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Abstract

We introduce a method for the computation of singular integrals arising in the dis-
cretization of integral equations.

The basic method is based on the concept of admissible subdomains, known, e.g.,
from panel clustering techniques and H-matrices: We split the domain of integration
into a hierarchy of subdomains and perform standard quadrature on those subdomains
that are amenable to it.

By using additional properties of the integrand, we can significantly reduce the
algorithmic complexity of our approach.

The method works also well for hypersingular integrals.

AMS Subject Classification: 65D32, /2B20
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1 Introduction

We consider integrals as they arise in the boundary element method. Let us consider

1 1
I::/ / |z — y|* dy dx (1.1)
o Jo

as an example. The kernel function is improperly integrable if & > —1. However, since also

strongly singular integrals appear in the BEM, a < —1 will not be excluded. In the latter

case, I has to be interpreted as partie finie integral in the sense of Hadamard [8, pp.184].
The standard quadrature methods apply one of the follow techniques:

1. Use a quadrature rule adapted to the singularity of the kernel (cf. [17, 16]).

2. Apply at least for one of the double integrals an exact integration. Hopefully the
remaining integral is regular and standard Gauss quadrature works well (cf. [12, 17]).

3. Apply a transformation that removes the singularity (cf. [2, 10, 11]).

4. Apply a transformation like £ = x —y, n = = + y, that changes the moving singularity
|z — y|* of (1.1) into the fixed singularity |£|* and apply 1 or 2 (cf. [10]).



5. Adaptive refinement, i.e., the integration region is split into suitable subregions. Sub-
regions that do not contain the singularity are treated by standard quadrature, the
remaining subregions are split again (cf. [18]).

Although the techniques 1-4 are quite successful in special situations, they are of limited
use. Method 5 might be costly because of many levels of refinement. The mentioned tech-
niques depend strongly on the dimensionality of the integral. In particular, all methods are
not easily extended to strongly singular integrals.

In this paper, we describe a technique which combines the adaptive refinement from 5
with further structural properties of the integrand. Eventually, we have to determine only
few integrals over smooth integrands and to solve a small system of equations. Moreover,
this approach extends to strong singularities.

Our assumptions are explained for

11
I::/ / k(z,y) dy dz.
o Jo

We suppose that the integrand (z, y) — possibly after subtracting a smooth part — satisfies
two conditions: translation invariance and homogeneity. The first condition reads

k(z,y) = k(x 4+ ¢,y +¢) for all ¢c € R, (1.2)
while a homogeneous integrand satisfies
k(sx,sy) = s“k(z,y) for all s € Ry, (1.3)

where a € R is the degree of homogeneity. A closely related variant of (1.3) occurs, e.g., for
k(z,y) = log(|z — y|), where

k(sx,sy) = B(s) + k(z,y) for all s € Ryy. (1.4)

Furthermore, x is assumed to be sufficiently smooth outside of a neighborhood of the pos-
sible singularity at = y (A possible qualification of the smoothness of x is given by the
asymptotic smoothness, cf. (2.13)).

In addition to (1.2), a symmetry condition

Ky, x) = K(z,y) (1.5)

can be exploited (antisymmetry s(y,z) = —r(x,y) would lead immediately to the trivial
result 1 = 0).

Obviously, the integrand of example (1.1) satisfies the conditions (1.2) and (1.3) with the
same value « as well as (1.5).

In Subsection 2.1 we first apply a recursive additive splitting of the integral which yields
an infinite sum of subintegrals. The situation simplifies due to the translation invariance as
explained in Subsection 2.2, where we identify equivalence classes of integrals. The essential
step is the use of the homogeneity condition in Subsection 2.3, which reduces the infinite
sum to a finite linear combination, where the number of terms is the number of different



equivalence classes. The remaining few integrals possess a regular integrand.

linear system is discussed in Subsection 2.4.

The use of homogeneity can be illustrated by the one-dimensional integral

Q::/O k(z,0)dz.

We split () into the sum

—i—1

o0 2—i
Q=0 Q"= [ wo)dn
i=0 2

The arising

which has to converge if x is weakly singular. The homogeneity condition (1.3) together

with the transformation x = 27/ yields

21 1 1
QY :/ k(z,0) da:zz—i/ (27, 0) dt:2—i2—°”'/ k(t,0) dt = 271+ QO)
2

1/2 1/2

thus we find .
Q _ Q(O) Z 2—(1-1—04)2"
i=0

The assumed summability implies a« > —1 and

—(14a)i __
2 ’ T 1—2-(0+a)

The integral

1
QW :/ K (t,0) dt
1/2

can be approximated by standard quadrature techniques, since x is assumed to be smooth

outside the singularity at ¢ = 0.

In some applications, the integrand may consist of a product of a kernel function s
satisfying the conditions (1.2) and (1.3) and smooth additional factors that do not satisfy
these conditions. If these additional factors are polynomials, we can still use a modified

version of our method that is presented in Section 3.

So far, we have assumed that the integral has a weak singularity. The case of a strong
singularity of « is discussed in Section 4. We recall the definition of partie finie integrals and
show how this definition can directly be used in our approach. However, to do this we have
to split the integration domain [0, 1]% of (1.1) into triangles. In Subsection 4.4 we show that

the simpler splitting into subsquares works as well.

