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INVARIANT CUBATURE FORMULAE FOR SPHERES AND BALLS
BY COMBINATORIAL METHODS*

SANGWOO HEO! AND YUAN XU*

Abstract. Invariant cubature formulae for a class of weight functions on the simplex T% are
derived using combinatorial methods, extending the formulae in [Grundmann and Moller, STAM
J. Numer Anal., 15 (1978), pp. 282-290] for the unit weight function on T¢. These formulae are
used to derive cubature formulae on the surface of the sphere S% and on the unit ball B? using
connections between cubature formulae on 7%, B¢ and S¢.
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1. Introduction. The purpose of this paper is to construct invariant cubature
formulae on the simplex 7% and on the unit ball B¢ of R¢, as well as on the (surface
of) sphere S¢ of R4*!. For x € R? we denote by |x| the usual Euclidean norm and
by |x|1 = |z1| + - + |za| the £ norm of x. Then S¢ = {y € R¥*! . |y| = 1},
Bl ={xeR?: |x| <1}, and

T¢={xeR: 21 >0,...,24 > 0,1 —|x|; >0}.

In [3], Grundmann and Moller constructed a family of cubature formulae of arbitrary
odd degree for the unit weight function on 7¢ using combinatorial methods. Recently
in [8, 9] we showed that cubature formulae on T, B¢, and S¢ are related and, in fact,
often equivalent. However, formulae for the unit weight function on 7% are related to
formulae with respect to |z1---2441|dw on S and |2y -+ - z4|dx on B¢, In order to
derive formulae for the unit weight functions on S% and B¢, we need formulae on 7¢
for the weight functions 1/y/x1 - 24(1 — [x|1) and 1/,/@1 - - 24, respectively. In this
paper we shall construct cubature formulae on 7' for a family of weight functions
that include both of them as well as the unit weight function.

The formulae in [3] and some of their extensions in the following section are invari-
ant under the symmetric group on 7'%; that is, invariant under the affine transforms of
T% onto itself. The corresponding formulae on S¢ are invariant under the octahedral
group, which we denote by By since it is the Weyl group of type Byyi. This is the
symmetric group of the unit cube {£1,+1,41} in R3. It contains permutations of
coordinates and the sign changes (the group By is semiproduct of the symmetric
group Sqy1 and the abelian group Z3™'). We can write

(1.1) Z f(xa):Zf(ion,...,ixgd), x = (zg,...,zq) € RS

o€Bit1
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INVARIANT CUBATURE FORMULAE 627

where the sum is over all possible sign changes and all permutations o = (o, ...,04)
of (0,1,...,d). A cubature formula invariant under Bg41 is a linear combination of
the above sums at distinct nodes; such a formula is called fully symmetric (cf. [7,
p. 128]). Recall that a cubature formula is of degree M if it gives the exact values
of integrals for polynomials of degree up to M. Throughout this paper, we use the
notation

<a) <a0> <ad) b <a> I(a+1)
= ... s whnere = )
B Bo Ba b) T+ DI(a—-b+1)
for o, 8 € R4 and we adopt the convention that (‘g) = 0 whenever b > a + 1.
Moreover, for o = (g, aq, ..., aq) we write a — 1/2 = (ag — 1/2, ..., a4 — 1/2). One
of the main results of the paper is the following fully symmetric cubature formula for
the surface measure on S%.

THEOREM 1.1. Lets € Ng andn = 2s+1. Then the following is a fully symmetric

cubature formula of degree 2n + 1 on S%:

(1.2)
B pld+n)/2 [ 2 ; (n+(d—=1)/2 -2 p—1/2
/Sdg(y)dw = ozsrd [Z(—D I T(n4 (d+1)/2 —1) Z < g >

i=0 1Bl1=s—1,
Bo>-284

A )

Vit (d-1)/2-2"" " \/n+(d-1)/2-2i

c€EBG+1

We will also give an analogous formula for the unit weight function on B¢ (The-
orem 2.5). The cubature formulae in Theorem 1.1 form the first family of formulae
that are given explicitly for all d and for higher degrees. Among them all formulae for
s > 3 appear to be new. See section 4 for further discussion. For results on cubature
formulae on S T? and B? in general, we refer to [2, 4, 6, 7] and the references
therein; more recent references are also collected in [1].

The paper is organized as follows. The preliminary and main results are given in
section 2. The proof of the combinatorial identity that yields the formulae is presented
in section 3. Examples and further comments are given in section 4.

