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Abstract—When solving many problems in the theory of approximate integration and differential
equations, it is the correct choice of spaces that is the key to success. A very clearly chosen approach
was demonstrated in the famous works of Sobolev on the polyharmonic equation. Sobolev posed and

solved by the variational method the first boundary value problem for the equation Ay = f with
boundary conditions on surfaces of various dimensions. Problems of optimization of approximate
integration formulas consist in minimizing the norm of the error functional of the formula on selected
normalized spaces, and most of them are considered in the Sobolev space. Until now, we have consid-
ered cubature formulas, with the help of which a definite integral of a function is approximately cal-
culated when the values of this function at individual points of the nodes of the cubature formula are
unknown. But more general cubature formulas are possible, which include both the values of the func-
tion and the values of its derivatives of one order or another. If we know not only the values of a func-
tion at some points of the n-dimensional unit sphere, but also the values of its derivatives of one order
or another, then it is natural that if all these data are used correctly, we can expect a more accurate
result than if we use only function values. This paper examines cubature formulas, which require spe-
cial attention to the construction of the most economical formulas; according to Bakhvalov, such for-
mulas are called practical.

Keywords: generalized function, space, norm, error functional, interpolation formula, extremal func-
tion
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INTRODUCTION
The modern formulation of the problem of optimizing approximate integration formulas consists of
minimizing the norm of the error functional formula on selected normed spaces (see, e.g., [1—22]).

These works investigate the problem of optimality with respect to some specific space. Many of them
are considered in the Sobolev space [1].

The multidimensional cubature formulas differ from the one-dimensional ones in two ways:
(1) The shapes of multidimensional integration domains are infinitely diverse.

(2) The number of integration nodes increases rapidly with increasing space dimension.
Problem (2) requires special attention to constructing the most economical formulas.

In this paper, we consider the formulas taking into account precisely this requirement. As is known
[23], Bakhvalov called such formulas practical.

The development of algorithms and construction of cubature formulas for some polyhedra using the
proposed method were performed by Voytishek and Blinov [6].

Shadimetov and Mamatova [24] constructed composite lattice optimal cubature formulas in Sobolev
space using the variational method. In work [25], they calculated an exact upper bound for the error of the
interpolation formula in the Sobolev space. They proved the existence and uniqueness of the optimal
interpolation formula that gives the smallest error and presented an algorithm for finding the coefficients
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18 JALOLOVY, ISOMIDDINOV

of the optimal interpolation formula. By implementing this algorithm, they determined the optimal coef-
ficients.

Let functions f(0), defined on the unit sphere .S, belong to some Banach space B embedded in the

space C () of continuous functions on S

When integrating functions over a sphere, instead of the problem of calculating the integral of a given
function, it is convenient to consider the problem of calculating the integral of a function with an average
value over the sphere equal to zero.

Because any summable function on a sphere can be represented as the sum of a constant function equal
to its mean value over the sphere and a function with a mean value equal to zero, the two problems indi-
cated above are equivalent, for the cubature formulas we are considering integrate a constant exactly.

If some function £ (0) is defined on the surface of the unit sphere .S, then we consider it to be extended

to the entire space R" (except for zero and infinity) and to the spherical layer S5 = {1 — 8 < r > §} so that
it remains constant on the rays diverging from the center of the sphere.

We denote the continued function by f (x) and introduce the notation

o =
Do)~ 2T )

- oy o, ’
ox;"...0x,

(1

where the derivatives are taken with respect to the Cartesian coordinates of the point 6 < .§ in
lof = o, +...+ 0,

By L(zm) (8) we denote the space of functions that are defined on S and continued as just indicated and
for which the norm is defined by the equality

|7 @127 ()] = { [ > (pr @) de}z. @

1. PROBLEMS FORMULATION

In this paper, we consider formulas called practical-asymptotically optimal weighted cubature formu-
las of the Hermite type, which, with respect to the norm of the function, are the most economical formu-
las for use in the Sobolev space.

The works of many authors (see, e.g., [9—11]) are devoted to quadrature and cubature formulas, which
include the values of the derivatives of integrable functions. If not only the values of a function f (x) are

known at the nodes of cubature formulas, but also the values of its derivatives of some orders, then one
can expect a more accurate result than in the case of using only the values of the functions.

