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Abstract

In this paper, we will present a new approach for solving boundary inte-
gral equations with panel-clustering. In contrast to all former versions of panel
clustering, the computational and storage complexity of the algorithm scales
linearly with respect to the number of degrees of freedom without any addi-
tional logarithmic factors. The idea is to develop alternative formulations of all
classical boundary integral operators for the Laplace problem where the kernel
function has a reduced singular behaviour. It turns out that the application
of the panel-clustering method with variable approximation order preserves the
asymptotic convergence rate of the discretisation and has significantly reduced
complexity.

Keywords: Boundary integral equations, Galerkin boundary element method,
panel-clustering method, alternative representations

1 Introduction

In this paper, we will present some new methods for the numerical solution of elliptic
boundary value problems on three-dimensional domains. We employ the method of
integral equations to transform the elliptic differential equation into a boundary
integral equation on the surface of the domain. Galerkin’s method with boundary
elements is used for its discretisation.

As a consequence of the non-localness of boundary integral operators, the basis
representation of these operators leads to a fully populated coefficient matrix. This
fact was considered as the major drawback of this approach until the panel-clustering
representation and the multipole method in the mid eighties were introduced and
have reduced the computational and storage complexity of the boundary integral
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equation from O (N 2) to O (Nlog" N), where N denotes the number of unknowns
and k &~ 4 — 7. The asymptotic gain of the method is obvious as, for N — oo, the
term log™ N becomes negligible compared to N. However, in practical applications
the number of unknowns, typically, ranges from 5 x 10% to 10° and, hence, the
constant in the O (-) estimate and the term log™ N are not negligible.

The idea of the panel-clustering method is to approximate the kernel function
of the integral operator by a degenerate kernel where the coupling of the variables
is factorised. The approximation is constructed piecewise on each element (called
block) of a partitioning of the surface I' (more precisely of I' x T') which is graded
towards the diagonal where x = y. For the largest blocks, the order of the kernel
approximation has to be chosen proportionally to log N to preserve the convergence
order of the discretisation. In all versions of the panel-clustering method, the ex-
pansion order is chosen constant on all blocks and, since the total number of blocks
is O (N), the complexity estimate O (/N log™ N) results.

In [12], the variable order panel-clustering method was introduced. The idea
is to replace the kernel function of the integral operator on small surface blocks
by low-order approximations and on larger surface blocks by approximations with
increasing order. By choosing the slope of the order distribution as an affine function
it turns out that, for the classical double layer potential on smooth surfaces in R?
discretised by piecewise constant boundary elements, the computational and storage
complexity of the method is O (N) without any logarithmic terms.

The variable order panel-clustering method cannot be applied to more general
integral operators or higher order boundary elements directly without any loss of
accuracy since, in these cases, the (strong) singular behaviour of the kernel function
reduces the accuracy of the approximation with variable order significantly.

In this paper, we will overcome this difficulty by developing alternative represen-
tations of all classical integral operators corresponding to the Laplace problem. The
order of singularity in the kernel function is significantly reduced, and the variable
order panel-clustering method can be applied to these new formulations without any
loss in the convergence order.

Thus, all integral operators related to the Laplace problem which are discretised
with low-order boundary elements can be solved numerically with O (N) computa-
tional complexity without any logarithmic terms.

2 The Boundary Element Method

The goal of this paper is to present efficient numerical methods for solving elliptic
boundary value problems on a domain in R3. Since the integral equation method
is employed to transform these elliptic partial differential equations into integral
equations on the surface of the domain, we restrict here to linear and homoge-
neous equations with constant coefficients. Hence, the Laplace problem serves as
the adequate model problem to develop the new methods. The formulation of these
boundary value problems requires the introduction of some notations.
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Let Q= C R? be a bounded, piecewise smooth Lipschitz domain with boundary
I and QF := R3\ Q~. The outer normal vector relative to Q™ is denoted by n.

The space of continuous functions on I' is denoted by C°(I') and the space of
k-times continuously differentiable functions on a domain © by C* ().

The space of all measurable functions f: I' — R which are square integrable
with respect to the surface measure ds is denoted by L2?(T'). For 0 < s < 3/2
we define the Sobolev space H*(I') as the space of traces on I' of functions in

Het? (R3), and H~*(T) is the dual space of H*(T'). The scalar product in L?(T) is

loc
denoted by (., .) 12(T) and identified with its continuous extension to the dual pairing

<'a'>HS(F)><H*S(F) and (., '>H*S(F)><HS(F)'
2.1 Model problems

In our paper we shall consider the numerical solution of boundary value problems
for the Laplace equation. We start with the classical (strong) formulation of these
problems.

ID: Given gp € CO(T), find u € C%(Q27) N C%(Q~) such that
Au=0 in Q7

U= ¢gp on I

IN: Given gy € CO(I), find u € C?(Q7) N CY(Q~) such that
Au =0 in Q7.
ou/on = gn on I

ED: Given gp € C°(T"), find u € C%(QF) N C%(Q+) such that

Au=0 in QF,
U = gp on Fv (3)
lu(z)| < Cllz|~" as [|z]| — oo

EN: Given gy € CO(I), find u € C2(Q1) N CY(QF) such that

Au=0 in QF.
ou/on = gy on T, (4)
u(@)] < Cllz| ™" as Jlaf| — oo

Remark 1. Note that, for exterior problems, the decay condition
-1
lu(@)] <Cllzl~  as [z = o0

has to be imposed in order to guarantee uniqueness. For the interior Neumann
problem, the right-hand side gn must satisfy fF gnds = 0 for existence and the
solution fQ_ udx = 0 for uniqueness. For details, we refer to [4].
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2.2 Boundary integral equations for the model problems

These boundary value problems can be transformed into boundary integral equations
(BIEs) on I' by using either the direct or the indirect method. We will restrict here
to the direct method and refer for the indirect method to [5] and [8]. For the
numerical methods presented in this paper it is important to emphasise that the
arising integral operators for the indirect method are contained in the set of integral
operators corresponding to the direct method.

