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A Fast Solver for Fredholm Equations of the Second Kind
with Weakly Singular Kernels

RAYMOND H. CHAN* FU-RONG LINT and CHI-FAI CHANY

Abstract — In this paper, we consider solutions of Fredholm integral equations of the second kind
where the kernel functions are asymptotically smooth or products of such functions with highly os-
cillatory coefficient functions. We present a scheme based on polynomial interpolation to approxi-
mate matrices A from the discretization of these integral operators. Our approximation matrix B is
obtained by partitioning the domain on which the kernel function is defined into subdomains of dif-
ferent sizes and approximating the kernel function at each subdomain by interpolation polynomial
at the Chebyshev points. Although B is dense, it can still be constructed in O(nk) operations, re-
quires O(nk) storage and the product By can be obtained in O(nklogn) operations, where n is
the size of the matrix and & is the degree of the interpolation polynomial used. We prove that the
Frobenius norm || A — B||p < € if k is of O(log e 1) for smooth kernels (including log | —t[) and of

O(loglogn+loge™") for weakly singular kernels such as |z — t|~'/2. Comparison with the wavelet-
like method by Alpert et. al. [2] shows that our method requires less memory and is more accurate.

Keywords: Fredholm integral equation, polynomial interpolation, conjugate gradients

1. INTRODUCTION

In this paper, we consider the fast solutions of Fredholm integral equation of the
second kind:

1
f(x)—d(x)/o a(z,t) f(B)dt = g(w), =€ [0,1], (11)

where the kernel function a(z,t) is in I7[0,1]? and is analytic except at « = ¢, and
the unknown function f(z) and the right hand side function g(z) are in 2[0,1].

We assume that the coefficient function d(z) can be oscillatory but bounded. These
equations lie between the equations with smooth kernels and those with arbitrary
oscillatory kernels.
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It is well-known that an integral operator with weakly singular kernel is a com-
pact operator ([11], Theorem 2.21) and that the product of a bounded operator and
a compact operator is still compact ([14], Theorem 4.18). Therefore the integral

d(x)fola(z,t)f(t)dt in (1.1) defines a compact operator. Hence for integral equa-
tions of the second kind, they are either singular or well-conditioned. Using quadra-
ture rules such as the trapezoidal rule, (1.1) becomes a linear system

(I—DA)f =g, (1.2)

where I is the identity matrix, D is a diagonal matrix and A is a dense matrix
corresponding to the quadrature rule and quadrature points used in discretization of
the integral in (1.1).

Various direct and iterative methods have been proposed for solving (1.2), see
[7] for instance. However, one overriding drawback of these methods is the high
cost of working with the associated dense matrices A. For problems discretized
with n quadrature points, direct methods such as Gaussian elimination method re-
quire O(n?) operations to obtain the numerical solutions. For iterative methods such
as the conjugate gradient type methods, each iteration requires matrix-vector mul-
tiplications of the form Ay, see [8]. Therefore even for well-conditioned problems,
such as the second kind integral equations, the methods require O(1#) operations,
which for large-scale problems is often prohibitive.

In recent years, a number of fast algorithms for (1.2) have been developed, see
for instance [9, 13, 3, 2]. The fast multipole method proposed in [9] combines the
use of low-order polynomial interpolation of the kernel functions with a divide-
and-conquer strategy. For kernel functions that are Coulombic or gravitational in
nature, it results in an order O(n) algorithm for the matrix-vector multiplications.
In [13], the integral equation is discretized at the Chebyshev points and the resulting
matrix is approximated by a low-rank modification of the identity matrix which
can be obtained in O(nlogn) operations. However, the solution of the discretized
system still requires O(n?) operations to obtain if the solution is not smooth. In
[3], an O(nlogn) algorithm is developed by exploiting the connections between
the use of wavelets and their applications on Calderon-Zygmund operators. In [2],
wavelet-like bases are used to transform the dense discretization matrices into sparse
matrices, which are then inverted by the Schulz method. The complexity of the
resulting algorithm is bounded by O(nlog’ n).

In this paper, we present a fast matrix-vector multiplication scheme based on
polynomial interpolation technique. We partition the discretization matrix A into
sub-blocks of different sizes as in [2]. Then, a degree k£ interpolation polynomial
is used on each of the sub-blocks to obtain an approximation matrix B. We show
that the approximation matrix B can be constructed in O(nk) operations and only
requires O(nk) storage to represent. We also show that for any vector y, the product
By can be obtained in only O(nklogn) operations. Therefore, for integral equa-
tions of the second kind, the approximated systems can be solved by the conjugate
gradient type methods in only O(nklogn) operations.

We then discuss the accuracy of B with respect to the degree & of the interpola-
tion polynomial used in the approximation. We will concentrate on kernel functions
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that are asymptotically smooth, i.e.,
D™ a(x,t)| < pm®ml|z —t]°~™, form >0,

where « > 0, p > 0 and D™ is the mth-order partial derivative of = or ¢ or both
(see [16]). (We note that for problems in higher dimensional spaces, one can use a
more general definition as given in [15].) For such kernel functions, we prove that
|A— B||r < € if the degree k of interpolation polynomial satisfies

O(loge™1), 0 <9,
kE>< O(loge ') +O(loglogn), —1<d<0, (1.3)
O(loge 1)+ O(logn), d<—1.

