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Abstract

The fast multipole method (FMM) has been regarded as one of the top 10 algorithms in scientific computing that were developed in the 20th
century. Combined with the FMM, the boundary element method (BEM) can now solve large-scale problems with several million degrees of
freedom on a desktop computer within hours. This opened up a wide range of applications for the BEM that has been hindered for many years by
the lack of efficiencies in the solution process, although it has been regarded as superb in the modeling stage. However, understanding the fast
multipole BEM is even more difficult as compared with the conventional BEM, because of the added complexities and different approaches in
both FMM formulations and implementations. This paper is an introduction to the fast multipole BEM for potential problems, which is aimed to
overcome this hurdle for people who are familiar with the conventional BEM and want to learn and adopt the fast multipole approach. The basic
concept and main procedures in the FMM for solving boundary integral equations are described in detail using the 2D potential problem as an
example. The structure of a fast multipole BEM program is presented and the source code is also made available that can help the development of
fast multipole BEM codes for solving other problems. Numerical examples are presented to further demonstrate the efficiency, accuracy and
potentials of the fast multipole BEM for solving large-scale problems.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The boundary integral equation (BIE) formulations and
their numerical solutions using boundary element method
(BEM) for mechanics problems originated about 40 years ago.
The 2D potential problem was first formulated in terms of a
direct BIE and solved by Jaswon [1]. This work was later
extended by Rizzo to the vector case—2D elastostatic problem
[2]. Following these early works, extensive research efforts
have been made for the development of the BIE/BEM. Some of
the important textbooks and research volumes in English can
be found in Refs. [3-9].

Although the BEM has enjoyed the reputation of easy
meshing in modeling for many problems, its efficiency in
solutions has been a serious problem for analyzing large-scale

* Corresponding author. Tel.: +1 513 556 4607; fax: +1 513 556 3390.
E-mail addresses: yijun.liu@uc.edu (Y.J. Liu), nchml@media.kyoto-u.ac.
jp (N. Nishimura).
"Tel.: +81 (75) 753 7457; fax: +81 (75) 753 7450.

0955-7997/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.enganabound.2005.11.006

models that have emerged in applications with the availability
of more powerful computers. For example, while the finite
element method (FEM) has been used routinely to solve models
with several millions of degrees of freedom (DOF’s), the BEM
has been limited to solving problems with a few thousands
DOF’s for many years. This is because the conventional BEM in
general produces dense and non-symmetric matrices that,
although smaller in sizes, requires O(N?) operations to compute
the coefficients and another 0(N3) operations to solve the
system using direct solvers (where N is the number of equations
of the linear system).

In the mid of 1980s, Rokhlin and Greengard [10-12]
pioneered the innovative fast multipole method (FMM) that
can be used to accelerate the solutions of boundary integral
equations by several folds, promising to reduce the CPU time
in FMM accelerated BEM to O(N). However, it took almost a
decade for the mechanics community to realize the potential of
the FMM for the BEM. Some of the early research on FMM-
BEM in applied mechanics can be found in Refs. [13-17],
which show great promises of the FMM-BEM for solving
large-scale engineering problems. Most recently, composite
material models containing tens of thousands of fibers [18,19]
and models of electromagnetic wave scatterings from a full
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aircraft at giga hertz frequencies [20] all have been solved
successfully by using the FMM-BEM within hours and with
moderate computing resources. A comprehensive review of the
FMM BIE/BEM can be found in Ref. [21].

However, the use of the fast multipole method has increased
the complexity in implementations of the BIE/BEM. Although
there are many research papers dealing with the various
subjects of the FMM-BEM, very few can be used as
introductory materials to learn the new approach for
researchers who are familiar with the conventional BEM or
for new comers who are often frustrated with even the
conventional BIE/BEM formulations and implementations.
The research papers are often concise, without detailed
information, which made the understanding of the FMM-
BEM difficult. To fill the gap and hence promote the FMM-
BEM in the BIE/BEM research community, we will provide in
this paper an introduction to the FMM-BEM with complete
information on formulations, discretizations and implemen-
tations using the 2D potential problem as an example.

