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QUADRATURE OVER THE SPHERE *

KENDALL ATKINSON' AND ALVISE SOMMARIVA#

Abstract. Consider integration over the unit sphere in R3, especially when the integrand has singular behaviour
in a polar region. In an earlier paper [4], a numerical integration method was proposed that uses a transformation
that leads to an integration problem over the unit sphere with an integrand that is much smoother in the polar regions
of the sphere. The transformation uses a grading parameter q. The trapezoidal rule is applied to the spherical
coordinates representation of the transformed problem. The method is simple to apply, and it was shown in [4] to
have convergence O (hzq) or better for integer values of 2q. In this paper, we extend those results to non-integral
values of 2¢q. We also examine superconvergence that was observed when 2q is an odd integer. The overall results
agree with those of [11], although the latter is for a different, but related, class of transformations.
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1. Introduction. In the earlier paper [4] a quadrature method for the sphere was intro-
duced to deal with an integrand that is singular at either the north or south pole of the sphere.
The present paper addresses some of the conjectures that were left unanswered in that earlier
paper.

The earlier paper studied the more general problem of quadrature over a smooth surface

S3
(L) 1) = [ PQ)dso
s
in which S is the image of a smooth mapping defined on the unit sphere U C R3,
1-1
(1.2) M:U — S

Using this mapping the quadrature problem reduces to that of integration over U,

(L.3) 1(f) = /U £(Q) dSq

and that is the case we address here. We assume f is several times continuously differentiable
over the unit sphere U, with the precise order of differentiability to be specified later. In the
following section we define the numerical method and we give the main results of the paper.
Subsequent sections deal with the proofs of those results.

This problem has also been studied by A. Sidi [11], and some of our tools are closely
related to those used in his paper. In [11] Sidi develops a class of single variable transforma-
tions to improve the behaviour of the integrand in (1.3). This class is denoted as the “extended
class S;,”, or “class S, for short, and it is an extension of that developed earlier in [9]. A
particular member of this class that is studied in [11] is the sin™-transformation, and the nu-
merical examples there are done with this transformation. Some of the tools used in Sidi’s
paper [11] are similar to ones we use, although there are differences as well because our
transformation does not belong to the class he addresses. The overall asymptotic error results

*Received June 8, 2004. Accepted for publication March 15, 2005. Recommended by F. Stenger.

T Depts of Mathematics and Computer Science, University of Towa

Dept of Pure and Applied Mathematics, University of Padua. Supported by the research project CPDA028291
“Efficient approximation methods for nonlocal discrete transform” of the University of Padua.

104



ETNA

Kent State University
etna@mcs.kent.edu

QUADRATURE OVER THE SPHERE 105

that we give are, in the end, the same as his, even though the underlying transformations are
different. Our results are not as complete as those of Sidi, due in part to the lack of needed
mathematical tools as compared to those developed in [11] for the class S, transformations
analyzed there.

2. The numerical method. In spherical coordinates this integral (1.3) can be written as

™ 2
I(f) = / / f (cos ¢ sin ), sin ¢psin 8, cos ) sin 6 d¢p df
o Jo

Rather than approximating this integral directly, we begin by introducing a transformation
1-1 . . .
L : U — U. With respect to spherical coordinates on U,

onto
2.1
N g . g
L:Q = (cospsinb,sin ¢sinf,cosb) — Q = (cos ¢ sin’ 6, sin ¢ sin" 6, cos ) = L(¢,0)

Vcos? 0 + sin?? 9

In this transformation, ¢ > 1 is a ‘grading parameter’. The north and south poles of U remain
fixed, while the region around them is distorted by the mapping.