Let us consider the error of the Hermite-type weighted cubature formula

N
[p(0)£(0)d0 ~ ;zcﬁf@(e(“) 3)
S <

of<r A=1

on functions from B:

N
1) =< 8.7 >= [ p(0) £ (0)d0 - > ¥ F0™) = [IP 00 f (x)ax, (4)
K lof<r A=1 I
N
M (%) =85 (1-7r) p(x) - ; > 8% (x -6, (5)
o<t A=1
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85(1—r) and 3(x —6?) are Dirac delta functions, C;” and 6 = (8,,6,.....6,) are the coefficients and
l

nodes of the cubature formula (1), 6| = 1, r = \/xl2 X+ X, ZCX Poos |0 =0 + 0ty +...
(2)

o,and p(0)e L(S),0<r<m,and p,, is the zero Fourier coefficient p(6).

Error (4) of the cubature formula (3) is clearly a functional defined on B by virtue of the nesting

assumption B — C(§) [1], this functional f(ﬁ) (5) is continuous. Therefore, it and its norm are deter-
mined by the formula [2]

E(O‘) f>‘
@) o = ‘< N
|49 nreo £ 18
A function f; € B, for which the equality

<%, 75 =% 184- 15 181

holds is called extremal.

Thus, the problem of estimating the error of a weighted cubature formula of the Hermite type on func-
tions from a certain space B is equivalent to calculating the value of the norm of the error functional in the
space B* conjugate to B or, what is the same, finding the extremal function for a given weighted cubature

formula of the Hermite type. To solve this problem, for B we take the space L (.S).

Definition 1. The space L) (.5) is defined as the space of functions defined on § and having square sum-
mable generalized derivatives of order m, the norm of which is determined by the equality

> o(nk
Iz =3 ; "k +n—2)" ©

k=1
where g, , = I f(0)Y, ,(0)d6. Here, Y, ,(0) is the spherical harmonic of degree k of order /; the index / is

obtained by numbering spherical functions of the same degree k& and varies within the limits

B (k +n-73)!
1</ <o(nk),onk)=_2k+n- )—(k ik

ics of degree k; we assume that 2m > n.

is the number of linearly independent spherical harmon-

In work [3], Salikhov proved that if for the function £ (6) norm (6) is finite, then norm (2) also is finite
for it, and vice versa.

The following theorem is true:

Theorem 1. The norm of the error functional ﬂ(ﬁ,‘) of the weighted cubature formula of the Hermite type (3)
over the space Ly (S) is

1/2
N Y

o(n,k) lak,[ - Z ZC}(\.(X))]I((,?) (e)

|L’2n*(S)H = Z z \Z\St A=l

= k (k+n—2)m

g
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20 JALOLOVY, ISOMIDDINOV

2. METHOD FOR SOLVING THE PROBLEMS

Let the error functionals of one-dimensional weighted quadrature formulas of the Hermite type be
given by

£(6) = p(8)8, (1=r) = 3 SC8% (0,-61) (i =Tn),

o,;=1 ;=1

>

and, in the one-dimensional case, for f; € [é’"’ (;) the norm is defined as

Ay B { j [ﬁﬂegj de,}z,

{[O, 2nl, i=m

where

[0,], i=Ln-1

Because the n-dimensional unit sphere is denoted by §,,, the weighted cubature formula of the Hermite
type (3) transforms to

j 0) /(0)d6 = 7 (%) (7)

cx<tk1

over the space L (.S), where S, is the n-dimensional unit sphere, 6 = (6,,6,,...,6,),

N
=1 and ZCA =
A=l

2nA

()

cubature formula of the Hermite type (7), p,, is the zero Fourier coefficient p(6).

Doos 5((1)(6) is the Dirac delta function, C(a) and 8% are the coefficients and nodes of the weighted

The weighted cubature formula of the Hermite type (7) is comparable with the generalized function

V() = &5,0)p(0) ;ZC‘W% 6™) ®)

<t A=1

L)

and we call it the error functional, where 6(‘1)(9) is the Dirac delta function, Ci‘x) and 6" are the coeffi-

cients and nodes of the weighted cubature formula of the Hermite type (7).

Salikhov showed [3] that the space L (.S), in terms of the composition of its elements, coincides with

a similar Sobolev space L(Zm) (S) with the norm

12 s,)

{Izm'Df )) do F, ©)

jof=m O
where S, is the n-dimensional unit sphere, [of = o, + 0, +...0,, ! = oyl - 0! - ...t,!, and

a‘“‘f(el,...,en)
0096 ...00%"

This means that norms (6) and (9) are equivalent normalizations.

