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Abstract

The solution of problems of acoustic scattering in exterior domains requires accurate nu-
merical approximation of Helmholtz equation in very large areas. In such cases Boundary
Element Method is very strong tool allowing practical calculations by effectively reducing
the dimension of the problem by one compared to Finite Element Method. The standard
integral representations of the Helmholtz equation on which BEM is based are known to
have non-unique solutions for certain data, and therefore several improved formulations
have been proposed eliminating this drawback, namely the Burton-Miller method yielding
unique solutions for arbitrary data. From the implementational point of view, colloca-
tion or Galerkin techniques may be used for discretization of the boundary integral. The
purpose of this thesis is to introduce BEM solver for exterior problems and give compar-
ison between the individual approaches. Several types of polynomial boundary elements
are studied with appropriate theoretical background. An improved type of exponential
elements aiming at better approximation of the practically important problems of plane
wave scattering with high frequencies is also discussed and some issues of numerical eval-
uation of BEM equations in two dimensions are addressed. Numerical results obtained by
the solver are presented and compared to analytical solutions to attest reliability of our
approximation.



Anotace

Reseni problemu akustického rozptylu na vnéjsich doménéch vyzaduje pfesnou numer-
ickou aproximaci Helmholtzovy rovnice na velmi rozsahlé oblasti. V takovychto pripadech
se stavd velmi silnym néstrojem Boundary Element Method (metoda hrani¢nich prvka),
umoznujici realné vypocty diky tomu, ze prakticky snizuje dimenzi problému o jednu
ve srovnani s Finite Element Method (metoda kone¢nych prvki). Standardni integralni
reprezentace Helmholtzovy rovnice, na nichz je BEM postavena, nejsou pro jisté podminky
jednoznac¢né tesitelné, a proto bylo navrzeno nékolik vylepsenych formulaci, které tento
nedostatek eliminuji. Jmenovité se jednd o Burton-Millerovu metodu, ktera poskytuje jed-
noznac¢né fesSeni pro libovolna data. Mimo to, z hlediska implementace lze pro diskretizaci
hrani¢niho integralu uzit koloka¢ni nebo Galerkinovu metodu. Cilem této prace je predstavit
BEM fesi¢ pro vnéjsi problémy a srovnat jednotlivé zminéné ptistupy. V praci je analy-
zovano nékolik typu polynomidlnich prvku s prislusnym teoretickym pozadim. Rovnéz
je diskutovan vylepseny typ exponencialnich prvki, vytvoreny za tcelem lepsi aproxi-
mace prakticky vyznamnych piipadu rozptylu rovinné viny pii vysokych frekvencich, a
jsou rozebrany nékteré praktické zalezitosti implementace této metody ve dvou rozmeérech.
Predstaveny jsou také numerické vysledky spocitané nasim teSicem, které jsou porovnany
s analytickymi feSenimi pro kontrolu spolehlivosti aproximace.
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Introduction

Scattering of sound on obstacles submerged in the fluid is a problem of great practical
importance. Research in this field has been propelled by the development of underwater
detection devices, the sonars. Recently, analysis of noise in the vicinity of motorways,
railroads and aeroports has become a major issue. From the physical point of view it
represents finding solution of the wave equation (in some of its forms) which constitutes
the model of propagation of sound, i.e. pressure perturbations, through given medium.
Mathematically it is a problem of theoretical study of the physical model and its correct-
ness as well as of devising methods capable of calculating solutions for models of real-life
situations in sufficiently short time.

The present work focuses on development of a computer algorithm suitable for com-
putations of approximate solutions of sound-scattering problems on unbounded exterior
domains. The wave equation is considered in its time-harmonic form, the well-known
Helmholtz equation, which is well-suited for many practical applications while simplifying
the problem by eliminating its time component. For study of the Helmholtz equation see
e.g. [33]. The solution of the Helmholtz equation for all but the simplest cases is only possi-
ble using numerical approximation techniques on computers. The Finite Element Method
(FEM) has often been used for numerical discretization of the Helmholtz equation (cf. [36]),
but the nature of the exterior problems on unbounded domains makes the FEM solutions
too expensive in terms of time needed for the calculation, while certain difficulties in its
practical application also arise. Therefore, the use of Boundary Element Method (BEM)
has been suggested in combinations with boundary integral formulation of the Helmholtz
equation. In fact, since the development of BEM in 1960’s and early 70’s by Shaw, Cruse,
Rizzo, Brebbia and others, it has become a major tool for solution of sound-scattering
problems. It is tailored for the use on exterior domains, since it allows to transfer the bulk
of calculations to the boundary and thus virtually reduce the dimension of the problem
by one. Application of BEM requires that the Helmholtz equation be transformed into
integral representation form comprising boundary integrals with free-space Green’s func-
tion as kernel. This approach had in fact been brought forward long past for calculation
of analytical solutions but only in combination with BEM discretization can be used for
complex problems with non-symmetric domains etc.
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The standard boundary integral representation of the Helmholtz equation had been
known to have non-unique solutions or no solutions at all under certain conditions and
in 1968 the first modification was carried out by Schenck (see [32]) in order to resolve
this drawback. Other reformulations followed and in early 1970’s they were summarized
and thoroughly analysed in [8], [9] by Burton and Miller. They suggested an improved
formulation known as Burton-Miller method for which unique solution exists for arbitrary
data.

Since Burton-Miller formulation is difficult to discretize and evaluate numerically due
to hypersingular terms, standard formulation is still commonly implemented for engineer-
ing purposes. Its discretization may be carried out in different ways, using the collocation
principle, Nystrom or Galerkin method. Thus, application of BEM for solution of the
Helmholtz equation is still subject to extensive ongoing research. A number of books have
been published by Colton, Kress, McLean and others thoroughly analyzing properties of
the various integral formulations, cf. [10], [13], [14], [24], providing proofs and theoreti-
cal background. The practical discretization of the integral equations using BEM is still
far from a completely resolved issue. The problems of numerical treatment of singular
(or hypersingular) integrals are studied, as well as the influence of the boundary shape
(with or without corners), error estimates and convergence properties of the individual dis-
cretization techniques and number of other questions. Some important results concerning
the collocation and Galerkin methods are summarized by Steinbach and Rjasanow in [34],
while Nystrom method is advertised in [14].

The goal of this work is development of BEM solver for two-dimensional exterior prob-
lems adopting the collocation and Galerkin principles and testing their properties and
behaviour. The first part introduces fundamental theoretical background concerning the
Helmholtz equation and its integral form. In the second part the solver is introduced and
some numerical results given with focus on comparison of our solutions with the analytical
ones to test reliability of the solver.

It should be mentioned, that results concerning the Helmholtz equation may be in large
part used in other areas, e.g. electromagnetics or elasticity and contact problems, cf. [34],

25], [31].
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Helmholtz Equation

2.1 Wave Equation

The motion of fluid of velocity v(x,t), pressure p(x,t) and density p(x,t) is locally
governed by two well-known equations, continuity equation

dp . B
5% + div(pv) =0, (2.1)

which is mathematical formulation of conservation of mass law, and equation of motion

ov

pa = —Vp, (2.2)

expressing the Newton’s law of momentum conservation. We assume small oscillations
and therefore the equation of motion is considered in the linearized form known as Euler
equation. Also, we may decompose pressure and density into the mean values p, and
po respectively and components p and p which denote the small perturbations from the
constant state.

If the relation between pressure and density in the ideal compressible fluid is taken to
be linear governed by the expression

p=cp,

where ¢ denotes speed of sound in given medium, then for the second derivative of p with
respect to time holds

82]) 2a2p

o~ o
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Substitution of pg + p and py + p into the continuity equation (2.1), differentiation with
respect to time and neglection of the very small terms yields

0%p . [0V

Now, applying the conservation of momentum equation (2.2), the right-hand side can be
re-written

—po div (%) = div(Vp),

and so finally all quantities other than p may be eliminated in (2.3), which gives

0*p
ot?
This is the wave equation for ideal fluid. Solution to the wave equation represents pressure

perturbations throughout the medium, which give rise to sound, and therefore (2.4) is basic
acoustic equation.

= *Ap. (2.4)

2.2 Reduced Wave Equation - Helmholtz Equation

Assuming the waves are time-harmonic with frequency w, the temporal and spatial
components of the unknown function can be separated,

p(x,t) = u(x)e ™" (2.5)

Here i denotes imaginary unit and the resultant function is therefore complex, but only its
real part has physical meaning and is of interest. Substituting (2.5) into the wave equation
(2.4) gives

O? ) .
ﬁ(u(x)e_m) = CQAu(x)e_“”t.

Since

@(u(x)e_i‘“t) = ifwu(x)e ™",

it holds that
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and dividing by e~*? yields

w
—gu(x) — Au(x) =0,
which finally gives
Au(x) + k*u(x) = 0. (2.6)

The constant k defined as k = # is called wave number; in general it is an arbitrary non-zero
complex number. Since time component has been eliminated, the equation (2.6) is known
as reduced wave equation, or rather as the Helmholtz equation. Thus, the Helmholtz
equation describes the spatial component of time-harmonic acoustic wave and it is the
equation subject to our investigation in this work.