2 Weak singularities

Let us consider the approximate computation of

1
I::/ / K(z,y) dydx
o Jo
3



for a € R._;. In the case of negative o, we have a singularity at the diagonal x = y of the
domain [0, 1]%, so using standard quadrature techniques will not lead to acceptable results.
In this Section, we will derive an algorithm (cf. (2.8)) that expresses I in terms of the

integrals
1 1 1 1
I :/ / k(z +2,y) dydz, Iy =/ / K(z,y +2) dydz,
0 0 0 0

11 11
I3 :/ / k(x +3,y) dydz, I 5= / / k(z,y+3)dydz.
0 Jo o Jo

Since all these integrals are regular, we can approximate them directly by standard quadra-
ture techniques and get an approximation of I.

2.1 Splitting

While standard quadrature is not working on the entire domain of integration, there ob-
viously are subdomains in which the integrand is analytic, e.g., [0,1/4] x [1/2,3/4] or
[3/4,1] x [1/4,1/2].

Therefore it is straightforward to split the domain into subdomains on which standard
quadrature is applicable, to compute the results and to add them up. In order to do this
efficiently, we organize the subdomains in a hierarchical way: We split the original domain
2 =0, 1] x [0, 1] into four subdomains

Qoo :=1[0,1/2] x [0,1/2], Mo :=[1/2,1] x [0,1/2],
Qo1 :=10,1/2] x [1/2,1], Qg = [1/2,1] x [1/2,1],
and define the corresponding integrals
Too = / K(z,y) dyd, L= / K(z,y) dyd,
QO,O Q1,0
Iny = / k(z,y) dy dx, I = / k(z,y) dydx.
QO,I Q1,1

Obviously, the computation of Iy and I;; is just as hard as that of I: We again have
to deal with a singularity along the diagonal of the domain. In the computation of I; o and
Iy, only a pointwise singularity occurs.

The original integral I can be computed by

I'=1Ioo+Tio+ Lo+ Lra (2.1)

If we use the integrals I, Iy, I1,0, o1 and I ; as vertices and denote the contributions they
give to each other by directed edges, we can express (2.1) in the form of a splitting graph
given in Figure 2.1.

Let us now consider the integral I o corresponding to the domain Q; o = [1/2, 1] x[0,1/2].
We once more split the domain in order to get

Qoo = [1/2,3/4] x [0,1/4], Q30 = [3/4,1] x [0,1/4],
Qoq = [1/2,3/4] x [1/4,1/2], Qs :=[3/4,1] x [1/4,1/2].



Lio

Figure 2.1: Splitting graph corresponding to (2.1)

@ @ @ @ Lo | Ly

Figure 2.2: Splitting graph and domain decomposition corresponding to (2.1) and (2.2)

We define the integrals 5, I30, 21 and I3; as above and find
Iio=Io0+ T30+ I2n + I31. (2.2)

Now the situation is changed: The integrals 15, I3 and I3 (see gray squares in Figure 2.2)
no longer involve a singularity, therefore we can apply standard quadrature to compute
them. The integral I5; is similar to [; . By repeating this procedure for all subdomains still
containing singularities, we can construct a splitting tree.

If the tree were finite, we could approximate the integrals corresponding to its leaves
by standard quadrature and then accumulate them along its edges in order to obtain an
approximation for the integral corresponding to the root and all intermediate subdomains.

Since the simple splitting is not able to eliminate singularities, this tree is infinite, so
we cannot approximate the integral directly. What we can do is to consider a subtree, e.g.,
consisting of all nodes up to a given level £ in the tree, use quadrature on those leaves that
admit it, approximate by zero on the remaining leaves and then sum up as before.

Splitting €2 as above leads, among others, to the subdomains €2y and €2; ;, and these
subdomains contain the same type of singularity as the original 2. This means that the
splitting tree, when cut off at level ¢, will contain at least 2¢ leaves that cannot be treated by
standard quadrature. Therefore, the complexity of the computation will grow exponentially
in /.

Section 6 of [18] deals with the problem of computing an approximation of an entire
integral equation, and in this context the exponential growth of the complexity can be
tolerated, since it only occurs for diagonal elements of the stiffness matrix and does not
effect the total order of complexity.

We are interested in bounding the complexity of the approximation of single integrals,



so controlling only the average efficiency is not enough. In order to reach higher efficiency,
we have to make use of additional properties of the kernel function.

2.2 Equivalence classes

We use the translation invariance (1.2) of the kernel &:

1
111—/ :Eydydx—/ / xydydx—/ / ( ,y+ )dydx
911 1/2 J1/2 2
/ / k(z,y dydx—/ k(x,y)dydx = Iyp.
Qo0

This equation holds because the subdomains satisfy
Q1 =Qo+(1/2,1/2),

i.e., because €, ; is a translation of {1 .
This means that the equation (2.1) takes the form

I = 2]070 + Il,O + I(),l. (23)
Similarly, we find that Iy = I5;, and therefore
Lo=2Lo+ 30+ I21. (2.4)

We represent the additional factors in our splitting graph by adding them to the edges. The
graph from Figure 2.2 then takes the form displayed in Figure 2.3.

Figure 2.3: Reduced graph corresponding to (2.3) and (2.4)

In order to estimate the impact of the reduction, we consider a domain [a,b] X [c,d].
Let [a%, %] x [°, d°] be one of the predecessors of this domain in the splitting graph. Since
only domains containing singularities are split in the course of our procedure, we must have
[a®, 8] N [?,d"] # 0. By construction, there are not more than 3 subdomains satisfying this
condition. Since each subdomain has in turn exactly 4 successors in the splitting graph,
there can be no more than 12 equivalence classes on each level of the splitting graph.