D°f(8) =

Let us define the norm in Iy (S,,).
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Definition 2. The space Z(zm) (S,) is defined as the space of functions defined on .S,, and the norm of

functions defined by the equality
1
_ j{—m / m]de , (10)
5 (00/"06;"...00,"
where my +m, +...+m, =m,m; >0,i = I,_n, with the scalar product

(/(0),0(8)) 0, = j{a’;’; ie)}{a'"a(gge)j .

OIS

where 00" = 00,"00,>...00,", m = m + m, +...m,, d® = d6,d9, ...do,.
In (9) we put n = 2 and m = 2; hence,

2 2
[ym 9"/ (6) aw-[y -2 AC) R
So, (;” o! aem S, o +0,=2 o! O(z ! 89?‘89‘;2

:f 27 (@ 2+ 2L (9/19) 2+ /0)) de (11)
5|1 063 11-1!( 96,00, 00; '
At n =2 and m = 2 equality (10) takes the form
2 2
2 (s, = [ ZLO) ] 4o 12
O s = | sgrage (12)

It is clear that for the right-hand side of (12) it is necessary to carry out fewer calculations than for (11),
and, therefore, for the norm of a function in the space l_(qz) (Sz) the number of computational operations
is much less than in the space L(Zz) (S,), because only mixed derivatives participate in norm (12).

Let us prove the following theorem, which is the main result.

Theorem 2. [f'the following condition is met for the error functional (8) of the weighted cubature formula of
the Hermite type (7) in the space l_,(zm) (S,):

0 (0) =13 (8)) - (32 (8:) .. £77(8,)

and
‘f(ﬁ,.f) |Z(2m,»)* (o) H < C,-ﬁ (i = l,n), ¢, are constants, (13)
that is,
[N E ()| < co(r™) (i=1n), &= Ni (14)
then
‘E(;Vx)ﬁ(fzm)* (S,) ‘S c— ! , C are constants, (15)
N
i=1
or
V&‘;‘HZ‘Q"’)*(S,,) <co(n")-o(m")-....0(r"), (16)
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where
5 (8) =8, (1-r) - ; 0, - 6/"),
o<t A;=
C—Hc,, m=m+m+..+m, m =], lzl,_n
and -

[0,2n], i=n;
W, = .
[O,m], i=1n-1
Proof. We use the method of mathematical induction.
Let n= 2, thel’l 6 (61,92 |0€| OCI + 0(2, m=m + m,, de = deldGQ, f(e) = f(el,ez), p(e) =
p(el,ez), al’ld EN (9) = KNI (61) ® ENZ (62)
If we assume that n = 1 in (3), then

|7 612" ()] = {j[a f,(ej } (i=1n).

‘<£(oc) (el’ez) f(91,92) ‘ _ ‘<£(0ﬂ2 (92) <€(0<1)(9 ) f(elnez) ‘
<[ (0 (@) [< 25 (81), 7 (8,6,) > I (@)

Thus, we have

(7)

Let us calculate the following norm:

<((8)),£(6,,6,)>

IRF
deQ}

<09 (0, 76,051 757" ()] = {j

2 )

f(el,ez)ll_(qm')* (o)

J

Ny

(o4) da™
<0,V (0,),— f(6,,0,)>
(6)) 67" (6,,6,)

)01 L (0

2l [

m+m 2 %
0| ()] {f {f i 00 de‘}dez}
o (o 1 2

gmtm 2 2
O {H{memz o]

=[5 @IE™" (@) |7 (O)I " (5,)] (18)

laer

where 6 = (6,,0,) and m = m, + m,. Thus, from (17) and (18) we get
<5 (el,e2>,f<el,ez)>\

V)L™ ()| -[£5 @I I (@) | (B)I L (S)]- (19)
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Taking into account (10), from (19) we obtain

WO (@) <]

Due to (13), from (20) we have

/%) (0,)] oyﬂy

S S
Nlm] . N 2’”2

E(ﬁ) |l_(/2m)*(S2)H <66

According to (14),

/)| i (52)H <c-O(K")-O(K"), where ¢= f[c,..
Atn=k -
<65 (8), 7 (8)>| =|< £ (8,,6,,....8,), £ (8,6,.....8,)>
={<A&Reg <0 (8,4),.. <ﬂ%Neg,<ﬂmweghfa%ebnwek)>“.4
v OOIT™ ()] 5 (00 T (@) -
.”“<f;'axyf(ebeb“”eky>ué' (@)
A2 OO ()] @)L ()] - @1 (0],

0,20], if =k
w; = .
[0, 7], if i=Lk-1

<|

Due to (10), from (21) we have

L (50 <
Then, due to (13), from (22) we get

) (91)|l_(fzml)* (03:)“‘

0 O)I T (@,)]-

Ny

1
NN N

I (8| <

or, taking into account (14), from (23) we have

AL (0] < 0(R)- (R where o=
i=1

23

(20)