2. Preliminary and main results. Throughout this section we write y =
(Yo,y1,.--,yq) ify € R+, Given p = (oy -+ s pta)s s > —1, let W, (y) = lyo |2Ho+ ...
lya|?#4! be a weight function defined on S¢. We use the notation (i) = Z?:o i
When all p; are nonnegative, y() = |p|1. In the following we shall write |3| instead
of |B]; for B € Ng“. Associated with W),, we define a weight function WMT on T% and
a weight function WMB on B? by

Wi (x) =it ol (1= |x[) and WP (x) = [y #0750 fargPRert (1 — [x]?)ke

respectively. We note that W, on S is invariant under the abelian group Zg“
and Wf is invariant under Z¢. The following theorem gives the connection between
cubature formulae with respect to these weight functions.

THEOREM 2.1. If there is a cubature formula of degree n for VVHT on T? given by

(2.1) [RSLACIIED SPICH
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whose nodes w; = (u;1,...,u;q) are all in T?, then there is a cubature formula of
degree 2n + 1 for Wf on B? given by

N

(2.2) FERWEIEdx =Y "N > flery/tis, ... cay/Uia) /28,

d -
B i=1  ee{-1,1}d

where k(u) denote the number of nonzero elements in the node u; moreover, there is
a cubature formula of degree 2n + 1 for W, on S¢ given by

S dw—QZA S Fov a2,

ee{—1,1}d+1

where w0 =1 — |ugl;.

This theorem is proved in [8, 9] for far more general classes of weight functions. It
is also shown in [8, 9] that if a cubature formula of the form (2.2) on B? or a formula
of the form (2.3) on S? is given, then we can use it to generate cubature formulae
on the other two domains. The theorem as stated is precisely what is needed in this
paper. We are now ready to state our main results, starting with formulae on 7.

THEOREM 2.2. Let s € Ny and n = 2s + 1. Then the following is a cubature
formula of degree n with respect to WE on T%:

(2.4)
I T + D[S, o (k) +d =20
/Td W, (x)dx = == ;H) IT(n+y(p) +d+1-1i)
B+ p 261 +p1 + 1 284+ pa +1
XWZ“( ) <n+7(u)+d21""’n+’y(u)+d2i>1’

where the sum over (3 is over 8= (Bo,...,B4) € NdJrl such that |B] = s — 4.
We note that only (’a“;“”) in the summation over 3 depends on By. Hence, we
can also write the summation over (§ as

(504—#0)
|Bl=s—i  Bo=0

« Z <ﬂ’+,u/)f 201+ +1 284+ pa+1
|6 |=s—i—, F n+y(p) +d=2i"" Tn+y(p)+d—-2i )|

(2.5)

where 3" = (B1,...,04) and ¢/ = (u1,- .., tqa). The most interesting case of the above
formula is when WHT is symmetric. Let Syy1(T) denote the symmetric group of 79,
which consists of all permutations among (xg, x1, ..., xq), where we write g = 1—|x|;.
We note that WMT is invariant under Sg4+1(7") when o = 3 = -+ - = pg. In this case,
the formula in Theorem 2.2 becomes symmetric under Sy41(T") as well. In order to
state the symmetric cubature formulae, we follow the following notation in [3].

We associate each x = (z1,...,24) € T¢ with X = (zo,...,24) where g =
1 — |x]1. Let ¢ be the mapping ¢ : x — X. If ¢(y) is in the orbit of X in Sz41(7T)
(that is, ¢(y) € {Xglg € Sgi1}), then y is in T¢. We denote the equivalent class of
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all points y whose images ¢(y) are in the orbit of X by ((zo,x1,...,24)) or simply
((X)); that is,

(X)) = {(@os -+, %6,) 1 0 = (00, -+, 04) € Sa1(T)}.

Then all points in ((X)) are in 7%. We then introduce an abbreviation for arbitrary
f:RY— R, asin [3]:

XN =Y ).
ye((x))

Symmetric cubature formulae are linear combinations of the above sums for various
nodes. Note that for symmetric WT, we have v(u) = (d + 1)u. In the following, if

I_L b)
= (to,.-.,pq) and all u; are equal, we denote their common value also by p.
THEOREM 2.3. Let s € Ny and n = 2s + 1. Assume that pug = gy = -+ = g-

Then the following is a symmetric cubature formula of degree n for WE on T%:

[C(p+ 1)) & (254 (u+1)(d+1) — 20)"

(2.6) ” f(x)W,T(X)dX=T; (_1)i¢1 C(n+ (p+1)(d+1) —1)
B+ pu 200+ p+1 2Ba+p+1
X;;i,( s )Zf<<23+(u+1)(d+1)—2i”"’2s+(u+1)(d+1)_2i>>].

