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Abstract

An approach is presented for the efficient manipulation of matrices arising from the Galerkin
discretisation of boundary element operators for the Helmholtz equation. Using H-matrix and
H2-matrix techniques, different methods are proposed for the low frequency and high frequency
regimes. In both cases the methods are numerically stable and are proved to have almost linear
complexity for the storage and the cost of the matrix-vector multiplication. Problems that have
aspects of both regimes pose no difficulty. The efficiency of the methods is demonstrated by
numerical examples.

1 Introduction

Many physical problems (e.g. acoustics, electromagnetic scattering) require the solution of the
Helmholtz equation; see [20]. We investigate the numerical solution of the Helmholtz equation by
the boundary element method (BEM). In such methods the boundary is subdivided into n elements
and the problem is reduced to the solution of an n X n linear system of equations. The system of
linear equations arises from the discretisation of integral operators such as

(Au)(z) = /F s(z,y)uly)dy, 1)

where I is the boundary and s(z,y) is the fundamental solution or a suitable directional derivative
of the fundamental solution. The linear system resulting from BEM discretisation is dense making
direct methods for the solution of the system prohibitively expensive. To reduce the complexity
from O(n?) for the direct methods, or from O(n?) for iterative methods, the so-called fast methods
can be used (e.g. H-matrices, panel clustering, FMM, wavelet methods [7, 13, 14, 17]). In this paper
we describe how a combination of H-matrix and H?-matrix techniques can be used to compress
matrices arising from the discretisation of integral operators for low or high frequency Helmholtz
equation. As for other fast methods (panel clustering and FMM) we make use of a separable
expansion of the kernel function

K
s(z,y) ~ Z $i,jui ()0 (y). (2)

1,5=0

For the high frequency regime in two dimensions the number of elements n is proportional to
the wave number &, and in three dimensions n is proportional to k2. If h is a parameter controlling
the mesh size, this corresponds to kh = const. A further complication is that for a fixed accuracy
we can expect the length of expansion K in (2) also to be proportional to x and hence strongly
dependent on n. For a low frequency, k is a constant with respect to n and hence the length of
the expansion is constant for a fixed accuracy. The fast multipole method (FMM) has previously
been used to accelerate the solution of the high frequency Helmholtz problem. Initially one or two



level versions were recommended which gave O(n*2) or O(n*/3) algorithms [22, 23], but recently
a number of multilevel implementations were reported on, both in 2D and 3D, with complexity
O(nlog®n) for some small constant a [1, 8]. Most of these methods suffer from numerical instability
at low frequencies. The approach presented in this paper is closest to the approach for the high
frequency regime of Amini and Profit [1]. However, we give new error bounds and consider the case
of the low frequency regime and problems with aspects of both regimes.

Our method divides the matrices arising from discretisation into admissible parts which are
then approximated by an H2-matrix or a low rank matrix. For low frequency all the parts are
approximated by low rank matrices, giving rise to an H-matrix approximation, whereas for high
frequency a combination of an H-matrix and an H?-matrix is used. We will use Graf’s addition
theorem for Bessel functions and the integral representation of Bessel functions [24] to construct
the HZ-matrices; this is the standard approach in fast multipole methods. For the construction
of low rank matrices we use ACA, see [2], though any other method designed for asymptotically
smooth functions is applicable. Only a brief description of H- and H?-matrix methods will be
given, for more detail see [4, 12, 15]. The resulting algorithm has a complexity of O(n log? n). Our
method is numerically stable at all frequencies in a very natural way making the implementation
relatively simple and allowing small scale details of the boundary in the high frequency regime.
We allow for interaction between clusters of different sizes, which is usually not the case in the
fast multipole methods for the Helmholtz equation. The combination of H2?-matrices with low-
rank matrices except from providing stability also allows for a greater control of memory and time
requirements of the method. There is a range of frequencies for which both the H-matrix and the
H?-matrix technique are applicable. The optimal choice depends on the memory resources and on
the number of times the Galerkin matrix is to be applied to a vector. The efficiency of the method
is demonstrated by numerical examples. One of the advantages of hierarchical matrix methods is
the possibility of further algebraic recompression [3, 11]. These are directly applicable and effective
in the low frequency regime, however the standard recompressions for H2-matrices in the case of
the Helmholtz equation are too expensive in the high frequency regime. One of interesting further
improvements would be the extension of recompression techniques to the high frequency regime.

1.1 Statement of the problem

Let Q € R%, d = 2,3, be a bounded domain with boundary I and exterior ;.. We are interested
in the numerical solution of the exterior Helmholtz equation,

Au+k*u=0, xe€Qy, (3)

where the wave number « is a positive real parameter. The boundary conditions can be a combi-
nation of Dirichlet and Neumann data:

Ou

au(x) + ﬁ@n

() = f(x), =zel. (4)

To make the solution unique, a condition at infinity is necessary:

— —1KU

or

c
Sﬁ at  0o. (5)

The unique fundamental solution of the Helmholtz elliptic operator, respecting the condition at
infinity, in 2D is the Hankel function of the first kind of order 0,

Gr(2,y) = Ho(xllz — yl))- (6)

In 3D the fundamental solution is the zero order spherical Hankel function of the first kind,

cirlle—y]
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To solve this problem numerically using BEM, the boundary elliptic partial differential equation is
formulated as a boundary integral equation. To discretise the integral operators which are of the
form (1), where the singularity function s(z,y) is the fundamental solution or a suitable derivative,
Galerkin’s method can be applied. If we use {¢1,...,®,} as both the test and trial bases then the
Galerkin matrix has the entries

Ay = /F /F ()1 ()5 () ddly. ®)

For asymptotically smooth singularity functions s(-,-), H-matrix techniques have already been
successfully applied [16]. A function s(-,-) is said to be asymptotically smooth if for multi-indices
a,B e N4

920 s(a, )] < Cla+ B)leg o — y|I=1F= (9)

holds for constants C| ¢y, 0 € Ry, where o is the degree of the singularity of s. For the Helmholtz
kernel G, in two and three dimensions the inequality

0205G o (x,y)| < Cla+ B)lef T lerle=vlljz — | ~lal=15l=0 (10)

holds for constants C,cp,0 € Rso depending on the dimension. Since all integrations in (8) are
over a compact set 9€2, G, restricted to this domain is asymptotically smooth, however with a
constant which increases exponentially with x. This shows that if kdiam(9€2) is a small constant,
we are in the low frequency regime and all the usual H-matrix techniques can be applied. However,
in the high frequency regime where xh is a constant, the above bound increases exponentially as we
demand more accuracy, i.e., as the mesh parameter h is decreased. To the latter problem H-matrix
techniques cannot be applied without the more involved structure of H?-matrices.
We proceed by describing some concepts used to construct both H- and H?-matrices.