2.3 Problem Setting for the Helmholtz Equation

The problem for the Helmholtz equation can either be defined on a bounded domain
Q (e.g. calculation of noise inside a car produced by its engine), in which case we speak
of interior problem, or on an unbounded domain R" \ , being then known as an exterior
problem (noise in the neighbourhood of a motorway, scattering of sonar impulses on a
submarine etc.). The sound may be produced on the boundary, or by the boundary (e.g.
vibrations of elastic frame of the car) and spreads throughout the domain, or comes in
the form of incident impulse from afar and is modified (scattered) by the presence of an
obstacle. In general, the total pressure (sound) field will be given as a superposition of the
incident field u(x)* and the scattered (radiated) field u(x)?,

ut(x) = u'(x) + u'(x).

Our primary interest lays in the sound-scattering problem, however, it is but a special
case where the boundary condition for calculation of u(x)® is prescribed by the presence
of non-zero incident field. Apparently, the other cases may be treated in the very similar
way from the point of view of numerical approximation.

A plane wave traveling through the medium in given direction d is defined as

u(x) — eik(d.x) )
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Plane wave itself represents a particular solution to the Helmholtz equation in R™. It will
play the role of incident field. Mode of scattering of the wave on the obstacle depends on the
material properties of the body. Two basic cases from the point of view of the properties
of the body are known as the sound-hard and the sound-soft obstacle. Sound-hard body
reflects the wave completely, so that

t
aa—u(x) =0 for xeT,
14

where I' = 0€) denotes the surface of the obstacle. Hence, we obtain Neumann boundary
condition

ou® ou’
5 (x) = — 5 (x) for xeT,

where v is outward unit normal to the surface defined for almost all points x € I". Outward
will for our purposes always mean that it points away from the domain. On the other hand,
on the sound-soft surface

u'(x) =0 for x €T,

which gives Dirichlet boundary condition

u'(x) = —u'(x) for x €T.

General Robin boundary condition condition may also be defined

o

5 (x) + au'(x) = f(x) for x €.

Considering the exterior problem, boundary is not only formed by the surface of the
obstacle, but also by the ’infinity’, so that suitable condition must also be prescribed for
|x| — oo. Naturally, it is required that no waves are reflected from the infinity, and also
that amplitude of the wave decreases with the distance traveled, since it cannot have infinite
energy. These assumptions are summarized in the condition known as Sommerfeld’s

ou®(x)
or

1
—iku®(x) = 0(—) for |x| — oo in R? (2.7)

|

or
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ou®(x)
or

where r is a position vector with respect to origin. The Sommerfeld’s condition in fact
ensures the uniqueness of solution, since it only allows particular solutions with appropriate
direction, that means those which travel from the obstacle away (therefore it is also known
as radiation condition). Waves of the opposite direction would also satisfy the Helmholtz
equation, but are physically inadmissible and so are eliminated by the radiation condition.
If function u(x) satisfies (2.7),(2.8), it automatically satisfies also

— iku®(x) = <| |) for |x| — oo in R?, (2.8)

u(x) = O(|r[~"772),

so the Sommerfeld condition incorporates both physical requirements set above (cf. [16]).
Therefore, we will be looking for function u*(x) which solves the problem

Au(x) + kK*u’(x) =0 in Q%

u(x)

oy +au®(x) = f(x) on T, (2.9)

ou®(x)
or

where Q> = R"\ Q is the exterior domain. The sound-soft and sound-hard cases will only
be considered.

—iku®(x) = o(jr|~""V/2)  for  |x| — oo,

2.4 Classification of Helmholtz Equation

The Helmholtz equation consists of Laplace operator and a lower order term, defining
an operator

L=-A—F

Definition 1 Differential operator A is said to be strongly elliptic on § if

RGZZ i (2)Em) &m > cl¢fPnl* for all z € Q, £ € R, ne O™

=1 j=1

Applying the definition, the Helmholtz equation may be shown to define a strongly elliptic
operator. When the wave number £ is real, which will be the case in our calculations, the
operator L is self-adjoint.



3

Integral Representation of the
Helmholtz Equation

3.1 Standard Representation Formulae

In the following text, the unknown scattered part of the wave will be denoted u(x)
instead of u®(x) for the sake of simplicity. For the derivations throughout this section,
) will be assumed to be bounded, multiply or simply connected domain with Lipschitz
boundary.

The interior problem will be examined first. After multiplying the Helmholtz equation
with a test function v and integrating over the domain €2, Green’s theorem is applied to
obtain

/Q (Duly) + Kuly))ol(y)dy = (3.1)

N /F auariwvf(ymsy - /Q (Vuly), Vo(y))dy + /Q Ku(y)v(y)dy,

which is the Green’s first formula. The subscript .r represents restriction of a function to
the boundary (defined by appropriate trace operators for interior problem T and T"?).
Thus,

ur(y) = T™u(y) = u(y)

?
yel

and
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Similar expression to (3.1) may be obtained with u and v in interchanged positions. Rewrit-
ing (3.1) gives

/Q (Vuly), Voly)) — Kuly)o(y)ldy = (3.2)

) aug—ﬁy)vr(Y)dSy - /Q (Au(y) + F*uly))v(y)dy,

which is the first Green’s formula for u, v after rearrangement, and similarly

/Q (Vo(y), Vuly)) — Ko(y)u(y)ldy = (3.3)

N /r (%giy) ur(y)dsy - /Q<A”<y) + k20 (y))uly)dy,

is the first Green’s formula for v, u. Subtracting (3.2) - (3.3) and rearranging again the
second Green’s formula is obtained

(2 i3 - 25 i) ) s, = 3.4
- / [(Auly) + Fu(y))e(y) — (Aoly) + Ko(y))u(y)ldy.

Now, a fundamental solution g(x,y) to the Helmholtz equation will be used as a test
function instead of an arbitrary function v. The general form of fundamental solution for
the Helmholtz operator in R" is given by

0(.5) = ez (—nln Ky =) + ajs(n Ky X)) 35

where a € C is an arbitrary constant and g, jo represent the spherical Bessel functions.
For the derivation of (3.5) and definition of the Bessel functions cf. [24]. From here follows,
that the fundamental solution in two dimensions is expressed as

?
9(x.y) = ;Hy" (kly - x]),

and in three dimensions it takes form

cikly—x]

9(x,y) = m,
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both of which satisfy

Ayg(x,y) + K g(x,y) = (ly — x|),

where 0 is the Dirac function. Apparently, both fundamental solutions are singular. De-
noting |y — x| = r it is clear, that the singularity appears for r = 0, so the respective free
space Green’s functions only need to by examined for small . Hankel function of the first
kind, which forms the fundamental solution in two dimensions, is defined as

Hﬁ)(x) = Jn(z) + 1Y, (x),

where J,,(z) and Y, (z) are Bessel functions of the first and second kind respectively. For
these the following asymptotic forms are valid in case 0 < x << v/m + 1,

@) = 7y ()

Y, (x) — %(111(3:/2) +9) ~ ZIn(x) for m =0,

SRR

in which I' stands for gamma function (generalized factorial) and  is the Euler-Mascheroni
constant, cf [2]. Applying the asymptotics for Hankel function it turns out that for small
r the real part of the fundamental solutions may be approximated by

1
g(x7 y) ~ ——ln(T) n RQ,
27
and
ikr 5
~ R
9(%,y) e

The singularity of both fundamental solutions is of a weak type, which comes a result of
application of the following definition.

Definition 2 The kernel K(x,y) for points x,y € D, where D € R" is a bounded mea-
surable set, is weakly singular if

Alx,y)

/”'a

K(x,y) =

, 0<a<n, r=|y—x|,

where «v is a constant, n denotes the dimension of the space and A(X,y) is a bounded
measurable function on D x D.
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The singular behaviour of the integral kernels will call for special attention and treatment.
Substituting the free space Green’s function into (3.4) yields

(245 y) - 2 () ) s, (3.6)
- / (Aufy) + Ruy)gxy) — (Aglxy) +Eg(x,y))uly)ldy.

Here and in all expressions, v represents the outward unit normal to the boundary, i.e.
it is directed into Q> since the interior problem is discussed (see Chapter 2). Let now
only y € I' be considered in (3.6). Then, taking the other coordinate from exterior only,
x € (2%, gives

/F (augiy) 9(x,y) — @mw) dsy =0, (3.7)

as both u, g satisfy the Helmholtz equation in €. If x € € are considered, g(x,y) will be
singular for the point y = x. To avoid this, let a ball B.(x) centered at the singular point
be constructed. Now, the integral in (3.7) will be over I' + I'g_. The normal on I'p_ is also
outward, therefore it points inside B,, and so one has

0 0
e=(y — x), %= 90 dsy = edf,

where € and 6 are polar coordinates. Differentiating the approximation of the two-dimensional
fundamental solution in the normal direction gives

0 1 0 1 1

5, ("o mly = x[) = —5- (=5 Infe) = o—.

Substituting this result into (3.6) and letting e — 0 the integral over I'p, will yield

lim F (8ur(Y)g(X7 y) — Mw(y)) ds, =

e—0 ov ov
' 2m aUF(Y) 1 2 1
= ll_r)% [—/0 5 %lnk]ed@—/o %UF(y)edH} =
. T Jur(y) L[
_11_1}(1) [—eln]d/o 5 dQ—%/O up(y)dﬁ} = —u(x),

and again, since u, g satisfy the Helmholtz equation in €, it will result in
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Figure 3.1: Interior problem when x € ().

