are “universal” in the following senses: (a) One can apply
(2.30) with many different nodal sets (and cubatures) with the same kernel;
(b) One can achieve precision ¢ varying in a logarithmically wide range with
the same kernel.

e The algorithm can work with, but does nor require, asymptotically equally
spaced nodes, such as HEALPix or GLESP. The use of regular nodal sets,
as those from §2.2, facilitates the easy determination of the nodes from a
point d-neighborhood.

e For a given nodal set X one can use different cubatures satisfying the com-
mon requirement of high degree of exactness.

e The method is numerically stable due to the small number of operations
needed to compute the values of the approximant given in (2.30).

e The method successfully avoids underflow and overflow problems since no
evaluation of a single associated Legendre function is performed. We only
use downward Clenshaw summation with the Legendre polynomials recur-
rence.

e The advantage of our algorithm over the direct calculation of spherical
polynomials becomes significant for spherical polynomials of degrees higher
than 300.
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