2 H- and H?-matrices: The basics

2.1 Cluster tree

Let the boundary I' be subdivided into n disjoint panels 7;, 7 € 7 := {1,...,n}. We consider
piecewise constant basis functions ¢;, such that supp ¢; = m;, j € Z. Let T7 be a tree whose nodes
are clusters, i.e., subsets of the index set Z. The root of the tree is the cluster containing all the
indices T,oor = Z. 17 is a cluster tree if the following conditions hold:

e If 7 € T has sons, then the sons form a partition of the father, i.e., 7 = U{T’ ;7' € sons(T)}.
e For every 7 € Tz, #sons(7) = 2, and #7 > 0.
e There exists a constant C\.,; such that, for each leaf 7, #7 < C\..s.

We say that the root of the tree is at level 0, and that if a parent is at level [ then its children
are at level [ + 1. We introduce the notation

Qr == Uje,m CT

for the subset of I' corresponding to a cluster 7 € T7. It is sometimes useful to consider the set of
clusters which are at the same level of the cluster tree:

TI(I) ={7r € Tr:7 at level [}.
A couple of simple properties of this tree will be useful for later analysis:
e the number of clusters is bounded by 2n — 1,

e at level [ there are at most 2! clusters.



2.2 Admissibility condition

Since the fundamental solution is singular on the diagonal, we cannot expect that a separable
expansion as in (2) can be valid in all of the domain. So we define admissible blocks for which we
can expect that such an expansion can be found.
For each 7 € T let a centre ¢, € R? and a radius 7, > 0 be given such that Q, C D(c,,7;) =
{y € R?| ||y — ¢r]|l2 < 7+}. Then we say that a block b = 7 x o € Tr x Tr is admissible if for some
n<l
rr+71e <nller — colla. (11)

Equivalently we say that the clusters 7 and o are well-separated.

2.3 Block cluster tree

To easily access such blocks we create a block cluster tree T7x7. The root of the tree is the node
Z xZ. Then for b =7 x 0 € Tryx7 we proceed as follows:

e If b is admissible add it to the set of admissible leaves £1 of Ty« 7.
e If 7 and o are leaves of 17, add b to the set of inadmissible leaves £~

e Otherwise, repeat the procedure for all pairs formed by the sons of 7 and o ( if one of the
clusters has no sons use the cluster instead), which are then the sons of b in the tree T7 7.

The levels of the block cluster tree can be defined as in the case of the cluster tree.

2.4 Low rank approximation

Let b =7 x 0 € LT be an admissible block at level {. Define a matrix A; , corresponding to this
block by

fQT fQo‘ s(x,y)ok(z)p;(y)dedy, ifkeTandjeco

0

otherwise.

(Aro)kj = {

We consider next, how such a matrix can be approximated by a matrix of a lower rank.

)

2.4.1 Singular value decomposition (SVD)

If the fundamental solution s(-, -) is an asymptotically smooth function then it can be shown that the
singular values of A;, decay exponentially. Let A, , = U YVT be a singular value decomposition
of A;, with singular values ordered so that ¥;; > Xgp--- > ¥,, > 0. Then for any € > 0
there exists k > 1 such that Xp1 41 < €, with X,41q1,41 := 0. For asymptotically smooth
functions k = O(log?1(1/€)). As an approximation we can use the rank k reduced singular value
decomposition

Ay USSRV,

where Y := diag(X11, 292, ..., Xkk), and U and Vj consist of the first & columns of matrices U
and V respectively. The error of the approximation in the spectral norm is bounded by e:

HAT,U - UkaVkTHZ <e

2.4.2 Adaptive-cross approximation to the SVD

Adaptive cross approximation (ACA) is a rank revealing method. It has been shown in [2] that
under suitable conditions for matrices arising from the Galerkin discretisation of the single layer
potential for asymptotically smooth kernels an approximation of the reduced SVD can be obtained
by ACA in O(nk) time. A hybrid method combining ACA and interpolation is the so-called hybrid



cross approximation (HCA), which can be used for a larger class of operators of asymptotically
smooth kernels; see [5].

We do not give details of the ACA algorithm. The reader can think of it as a function that
given an accuracy € > 0 and the matrix A, corresponding to an admissible block b =7 x o € LT,
in time O(nk) returns two rank k matrices Ay, By, € C"** such that

|Ase — ARBE|2 < €

Note that since ACA is not an exact method, it does not produce the optimal rank k. However, in
practice it produces results close to the optimum. The optimum can be reached by SVD, but the
cost of computing the exact SVD is much higher.

2.4.3 Separable expansion

Let us assume that for all z € 2, and all y € Q, a separable expansion of the fundamental solution
is valid, the expansion being of the following form

K; Ko

s(,y) = > > Sijer co)us(m, e )vj(y, o),

i=1 j=1

where ¢; and ¢, are as before the centres of the clusters 2, and .. The length of expansion K
is defined for each cluster and as we see later depends on the size of the cluster.

We can now approximate the matrix A, , corresponding to the block 7 x ¢ by a matrix of rank
min{ K., K,} defined by

(AV Vot = Zfiﬁ jK:Ul gi,j(c‘ry Co) fQT ui(z, cr ) op(x)da fQJ Uj(y7 co)pi(y)dy, ifkerandle€o
ne 0, otherwise.

Hence we have that
gr,a = (]-,-52,-70.‘/:;117 U, € (Cn><K7—7 V, € (CnXK[;7 STJ c (CKTXKJ7

where

(Ui = fQT ui(z,cr)pp(z)de, ifkerandi=1,... K,
TR o, if ko,

A ng 0;(y,co)p1(y)dy, ifleoandj=1,...K,
A ) if 1 ¢ o.
We call U, the row cluster basis for cluster 7 and V, the column cluster basis for cluster o. The
possibly dense coefficient matriz Sy, is defined by S;; = 3; j(cr, ¢s).
Finally we define the sparse matrix corresponding to the inadmissible blocks by

o A, ifdb=7x0 € L such that k € 7 and | € g,
(At = 0 otherwise

We can now define an approximation to the Galerkin matrix A by

A = A+ Z ET’U
TXoeLt
= A+ ) U:S.V (12)

TXoeLlt



2.5 H-matrices

Definition 2.1 Let Try7 be a block cluster tree as defined before and let k : LT — N be a rank
distribution. We define the set of H-matrices as

H (Trxz, k(-)) :== {M € C"*"| rank(M) < k(b) for all admissible leaves b= 171 x o € LT}.

If k(b) < kmax for all b € LT it can be shown that the cost of storage and the cost of matrix-
vector multiplication of an H-matrix is O(nkmaxp), where p > 1 is the depth of the block cluster
tree Ty 7.