/r (auc‘;iy)g(x, y) - —ag(ajy—) uf(y)> dsy = u(x) for x €. (38)

Finally, the most intricate case when x € I' will be dealt with. Again, the singularity
needs to be treated, for which similar approach will be adopted as above. Apparently, there
will be a jump in properties on the boundary, since a transition from (3.7) to (3.8) must
occur. Replacing the singular point in (3.6) with a semicircle (hemisphere) C, of radius €
bent outwards into the exterior will produce

/F_JFCE (8u5£}’)g(X, y) — WUFW)) dsy = u(x) for x €,

since now the singular point will be inside the augmented domain 2. Here I'_ is the
boundary minus the semicircle. Again, the radius of C, will be denoted by € = (y — x),
and so

0 0

99 ds, = edd
o o Wy T

since the outward normal and the radius have the same direction. Taking the limit € — 0
gives
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ov

9@ 06
= lim [—/ 8ur—b’)iln|e|ed9+/ Lur(y)eale} =
0 2m 0

- 5 (augﬁy)g(& 9 - dg(x,y) up(y)> ds, =

e—0 ov 2me
_ elnlel (% Our(y) 1 g°

Here, 6°¢ is the external angle between tangents to the boundary at the points where
the semicircle is connected to it, #° will be the inner angle of the same. Apparently, if the
boundary is smooth at x, #° = 7, as is also §. If x is a corner of the boundary, 6" = 27 —0°.

Therefore,
dur(y) dg(x,y) _
[ (5 ety - 2o ) ) s, -

— [ (P ) - LY (3)) sy + ) = )

ov T

from which follows

/F (8ug—£y>g(x, y) — WUF(Y)) dsy = u(x) — g—;u(x) for x €T,

and using the interior angle

/p <8U51§y)g(x’ y) - ag((;; Y)UF(Y)) dsy = 26—;u(x) for x €.

To derive expressions valid in R? the very same procedure would be applied, only using
the appropriate fundamental solution. Assembling all the above results together leads to
the widely used representation formula for the interior problem for the Helmholtz equation

/

—u(x) forx € Q,

9y(x. : iy
[ 25 s, — [ i yyas, = {0 TrxEn )
r r

0 for x € Q.

\

The jump on the boundary is due to the singular properties of the integral kernels as could
be seen above.
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Figure 3.2: Interior problem when x € I

The procedure for derivation of integral representation for the exterior case is basically
the same. The second Green’s formula (3.4) is again the starting point, but trace operators
Tt and T will be used,

ur(y) = T""u(y) = u(y)

yel’

and

aur(}’)
ov

du(y)
ov

— Tl/,extu(y> _

yel

This time special care for the ’outer’ boundary in the infinity must be taken. Enclosing
Q into a ball B, (x) the integration will now be over I' + I'g_. Taking r — oo and
recalling that both u(y) and g(x,y) satisfy the radiation condition (namely its second part
v(y) = O(r~("=1/2))  one can see that

/FBOO (8uar£}’)vr(y> B avg]EY)uF(y)) ds, = 0.

Since the integral over I'p_ vanishes, the rest of the reasoning is the same as for the interior
problem. The outward normal v will now be directed into the domain 2. Going through
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the same procedure as in the previous case, the integral representation of exterior problem
is obtained

( 0 for x € Q,
o
/ “r(Y)—ag<X’ y>dsy - 8UF(Y)9(X, y)s, = § 2wur() forxel, (3.10)
r al/ T 6V ( )
u(x for x € Q.

This way of deriving the boundary integral form of the Helmholtz equation is generally
known as direct approach and the expressions (3.9), (3.10) as the Helmholtz formulae. The
indirect approach formulates the boundary integral representation as a problem for single
and double layer potentials, coming to basically the same equations.

It should be noted that the equation (3.10) according to the convention accepted at the
beginning of the chapter refers to the values of scattered field u®. However, the boundary
condition may often be defined in terms of the total field; in fact the homogeneous Dirichlet
and Neumann boundary conditions set for total field define the two most important cases,
the sound-soft and sound-hard problems (see above). Therefore, it is sometimes convenient
to state the integral representation form of the Helmholtz equation for total field. Applying
the Green’s theorems to u = u’ and realising that there are no singularities for the incident
wave gives

—ui(x) for x € Q,

i (2905 y) Oup(y) w
/FUF(Y)TdSy - /r 5V 9(x,y)dsy = ¢ —Zui(x) forxel,

0 for x € Q.

Adding the last two equations leads to the formula for total field

—u'(x) for x € ),

0 out ; .
/utr(}’)—g(ax’ y)dsy - / ug(y)g(}g y)dsy = ¢ Lub(x) —ui(x) forx €T,
I v T 14

ul(x) —ul(x)  for x € Q.

Nevertheless, in the following (3.10) will be considered the basic form of integral represen-
tation for exterior problem and u will still denote the scattered part of the acoustic field if
not specified differently.
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3.2 Differentiated Representation Formulae

Other representations are also possible, as for example the differentiated Helmholtz
formulae. The one for exterior problem will be achieved by taking (3.10) and differentiating
it with respect to normal v. The differentiation is not straightforward for x € I'; but in
result it yields

( 0 for x € 2,
0 Jg(x,y) Our(y) o) for x €T
— N dsy, = 27 O ’ 3.11
oo [ (2 - 2 gy Y as, (3.11)
ag—li(x) for x € Q.
\
Re-writing the differentiated formula for the total field gives
( —%V(xx) for x € ),
9 t 8g(x, y) aullf‘ (y) gt Oub(x) Aut(x)
O r(ur(y) g oy Y Jdsy =0 e - T forxell
Qut(x) _ du'(x) for x € Q.

\ Ovyx Ovx

The differentiated Helmholtz formulae may be used for discretization in the same way as the
standard ones. However, their main purpose will be seen in Chapter 4 when discussing the
advanced formulations devised to resolve certain existence and uniqueness issues connected
with the integral representations, which are examined in the following section.

3.3 Existence and Uniqueness of Solution for Stan-
dard Formulae

The standard representation formulation of Helmholtz equation for exterior problems
derived in the previous section has been used for practical calculations since BEM emerged
as computational tool. However, it has also been known to have no solution or have a non-
unique solution for some critical data. The existence and uniqueness in fact depends on
two major factors, namely the shape of the boundary and the value of wavenumber. While
the first factor is quite natural, the dependence on k is not as self-evident. Both issues
require detailed analysis which has been carried out in a number of works and is not within
a scope of this treatise, however, main results concerning the existence and uniqueness are
summarized in this section. In the following chapter some variant formulations devised
in order to resolve the weak points of standard formulation are presented, however, the
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standard integral representation remains of practical value when applied with care and in
fact, most of the engineering solutions are still based on it because of the computational
difficulties associated with the advanced formulations.

3.3.1 Helmholtz Integral Operators

The existence and uniqueness of solution both to the interior and exterior problems
will naturally depend on the properties of integral operators present in the boundary
representations, which in turn will depend on the properties of the function w itself, free
space Green’s function forming the kernel of the integrals and smoothness of the boundary.

The integrals comprised in the representations (3.9), (3.10) are in fact the so-called
single and double-layer potentials. In general, taking an integrable function o (density
function) defined on the boundary of a closed domain, the integral

Vi(x) = / o(y)9(%, ¥)dsy, (3.12)

represents the single-layer potential, and the integral

Wi (x) = /F a(y)%V;Y)dsy, (3.13)

is the so-called double-layer potential. Taking g(x,y) to be the fundamental solution of
the Helmholtz equation, (3.12), (3.13) will be called Helmholtz potentials. Both potentials
satisfy the Helmholtz equation in the interior and exterior and the Sommerfeld condition
holds for them. Properties of the acoustic potentials and solvability of boundary inte-
gral equations based on them have been subject to thorough studies by many scholars.
The particular case of the boundary representation for the Helmholtz equation has been
researched by Ginter, Kellogg, Panich, Werner and Brakhage to name but a few. The
following summary of the main results follows essentially the work of Burton, cf. [8], and
Colton and Kress, cf. [14]. Here, the theory for second kind Fredholm equations is the
basis for uniqueness proofs. A different approach has been adopted e.g. in McLean, cf.
[24].

The existence and regularity of the Helmholtz potentials are basically proved using
their proximity to the well-known potentials for Laplace equation. The main complication
arises in case of the derivative of ;. Its existence requires o € C®, but this condition can
be weakened to o being Holder continuously differentiable. This result is not important at
the time being, but is essential for analysis of the advanced formulations discussed in the
next chapter.

Structure of the boundary also plays a crucial role. While in the derivation of the bound-
ary representations {2 was assumed very general with Lipschitz boundary, some restrictions
will have to be made for the following analysis. Theorems 1 - 4 give basic properties of the
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operators formed by the acoustic potentials, all of them assuming C'®-continuous bound-
ary. Burton in ([8]) shows, that in fact somewhat more general Kellogg regular boundary
may be used. For definition of Kellogg regular surface see appendix and note, that there is
a minor change needed, namely function F' used in the definition having continuous second
derivative. This kind of boundary will be reffered to as I' € C’g).

