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COMPUTATION OF POISSON TYPE INTEGRALS

T. BUCHUKURI

ABSTRACT. We consider problems occurring in computing the Poisson
integral when the point at which the integral is evaluated approaches
the ball surface. Techniques are proposed enabling one to improve
computation effectiveness.

0. Let B* be the ball from R? with center at the origin and radius p:
B*E{xER3’|x|<p}
and B~ be the unbounded domain:
B ={2eR®||z|>p}, S=0BT=0B" ={zeR’||z|=p}.

The solution of the Dirichlet problem for the Laplace equation in the domain
BT is expressed by the Poisson integral. The solutions of the Dirichlet
problem in B~ and of the Neumann problem in BT and B~ are expressed
by integrals of the same kind. We shall call these expressions Poisson type
integrals.

It is well known (see [2-5]) that in case of ball solutions of the basic
boundary value problems of elasticity, thermoelasticity, elastic mixtures,
fluid flow can also be expressed by simple combinations of Poisson type
integrals. Such representations prove convenient in constructing numerical
solutions. The latter solutions possess the advantages of the method of
boundary integral equations, namely: they decrease the problem dimension
by one and allow us to evaluate the solution at any point without using
solution values at other points of the domain under consideration. The
method can equally be used for the domains Bt and B~; in both cases
we must compute integrals extended over the surface S. The solutions
are represented as combinations of Poisson type integrals whose kernels
are expressed by means of elementary functions and densities are given
boundary conditions.
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Methods of computing such integrals do not actually differ from those
commonly used in computing two-dimensional integrals. Nevertheless they
need a certain modification so that they could lead to effective algorithms
for computing Poisson type integrals. In particular, difficulties arise when
integrals are computed at points close to the surface S because at these
points the kernels of integrals have strong singularities.

1. In computing integrals which are solutions of the considered boundary

value problems we come across the same difficulty as in the case of the

Poisson integral regarded as the simplest one among integrals of this kind.
Let u be the solution of the Dirichlet problem for the ball B¥:

Vr € BT : Au(z) =0, YyeS :ut(y) =f(y),
where f is a given function on S. Then u can be represented by the Poisson

formula

T 27

1— 72 sin
o, tov0) == [ [ 7 sl (0 @)dpdd. (1)
00

1—27cosy+72)

Here (po, Yo, ¢0) and (p,d, @) are the spherical coordinates of the points
2°€ Bt and y € S;

x(l) = po COs g sin Yy, xg = po sin g sin Yy, arg = po cos Vy;

y1 = pcospsind, ys = psingsind, ys; = pcosd,

7 is the angle between the vectors 2° and y,

T=po/p, [(9,0) = f(pcospsind, psingsinp, pcosd).

To compute the integral (1) it is convenient to represent it as an iterated
integral and to use any of the quadrature formulae for one-dimensional

integrals (in our case this will be Simpson’s formula; see, for example, [6]).

2. In computing the integral

b
[rwa 2)
by Simpson’s method, its value is approximately replaced by the sum

S(fab.m) = 2 (fa) + £0) +2 Y Flat2%h) +
k=1

m—1
+4)° fa+ (2k+ 1)h), (3)
k=0

— b—a

where h = 5.
m
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Note that (3) contains the value of f at the 2m + 1 points: ¢ = a,
t=a+h,....,t=a+2m+1)h, t =hb.
Denote the error of Simpson’s formula by R(h):

b

R(h)z/f(t)dt—S(f,a,b,m). (@)

If f € C*([a,b]), then [6]

(b —a)h?

r() = ~ L= o g 6
for some & €la,b[. Thus to estimate the error we obtain
(b — a)h4 (4)
< - .
R < g5 — Joax, [19(€)] (6)

The estimate (6) is rather crude and its application may lead to a sub-
stantial increase of m in the sum (3). This happens particularly when f )
sharply increases in the neighborhood of some point of [a, b]. It will be shown
below that the same situation occurs in computing Poisson type integrals.

In practice, the error is frequently estimated using Runge’s principle [6]
which is as follows: If the condition

UE|S(f,a,b,2m)—5(f,a,b,m)’SE (7)

is fulfilled for some m, then S(f,a,b,2m) is taken as an approximate value
of integral (2) and the number ¢ for the error. As has been established, for
Simpson’s formula the error can be estimated by R(h) ~ {%.