Approximations to the Galerkin matrix A from this set can be, for example, obtained by
applying ACA to each admissible block of the matrix A. In the low frequency case, we expect
kmax = O(log?1(1/€)) for a fixed accuracy € > 0, giving almost linear complexity for both the
storage and the cost of matrix-vector multiplication. However, in the high frequency regime, we
expect kmax = O(n) which gives unacceptable quadratic complexity for the storage and matrix
arithmetics. Hence for high frequencies another approach is required.

2.6 H?-matrices

For the construction of low rank approximations of admissible blocks we will use the separable
expansion of the kernel; see Section 2.4.3. To optimise the cost of the matrix multiplication by a
vector we require a further condition on the matrices U, and V,, described in Section 2.4.3.

2.6.1 Nested bases

Let 7 and ¢ be parent nodes in the cluster tree T such that b =17 x ¢ € LT and let 7/ and 7" be
the children of 7 and ¢’ and ¢” the children of 0. Then assume that

there exist T4 _, T, ., Ty 5, Ton

77 ol,o0 *o'0
such that U v
U.T VT
U= " 77 e and Vv, = " 77 | ecmio (13)
UT”TT”,T o’ 0//’0.-

The matrices TT‘{J and TTI{T are called transfer matrices.

With this final condition the description of the H2-matrix representation of the discretised
integral operator is finished. An approximation of the form (12) with fixed bases U, V,, is called
a uniform H-matriz. If also the cluster bases are nested, it is called an H?-matriz. In the next
subsection we show how such a format can be used for fast approximate multiplication of the
Galerkin matrix by an arbitrary vector.

2.6.2 Fast matrix-vector multiplication

For an arbitrary vector u € C" we consider the computation of an approximation v to Au. The
straightforward method would be to apply the approximation A directly. However, the properties
of the H2-matrix representation can be used to construct the approximation more efficiently as
described by the following four step procedure:

1. Upward pass from level p to level 0 of the tree Tr

e for all leaves o € T7, U, := VUTu

e for all parents o on the current level, i, := (1, )Y, + (TY ) Viign
2. Far field interaction

o forallT € Tz, 0, := Y. Sy, where S;, is the coefficient matrix; see Section 2.4.3.
TxoeLlt



3. Downward pass from level 0 to level p of tree T1

e initialise the output vector v to zero
e for all parents 7 on the current level, 0,/ := 0,/ + TT[{ L0 and Opn 1= O + TTU,, L7
b b

e for every leaf 7 € Tz, v :=v + U, 0,
4. Near field interaction
o v:=1v+ A%u.

It is not immediately obvious how efficient is the above method of matrix-vector multiplication in
the case of the high frequency Helmholtz equation. The first step of the algorithm (the computation
of u, for all leaves o) has the cost ZT€T<p) #7K,; < nMax__ () K. Applying a general interaction

A A

matrix S, to a vector costs O(K,K,). Hence we need to make sure that the expansion lengths
are small (constant) at the lowest level p and that either they are also small at higher levels or that
the structure of the interaction matrices (and of the transform matrices TV and T"') is particularly
simple, e.g. Toeplitz or diagonal. Hence some constraints on the H?-matrix representation are
necessary. These constraints influence the choice of the separable expansion. Two possible choices
for the two-dimensional problem are described in the next section.

3 The two-dimensional problem

3.1 The low frequency regime: H-matrix

An H-matrix approximation to the Galerkin matrix A can be obtained by the following procedure:
e Choose ¢ > 0.
e Construct the cluster tree and the block cluster tree.

e For each admissible leaf b = 7 x 0 € LT find the low rank approximation M, to the matrix
A; , using ACA with the prescribed accuracy e.

e For each inadmissible leaf b =7 x 0 € L™ set M, , := A, ,.

The method for constructing the cluster and block cluster trees is not crucial in this procedure.

3.1.1 Complexity estimates

Suppose that the H-matrix constructed by the above procedure is in the set H(Trxz, k(-)) and
define kpayx := max{k(b) : b€ LT}.

To estimate the complexity of the storage and the cost of matrix-vector multiplication, as for
sparse matrices, we quantify a sparsity property of the block cluster tree T7«7.

Definition 3.1 Define the sparsity constant of Trx7 by
C,, := max {max#{a eTr|TxoeTrurt,max#{re€Tr |7 x0€ TIXz}} )
T€TT o€l

We assume that C,, is indeed a constant independent of n, as proved in [12] for standard
situations. With this assumption we can prove almost linear complexity estimates.

Lemma 3.1 Let M € H(Trxz1, k(") and kmax := max{k(b) : b € LT} and let p be the depth of
Trwz. Then
Nst S 2Csp(p + 1) ma‘X{kmaXa Clcaf}n and NH s v S 2Nst7

where N, is the storage requirement and N, ., the complexity of the matriz-vector multiplication.
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Figure 1: We compute low rank approximations Ay B to the matrix A, ,, where 7xo € LT, by ACA and by
SVD. As we increase x we plot the minimum rank necessary for the two methods such that || A, ,— A Bl ||2 <
e for some fixed € > 0.

We recall that C\.,; is an upper bound for the number of indices in a leaf cluster; see Section 2.1.
The proof of the lemma can be found in [12].

Assuming that the depth of the tree is O(log n) we obtain almost linear complexity O (kpaxn logn).
The difficulty with the Helmholtz problem is that kp.x can be large. We shall give extensive nu-
merical comparisons in the section on numerical results. Here we discuss the approximation of the
matrix corresponding to a single admissible block.

Let b = 7 X 0 be an admissible block. Let the clusters €2, and (), have the same diameter r.
We fix an accuracy € = 10~° and numerically investigate the rank of the approximation produced
by ACA as xr is increased. We compare this with the optimal rank obtained by SVD. The results
are displayed in Figure 1. As expected the increase in the necessary rank is linear with respect to
the increase in rx. This highlights the fact that H-matrices cannot be used in the high frequency
regime. Note also that the rank obtained by ACA is quite close to the optimal rank, even for large
rk. Hence for a low value of kdiam(€2) the method is efficient.

3.1.2 Stability and recompression

One fact we would like to note here, is that the construction of H-matrices using ACA and the
subsequent matrix-vector multiplication are numerically stable regardless of accuracy or frequency.
This is unlike most of the fast multipole implementations for the Helmholtz equation which be-
come unstable at low frequencies. Depending on the multipole expansion, various techniques, like
regularisation, have been applied to combat this instability; see [25]. The procedure described in
this section is a simple way of producing an efficient almost linear and completely stable algorithm
for the storage and arithmetics of Galerkin matrices for the low frequency problem. Note also
that ACA is only one way of constructing the H-matrix, arguably the simplest. Other possibili-
ties include the already mentioned HCA and interpolation. Further algebraic compressions, which
sometimes crucially decrease the computational times, can also be applied to the once constructed
‘H-matrix; see [11]. These recompressions can compensate for a poor selection of clusters and block
cluster trees and also for the difference between the optimal SVD and the approximative ACA.