This paper is organized as follows: in Section 2, we review
the BIE formulation for potential problems and the conven-
tional BEM in discretization of the BIE. In Section 3, we
present the complete formulations and algorithms used in the
FMM-BEM for 2D potential problem. In Section 4, we discuss
the programming issues in FMM-BEM using a Fortran code
that is available from the authors with this paper. In Section 5,
we show some example problems solved by using the provided
code to demonstrate the efficiencies of the FMM-BEM for
large-scale problems. We conclude the article with some
discussions in Section 6.

2. BIE formulation and the conventional BEM approach

The boundary integral equation formulation and its
discretization using the conventional BEM for potential
problems is summarized in this section. Consider the following
Laplace equation governing potential problems (for example, a
steady-state heat conduction problem) in a 2D domain V (Fig. 1)

Vp(x) =0, VxeV; 1)

1

Fig. 1. Domain V and its boundary S.

under the boundary conditions

P(x) = ¢(x), VXES; 2

)
40 =3" ) = a0, Vxesy 3)
n

where ¢ is the potential field in domain V, S=5,US, the
boundary of V, n the outward normal, and the barred quantities
indicate given values on the boundary.

The solution to the boundary value problem described by
Egs. (1)-(3) can be written as the following representation
integral (see, e.g. Refs. [7-9])

P(x) = J[G(X, Yaq(y) —Fx,y)¢(y)ldS(y), VxeV; “4)
S

where G(x,y) is the Green’s function given by

1 1
G(x,y) = %ln (7), &)

for 2D problems, and
F(X,y) = —/ """ =~——— (6)
n

with r being the distance between the collocation point x and
field point y (Fig. 1).

Letting x— S (Fig. 1), we obtain the following boundary
integral equation [7-9]

Cx)p(x) = J[G(X, Vq(y) —FX,y)¢yIdS(y), VxeSs; (7
N

in which the second-term on the right-hand side is a singular
integral of the Cauchy-principal value (CPV) type, and the
coefficient

Cx) = —JF(X, y)dS(y), ®)
N

which is also a CPV integral. If the boundary S is smooth at the
collocation point x, we simply have C(x)=1/2. Note that by
substituting (8) into (7), we can obtain the following weakly-
singular form of the BIE (see, e.g. Refs. [22,23]) for potential
problems

JF X Yoy —p(x)]dS(y) = JG(X, Yq(y)ds(y), Vx&ES;  (9)
N N

in which no singular integrals exist. One can choose either BIE
(7) or (9) in the discretization using the BEM, depending on
which form is more convenient.

As an example of discretization schemes, we use constant
boundary elements, that is, dividing the boundary S into N line
segments (elements) and placing one node on each element
(Fig. 2). We obtain the following discretized equation of BIE
(7) for node i [7-9]

1 al .
2= lgyay—fyd). fori=12..N (10)
=
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1

Fig. 2. Discretization of the boundary S using constant elements.

where ¢; and g; (j=1,2,...,N) are the nodal values of ¢ and g on
element AS; (Fig. 2), respectively, and the coefficients are
given by

¢ — J CoyISy).  fy = J Fx,y)dS(y),
3 . (11
fori,j=1,2,....,N

with the collocation point x being placed at node i. In matrix
form, Eq. (10) is written as

ol Su Sz fiw (oN
% ¢'2 4 f2.1 fz.z fZ.N ?2

bn o S o fwd Lo

811 812 7 8IN q1
_ 8?1 8?2 gZ.N 6{2 (12)
N1 8N2 7 8NN 4qn

In the conventional BEM approach, a standard linear system
of equations is formed as follows by applying the boundary
condition (either Eq. (2) or (3)) at each node and switching the
columns in the two matrices in Eq. (12)

ap  ap o aly A by
ay; dpyp  t don A b,
= , or
(13)
any Aay2 o any AN by
AN =D,

where A is the coefficient matrix, A the unknown vector and b
the known right-hand side vector. Obviously, the construction
of matrix A requires O(N*) operations using the two
expressions in Eq. (11) and the size of the required memory
for storing A is also O(N?) since A is in general a non-
symmetric and dense matrix. The solution of system in Eq. (13)
using direct solvers such as Gauss elimination is even worse,

requiring O(N°) operations because of this general matrix. That
is why the conventional BEM approach for solving the BIE’s is
in general slow and inefficient for large-scale problems, despite
its robustness in the meshing stage as compared with other
domain based methods.