The basic properties of the Helmholtz potentials may be then summed up in the fol-
lowing theorems which are due to Colton and Kress, cf. [14].

Theorem 1 Let I' € C® and let o be continuous. Then the single-layer potential Vi, is
continuous in R® and

[ Villoo,rs < Cllo|[oo,r

for some constant C' depending on I'. On the boundary holds

Vi(x) :/FU(Y)Q(Xa y)dsy, x €T,

Vie(x) /Fa(y)ﬁg(X, Y)dsy - %U(X)7 xeTl,

Ovy

where

Vk(xi) o
5 hliriloy(x). grad Vi(x £ hr(x))

15 to be understood in the sense of uniform convergence on I' and where the integrals exist
as improper integrals. The double-layer potential Wy, can be continuously extended from
to Q and from R3\ Q to R\ Q with limiting values

dg(x, 1
Wi(xs) = /F a(y)%dsy +50(x), x€T,
Yy

where

Wi(x4) := hligrlo Wi(x £ hv(x))

and where the integral exists as an improper integral. Moreover,

Willwg < Cllolloers  [[Willoo,zrv0 < Cllo||so,r
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for some constant C depending on I" and

oW,
ov

. oWy,
lim

h—+0 | Ov (e + hv(x)) =

(x —hv(x))| =0, xeT,

uniformly on T.

Thus, the single-layer potential is continuous at the boundary while the double-layer po-
tential has a jump there. The opposite is true for the normal derivatives of the potentials.

More general version of the theorem utilizing Holder continuous density function, which
is needed for improved boundary integral formulations, is also given according to [14].

Theorem 2 Let I' € C® and let 0 < o < 1. Then the single-layer potential Vi, with
density o € C(T') is uniformly Holder continuous in R® and

[Villa,rs < Callo]]oor-

The first derwatives of of the single-layer potential Vi, with density o € C*(T) can
be uniformly Holder continuously extended from 2 to Q and from R*\ Q to R3\ Q with
boundary values

1
grad Vi(x4) = /a(y)gradx g9(x,y)dsy F ia(x)l/(x), x eI,
r

where

grad Vi (x4) := hllr-nw grad Vi(x £ hr(x))

and it holds that

|lgrad Villo,o < Callollar, [lgrad Villa,rse < Callo]fa.r-

The double-layer potential W, with density o € CY(T) can be uniformly Holder continu-
ously extended from Q to Q and from R3\ Q to R*\ Q such that

[Willag < Callollar, [Willa,pve < Callolfa,r-

The first derivatives of the double-layer potential Wy, with density o € CY(T) can be
uniformly Holder continuously extended from Q to Q and from R3\ Q to R\ Q such that

ngad Wk”a,Q < CaHUHl,oz,Fv ngad WkHa,Rf‘\Q < Ca”UHl,a,F'

FEverywhere, C,, denotes a constant depending on I' and o.
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Linear space C%*(D) is the Holder space of all functions bounded and uniformly Hdlder
continuous with o on D. Similarly, C**(D) is the space of uniformly Hélder continuously
differentiable functions (such that grad o € C%*(D)). Real or complex valued function
o € D is called uniformly Holder continuous with exponent 0 < a < if there exists a
constant C' such that

lo(x) —o(y)| < Cle —y|* forall z,y € D.

The proofs for Theorems 1,2 are to be found in [13].

3.3.2 Existence and Uniqueness for Exterior Problem

In the following we will deal with the direct values of the Helmholtz potentials and it
will be more convenient to approach them as integral operators. The respective integral
operators will be named L, and M}, so that

Lo = [ oyt y)ds, (3.14)
and
Myo = /F a(y)wdsy. (3.15)

The normal derivatives of both operators will also be needed,

M;CU:/FU(Y)Q(XJ)dSya (3.16)

(differentiation of Vj with respect to vy yields an operator symmetric in x and y which is
a transpose of Mj) and

0 dgr(x,y)
Nio = 5 /F o) s, (3.17)

Using (3.14)-(3.17), the problem (3.10) will be written as

{Lyu} (x) = %u(x) — {Myu} (x) for x €T,

while (3.11) will take form
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{Lyu} (x) = —%u(x) + {Mu} (x) for x €T

The important properties of the operators Ly, My, M, ,;, N, are summed up in the fol-
lowing two theorems, which are again due to [14]. For Hdlder space we have:

Theorem 3 Let T be of class C®. Then the operators Ly, M, M,; are bounded operators
from C(T') into C**(T"), the operators Ly and My, are also bounded from C%*(T') into
Ch(T), and the operator Ny, is bounded from CY*(T) into C%(T).

For classical Sobolev spaces then holds:

Theorem 4 Let T' be of class C® and let H'(T') be Sobolev space. Then the operator
Ly, is bounded from L*(T) into HY(T). Assume further that T' belongs to C*“. The the
operators M, and M, are bounded from L*(T') into H*(T') and the operator Ny is bounded
from HY(T) into L*(T).

The main result is, that under the assumptions of continuous density function o and
Kellogg regular boundary C’}?), the integral operators L; and M, may be shown to be
compact, and therefore Riesz-Fredholm theory for the equations of the second kind may
be applied to them.

Very detailed study of the integral representation for the Helmholtz equation in its
direct as well as indirect (potential) form in the framework of Fredholm theory had been
undertaken by Burton in [8]. Both formulations lead to slightly different results, but
in essence there is always the same outcome. The solution of the exterior problem is
either non-unique or non-existent for certain values of k, which are closely related to the
properties of the interior problem. Thus, the direct formulation fails to provide unique
solution for k € Ky, where Ky represents an infinite set of wavenumbers for which the
interior Neumann problem has eigenvalue. The equivalent direct formulation based on the
differentiated Helmholtz formulae has also been studied yielding similar conclusion. The
exterior problem does not have unique solution in case k € Kp, where Kp is a set of
wavenumbers corresponding to interior Dirichlet eigenvalues.

Since both sets Ky and Kp are discrete, the standard representation formulae may still
be used for solution, provided that the critical values are avoided. Vast amount of effort
has been devoted to finding of formulation which would be free of this inherent deficiency.
Results of this research are briefly summarized in the following chapter, nevertheless it
may be concluded in advance that the standard formulation remains the basic and most
often implemented one.
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Improved Representation
Formulations

It has been shown that both Dirichlet and Neumann exterior (and interior) problems
have no solution or have multiple solutions fot certain values of wave number, and these
critical values are grow denser with increasing frequency. A number of attempts have been
made towards finding integral representation for the Helmholtz equation, which would
overcome this major shortcoming.

4.1 Schenck Method (CHIEF)

First relatively successful modification avoiding the nonuniqueness problem was pro-
posed by Schenck in [32] and has become known as CHIEF method. The idea is to combine
the system of equations for the values at points on the boundary, for which solution al-
ways exists but is not necessarily unique, with system of equations for interior problem,
for which solution is always unique, provided it exists. This results in an overdetermined
system of equations for which the least squares method is used. Practical usefulness of this
approach is hindered by the fact, that the choice of points at which the interior problem is
solved is arbitrary. A wrong choice of nodes for interior problem will fail to give solution
and the possibility of choosing a wrong point increases with growing wave number.

4.2 Werner-Brakhage Formulation

Another approach was suggested by Werner and Brakhage in [6], which allows to solve
exterior Dirichlet problem for all wavenumbers. The authors used the fact that the solv-
ability of the boundary problem is directly related to either the eigenvalues of interior
Dirichlet problem or interior Neumann problem. Therefore, they suggested combining the
boundary potentials into a mixed formulation. The idea has been carried further on by
Panich, Kussmaul and others to formulate uniquely solvable integral representations for

22
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Neumann and Robin problems. Unfortunately it was not too successufull and the boundary
operator required some sort of regularization to obtain the desired result.

4.3 Burton-Miller Formulation

The existing re-formulations have been thoroughly analyzed in [8], [9] by Burton and
Miller, who pointed out their disadvantages. In [9] they proposed a different approach
to avoid the nonuniqueness problems. Instead of combining the single and double layer
boundary potentials of the indirect approach, they offer a mixed formulation based on the
standard and differentiated Helmholtz formulae of the direct approach. The idea is similar,
to make advantage of the fact that both the standard and differentiated formulations fail
to give unique solution for wavenumbers equal to eigenvalues of associated Dirichlet or
Neumann problem respectively, but the mixed formulation loses this dependence.

A linear combination of (3.10) and (3.11) gives for the values on the boundary

a/rur(y) (8 +—/ 5’gx Y)dsy—

[ Our(y) 0 [ Dur(y) _
oz/F B g(x,y)dsy o | o g(x,y)dsy = (4.1)

. 91 8ur(x)
= % (Oélbp(X) + 8—1/X) for x € F,

where « is a coupling parameter. One should notice, that the mixed equation (4.1) needs
only be applied for calculation of the unknown values on the boundary. As soon as they
are calculated, standard representation formula (3.10) may be used for the exterior values
since there are no more uniqueness problems.