The fundamental solution of the Laplace operator in R? is given by

!
Arl|z]|”

G(z) (5)

The following four bilinear forms are related to this fundamental solution or certain
Géteau derivatives of it.

1. Single layer potential.

The bilinear form ay : H~Y/2(I') x H=Y/?(I") — R related to the classical single
layer potential operator is given by

ay (u,v) = /Fxrv(a:)G(a: —y)u(y) dsyds,. (6)

2. Double layer potential.

The bilinear form ag, : L*(T') x L*(T) — R corresponding to the classical
double layer potential operator is given by

1
ag, (u,v) := ii/

u(z)v(z)dsy + / v(m)iG(x — y)u(y) dsydsz. (7)
r

'xI’ (%y

w_»

The “+7-sign corresponds to the Laplace problem on Q% and the
the interior problem.

-sign to

3. Adjoint double layer potential.
The bilinear form ag;, : L3*(T) x L*(T') — R is given by

1 d
agy, (u,v) = F5 / u(z)v(z) dsy —|—/ v(x) G(x —y)u(y) dsyds,. (8)
2Jr I'xT Ong
4. Hypersingular integral operator.
The bilinear form ay : HY/2(I') x HY/?(T') — R associated with the hypersin-

gular integral operator is given by

aw (u,v) := /Fv(a:)aix g iG(m —y)u(y) dsyds,. 9)
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By using these operators, the boundary value problems (1)-(4) can be trans-
formed into a variational formulation.

ID: Given gp € H'/?(T), find w € H~Y/2(T') such that

ay(u,v) = ak. (g9p,v), VU€H71/2(F).

IN: Given gy € H-Y/2(T"), find u € H'/?(T") such that

aw (u,v) = —ag’ (gn,v), Vv € HI/Q(I‘).

ED: Given gp € HY(I'), find u € L?(T") such that

aK’ (U,U) = _aW(gD,U)7 Vo € LQ(P)

EN: Given gy € H-Y2(I'), find u € L*(T") such that

ar_(u,v) = ay(gn,v), Yv € L2(F).

The transformation of boundary value problems to BIEs is by no means unique.
In this paper we focus on the numerical solution of the abstract variational problem

a(u,v) = F(v), Vv e H(T), (10)

where a is one of the four bilinear forms ay, ax_, a K, Or aw. For a complete listing
of the arising equations see for instance [5, Section 8.4] or [14]. For existence and
uniqueness results we refer to [8], [9], [14].

2.3 Galerkin discretisation

We consider the discretisation of (10) by the Galerkin method. The infinite dimen-
sional Sobolev space H*(T") is replaced as usual by a finite dimensional subspace.
Let G = {m,...,m7,} be a surface mesh with open and disjoint panels 7; satisfy-
ing I' = Urcg7. The panels are either (possibly curved) triangles or quadrilaterals.
More precisely, we assume that, for any 7 € G, there exists a sufficiently smooth
chart x, : Q — 7, where Q is either the unit square in R? or the unit triangle (with
vertices (0,0), (1,0), (1,1)).

The boundary element spaces are defined by lifting polynomial spaces on the
reference element Q to the surface mesh. Let S° (Q) denote the space of all constant
functions on @ and

SL(Q) = span {1, 21, z} if Q is the unit triangle,
" span{l,x1, 9, 7122} if Q is the unit square.
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Let us introduce the discontinuous, piecewise constant and the continuous, piecewise
linear boundary element space

SV i={uel™®M)|VregG: u,ox, €8 (Q)}, (11)
Sti={ueC’T)|Vreg:ul,ox. €S (Q)}.

We use S as the general notation if no confusion is possible. Throughout the paper
we restrict to conforming subspaces satisfying & C H. For the hypersingular oper-
ator, this implies S = S!, while, for the single and the double layer potential, both
choices S = SY and S = S! are possible.

The standard nodal basis functions on S are denoted by b;, i =1,..., N, so that
the basis representation of a function ug € S is given by

N
ug(z) =Y uibi(). (12)
=1

The coefficient vector of ug is denoted by u = {uz}f\i ;- The Galerkin discretisation
of (10) is defined by seeking ug € S such that

a(ug,v) = F(v), Vv eS. (13)
Problem (13) is equivalent to solving the system of linear equations
Au=f, (14)
where A € RVXN and f € RV are given by
A;j=a(bi,by), fi:=F(b).

The solutions u and ug are related via (12).

From the theoretical point of view, the Galerkin boundary element method is
the method of choice since stability and convergence can be proved for a much larger
class of integral equations and surfaces than, for instance, the collocation and the
Nystrom method.

Since the nineties, efficient techniques have been developed for the computation
of the coefficients of the Galerkin system matrix and the panel-clustering method
has been extended to the Galerkin discretisation [7], [3], [2], [13]. As a consequence,
the computational complexity of the Galerkin method has become comparable to
the collocation and Nystrom method (cf. [3]).

The complexity of the Galerkin method with numerical quadrature and panel
clustering is of order N log® N with k &~ 4 — 7. More precisely, the computation of
the coefficients of the nearfield matrix (which is related to pairs of panels with small
distance) requires O (10g4 N ) quadrature points per matrix entry and the cost sums
up to O (N log* N ) for the nearfield matrix.

Furthermore, the approximation of the kernel function of the integral operator
by the panel-clustering method requires O (N log” N) quantities to be stored and
O (N log” N) arithmetic operations for their computation.



Although this is a substantial improvement compared to the O(N?) complexity
of classical matrix-oriented methods, the constant in the complexity estimate and
the log”®(N) terms are still large.

We address two issues in this paper. In Section 3 we will present alternative
representations of the boundary integral operators ((6)-(9)) that reduce the degree
of singularity of the kernel functions. As a consequence, the entries of the nearfield
matrix can be computed with O (1) quadrature points per coefficient and, further-
more, the integral kernel can be approximated by the panel-clustering method with
O (N) quantities. The resulting fully discrete Galerkin method will be presented
in Section 4. Finally, in Section 5 the results of some numerical experiments are
reported.