The integral I( f) becomes

@2) 1) = [ 1 (£@) 7z (@) asg
with Jg (é) the Jacobian of the mapping £,

sin®*1 9 (g cos? @ + sin” 6)

(sin? 6 + cos? §) 3

@3)  Je (@) = IDL($,6) x DsL($,6)] =

In spherical coordinates,

o 2q—1 2 2 2
1) :/0 sin®?~" @ (g cos® 0 + sin® 0) F (6. ) dids

(sin®? 6 + cos? 6) 3
€m,C) = (cos ¢sin? 8, sin ¢ sin? 4, cos §)

V/sin?? 6 + cos2 0

0
(2.4)

Forn > 1,let h = w/n, and

For a generic function g, introduce the bivariate trapezoidal approximation

n 2n

kg 27
/ / g(sin B, cos 8, sin ¢, cos @) dp df ~ h? Z” Z”g(sin O, cos b, sin ¢, cos ¢;)
o Jo ;

k=0 j=

in which the superscript notation "’ means to multiply the first and last terms by % before
summing. Apply this to (2.4). Note that the integrand is zero for § = 0,7 and that the
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integrand has period 27 in ¢. Therefore

T 27
// g(sin @, cos §, sin ¢, cos ¢) d¢ d
0o Jo

n—1 2n

~ B2 . o N
(2.5) ~h ZZg(sm Ok, cos b, sin ¢;, cos ;) = Ty,
k=1j=1
sin®?™" @ (g cos 0 + sin® 6)

5 3 f(&mn,0)
(sin®? @ + cos? 6) 2

g(sin @, cos @, sin ¢, cos ¢) =

with (&, 7, () asin (2.4).
When 2q is an integer, we were able in [4] to show an accelerated rate of convergence
for this numerical integration of (1.3), as follows.
THEOREM 2.1. For the grading parameter q in the integral (2.4), assume q > 1 and 2q
is a positive integer. Introduce
_ | 2gq, 2q even
P= 2¢+1, 2qodd
Assume f is p-times differentiable with f® € L' (U), the space of Lebesgue integrable
Sunctions on U. Then the error in approximating (1.3) by (2.5) satisfies

2.6) I-T,=0 ()

We left some questions unanswered in the earlier paper and two of those are addressed
in this paper.
e First, what happens when 2q is not an integer.
e Second, when 2q is an odd integer, what is the actual rate of convergence? We
observed in [4] a much faster rate of convergence in such a case.
The most important tool used in understanding both of these questions is the Euler-MacLaurin
expansion (e.g. see [3, p. 285], [10, Appendix D]) and its generalization in Lyness and
Ninham [6]. A modification of the latter is used in answering the first question given above,
and the regular Euler-MacLaurin expansion is used in exploring the second question. We
present theorems that generalize the above Theorem 2.1, demonstrating them in later sections.
THEOREM 2.2. Assume the grading parameter q satisfies 1 < q < 2, ¢ # 1.5. Let
p = 1+ [2q], with [2q] denoting the integer part of 2q. Assume f is p-times differentiable
with all p™-derivatives of f belonging to L* (U). Then

.7) I-T,=0(n*)

After giving a proof in Section 3, we indicate how the theorem may be extended to other
larger non-integral values of 2q. We further note that this theorem corresponds to Theorem
4.3 in [11], although the latter is for a different class of transformations.

THEOREM 2.3. Assume q = 1.5 or q = 2.5 or q = 3.5 and let p = 4q. Assume f is
p-times differentiable with all p™-order derivatives of f belonging to L' (U). Then

(238) [T, =0 (k')

Again, following the proof in Section 4, we indicate how the theorem can be extended to
other cases in which 2q is an odd integer. This theorem also agrees with Theorem 4.3 in [11]
for the transformations covered there.
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We remark on the differentiability assumptions about f over U. Suppose f is a func-
tion defined on only U, and suppose all derivatives of f of order < p, with respect to local
coordinate systems on U, are continuous. Then it is known that f can be extended to some &-
neighborhood of U with preservation of the differentiability. In the following theory, without
loss of generality, we assume that the integrand f is defined on an e-neighborhood of U for
some £ > 0. Thus we treat f (£,7, () as a differentiable function of three variables, not two.