This implies that, by using equivalence of subdomains, we can reduce the number of
subdomains, and therefore the complexity of the computation, on a level ¢ from O(2°) to

O(1).



2.3 Homogeneity

Although we can reduce the complexity of our algorithm by using equivalence classes, we
still have to truncate the splitting graph in order to get a finite algorithm, and of course this
truncation implies a loss of precision.

One way of avoiding this is to make use of the homogeneity (cf. (1.3)) of the kernel: We
have

K(sw,sy) = s“k(z,y)

for all s € Ry, and, due to the choice of our subdomain splitting, this implies

3/4
121—/ / xydydx—/ / k(z,y) dy dx
1/4 1/4
/ / dydx——/ / K(z,y) dydx——llo
1/2 1/2

By setting ¢ := 27%/4, equation (2.4) takes the form
[170 = 2[270 + [370 + CILO' (25)

This means that now we have to introduce cycles into the splitting graph, leading to a graph
of the form given in Figure 2.4.

Figure 2.4: Reduced cyclic graph corresponding to (2.3) and (2.5)

Applying the entire procedure to the domain 7, we end up with the finite splitting graph
shown in Figure 2.5 instead of an infinite graph.

cl_j cly

cl, | cl

cl, cly

Figure 2.5: Final splitting graph and domain decomposition



As a finishing touch, we transform all integrals to the domain €2, so we can use the same
quadrature rule for all leaves of the splitting graph: We set

1 1
L, = / / k(z +7,y)dydz
o Jo

and rewrite the transfer equations in these new variables:

IZIQZQCI()‘l‘CIl‘l‘CI_l, Il :C]1+2012+C]3, I_l :CI_l—I—QC]_Q—I—CI_g. (26)

2.4 System of equations

Since the splitting graph given in Figure 2.5 is no longer acyclic, we can no longer simply
compute the value I by traversing the graph. Instead, we interpret the graph again as a
system of linear equations for the unknown variables I, I; and I_; and find

2¢c ¢ ¢ 1 0 1
0 ¢ O Il -+ 20]2 + C]g = Il s (27)
0 0 ¢ I, 2cl_o9+cl_3 I
which can be rewritten as
1—2¢c —c —c I 0
0 1—c¢ 0 Il = 20]2 + C]g . (28)
0 0 1—c¢ I 2cl_o +cl_5

Since ¢ = 27%/4 < 1/2, all the diagonal entries are positive, therefore this system has a
unique solution.
If k is symmetric (cf. (1.5)), we have I, = I_, and can reduce the system to get

(1 2 1_—2‘;) G) _ (mg dg) | 2.9

Remark 2.1 (Logarithmic kernel functions) Let us consider the logarithmic kernel
function k(z,y) = logl|x — y|. It is invariant under translation, but not homogeneous.
Therefore, we replace the homogeneity condition (1.3) by

k(sz, sy) = B(s) + k(z,y),
i.e., equation (1.4) (for our example, B(s) = log(s) satisfies this equation) and find that

1 1 1
I, = §[2v + 112%1 + Z[%H +6(1/2)
holds. This implies
/2 —1/4 —1/4 I B(1/2)
0 3/4 0 L | = B(1/2)+ /2 + I3/4
0 0 3/4 I, B(1/2)+ 1 9/2+ 1 3/4

Due to the symmetry of k, we have Iy = I_1 and find

(162 _31/{12) (Ijl) - (5(1/2)i(}2//2;+]3/4) : (2.10)

A kernel function like log® |x — y| leads to a more involved equation than (1.4); however,
similar techniques can be applied.



2.5 Approximation

Up to this point, we have used no approximation. The equations (2.8), (2.9) and (2.10) hold
for the ezact integrals. In order to get a numerical approximation scheme, we replace the
regular integrals Iy, I_5, I3 and I_3 by approximations and use the equations (2.8), (2.9) or
(2.10) in order to derive approximations of I, I; and I_;.

2.5.1 Quadrature rule

The right-hand side of (2.8) contains integrals I, corresponding to regular integrals, i.e., with
|7] > 1. In order to find the solution I, we have to approximate these integrals.

We denote the m-th order Gauss quadrature points for the interval [0, 1] by (xx)}~; and
the corresponding weights by (wy)}", and approximation I, by applying quadrature to both
integrals:

I, = ZZwkwm(:pk + 7, z). (2.11)
k=1 ¢=1
2.5.2 Quadrature error estimate

Since Gauss quadrature is exact for polynomials of order 2m — 1, we have

L, — I, < 2 min |5 = klloo fr,149)x(0.1) (2.12)

€Qam—1

where Q,,, 1 is the space of tensor product polynomials of order 2m — 1, i.e.,
Qom—1 = span{p ® q : p,q are polynomials of order 2m — 1}.