In particular, for smooth kernel functions (¢ > 0) that include the function log |z —¢|,
k is independent of the matrix size . Hence our method requires only O(nlogé!')
storage and O(nlognloge™!) operations to solve the corresponding integral equa-
tions. For weakly singular kernel functions (—1 < & < 0) such as |z — t[~'/2, the
memory requirement is O(n (loglogn+loge!)) and the computational complexity
is O(nlogn(loglogn +loge1)). We note that the methods in [1, 16] both require
O(nlognloge 1) memory for the same accuracy for log |z — t| and other weakly
singular kernel functions.

The outline of this paper is as follows. In §2, we derive our fast multiplication
scheme and analyze its complexity. We will show that our approximation matrix
B can be obtained in O(nk) operations and requires O(nk) storage. Moreover,
the cost for matrix-vector multiplication By is just O(nklogn). In §3, we analyze
the accuracy of B and give a proof of (1.3). Numerical results are given in §4 to
illustrate the efficiency, accuracy and stability of our approximation scheme. We
will also compare the storage requirement and accuracy of our method with that in
[2]. The results show that our method is more accurate and requires less storage.
Finally, concluding remarks are given in §5.

2. THE APPROXIMATION

In this section, we present our fast matrix-vector multiplication scheme for the dis-
cretization matrix A of (1.1). The idea of the scheme is to take advantage of the
smoothness of the kernel function a(z,t) away from the singularity where we can
use low degree polynomials to approximate the function accurately. As an example
mentioned in [2], for any ¢ > 0, the function logz can be approximated within 4 °

accuracy on [c, 2c] by using polynomials of degree at most 7. In our approximation,
we partition the domain [0, 1]? on which the discretization matrix A is defined into
subdomains of different sizes and approximate the kernel function a(z,t) on each
subdomain by a low degree polynomial.
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Figure 1. Partition of the Matrix A

2.1. ThePartition

For simplicity, we let the size of A be n =2 k. Here & is a fixed integer that depends
on the smoothness of a(,-) and the given accuracy e. Theorem 2 in §3 will give an
estimate of k. We partition A into blocks of different sizes as shown in Figure 1. Our
partition is the same as that in [2]. The blocks near the diagonal are of size k-by-£,
those next remote are of size 2k-by-2k and up to the largest size 3—2k-by-2/—2k.

By grouping the block matrices with the same size into one matrix, we see that
A can be written as the sum of a sequence of block matrices

A=A 4 AW 4 4 40=2), (2.1)

Here A®, « =0,...,1—2, contains only size 2“%-by-2%% block matrices. We can
see from 1 that the number of nonzero blocks in A is given by

6.2 —8, u=0,
Yu _{ 6(20-1"v—1), u=1,...,1—2. (2.2)

We will denote the nonzero blocks in A by A(®) for v =1,...,v,. The
numbered blocks in Figure 1 give the non-zero blocks in AY and each numbered
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Figure2. Partition of the Domain [0,1]?

block A1¥) v =1,.-. 42, is a 2k-by-2k matrix. In a similar fashion, we partition
the domain [0, 1]2 on which a(-,-) (and hence A) is defined. More precisely, we let
S(v) pe the sub-domain in [0,1]* on which the matrix A®") is defined. We will
call (%) the (u,v)-subdomain. As an illustration, the numbered subdomains in
Figure 2 are S(WY) forv =1,... ,42.

Clearly, for a given wu, S) s of the same size for each v, and the side is of
length d,, = 1/2/=%, u = 0,---,1 — 2. From the solid line in Figure 2, it is easy to
see that all (z,t) in SUY satisfy |z — t| > |2d; — d1| = d;. In general, we have

1

V(z,t) € S, (2.3)
Equation (2.3) is required for the error analysis in §3.

2.2. The Sampling and the Interpolation

Our approximation matrix B of A is constructed by approximating each block
A®?) in A py a rank k& matrix B®?). The matrix B(*") is obtained by tak-
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ing k2 samples in S(**) at the Chebyshev points and then interpolating a(z,t) at
these sample points. For notation simplicity, we will use the Nystrém method with
uniformly-spaced points to discretize (1.1) here. But we will see later that if other
quadrature rules are used, our approximation scheme still works.
Thus let the entries of A“%) be defined as
1

A= ——a(ay™ 4+ (= Dhtg™ + (G- 1h), 1<i5 <2, (24)

where h = 1/(n—1). Here A®") is defined on
S = 78" B 4 24k — 1)R] x [t 157 + (2K — 1)h).

The approximation matrix B(*?) is obtained by interpolating the kernel function
a(-,-) on S?) at the Chebyshev points. We note that the idea to use interpolation
at the Chebyshev points was also considered earlier in [12]. For a given domain
[B1,B2] X [v1,72], the Chebyshev points of degree £ are defined by

e ﬁz;ﬂl (1+¢), 2.5)
ts:'71+72;71(1+05)a .

where

(2r—1)m
= = 7 =1....
Cr cos( o , T ,ooe ok

are the roots of the kth degree Chebyshev polynomial on the interval [—1,1].