3.2 The high frequency regime: H*-matrix

In this section we describe two ways of obtaining an H2-matrix representation of the Galerkin matrix
in almost linear time allowing for almost linear complexity for the matrix-vector multiplication.



3.2.1 Separable expansions

For the analysis in this section we will need a result due to Graf [24]. For ease of notation, for a
vector x € R? we denote its polar coordinates by (pz,0,). In the following, J,,(-) denotes the Bessel
function of the first kind of order n and H,,(-) the Hankel function of the first kind of order n.

Theorem 3.1 Let z,y € R? and let z = x —y. Then
Jn(pz)eiin(Hz—Qz) = Z Jner(pa:)Jm(py)eiim(eziey).

If pz > py, the following identity holds:

o0

HO(,OZ): Z Hm(pz)(]m(py)eiim(ezfey)'

m=—0Q

Let us now consider the situation depicted here:

We will use the following notation in this section:

x—c; = pr(cos@l,sind)
y—co = py(costy,sinby) (14)
cr—co = p *%(cos 0777 sin H777).

Also let z := (y — ¢o) — (x — ¢;) € R,
Point x is allowed to vary inside the cluster {2, and y inside the cluster 2,. We assume that
the clusters are well-separated meaning that there exist p,, p, > 0 and 0 < 1 < 1 such that

|z —crl| < pry |y = coll < po, and pr + pg < np" 7. (15)

In this situation the following expansion is readily obtained from the result of Graf:

00
Hy(klly —z||) = Z Hon(5p™%0) ™7 I (kp.)e0u
m=—00
uk(z,cf) §k,l(CTuCcr) vl(y’cg)
— Z Z Jl+m(ﬁp;)€71(l+m)91 Hm(ﬁpfxa)esz Jl(ﬁpz)ezley ' (16)
m=—00 [=—c0

Truncating this expansion gives a way of constructing finite approximations necessary for the H?-
matrix format. To get an estimate of the error due to the truncation, we give bounds for the Bessel



and Hankel functions. It is helpful to recall that Bessel functions are Fourier coefficients of plane

waves:
1

"o
Note also that J_,, = (=1)"J,. The relationship between Bessel functions and plane waves will be

of crucial importance for all the results in this section. For this reason, we also give a bound for
the error in the approximation of Bessel functions by a sum of plane waves.

2
Jn(T‘) /0 ezrsinQe—”m@de’ n=01,.... (17)

Lemma 3.2 Let ryax, 7, p > 0 and n € Z be such that r < ryax and p < |n|. Then

| Jn ()] < elmex Sinh“_“‘"l, for any a > 0, (18a)
|H,(p)] < V2 + %efﬂsinhwﬂn‘“), & = arcosh ((|n| 4+ 1)/p). (18b)
Also,
1 & i ¢max sinh a—(K—n)a
In(r) — % ;elTsln(T)e_T Sk for any K € N and a > 0. (19)

Proof: Since |J,(r)| = |J_n(r)| and |H,(p)| = |H-n(p)|, without loss of generality we can assume
that n > 0.

For a fixed r, ¢, := J,(r) is the nth Fourier coefficient of the complex analytic function f(z) :=
e"sinZ_ For any a > 0, f is analytic in the horizontal strip [Im z| < a and hence g(w) := f(3 log w)
is analytic in the annulus e™® < |w| < e®. The Fourier coefficients of f are just the Laurent
coefficients of g which can be bounded by Cauchy’s estimate; see [18]. This gives the inequality

|en] < max | f(z)[e™"",
Im| z<a

which in turn gives the inequality

|Cn’ < ersinha—an < el'max sinha—an7 for any a > 0.
This finishes the proof of (18a). Note that if n > 7ax, the bound e"maxsitha=an reaches its minimum
at a = arcosh (n/rmax)-
To obtain the bound in (18b) we use the integral representation of H,(+)
i

. - |
Hy,(p) = Jn(p) + i/ sin(psin @ — nd)dé — —/ (" + (—1)"e*”t)e*p51“htdt7
0 0

™ 71'

which can be found in [10]. From this, we immediately have the bound
2 [ ~
Ha(p) < V3 + 2 / gnt=psinhigy
T Jo
Since e(nthi=psinht o o(n+1)d—psinhd 5, § — arcosh((n + 1)/p) and any ¢ > 0, we have that

2 [ nt—psinht 2 [ —t (n+1)é—psinh § 2 (n+1)6—psinhé
— entr dt < = e ‘dte p =—¢ P .
T™Jo T™Jo 71'

With this the proof of the second inequality is finished.

The quantity that we want to bound in (19) is the remainder of the composite trapezoidal rule
for 2m-periodic functions. The periodic integrand is f,, () := exp(ir sin @) exp(—inf). Since fy(-) is
an entire function, the remainder is bounded by the expression

efKa

2 max |[fn(z)]

for any a > 0;
Im z|<a 1-—

efKa’

10



see [9]. The proof is finished by finding a bound for f,(-):

max

|Im Z|<a (Z)| S e'f‘max Sinha_;’_na7

for any a > 0.

O
The bounds in the above lemma are close to optimal and can be effectively used to obtain the
number of terms needed in the separable expansion for a particular accuracy ¢ > 0. Instead, for
simplicity, in the remaining results we give only the asymptotic dependence on the accuracy e.

Lemma 3.3 Let ryax > 0 and 0 < n < 1. There exists a constant C(n) such that for any e > 0,
r,p € RT, and any M € N with

1
"< Tmax =np, M > C(n)(rmax + log Z)a

we have
Zu ) <e and Z|H (r)| < e

Also, for any K > 2M

_ 2miln
2wl 71'177,
§ ’l' E l?"Sln _K < €.

Proof: Let us first prove the second inequality above. From (18a) and (18b) it follows that
Ho(p)Jn ()] < VB ()] + s Siba—an—psish 545641 5 — aveosh((n + 1)/p), and any a > 0.

With the choice a = ¢’ := arsinh(;2—sinhd), the above expression becomes

() Ju(r)| < V2| Ty (r)] + "0,

Since p > rmax we have that ¢ > § for all n. Writing out the definitions of ¢’ and §, we see that
0" — 6 = arsinh(;£— smh(arcosh("“))) — arcosh(£1) is an increasing function of n for n > p. Let
C(n) be such that C(nn > 1. Then (n+1)/p > M/p > C(n)rmax/p = C(n)n > 1 and hence
by defining B(n) = arsmh( sinh(arcosh(C'(n)n))) — arcosh(C(n)n) and by applying once more the
inequality (18a) we obtain that

|Hy(p) Ju(r)| = O(e™P050),

Note also that e/ < earcosh(Cn) < o¢ (n)n. Hence, by summing the geometric series, we obtain

that
%0 o~ B)M
Z | Hn(p)Jn(r)| = O C(U)Um )

from which the result follows.