3. To compute the integral (1) the above-mentioned procedure of replacing
the one-dimensional integral by the sum (3) should be applied twice. Let
us estimate the error for either of the cases so that the computational error
for the integral (3) be not greater that e.

Denote by S(f,a,b,d) sum (3) for m such that

b
From (6) it follows that for the fulfilment of (8) it is sufficient to take
(b — a,)5/4 @ Vi 11
m = Sepr (max [F©)) a7 o)



578 T. BUCHUKURI

Denote by F' the function

F(9,0) = K(,9,0) [ (9, ),
sin v
(1 —27cosy + 72)3/2

K(r,9,¢)

and by Z the integral
2T

W) = /F(ﬁ,g@) de.
0
Now (1) can be rewritten as

u(po, o, p0) = 1 / 7(9) dv. (1)
0

Due to (8) and (9) we have
IZ(9) - Z(9)| < 41, (10)
where
Z(9) = S(F(9,-),0,2m,6,) = S(F(¥,-),0,2r,my),

(2m)>/* OF (W, ) [\ —1/a
> - —_— .
M= 5 got/4 (Ig%ax‘ Ot D % (11)

Let @(po, Yo, o) be an approximate value of integral (1'):

2

S(Z,0,m,3).

- 1
u(po, Yo, po) =

Then

™

- 1—72
|U(p0,ﬁ07@0)—-U(p07ﬁ0,@0” < AT ‘j[](ﬁ)dﬂ<_
0

1-72 < =~
o IS@om ) ~ ST 0m ), (12)

S(I,O,w,ég)’dﬂ +

S(Z,0,m,d2) = S(Z,0,m,ms2),

sy P52

The first term on the right-hand side of (12) is less than (1 —72)dy/(47).

Let us estimate the second term. Note that

|S(f7a7b’m)‘ < (b_ a’) maxb|f(x)|.

a<z<

> s
me >
2= 9.1801/4
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Therefore

|S(Z,0,7,8,) — S(Z,0,7,8)| < m max [Z(9) Z(9)| < ;.

Now (12) yields
1—72

47

|u(p071907%00) _a(p07190a800)| < (52 +7T51)-

If
4me
=0 = ————
TR T O o) (r+ 1)
we finally obtain

[u(po, Yo, po) — u(po, Vo, po)| < e.

From (11) and (13) it follows that the number of nodes N required that
a given accuracy € be achieved is estimated as follows:

N =mymy = coc(F)(1 — 1)1/2e71/2, (14)

where ¢y does not depend on F' and

O*F (0, p) O*F (0, p) D 1/4. (15)

C(F):(ma"‘ 9t "“335’ a9

9,

Below ¢ will denote an arbitrary positive constant.

4. In practice it is important to know the values of the Poisson integral
at points close to the boundary. But when the point 2° = (pg, 90, 0)
approaches the boundary S = 9B(0,p), in computing the values of the
Poisson integral at the point 2° by the above-described method, we observe
a sharp increase of the number of nodes at which the function f is evaluated,
and, accordingly, nearly the same increase of the computational time. We
shall show why this happens.
Let A= (1 —27cosy + 72)Y/2, then

A2 =(1- 1) +4Tsm2% > (1-7)?
and 1/A < 1/d, where d =1 — 7. Moreover, if

d
sinl <

2 2y/1-d’
then A2 < 2(1 —7)? and 1/A > 1/4/2d. Hence we conclude that 1/A has
order 1/d for small ~.
Let us now estimate fourth order derivatives of F.
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Assume that

DP9, )

Y(9, ) € [0,7] x [0,27] : 9007

<ec, a+p<4. (16)

Since v is the angle between the vectors 20 and y, we have either [9—19q| < v
and | — @o| <7y or 2 — v < | — @o| < 2m. Therefore

sinfip — o) < g, [sin(@ o) < A=
Hence we conclude that if 0 < o < 4, then
0K (7,9, ¢) N 1 %K (1,9, p) N 1

Op® dots’ 0% dot3’
and therefore

‘34F(19, ©) ‘ 1 ‘84F(19, ©) ‘ 1 (17)

Ot d’’ 094 d’
for
sin < d

27 2/1-d
From (14), (15) and (17) we obtain

Theorem 1. The number of nodes required that a given accuracy be
achieved in formula (1) admits the estimate

N(d) = O(d™3). (18)

This theorem explains the phenomenon of an increasing number of nodes
as the point 2" approaches the boundary S.