When p = 0, this theorem was established in [3]. The number of nodes in this
formula is exceptionally small; see the discussion in [3] and in section 4.

Using Theorem 2.1, we can then obtain cubature formulae on B? and on S¢. For
S, we shall state only formulae that are obtained using the formulae in Theorem 2.3,
which consists of the most interesting cases. One should have no difficulty writing
down formulae on S? obtained from Theorem 2.2 if needed. When pg = - - - = pg, the
weight function W, is symmetric under the octahedral group Bg+i. The corresponding
formula on S? is fully symmetric; see (1.1).

THEOREM 2.4. Let s € Ny and n = 2s + 1. Assume that pg = 1 = -+ = ugq-
Then the following is a fully symmetric cubature formula of degree 2n + 1 for W, on
S

d+1
e [ oW, et
s i (2s+ (p+1)(d+1) —20)" B+ p
x ; l(_l) AT(n+ (u+1)(d+1)—i) w:zs; ( 8 )

(( V2B FpF 1 V2Bt pF 1 ) )]
X Z g SN - o ] |.
e V2s+ (p+1)(d+1)—2i V2s+ (p+1)(d+1)—2i

When p = —1/2, this is the same as Theorem 1.1. For the cubature formulae
on B?, we shall state the result only for the unit weight function W (x) = 1. In this
case, we cannot use Theorem 2.3, since a formula in Theorem 2.3 leads to a cubature
formula on B? for the weight function W2(x) = |z ... xq/* T (1—[x[*)", which does
not include the unit weight function. We need to use the cubature formula for WILT
with u = (0,-1/2,...,—1/2) in Theorem 2.2. The result is as follows.
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THEOREM 2.5. Lets € Ny andn = 2s+1. Then the following is a fully symmetric
cubature formula of degree 2n + 1 for the unit weight function on B®:

(2.8)

. - 71/
f( dX 225+d2[ Z'F n—|—d/2—|—1 Z Z ( B’ )

=0 |8/|=s—i-Bg.
B1228q

where 3 = (Bi,...,B4) € Ng.

We note that the formula (2.8) is fully symmetric even though the corresponding
formula on T is not invariant under Syy1 (7).

The proof of these results is equivalent to the proof of a combinatorial identity.
To see how it works we need one more definition. For x € R? and o € N4, we use
the standard multi-index notation x* = z{" ...z5* to denote the monomials. Let
1% denote the space of polynomials of degree at most n in d variables. Evidently,
the monomials {x® : |a| < n, a € N¢} form a basis of 1. We shall need another
convenient basis given in terms of

Bd

oc€EBy

Xﬂ:xgoxfl~ a:gd, xo=1—21—--—x4 and B=(Bo,---.,0a),

where we follow the notation in [3]. Using the multinormal formula, it follows that
{XP:|8] =n, €N} forms a basis of IT¢ (see [3, p. 283]). The moments of X
in terms of WHT are given by

d
XoWT (xydx — La=o 05 05 +1)

_ 6Nd+1.
ra H T(jal + () +d+1)  *570

Since (2.4) is a cubature formula of degree 2s + 1, it is exact for all polynomials X
for || = 2s + 1, which is equivalent to the following identity:

ool £ D) Mo Tl +1) g l(_ly (lof + () +d - 20

T(lal+y(m)+d+1) 225 i (jo] +v(p) +d+1—1i)

i=

y Z (5‘*’#) 2680 + po + 1 aom 284 + pa +1 o
B laf +y(p) +d —2i laf + (k) +d —2i '

|8|=s—i

Using the notation of binomial coefficients, the above formula can be written as

(2.9)

Q%!(a;—ﬂ):i(_l)j(mmgmw) 5 (ﬁ;u)ﬁ(wﬁﬂﬁl)ai’

=0 J |Bi=s—j i=0

where a! = ap! - - - a4! and |a| = 2s+ 1. Hence, the existence of the cubature formulae
(2.4) is equivalent to the validity of (2.9), which we prove in the next section. Here
is how this combinatorial formula was discovered. When p = 0 the combinatorial
identity (2.9) is due to Grundmann and Moller in [3], which suggests the possible
existence of the formula in general. However, the proof in [3] does not seem to extend
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to the general setting. We computed a number of examples using a computer algebra
system, which confirmed the existence of a formula in the form of (2.9) up to some
coeflicients, which were determined by further calculations and judicious guessing and
were later justified by the proof.