The rest of the proof is obtained in a similar manner by applying inequalities (18a) and
(19). O

Next we give a result describing a separable expansion obtained by truncating (16).

Theorem 3.2 Let (15) hold. Using notation (14), define vectors up, = u(x,c,) € CKL vy, =
v(y, co) € CK2, and a matriz S = S(cr,c0) € CKixK2 yhere Ky = 2M1+1 and Ko = 2My+1
for some My, Ms € N, by

(UMI)J = Jj*lel(Rp;)ei(jiMlil)eg7 j = 17 e 7K17

(o) = T nty—1(kp ) e "MV =g K,
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(SMl,Mg)jk = Hk,jJer,MQ(sz)ei(k7j+M17M2)ez, 7=1,.... K1 and k=1,..., Ks.
There ezists a constant C(n) > 0 such that for any € > 0, k > 0, and My > C(n)(rp; + log(2))
and My > C(n)(rps +log(¢))

Ho(wlle — )~y Sar avasa] < (s + Do) [Hagoary (™)

Proof: For the proof we will need three inequalities. From Lemma 3.3 it follows that there
exists a constant C(n) > 0 such that if My > Cy(n)(kp- + log()) and My > C1(n)(kps + log(2))
then

S Imsp) <e/3and > [Jm(rp)| < €/3.
|m|>M; [m|>Mo
Since p, = ||y — co —x + || < pr+ po < p777 we have that there exists a constant Co(n) > 0 such
that for M > Ca(n)(k(pr + po) +log 1)

Z | Hp (1077 ) I (Kp2)| < €/3.
[m|>M

Define C(n) := max{C1(n),C2(n)}. By truncating the expansion (16) we obtain the following
expression for the remainder:

Ho(klle —yll) = uip, Sananone, = Hin(kp™)e™ ™ T (rps)e ™ +
\m\>M1+M2
S Hao™) Y im(reDe g%
‘m‘§M1+M2 |l+m‘>M1Vm>M2

Finally, the result follows from the fact that H,,(z) is a strictly increasing function of m for fixed
x. O

The term |Hp, 401, (Kp can get exponentially large, but as we explain later in the paper,
to avoid numerical instability, separable expansions will only be used when for the particular e
this term is bounded. Notice that the matrix S is Toeplitz and hence can be applied to a vector
using FFT in almost linear time. Alternatively, we can re-write the expansion so that the matrix
S is diagonal with the diagonal equal to the discrete Fourier transform of the vector obtained by
combining the first row and the first column of the Toeplitz matrix. In this case the basis vectors
become the discrete Fourier transforms of the original Bessel basis vectors.

The above result shows that a separable expansion for the fundamental solution G () = Ho()
exists, with basis functions w(p — ¢;) = Ji(k[lp — ¢ ||)e?%—er and v;(q — ;) = u;(q — c5). The fact
that the Bessel functions are Fourier transforms of plane waves, see (17), can be used to derive an
alternative separable expansion, which has the advantage that the coefficient matrix is diagonal.
The simple structure of the coefficient matrix is due to the following property of plane waves:

TXO')|

eiPb sin(979b)ei,oC sin(0—0.) _ eiPbc sin(979b+c)7 for all b, c € R2. (20)

This is a well known property of plane waves that was originally used to prove a special case of
Graf’s theorem; see [24].

Theorem 3.3 Let (15) hold. Using notation (14), define vectors upr = u(x,c;),vpm = v(y,¢y) €
CK and a diagonal matriz Sy = S(cy,co) € CEXE where K = 2M + 1 for some M € N, by

(UM)]' — e—mp; sin(27rj/K—0;;)7 (UM)]' — einpz sin(27rj/K—0§/’)7
M
(San)ij = 7 > Halrp™)e™ O 20 j 1, K.
n=—M

There ezists a constant C(n) > 0 such that for any € > 0, k > 0 and M > C(n)(k(pr + po) +1log(2))

|[Ho(kllz — yll) — uprSaron| < e.

12



Proof: The form of the separable expansion is obtained by first applying Theorem 3.1 which gives

the expansion
oo

Ho(klle —yl) = Y Hulop™ 7)™ Ty (rp)e .
m=—0oQ
The next step is to truncate the above expansion and apply the trapezoidal rule to the Bessel
functions and use the separability property (20) of plane waves. The proof is completed by noticing
that Lemma 3.3 is directly applicable to the remainder of the truncation and of the quadrature.
O

The above form of the separable expansion is the most commonly used diagonal form in fast
multipole methods. For a more detailed derivation see [6]. As for the diagonal expansion obtained
from the Toeplitz one, the diagonal of S can be computed by a single application of FFT.

The great advantage of the second expansion is that the coefficient matrix is diagonal. However,
the first expansion may be advantageous when the diameters of clusters 7 and o are considerably
different, since in Theorem 3.2 we can choose M; « p, and My «x p, whereas in Theorem 3.3
we have only one parameter M that has to be chosen proportionally to the sum p, 4+ p,. Both
expansions are potentially numerically unstable since the coefficient matrix S is in neither case
bounded. As is well known, this prevents the use of the diagonal expansion at low frequency,
whereas it is possible to regularise the expansion in Bessel functions; see [25]. We will say more
about stability later in the paper.

3.2.2 Construction of U,,V,

We now define the row cluster basis U, as before:

- Jo. (w(z, cr))igp(x)de, ifkerandi=1,...K;

(U‘r)ki = T .
0, itk ¢,

where we have two choices for u(x,c,) € CKr| either Bessel functions as given by Theorem 3.2 or

plane waves as given by Theorem 3.3. In either case, the condition that the bases are nested (13)

will not be satisfied. Hence, instead of defining these matrices for the non-leaf clusters in the same
way, we first define the transform matrices TT({T for each child-parent pair 7/, 7 and then define

UT/TH,T )

(21)
UT”Tg/ﬂ—v

U, := U, if 7 a leaf, otherwise U, := (

where 7" and 7" are the children of 7. The matrices V, are defined in a similar fashion. To simplify
the notation slightly we will write T ; to denote TH . for the rest of this section. It is clear that
the matrices 17 ; and T’ , should be defined so that the nestedness condition holds approximately

R UnTy
Ur~| . . (22)
UT”TT",T7
Since for an arbitrary vector ¢ € CKr

(ff C) _ Jo, te@)u(z, ;) ¢dz, ket
™) e fQ B st(x)u(w:CT)TCdx, ke 7_//7
and )
(UTI TlJC) fQ ’ ¢k($) T;I; TU(J}, CT’)) (dz, k€ 7'/7
~ = T El T
U‘r// 7'//77'4‘ k fQ " ('bk(aj) (T‘Ir'I/‘/,Tu(x7CTN)) Cd$7 k E T,/,

we can see that the condition (22) is satisfied if

TrI/‘ 9 ! 9 E Q /.
u(x,cr) = TTT’Tu(x ey w e (23)
T”,Tu(xv Crr)y T € Q.
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3.2.3 Construction of T’ ;

Let 7 be a parent cluster with child 7. We wish to construct the transform operator T » so that
(23) is satisfied. Since we have two choices for the functions u(z, c;) we need also to construct two
transfer operators. First of all we explain how to transform one basis to the other.