As in [4], we decompose the calculation of the error I — 7, into two portions:

Tsin??71 @ (gcos? 6 + sin? §) 27
10 -To= | ( W0 [ (e m,¢) oo
0 (sin®? 0 + cos? 6) 2
n—1_. 2¢q—1 2 22 2w
sin 0k (g cos” 8y + sin” 0
= i acosOe £S0) [ 6 ) d
=1 (sin® 0y, + cos? 0 2 0
2.9) -

+hz sin®~" 6y, (g cos? 6y, + sin® 6y,

=1 (sin® 0y, + cos? 0y,) 3
2 2n
x| [ e Go) do R f (Ekgs Moo Cros)
j=1

The last portion is the trapezoidal error for a periodic integral over [0, 27], and it is
straightforward to deal with if f is assumed sufficiently differentiable, obtaining the correct
order of convergence for I — T,. More precisely, with respect to the integration variable ¢,
the integrand is a smooth differentiable periodic function over [0,27]. In the remainder of
this paper, we consider only the first portion of the error, that of the trapezoidal rule applied
over0 <6 <.

3. Convergence with 2¢ non-integral. The key tool we use is a modification of a result
of Lyness and Ninham [6]. The proof of the modification (Lyness [7]) is based on recent tech-
niques developed in Monegato and Lyness [8]. We use mostly the notation of [6], specializing
the results in it to our situation. Consider approximating the integral

1
I= D(7t)d
| peyar
with D(7) having the form
3.1 D(1) =7 (1 = 7)“ h(7)
(3.2) =7 (1) = (1 = 1)“ 91 (1)

with 0 < A\, w < 1. We assume h(7) is N-times continuously differentiable on [0, 1] for
some N > 1. Consider the error in the trapezoidal rule applied to I,

_ i (i '
3.3) Ep = R; D (E) —/0 D(r) dr

Then

A
Em:§¢0 !(0)‘C(_)‘_3)

s mAt+s+1

N s (5)
-1 1 —w—
(3.4) +Z (-1) 5!1 (1) ) Cr(n:ist) ‘o (m—(A+N+1)) +o (mf(w+N+1))
s=0 '
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In this we use the Riemann zeta function ((s).
From (2.4), the integrand for our application of (3.4) is the function

27
(3.5) D(r) = (sin (rm))** ' B (sin? (7)) | fEn Q) ds, 0<T <]

where
gy = 1=9t+d
(1 —t+1)2
(&n,¢) = (cos ¢sin? () , sin ¢sin? (77) , cos (7))

\/ sin®? (77) + cos? (77)

and with f assumed sufficiently smooth on an open neighborhood of the unit sphere.
Let § be the fractional part of 2¢,

d = 2q — [24], 0<d<l1
Rewrite our integrand as

sin (7) m

é
D(r) = (1= )" (2L ) Gsnrm)) " s (rm) [ 7 (€.
= #4(r) = (17" 1 )

We must show that the function 1o (7) is p-times differentiable with ¢y (7) locally integrable
about 7 = 0; and similarly with respect to ¥ (7) about 7 = 1. We treat separately the cases
ofI<g<lbandl.b<g<2.

3.1. Casel: 1 < g < 1.5. We have [2¢g] = 2 and 2¢ = 2 + §; and then

sin (77)

4 27
=91 =7)0 (2220 in (7w in? (77
D) = (1=7)* (50 ) sin(rm 8 s (7)) [ 7 (€m0 o
=% (r) = (1= 7)1 (1)
where

sin (7)

§ 27
m) sin (7) B (sin” (7)) (& n,¢) do

0

() = (=) (
and similarly so for )1 (7). Note that

sin(rm) o p<r<i
T(1—1)

(5)

and then easily

is analytic on [0, 1].
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To obtain an error of size O (m_zq), as asserted in (2.7), we must take N = 3 in (3.4).
The error formula becomes

(s)
E— Z%/J )

m6+s+1

(3.6)

2 (1) (1) ¢ (=6 —
+ZO( )8!1 1) ;HSHS)

+0 (m3)

Using this to show E = O (m™27) requires:

1. 0(0) = 0, 41(1) = 0 |

2. 1g,11 € C? in neighborhoods of 7 = 0 and 7 = 1, respectively, and 7,[}(()]) (0) =

(1) = 0forj =1,2

3. 1/1(()3), 13) € L' in neighborhoods of 7 = 0 and 7 = 1, respectively.