The formula (2.6) follows from (2.4) or (2.9), as in [3], from the fact that

any equivalence class ((xo,...,zq)) contains exactly one point (z,y,...,zs,) with
Try 2> -+ > Zr,. Therefore, if 19 = - -+ = pgq and their common value is denoted by g,
then

3 <5+u> 260 +u+tl \" o 2atpr1 )T
B laf +y(p) +d— 2 laf +y(p) +d —2i

|Bl=s—i

Z <5+M> a 260 +p+1 284+ p+1

= X ).

s \ B n+y(p)+d—2i"" n+y(p) +d—2i
Bo=-=Bgq

from which the formula (2.6) follows. Both formula (2.7) in Theorem 2.4 and formula
(2.8) in Theorem 2.5 follow from Theorem 2.1 and the formulae on 7¢ in a straight-
forward manner. Since all nodes in the formulae (2.4) and (2.6) are nonzero, the
corresponding number k(u;) in using Theorem 2.1 is equal to d for the formula on the
ball and equal to d + 1 for the formula on the sphere for every node.

3. A combinatorial identity. In this section we prove the combinatorial iden-
tity (2.9). We start with finding a generating function that gives the right-hand side
of (2.9).

LEMMA 3.1. Let p; > —1 and a; € Ny, 0 < i < d. For each nonnegative integer
s and 0 <r <1, we have

d i
(1 _ T)28+d+1+’y(u) H (r—,ui ddrl-&-m> (1 _ TZ)—m—l
T

=0

-y [i(—l)j(25+d+.1+7(m) > (ﬁ;M> ﬁ(2ﬁi+ui+1)(”‘

m=0 L j=0 J |8|=m—j i=0

,r2m.

Proof. Let a > —1. We start with the binomial series

(1—r2)—at :Z <n+a>r2", 0<r<l

a
n=0

Let k € Ny. Applying the operator r=%(d/dr)r'T® to the series k times, we conclude
that

k
—a d 1+a 2\—a—1 __ - n+a k_2n
(7’ e >(1—r) —Z u 2n+1+a)"r", 0<r<l

n=0

Next we multiply the above identity with a replaced by p;, n replaced by 3;, and k
replaced by «; for 0 < i < d to conclude that

d d a o] ﬁ‘i‘ d
H (r“”drrl'ﬂ”> (1—r2)~ it = Z [ Z ( 3 M) H(Qﬁi + pi + 1)
=0

m=0 L|8|=m i=0

r2m.
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The desired result follows from multiplying the above equation with the series

(1- r2)23+d+1+7(u) _ Z(_l)n (23 +d+1+ ’Y(N))T%’ 0<r<l.

n
n=0

We note that if 2s + d + 1 + y(u) is an integer, then the above series is just a finite
binomial sum. The result does not change, however, since we adopt the convention
that (‘;) = 0 whenever b > a + 1. 1]

Let f be a real valued function and a be a real number. The kth forward difference
of f based on the points (a+1)/2,1+ (a+1)/2,...,k+ (a+1)/2, denoted by A* fo,
is defined via the finite difference by

2 wra= o ()7 (4 )

i=0 J

In particular, if f(z) = 2", we write A¥ f as AF(y + (a + 1)/2)"|,=0.
LEMMA 3.2. Let a > —1 and n € Ng. Then for 0 <r <1, we have

0 d o4 ! N—a—1 - k(k+a\ a+1)" 2\ —k—a—1
¢—pirae 1- e =2" -1 A —_— 1- e
<r s )( ) e W e ey A e

Proof. Let D, = (1/2)r=%(d/dr)r'*? as an operator applying on functions of .
We have for any nonnegative integer k,

1+a

Dy(1—r*) " * = (1+a+k)(1—r?) "2 - ( + k) e ) I

Let I denote the identity operator. Then we can write the above identity as

(Da * (agl " k) I) (L= = (ot k1)1 = %)