We assume that the kernel function x is asymptotically smooth with a singularity of order
g € R>g, i.e., that there are constants cy, ¢; € Ry such that

20k, )] < ealeo) (v + )l — g o (2.13)

holds for all v, u € Ny. The parameter g will typically coincide with —«a from (1.3).
The estimate (2.13) implies

YoM c1 o o !
v < .
1920y Koo < Girm 590 (dist(ﬂ 0)> v

for all intervals 7,0 C R with 7 No = (), so we can apply [1, Theorem 3.2] to the standard
tensor-product Chebyshev interpolation operator in dimension d = 2 in order to find a
polynomial k € Q3 satisfying

8eci (2m)? (1 . codiam(7 x a)) (1 | 2dist(7,0) )2’”' (2.14)

dist(7,0)9 dist(r, o) codiam(7 X o)

||/{ - k||m,7xa S

We apply this to 7 = [y,1+v],0 = [0, 1] and find

diam(7r X o) = V2, dist(7, o) = max{0, |y| — 1},

9



so (2.14) takes the form

8601(2m)3 CO\/§ Co 2m
16 = Elloo,paixion < T—pig | 1+ |
[v,14+]x[0,1] (|7| _ 1)9 "y‘ —1 Cco + \/§(|'7| - 1)

Combining this estimate with (2.12), we get

gy Ml (| e v )
|]'y IW| < (|,y|_1)g <1+ |fy|—1> <Co+\/§(|7|_1)) ’

so the quadrature error converges exponentially in the order m.

2.5.3 Approximation of singular integrals

In the right-hand side of (2.8) we have I, I3, [_5 and [_3. If we approximate these integrals
by the quadrature rule (2.11), we have

€rhs 1= max{|ly — 1:2|7 112 — [:2\, 13 — [NB\, 15— 1:73|}

C(m) Co 2m .y et CO\/§
([ =1)0 (co+\/§) th  C(m) := 16ec;(2m) <1+|7|_1>,

Solving (2.8) with these approximated right-hand side values, we get

j‘ L 20f2+cf3 j_' L QCf_Q‘l_Cj_g j:— Cfl‘l_Cf_l
1=, =, =
1—c¢ 1—c¢ 1-—2c
and find
~ c ~ c ~ 6¢2
[_[ <7I‘S7 [7 —[7 Sirsa [_[S
|5 1‘—|1—c|€h [ =1l 1—c i1=1l 11— ¢ [1—2¢|

so the approximation of the integrals improves exponentially if the quadrature order is in-

€rhs)

creased.

3 Integrals with polynomials

3.1 General case

If an integral equation is discretized by other than piecewise constant functions, we have to
compute integrals of the form

1 1
I ;:/ / |z —y +7["0i(2)p;(y) dy dz,
0 0

where ¢;, ¢; are n-th order polynomials and v € R. If we split this integral and transform
as before, we find

1 .1 1 r1
o (T y ap, (2 y+l
Dime [ vz (G e () e e [ [ musz-ra(5)e (V) anas
0Jo 0J0

(3.1)

1,1 1,1 ~

o (r+1 Yy o [T+1 y+1

+c// |z —y+ 27y + 1] %‘(—2 ><P]<§> dydx+c// |x —y + 27| cpi<?><pj (T
0J0 00 ,

10



Since (z,y) — @;(x);(y) is in general neither invariant under translation nor homogeneous,
we cannot apply our method directly.

Although a single polynomial is not invariant under translation and scaling, the space of
all polynomials of a certain order is. Therefore we treat an entire basis of a polynomial space
simultaneously: Let (¢;)I, be a Lagrange basis of the space of n-th order polynomials, i.e.,
we assume that there are interpolation points (&), satisfying

p(x) = Zp(fz)%(x) (3.2)

for all n-th order polynomials p.
Since the integrals depend on two polynomials, we introduce the index set

P:={0,...,n} x{0,...,n}

and collect the integrals for all combinations of basis functions in vectors I € R? defined
by

1= [ [ e dyds (3.3)

for 7,5 € {0,...,n}.
We define the transfer matrices T, T0', T T € RP*P by setting

N §k + &+ 0
Tipon = @i ( > ) ¥ ( 2

for o, 5 € {0,1} and (¢, 5), (k,1) € P and deduce from (3.2) that
0 Y y+0
Z T(z',j)(k,z)@k(:c)@l(y) = ( 5 ) 0, (T .
(k,l)eP

Remark 3.1 Since ()l is a Lagrange basis, we have y . ,; = 1. This implies

> Tahwn = <Z"0i> <£k;a) <Z%> (&;ﬁ) -h
=0

(i,5)eP Jj=0

s0 the column sum of any column of a transfer matriz T*? will be 1. Therefore the constant
vector is a left eigenvector of any transfer matriz, and the corresponding eigenvalue is 1.

Using these new notations, we can write equation (3.1) in the form
['y — CT00]2’y 4 CT01[2771 + CT10[27+1 4 CT11[27

and use it to replace the scalar-valued recurrence relation (2.7) by

TOO + Tll TlO TOl ]O 0 IO
c T ' 4e|l @+mHrR+7oP | =(1"]. (34
TlO Ifl (TOO + Tll)]fQ + TOl]*B Ifl
—M

Now we can proceed as before and solve the resulting system of linear equations.