3 Alternative Representations

We will introduce alternative representations of the bilinear forms associated with
the integral operators introduced in Section 2. The idea behind these reformulations
is to express the kernel functions as derivatives of kernels with reduced singular
behaviour and to approximate the antiderivative of these kernels. The regularity of
the solution of the BIE can be employed in the error analysis by partial integration
yielding an optimal convergence rate.

3.1 Double Layer Potential

Let G be as in (5). It is well known, e.g. [5, Section 8.2.4.3], that the solid angle of
I" with respect to an observation point x is given by

Tr(z) = — /F BinyG(x —y) dsy, zel. (15)

The function T is in L*°(T") and equals 1/2 almost everywhere on I". The bilinear
form ag, can then be rewritten as

axc. () :<i% + %) /F w(w)o(z) ds,

0
[ vty - () g Gl =) dsyds

(16)

Remark 2. The difference u(y) — u(x) in (16) reduces the singular behaviour of
the integrand in (16) if the solution u has some reqularity, i.e. uw € H*(T') for some
s> 0.

3.2 Hypersingular Operator

In order to rewrite the bilinear form ayy associated with the hypersingular operator,
we have to introduce some surface differential operators. For a more detailed de-
scription of these operators we refer to [10]. For functions u € H'/?(T") and surface
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vector fields v having componentwise differentiable extensions 4 and v, respectively,
in H'(U), where U is some three-dimensional neighbourhood of ', we define the
tangential gradient Vru and the surface divergence divp v as restrictions of their
related operators to the surface I’

Vriu := Vﬁ|r, divpov := div1~)|r.
This enables us to introduce the tangential rotation of u as

N 3

curlpu := curl(un)‘r = —nx Vru

and the surface rotation as

curlp v := (n, curl v) o

where (.,.) denotes the Euclidian scalar product in R3. The composition of surface
and tangential rotation leads to the Laplace-Beltrami operator

2
Ay = — curly curlpu = <Aﬁ — <(;in> ﬁ) (17)

Note that an index z in Al indicates differentiation by the z-variable.
Using these notations, ay can be rewritten as follows

aw (u,v) = (18)
L[ {awmivota),auriru() ) ALl — ol - L2222 g g
— curlpv(z), curlpu(y y— x| — —F——— | dsydsy,
4 Jrar N : ’ ly =<l )

cf. [1].

3.3 Single Layer Potential

To reduce technicalities, we assume that I' is the surface of a Lipschitz polyhedron
with disjoint open plane faces @ 1<i<gq, and

Then, ay can be rewritten as

1
ay (u,v) = /F Fv(af)u(y)AgHy—desydsw
X

T4rm
1 (Ny,y — a:)2
"I s () (uly) — u(w))W dsydsq, (19)

=3 [ o=t @elute) ds.
=1

where T(Fi) denotes the spherical angle of 'Y with respect to z € R3, cf. (15). Cf. [1]
for details.



Remark 3. The kernel functions of the transformed bilinear forms, cf. (16), (18)
and (19), are combinations of the kernel functions

Bi(ey) = -Gl —y), o) = (s — )5 -Gla — ), "
Yy Y 20

1
k3(z,y) := EAZHQC -yl

i.e. all kernels are a derivative either of the fundamental solution or of the Euclidian
distance ||x — y||.

4 The panel-clustering algorithm

The matrix representation (14) of the finite dimensional bilinear form in (10) leads
to a coefficient matrix A which is fully populated so that the complexity of the
resulting algorithm is at least O(N?2). The idea of the panel-clustering algorithm
is to employ an alternative representation of the discrete problem. A matrix-vector
multiplication can be formulated in the panel-clustering representation which is the
most time consuming step in any iterative solver like GMRES. In this section we
will present the panel-clustering method and give an algorithm for the matrix-vector
multiplication.
The procedure of the panel-clustering algorithm consists of three basic phases

1. The panels of the surface mesh G are clustered hierarchically to larger surface
pieces (clusters) yielding the cluster tree 7.

2. By employing a suitable admissibility condition, pairs of clusters will be com-
bined to blocks which will define a covering of I" x I' which is graded towards
the diagonal.

3. The near-diagonal part of the discrete integral operator is represented by a
sparse matrix and the farfield part by replacing the kernel on blocks by a
degenerate kernel and by using an alternative representation of the discrete
farfield operator.

4.1 The cluster tree

The panel-clustering algorithm starts with the generation of a cluster tree T, which
is split into two steps:

e The iterative subdivision of the minimal, axis-parallel bounding box boz(T")
containing I' into congruent sub-boxes resulting in the virtual cluster tree.

e Association of geometric portions (clusters) of I" to the generated sub-boxes.
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The algorithm for the construction of the cluster tree T' requires some notations
which will be introduced first. As usual in graph theory, the tree T consists of a
set of vertices V and a set of oriented edges £ C V' x V. The root of T is denoted
by root(T") and the power set of T by P(T). In the context of panel clustering, the
vertices of the tree are called clusters. For every cluster ¢ € T' we introduce the set
of sons

sons: T'— P(T), sons(c):={ceT|(cc) e E},

which is generated during the construction of the cluster tree, cf. Procedure 1. The
level of a cluster in T is defined as the mapping

] (SR S
We also denote the set of leaves of T' by
£:={ceT|sons(c) =0}
Furthermore, the minimal and maximal depth of T is
dmin := min{level(c) | ¢ € £}, dmax := max{level(c) | c € £}, (22)

and the set of all clusters of level [ is given by
T :={c e T|level(c) =1}.

It follows from (21) that Ty = {root(T")}.

The cluster tree T is assembled by a recursive subdivision of box(I'). As a
convention we assume that box(I') and all its sub-boxes are closed sets. To stop the
recursion, we introduce the function refine: 7' x Ny — {true, false},

true dIreg:
refine(c,l) := area(r N¢) > 0 A diam(7) < 27! diam(box(T)),

false otherwise.

In other words, the stopping criterion halts the refinement if the diameter of a box
is smaller than the size of the inscribed panels.