Iterating the above identity for Kk =0,1,...,n — 1, we conclude that

H <Da + <a;—1 —|—Z>I> (1 _7«2)—11—1 — (n+a)(a+ 1)(1 _,r2)—a—n—1

=0

— F(n +ta+ 1) (1 _ 7,2)*(1777,71.
Ia+1)
What we need is the action of D} which can be derived from the above formula as
follows. Using the notation (3.1), the Newton form of the interpolation polynomial

based on the points (a +1)/2,14+ (a+1)/2,...,n+ (a4 1)/2 can be written as

n k
Ln(f;:z:)Zkl:!Akfol_[(:ria;r >

k=1 =0

Since L, (f) is the unique interpolation polynomial of degree n on those n+1 points, it
follows that L, f = f if f is a polynomial of degree at most n. In particular, applying
the formula to f(¢) = ¢™ and then set t = —x, we obtain that

B a+1\ | & Ca+1
"= ()RS AN ‘ [I(e+i+=5—).

=0
k=1 =0
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Using this identity with D, in place of x, we can then conclude that

n n k
n —a— (_1 nok a+1 . a+1l —a—
D1 —r) 1:2%& Y+ — " OH Dy —i—— (1—r2)=at

k=1 =1

n ~ +1\| Tk+a+1) o
— _1)nk Ak a ‘ tWwtat ) oy-k-a-1

;( ) (er 2 > yeo WT@s1) +77) ’

which is, upon multiplying 2", what we need to prove. 0
LEMMA 3.3. Let pu; > —1 and o; € Ng, 0 < i < d. Let s be a nonnegative integer.

If la| = 2s 41, then

(3.2)
S d
(1) (23+d+.1+7(u)) 3 (ﬂ;u) H(25i+ﬂi+1)ai:22S+1Oé!(a+u>
i=0 J \Bi=s—j i=0 @
_ - _1)s—m 25 —m k+p : ai Ak i +1 *
mZ:O( ) ( s )|k|¥m( k )}12 A (y—i— 2 ) ‘y:o'

Proof. Multiplying the identity in Lemma 3.2 with a = pu; and n = «; for
1=0,1,...,d, we get

d d @i
H (r"“drrlﬂ“> (1- 7"2)_’“_1

i=0
d o [e73
- k 7 7 1 ks — s —

:HZ(—U‘”"“( Z“)M( e ) IR

i=0 k; =0 ¢ y=0

laf d a;
_ Z |a| Z (k "li{_ ‘LL) H AFi <y + ,u'z;- 1) ‘ (1 N 7a2)—rn7'y(,u,)ful71.

k|=m i=0 y=0

Multiplying this equation by (1 — r2)25t4+147(1)  the terms involving  in the sum-
mation become (1 —72)%~"_ Hence, upon setting |a| = 25+ 1, we see that except the
term with m = |a|, which contains (1 —r2)~!, all other terms become polynomials in
r. We expand (1—72)~"! as a standard power series in r and (1—72)25"™ 0 < m < 2s,
as a polynomial in 7 using the binomial formula. After exchanging the order of the
summations, we conclude that for |a| = 2s + 1,

d a;
(1 _ r)2s+d+1+’y(u) H (7“_/“ dr1+m> (1 o T2)—p,~—1 92s+1,, (04 + N) Z 2n
dr

=0 n=0

2s—j
+ 2|a\ Z Z 1)2s+1—m (28 ; m)
m=0

< 2 (W ()

=0

r2,

y=0
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The left-hand side of the above formula is the same as the left-hand side of the
formula in Lemma 3.1; both formulae give the power series of this function when
|a| = 2s + 1. The desired formula is derived by comparing the coefficients of ¢ in
the two expansions. 0

Let us denote the two sums in (3.2) by L-sum and R-sum, respectively. Then
(3.2) becomes

3.3 L-sum = 225t1q] — R-sum.
( )
a

Notice that L-sum is the same as the sum in (2.9); we see that the above equation is
equivalent to (2.9) if either

L-sum = 2%%q/! (a * M) or R-sum = 2%%a/! (a + M)

« (&%

holds. In fact, the first identity is exactly (2.9). Since R-sum is as complicated as
L-sum, it seems that we do not gain much by switching from L-sum to R-sum. It
turns out, however, that these two sums are in fact equal; that is, R-sum = L-sum.
The proof of this fact will finish our proof of (2.9).