Let (2% £ (r, s = 1,--- , k) be the Chebyshev points on S®). Using the
Lagrange polynomials as basis functions, we get

kook
a(z,t) = > (@) 8 )p, (2,20 )po(115),  V(a,t) € SMY.
r=1s=1
(2.6)
Here the Lagrange polynomial pr(z,xé“’”)) is defined as
()
k _ o (u) wp(—1+ 22T )
(u,v) (z—z5") r 2%k—1)h
pr(z,my ) = = ; (2.7)
’ H (") — ") wr(cr)
SET
where
k
wr(w) = [[(z—co). (28)
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The Lagrange polynomial ps(t,tg“’”)) is defined similarly.
Combining (2.4) and (2.6), we get the approximation B*?) of A(*?) as follows:

[A(u’v)]i,j

1 U,V w,v
- n—1“(x(()’)+(z—1)h,té '+ (i -1)n)

1
~ 3l (a4 (- D)

r=1s=1
Pt + (G~ Do)

= [BMY),

for 1 <i,j < 2“k. In matrix terms, B is given by
Bwv) = ) A@0) ([, ()T (2.9)

where the k-by-k matrix A®%) and the 2“k-by-k matrix L(*) are defined respec-
tively by

[A(u,v)]r = a((L‘(u’v),t(u’v))a 1< 7,5 < k (210)

and

wj( =1+ i)

7,(w) ii =i :E(u’v)—i— i—1 h’x(u,v) _
(L] = pi(zg " + (i = 1h,ag ) o)

: (2.11)

for 1 <i<2%kand 1< j < k. Animportant observation here is that the matrix I{*)
does not depend on v.

We remark that to construct the approximation matrix %), we only need to
evaluate the kernel function a(-,-) at the & sample points. There is no need to form
the whole submatrix A®*), From (2.6), we see that our scheme still works if other
compound k-point quadrature rule, such as the k-point Gaussian rule, is used to
discretize (1.1). All we need is to change the entries of I/*) in (2.11) according to
the quadrature points used.

2.3. The Approximation Matrix B

From (2.11), we know that the matrix L*) is independent of the index v. By this
property, we observe from Figure 1 and (2.9) that the approximation matrix B of
A®) js of the form

B™ = [Lioe @ LA™  [Iy—w @ (LMYT], w=1,...,1—2,
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where I is the identity matrix of size 2~ and ® is the Kronecker tensor product.
Here A(®) has the same block structure as A™) but each block A®%) in A®) is of
size k-by-k, see (2.10). In contrast, each block A“) in A®) is of size 2“k-by-2%k
and that is where our saving in memory comes from. It follows from (2.1) that the
approximation matrix B of A is

B = AO,LpMW p@_ 4 pl2
-2
= A0 4 Z[IQl—u ®L(u)] A [Lpi-u ® (L(u))T]- (2.12)

u=1

In the next subsection, we study the storage requirement for B and the cost of
matrix-vector multiplications By by using (2.12).

2.4. Complexity Analysis

In this subsection, we show that the approximation matrix B can be constructed in
O(nk) operations and requires only O(nk) storage. Moreover, the product By can
be done in O(nklogn) operations. Here n = k2 is the number of quadrature points
used. In the following, we only count the number of multiplications as the number
of additions is of the same order.

Theorem 2.1. Let B be defined as in (2.12), where A, L®) and A®™ are
defined in (2.1), (2.11) and (2.10) respectively. e have

(i) The storage requirement for representing B isless than 9.5nk.

(i) A©, L) and A™) can be constructed in 2nk multiplications and 9nk func-
tion evaluations.

(iii) For any vector y, the product By can be obtained in (2log,n + 5)nk opera-
tions.

Proof. (i) By using (2.12) to represent B, we only need to store A9, L(*) and
A® foru =1,...,1—2. Their storage requirements are summarized in Table 1.
Thus the total storage requirement is

-2
(6-2' —8)K>+ > {6(21*1*“ C1)R? +2%2} <9.5-2'k2 = 9.5nk.
u=1

(ii) From (2.2), we see that the matrix A is partitioned into

-2
(6-2'—8)+> 6(2'7'""—1)=9-2'—61—8

u=1
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Table 1.
Storage Requirement
| Matrix | Storage | Explanation |

AO) (6-2 —8)k? | A consists of (6-2" —8) blocks and each of
them is of size k-by-k, see (2.2).

A® | 621 —1)k2 | A®) isablock matrix with 6(2~!1~* — 1) nonzero
blocks and each nonzero block A®?) is of size k-
by-k, see (2.2) and (2.10).

LW 2 ;2 L) is a 2¢k-by-k matrix, see (2.11).

blocks. For each block, we require &* samples of a(-,-), see (2.10). Hence we need
(9-2 — 61— 8)k? < Ink
function evaluations for constructing A% and A® foru=1,---,1—2.

Now let us discuss the cost of constructing ™). It can be done by the following
steps:

(a) Calculate the denominator {wj(cj)}§:1 in (2.11). By (2.8), totally k(k —2)
operations are required.

(b) Construct the numerators w;(z;) of L™ in (2.11) column by column. Here
zi =—1+2(i—1)/(2"k—1). It is clear that w;(z;) can be computed in
2"k(k — 2) operations. Since wj;1(z;) = w;(z;)(x; —¢;)/(z; —cj41), €ach
column other than the first requires 2 - 2“k operations. Therefore, we need
2¢+1k(k — 1) operations to form the remaining & — 1 columns.

(c) Finally, we can obtain the (i,7)th-entry of Ii*) by dividing the numerators
with the denominators, see (b) and (c). The cost is 2k? operations.

Therefore, the construction of L"), v = 1,... 1 — 2, requires
-2
k(k—2)+> {2"k(k—2)+2" ' k(k—1) + 2"k} <2-2'k* = 2nk
u=1
multiplications.
(iii) By (2.12), we have

By=AOy+ Z_Zz [IQH ® L<“>] AW [IQH ® (L(“>)T] y.

u=1



10 R.H.Chan, F.R Lin, and C. F. Chan

Table 2.