The cluster tree T is built by initialising root(7") := box(T"), sons(root(T")) := 0
and calling build_cluster_tree(0), cf. Procedure 1. We emphasise that Proce-
dure 1 builds only the abstract tree structure while the link of tree nodes to the
geometry will be generated afterwards.

In the next step, we link clusters in 7" to portions of the surface I' and introduce,
in this light, an abstract function o : T'— I'. As a short-hand, we write ¢’ := o(c).

In our concrete applications, two choices of ¢ will appear.
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Procedure 1 build_cluster_tree(l)

for c € T; do
if refine(c,l) = true then /* Refine ¢ or stop recursion */
subdivide ¢ into eight congruent sub-boxes ¢;, 1 =1,...,8

for alli=1,...,8 do
if thereis a 7 in G s.t. area(cl N7) > 0 then
sons(c) := sons(c) U {c; }, sons(¢;) := 0
Ti+1 :=Tj41 Usons(c) /* Assemble next level */
if 7)1 # 0 then /* Descend to next level */
build_cluster_tree(l + 1)

Remark 4. Let M, denote the centre of mass of a subset w C R3. The choice
o1(c) :={r € G| M; €c}, (23)

will be considered in the context of a discontinuous panel-clustering approximation,
while

o2(c) :=ecnNT (24)
will be used for the construction of a continuous panel-clustering approximation, cf.
Section 4.4. We will indicate the concrete choice of o where necessary.

The (geometric) size of a cluster is defined via the function o.

Definition 5. For a given mapping o: T — T', the radius p. of cluster ¢ is

Pe = %diam(box(a(c)))

and the cluster box box (¢) is the minimal axis-parallel box containing o (c).

4.2 Block decomposition of I' x I

The approximation of the bilinear form a requires the construction of a covering of
I' x I'. This will be done by constructing the block cluster tree P C T x T. Its
elements b = (¢1,c2) € P will be called blocks. Application of the function o as in
Definition 5 to the components ¢y, cs of a block yields a covering of I' x I'. We will
use the notation bl := (e, ).

The generation of the block cluster tree P is based on an admissibility condition

controlling the relative distance of two clusters.
Definition 6. Let n € (0,1). A block b = (c1,¢2) € P is called n-admissible if
max(pe , Pe,) < ndist(box(cp), box(cz)). (25)

If it is clear from context, we will write “admissible” short for “n-admissible”.
The set of admissible blocks in P is called farfield P, while the complement
Phear :== P\ Ppay is the nearfield.
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Using the notation sons(c) := sons(c) if ¢ € T'\ £ and sons(c) := {c} otherwise,
we can define the sons of a block (c1,c2) as

soms(c1) x soms(ca) if (c1,c0) ¢ £ % £,

0 otherwise.

sons((c1,c2)) = { (26)

After initialising the nearfield Ppear := 0 and the farfield P, := (), Procedure 2
is called by divide((box(I"), box(T)), Puear, Prar). The surface portions bl', b € P,
then form a minimal, disjoint covering of I' x I

Procedure 2 divide((c1,¢2), Paears Prar)
if (c1,¢2) is admissible then
Pryy = Pray U {(Cl, 62)}
else if (c1,c2) € £ x £ then
Poear := Ppear U {(Cl, 62)}
else
for all (¢1,¢é2) € sons((c1,¢2)) do
diVide((éla EQ)a Pneara Pfar)

4.3 Abstract formulation of the panel-clustering algorithm
4.3.1 Panel-clustering representation of boundary integral operators

The approximation of a boundary integral operator K with kernel function k is
based on three assumptions:

1. The approximation is semi-separable. On a farfield block b = (c1,c2) we
assume the general form
a,y) ~ kp(@,y) = Y ruu(d)2) (@) 08 (y), (27)
(Vvu)ezb

where 7y, C Ng X Ng is a finite set of pairs of multi-indices. The parameter d
depends on the chosen approximation system. For I' C R3, we usually have
d = 3, while in special cases d = 2 is possible.

2. The function systems {@E”)} = {\If((;“)} » with suitable index sets L.,R. C
veLle HER e

Nf]l have a hierarchical structure. We require the expansion functions on clus-
ters ¢ € T'\ £ to fulfil the refinement relations

q)t(:l/)‘eF = Z fyg’,ﬁ?a@éﬁ), Vee T\ L, YveLl., Veesons(c),
veLs

\I/g‘)‘er = Z 'yiﬂ’e\ﬂéﬂ), Vee T\ £, YueR. Ve¢esons(c),

PERe

(28)
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with some shift coefficients 739’5, 7317’5 € R. The index sets L., R, C Ng will be
specified in Definition 11. Via the refinement relations we are able to represent
the expansion functions on larger clusters recursively by their restrictions to
smaller ones.

3. The kernel approximation ky, possesses a local approzimation property on each
farfield block b = (¢1,c2), i.e. there exist s € R, n € (0,1) and positive
constants C1 < oo, Cy < 1 such that, for m € N, the estimate

k(2,y) — kp(z,y)| < C1C5" dist™*(c1,¢2),  V(z,y) €b
holds.

Remark 7. If the kernel function of an integral operator is the sum of kernel func-
tions, the panel-clustering approximation is applied separately to each part of the
sum.

Example 8. Let

O, = {9§V> eR’ |0§ui§m,i=1,2,3}

denote the set of (m+1)3 equidistant interpolation points on a cluster c. Let Ag') be
the three-dimensional Lagrange polynomial normalised to ¢ corresponding to point
9((;'/). The interpolant Iylk] of the fundamental solution of the Laplacian k (z,y) =
G (x —y) with G as in (5) on a farfield block b = (c1,c2) is given by

Liky) = > k(08— 04 AL (2)A% (y), (29)

v,u<m(b)

where the notation ‘v, < m(b)” is short for (v,u) € Iy, and the index set Iy, is
given by

Ty = {(v,p) € N§ x N} | 0 <, 5 <m(b),i =1,2,3}. (30)
Since block b is admissible, the clusters ¢y and co are well separated, and the expan-

ston coefficients k,,, = k(ﬁg) — Hﬁ’;)) are well defined. The Lagrange polynomials

fulfil the refinement relations (28) with shift coefficients
Yoz = AY) <9§7)>' (31)

Example 9. Since the kernels of boundary integral operators are suitable Gateau
derivatives of the fundamental solution, we may apply these derivatives to the expan-
sion of the fundamental solution in order to obtain an approximation to the integral
kernels.