Proposition 3.1 Let uy,us € CK where K = 2M + 1 for some M € N. If u; and us are defined
by

(ul)j = Jj—M—l(pl‘)ei(jiMil)ez and (u2)l = eiipz Sin(?ﬁl/K?ez)a .77l = 15 cee 7K7

then
up = Fapug + 7,

where Fyy € CEXK s q shifted Fourier matriz defined by

(FM)jl _ ele(j—M—l)/K’

and there exists a constant C' > 0 such that for any € > 0 and all M > C(pg + log(%)) we have

HTMHOO <e.
Proof: We proceed as follows:
Tjpe)e? = = sin0,,ij(02—9) 49
T Jo
1 2w ) ) -
- e Pz s1n(0—01)ew@d9
27 Jy
| X
T K S eripesin@ml/K=00) =2mli /Ky (1
=1

where (77); is the remainder of the composite trapezoidal rule for 2m-periodic functions. The rest
of the proof goes along the lines of the proofs of Lemma 3.2 and Lemma 3.3. O
Note that Fjs and Fy;' can be applied to a vector using FFT in O(K log K) time.

The transform operator we wish to construct consists of a translation of the centre of expansion
and of interpolation used to change the length of the basis vector. From the fact (20) it is not
difficult to see that the translation is simple for the plane wave functions: As in Theorem 3.3, define
two basis vectors u; := u(x, ¢;) and ug := u(x, cy) € CK, k = 2M + 1, which have identical lengths
K but different centres ¢, and c.». So

o e or IR N )
(Ul)j — iR sin(27j /K —07) and (U2)j — ¢ P sin(2mj/K—07 )7 j=1,..., K.

From (20) we see that u; = Dus for a diagonal matrix D with

Djj _ echchT/ | sin(2mj/K—b0cr—c_,) )

For the Bessel functions, the change of the centre is not as simple but the interpolation is trivial.
It consists simply of truncation or padding by zeros of the basis vectors. Note that this procedure
introduces no additional error.

Combining the change of the centre of the plane waves and the interpolation of the Bessel
functions with Proposition 3.1 allows us to easily construct the transform operator for both types
of basis functions. The details are given in the next theorem.

Theorem 3.4 Let u; € CK' and uy € CK2 where K1 = 2M; + 1 and Ko = 2Ms + 1 for some
My, Ms € N. If uy and ug are defined by

e*iﬁp; sin(27j/K1—07) efiﬁp;/ sin(27‘rl/K279;/)
)

(ul)j = and (UQ)[ =
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forg=1,... Ky andl=1,...,Ks then
U] = DF]\}}PMMMQFMQUQ + My, My,

where Fyr,, Far, are shifted Fourier matrices as in Proposition 3.1, D € CK>K1 s o diagonal
matrix with
Dy = ech,—ch/Hsin(27Tl/K179CT_CT,)

I

and Py, v, 18 an Ky X Ko sparse matriz of zeros and ones, which is described by its action on a
1
vector * :

0,...,0,(v)1, (V)2,..., (V)K;,0,...,0)T, if Ko > K

Py om0 = .
o { (U)M1*M2+17 (U)M1*M2+27 SRR (U)M1+M2+1)T7 otherwise.

There exists a constant C > 0 such that for any e > 0, My > C(p; + log(%)), and any My >

C(pa + log(%))
||TM1,M2|‘OO <€

From this result it is clear that we can define the transform operator for plane waves as
U ._ —1
T ;= DFy Py v F s (24)

From Proposition 3.1, it follows that the transform operator for Bessel functions should be defined
as
TY . = FMI‘DFMiPMlyMQ‘ (25)

T T

Since in both cases V,, = U,, we have that

\%4
Ty,=T5,
Note that it is possible to construct the transform operators in linear time and to apply them to a
vector in log-linear time using FFT.

3.2.4 Construction of S;,

We consider two cases. In the first case we assume that for each 7 x 0 € LT we have diam(2;) ~
diam(2,). For this case we choose to define the row and cluster bases using plane waves. Then we
define S, := S(cr,c,) € CEXE given by Theorem 3.3. This would be the standard approach in
fast multipole methods for the Helmholtz equation.

In the second case we allow for clusters of different sizes. For this case we define the row and
cluster bases using Bessel functions. We could now simply define S; , using Theorem 3.2, however,
we choose to use the diagonal expansion again. In this case row and cluster bases need to be
transformed to plane waves from Bessel functions. Hence, we define the coefficient matrix by

Sro = Px, kFxS(cr,co)Fic' Pk K, -

This allows us to choose K, K, and K independently from each other and as small as possible.
We could equally have chosen plane waves as the basis functions, but then the prolongation from
K to K would consist of two applications of FF'T rather than one, and the same for the restriction
from K to K,. We should note here that it is possible to perform the prolongation and restriction
of plane wave basis in O(K) time by nearest-neighbour approximation; see [19]. It is, however, not
clear for how large a value of K is this profitable.

1PMhM2 simply appends zeros to the beginning and the end of a vector if M2 > Ma, otherwise it truncates entries
from the front and the end of the vector.
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3.3 Complexity analysis

We now have all the ingredients necessary for the construction of the H2-matrix representation.
We construct the H2-matrix approximation by the following procedure:

e Choose € > 0.
e Construct the cluster tree T7 and the block cluster tree T7y7.

e For each cluster 7 € T and some constant C; > 0 set K, = |Crdiam(Q2;) + C log %J Ifr
is a leaf, construct the row and cluster bases U, and V..

e For each parent cluster 7 construct T’ » and T~ using (24) or (25).

(CKXK

e For each admissible leaf b = 7 x 0 € LT construct the coefficient matrix Sro €
Theorem 3.3, where K = K, + K.

using

e For each inadmissible leaf b =7 x 0 € L™ set M, , := A, ,.

Before we estimate the computational complexity of the construction of the matrix and the cost
of matrix-vector multiplication we make a couple of assumptions that hold in standard situations.
The first assumption is as before that C,, is a constant. The second assumption, pertinent to the
two dimensional problem, is that there exists a constant Cy, such that for any level [

> diam(Q,) < Cs. (26)
TGT}Z)

This condition simply prevents pathological cases, such as the case where each child cluster has the
same diameter as its parent cluster. A standard algorithm for the construction of the cluster tree,
as described in [12], would prevent such a case from happening. In the best case, when the diameter
of each child cluster is exactly half the diameter of its parent, (26) holds for Cy = diam(€2). The
condition is useful since it gives the following inequality:

Z K, < Cl(CQ K+ #TI(I))
TGTé—l)

Also, recall that there are at most 2n — 1 clusters in the cluster tree T7. Hence for any level L,

L
Syl <on 1.
=0

Now we are in a position to give estimates for the storage and the cost of construction and matrix-
vector multiplication.