Examples of Asymptotically Smooth Functions

| a(z,t) | Inequality | p o & |
loglz —t| | |D™a(z,t)| <mlz—t|~™ 1 0 0
lz—t|'/? | |D™a(x,t)| <0.5ml|z—¢°°~™ |05 0 05
le —¢|~Y2 | [D™a(a,t)| <0.5ml|z—¢~%5~™ | 05 0 —0.5

By using the tensor structure, [Iy . ® (L()T]y can be obtained in 2%? opera-

tions. Since there are 6(2'~'~% — 1) sub-blocks of size k-by-k in A®) (see (2.2)), it

can be easily checked that the total number of multiplications required to form By
is

-2
(6-2'—8)k2+ 3 {6(2l’1’“ R 12 2%2} < (2045)2'k2 = (2logy n + 5)nk.
u=1

O

Numerical experiments in §4 show that our approximation matrices B are ac-
curate and stable and our multiplication scheme indeed attains the said complex-
ity. Recall that Fredholm integral equations of the second kind are in general well-
conditioned and hence can be solved by conjugate gradient type methods without
preconditioning. The main cost in each iteration is the matrix-vector multiplica-
tion, see [8]. Thus using our scheme, the approximate equations can be solved in
O(nklogn) complexity. In the next section, we will give the error analysis of our
approximation scheme. In particular, we will give an estimate of &, the degree of the
interpolation polynomial that we should use.

3. ERROR ANALYSIS

In this section, we present the error analysis of our approximation scheme. In the
following, we use D™ to denote the mth-order partial derivative of variable x or ¢
or both. We also use the symbols 7" and D;" for partial derivatives on the single
variable x and ¢ respectively. As in [16], we consider kernel functions a(x,t) that
are asymptotically smooth, i.e.,

D™ a(w,t)| < pm®ml|z — ¢, (3.1)

where a > 0, p > 0 and § are constants. This assumption is quite general and here
are some typical examples:

Before we start, we recall that if ¢(z) is an interpolation polynomial of a func-
tion f(x) € C*[By, 2] at the k Chebyshev points of degree k (see (2.5)), then

sup_ 1(2) - 0(@)| < sy SUD If(’“)(x)l(u>k, (32)
T€[B1,62] 2571k 5 oo 2
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see [10] (pp.284-287) for instance. For 2-dimensional interpolation polynomials at
the Chebyshev points, we have the following result.

Lemma 3.1. Let thefunction a(z,#) beafunction such that DFDfa(z,t) iscon-

tinuous in the domain [, B2] X [y1,72]. Let ¢(x,t) be the interpolation polynomial
at the k? Chebyshev pointsin [3;,32] X [y1,72] defined by (2.5). Then

! b= \*
la—qll < m(”” ||( 71) +[|Dkall (%))
_i_HDfD’;aH =B\ (2"

(2F—1k1)2 D) 9 )

where || - || isthe supremumnormin [5, B2] X [y1,72]-

Proof. First of all, we define the 1-variable interpolation polynomial for a 2-
dimensional function a(x,t) as

k
Za (x,t;)pi(t, 1) 3.3
7=1

and
k

Ita(x?t) = Za(xiat)pi(xaﬁl)a
i=1
where p;(t,v1) is the Lagrange polynomial defined by the Chebyshev points 4, %,
.tk In [y1,72] and p;(x, B1) is the Lagrange polynomial defined by the Chebyshev
points z1,zs,...,x% IN [B1,H2], see (2.7). Obviously, the interpolation polynomial
q(z,t) of a(z,t) on the mesh (z;,t;) (i,j =1,--- , k) is given by

k k

a(a,t) = Tnale,t) = S5 alei,t))pie, B1)p; ().

i=1 j=1

It is not difficult to see that Z,;a = Z,(Z,a) = Z,(Z;a).
By the triangular inequality ||a — ¢|| < |la — Zpa|| + || Zza — Zyal|, we only have
to estimate ||a — Z,a|| and || Z,a — Z,,a||. By applying (3.2) to (3.3), we get

D} -n\*
lo~Tuall < S (257 ) (3.4

2k—1E! 2
Applying (3.2) to Z..a, we also have

IDE(Zea)| (B2— 51"
| Zza — Zya|| = || Zoa — Ty(Zpa) || < Sk 11| 5 . (3.5
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From (3.3) we see that D¥Z,a = T, Dka and hence by (3.4) we get

|DFDEa|| (72-%)'“

D50~ DiZ,al| = [Dia—T,Dkall < oL (220

Therefore

IDEDEG) (2 —m \*
|DET,a| < || DEal| + 2;,12! 5 : (3.6)

Combining (3.4), (3.5) and (3.6), we finally get
la—qll < lla—Zsall+[Zea —Zyall

< IDkall (2 —m\*
= 2k—1fl 2

+ 1 52_51 g ’|Dka’|+||DfD§a|| Y2—7"1 b
2k=1f| 2 L 2k—1[! 2 '

We now return our discussion to the accuracy of the approximation matrix B.
Let the kernel function a(x,t) satisfy assumption (3.1). We note that each subdo-
main S(*?) on which A(*?) is defined is a square of length d, (see (2.3)) and all
points (z,t) in S() satisfy |z —t| > d,,. Therefore, by (3.1) and Lemma 1, we get

i o] 2RO (1)1 pOR LY (Y
Suv) 2k—1f! (2F1k1)2 5

O

2

where ¢(*) is the interpolation polynomial of a(z,t) at the Chebyshev points on the
S(uv) and is given by the right hand side of (2.6). Noting that (2k)!/(k!%~1)2 < 2
(which can easily be proved by mathematical induction), we have

5 ( 20k 2p(2k)“> < ()’ 6p(2k)* _ (d)’ e

sup |a—q(“’”)| < (dy)

S(u) 22k—1 22k 22k

(3.7)

where e, = 6p(2k)®/22F. With the estimate (3.7), we have the following main re-
sult.