LEMMA 3.4. Let pu; > —1 and o; € Ng, 0 < i < d. Let s be a nonnegative integer.
If |a| =28+ 1, then

S

S 5 ) e

=0 J |Bi=s—j i<0

s d [e73
_ _1\s—m 2s —m k—f—M a; A kg /1’Z+]-
-3 ( ) )gﬂ( . )[[2 A <y+2 =

m=

Proof. Our objective is to prove R-sum = L-sum. We start with (3.1), which

implies that
n k n
a+1 Ak [a+1
A | =3 '

Multiplying this formula with & = k; and n = o; for i =0,1,...,d, we get

HQ"‘ i AR ( ”“Ll)

Substituting the above sum into R-sum and changing the order of summations, we
get

Restm — <23 - m> . (~1 3 ﬁ(m— 1) <kﬁ“> (Z)

m=0 p=0 |B|=p i=0 |k|=m

NI 3 DS | CETEEIT

p=0 m=p |B]=p i=0 k|l=m

k|

=Yt 3 (§) e+

p=0 |Bl=p =0

y=0

»

7N\
P
~ +
=
N~
N\
<@ ~
~__
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Since (3) = 0 whenever §8; > k;, it follows that (;) = 0 whenever |3] > |k| (recall

that both k; and B; are nonnegative integers). Hence, in the last equation we can
write the limits of the sum over m as from m = 0 to s. Changing summation indices
m=s—mn and p = s — j, we then have

Using the following identity on the binomial coefficients

()6 =5 G

which can be easily verified, we further obtain

can-$ 8 (e 501, 2 (1)

=0 |Bl=s—i i=0 n=0 Ik|=s—j

The proof of R-sum = L-sum then follows from the combinatorial identity proved in
the following lemma. ]

LEMMA 3.5. Let s and j be nonnegative integers and let 8 € NIt and |8 =
s—j>0. Then

;(stn> Ik;n (Ziﬁ) _ (23—|—’y(,u;—|—d—|—1>.

Proof. We prove this identity by the method of generating function. It is easy to
verify that if n is a nonnegative integer and a > —1 is a real number, then

[k = [k
Z( +CL>T]€:Z( ‘i’a>rk:rn(1_T)nal7 0<r<l.
o n—+a bt n—+a

Therefore, it follows that

18l d
r _ s+1 Bi —pi—Bi—d—1
(1 — ry+IBFd+s+2 — (=)t L =)
1=0

q=0 =0 |k|=p
-0 2 (e
m=0n=0 § \k| ﬂ + H
On the other hand, we also have
18l 0
r B pH+y() + Bl +d+s+1\ 54p
(1 — r)(W+iBldtst2 — Z ( P L O=sr<l

p=0

The desired identity follows from comparing the coefficients of r° in these two series
and using the fact that |5 = s — j. |
The identity (2.9) is proved by Lemma 3.3, Lemma 3.4, and Lemma 3.5.
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4. Examples and remarks. First we give several examples of our formulae on
5% and BY. We shall only give examples for the unit weight function, that is, dw on
S? and dx on B?. The corresponding formulae are given in (1.2) and (2.8). In the
following we denote by wg = 2m(4+1/2/T'((d + 1)/2) the surface area of S¢ and by
Vg =742 /T((d +1)/2) the volume of B¢

4.1. Examples on S9. For s = 0, the formula (1.2) is of degree 3 and it takes
the form

IRCICEE- Y f<<\/d+1 "¢d1+1>“)’

c€EBG+1

which appears as the formula U,,: 3-2 in [7, p. 294]. For s = 1, the formula (1.2) is of
degree 7 and it takes the form

/f( Yo = 44 (d+5) NG 1 1 .
sV T B (G 1) (d+ 3) UGB Vits VAd+5 U Vd+b
Wq d+1
24+ (44 3) ; <<\/d+1 ' \/d+1) )

which appears as the formula U,: 7-2 in [7, p. 295]. The next case, s = 2, gives a
formula of degree 11 in the form

_ 3w (d+9)* V) 1 1
/df(Y)dw_ﬁ(d+l)(d+3)(d+5)(d+7) > f((JM’ are’ d+9)0>
S c€EBG+1
2 (d+9)* V5 V5 1 1
+ st 8 (d+1)(d+3)(d+5)(d+7) Z f<<\/d+9’ d+9’ Varo o d+9> U)
OEB(H,l
2 (d+5)*
- #amasam > (s A7) 0)
cEBG+1
(d+1)* 1 1
+ sty 2 (7))
oc€BG+1

This formula is different from the fully symmetric formula U,,: 11-1 in [7, p. 296]. As
far as we know, this formula and all other formulae of degree 4s+ 3 for s > 3 are new.