11



3.2 Linear polynomials

Let us now consider a simple example: The Lagrange basis

of affine functions corresponding to the interpolation points

po(t) =1—1t and ¢(t) =t

& =0 and & =1.
We identify P = {(0,0),(1,0),(0,1),(1,1)} with the set {1,2,3,4} and find

1 1/2 1/2 1/4 1/2 1/4 0 0
poo_ |0 1/2 0 1/4 o _ | 0 1/40 0
0 0 1/2 1/4|’ /2 1/4 1 1/2|°
0 0 0 1/4 0 1/4 0 1/2
1/2 0 1/4 0 1/4 0 0 0
oo |12 1 1/4 172 o |14 12 000
0 0 1/4 0 |’ 14 0 1/2 0"
0 0 1/4 1/2 1/4 1/2 1/2 1
so the matrix M from (3.4) takes the form
5/4 1/2 1/2 1/41/2 0 1/4 0]1/2 1/4 0 0
1/4 1 0 1/4|1/2 1 1/4 1/2| 0 1/4 0 0
1/4 0 1 1/4] 0 0 1/4 0|1/2 1/4 1 1/2
1/4 12 1/2 5/4| 0 0 1/4 1/2| 0 1/4 0 1/2
1/2 1/4 0 0
01/4 0 0
M=ec 1/2 1/4 1 1/2
0 1/4 0 1/2
/2 0 1/4 0
1/2 1 1/4 1/2
0 0 1/4 0
0 0 1/4 1/2

The matrix is upper block triangular, and all but the upper left block are again upper or
lower block triangular, so we can find its eigenvalues by computing the Schur form of the

upper left block: We have

QT

5/4 1/2 1/2
1 0

1/4
1/4

1/4 1/2 1/2

0

1/4
1/4
1 1/4
5/4

where the unitary transformation @) is given by

1

1
1

—1
—1

12

Q

2

1/2
11
—1 -1
1 -1
-1 1

1/2




so we find o(M) = {2¢,¢,c¢/2,¢/4}, ie., the matrix I — M is singular if 27%/4 = ¢
{1/2,1,2,4} holds, and this is the case if the order « of homogeneity is in {—1, —2, —3, —4}.

4 Strong singularities

4.1 Finite part integrals

In the case of @ < —1, the integral (1.1) does not exist in the standard sense. Instead we
consider the family I, of integrals

1 1 1—€e p1 1 px—e
I = / / k(z,y) dydx = / / k(z,y) dydx + // k(z,y) dydx (4.1)
0 JO 0 T+e e JO

|z—y|>e

for € > 0. The integration domain is [0, 1]> minus a symmetric strip around = = y as depicted
in Figure 4.1.

For instance, in the case of (1.1), i.e., x(x,y) = |z — y|¥, with a < —1 and a # —2, we
have

[6 =cCy+ Ca+1€a+1 —+ Ca+2€a+2 with
2 2 2
Cap1 = ———, Cota = ——.
(a+1)(a+2) - a+1 2T a2

Cop =

In the case —2 < a < —1, the term c,q1€*"! diverges as € — 0, while coy2¢2™? — 0. In
the case o < —2, both terms o422, cop1€2! diverge. Omitting the divergent terms, we
define the partie finie integral (cf. [8]) by the constant term cy:

1 1
2
1. —yl%dydx = .
P /0/0“7 yl* dy o (a+1(a+2)

In the case of @ = —1 or a = —2, logarithmic terms appear and result in

1l 11
p.f./ / |x—y\_1dydx:—2:p.f./ / |z —y| 2
o Jo o Jo

4.2 'Triangular splitting

The system (2.8) can be solved if ¢ € {1/2,1}, ie., if a € {—1,—2}. In order to find an
interpretation for its solution, we introduce an auxiliary splitting strategy: Different from
before, we no longer split the domain Q = [0, 1] x [0, 1] into square subdomains, but we split
it first into the triangles

Q={(r,y)eQ : y<a}, Q:={(r,9)€Q : y>ua}

and then split these triangles into four similar subtriangles by applying the standard “red”
refinement strategy.

As before, we split only those subdomains that touch the singularity and get the sequence
of splittings given in Figure 4.1.

13



Figure 4.1: Triangular splitting strategy

For the case of the domain ', we end up with four equivalence classes:

1 o 1 1

Ib = / / k(z,y) dydx, Il = / / k(x + 1,y) dydz,
o R

L ::/ / k(z + 1,y) dydz, I ::/ / k(x +2,y) dydz,
o Jo 0 Ja

(cf. Figure 4.2) since we have

1 pzx
I(l):// k(z,y) dy dx
0Jo
12 fa 1 pa—1/2 112 1 o
:/ / /{(x,y)dydx—l—// /{(x,y)dydx—k// /i(:p,y)dydx—i—/ / k(z,y) dy dx
o Jo 12 Jo 12 Ja—172 12 J12
12 ra 12 pa 1 12 (172 1 12 ra
:/ / /ﬁ(x,y)dyd:cjt/ / ﬁ(x+—,y)dydx—|—// ﬁ(x+—,y)dyd:c+/ / k(z,y)dya
o Jo o Jo 2 0o Ja 2 o Jo

= cl} + eIl + eIl + cI} = 2¢cI} + Il + cll,

1 1
//ﬁ(x+1,y)dyd:c
V24
// x+1ydyd:c+// k(x4 1,y)dydx
0
/ / k(z+ 1,y)dydx + //f(x+1,y)dydx
0o Ji+ta 12 Ja
1/2 1/2 1
// x+1ydyd:c—|—// :c+2,y)dydx
0
1/2
—|—/ / /ﬁ(x+§,y)dydx+/ / k(x +1,y) dydx
0 T 0 T

= cll + Il + eIl 4 cIL = eIl + cIl + 2c1}

L

_|_

and since I} and I} are nonsingular integrals.
For the domain Q*, we get the four equivalence classes

11 1 o

Iy :/ / k(x,y) dydz, f::/ / k(z,y + 1) dydez,
0 Ja 0 Jo

L= / / k(z,y + 1) dydz, I} = / / k(z,y +2)dyde
0 Ja o Jo

14



Ayt

Figure 4.2: Equivalence classes for the triangular case.
(cf. Figure 4.2) with the recurrence relations
I§ = 2cly + cli' + cly, I' = eI} + cly + 2cl3.