Theorem 3.1. Let the kernel function a(x,t) satisfy (3.1). Then for any € > 0,
|A— B||r < €if the degree k of the interpolation polynomial satisfies

c1 +logy(e71), 0<0,
k>{ co+logy(e )+ Llog,logyn, -1<0<0, (3.8)
c3+logy(e 1) + 3 logylogon+ 5(—0 —1)logyn, 6 < —1.

Here ¢; are constants depend on p and « only.
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Proof. We have

-2 [—2 vy
4B} =Y A - B = 33 4G - BEI.
u=1 u=1lv=1

Since A(¥) and B(“*) are 2¢k-by-2*k matrices and [A“")]; ; = —La(-,-) (see
(2.4)), by (2.2) and (3.7), we get

-2
1 -
IA—Bll% < m26(2l T —1)(2%k)* (du) e,
u=1

Recall from (2.3) that d,, = 2%, we have

-2

6k;2
HA BHF < ek2 Z 2l 1—u 22u26(u—l).

We consider the following three cases:

(i) 6 > 0: Note that 20(+=1) < 1, we have

2 6k2 = l—1-u 2u
IA-Blz < 222 1)2

n —6nk+8k2 9

= —6k
(n—1)?

(n—3k)?2—k? ,

= — 7 3.9
(n — 1) k: < ek ( )

In order that e, = 6p(2k)®/2?* < ¢, we can first choose a constant ay = co(c) such
that for all k& > ¢y, k*/2% < 1. Clearly k > log,(6p2%) — log, e is equivalent to
6p2% /2% < e. Thus (3.8) follows with

¢1 = max(co,log,(6p27)). (3.10)

(i) —1 < 6 < 0: Note that 20— < 2= (1) we have

2 6k26% - l—1-u 2uo—(u—l)
=B} < it S (@t -z
u=1
6k2e2 2 3k%e?
< k 921y _ E_(]_9)92
n

= 3(— 2)(E)26§ < 3led. (3.11)
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By part (i), in order that v/3le;, < ¢, we need
1 1
k> c1 —logy(e/V3l) = 1 + 3 logy 3+ 3 log, logyn —logsy €.

Hence (3.8) follows with ¢, = ¢1 + £ log, 3.

(iii) § < —1: Note that 20+D* < 1, we have

2 sz = I-1-u 2ued(u—I)
lA-Blr < o=@ 22 1)222

u=
-

< 3k2 Z o(1+5)u

=1

< 3(1-2)( ”1)22< L-0)le2 < 319(-1-01g2  (312)

o

Similar to part (ii), in order that v/312(-1-9!/2¢;, < ¢, we need

k> e —logy(e/(V/312(7170)/2))

1 1 —1—
= atg logy 3+ 3 logy logyn + logyn —logy €.

Hence (3.8) follows with ¢; = ¢z = ¢; + 4 log, 3. 0

We note that the constants ¢ in Theorem 2 are often small numbers. For ex-
ample, for log |z — t|, we have p =1, a = 0 and ¢ = 0. It follows from (3.10) that
c1 = logy 6 = 2.6.

By Theorem 2, for a given accuracy e, we can choose one k that satisfies (3.8)
for all matrix sizes if the kernel has ¢ > 0. For weakly singular kernels (—1 < 6 < 0),
then & will increase like  log, log, n as the matrix size n increases. If the singularity
is such that 0 < —1, then & increases like |d|log, n. Moreover, if & = 0, we can see
from (3.9), (3.11) and (3.12) that for a fixed [/, we have

|A=Blr = O(ey) = O(27%). (3.13)

These facts will be illustrated by numerical examples in §4.

Summarizing the results in Theorems 1 and 2, we have the Table 3.

These counts are better than those in [1, 16] which are of order
O(nlog(e~')logn) for weakly singular kernels.

4. NUMERICAL EXAMPLES

In this section, we consider numerical solutions of Fredholm integral equations of
the second kind. Since the second kind integral equations are well-conditioned in
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Table 3.
Complexity in Achieving ||A— B|| < ¢
Case 1: Case 2 : Case 3 :
6>0 -1<6<0 i< -1
9.5n-
9.5n-
~1
Mgmory . ?5”' . {02+10g2(e_1) {C3l+10g2(€ )
requiremen {01 +logs (e )} T Llogs loga +35 logsloga n
3 1082 108> +%(_5_1)10g2n}
11n- 11n-
~1
Counstruction Hn- . {02 +logy(e™h) {03 +logy(e )
- 1
cost {01 +logs (e )} 4 Liog, log n} +5 loggloga n
27re2re2 —i—%(—é—l)logzn}
(2logyn+5)n-
(2logyn+5)n- (210g2n+5)7i~ {03 +logy(e™h)
C}ogst of { 12 , 1)} {02 +logy(e™ ™) | 2
-y c1 +logy (e +5 logs logsn
2 +%log2log2 n} 1 37082 082
+5(—0—1)log, n}

general, we can solve them by using conjugate gradient type methods, see [8]. The
main computational task in each iteration is the matrix-vector multiplication of the
form Ay. As the discretization matrix A is dense, the cost is O(n?). In the following,
we overcome this difficulty by replacing A with our approximation matrix B given
in (2.12). We will examine the accuracy of B and its storage requirement. Moreover,
we will compare our method with the wavelet-like method in [2].
As in [2], we discretize (1.1) by the following formulae
(Al j = { ma(;‘_ll”]l—_ll) ‘ 7&‘7
’ 0 1=

and

,— 1
[D]Z,Z:d(z >, z'zl,...,n

n—1

to obtain the matrix equation (1.2). The formulae correspond to a primitive,
trapezoidal-like quadrature discretization of the integral equation. We test our algo-
rithm for the following six kernel functions:

(i) log|z—t|,
(ii) cos(xt?)log|z —t|,
(iii) cos(xt?)|z —t|=1/2,

(iv) cos(zt?)|z —t|'/?,
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N

E Ao - cus(x(z) log x-t| 4 “10 \\\\ e cus(x(z) log [x-t|
o log |x=t| N o log |x=t|

— cus(xtzz) x4 AN — cosixt) x-t*?
—— cos(xt) x|

12 12

- cos(xt) [«

s
8
N
8

10g(llA-BII/IIAll.)
. d

1og(llA-BII/IIAll)
. d

&
R
&
R

=301 =301

-35r -35r

Figure 3. k against log(||A — B||r/||A||r) for I = 4 (left) and I = 10 (right)
(v) (1+ 3sin(100z))log |z —t|, and

(vi) sin(100z)log |z —¢t|.

The kernel functions (i) to (v) are examples tested in [2]. We note that the
wavelet-like method in [2] is not applicable to (vi) as sin(100zx) is not a positive
function. For (i) to (v), the coefficient function d(z) = 1 and hence the matrix D in
(1.2) is the identity matrix. For (v) and (vi), d(x) are highly oscillatory but bounded.
All the numerical results are computed by MATLAB on a Sun Enterprise 4000 work-
station.

4.1. Accuracy of the Approximation Matrix B

We measure the accuracy of our approximation matrix B by computing its relative
error ||A — B||r/||Al|r- Since the kernel functions (i), (v) and (vi) give the same
approximation matrix B, we only give the results for kernel functions (i)-(iv) in
this subsection.

(i) The accuracy of B vs k when [ is fixed.

Figure 3 gives the log of the relative error of B against k£ for [ =4 and | =
10. For other [, the results are similar and hence omitted. We note that the relative
error of B for the kernel functions log |z —¢| and cos(z#)log |z — ¢| are almost
the same. Recall that the size of the matrices is n = 2k. Thus the largest matrix
we tested is of size 16384-by-16384. We observe from Figure 3 that for a fix [,
log(||A— BJ|r/||A||r) is a linear function of k, therefore the relative error of B is
of the order O(e~*). This result well matches our error estimate (3.13).

(ii) The accuracy of B vsl when k is fixed.
In Figure 4, we plot the log of the relative error against / for £k = 4 and 6.
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PR a(x,t):cos(x\z)\xﬂl’m
a(x,t)=cos(xt)x~t|

a(x,t)=log|x-t|

-851 alx,=logh-t|

13F _ ——=== s s s E
- a(x,t):cos(x\z)\ogleﬂ

log(IA-BII/IIAIl)
og(IlA-Bil /Al
!

ax(x,():cos(xtz)\x-l\”2
a(xt)=cospdx-1? 1 I

|
Figure4. [ against log(||A — Bl|r/||A||F) for k = 4 (left) and & = 6 (right)

The results for other & are similar and hence omitted. From the figure, we see that
the error for smooth kernels (e.g. cos(zi)|z —t|'/? with § = 1/2 and log |z — |
with § = 0) is almost constant independent of /. For kernels with a negative ¢ (e.g.
cos(xt?)|z — t|~1/2 with § = —1/2), the error increases slowly with /, indicating
that we should use larger % for larger . This is in accord with Theorem 2.

4.2. The Conjugate Gradient M ethod

In the following, we test the complexity of using the conjugate gradient method to
solve our approximation matrix equation (I — DB)y = b.

(i) Cost per iteration.

The cost per iteration of the conjugate gradient method will depend mainly on
the matrix-vector multiplications. Clearly, for the original matrix A, Ay will require
O(n?) operations, whereas by Theorem 1, the cost for By is only O(nklogn).
In Figure 5, we plot the log of the costs of forming the products (in Kilo-flops)
against [. From the slopes of the lines, we clearly see that our method attains the
said complexity.

(ii) Convergence rate.

We solve the system (I — DB)y = b by the CGLS method which is based on
solving the normal equation of the given equation by the conjugate gradient method,
see [4]. We choose a random vector as our right hand side and the zero vector as our
initial guess. The stopping criterion is ||r, ||2/||ro||2 < 1071, where r,, is the residual
vector at the ¢th iteration. The numbers of iterations required for convergence are
given in Table 4.

Since the kernel functions we tried are at most weakly singular, we see from
Table 4 that the convergence rate is linear as expected. As the product By can be
formed in O(nklogn) operations, the total cost of solving each of these systems



18

R.H.Chan, F.R Lin, and C. F. Chan
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Figure5. [ versus Log, (Kflops)

Table 4.
Numbers of Iterations Required for Convergence
| kernel function | 1 | k=4 k=8 k=12 k=14 k=16 |
cos(zt?)|z —t| /2 4 | 20 23 25 26 26
6 26 29 32 36 33
8 33 32 32 32 32
10 32 33 33 33 33
cos(wt?) |z —t|/? 4| 9 9 9 9 8
6 8 8 8 8 8
8 8 8 8 8 8
10 8 8 8 8 8
log |z —¢t| 4
(1+ 2 sin(100z))log|lz —t| | 6 converges within 12 to 14 iterations
cos(zt?) log |z —t| 8 for all 4 kernel functions
sin(100z) log |z — ¢ 10
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is of O(nklogn) operations. We emphasize again that in order to get the solution,
we only have to form the factors of B which require only O(nk) operations (see
Theorem 1) and there is no need to form A.