Here, the properties of the boundary curve again play role. It can be shown that all
the operators in (4.1) are weakly singular with the exception of the last term on the left-
hand side, which is a hypersingular operator, which poses a major problem for numerical
approximation. Nevertheless, Burton-Miller formulation is a candidate for the formulation
which should be adopted in solvers aiming at generality and robustness when solving
the Helmholtz problem. However, practical use of this formulation is subject to ongoing
research and it is far from being easily implemented in applications and the standard
formulation is still the state-of-the-art today.
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BEM for the Integral Helmholtz
Equation

The boundary representation formulae devised in the previous chapters will be dis-
cretized using Boundary Element Method. The main advantage of solving the Helmholtz
equation in the boundary integral form is that it effectively reduces the dimension of the
problem by one. It also allows us to calculate the solution at an arbitrary point of the
exterior (interior) explicitly without having to construct new mesh etc.

BEM comes in two basic variants, both of which will be introduced in this chapter and
used for the calculations, the collocation method and Galerkin method. Collocation is the
simplest approach possible and therefore it is favoured for practical solutions at least among
engineers, usually based on constant approximation, again the simplest choice. However,
it turns out to be unstable at some cases and Galerkin should therefore be given priority.

So far, the problem has been considered in general dimension, that is practically either
in Fy or F3, and the only substantial difference in between the two was the form of free
space Green’s function. From now it will be restricted to two dimensions. Nevertheless,
large part of the results can be extended to three dimensions in a straightforward way.

The concept of Boundary Element Method is based on approximation of the unknown
function v which is being sought for as a linear combination of functions forming a base of
certain space Sy, known as a trial space, so that the projection uy,

M
up =Y wpdr, (5.1)
s

is close enough to the original function. The basis functions ¢, are in general polynomials
of p-th degree on part of the boundary, extended by zero everywhere else. Usually, poly-
nomials up to 2nd degree are used, which are also adopted here. However, basis functions
of special type suited for solution of exterior problems with plane wave as the incident
condition have been proposed in [1], [5], and these are also included and have been applied
in calculations.

24
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5.1 Boundary Discretization

Let Q € R? be a domain with Kellogg regular boundary I" (for definition see Appendix).
In practice, the boundary will be piece-wise polynomial. Hence, it may be decomposed
into set of segments I'; such, that

S
= UFm, r,,nT', =0 for m+#n,

m=1

each segment is defined by local parametrization. Choosing N nodes x(x*,x¥) € I in
such way, that all the segment joints belong into the set of nodes x, the boundary may be
divided into N elements e; such that x; will be left-hand side end point of the element e;
and x;;1 will be its right-hand side end point looking from the interior of 2 and

N
I'= U €;.
i=1

In case the boundary is piece-wise linear, there will always exist discretization into line
elements which will map the boundary exactly. For more complex boundaries either curved
elements must be designed or they may be approximated by line elements, so that the
problem will not be solved on I' but on some I'j, in fact.

What is commonly called an element throughout this work is a combination of a bound-
ary segment e; and a set of functions ¢ : e; C supp ¢, which are known as basis functions,
appearing in (5.1). Each type of element is defined via the reference element e*, for which
local coordinate system is introduced. Since the boundary is one-dimensional in R?, sym-
bol ¢ will be used for the local coordinate, and by definition £ = 0 at the middle of the
element and £ = —1 at the starting point (corresponding to x;) and £ = 1 at the end
point (corresponding to x;41). Line elements will be formed by straight lines connecting
x; and x;11. The actual coordinate of e; is connected to £ of the reference element through
mapping M. In case of line elements it is defined as

1 1
x=M(§) = §<X2 + Xit1) + §§(Xi+1 —x;) for £e€(-1,1).

The mesh suitable for calculations is supposed to be uniform with respect to element sizes
(lengths), so that if h denotes the length of element,

h = \/(xfﬂ — X9+ (e — x)%

the elements satisfy
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where hpa, and hy;, are lengths of largest and smallest elements respectively and cpeqn 1S
a constant.

5.2 Space of Test Functions 5,

The basis functions appearing in (5.1) form a test space Sj,. In the majority of im-
plementations of BEM for the Helmholtz equation, piece-wise constant basis functions
are used. They are simple to apply, enable easy treatment of discontinuous boundary
conditions and Neumann boundary problems and produce satisfactory results. However,
elements of higher order, namely first and second, are also of practical importance and will
be introduced aside a new class of elements based on physical considerations combining
polynomial with exponential function.

5.2.1 Piecewise Constant Basis Functions

The simplest choice of shape function is a function constant on the reference element,
that is

P& =1 for €€ (~1,1).
The respective basis functions ¢, generating the test space will then be piece-wise constant

on I,

1 for x € ey,
Pr(x) =
0 for x ¢ ey,

where k = 1,..., N; N still stands for the number of elements. For the trial space S? then
holds

S,g(f‘) = span {aﬁk}]kvzl , dim S,?(F) = N.

Each element has only one node coinciding with the mid-point of the element.
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5.2.2 Piecewise Linear Basis Functions

Using the local coordinate system of the reference element, two linear shape functions

(€)= 5(1+8) for €€ (-1L1),

and

AV(€) = 5(1-8) for £ (-1,1).

may be constructed. The global basis functions ¢; will then be piece-wise linear continuous
with supports formed by two neighbouring elements e; and e, that is

( 1 for x = Xk+1,

0 for x ¢ e, Uegs1,

PDME)  for xp xai1, € € (=1,1),

L oI (M(E) for Xapas Xrso, € € (—1,1),

for K =1,..., N. These basis functions generate the trial space S}, so that

SH(I) =span {¢}_,, dim Sp(T') = N.
Each linear element has two nodes coinciding with its end-points, which are shared by its

neighbours.

5.2.3 Piecewise Linear Discontinuous Basis Functions

For some problems (discontinuous boundary condition, Neumann problem) a trial space
of functions discontinuous across the element joints will be needed or advantageous. For
linear polynomials, the shape functions on individual elements will be the same as was the
case of continuous basis functions, i.e.

A€ = 5146 for €€ (-L1),

and
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A€ = 5(1-6) for £ (~1,1).

The global basis functions ¢, will however be piece-wise linear discontinuous with supports
formed by the individual elements e; only, and there will be two types of them,

1 for x = Xpy1,
(b,(cl)(x) = 0 for x ¢ ey,

PDME)  for xp, xai1, € € (=1, 1),

and

1 for x = xx,
¢,(€2) (x) = 0 for x ¢ ey,

oS (M(€))  for i Xne1, € € (—1,1),

for k = 1,...,N. Apparently, there will be 2N basis functions and for the trial space S,lL’d
it holds

N
Su(r) =span {0, 07} dim S}9(r) = 2N

k=1

As in previous case, each element has two nodes equal to its end-points, but because
of the discontinuity the nodes only belong to the respective element. Naturally, use of
discontinous linear elements will result in systems with rectangular matrices.

5.2.4 Piecewise Quadratic Basis Functions

Using the same local coordinate system as above, quadratic shape functions may be
introduced on the reference element,

PP(€) = 5E(E 1) for €€ (-11),

PP(€) = JE(E+1) for €€ (-1,1),
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PP =11 +¢) for €€ (~1,1).

Thus, quadratic element will have three nodes, two at the end points and one in the middle.
Adding the mid-points of the elements to the set of points y; we obtain 2/N nodes. There
will be the same number of global basis functions ¢, which will be of two types.

( 1 for x = X1,

0 for x ¢ e Uegy1,
V=1,
¥1 (M<€)) for Xkan+17€ S <_17 1>7

\ 9022)(/\/1(5)) for Xk’-i—lan-i—?vg € <_17 1)7
and
P (M(E))  for X, xiki1,€ € (=1,1),

0 for x ¢ ey.

For the trial space S7 then follows

2 W @Y : 2
S;,(I') = span { PON }k:1’ dim S;(I") = 2N.

5.2.5 Approximating Properties of Polynomial Trial Spaces

Obviously, for any of the trial spaces it holds Sj,(I') C Lo(I'). For each function u €
Lo(T") there exists an approximation u, € Sp(I") defined by an Lo-projection of u. The
best approximation will arise from projection minimizing the difference u — Pu, hence

N
up = Pu = ch%(iﬂ)a o € Sp(T),
=1

with P satisfying

Pu = i — )
u arguhglsl}flmHu un| L)

Since the solutions are assumed to be sufficiently regular functions u € H*(T"), the theorem
of Steinbach and Rjasanow may be applied, cf. [34], giving the estimates for approximation
by constant, linear and discontinuous linear test spaces.
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Theorem 5 Let u € Hy (') for s € [0,1]. Then for piece-wise constant approzimation
holds

inf ||u —up||gory < ch*|u

s 3 V o€ —1,0
up€SY(I) Hio (1) [ ]

Let uw € Hy, (') for s € [1,2]. Then for piece-wise linear approzimation holds

inf ||lu—upllgery < ch® lulgs my, V o€ |=21].
Uhesi(F)H wll o) < |ulms, ) [—2,1]

Letu € H}, (') for s € [0,2]. Then for piece-wise linear discontinuous approzimation holds

inf |[u — upl|goqry < ch*ulps, ), ¥V oo €[-2,0]
upeSy(r)
(Here, the subscript .., is an abbreviation for piece-wise.)