3. The fast multipole method—formulation

The fast multipole method can be employed to accelerate
the BEM for solving Eq. (7) or (9). The main idea of the FMM
is to translate the node-to-node (or element-to-element)
interactions to cell-to-cell interactions, where cells can have
a hierarchical (tree) structure with the smallest cells (leaves)
containing a specified number of elements. Iterative equation
solvers (such as GMRES) are used in the FMM, where matrix—
vector multiplications (as for the left-hand side of Eq. (13)) are
calculated using fast multipole expansions. Using the FMM for
the BEM, the solution time of a problem can be reduced to
order O(N). The memory requirement can also be reduced to
O(N) since iterative solvers do not need to store the entire
matrix in the memory.

In this section, we first discuss the expansions that are used
in the fast multipole method for 2D potential problems. The
results of these expansions are scattered in the literature (see,
e.g. Ref. [12]) and are summarized herein for completeness.
Then, we describe the main procedures and algorithms in the
fast multipole BEM.

Consider first the following integral with the G kernel in
BIE (7) or (9)

J G(x,y)q(y)dS(y), (14)
So

in which §j is a subset of S and away from the collocation point
x (Fig. 3). For convenience, we introduce the complex notation,
that is, replace the collocation point x and field point y by zo=
x;+ix, and z=y,+iy, (with i=+/~1 here), respectively
(Fig. 3). We write

1

Fig. 3. Complex notation and the related points for fast multipole expansions.
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G(x,y) = Re{G(zy, 2)}, (15)
where
G(z9,2) = —%ln(zo —2). (16)

Thus, the integral in (14) is equivalent to the real part of the
following integral

J G20, Dq()S(2). (17)
So

We now introduce several important concepts in the fast
multipole method that are the building blocks for the FMM-
BEM.

3.1. Multipole expansion (moments)

Assuming z is a point close to the field point z (Fig. 3), that
is, |z—z.| K |z0—2zc|, we write

1
G(z9,2) = _% In(zg —2)

1 7—2
=——|In(zg—z) +In 1 -2 |
27C|: (ZO Z) ( ZO_Zc):|

Applying the following Taylor series expansion

oo gk
In(1-§)=—=% =, forlf|<1,
k=1 k
we obtain
1 o0
Gla,2) = o ; On(z0 — 2z —20), (18)

where, for convenience, we have introduced

k
k—1)!
Ik(Z):%’ for k> 0; Ok(z)z( k), fork>1;
! Z

and Oy(z) = —In(z).

The derivatives of functions [;(z) and Oy(z) satisfy:
L) =L(2), fork>1; and Op(z) = —044:1(2),
for k> 0.

Note that in the G kernel given in Eq. (18), zo and z are
separated now due to the introduction of the ‘mid point’ z,
which is a key in the FMM. The integral in (17) is now
evaluated as follows

J G20, Dq(2)dS)

So
1 J
275
S

0

o0

O(z0 — 2)i(z — 2) | q(2)dS(2)
k=0

that is, the multipole expansion

l o0
J G20, 2)9(2)dS(2) = 5 > Olzo =z )My (ze), (19)
5 k=0
where
Mi(ze) = Jlk(z —20)q(2)dS(2), (20)

So

are called moments about z., which are independent of the
collocation point z; and only need to be computed once. After
these moments are obtained, the integral can be evaluated
readily using Eq. (19) for any collocation point z, away from S,
(which will be within a cell centered at z.).

Detailed analysis of the errors in these multipole expansions
and the subsequent translations can be found in Ref. [12].

3.2. Moment-to-moment translation (M2M)

If the point z. is moved to a new location z. (Fig. 3), the
following translation holds for the moments

My (zp) = J Ii(z—z)q(2)dS(2)
So

= J L((z = ze) + (ze —2))q(2)dS(2).

So

Applying the binomial formula

(Cl +b)n — Z (n)ambn—m,
m

m—0
n n! n
h - - =
Where <m> (n—m)!m! (n—m)’
we obtain
k
MiGe) =D lei(ze —2)Mi(ze). 1)
1=0

This is the M2M translation for the moments when z. is
moved to z... Note that there are only a finite number of terms
in this translation.