4.3. Comparison of Accuracy and Storage Requirement

We now compare the accuracy and storage requirement of our method with those
of the wavelet-like method [2]. We choose a fixed random vector y (by using
rand (' seed’, 37) in MATLAB) as the true solution and construct the right hand
side b from (I — D A)y = b. We then solve

(I-DB)z=b

by the CGLS method, where B is our approximation to A as given in (2.12).

For the wavelet-like method, we obtain the sparse representation .S of D AD>
by using the algorithm in [2] to get the discretization matrix in the wavelet-like co-
ordinates and then throwing away entries smaller than the threshold 7 in absolute
value. (Thus we see that the wavelet-like method is not applicable to kernel func-
tions such as (vi) where D is indefinite.) Then we solve

D:(I-S)D 2z=b

by the CGLS method. We remark that the z so obtained is more accurate than that
obtained by the Schulz method in [2] because their method will throw away small
entries in the inverse of (I —S5).

Tables 5-6 show the storage requirement for the approximation matrices B and
S and the accuracy of the solutions. The relative errors ||y — z|k/||y||2 of the solu-
tions are given under the column “Error”. The column “w” gives the bandwidth
of the matrices which is defined to be the storage/n. We note that by Theorem
1, the bandwidth of our matrix B is bounded by 9.5k (the number enclosed by
parenthesis in Tables 5-6), and is independent of the kernel functions. In contrast,
the bound for S is clogn, where the constant ¢ depends on the threshold = and
the kernel function considered, see [2]. We remark further that in the wavelet-like
method, additional storage of O(nk) is required to store the wavelet-like bases ma-
trix U = U,U;_1 --- Uy, see [2]. However, these counts are not added in Tables 5-6
for clarity.

From Tables 5-6 we observe the following:

1. For the same k, the solution obtained by our method is always more accurate
than that of the wavelet-like method. The reasons are that the interpolation
polynomial on Chebyshev points is more accurate than that on uniformly-
spaced points, and the wavelet-like method discards small entries to get the
sparse representation S. In Table 5, we tried two different thresholds 7 to
show that the accuracy of the wavelet-like method is not improved much by
using a smaller 7. We note that it will be very expensive to use Chebyshev
points in the wavelet-like method.
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Table5.
Bandwidth w and Relative Error for log |z — |
| |  OurMethod | Wavelet-Like Method |
|k 1] w Error | 7 w Error | 7 w Error |
4 4 29.8 319%-5| 107° 262 6.8%-5]| 107 333 7.06e-5
5 33.1 3.23e-5 28.7 6.61e-5 39.7 6.85e-5
6 35.2 3.10e-5 29.0 6.11e-5 421 6.42e-5
7 36.4 3.00e-5 260 6.22e-5 409 6.35e-5
8 37.1 2.88e-5 223  6.14e-5 385 6.22e-5
(<£38.0)
5 4 36.9 2626 | 10°% 345 6.49-6| 1077 408 6.51e-6
5 413 2.67e-6 39.1 5.85e-6 49.4  5.90e-6
6 43.9 2.76e-6 40.2 5.99%-6 53.1 5.88e-6
7 455 2.88e-6 38.8 6.30e-6 53.4  6.07e-6
8 46.4 2.91e-6 36.3 6.08e-6 51.8 5.92¢-6
(£ 475)
6 4 44.3 3.30e-7 | 1007 436 1.55e-6 | 1078 487 1.55e-6
5 495 3.58¢e-7 499 1.43e-6 59.7  1.46e-6
6 52.7 4.14e-7 53.3 1.47e-6 66.5 1.52e-6
7 54.6 4.11e-7 53.4  1.40e-6 67.4 1.47e-6
8 55.6 4.13e-7 51.0 1.40e-6 65.9 1.44e-6
(<£57.0)
7 4 51.6 4038 | 1078 521 1787 | 107° 576 1.80e-7
5 57.8 4.06e-8 60.6 1.66e-7 70.3  1.66e-7
6 61.5 4.41e-8 65.1 1.61e-7 782 1.61le-7
7 63.7 4.36e-8 66.8 1.61e-7 80.6 1.6le-7
8 64.9 4.37e-8 65.7 1.56e-7 80.0 1.58e-7
(£ 66.5)
8 4 59.5 6.04e-9 | 1077 60.1 4.54e-8 | 10710 657 4.54e-8
5 66.3 6.56e-9 722  4.53e-8 81.1 4538
6 70.4 6.93e-9 77.7 4.56e-8 914 4.57e-8
7 72.8 6.81e-9 80.1 4.38e-8 95.7 4.41e-8
8 74.2 6.83e-9 80.5 4.34e-8 96.5 4.37e-8
(< 76.0)




Table6.
Bandwidth and Relative Error for Kernel Functions (iii) cos(z£%)|z — | /% and (v) (1 +
% sin(100z))log |z — t|
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| | Our Method | Wavelet-Like Method |

| kernel | i [ ] @ ] v |

|k 1] w Error Error | 7 | w Error | w Error |

4 4 29.8 5.67e-5 3.25e-5| 1075 | 323 146e-4 | 347 7.45e-5

5 331 7.71e-5 3.15e-5 379 1.68e-4 | 39.8 7.29e-5

6 35.2 7.21e-5 3.10e-5 411 1724 | 326 6.53e-5

7 36.4 1.18e-4  3.06e-5 416  2.14e-4 | 295 6.6%-5

8 37.1 2.57e-4  2.98e-5 417 8.63e-4 | 253 6.43e-5
(<38.0)