Example 10. For the Laplace operator, it is well known that the multipole expansion
coincides with the three-dimensional Taylor series in appropriate two-dimensional
coordinates. Hence, in these coordinates a two-dimensional approrimation of the
integral kernels corresponding to the Laplace problem can be derived. For details, we
refer to [11].
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The panel-clustering approximation of integral operator K is given by

(v, K[u]) j2(p & v(z)k(z, y)u(y) dszds,
L2(T) be%;m /bF y)uly

Y Y wb) [ @@ ds, [ Wty ds,
be P, (v,u)€y °l c5

= pear(U, V) + Ggar(u, V).
(32)
Note that the integrals are defined over the portions bl  I' x T' which are linked
to the block b via the function o (cf. Definition 5).
We abbreviate the farfield integrals by

L] := /F v(z)®Y) (z) ds,, RWu] := /F u(z) U (z) ds,, VeeT.

(33)
These quantities are the farfield coefficients.

The nearfield part apesr is evaluated in the usual, matrix-oriented way, yielding
a sparse matrix. For an efficient evaluation of the matrix-vector multiplication we
will rewrite the farfield part ag,, in (32).

Observe that the farfield coefficients R and L can be computed independently,
and the coupling in x and y takes place in the summation over the farfield blocks. To
decouple the computation of the integrals, we need to introduce one-sided restrictions
of the index set Zy,.

Definition 11. For b € P we define one-sided restrictions of Iy, C Ng X Ng by

Ly, = {u eNd [FpeN: (v, ) er}7
Ry = {M EN& | HyeNg: (v, 1) GIb}7
Rp(v) ={peRp| (v.p) € Ip}.

The multi-index sets on a cluster ¢ € T are then given by

L= U Leey Re= | Reo (34)

€T (c,c’)€ Prar /€T (c! ,c)€Pray
We also introduce the one-sided restriction of the farfield
Peoy(c) := {c’ €T | (e, )€ Pfar}, VeeT.
The definition implies the inclusions

Zbg[,CI XRCQ, Vb:(Cl,Cz) € P,

- (35)
L:CL.,, R:CR. Vé € sons(c).
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These splittings induce a splitting of the sums (27), (32). Using this notation, (27)
can be rewritten as

= @) Y mudTE (), (36)

veLly HERYL (V)

and the bilinear form ag,, now takes the form

arar(w,0) =" > 3 LW DY mul(en ) RE W], (37)

1€T co€Pryr (Cl) Ve‘c(cl,cg) /JGR(CI ,c2) (V)

To obtain a proper structuring of the matrix-vector multiplication, we introduce the
intermediate quantity

B = ) Y rwller,e2))RET], (38)

2€Ppar(c1)  HER (e ep) (V)
s.b. VEL (¢ eq)

and derive, by interchanging the second and third summation in (37), finally

agar (U, v) Z Z LW 0] BW[u). (39)

ceT vel,

This representation will be used for the evaluation of the panel-clustering approxi-
mation which is needed for the matrix-vector multiplication. The only missing part
of the panel-clustering algorithm is the introduction of a hierarchical procedure to
compute the farfield coefficients Lﬁ”), Rg” ) which will be the topic of the next section.

4.3.2 Construction of the expansion system

Since the farfield coefficients (33) have to be computed for every evaluation of the
panel-clustering approximation, an efficient computation of the integrals in (33) is
essential for the performance of the algorithm and we will employ the hierarchi-
cal structure of both the cluster tree (built in by construction) and the expansion
functions (assumption (28)).

Note that the refinement relation (28) in the case of polynomial expansion sys-
tems will in general not hold if the approximation orders are different on different lev-
els of the cluster tree, i.e. @ﬁ”)yér ¢ spangc, { (”)} and W! )]Cr ¢ spangcg, {\Péﬂ)}.
Thus the construction of the approximation system is performed in two steps. We
start with a reference approximation system which satisfies the approximation prop-
erty but is not necessarily nested. If, e.g., the approximation of the kernel is based on
polynomial interpolation the reference approzimation system is given by <I>(V) AEV)
with A£ ) as in Example 8.

The final variable order approximation system is obtained by using (28) as the
definition of the expansion functions on clusters ¢ € T'\ £.
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Definition 12. Let ® and ¥ denote the expansion functions given by the reference
approzimation system. Then the expansion functions for the variable order panel-
clustering algorithm are given by the recursion
CIDQ’) = @g”), Yee £, YveL,
=W vee g VueR,,
and
@&”)‘g = Z 73975¢é~), Vee T\ L, YveLl., Véesons(c),
veEL;

%) ‘51“ = Z 73ﬂ75Wéﬂ), VeeT\ &, VpeR. Vécesons(c),
AERe

(40)

where the shift coefficients 73’7575, ’yﬁ”ﬂﬁ are defined as in (28).

The resulting approximation systems {@ﬁy)} o {\I/ﬁ“ )} » can be regarded
vele HERe

as an approximation of the reference expansion system.

All standard cluster methods for BEM are using a fixed approximation order for
all farfield blocks b € Pg,;. On the other hand it was shown in [12] for the classical
double layer potential on smooth surfaces that a linear growth of the approximation
order towards the root of the cluster tree suffices to preserve the optimal convergence
rate while yielding an optimal time and storage complexity. The approach utilizes
the fact that on small blocks lower approximation orders yield sufficient accuracy to
preserve the asymptotic convergence rate. Here, the size of a block is determined by
the size of the larger cluster which in turn is correlated directly with its level in the
cluster tree. The functional dependence of the approximation orders on the blocks
is defined below.