3.3. Local expansion and moment-to-local translation (M2L)

Suppose z; is a point close to the collocation point z,
(Fig. 3), that is, |zo—z1|<<l|zc—z|. From the multipole
expansion (Eq. (19)), we have:

1 oo
f(zo) = J Gz, 9@dS@) = 5— > Olag —2Milze). (22)
5 k=0

We now expand f(z) about point z; , using the Taylor series
expansion, that is
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fz0) =Y fPehzo— ). (23)
=0

We evaluate

1
27T

=)

> 0riaL — 2 Mi(zo).
k=0

) =

Substituting this result into (23), we obtain the following
local expansion

J G(20,2)q(2)dS(z) = Z Lz ) (z0 —20), (24)
1=0

So

where the coefficients are given by the following M2L
translation

_11 ©
(27: D Ora —2)M(zo). (25)
k=0

Li(z) =

3.4. Local-to-local translation (L2L)
If the point for local expansion is moved from z; to zp/

(Fig. 3), we have the following expression using a local
expansion from Eq. (24)

J G(z20.09(2)dS(2) = > Lz )i(z0 —7)

S =0

= L)@ —zw) + @ =)
=0

: l i l myl—m
Applying the formula (a+b)' =", a"b™, and
m
the relation S0 S o= v o S 2, We obtain
J Glz20,99()dS@) = > Liz)izo — 1), (26)
=0
So

where the new coefficients are given by the following L2L
translation

L) =) yia —2)Ln(a). 27)
m=I

Replacing m —1by k, we can also write (27) in an alternative
form

Liz) =Y Iz —20)Lis(z)- (28)
k=0

3.5. Expansions for integrals with the F kernel

We now consider the integral with the F kernel in BIE (7) or
(9) in the complex notation

J F(z9, 2)$(2)dS(2), (29)

So

where

oG .
F(z9,2) = o = (n, +iny)G' = n(z)G,

G (30)
Z

Thus,
F(x,y) = Re{F(zy,2)} =n; Re G’ —ny Im G’ 31
We have (Eq. (18))

l o«
G(20,9) = 5 ; Ox(z0 — 2)i(z = 2)-
Therefore
1 o«
G =5 ; O(@o = 2)Mj1 (2 —20), (32)
and the integral in (29) becomes

1 o]
JF(zo, DPASE@) = 5— > Oz ~zINize),
k=1

So

where

Ne(zo) = Jn(z)lk_l(z—zaqs(z)dS(z). (33)
So

These are the moments for the F kernel integral, which are
similar to those in Eq. (20) for the G kernel integral. It can
also be shown that the M2M, M2L and L2L translations
remain the same for the F kernel integral, except for the fact
that No=0. That is, the translations used for M, can be applied
directly for N;.

3.6. FMM algorithms and procedures

The algorithms and main procedures in the FMM-BEM are
as follows:

Step 1. Discretization. For a given problem, discretize the
boundary S as usual as in the conventional BEM (e.g. using
constant elements as shown in Fig. 2).

Step 2. Determine the tree structure of the mesh. For a 2D
problem, for example, consider a square that covers the entire
boundary S and call this square the cell of level O (Fig. 4).
Then, start dividing this parent cell into four equal child cells
of level 1. Continue dividing in this way, that is, take a
parent cell of level / and divide it into four child cells of
level [+ 1. Stop dividing a cell if the number of elements in
that cell is less than a specified number (this number is 1 in
the example shown in Fig. 4). A cell having no child cells is
called a leaf (e.g. the shaded cells in Fig. 4). Note that the
edge length of a child cell is one-half of that of its parent
cell. An element is considered within a cell if the center of
the element is inside that cell. A quad-tree structure of the
cells covering all the elements is thus formed using this
procedure (Fig. 5).
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Fig. 4. A hierarchical cell structure covering all the boundary elements (the
small square on the side shows the numbering scheme for the child cells of any
given parent cell).

Step 3. Upward pass. Compute the moments on all cells, at
all levels with />2, and for up to p terms, tracing the tree
structure upward. For a leaf, Eq. (20) is applied directly (with
So being the elements contained in the leaf and z. the centroid
of the leaf). For a parent cell, the moment is calculated by
summing the moments on its four child cells using the M2M
translation, that is, Eq. (21), in which z. is the centroid of the
parent cell and z. the centroid of a child cell (Fig. 6).