The first condition is immediate.
We give arguments for only 1o (t), but analogous arguments hold for ¢4 (¢). To find the

derivatives of 1o (7), we must differentiate the product

. §
(3.7 1-r1)° (%) sin () h(r)H (7)

where
hit)=p (sin2 (T7r))

27

(3.8) H(r) = f(&m,¢) do

0
We need to consider the behaviour of the derivatives around the endpoints of [0, 1]. Since the

first two terms in (3.7),
(1— 1) ( sin (1) )5
T T7(1—=1)

are analytic in a neighborhood of 7 = 0, we need consider only the derivatives of the product

3.9) sin (7m) h(T)H (1)
Recall
B(t) = GL)H'Z
(t1—t+1)2

We need the derivatives of

h(t) = B (sin® (r7)) = B (3 [1 — cos (27)])

Use the following to do so.

hr)=p8(g(r),  g(r) =3[l —cos(2rm)]
W(r)=p"(g () g (7)
(3.10) K (1) = B® (g (1) (g'(7)* + B (g (r ))9(2)( )
W (r) =B - (¢')* + 383 -g'- g + 5. g
W0 (r) = B - ()" + 683 - (¢)* - g@

138 . (g( ) +48@) g g3 45 g
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These are special cases of the Faa di Bruno [15] formula for the n' derivative of a composite
function:

DB (g §:k, 5 (D) (9(7)
() (23 (22

k=(ki,....,kn), allk; >0
|kl =Fki+---+ kg
ki +2ky+---+nk,=n

@3.11)

with k a multi-integer satisfying

Next, in general for an integer £ > 0,

g(é) (r) = ﬂ:% (27r)[ sin (277), £odd
+1 (21)% cos (2n7), Leven
For the function 3(t),
B(t) = c1t?! + terms that are smoother than t9—1
(t1 —t+1)3
5@ (1) = cot?2 + terms that are smoother than t9—2
(t1—t+1)%

Since ¢ = 1+ 16 for the current case, we have that 3 (¢) is singular at t = 0. For a general
g not an integer,

cxt9™* + terms that are smoother than t1—F

(ta — t +1)K+3)/2 L

(3.12) AR (t) =

Combining these results for derivatives of g and 3, we have

H(r) = O ((sin (7)) = O ((sin (x7))** ™)
-0 ((sm (rr)'* )
B(r) = 0 ((sin (rr)) ™"+ 2600 = 0 ((sin (r7))* )
(313) =0 ((sin(r)’)
he)(r) =0 ((Sm (7)) in{2(a-3)+3, 2(a-2)+1.2(a— 1)+1]) 0 ((sin (WT))M%)
-0 ((sm (n7))~ 1+5)

Note that —1 < —1468 < 0. Thus h(®) (1) is integrable over [0, 1]. Also, h(*)(7) is continuous
on [0, 1] with h(? (0) = (2 (1) = 0.
What are the derivatives of

27

H(r) = | f(&m,Q) do
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where
(cos ¢ sin? (77) ,sin ¢psin? (77) , cos (77))
R(7)
(cos ¢sin'*9/2 (rr) ,sin ¢ sin' /2 (71r) , cos (7‘7‘())
R(7)
R(7) = sin?? (770) + cos? (1) = sin®*? (77) + cos? (77)

&mn,¢) =

By the chain rule,

d d
H’(T)z/o [h Ry C] d

To obtain the behaviour as a function of 7, we use

ﬁ
dr | _ wsin?™! (r) gcos (rm)
dn R(7)
dr
__sin (77) sin (27m) [gsin®=2 (rmr) — 1] [ cos ¢ ]
2R(7)\/R(7) sin ¢
¢ _ 0 1 cos? (1) [gsin®?~? (r7) — 1]
gr = ()| s R(1)/R(D) ]

For our case of 2¢ = 2 + 6,

d§
|~ o [152tem) _ Sntrmsnere) [ ) =] [ e |
@ R(T) 2R(7‘) R(T) sin ¢
dr
=0 s1n‘5/2 [ Z?ﬁg ]
ac _ — —rsin (1) 1 cos? (1) [gsin® (7) — 1]]
dr R(7) R(7)\/R(7)
= O (sin (77))