5 4 36.9 4.66e-6 2.88e-6 | 107% | 412 1.30e-5 | 445 6.40e-6

5 41.3 7.10e-6  2.89-6 48.7 1.89%-5| 51.1 5.92e-6

6 43.9 8.03e-6 2.97e-6 534 1.63e-5| 46.3 5.94e-6

7 45.5 7.70e-6  3.08e-6 554 7.76e-5 | 44.4 6.69e-6

8 46.4 7.57e-6 3.12e-6 55.7 5.19e-5| 405 7.04e-6
(<47.5)

6 4 44.3 7.46e-7 3.45e-7 | 1077 | 499  4.20e-6 | 54.2 1.59%-6

5 49.5 8.97e-7  3.53e-7 60.4 4.88e-6 | 62.2 1.45e-6

6 52.7 1.40e-6 4.18e-7 66.6 6.17e-6 | 62.3 1.43e-6

7 54.6 4.65e-6  4.19e-7 69.6 2.03e-5| 60.3 1.35-6

8 55.6 1.83e-6 4.22e-7 70.8 9.59e-6 | 56.0 1.34e-6
(<57.0)

7 4 51.6 9.43¢-8 4328 | 10°® | 500 4.43e-7 | 642 1757

5 57.8 1.18e-7  4.26e-8 712 4927 | 73.8 1.58e-7

6 61.5 1.25e-7 4.67e-8 79.1 1.38e-6 | 756 1.58e-7

7 63.7 2.15e-6  4.65e-8 83.7 2.82e-5| 749 1.55e-7

8 64.9 1.33e-7 4.64e-8 85.3 9.55e-7 | 715 1.54e-7
(<66.5)

8 4 59.5 1.71e-8 6.02e-9 | 107? | 68.0 143e-7 | 737 4.63¢-8

5 66.3 2.15e-8 6.73e-9 83.0 1.73e-7| 856 4.26e-8

6 70.4 3.28e-8  7.04e-9 932 197e-7 | 89.9 4.25e-8

7 72.8 9.43e-8 7.20e-9 99.3 7.33e-7 | 89.7 4.07e-8

8 74.2 2.88e-8 7.18e-9 103.0 2.61e-7 | 86.9 4.01e-8
(<76.0)

21
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2.

The bandwidth w of the sparse matrix S’ in the wavelet-like method increases
more than linearly with respect to log(7!) for fixed . To illustrate this more
clearly, we plot in Figures 6-7 the accuracy (log(Error)) against the band-
width w for both methods. For clarity, we plot only the case where [ = 4,6 and
8. We see from the figures that the storage requirement of our method grows
linearly with increasing accuracy (cf. (3.13)), whereas that of the wavelet-like
method increases more than linearly. Moreover, the increment (slope) grows
more rapidly with increasing [ for the wavelet-like method.

Finally we remark that in order to get numerical solution of high order accu-
racy, it is useful to apply the Kantorovitch method in conjunction with higher-order
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Table 7.
Errors
l | 4 5 6 7
T 0.0208 0.0117 0.0065 0.0036
KT 1.9577e-5 45975e-6 1.1019e-6 2.6813e-7
KTA | 1.9569-5 4.6954e-6 1.1013e-6 2.6769e-7

quadrature rules, say, trapezoidal rule. For instance, we can write (1.1) as
1 1
(1-d) [ ate.0at) 1)~ (o) [ ale)(10) - F(a))dt = (o),
0 0

for all z € [0,1], and compute fola(x,t)dt accurately and discretize the integral

operator fola(x,t)(f(t) — f(x))dt by trapezoidal rule. As an example, we consider
the equation

1
f(x)—/o log|& — t|f(t)dt = g(£), =€ [0,1] 1)

where g(t) is chosen such that the exact solution is given by f(x) = 2.

Let 7" denote that the integral operator fol log |z — t| f(t)dt is discretized by
trapezoidal rule directly. Let KT denote that (4.1) is discretized by Kantorovitch
method in conjunction with trapezoidal rule. Let KT A denote the combination of
KT and our approximation scheme (k = 8). Define the errors in a numerical solu-

tion f. by
VEL @) —T@)P
i1 lf (@)

The errors of the three methods are shown in Table 7. From the results we see that
the method KT A is quite accurate.

5. CONCLUDING REMARKS

We have developed a fast multiplication scheme for integral equations of the second
kind in this paper. Theorems 1 and 2 indicate that for a given accuracy, the memory
requirement of our method is of order O(nk), where & is fixed for smooth kernels
(including log |z — t|) and grows like O(loglogn) for weakly singular kernel func-
tions. Numerical results show that our scheme is more accurate and requires less
storage than that of the wavelet-like method in [2].

We remark that our scheme can be extended straightforwardly to Fredholm
integral equations of the first kind. For these problems, a main issue is the ill-
conditioned nature of the operators. If the problem is not too ill-conditioned, such
as in the cases of potential equations or Helmholtz equations in integral form, then
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it can be overcome by preconditioning. Our approximation matrix B given in the
form of (2.12) makes it easy to construct optimal circulant preconditioners for B,
see [5]. In fact, for potential equations in integral form, where the condition number
of the problem is O(n), we have proved that using the optimal circulant precondi-
tioner for B, the preconditioned system is well-conditioned with condition number
O(1), see [6].
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