Combining the equations, we find

2c ¢ I cl} I
c Il clh+2cll | | I

o e ||| Terr T || (42)
c I cly + 2cly I

By repeated application of this equation, we find

k—1
r=Mr+b=MMzr+b)+b=...=Muz+> M
1=0
The partial sums
k—1
z* = Z M*D (4.3)
=0

correspond to integrals over subdomains: ¥ represents the integrals over those subdomains
that do not contain singularities after k splitting operations.

In Figure 4.1, the subdomains marked in grey correspond to z% x',... 2% (from left to
right). Since our new splitting strategy is based on triangles aligned with the diagonal of
the domain, we find that for z*, a strip of width 27* around the diagonal has been removed
from the domain of integration, so we have

1 z—27F 1-27F o1
af = / / |z—y|* dy dz, Tk = / / |z—y|* dy dx, IF = a4k = Iy
27k Jo 0 z+2-F

(4.4)
The latter equation is the reason for our construction: Due to the triangular splitting, the
partial sums I* correspond to the integrals I,-« defined in (4.1). Therefore the convergence
properties of I* are closely related to the quantities occurring in the definition of the partie
finie integral.
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Remark 4.1 (Symmetric case) If k is symmetric, i.e., if the kernel function satisfies
(1.5), we have I¥ = I}, and I = I, so it is sufficient to solve

1-2¢ —c I\ cl}
0 1—c)\I!) — \cll + 2cI}
and set I = 21}.

4.3 Convergence analysis

If p(M), the spectral radius of the matrix M from equation (4.2), is smaller than 1, the sum

k= ?;é M*b converges to (I — M)~'b, so we can compute r = limy_,o ¥ = (I — M)~'b
directly by solving (2.8) (in the case of integrals with polynomials, equation (3.4) can be
used).

Now let us consider the general case. Obviously, the spectrum o(M) of M is given
by o(M) = {c,2c}. Since the eigenspace for the eigenvalue 2¢ is spanned by the vectors
(1,0,0,0)" and (0,0,1,0)" and the one for the eigenvalue c is spanned by (—1,1,0,0)" and
(0,0,—1,1)T, we can diagonalize M:

=T =D =7-1

We can apply this to the sum ZI;:_OI M* and get
9] k—1
Tz =Y DYT'p), T '2¥=> DYT'b).
=0 (=0

Therefore I* from (4.4) is given by

k—1 k—1
[k = «’L'If + l'lg = (Z(QCy) (b1 + bg + b3 + b4) — ( C€> (b2 + b4) .
M 3 —

=0 e =0

In the exceptional cases ¢ = 1/2 and ¢ = 1, we get the respective expressions

1—27k
[k = kar — 1_71/267 = —Qb, + kar + 2likb,, (Case C = 1/2) (45&)
p_ 1— 2 k
I" = =5 by —kb_ = —b, —kb_ +2"b,, (case c=1) (4.5b)
and otherwise
]_ — (2C)k ]_ — Ck b+ b_ b+ b_
Jh=" " p — b_ = - — 2¢)* k. 4.5
1—2c * 1—¢ [oe 1-¢) 1o 1 (4.5¢)



As we can see in Figure 4.1, we have

1 T—e€p 1—eg 1
" =1, ::/ / |x—y\adydx+/ / |z —y|* dy dx
e J0 0 Tteg

for € := 27% and we find
(20)F = 27klat) — ol - ok — o=k(at2) — 02 and k= —log, .

We can use this to rewrite equations (4.5a-c) in the form

—2b_ — by log, € + 2b_¢y, if a=—1,
I, =< —bsy +b_logyex + biey’ if @ = -2, (4.6)
<1’i+2€ — %) — 111266‘,?“ + %62” otherwise.

We are interested in the case k£ — oo, i.e., ¢, — 0. For a > —1, the integral is only
weakly singular, and ez‘H and ez‘“ converge to zero. For a < —1, the integral is not weakly
integrable, so we use the Hadamard integral, i.e., we take only the finite part of the expansion
(4.6) of I, :

—2b_ if o =—1,
oo 1= =0y if a = -2,

b b_ .

1_+gc — 1 otherwise.

Now let us consider a simpler way of finding the Hadamard integral I.. If ¢ & {1/2,1}, i.e.,
if « ¢ {—1,—2}, the partial sums (4.3) can be written in the form

o = (I — M) (I — M*)b.