For the second derivative,

H®(7) = /02 lﬁ 1 (%) + f2,2 (Z—Z) + f3,3 (Zf_)

d¢ dn d¢ d¢ dn d¢

R e Ly
2 2

+f1 €+f2 77+f3dC] do

For the present case that 1 < g < 1.5, we can continue with this to show that

(3.14) HOM) =0 ([sin (rm)]™imlo/ H“’O]) . £=0,1,2,3
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to show the singular nature of H(?) and H®).
Now to (3.7), we calculate the derivatives of the product

sin (77) h(7)H ()
Using Leibniz’s formula,
(3.15)
d* 2 d*t d*z des
— s H = - s H
g lsin (rm) KOV H ()] = 30— sin ()] s ()] o (H()]

la|=¢

where a = (a1, a2, 3), @ > 0. There are & (£ + 1) (£ + 2) terms in this expansion. Con-
sider £ = 2, 3.
e [ = 2. The corresponding values of « are

(2,0,0),(1,1,0),(1,0,1),(0,2,0),(0,1,1),(0,0,2)
e { = 3. The corresponding values of « are

(3'16) (37 07 0) 7 (27 170) 7 (2707 1) Y (17270) ? (17 17 1) ?
(1,0,2),(0,3,0),(0,2,1),(0,1,2),(0,0,3)

It is easily checked that all product terms in (3.15) with £ = 2 are continuous, even though
H®)(7) is singular.

For £ = 3, we need to look only at terms containing h®)(7) [a = (0,3,0)] or H*) (1),
k=23[a=(1,0,2),(0,1,2),(0,0,3)], in order to check for integrability. It is easily
checked that in these cases the corresponding terms in (3.15) are integrable. Thus ¢33) er!
in a neighborhood of 7 = 0. An exactly analogous proof works in examing the behaviour of
11 (7) about 7 = 1. This completes the proof of E = O (m~2¢) for the case of 1 < ¢ < 1.5.

3.2. Case2: 1.5 < ¢ < 2. We have [2g] = 3 and 2¢ = 3 + §; and then
. § I
D) =7 (1= f (TN in () oo () [ 1 om0 a0
7(1—7 0
= r4(r) = (1—7)" ¢y (1)

sin (7) m

)
Yo(r) = (1 —7)° (ﬁ) sin? (r) 8 (sn? (7)) [ 1 (€10, s

and similarly for ¢ (7).
To obtain an error of size O (m*2‘1), we must take N = 4 in (3.4). The error formula
becomes

mdtst+1

3 (9
Yy (0) C(=6 -
E:ZO 08!() ( 5)

(3.17)

S (1) (1) ¢ (=6 — s
S U

s=|

Using this to show E = O (m~24) requires:

1. ¢0(0) = ¢5(0) = 0,91 (1) =91 (1) =0;
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2. o, E C’3 in neighborhoods of 7 = 0 and 7 = 1, respectively;
3. @bgl), 1 ) e L'in neighborhoodsof 7 = 0and 7 =1, respectlvely
Again, the first condition is straightforward, because of the presence of sin? (77) in the for-

mulas for o (7) and 1 (7).
In analogy with the first case, we must consider the derivatives of

(3.18) sin? (r) h(7)H(7)

Note that it contains the higher power sin® (77) as compared to the sin (77) of the first case
in (3.9).
Proceeding as in the previous case,

(3.19) h® (1) =0 ((sin (m))”‘*’“) . k=1,....4

HO(r) =0 ([sin (m)]min[é/“’*‘”’o]) . £=0,1,2,3,4

showing H®) () and H¥ (1) are singular at 7 = 0. The second condition stated above, that
g,%1 € C? in some neighborhoods of 7 = 0 and 7 = 1, respectively, is satisfied. Simply
use the same approach as in the first case, noting now that in (3.15) the term sin (77) is
replaced by sin? (7). Because of this, all terms arising from (3.16) will be continuous at
T=0andT = 1.

What remains is to show that ¢(()4) € L(0,1). Returning to (3.15) for the case £ = 4,
the corresponding values of « are

(4,0,0),(3,1,0),(3 0,1),(2,2,0),(2,1,1),
(2,0,2),(1,3,0),(1,2,1),(1,1,2),(1,0,3),
(07470)7(0737 ]‘) (07 Y ) (07 ’ ) (07074)

Only when we look at terms containing h*) (1) [a = (0,4,0)] or HO (1), £ = 3,4 [a =
(1,0,3),(0,1,3),(0,0,4)], is there any need to check for integrability. It is easily checked
that in these cases the corresponding terms in (3.15) are integrable. Thus ¢(()4) € L'ina
neighborhood of 7 = 0. An analogous result holds for ) about 7 = 1. This completes the
proof of Theorem 2.2.