Definition 13. The order distribution function m: Pg, — Ny is given by
m(b) := [a(dpin — min{level(cy),level(c2)}) 4 + 3], (41)
where a, 3 € R>g, dmin as in (22) and
(1)+ := max{0,-}, [] :=min{z € Z | z > z}.
The extension of the order distribution function to m: Pgy UT — Ny is given by
m(c) := max{ m(b) | b= (c1,¢2) € Py and c € {c1,c2}} VeceT. (42)

Besides the chosen approximation system itself, the approximation order is the
only parameter that the index sets on the blocks and their restrictions depend
on. Checking back with the requirements on the approximation system and (34)
and (35), we find that the order distribution function implements all the previously
stated properties of the index sets.
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4.3.3 Evaluation of the panel-clustering approximation/matrix-vector
multiplication

To assemble the panel-clustering approximation of the discrete bilinear form, we
replace the test function by the basis functions b;, ¢ = 1,..., N, and use the basis
representation (12) of the grid function u.

The nearfield entries are computed by

A;lgar . Z /c ) Z :p y dsydsx (43)

c1eEL CQEPnear(Cl) C

Note that the first sum only contains clusters with area(c!” Nsupp(b;)) > 0. In [12],
it was shown that, under moderate assumptions on the mesh, the nearfield matrix
only contains O (N) non-zero entries.

For the evaluation of the farfield part we use the representation (39). It consists
of three phases:

1. Upward path: Calculate the farfield coefficients rW [u] for all ¢ € T and all
p € R, using the refinement relation (40).

2. Block interaction: For all clusters ¢ € T and all v € L. add all associated
farfield coefficients multiplied by the expansion coefficients and store the quan-
tities BY[u], cf. (38).

3. Downward path: For all clusters ¢ € T and v € L, multiply the farfield coef-
ficients L) [v] with BY[u] and distribute them downwards the cluster tree to
the leaves.

We explain each step in detail and formulate the algorithms in a pseudo pro-
gramming language.

Upward path:
On the leaves of the cluster tree we have to evaluate and store the basis farfield
coefficients

ROb) = [ W @h)ds,  ceg bies, (44)
cr
LWb,] := / W) (z)bi(z)ds,, ce€L, beS. (45)
ol
Note that the localness of the standard basis functions implies that for all leaves

c € £ only O(1) basis farfield coefficients are nonzero, namely, the ones with area(c'' N

supp(b;)) > 0.
Using the basis representation (12), the farfield coefficients on a leaf ¢ € £ are

R(“) Z ul/ y)dsy = Z u; R [by], ce L. (46)
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Since the expansion functions on clusters ¢ € T\ £ are defined piecewise via the
refinement relation (40), the farfield coefficients (33) are assembled via the relation

RWul = > S 4¥. RPN,  ceT\e. (47)

¢esons(c) pERz

Note that this evaluation is performed upwards the cluster tree starting from the
leaves. The procedure upward_path, cf. Procedure 3, summarizes these steps in algo-
rithmic form. Initialising RW [u] := 0, forall c € T, u € R, the call upward_path(u)
computes the farfield coeflicients for all ¢ € T.

Procedure 3 upward_path(u)
for all | = dyax,...,0 do /* loop over tree from leaves to root */
for all c € T} do
if c € £ then /* evaluate (46) on leaves of cluster tree */
for all € R. do
for all b; with area(c” Nsupp(b;)) > 0 do
R¥[u] == R¥[u] + u; R [b;]
else /* evaluate (47) on clusters c € T'\ £ */
for all ¢ € sons(c) do
for all 1 € Rz do

R ) = R ) 4+ 5t R [

Block interaction:
Evaluate formula (38) for all clusters ¢ € T..

Procedure 4 block_exchange()
for all ¢; € T do
for all v € L., do
for all ¢y € Py (c1)
for all,uER 02(
(v)
]

BY[u] := B [u

v)d
+ /sw((ch c2)) R [u]

Downward path:
For the evaluation of the outer integrals (w.r.t. the z-variable) we make again use of
the refinement relation (40). The idea is to distribute the quantities B from larger
clusters down to the sons until the leaves are reached. As in the upward path step
this can be performed within one sweep over the cluster tree.

Consider the sum (39) for a fixed cluster ¢ € T'\ £. Since (39) is a sum over all
clusters in 7', it contains in particular the partial sum

ZLV) B(u Z ZL(V V) [u].

veL. cesons(c) PEL
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The refinement relation (40) allows to represent the farfield coefficients on ¢ by the
ones defined on its sons, yielding

o> [bi]{Bf) [u] + Y 425 :BY [u]}.

cesons(c) VEL: veLc

We see that the data is distributed downwards the cluster tree. Hence the procedure
downward path starts at the root of the cluster tree and distributes the data down
to the leaves. Finally we need to multiply the coefficients BY[u], ¢ € £, with the

basis farfield coefficients LE”) [b;]. Thus the i-th component of the vector v is given

by
vi=)_ > LYb]BYul.

cel veL,

Note again that the first sum contains only clusters ¢ with area (cF N supp(bi)) > 0.

Procedure 5 downward_path(v)

for all 1 =0,...,dynax — 1 do /* distribute coefficients to the sons */
for all ¢ € T; do
for all ¢ € sons(c) do
for all v € L; do /* shift Bs from c to ¢ */
for all v € L. do
B ) == B [u] + 42, B [u]
for all c € £ do /* update v on leaves */
for all b; with area(c” Nsupp(b;)) > 0 do
for allv € L. do
oli] == vfi] + L& [b:] B[]

Below we summarize all steps of the panel-clustering algorithm.

Input: Mesh G, space S, order distribution function m : P — N, admissibility
constant 7
Setup:

1. Build cluster tree T', cf. Procedure 1 and Definition 5, and compute for all ¢
in T the minimal boxes box(c).

2. Compute the minimal covering P by using Procedure 2 and assign expansion
orders to admissible blocks and afterwards to clusters, cf. Definition (41)
and (42).