For the approximation properties of the quadratic elements we shall prove the following
theorem.

Theorem 6 Let u € H*(T') for s € [0,3] and 0 = 0,1. Then for quadratic approximation
holds

inf U — U oy < ch® %u
i I wl| oy < Ul Fa oy

Proof. First, we give the theorem proved by Brenner and Scott in [7] as a lemma, which
applies to d-dimensional domains.
Lemma 1 Let (K,P,N) be a finite element satisfying
(i) K is star-shaped with respect to some ball,
(1) Py € P CWZ2(K) and
(iii) N C (CY{(K))".

Suppose 1 < q < 0o and either m — 1 —d/q > 0 when ¢ > 1 or m — 1 —d > 0 when
qg=1. ThenforOSsﬁmandvGWf(lC) we have

lv — IU|W;(;C) < cmydya(,@)(diam IC)m_S|v|qu(;g),

where K = {1/diam K}z : z € K.
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Using this lemma for the case d = 1,1 = 0,q = 2 we have

w = Tywl|gs(e) < chy' ™ lw|gm(e,) for we H™,

where I, is the interpolation operator and 0 < s < m. From here

(m_s)|w|§{m(ek)a (5.2)

2
[|lw — Thw| zs(ek) < chy,

and hence for given discretization into N elements

||lw — Ihw|

N
frery = D llw = Liwl[fs ) <
k=1

N
2(m—s m—s
< Czhk( w3 ey < R w0y
k=1

From here follows the estimate

||U} — ]hw| Hs(T) S Chm_s|w|Hm(F), (53)

where 0 < s < m, for w € H™(I"). For quadratic elements m = 3.

Let us for given u € Lo(T") define an Lo-projection Quu € S3(I') as given by the
variational problem

(Qnu, Uh>L2(F) = <u>vh>L2(F) Yo, € Si(T).

Since it is satisfied for arbitrary v,, we may choose v, = Qnu. Then we obtain

QR[4 ) = (@ntt, Q) iy = (1, Q) oy < Loy @ntel Lo -

From here follows

1@n(wW)ll ) < [lullLam),

that is, we have stability. Moreover, orthogonality follows

(u—Qru, o),y =0 Vo € SHT).
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Using the orthogonality and the Schwarz inequality we obtain

[lu = Quullf, ) = (u— Qnu,u— Qnu) iy =
(u = @t ),y = (u = Qutt, Q) 1y ry < [l = @l zo0)-Jful | o)

From here

llu — Qnullomy < ||ulliary  Yu € Lo(T).

Besides, from the orthogonality also follows

[Ju — QhUH%Q(F) = (u—Qpu,u— QhU>L2(r) =

u— Qpu,u — Iyu + Thyu — Qhu>L2(F) =
u— Qpu,u — Ihu>L @ T (u — Qnu, Iu — QhU>L2(F) =

and therefore

lu — Qnul|p,ry < [|u — Tnul| ).

Combining this result with 5.3 yields

[l — Quull oy < e[l ),

and also

N

[lu = Quullf,m) < ¢ Y hilullfa,).

k=1

where N stands for the number of elements into which boundary is discretized.
Using 5.4 and 5.5 we obtain

U — JpU|| Ly (D chllu H(T C u H2(T)-
[lu = Quullzomy < chlfullmry < ch?[lull

u— Qnu,u — Iyu) oy < [|lu— Quullyr)-[lu — Inul|y ).

32

(5.4)

(5.5)

(5.6)

Further, let Qp, : H'(T') — S?(T") be an H'-projection defined as the unique solution of

<Qhu7 Uh>H1 = <U, Uh>H1 Y, € 5,21
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By the same reasoning as in the case of Lo-projection we obtain the stability

1Qnulla < lullm Yu € HY(T),

and from here

[lu = Quullm <|lullar,

and also

N
|lu — QhUqul(r) <|Ju— Ihu||12ql(r) < CZ hi|u|H3(ek)’
k=1

by application of (5.2).

The proposition of the theorem for o = 0 and s = 3 follows by substituting into (5.5).
For 0 = 0 and s = 0 the theorem follows from (5.4). The case of 0 = 0 and s € (0,3) is a
result of interpolation of the two previous cases. Result for o = 1 is obtained from (5.6)
by setting s = 3.

5.2.6 Exponential Basis Functions

The polynomial basis functions introduced above give rise to what could be called
standard boundary elements for general purposes. However, physical considerations have
led to the proposal of special basis functions designed for the practically very important
case of scattering of a plane wave. To capture waves of higher wave numbers properly, a
dense discretization is needed since the length of the elements must be proportional to the
wavelength, which leads to great increase in computational costs. Abboud and Nedelec in
[1] and De La Bourdonnaye in [5] have suggested to resolve this issue by application of
exponential basis functions in the form

¢ = p(x)e e

where k is the wave number and d represents the direction of the incident wave, p(x) is
general polynomial. The idea is based on utilization of the known physical solutions and
the basis functions are modelled to be close to these. Application of such basis functions
should lead to a drastic decrease of the number of elements needed for the discretization.
However, this approach is limited to the case of convex scatterer. A star of directions is
used in several related methods (see the review [5]), but then the complexity order of the
overall computation appears not to improve. A remedy for this may be choosing a small
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number of directions adaptively, similarly as suggested in [23] in the case of FEM. This is
an area of future research.

For practical purposes the polynomial part of the basis function will be defined by
constant, linear or quadratic polynomial, so that the following trial spaces will be defined.
SPP will be given as

S,?’p(F) = span {¢k}]kV:1 , dim Sg’p(F) =N,

where the basis functions ¢, are given as

e~tkdx  for x € ey,

Or(x) =
0 for x ¢ ey,

where k =1, ..., N. For the trial space S;va it holds

SpP(T) = span {¢g}r_,, dim S,*(I') = N,

while the basis functions are given as

( 1 for x = xgt1,

0 for x ¢ e, Uegy,

9051) (M (5))67ikdx/€7ikdmg+1 for Xk Xk-‘rl)g € <_]-7 1> )

\ ngl) (M (5))€_ikdx/€_ikd)(k+l fOI' Xk+15 Xk+27£ < <_17 1> 9

for k =1,..., N. Finally, for the space of test functions Si’p there is
2y W " R
Sh(F) = Span ¢k 7¢k i ) dim Sh(F) - 2N7
=1
and the basis functions are defined as

( 1 for x = xga1,

0 for x ¢ e, Ueg,1,

PP (M(E))edx fe=ikdxit  for yy, vy, € € (—1,1),

L 02 (M(€))emikax femikdxier  for iy Ypia, € € (=1, 1),
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and

o @ (M(E)em o femhbenfor i, xuen € € (=1,1),
(X)) =
0 for x ¢ ey,

where x,,, denotes the mid-point of the element. In our calculations only the first type of
exponential elements has been used. The results are promising, but theoretical analysis
giving necessary error estimates is lacking and is also a subject of further research.

5.3 Collocation Method

Collocation is the simplest implementation of Boundary Element Method. The values
of the unknown function are calculated in pre-defined points known as collocation points.
In practice, the unknown function in the boundary integral representation is substituted
by its projection onto given space of test functions .S;, and the collocation points coincide
with the nodes of elements into which the boundary is discretized.

The Dirichlet problem will be taken as a sample problem. We are to find function w(y)
satisfying the integral Helmholtz equation

%

Auﬂy)@dsy — /Fw(y)g(x,y)dsy = ;—Wup(x) for x eI, (5.7)

with the Dirichlet boundary condition

ur(y) = ¢(y) on T.

The unknown function in fact represents the Neumann data,

w(y) = &giw for y eT.
Approximating w by wy,, where
M
wi(y) = chﬁbk(}’) for ¢y, € S,
k=1

discretizing the boundary into N elements and substituting into (5.7), one obtains

i

; /el 1/’(}’)89(52 Y)_dsy — Z Z /Z ckPe(y)g(x,y)dsy = QO—W@D(X) on I (5.8)

k=1 i=1"¢®

The actual form of the system given by (5.8) will depend on choice of S,.
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5.3.1 Collocation with Constant Basis Functions

Taking the basis functions from the space of constant functions, ¢, € SP, and substi-
tuting into (5.8) gives

al b dg(xi,
;Ck /ek Q(Xz’,Y)dSy = —%1/1(79) + /F?ﬂ()’)%dsya

where x; for i = 1, ..., N are the midpoints of the elements. (Since the supports of the basis
functions coincide with the individual elements, only one sum is needed.) This represents
a system of N linear equations for the vector of coefficients ¢ = (cy, co, ...cy )%,

KhC = f,

where the elements of the stiffness matrix are defined by

Kh(lh]):\/ g(Xi7y)dSy7

J

and for the right-hand side there is

7 - — ) —d .
fi=—g-vlxi) + /sz(y) 5y Sy
The system matrix is apparently full and in general, e.g. for irregular shape domains, not

symmetric.