5. Now let us find how for a given accuracy we can decrease the number of
nodes and, accordingly, the computational time when the point z° is near
the boundary. This can be accomplished in different ways. One of the ways
of reducing nodes is the so-called method of separation of singularities. To
realize this method note that the identity

27
1—72 sin ¢
dpdd =1 19
4 // (1 — 27 cosy + 72)3/2 ? (19)
00

is obviously valid and therefore (1) can be rewritten as

T 2T

. 2
u(po, Yo, vo) = f(Yo, o) + LT //Fl(’ﬂa(p) dp di, (20)
00

47
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with
sin ¢ ~ ~
(1 — 97 cosy + 7_2)3/2 (f(197 90) - f(1907 500))

Fl(’ﬁa(p) =

Lagrange’s theorem implies

|f(0,0) — f(Do, vo)| < ey

This makes it possible to improve the error estimate, since

‘84F1(19730)’ i ‘84F1(197@)’ 1

Op* ds’ o094 ds
for
sin 7 < L,
2 2y/1—-d
and therefore
N(d) = O(d=5/?). (21)

A further improvement of the method can be effectively achieved by the
rotation of the coordinate system.

6. Let 2° € BT\{0}. Denote by Ao the following transformation of the
Cartesian coordinates y = (y1,y2,y3).

0\2 0,.0 0
(A ®), = <|x°|<|(§3|)+x8> ~ 1)+ G v
0,.0 0\2 0
(Aso(y)), = myl + (|$0|(|(;2)+33§) - 1)y2 + %y&
(Azo(y))g = ijyl + r;%m + EE%
for xg >0 and
0\2 0,.0 0
(4200, = (1~ )0~ =y
0,.0 0\2 0
(4002 = = —agy 21+ (1= |x°|<|(f§|)— o) e
(A:co(y))g, = rfyl + |mxg|y2 + ﬁ'y&

Now we have
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Theorem 2. Let z° € BT\{0}. Then u(z®) = u(po, Vo, o) from (1)
can be written as

~ 1—72 sind
w(po; Yo, po) = F Vo, wo) + A7 / (1 — 27 cosy + 72)3/2 %
0
2
< ([ 30.9) o~ 227 (00,0)) a0, (22

0

9(y) = f(Aw(y)), 9(9,¢) = g(pcos psind, psin psind, pcos V).

Proof. As one can easy verify, for any fixed z° € BT\{0} the transforma-
tion A,o is the rotation of the coordinate system transforming the point
2% = (0,0, |2°|) into the point 2°. Therefore v(z) = u(Azo(x)) is a har-
monic function taking on S the boundary value g(y). Moreover, in terms of
spherical coordinates we shall have

U(p07070) = u(p())ﬁo’ 4100)7 5(070) = f(1907 ()00)

Now apply (20) to the function v at the point (pg,0,0). Note that in the
case under consideration v = 4. Therefore the kernel K does not depend on
¢ and can be put outside the internal integral. Then (20) gives (22). W

Now let us estimate the number of nodes required for the computation
of u(po,Jo, po) by formula (22).

Theorem 3. The number of nodes required that a given accuracy be
achieved in computing u(po,Jo, po) by (22) admits the estimate

N(d) = 0(d™). (23)

Proof. We introduce the notation

2m

T,(0) = / 3(0.) do — 2m (9. 0).
0
T.(9) = S(G(9,-), 0,27, 81) — 27 f (Yo, ¢o),
— T2 g(’C(T, ')fl, 0, ™, 52)

~ 1
u(po, Yo, o) = f(Vo, po) +
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Then

1— 72
47

(o> Do, 20) — (0o, Do, 90)| < / K (7, 0)|Z,(9) — 2, (9) | do+
0

1—72

47

+ / K(r, 9)Ta (9)d9 — S(K(r, YT, 0,7, 85)]
0

Since

we obtain

51 1—7’2

|u(p071907900) - a(p071907w0)| < g + e 62.