3. Assemble nearfield matrix, cf. (43).

4. Compute expansion coefficients, cf. Section 4.4, and basis farfield coeffi-
cients (44) and (45).
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Matrix-Vector Multiplication:

e upward path, cf. Procedure 3
e block interaction, cf. Procedure 4
e downward path, cf. Procedure 5

e nearfield multiplication, cf. (43)

4.4 Panel-clustering approximation via interpolation

So far the panel-clustering algorithm was treated only in a formal fashion utilising
only the three assumptions made at the beginning of Section 4.3. For a concrete
realisation the function systems and the approximation method, e.g. Taylor, inter-
polation, projection, and the admissibility constant have to be selected. We will
present here a panel-clustering approximation based on interpolation with polyno-
mials.

This section is divided into two parts. In the first part we describe the construc-
tion of a discontinuous interpolant which will be used for the kernel functions ki
and ks, cf. (20). The approximation of the kernel function k3 is more subtle since it
requires a continuous interpolation and will be explained afterwards.

4.4.1 Approximation of k; and k,

The kernel approximation via interpolation was already introduced in Example 8.
We use it as the reference approximation system to construct a variable order panel-
clustering approximation.

The order distribution function m from Definition 13 is used for the assignment
of the approximation order to farfield blocks. While the index set Zy, is given in (30),
the index sets Ly, Rp, Rp(v), L. and R, are as in Definition 11.

To obtain a variable order approximation, cf. Definition 12, approximated La-
grange polynomials are used as expansion functions

e = AW, Vee £, v<m(c),
o) |&F = Z %79,5@?), Vé € sons(c), ceT\L, v <m(c). (48)
v<m(é)

where the shift coefficients 7, 5z are as in (31). The panel-clustering approximation
of the kernel functions k;, i = 1,2, on farfield block b = (¢1, ¢2) has the representation

k() = Y k()@Y (2)2W (y).
vu<m(b)

Remark 14. In the case of a discontinuous interpolant we use the function o1,
defined in (23) for the association of a cluster ¢ € T to portions of the surface
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I'. This choice affects only the computation of the basis farfield coefficients (44)
and (45). The integration is carried out in the standard way over o1(c), i.e. the set
of all panels T with M, € c''.

4.4.2 Approximation of kj

The panel-clustering representation of the kernel function ks, cf. (20), is more in-
volved in order to preserve the optimal convergence rate of the undisturbed Galerkin
method. Provided the solution u is in H'(I'), the error estimate employs a partial
integration, shifting the derivatives of the surface Laplacian to u.

To be more precise, we have to construct a continuous interpolation not to the
kernel function kg itself but to its antiderivative. Hence, the construction of the
panel-clustering approximation of ks, cf. (20), starts with the function

A ) = -z~ . (19)

The interpolant I[£] of this function is well defined on R® x R3. As a consequence
we replace k3 not only in the farfield but also in the nearfield by the panel-clustering
approximation. This means that all blocks in P are admissible.

The blockwise interpolant I,[R] on b = (c1,c2) is given by (29). It will in
general not be continuous across the common boundaries of neighbouring blocks
with different approximation orders. The goal now is to modify the interpolant such
that the global continuity in combination with the variable order approximation is
retained.

This is possible since all of the expansion functions are defined piecewise as
linear combinations of the expansion functions on the underlying leaves, cf. (48).
The continuity across the boundaries of a block is enforced by a modification of the
expansion coefficients x,, ;.

We say two blocks b and b are neighbours if b N b # (). For two neighbouring
blocks b and b with level(b) = level(b) + 1, we introduce the shift operator

<SB,b“(b))ﬁ~‘: > fuu(D) s Ve (50)

’ v,u<m(b)

The operator S can be extended to neighbouring blocks b, b with level(f)) >
level(b) + 1 by recursive application of S over the series of descendants connecting
b with bf. For a continuous interpolant, the coefficients on block b = (¢1,é) € P
have to be defined as follows
(Sﬁbm(b))Dﬁ if 3b € P:
K a(b) = level(b) < level(b) A <9g),0§’21)> €bnhb, (51)
ﬁ(é?g) - 6?((35 )) otherwise.

"Note that for sons(c) = {c} (cf. (26)), with ¢ € {c1,c2}, we shift only with respect to one
variable.
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Using the notation P, for the set of blocks b of level [ and
U(b) :={ b* € P |level(b*) > level(b) and b*Nbz# 0},

for the set of all smaller neighbours of block b, the pseudo algorithm given in Pro-
cedure 6 computes the expansion coefficients for all blocks b € P. Note that the set
of neighbours of a block is given as the Cartesian product of the sets of neighbours
of the involved clusters.

Procedure 6 compute_coefficients()
for alll=0,...,dp.x do
for all b € P, do

for all v,y < m(b) do

if £,,,(b) not yet computed then
(b)) 1= ﬁ(@ﬁf) - eﬁ*;))

for all b* € U(b) do

for all (6%7,0%7) € b1 (") do

Fv*,u* (b*) = (Sb*,b'%(b))y*“u*

The panel-clustering approximation of k3 is finally obtained by blockwise appli-
cation of the surface Laplacian to the interpolant. We have employed the fact that
we can write

r
Aylle =yl = —curlr.: (ny x Volz —2l)],_,

0
= (e = Vs V1 o =l

The expansion functions are thus given by applying the respective derivatives and
truncation to the respective approximation order

& W = VAW, Vee £, v<m(c),
gc”) o= Z 'yy,@ggg;), Vé e sons(c), ceT\£L v <m(e),
7<m(&)
) (1) (52)
U= (n(n, V) — Vp)AY Vee £, u<mf(c),
T . ) = anma
U= Z Ve Ve Vé € sons(c), ceT\ L, p<mc)
f<m(@)

with shift coefficients 7, 5. as in (31). The final panel-clustering approximation of
ks reads

Bo(e,y) = Y k)W), TW ),

Vvugm(b)

with #,,,(b) as in (51) and expansion functions gcl,) as in (52).
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Remark 15. In order to preserve the continuity of the interpolation operator for
the approximation of the function & in (49), the integration which is involved in
the definition of the basis farfield coefficients (44), (45) has to be defined over the
intersection ¢ N T'. Thus, the function oo from (24) is employed for the association
of surface pieces to clusters.