5.3.2 Collocation with Linear Basis Functions

Taking ¢y, € S} and substituting into (5.8) leads to the discretized equation

Z Z cr | or(y)g(xiy)dsy = —e—iﬁb(xi) + ZD(y)Mdsy,

k=1 j=1 e; 2m r v

for : = 1,..., N. The points x; are nodes of linear elements, that is they are the joints of
the elements. This again represents system of N equations for coefficients ¢;. The system
matrix is dense and since each basis function ¢, has two neighbouring elements as its
support, for its entries will hold

Kaliod) = [ MOy + [ A MOl v)dsy.

J €j+1
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The discontinuous basis functions ¢, € S,ll’d give rise to formula similar to the case of
constant approximation

Soau [ ouatnyits, = —-vt) + [ o) 25V,

1 =1,..., N, since each basis function only has one element as its support. Stiffness matrix
will then have entries

K, (i,§) = / SO (M(E)g(xi, y)dsy.

J

for 5 odd, and

Kiid) = [ (MO y)isy

for j even. The right-hand side is independent of choice of trial space and is the same as
for constant approximation.

5.3.3 Collocation with Quadratic Basis Functions
For basis function ¢, € S? the substitution into (5.8) yields

2N N 9(x; y)
Zch/ (3 )93 ¥)ds, = — () + [vo) ) 20003 4,
k=1 j=1 v

forv =1,...,2N. This represents a system of 2N equations for coefficients of basis functions
at nodes x;, which are at element joints and midpoints. The stiffness matrix terms are

defined as

Kiid) = [ o MOy + [ o MOy,

J

for 5 odd, and

K, (i, j) = / SO (M(E))g(xi, y)dsy

J

for 5 even. The right-hand side again stays the same.

It must be stressed out, that while collocation is widely used in engineering applications
since it is easy to implement, general analysis of the method is not available yet. Stability of
the scheme has so far only been proved for some special cases but not for general domains.
For details see [4], [34].
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5.4 Galerkin Method

Galerkin method for Boundary Elements is the variational approach similar to Finite
Element techniques. Multiplying the representation formula (5.7) by a test function v €
H~2(I') and integrating along the boundary results in

/ / (x)dsxdsy = (5.9)

= —§/UF( X)dsx // Gg (.y) v(x)dsxdsy for xeT,
r

where w(y) again represents the unknown Neumann data and ur = ¢ on I'. In the
variational setting, we are to find w satisfying

1
(Lyw, v)r = (=51 + M)y, v)r for all v e H2(T).
Now, approximating w by wy,
M
wy =Y cr,
k=1

where ¢ € S, and taking the test functions v € S, only will yield the Galerkin approxi-
mation

(Luwn éue = (—5 T+ M) 6y)e for k=1, .

The actual form of the system depends on the choice of Sj.

5.4.1 Galerkin with Constant Basis Functions
Taking ¢y € Sy and substituting into (5.9) gives

ch//d)k 9(x.¥), (x)dsxls, =

-5 [eeods + [ [l 2I5Y) 5 (s,

for j = 1,..., N. The formula represents a system of N linear equations for the unknown
coefficients ¢y,
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KhC =f.

Since ¢, = 1 on e, and zero everywhere else, for the matrix entries there is

h(kaj):/ / g<Xay>dsxd3y>
€L €L

and for the right-hand side

fk::——/ur )dsx + //Qb d xdsy.

The matrix of the system is again full as in case of collocation, but for Galerkin method
it will always be symmetric and positive definite. The operator Ly : H~Y/?(I') — HY/2(I")
is coercive and injective in case k% is not an eigenvalue of the interior Dirichlet problem
(cf. section 3.3 and [24], [34]), the system arising from Galerkin discretization is uniquely
solvable and the error estimate in the form of Cea’s lemma is valid

wW— W _ <c¢ inf |lw—ov|ly .
o = wall-ssy < = vl

Substituting the approximation estimate for constant functions given in Theorem 5 for
o = —1/2 yields

|Jw — whHHfl/Q(F) < Chs+1/2|w H;,,(T)>

for w € H;,(T') and s € [0, 1], subscript .,,, again stands for piece-wise, and more general
estimate can also be obtained for w € H*(I') and s € [0, 1] and o € [—2,0], namely

||U) wh||H‘7 < ch®™ U|U) H; w(D)*

For the procedure and details cf. [34].

These estimates are valid for the solution on the boundary, that is for the calculation of
the unknown Neumann data. Denoting the approximate solution in the exterior obtained
by solving the appropriate representation equation with wy, by uy, for a point in the exterior
there will be an error estimate

M@—m@zlﬂ&www—wWWw
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Using duality argument and the boundary error estimate, optimal order of convergence for
w e H),(T) and s = 1 will be given as

|u(x) = un(x)| < ch?llg(x, a2 lwlm, m)-

This results is again due to [34].

5.4.2 Galerkin with Linear Basis Functions

Taking ¢, € S}, substituting into (5.9) and discretizing the boundary into N elements
yields

N N N
PIDIPI / Ou(¥)9(x,y)d;(x)dsxdsy = (5.10)
k=1 m=1 n=1 em Jen
- Y 0g(x
_%mzl ei¢<X)¢j(X)d8x+TnZ:1/em/pw(y> gg;Y)qu(X)dSdey’

for j =1, ..., N. This represents a system of /N linear equations for the unknown coefficients
Ck,

KhCIf.
where the stiffness matrix terms are given by
Kilk) = [ [ AME)bx 36l (M©)dssdsy +
b [ A ) (ME) dsudsy +
€k V €j+1
b [ MOy M), +
Cr+1 7€)

n / / A (MUE)g(x, ¥)8 (M())dsydsy,

and the right-hand side

_ ! / e >>dsx—§ /ej+1‘”(x)“"(l)( (€))dsx +

/ [ o 09.3) ) (M () sy + | [ ) 295Y) 0 (M (),
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5.4.3 Galerkin with Quadratic Basis Functions

Substitution of ¢, € S? into (5.10) leads to system of 2N linear equations for basis
functions coeflicients. The stifflness matrix entries are defined as

K, (k,j) = // O (M) g(x, 7)o P (M(E))dsxdsy +
+ / k / . o7 (M(€)g(x, )@ (M(&))dsxdsy +
+ / » /e J 5 (M(€))g(%, ¥)t (M(€))dswdsy +

+ / / o2 (M(E))g(x, 3) o2 (M(x€))dsxdsy.
Ck+1 Y €541
for k and j both odd,
Ko(k,j) — / / O (M(E))g(x, y) o2 (M(E)dsxdsy +
€L €y

+ / / P (M) g(x, y) e (M(E))dsds,,

for k odd and j even. For k and j both even there is

w(ka ) / / ) (M(€))g(x, y)¢2 (M(E) )dsxdsy.

and finally, for k£ even and j odd

/ / 3 (M(©)g(x,y)e1” (M(€) dsxdsy +
/ / e MU)g(x,y)05” (M(E)dsdls,

The right-hand side terms are given by the formula

_ _%/ej¢(x)¢§2>(M(g))dsx—% 1/1(x)s0§2)(M(£>)dsx+

€j+1

a Y
/ej/rw()’) g(axyy §2( dsxdsy /ej+1/w (2)<M(f))dsxd5y,
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for k odd, and by

o= | P M) + //w

for k even.

PP (M(€))dsxds,,

42



6

Test Problems and their Numerical
Solutions

Both collocation and Galerkin variants of the BEM solver have been programmed. The
solver is capable of finding solutions to exterior and interior problems as well, with ei-
ther Dirichlet or Neumann boundary condition. Moreover, it can be easily modified to
solve problems for the Laplace equation in integral form. Polynomial basis functions have
been implemented in the form of constant, linear and quadratic elements. The exponen-
tial elements have also been included and tested with promising results, however, theory
concerning their approximation properties is lacking so far.

In this chapter results are presented which can be compared to analytical solutions so
that reliability of the solver can be checked. First, two problems for the Laplace equation
are solved, then solutions for the Helmholtz exterior problems follow.

6.1 Laplace Equation as a Test Problem

The same types of interior and exterior problems may be formulated for the Laplace
equation as for the Helmholtz equation. In fact, the Helmholtz equation may in certain
sense be considered a special case of Poisson equation with specific right-hand side. There-
fore, the theory concerning Boundary Element Method valid for the Helmholtz equation is
in main part also applicable to the Laplace operator and in fact, the the Laplace problem
is often studied first before advancing to acoustics modeled by the Helmholtz equation.
From the practical point of view, the BEM solver for the Helmholtz problem may be easily
changed into a solver for the Laplacian, and since the latter problem is much easier to solve
and analyze and analytic solutions are available for many cases, it can be readily employed
for basic testing of the solver.

The simplest problem for the Laplace equation in two dimensions is to find function
u(x,y) satisfying

Au(x,y) =0 in Q

43
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with Dirichlet boundary condition

u(x,y) = g(x,y) on T.

Assuming I" at least piece-wise smooth, Green’s second identity can be applied in the same
way as in Chapter 3, where for the test function v(y) the fundamental solution to the
Laplace equation is substituted. In two dimensions this takes form

1 1
v=—In{—],
)

where r = |x — y|, y being the point of application of concetrated source. Following the
procedure described in the 3rd Chapter finally the boundary integral form of the Laplace
equation is obtained as

Jur(y) 1 ; Oln {
/1“ (;y 1n<| ’) dsy = HUF(X)‘I‘/FUF(Y)#CZS}, for x e,

with 6% being an internal angle at point x.