Lemma 3.4 (Storage) If p is the depth of Trx7 and (26) holds, then there exists a constant C
depending only on C1, Cq, and C, such that

N, <C(pk+n) and N, <C(prlogk+nlogk),
where N, is the storage requirement and N, the cost of the construction of the H2-matriz.

Proof: The cost of storing and constructing the row and column cluster bases for the leaf clusters
is the same. It can be estimated as follows:

Y #7K: < G ) K;

reT® reT®

ClouiC1 (Cori + #TP))
Cleafcl (CQK + n)
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The cost of storing the coefficient matrices is equal to

P
Z (K, + K,) = ZZKT#{U:TXGEE+OIUXTEE+}

b=rxoeL+t (=0 )
p
< Co) Y K
=0 e
p
< W01 Y (Con +#TY)
=0

< C’SPCl (CQK(p + 1) + 2n — 1).

Since for each coefficient matrix we require a single application of FFT, the cost of the construction
is larger than the storage cost by a logarithmic factor:

C,C1(Cok(p+1) +2n — 1) log(k + 1).

The cost of the construction and of the storage of transfer matrices is the same and bounded by

p—1
> 2K, <201(Cok(p+1) +2n — 1),

=0 TGTé—l)

Finally, as for H-matrices, the cost of constructing and storing the matrices corresponding to
the inadmissible blocks is O(n). This gives the final result. O

Lemma 3.5 (Multiplication) Under the same conditions as in the previous lemma there exists

a constant C such that
NH~'U S CNcmn

where Ny, ., 18 the cost of matriz-vector multiplication.

Proof: We compute the cost of matrix-vector multiplication following the steps of the fast al-
gorithm explained in Section 2.6.2. The reasoning is the same as in the proof of the previous
lemma.

1. Upward pass.

(a) The cost of applying the cluster bases to a vector for the leaves is the same as the cost of
constructing them. Hence by the proof of Lemma 3.4 the total cost for all leaf clusters
is O(k + n).

(b) The cost of applying the transform matrices to a vector is larger than the cost of con-
structing them since applications of FFT are necessary. The further logarithmic factor
gives the complexity O(pklogk + nlogk).

2. Far field interaction

(a) The cost of multiplication is the same as the cost of constructing the coefficient matrices
since in both cases FFT is used. Hence the cost is O(pklog k + nlog k).

3. Downward pass
(a) Same cost as in 1b.

4. Near field interaction
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(a) Since A° is sparse, the cost is O(n).

Combining the above estimates gives the result. [

Since we are interested in the high frequency regime, i.e., kK & n, assuming p = O(logn) we have
that the cost of storage is O(nlogn) and the cost of construction and matrix-vector multiplication
is O(n log? n). However, in practical situations x is considerably smaller than n so that we expect
the costs to behave closer to O(n) and O(nlogn) for the storage and matrix-vector complexity
respectively.

At this stage we could proceed to the numerical results, however for the sake of better efficiency
and numerical stability a closer look needs to be taken at the expansions used in the derivation.

3.4 High and low frequency problems; stability: H- and H*-matrices

An important deficiency of the presented separable expansions is their numerical instability. In
both cases the coefficient matrices S, cannot be bounded. This is due to the fact that H;(p)
diverges to infinity very quickly when [ > p. The expansion in Bessel functions can be regularised
by scaling. This is used in [25], however the authors sacrifice the Toeplitz structure for stability. It
is possible to preserve the structure and stabilise by scaling, this, however, forces us to use a sum
of three H?-matrices instead of a single one which is too great a sacrifice in terms of computational
time. Here we propose a much simpler remedy which is easy to implement and has been shown to
be effective.

The instability problems of the expansions used in this paper have attracted a lot of atten-
tion over the years. We will use one observation only, and that is that for a fixed ¢ > 0 there
exists a constant C'(e,n) such that ||S; || is bounded for admissible blocks b = 7 x ¢ for which
rmin{diam($2;), diam(Q,)} > C(e,n); see [21]. Accordingly, we divide the set of admissible leaves
LT into two disjoint subsets E{r and [,;:

LT :={r xo € L : kmin{diam(2,),diam(Q,)} > C(e,n)} and LF := LT /L].

After choosing the precision and constructing the cluster and block cluster trees, we construct an
approximation to the Galerkin matrix by the following procedure:

e For each leaf T construct the row and cluster bases U, and V.

For each parent cluster 7 construct T and T’ ;.

For each b=7 x 0 € E{r construct the coefficient matrix S; ;.

Foreachb=7 x 0 € E;r construct a low rank approximation M, , to A;, using ACA.

e For each inadmissible leaf b =7 x 0 € L™ set M, , := A, ,.

Using the complexity estimates developed for the pure H-matrix and pure H2-matrix formats
it is not difficult to see that the complexity proved in the previous section is preserved since the low
rank matrices are used only in the domains with size of a bounded number of wavelengths. Separable
expansions are used only in domains that are large enough so that the numerical instability is not
visible.

With this we have finished our description of an O(nlog?n) algorithm. In the next section we
give numerical results illustrating the practicability of our method.

4 Numerical results

In this section we demonstrate how our algorithm behaves in practice through numerical examples.
We do this by considering the simple example of the discretisation of the single layer potential on
an ellipse using a Galerkin method with piecewise constant basis functions. Since eventually we
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n_ | Setup (s) | MV mult. (s) | Mem. (MB) | Mem/n (kB) |

1024 3.6 0.003 4 4.2
2048 7.7 0.006 9 4.6
4096 17.4 0.013 19 4.9
8192 37.3 0.028 41 5.2
16384 81.8 0.062 88 5.7
32768 169.2 0.127 189 6.1
65536 363.1 0.27 398 6.4
131072 785.4 0.545 839 6.7
262144 1735.8 1.44 1762 7.1

Table 1: CPU times and memory consumption in the low frequency regime with x = 64.

plan to discretise operators for which the symmetry is lost, we do not make use of the fact that
the resulting matrix is symmetric. The ellipse is given by the equation 22 4 (y/2)? = 22. The
computations are done on a 3 GHz Intel PC. In all computations the error is controlled so that
|A — Alloe < 1075. This is checked exactly only for matrices of size less than 2'° = 32768. For
larger matrices the error is estimated by comparing 100 randomly chosen columns of A and A

4.1 The low frequency regime

For the low frequency regime we fix k = 64 and increase the number of panels n. To approximate
the Galerkin matrix we use the H-matrix obtained by ACA as described in section 3.1. The results
are shown in Table 1. As expected both the computational times and memory consumption scale
close to linearly. The matrix-vector multiplication is very fast even for a quarter of a million degrees
of freedom.