Remark 16. The concept of the panel-clustering algorithm can be applied to gen-
eral linear differential equations of second order with constant coefficients. This is
in contrast to the multipole method which is a special technique for Laplace’s equa-
tion (and variants exist for the Helmholtz equation). Since the multipole method
s based on two-dimensional expansions, we expect that it performs more efficiently
for Laplace’s equation. The development of a wvariable order multipole method for
alternative representations and numerical comparisons are one topic of future inves-
tigations.

5 Numerical Experiments

In order to validate the expected behaviour for the variable panel-clustering algo-
rithm as described in this paper and in [12] we have performed a number of numerical
tests for the three-dimensional screen problem

ay (u,v) = f(v) Vo € S° (53)

with ay as in (6) and piecewise constant boundary elements on a sequence of meshes
Ge, £ =0,1,.... We write uy for the corresponding Galerkin solution and upc for
the panel-clustering solution. The errors to the exact solution u are denoted by
e :=u—uy and epcy = U — UPC, -

We have used a uniform panelisation of T' = [0,1]? C R3 with triangles, where
the mesh was refined by subdividing each triangle into four congruent subtriangles,
i.e. the number of unknowns N on the mesh G, is 2 - 4¢. The farfield approximation
of the kernel function of the bilinear form ay was realised via Taylor expansion as
explained in [12]. The tests were performed on a SUN SunFire 6800.

For the first set of computations, the right-hand side was chosen such that the
exact solution of (53) is u(z) = x1 + 2. The L-error ||eg||r2(r) of the Galerkin
solution wuy over the tested series of meshes is shown in Table 1. The quotients for
time and memory requirements are defined as

ty Mem,
Pt = T PMem,fl ‘=
1

Mem,_;’

where the times comprise setup and solving of the linear system. For the memory we
counted the entries of the Galerkin matrix respectively the entries of the nearfield
matrix plus the farfield data for the panel-clustering method. The nearfield integra-
tion was performed by the blackbox quadrature described in [2] and the equation
system was solved by GMRES without restart.
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/ N leellr2@y  Pegot t [sec] pre Mem [KB]  paem,e
3 128 0.03163 — 9595.6 - 128 -
4 512 0.01641 1.93 796.4 14.32 2048 16
9 2048 0.00878 1.87 11974.2 15.04 32768 16
6 8192 0.00492 1.78 182364.7 15.23 524288 16
7 32768 0.00292 1.69 2904170.0 15.93 8388608 16

Table 1: Galerkin solution of (53) for u(x) = x1 + x2

Table 2 confirms the theoretical results which state that for sufficiently high
(6, ) the panel-clustering algorithm with variable approximation order has linear
complexity in terms of time and memory requirements. The quotients p;, and
PMem,¢ tend to four with increasing refinement level ¢. The ratio of the L2-error of
the Galerkin method to the L2-error of the variable order panel-clustering method

llepc,el \L?(r)
€= ——
lleel |2y
remains constant over the whole series of considered grids. The times include setup
and solving of the system. Due to the very high memory requirements the undis-

turbed Galerkin solution could not be computed for level 8, so that a high order
panel-clustering solution was used as reference.

l N HepcngLz(p) € t [sec] Pte Mem [KB] PMem, ¢
3 128 0.03162 0.9997 20.83 - 1864 -
4 512 0.01640 0.9994 101.11 4.85 13258 7.11
5} 2048 0.00877 0.9982 469.52 4.64 72462 5.47
6 8192 0.00491 0.9968 2128.12 4.53 345372 4.77
7 32768 0.00291 0.9963 9342.28 4.38 1525198 4.41
8 131072 0.00184 0.9996 39704.70 4.25 6448310 4.23

Table 2: Results for the panel-clustering algorithm with (3, «) = (3,1) and n = 0.5
for u(z) = x1 + 2.

While the first example shows that the variable order panel-clustering method
behaves as theoretically predicted, the accuracy requirements in the form of €, are
much too restrictive for practical applications and, thus, the computing times too
pessimistic. For the second test we have chosen the parameters (3, a) in the def-
inition of the variable approximation order such that e, < 2 for all tested levels
£. The admissibility constant was chosen as above as n = 0.5. The combination
(8,a) = (1,0.8) satisfies this requirement and is optimal with respect to the com-
puting time.

Table 3 shows that the chosen parameter combination (3, «) yields much better
computing times compared to the first example although it does not yield a constant
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l N HGPC7ZHL2(F) € t [sec] Pte Mem [KB] PMem, ¢
3 128 0.03233 1.0222 19.24 - 347 —
4 512 0.01872 1.1407 85.73 4.46 2270 6.54
5} 2048 0.01171 1.3328 367.74 4.29 12272 5.41
6 8192 0.00804 1.6342 1542.82 4.20 58920 4.80
7 32768 0.00610 2.0870 6261.31 4.06 260443 4.42

Table 3: Results for the panel-clustering algorithm with (3, a) = (1,0.8) and n = 0.5
for u(z) = z1 + 2.

ratio ¢, for the tested series of grids. It appears that this holds only for sufficiently
large B and a where the error is near or equal to the Galerkin error.

For the third series of tests we chose problem (53) with exact solution u(z) =
xfl/ . The convergence rate of the Galerkin method is about 0.84, as Table 4 shows.
In addition, the table gives the optimal combination (3, a) with €, close to one. The
admissibility constant was again chosen as n = 0.5.

¢ N ledlgzy B« €
3 128 0.2613 1 0.2 1.0057
4 512 02201 1 0.2 1.0325
5 2048 0.182 1 0.2 1.1175
6 8192 0.1556 1 0.4 1.1096
7 32768 0.1311 1 0.6 1.0033

Table 4: Comparison of Galerkin method and panel-clustering algorithm for u(x) =
le /4

As we can clearly see, the panel-clustering solution approaches the Galerkin
solution for a very moderate choice of 3 and «, i.e. the additional error introduced by
the panel-clustering approximation is not affected by the smoothness of the solution.

Acknowledgements: Thanks are due to J.-C. Nédélec for fruitful discussions concerning
the regularisation of integral operators.
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