(21)

(22)

(23)

Using the validity of the statement of the theorem for n = k, we are going to prove that the statement

istrue when n = k + 1.
Solet n = k +1, then according to (10), from (21) we have

‘<f Oyr) (91992’ ek+1)’f(el’e2""3ek+l)>‘
‘<f(,$:')(91),<£(]‘\’,‘22 (6,),<...< E;\;: (ek),<f(z(\);::)(9k+1),f(91,92,...,9k+1) > ... >‘
O (@) A5 001 ()

H<fak+: (8541),. £ (81,0,,...,6,41)>] Ly S (0)')H

<

Taking into account (10) and (22), from (24) we obtain
() |l_(qu+])* (S < g([gﬂ:) (el)|z(qml)* (o, )” y

Niw
0‘k+1 Flme)*
Neo (8) 1 L2 (o, )“,

G 01 L (o)]-|¢
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where

i

[0,2r], if i=k+1;
[0,7], if i=1,k.
Using (13), from (25) we have

(0+1) | Tl )* 1
NG (S| S ¢ —— — (26)
‘ * ‘ Nll'sz...Nki]H
or, in view of (14) and (26), we get
k+1
‘f(:,‘::l‘)ll_ém“‘) (S,m)‘ <c-O(H")...0(n%"), where ¢=]]e-
i=l
Thus, we have obtained inequalities (15) and (16).
Next,
(o) | Fm)* 1
O 1L (S S e , ¢ const, (27)
‘ N (51) N/ NP2 N
or, taking into account (16), from (27) we have
[V s)|<e-o()..o(r). h=- G=Ln. (28)
where ¢ = Hc,-.
i=l
If in (27) or (28) we assume N =N, -N,-...-N,, Ny=N,=...=N,and m +m, + ... + m, =m,
then we get
601 (s s e v
or

s

DI (S,)

which completes the proof.
Thus, we have obtained an upper bound for the norm of the error functional (8) of the Hermite-type

< c~0(h’"), ¢ const (h = Ni}

weighted cubature formula (7) in the space l_(/zm)* (S,)- The same estimate was previously obtained for the
norm of the error functional of the weighted cubature formula of the Hermite type (7) over the quotient

Sobolev space L(z'") (S,,) [9]. As a result, we obtain the same order of convergence to zero for N — oo,
although the function norms are defined in different ways; this is confirmed by inequality (27) and the
results of work [23]. Thus, the weighted cubature formulas of the Hermite type (7) over the quotient

Sobolev space L(l'") (S,,) with the error functional (8) are asymptotically optimal. In the words of Bakh-
valov, they are practical [23].

To illustrate, we take a specific example: n = 2.
Let

3/2
£(6,,8,) = €™ (% - bei) . where a#0 andb#0,

m—1 2
o (911’ 0) and df (61,6, are continuous on S,, but 9f(6:.6;) has a sin-
00" 00, 29,
gularity on 5,. Therefore, the condition m = m, + m, immediately leads to m;, = m —1, m, =1, because

a2f (91, 62)
d

2

It is clear that the derivatives

m—1+1=m.Hence, 1(6,,0,) € " (S,) atm; = m—1, my = 1. Thus, obviously, is not con-
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tinuous on S,, because at m; = m—2 and m, =2 f(0,,0,) € IQ('") (S,), but the condition m = m, + m,
holds, thatis, m —2 + 2 = m.

CONCLUSIONS

The problems of approximate calculation of definite integrals with the greatest possible accuracy are
connected with the fact that most problems of science and technology are reduced to integral and differ-
ential equations, and their solutions are expressed using definite integrals, which, in many cases, cannot
be calculated exactly. Many mathematicians have dealt with such problems and there are several methods
for constructing optimal cubature formulas. In our research we considered weighted cubature formulas of

the Hermite type in the Sobolev space of functions [_,(zm) (S,) and obtained an upper bound for the norm
ofthe error functional of the Hermite-type weighted cubature formula. Thus, based on the Bakhvalov the-
orem, we proved that the considered weighted cubature formulas of the Hermite type are asymptotically
optimal on this space. For multidimensional cubature formulas, the number of integration nodes
increases rapidly with increasing space dimension. This problem requires special attention to constructing
the most economical formulas. In this paper, we considered the formulas taking into account this require-
ment; Bakhvalov called these formulas practical [23].
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