In the weakly singular case, we have p(M) < 1, and M* converges to zero if k — oo, giving
us

2> = (I — M)™'b. (4.7)
Diagonalization of this equation yields
1 -1 — 11 (by + b2) /(1 —2¢) — by/(1 = ¢)
-1 1—120 11 (b3 +ba)/(1 — 2¢) = bs/(1 = ¢)
1 IL_C 1 by/(1—c)

and we find that
T+ 73 =1y

holds, so we can compute I, even in the strongly singular case by equation (4.7).
Unfortunately, this equation cannot be applied if I — M is singular, i.e., if ¢ € {1/2,1}.
We can fix this by replacing (I — M)~! by the proper pseudo-inverse: We use the function

l/a it a#0,

0 otherwise,

pinv(a) := {

17



to define the pseudo-inverse (I — M) by

pinv (1 — 2¢)

Cant pinv(l —¢) .
(I-M)" =T pinv(1 — 2¢) =

pinv(1l — ¢)
Obviously, we have (I — M) = (I — M)~!if I — M is regular. If it is singular, we use
2> = (I — M)'b

and find
(b1 + by) pinv(1 — 2¢) — by pinv(1l — ¢)
o by pinv(1l — ¢)
T (b3 + by) pinv(1 — 2¢) — by pinv(1l — ¢)
by pinv(1l — ¢)

In the cases ¢ =1/2 (i.e., a = —1) and ¢ =1 (i.e.,, a = —2), we find

by + b
b1+ by + b3+ 0
[L‘?O‘I—l’go: 1+12;'_22+ 4:—b+:-[oo (CaSGC:]_,O[:—2)’

so now we have found a general procedure for the computation of I,.,: We compute > :=
(I —M)'b and get I, = x5°+x5°. This will work for all values of a, i.e., for arbitrary degrees
of singularity, and it will give us the desired Hadamard integral.

4.4 Reduction to rectangular splitting

We have seen that the solution of (2.8) corresponds to the Hadamard integral if ¢ ¢ {1/2, 1},
iLe.,if a g {-1,—-2}.

The relation to the Hadamard integral is due to the fact that we use triangular subdo-
mains and approach the diagonal {(x,y) € Q : x = y} uniformly. While this works in the
one-dimensional setting, its generalization to higher dimensions is not straightforward (it
would require the use of curved subdomains).

Let I}, IL, I, I € R satisfy equation (4.2) and let the regular integrals I}, T4, I¥ I¥ € R
and I, I3, 1_o,1_3 € R be defined as before.

CI’z CI;

e

c12 cI3 cI3

Figure 4.3: Relation of square and triangular equivalence classes
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The regular integrals satisfy the equation

11 11 1 1
20]2—1—013:0// |x—y—|—2|°‘dydx+c/ / |x—y+2|adydx+c/ / |z —y+ 3|*dy dz
o Jo 0 Jo o Jo

12 12 1,1 12 12
:/ / |x—y+1\o‘dyd:c+/ \x—y+1\o‘dyd:c+/ / |z —y+3/2|dy dx
o Jo 12 172 o Jo

12 1 112

:/ / |x—y+1\o‘dyd:c+/ / |z —y+ 1| dy dx
o Jo 12 Jo
11 12

:/ / |x—y—|—1|°‘dydx—/ / |z —y+ 1|*dy dx
o Jo o Jip

1 pz Y2 p1/2 1yl
:/ / \x—y+1|adydx—|—/ / \x—y+1|adydx—|—/ |z —y+ 1| dy dx
o Jo o Ja 12/

= I} +2¢ll.
By similar arguments, we find 2cI_y + cl_3 = I 4 2clj. By setting
Lo =I 4+ 141 =T+ 1L, 1y = 1" 4 1Y,
we find that
Io =I5+ I¢ = 2¢(I5 + 1Y) 4 c(Ib + 1Y) + (I} + 1Y) = 2cly + el 4+ 1y,
L =1+ 1, =cl' + eIl 4 2eIL + 1L = el + 2¢Il + I = eIy + 2¢I, + cls,
Iy =cli+2clo+cls
holds. This implies

fo 2c ¢ c fo 0
I = (& I + 2C[2 —|—C[3 R
I, c I, 2cl_o +cl 5

so each solution of (4.2) corresponds to a solution of (2.7). Since the solutions are unique,
the triangular splitting scheme leads to the same result as the rectangular scheme.

5 Implementation

In this paper, we have studied only the one-dimensional case, where only a small number of
equivalence classes (4, namely (L,)izo, in the case of a rectangular splitting, and 8, namely
(I;L)f’/:o and (Ify):ffzo, in the case of a triangular splitting) has to be computed. In this simple
setting, we can compute the solution of the systems of linear equations explicitly and use
them to derive quadrature rules. In the symmetric case for example, we can use (2.9) to

derive the quadrature formula
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where (z)72, are the Gauss quadrature points for the interval [0,1] and (wg)j, are the
corresponding weights. For the logarithmic kernel function k(z,y) = log |x — y|, we have to
add an appropriate multiple of the correction term (3(1/2).

In order to treat integrals with polynomials efficiently, we note that the computation of
the vector I7 from (3.3) requires only one kernel evaluation per quadrature point, since only
the multiplicative factors corresponding to the basis functions ¢; and ¢; change. This means
that the number of kernel evaluations for the case of integrals with polynomials is the same
as for the case of integrals without additional factors.

Applying our quadrature algorithm to boundary integral operators on curves I is straight-
forward: The curve is approximated by a polygon through a sequence of points (a;)?,, and
the entries of the Galerkin stiffness matrix are approximated by

Ay = 22/ u(x / k() puly) dy de

for polynomial (or piecewise polynomial) basis functions (¢,). In order to apply our quadra-
ture scheme, we have to transform the line integrals to integrals over [0, 1]2. If ¢ = j, this is
straightforward: We use the parametrization

(ais+ a1 (1 —s)
st) = (ait +a;-1(1— t))
and find

// ()0 (@)puly) dy do = o — a1 | lay — a; 1||// (5, 6 ()B(1) dt ds

with

R(s,t) = k(a;s +a;—1(1 — s),a;it + a;—1(1 — 1)),
Pu(s) = pulais +aia(l1 =), @ut) = pulait + a;ia (1 =1)).