4.2. Examples on B? with respect to the unit weight function. For s =0,
the formula (2.8) is of degree 3 and takes the form

Juttore= 5 21 (G vam) )

o€By

This formula appears as the formula S,,: 3-2 in [7, p. 268]. For s = 1, the formula
(2.8) is of degree 7 and takes the form
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Va d + 6 1 1
dx = ..
/Bdf(x)x 2d+2(d+2 d+4) Zf((\/dw’ ’\/d+6)a)

n Va d+6 Zf 1 1 o
24+3 (d + 2)(d + 4) \/d+6 Vd+6 T Vd+6
d d—|—2

S (e t))

This formula and all other formulae of degree 4s 4+ 3 for s > 2 in (2.8) appear to be
new.

4.3. Further remarks. We denote the number of nodes of cubature formulae of
degree M on T4, S¢ and B by Ny (T?), Nps(S%) and Ny (B?), respectively. A lower
bounds for the formulae of degree 2n 4 1 on these domains are given by (see [5, 6, 7])

d d
(4.1) Nopsr(S9) > 2(”+ ) and  Napyq(T%) > (”+ )
n n
The lower bound of Na,1(T%) is also the lower bound for Na,.1(B%). We note,
however, that in the case of centrally symmetric weight functions on B?, there is an
improved lower bound; see [5, 6]. As in the case of =0 in [3], the number of nodes
of the cubature formula (2.6) is given by

d+s+1 s+d s
NQSH(Td):( ) > and N25+1(Td)/< ) >:1+d+1.

The second equation shows that the number of nodes of (2.6) is small for sufficiently
large d. As shown in [9], in using Theorem 2.1, the number of nodes for cubature
formulae on B¢ and on S¢ are relatively small if the cubature formula on 7% has
nodes on the boundary (faces) of the simplex. Since the nodes of (2.4) have no zero
components, using Theorem 2.1 we see that the number of nodes of the formula (2.7),
in particular, the formula (1.2), and the number of nodes of the formula (2.8) are
given by

d+s+1 d+s+1
(4.2) N4s+3(5d):2d+1( s ) and N4s+3(3d):2d< s )7

respectively. Note that these formulae are of degree 4s + 3 instead of 2s + 1. The
ratios of these numbers and the corresponding lower bounds in (4.1), however, do
not converge to 1 as d — oo. From this point of view, these formulae are not as
spectacular as those on the simplex. The numbers are, nevertheless, quantitatively
smaller than the product type formulae, which require 2(2s+ 2)¢ and (2s+2)% nodes,
respectively.

The drawback of the formulae (2.4), (2.6), (2.7), and (2.8) is that some of the
weights of the formula are negative. The effectiveness of a cubature formula is often
measured by the quantity > |w;|/ > w;, where w; are the weights of the formula. For
positive cubature formulae, this number is 1. For the cubature formula (2.4) with all
u; = 0, as shown in [3], this quantity grows rather fast as either a function of d or a
function of s. The similar undesirable feature holds for other cases in (2.4). Let us look
at the case of formula (1.2). In this case, we have 3" w; = wy = 2r(¢+1/2 /T ((d41)/2).
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Hence, if we denote ) |w;|/ > w; by Ag s, then we have with n = 2s 4 1 that

A S T(d+1)/2) & (n+ (d—1)/2—20)" (d/2+s—i
hs T T2t ,_Oi!r(n+(d+1)/2—z')( d/2 )

K3

where we have used the fact that 375 _ (5_[31/2) = (d/%;/r;”). A straightforward
computation shows that

S
1 d s—1
Ad’S—TS! Z +O(d ), d — oo.

Moreover, by Sterling’s formula, A4 s as a function of s satisfies

[((d+1)/2) 25+ (d+1)/2)**"  T(d/2+s+1)
I'd/2+1) 5122541 I'((d+1)/2+2s+1)
1 T((d+1)/2) eld+1)/2 e
Y ovar T(d2+1) (2s+ (d+1)/2)@272 |2

Ad,s Z

2s

This shows that the Ay s increases rapidly as s grows. A similar conclusion holds for
the formula on B<,
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