4.2 High frequency regime

For the high frequency regime we increase both n and «, keeping n/k = const. We apply the mixed
format of an H2-matrix with low-rank matrices obtained by ACA as described in section 3.2; the
results are shown in Table 2. We allow for clusters of different sizes to be admissible hence we use
the variant with Bessel basis functions. As predicted, we see that the storage increases as O(n)
and the matrix-vector multiplication as O(nlogn).

For interest, we also apply the method designed for the low frequency regime. Namely, we
approximate the Galerkin matrix by a pure H-matrix obtained using ACA; the results are shown
in Table 3. We see that up to k = 128 the results are the same for the two methods; this is because
for k of that size no admissible block is of sufficient size to allow for a stable separable expansion.
This also explains the sudden jump in the time needed for one matrix-vector multiplication when
going from n = 4096 to n = 8192. For n > 2'6 = 65536 the H-matrix approach consumes too much
memory hence the blank entries in Table 3. Nevertheless, it is an interesting observation that for
all other cases the matrix-vector multiplication is considerably faster using the H-matrix approach,
the difference becoming smaller for larger n. The advantage of the H2-matrix approach can be
seen in the much lower setup time and memory consumption. Which method is preferable for a
particular choice of n and x depends not only on available memory but also on the convergence of
the iterative method that is eventually used for the solution of the linear systems arising from the
discretisation.
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| Setup (s) | MV mult. (s) [ Mem. (MB) | Mem/n (kB) |

n K
1024 32 3.11 0.003 3 3.8
2048 64 7.66 0.006 9 4.6
4096 128 18.79 0.014 21 5.5
8192 256 42.08 0.166 57 7.4
16384 512 73.53 0.434 99 6.4
32768 | 1024 148.7 0.878 200 6.4
65536 | 2048 301.3 2.02 402 6.4
131072 | 4096 629.7 4.37 806 6.5
262144 | 8192 1305 9.84 1607 6.4

Table 2: CPU times and memory consumption in the high frequency regime for approximation with an
H2-matrix stabilised by low-rank matrices.

Table 3: CPU times and memory consumption in the high frequency regime for approximation with an

H-matrix.

| n | & [Setup(s) | MV mult. (s) [ Mem. (MB) [ Mem/n (kB) ]
1024 32 3.11 0.003 3 3.8
2048 64 7.66 0.006 9 4.6
4096 128 18.79 0.014 21 5.5
8192 256 45.86 0.034 53 6.8
16384 512 122.8 0.086 139 8.9
32768 | 1024 324.7 0.228 385 12.3
65536 | 2048 939.4 0.664 1141 18.3
131072 | 4096 - - - -
262144 | 8192 - - - -

20




References

1]

S. Amini and A. Profit. Multi-level fast multipole solution of the scattering problem. FEngineering
Analysis with Boundary Elements, 27(5):547-564, 2003.

M. Bebendorf. Approximation of boundary element matrices. Numer. Math., 86(4):565-589, 2000.

S. Boérm. Approximation of integral operators by H2-matrices with adaptive bases. Technical report
18/2004. Leipzig, Germany: Max Planck Institute for Mathematics in the Sciences, 2004.

S. Bérm. H2-matrices—multilevel methods for the approximation of integral operators. Comput. Vis.
Sci., 7(3-4):173-181, 2004.

S. Borm and L. Grasedyck. Hybrid cross approximation of integral operators. Technical report 68/2004.
Leipzig, Germany: Max Planck Institute for Mathematics in the Sciences, 2004.

W. C. Chew, J.-M. Jin, E. Michielssen, and J. M. Song. Fast and Efficient Algorithms in Computational
Electromagnetics. Artech House, Boston, London, 2001.

W. Dahmen. Wavelet and multiscale methods for operator equations. In Acta numerica, 1997, volume 6,
pages 55—228. Cambridge Univ. Press, Cambridge, 1997.

E. Darve. The fast multipole method: numerical implementation. J. Comput. Phys., 160(1):195-240,
2000.

P. J. Davis and P. Rabinowitz. Methods of Numerical Integration. Computer Science and Applied
Mathematics. Academic Press Inc., Orlando, FL, second edition, 1984.

I. S. Gradshteyn and I. M. Ryzhik. Table of Integrals, Series, and Products. Academic Press Inc., San
Diego, CA, sixth edition, 2000.

L. Grasedyck. Adaptive recompression of H-matrices for BEM. Technical report 17/2004. Leipzig,
Germany: Mazx Planck Institute for Mathematics in the Sciences, 2004.

L. Grasedyck and W. Hackbusch. Construction and arithmetics of H-matrices. Computing, 70(4):295-
334, 2003.

L. Greengard and V. Rokhlin. A fast algorithm for particle simulations. J. Comput. Phys., 73(2):325—
348, 1987.

W. Hackbusch. A sparse matrix arithmetic based on H-matrices. I. Introduction to H-matrices. Com-
puting, 62(2):89-108, 1999.

W. Hackbusch and S. Bérm. Data-sparse approximation by adaptive H2-matrices. Computing, 69(1):1—
35, 2002.

W. Hackbusch and B. N. Khoromskij. A sparse H-matrix arithmetic. II. Application to multi-
dimensional problems. Computing, 64(1):21-47, 2000.

W. Hackbusch and Z. P. Nowak. On the fast matrix multiplication in the boundary element method
by panel clustering. Numer. Math., 54(4):463-491, 1989.

P. Henrici. Applied and computational complex analysis. Vol. 3. John Wiley & Sons Inc., New York,
1986.

C. Lu and W. C. Chew. A multilevel algorithm for solving a boundary integral equation of wave
scattering. Microwave Opt. Technol. Lett., 7(10):466-470, 1994.

J.-C. Nédélec. Acoustic and Electromagnetic Equations, volume 144 of Applied Mathematical Sciences.
Springer-Verlag, New York, 2001.

S. Ohnuki and W. C. Chew. Truncation error analysis of multipole expansion. SIAM J. Sci. Comput.,
25(4):1293-1306, 2003/04.

V. Rokhlin. Rapid solution of integral equations of scattering theory in two dimensions. J. Comput.
Phys., 86(2):414-439, 1990.

V. Rokhlin. Diagonal forms of translation operators for the Helmholtz equation in three dimensions.
Appl. Comput. Harmon. Anal., 1(1):82-93, 1993.

21



[24] G. N. Watson. A Treatise on the Theory of Bessel Functions. Cambridge Mathematical Library.
Cambridge University Press, Cambridge, 1995. Reprint of the second (1944) edition.

[25] J.-S. Zhao and C. C. Chew. MLFMA for solving integral equations of 2-D electromagnetic problems
from static to electrodynamic. Microwave Opt. Technol. Lett., 20(5):306-311, 1999.

22