Step 4. Downward pass. To describe the downward pass, we
first define a few terms. Two cells are said to be adjacent cells
at level 1 if they have at least one common vertex. Two cells are
said to be well separated at level | if they are not adjacent at
level [ but their parent cells are adjacent at level /— 1. The list
of all the well-separated cells from a level [ cell C is called the
interaction list of C. Cells are called to be far cells of C if their
parent cells are not adjacent to the parent cell of C (Fig. 7). We
now compute the local expansion (coefficients) on all cells
starting from level 2 and tracing the tree structure downward to
all the leaves. The local expansion associated with a cell C is

the sum of the contributions from the cells in the interaction list
of cell C and from all the far cells. The former is calculated by
using the M2L translation, Eq. (25), with moments associated
with cells in the interaction list, and the latter is calculated by
using the L2L translation, Eq. (27) or (28), for the parent cell of
C with the expansion point being shifted from the centroid of
C’s parent cell to that of C. For a cell C at level 2, we use only
M2L translation to compute the coefficients of the local
expansion.

Step 5. Evaluation of integrals in BIE (7). We use the first
integral on the right-hand side of BIE (7) as an example.
Suppose the density function is given and the collocation point
Zo is on an element in leaf C (Fig. 7). We compute the
contributions from elements in leaf C and its adjacent cells
directly as in the conventional BEM. Contributions from all
other cells (cells in the interaction list of C and far cells) are
computed by using the local expansion, that is, Eq. (24). This is
done by using the local expansion coefficients for cell C, which
have been computed in Step 4, and shifting the expansion point
from the centroid of C to the collocation point z, (Fig. 6). The
integral with the F kernel can be obtained in a similar way,
assuming the density function is given.

Step 6. Iterations of the solution. We update the unknown
vector in the system AA=Db corresponding to BIE (7), and
continue at Step 3 for the matrix and unknown vector
multiplication until the solution converges within a given
tolerance.

Utilizing a good pre-conditioner for the FMM-BEM is
crucial for its convergence and computing efficiency. In this
study, we use a block diagonal pre-conditioner which is formed
on each leaf using direct evaluations of the fundamental
solution on the elements within that leaf. This pre-conditioner
may not be efficient if the number of elements in a leaf is large
(for example, more than a few thousands). Using other forms of
the pre-conditioners is possible and will be an important
subject in improving the efficiency of the FMM—-BEM in other
applications. When the problem size is large, the estimated cost
of the entire process described above is O(N) with N being the

Cell level:

=)

oS
PO

Fig. 5. The quad-tree structure.
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= Center of parent cells
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Fig. 6. Upward and downward passes using expansions and translations in the FMM.

number of elements or nodes, if the number of terms p in the
multipole expansions and the number of elements in a leaf are
kept constant (see Ref. [21]).

4. The fast multipole method—programming

We now discuss the main structure of an FMM-BEM code
for solving general 2D potential problems. This Fortran code is
based on an earlier code that was used for 2D crack and rigid-
line inclusion problems governed by Laplace equation and
formulated using a hypersingular BIE [18]. This general 2D
FMM-BEM code for potential problems can be expanded to
solve 3D potential problems, 2D and 3D elasticity problems,
using constant or higher-order elements.

The flowchart of the 2D FMM-BEM code is given in Fig. 8.
The chart shows the main tasks for the program and the related
subroutines. The source code for the iterative solver GMRES
can be downloaded from the website netlib (http://www.netlib.
org/). The program starts with reading in the data for the
boundary nodes and elements, and the parameters used in the
fast multipole expansions and solver GMRES. Then, the quad-
tree structure is created and the right-hand side vector is
computed using the FMM algorithms (this need to be done only

once). The main part of the program is in two subroutines
prepared for GMRES, msolve which prepares a pre-condition-
ing matrix for the iterative solver, and matvec which provides
the algorithm for the matrix-vector multiplication (AA in Eq.
(13)) using the fast multipole algorithms (by calling the upward
and dwnwrd subroutines).