Choosing 6, = e, 6y = 2md e, we have
|u(po, Do, po) — U(po, Yo, po)| < e.
Let
S(g(0.),0,2m,61) = S(g(9,),0, 27, m1),
S(K(7,),T1,0,m,85) = S(K(r,-), Z1,0, 7, ms),

Then by (11) and (16) m > cs~ /4,
Now we shall estimate mo. Taking into account (9), we obtain

4

P N 1/4
w(’c(ﬂﬂ)zl(ﬂ))‘) dtiem A

mog > C < max

0<d<m

Let us show that |Z;(9)| < ¢d. Indeed, f(9o,0) = §(0, o) and therefore
Z2(9)] = 15@(0.-) = §(0,),0.2m,81)| < |5(eD,0,2m,61)| < 1.

With regard to this estimate we have

4

%(K(r, ﬂ)fl(ﬂ))‘ < ed P,

max
0<I<m

Therefore
N(d) = Mmimg = O(dil) |
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7. A further improvement of the technique of computing the Poisson inte-
gral may be accomplished by giving up the uniform distribution of nodes on
the integration interval. From the analysis of (22) it is obvious that when
the condition (16) is fulfilled for not too large ¢, the approach of the point
2% to the boundary S does not affect in any essential way the computation
of the internal integral. The computation of the external integral becomes,
however, more difficult because the kernel

sin 1
(1 —27cosd) + 72)3/2

K(r,9) =

and its derivatives sharply increase as x° approaches the boundary.

In case the computation is performed with a constant step (this implies
the uniform distribution of nodes), there occurs a loss of accuracy on the
part of the integration interval on which the derivatives of K sharply in-
crease (see the estimates (6) and (7)), i.e. near the boundary. This means
that we can improve the computational effectiveness by taking the lesser
division step, the greater K and its derivatives are. We shall describe the
technique realizing this idea.

Suppose we must compute the integral

b
/ () dt (24)

to within € (¢ > 0) when f sharply increases near the limit a.
A positive nonincreasing function § determined on the segment [a,b] so

that
b
/ S(tydt = 1

will be called a node distribution function.
Let, further,

A(z) = / S(t)dt.

Divide [a, b] by the points a = ap < a1 < ag < -+ < a, = b into n parts
such that the condition

Ak+1

/ f@)dt = S(f, ar, a1, 2)| < e(Alaryr) — Alar)),

ag
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where S is the sum determined by (3), be fulfilled on each part [ax, agt1]-
For this, by Runge’s principle it is sufficient that

‘S(f7 Qfy Ak41, 1) - S(f’ Afy Q41 2)| S E(A(a’k+1) - A(a’k?)) (25)

Then, denoting by § (f,a,b,e) the sum

n—1

S (f,a.be) = S(f,ana, +1,2), (26)

k=0

we will have

b o1 b
| [ 0= e < Z| [ r0d-s(ronm2)] <

a =V ag

n—1 b
<o (Alars) — Alar)) = e/é(t) dt = .
k=0 a

Therefore § (f,a,b,¢e) is the desired approximation of the integral (24).
Let the points ag, - - - , a, be chosen such that for any £k =0, -+, n:

|S(f, ar, ang1,1) = S(f, an, ans1,2)| ~ e(Alars1) — Alag)).
Then the estimate (5) and the equality

Alagy1) — Alag) = (ap+1 — ar)d(&r)s  ar < &k < agy1,

imply
1 (ap1 —aw)® |
5 180 4 [F@ ()| ~ eart1 — ar)d(é),

Hence

180 - 4428(¢5)
15 f @) (ne)]

The relation (27) provides us with the criteria for choosing points aj. The
integration step hy = (axr1 — ar)/4 depends on the values of § and f(*)
on a given segment [ay, ag1] of the integration interval. Therefore we can
choose points ay, by induction so that (25) be fulfilled.

By an appropriate choice of § we can obtain various degrees of dependence
of the step on the function f. In particular, if

2) = S ()
I OIOrA

(ars1 —ar) ~ (27)



586 T. BUCHUKURI

then the actual step hy will be nearly independent of f, i.e. we shall have
the integration ”with an almost constant step”.
Consider the simplest case when § is a constant function on [a, b]. Then
1 r—a

8(z) = Alz) = (28)

T b—a

and condition (25) becomes

E(ak+1 — ak)

|S(f; ar, ary1,1) = S(f, an, a1, 2)| < ) —a

1
hi =0 | ————— | .
* ( ¢ |f<4><ak>|>

Thus by an appropriate choice of the node distribution function we can
improve the computational algorithm. In practice, a noticeable effect can
be achieved even in the simplest case (28).

In that case
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