How do we generalize this theorem to larger non-integral values of ¢? We would again
look at two cases:

k<g<k+3} and k+i<g<k+1

for some integer k. Then we would generalize the formulas for A*) and H(®. The formula
for H® generalizes easily; but that for the composite function A(*¥) does not. The latter
requires using the Faa di Bruno formula (3.11), and we have not found any general way of
handling this. It is straightforward to do particular cases, however, and we have suitably
generalized (3.13) and (3.19) for ¢ € (2,3) and (3,4). With these results in hand, we then
can examine the Leibniz formula (3.15) and show the needed properties for the functions g
and 9.

4. Superconvergence with 2¢ an odd integer. In [4] it was observed experimentally
that with f sufficiently differentiable and g = 1.5,

—Ta = O(h%)
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There was no precise estimate of the speed of convergence for the cases ¢ = 2.5 and ¢ = 3.5,
although it was clear experimentally that the speed of convergence was very high.

As noted earlier following (2.9), we are considering the trapezoidal error I — 7, when
approximating

@.1) /0 " F(0)G(6) o

(1—q)sin?6 +q
(sin®? 9 + cos? §)3/2

/f&nC

Here, resorting to the well-known Euler-MacLaurin expansion in its standard form (cf. [3],
[6]), we explain the reason for such superconvergence for the cases ¢ = 1.5, 2.5, and 3.5. Let
p = 4q, and assume f is p-times differentiable with all p-order derivatives of f belonging to
L (U). Without loss of generality, we can assume that f is defined on some e-neighborhood
of U, call it U,, with f having analogous differentiability properties on U.. Then we show

sin?471 g

F(9) =
4.2)

I—T,=0 (h')
as stated in (2.8) of Theorem 2.3.
Introduce
0(8) = sin? 0
(4.3) V/sin?? 9 + cos? 6
: 0(6) = cosf

V/sin?? 6 + cos? 6

and then write (£,1,() € U (see (2.4)) as
(&, ¢) = (1p(8) cos ¢,9(0) sin ¢, v(6))

Since f is sufficiently differentiable over U, we can expand it in a Taylor series about
(0,0,1), corresponding to § = 0, with the series converging in some neighborhood of
(0,0,1). Using a Taylor series of order N — 1, we can write, roughly speaking,

N-1

(44) f(ga 7, C) = Z Qj,5.k é-z 77] Ck + PN(f; 7, C)
z'—{z—’j]—,f—kk2<0N

with appropriate coefficients a; j;. The remainder pn (£, 7, () can be written in a variety
of forms, each depending on N th_order derivatives of f. Moreover, all derivatives of pny of
order < N equal zero at (§,7,¢) = (0,0,1). Using this expansion, we expand G(f) about
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N-1

27
mm:/' S iz €106, 0) 17 (6, 0) 59, 6) dp + Ry (9)
0 k>0
i+j+k<N
Nl 2m . .
> aijk [ E(6,0) 77 (6,6) C*(6,6) dp + Ry (6)
i,5,k>0 0
i+j+E<N
N-—1 2w
(4.5) = Z aijr v (6) vF(6) / cos® psin’ ¢pdep + Ry (6)
i,5,k>0 0
i+j+E<N

The remainder Ry (6) depends on the N'"-order derivatives of f and can be written in
an integrated form,

2
RM®=A o (€, 0) d

Thus Ry (6) is well-defined around # = 0 when the N'-order derivatives of f belong to
L1(U.). In addition all derivatives of Ry () of order < N equal zero at § = 0.
Denoting by 3 the “Beta function” (cf. [1, p. 258]), we note that

/2 ) ] 1
/ sin’ ¢ cos? ¢ dep = §ﬂ (3(i+1),1(+1))
0
When 4, j are both even, we have