The source code, input files (one for element data and one
for parameters) and an output file are available from the authors
[24]. The main variables in the subroutines are explained in the
source code, and the format of the input and output files are
self-explaining in these files.

Cellsininteraction
list (M2L)
Cell C
| v
Far cells
(L) Adjacent cells
(direct)

Fig. 7. Grouping of the cells for cell C (black one) at level /.
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Start the Program
Initiate parameters and
cal FMM BEM
(fmmmain.f)

Y

[ Read in the BEM model ’

(prep_model .f)

Y

‘ Construct the tree structure

(treef)
Compute the right-hand side vector
(fmmbvector.f)

Y

Call GMRES solver
(dgmres.f)

Y

[ Output the results ]

upward.f ]—)[ moment.f ]
dwnwrd f ]—)[ directf ]

Stop

Fig. 8. Flow chart for the FMM-BEM code.
5. Numerical examples

We present two numerical examples to demonstrate the
accuracy and efficiency of the FMM-BEM for 2D potential
problems. All the computations were done on a Pentium IV
laptop PC with a 2.4 GHz CPU, 1 GB RAM and 40 GB hard
drive. The largest model with 1.4 million equations run for less
than 11,000 CPU seconds on this laptop.

5.1. An annular region

We first consider a simple potential (e.g. heat conduction)
problem in an annular region as shown in Fig. 9, for which the
available analytical solution can be used to check the BEM

Fig. 9. A simple potential problem in an annular region V.

results. The field ¢ is given on the inner boundary S, while the
normal derivative is given on the outer boundary §,. The
analytical solution for this (axisymmetric) problem is given by

p
$(r) = ¢y +aybIn(Z).

where ¢, and g, are the given values of ¢ and g on the boundary
S, and S, respectively, and r is the radial coordinate in a polar-
coordinate system centered at O. This gives

_d¢ b

b
¢b=¢(b)=¢a+qhbln( > q (@ ==q

a “ on
For the test problem, we choose a=1, b=2, ¢,=100, and
q,=200. This gives

¢, = 377.258872, g, = —400.0.

We discretize the inner and outer boundaries with the same
number of elements and run both the FMM-BEM code and a
conventional BEM code using also constant elements. The
conventional BEM code uses a direct solver (Gauss elimination)
for solving the linear system. For the FMM-BEM, the numbers
of terms for both moments and local expansions were set to 15,
the maximum number of elements in a leaf to 20, and the
tolerance for convergence of the solution to 10~%, The FMM-
BEM results converged in 11 iterations for the smallest model
(with 36 elements) and in 43 iterations for the largest model
(with 9600 elements). These numbers can be reduced to 9 and 28
iterations, respectively, if the tolerance is reduced to 107°,

Table 1 shows the results of ¢, and g, for this problem using
both the FMM-BEM and the conventional BEM as the total
number of elements increase from 36 to 9600. As we can see,
the results for both FMM-BEM and conventional BEM
converge quickly to the exact solution for the mesh with only
72 constant elements with a relative error of 0.1%. The results
continue to improve until the mesh with 4800 elements. For the
two larger meshes (with 7200 and 9600 elements), the results
for g, deviate slightly from the exact solution for both FMM-
BEM and conventional BEM, which may be caused by
truncation errors. In general, the FMM-BEM is found to be

Table 1
Results of the potential and normal derivative for the annular region
N qa N

FMM-BEM Conventional FMM-BEM Conventional

BEM BEM

36 —401.771619  —401.771546 376.723694 376.723612
72 —400.400634  —400.400662 377.140967 377.140972
360 —400.014881  —400.014803 377.254774 377.254783
720 —400.003468  —400.003629 377.257857 377.257873
1440 —400.000695  —400.000533 377.258607 377.258622
2400 —400.001929  —400.000612 377.258795 377.258783
4800 —400.001557  —400.000561 377.258852 377.258856
7200 —399.997329  —399.998183 377.258848 377.258857
9600 —399.997657  —399.996874 377.258859 377.258871
Analytical —400.0 377.258872
solution
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Fig. 10. Comparison of the CPU time used by the conventional BEM and FMM-BEM.

equally accurate as the conventional BEM with moderate
values for the parameters in the FMM-BEM. The CPU times
used for both approaches in these calculations are plotted in
Fig. 10, which shows significant advantage of the FMM-BEM
in the savings compared with the conventional BEM. For
example, for the largest model with 9600 elements, the FMM-
BEM used less than 17 s, while the conventional BEM used
about 7500 s CPU time.