Obviously, if & is shift-invariant, so is &, and if ¢, and ¢, are polynomial, so are ¢, and ¢,,.
Therefore we can now apply our quadrature rule to approximate this integral.

Let us consider the case of two adjacent lines, i.e., a;-1 = a; or aj_; = a;. Since both
cases are symmetric, we will only give a construction for the first one. Again, we introduce

a parametrization
a;s +a;_1(1 —s)
O(s,t) =
(5.1) (aj<1—t>+aj_1<2—t>

that maps [0,1] x [1,2] to [a;—1,a;] X [aj_1,a;] and ensures ®(1,1) = (a;_1,a;) = (a;, a;).
Applying the corresponding transformation, we get

// o, ) (@)pu(y) dy do = lla; — a1 | flaj — a;- 1H// (5, )3 (), (1) dt ds

with

k(s t) = k(a;s +a;i—1(1 —s),a;(1 —t) +a;—1(2 1)),
2u(s) = wulas +aia(1— ), Gult) = pulas(1— 8) +a;4(2— 1),
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m=1 m=2 m=3 m =4 m=2>5
n =2 n=2~a n =18 n =32 n = 50
L=/ | =[] =2 =2 = I/
10g 1.19_2 ]_.]_0_4 1.48_6 2.44_8 4.54_10

— —05 1.39_2 ]_.98_4 3'42—6 6.67_8 1.41_9
=—1.0 — — — — -
=-15 7.32_, 2.10_4 5.53_5 1.46_¢ 3.92_4

—2.0 — — — — -

—2.5 1.734 8.62_3 3.26_4 1.13_5 3.72_7
-3.0 2.351 1.49_, 6.62_4 2.58_5 9.40_~
~35 3.02_, 2.39 5 1.24 4 5.39 - 2.16_¢
—4.0 3.72_4 3.61_5 2.15_3 1.05_4 4.58_¢
a=—10.0 9.29,1 4.28,1 8.79,2 1.14,2 1.14,3

L QR Lo R
I

Table 6.1: Relative errors and kernel evaluations for different degrees of homogeneity and
quadrature orders, rectangular splitting

The transformed integral corresponds to the value I; of (2.6), so we can compute it using
(2.8) even though the transformed kernel function & is no longer invariant under translations.

Our approach is not limited to the one-dimensional case: Let us consider the example
of triangular domains. Instead of splitting intervals into two halves, we split triangles into
four similar subtriangles and proceed as before. The resulting splitting graph contains 14
non-admissible and 60 admissible equivalence classes. We can treat products of rectangles
or quadrilaterals by similar techniques.

6 Numerical experiments

Since we are mainly interested in the behaviour of the quadrature rule for high-order singu-
larities, we consider the simple one-dimensional case with the kernel function

R, y) = lo—y|*

from (1.1) and test the performance of our method for different values of . We have

1 1 1 o 9
I:/ / /{(x,y)dydx:Q/ / |z — y|*dy de = :
o Jo 0 Jo (a+1)(a+2)

We approximate I as described in Subsection 2.5 for different values of a and collect the
relative errors and the number of kernel evaluations in Table 6.1. Here, m denotes the order
of the quadrature rule (2.11), n denotes the number of kernel evaluations required, and the

rows of the table give the relative error of the integral. The cases a = —1 and a = —2
are omitted because the regularization described in Subsection 4.3 only works for triangular
approximations.

We compare the results with those derived for the triangular approximation introduced in
Subsection 4.2. The regular integrals are approximated by applying the Duffy transformation
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m=1 m =2 m =3 m =4 m=2>5

n=2 n=2_§ n =18 n =32 n = 50

L= 1\ 2 =200 [ 1 =T/ |1 = ] 12 = )

log 8.73_3 3.86_6 3.26_7 7.75_9 1.75_10
a=-0.5 6.02_4 6.18_5 1'43—6 3~19—8 7.36_10
a=-—1.0 2.86_9 6.50_4 1.48_5 3.49_- 8.56_¢
a=-15 3.36_, 1.23_4 3.47 5 9.54_, 2.62_¢
a=-2.0 3.35_, 1.88_4 6.40_5 2.01_¢ 6.15_g
a=-25 1.10_, 5.99 5 2.33_, 8.16_¢ 2.72 -
a=—-3.0 1.61_4 1.07_9 4.88_4 1.92 4 7.04_,
a=—3.9 2.18 4 1.77_5 9.31_4 4.10_5 1.64_¢
a=—4.0 2.79_4 2.72_9 1.65_5 8.06_5 3.53 ¢
a = —10.0 8.58_4 3.62_4 7.34_5 9.53_3 9.47_4

Table 6.2: Relative errors and kernel evaluations for different degrees of homogeneity and
quadrature orders, triangular splitting

(s,t) — (s, (1 —s)t) to tensor Gauss quadrature rules. The corresponding relative errors can
be found in Table 6.2. Due to the better performance of the quadrature rule for triangular
subdomains, they are slightly smaller than those for the case of rectangular splittings.

As predicted by theory, the quadrature error converges exponentially in all cases, while
the algorithmic complexity, expressed as the number n of kernel evaluations, increases only
quadratically: Since we compute the integrals I, I3 (or I3, I$) by using tensor quadrature
of order m, we have n = 2m?.
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