2m
/ sin’ gcos’ pdp = 2B (3(i + 1), 3(j + 1))
0

and this integral equals O in all other cases of 4, j. As consequence,

N-1

27
(4.6) GO)= D aijpv™(0)F0) / cost psin’ pdp + Ry ()
irj, k>0 0
i+j+hk<N
2,) even

This corresponds to Sidi [11, Lemma 4.1 and Theorem 4.2].
Now let ¢ = 1.5. Using Mathematica to simplify the calculations,

20\ _ n3 ﬁ_e 7
WA(0) = 6%+ 5 —6° +0(07)

Use this in the expansion of (4.6), noting that ¢ 4 j is always even and therefore

biti(9) = [¢2(6’)] 3 (i+3)
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with £ (i + j) an integer. Then
(4.7) G(0) = +7260° + 736° + 7140° + O(67)

for suitable {;}.
Returning to (4.3), we also have
_ 302 50* 965 7768

4.8) F(0) T-FT—T‘FW—FO(G’?)

Combining (4.7) and (4.8), we have
F(0)G8) = c16% + 26" + ¢36° + c48° + O(87)

for suitable constants {c; }. A similar Taylor expansion holds for & «. This implies that the
first and third derivatives of F'(6)G(0) are zero at§ = 0, .

We apply the Euler-MacLaurin formula to (4.1). Since f is 6—times differentiable with
all 6%"-order derivatives in L(U), we can conclude that the order of convergence of the
quadrature rule for g = 1.5 is 6.

Use an analogous proof when ¢ = 2.5 (and assuming f is 10-times differentiable with
all 10**-order derivatives in L(U)). Then

67  116°

V2(6) = 6° + st - 6'° +0(6'h)

95 97 116° 30 "
O =15 T T Ty PO

G(0) =71 + 1260° + 130" + 116° + +750"°+O(6™)

_ 56t 765 1163 156° 110776

-~ 11
2 + 12 + 16 4 + 30240 +0@")

F(G)G(G) = 0104 + 0296 + 6308 + 0409 + 0(010)

This allows us to prove that I — T, = O(h!?).
For ¢ = 3.5 (assuming that f is 14—times differentiable with all 14**-order derivatives
in L(U))

A 6° 1761 43413
2 _p1 _ Y
YO) =0 6 + 120 + 2160

-6 +0(6")

1 1 17 43 3
—1_ 297 9 1 13 | 9pl4 15
v(6) 59"+ 2% —510% ~ m? t gl + 0 (6")

G(0) = 71 + 7207 + 730° + 1™ + 750" + 4661 +0(6°)

765 36% 1876'° 5500'2 21913 98470 _ . 16
FO =5 =7+ 20 " 230 ~ 4 T soea0 T2 TOED
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F(0)G(8) = c16° + c20% + 30" + 40" + 50" + c,0™ + 0(6")

Taken together, this implies that the order of convergence is 14.
We would like to generalize this proof to

q:m—}—%, m > 1 an integer

but we have been able to do so for only a portion of it. The difficulty can be seen in the form of
the Taylor expansions given above. The various functions are neither even nor odd; but their
lower degree terms have the behaviour needed in order to apply the Euler-MacLaurin error
formula. Nonetheless what we have shown is sufficient for practical purposes, demonstrating
that g of this special form is the preferable choice.

5. Conclusion. Although some of the techniques used in this paper are similar to those
used in Sidi [11], they were obtained independently of that paper. A major difficulty with our
transformation £ of (2.1) has been the integral term

27

H(r) = f(&m,¢) do

0

of (3.8). We have had to be quite careful in the handling of its derivatives, as we did in
obtaining (3.14) of §3. There is a similar difficulty in Sidi [11, Theorem 4.2], and he has been
able to handle it in a different way, by using the general theory he has developed for the error
analysis of the trapezoidal rule when applied in connection with class S, transformations
(cf. [11, Theorem 3.1]). See Sidi [14] for an extension of the results of this paper, completed
independently of our present paper. In addition, the papers Sidi [12], [13] also relate to the
numerical method studied in this paper, although again our results are obtained independently
and are somewhat different in approach.

In spite of the difficulty in the error analysis of our transformation £, we believe it is a
natural way to grade nodes on the sphere and one that needs to be understood more fully.
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