5.2. Square plates with many circular holes

We next study square plates with many randomly
distributed circular holes, or perforated plates (Fig. 11). A
total of mXm holes are placed randomly in a square plate of
dimension 1X 1, where m=20, 30, 40,...,140, and 200. The
radii of the holes are the same in each case and are determined
in such a way that the total ‘volume’ fractions of the holes are
kept to be the same for all the cases (equal to 12.47%). Each
hole is discretized with 36 elements and the outer boundary of
the plate is discretized with 400 elements. Thus, the largest
model with 40,000 holes has the total DOF’s equal to
1,440,400. For boundary conditions, ¢ =0 and 1 are imposed
on the edges at x=0 and 1, respectively, while ¢ =0 is imposed
on both edges at y=0 and 1, and on edges of all the holes.

For this example, the numbers of terms for both expansions
were set to 10, the maximum number of elements in a leaf to
100, and the tolerance for convergence of the solution to 107°.
Fig. 12 shows the CPU time for the FMM-BEM in solving
these relatively large models. It is seen that the total CPU time
increases almost linearly with the increase of the total DOF’s
(as indicated by the trendline), which clearly demonstrates the
O(N) efficiency of the FMM-BEM in solving large-scale
problems. The largest model with 1,440,400 DOF’s took less
than 11,000 s on the Pentium IV laptop PC.

6. Discussions

A tutorial on the fast multipole boundary element method
is presented in this paper, using the 2D potential problem as
an example. Complete formulations and implementation
details for the FMM-BEM are provided. A computer code
in Fortran is also given that can be used to learn the structure
of an FMM-BEM code and to expand to solve other
problems. Numerical examples are presented to further
demonstrate the efficiencies of the FMM-BEM for solving
large-scale problems. The approach and code presented in
this paper can be extended readily to 2D vector (elastostatic)
problems, as well as 3D scalar and vector problems. Readers
can refer to Ref. [21] for further information on research
papers in these areas.

For 3D problems, the quad-tree structure should be replaced
by an oct-tree structure for the cells covering all the boundary
elements. Although Taylor series expansions have been used
for the fundamental solutions in 3D problems, they have been
found to be inefficient since that require large numbers of terms
in the expansions for convergence. This difficulty lies in the
fact that for 2D problems using the complex variables, each
term in the Taylor series expansion is a harmonic function.
Since the fundamental solution is also a harmonic function in
nature, the Taylor series expansion in complex variable is a
natural choice, as it was used in the earlier works by Rokhlin
and Greengard [10-12]. However, this is not the case for 3D
Taylor series expansion with real variables. A better choice in
3D should be to employ the solid harmonic functions for
expansions of the fundamental solutions (see, e.g. Refs.
[25,26]), which can be considered as a counter-part in 3D of
the 2D case using complex variables. Expansions with about 20
terms are often found to be sufficient for the convergence with
a tolerance of 10™° in the solutions for 3D problems using
expansions with solid harmonic functions [19].
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Fig. 11. Square plates with large numbers of randomly distributed circular holes.

Constant elements can certainly be replaced by higher-order ~ non-singular, nearly-singular and singular cases. There are no
elements to improve the accuracy of an FMM-BEM code. numerical integrations at all in the code. For higher-order
However, this may not be advantageous considering the elements, however, this may no longer be the case and one will
efficiency of the code for large-scale problems. For constant ~ have to introduce numerical integrations for the direct
elements, all the integrals are evaluated analytically, for all evaluations of the integrals that can involve singular and
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Fig. 12. Total CPU time used by the FMM-BEM for solving the plate-hole problems (log—log scale).
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nearly-singular cases. This may complicate the code and
reduce the efficiency in FMM-BEM solutions for large-scale
problems.

More research need to be done to improve the FMM-BEM,
regarding, for example, convergence of the solvers, optimiz-
ation of the tree structures, and for dynamic and non-linear
problems. Wide spread applications of the FMM-BEM for
solving large-scale engineering problems may not be far away.
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