6.1.1 Collocation Method for the Laplace Equation

Discretization of the boundary I' into N linear elements leads to the expression

N 8111
Z/ augi)’) ln(|1’>dsy 0'ur(x —|—Z/ ur(y <| )dsy for x eI,
j=1 7T

J

where functions u(y) and 875—(5) will be replaced on each element by some polynomial
interpolation functions ¢y, so that

M
uy) = Zuk%,
k=1

where M is the number of nodes on each element. Now, since values of ¢; and u;, where
index ¢ denotes the global nodes, are known, after substitution the problem may be written
in the matrix form
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where

1 1
kij = Z%/F o In (m) dsy,

k=1 J

and

oy om(d)

j=1 k=1 J

As soon as the nodal values on the boundary are calculated, the boundary integral form
of the Laplace equation can be used to compute values of u in the interior of €.

6.1.2 Numerical Results for the Laplace Equation

Solutions to two test problems on simple geometry of unit circle are presented. Both
of them compare well to the results found in the literature. First example is a Dirichlet
problem with constant boundary condition ¢ =1 on T'.

[T

===\
\\\\‘{‘*.a:",}/'ll’/

W=
<~

S

-1 -1

Figure 6.1: Dirichlet problem with constant boundary condition g =1 on I', 20 elements

The second problem is defined in the following way: g = 1 on I'y, where I'y is formed
by the upper’ half of the circle, and g = 0 on I'y, where I'y is formed by the lower’ half of
the unit circle.



6. TEST PROBLEMS AND THEIR NUMERICAL SOLUTIONS

-1 -1

Figure 6.2: Dirichlet problem with discontinuous boundary condition, 10 elements.
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The solution for second problem may be compared with the results for the same problem
given in [11] by Brebbia at el. The tabulated interior values given by the authors compared
to our solution follow (all solutions are calculated using collocation with constant elements):

x-coord | y-coord | analytical | Brebbia (24 elements) | our solution (20 elements)
0 0 0.500 0.500 0.500

0 0.5 0.795 0.799 0.798

0.25 0.43 0.773 0.776 0.776
0.43 0.25 0.687 0.689 0.690
0.5 0 0.500 0.500 0.500
0.43 -0.25 0.313 0.311 0.309
0.25 -0.43 0.227 0.224 0.223

0 -0.5 0.205 0.201 0.201

6.2 Analytical Solutions for the Helmholtz Equation

Some interior and exterior problems for Helmholtz equation on simple geometries may
be solved analytically and used for comparison with results provided by our numerical
solver. The solutions are achieved through separation of variables technique taking advan-
tage of certain symmetries, cylindrical or spherical coordinates are often adopted. Since
we are focusing on Helmholtz equation problems in two dimensions, the analytical solu-
tions will be calculated for various boundary problems with circular scatterer using the

cylindrical coordinates.

Let us consider the exterior problem of scattering from a circular body of radius a.
That is, we want to find « which will be a solution to the problem as stated in section 2.3:
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Aus(x) + K*uf(x) =0 in Q%

@uasix) +au’(x) = f(x) on T, (6.1)
—8u;£x) —ikud(x) = o(x” V) for x| — oo.

Considering a model of scattering from infinitely-long cylinder in cylindrical system with
r, ¢, z coordinates, the two-dimensional problem with circular scatterer is obtained as a
section through the cylinder in 7, ¢ plane, thus neglecting z and only leaving the polar
coordinates.

The Laplace operator in two dimensions in polar coordinates takes form

10 [ du 1 0*u

Separating the variables, the unknown function will be written as u(r, ¢) = f(r)g(¢) and
substituting the separated unknown function into (6.2) and then into the first equation in
(6.1) gives

which after differentiation of f(r)g(¢) products yields

s (900 + 0 L 4 e =0

Rearranging the latter equation to separate the variables to left and right-hand sides we
get

ri (rdf(r)> 1 252 _ _d29(¢) 1

dr \' dr ) f(r) do* g(¢)
Since expressions on the right-hand and left-hand side must be equal, we may consider
both as equal to some constant which will be denoted as n?, which splits the problem into
two ordinary differential equations for functions f(r) and g(¢),
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Td%‘ <rd];<:)> + (r’k* —n?)f(r) = 0, (6.3)
and
d2g(¢) 2 _
15 +ng(¢) =0. (6.4)

Equation (6.4) is the second-order equation with constant coefficients defined on a circular
domain and therefore must satisfy the condition g(0) = g(2x). This periodicity condition
requires integer values of n, and in such case the fundamental solutions follow as

g1(¢) = sin(n¢) for n=0,1,2...,

and

ga(¢) = cos(ng) for n=0,1,2....

For the equation (6.3), which is the Bessel’s equation, the periodicity condition again only
allows integer values of n = 0,1,2.... The fundamental solutions for the radial equation
for given n are the Bessel’s functions of the first and second kind J,(kr) and Y, (kr)
introduced in section (3.1), also known as cylindrical harmonics. Another set of two linearly
independent solutions is represented by functions

H!(r) = Ju(kr) +iY,(kr),

which is Hankel function of the first kind, and

H2(r) = Jo(kr) — Y, (kr),

which is the second kind Hankel function. From the asymptotics of the far-field pattern
follows that the Hankel function of the second kind corresponds to the incoming wave and
therefore will be eliminated by the Sommerfeld condition. Bearing this in mind and com-
bining the fundamental solutions for A and g we obtain the general solution of Helmholtz
equation in polar coordinates

u(r, @) = Z H, (kr)(A,cos(ng) + Bpsin(ng)).

n=0
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where H,,(kr) now stands for the Hankel function of the first kind. By application of Euler
formula this may be re-written as a series

u(r,g) = > unHy(kr)e™ = (6.5)

n=—0oo

= uoHo(kr) +2 ) upHy(kr)e™,

n=1

where the equality H_,, = H,, for n = 1,2, ... has been used and coefficients u,, has been
introduced to account for the change from > > to > > (cf. [16]). Now, > >0 u,e™?

n=—oo n=—oo

is apparently the Fourier series in which the coefficients u,, are defined by

1 2

u(p)e™"dg.

Unp

To obtain the solution for given boundary condition coefficients u,, must be found. This is
achieved by taking the expression (6.5) and the Fourier expansion of the boundary condition
function f in polar coordinates, substituting into (6.1) and comparing the coefficients on
both sides. (Note, that the Fourier expansion exists for every f € Lyo(T").)

6.2.1 Analytical Solution for Dirichlet Problem with Constant
Boundary Condition on Circle

Consider problem (6.1) on circular domain 2 of radius a. The simplest case of boundary
value problem arises from Dirichlet condition with constant function f(a,¢) = 1 on the
boundary. Substituting (6.5) into the boundary condition we get the equality

u(a, ) = Z uan(ka)ei"¢ =1,

n=—oo

since the Fourier expansion of the boundary condition is trivial in this case. Because of
the orthogonality of the Fourier coefficients for individual n, we get

U()Ho(k’a,) = 1,

from where

Uy =

Ho(k’(l) ’
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and

u, =0 for n #0.

For the outcoming wave then follows

Ho(k’?")
H()(k‘(l) ’

u(r, ¢) =

6.2.2 Analytical Solution of Scattering of a Plane Wave on Sound-
Soft Circle

More importantly, analytical solution for the problem of scattering of the incident
plane wave on a circular object of radius a with sound-soft or sound-hard surface can also
be found. For sound-soft boundary, the situation corresponds to problem with Dirichlet
boundary condition, since the total field must satisfy

ut(au ¢) = ui(aa QS) + US((I, Qb),

and therefore

us(a, @) = —u;(a, @).

The incident wave in polar coordinates takes form

Ui(T‘, ¢) _ Poeikr cos(qﬁ)7

where Py is the amplitude, k the wave number and ¢ defines the direction of the wave.
Expanding the incident wave into series yield (cf. [16])

Pye'*r <@ = Py Jo(kr) + 2Py Y i"J,, (kr)cos(ng).

n=1

Substituting the series expansions into the boundary condition gives

uoHo(ka) 4 2 Z u, H,(ka)e™ = PyJo(ka) + 2P, Z i" Jn(ka)cos(ng),

n=1 n=1

from where again by the orthogonality the coefficients are expressed as
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Jn(ka) cos(ng)

n=—F B : )
" ot H,(ka) em¢

and for the scattered wave follows

us(r, ) = —(FPo Jo (/;Z])( —i— 2P, Z kr) ———————=cos(ng)).

The total wave in the exterior of the sound-soft obstacle will then be given as

u(r, @) = wi(r, @) +us(r, ¢) =

= F (Jo(k’r) — M) +2F, iz” (Jn(kzr) — %) cos(ng)).

6.2.3 Analytical Solution of Scattering of a Plane Wave on Sound-
Hard Circle

Similarly, scattering from the sound-hard boundary is represented by Neumann bound-
ary condition

aus(av ¢) _ aui(av ¢>
o v

The derivative of the incident wave

Ou;(r, ¢)

14

= kP Jy(kr) + 2kPy > "], (kr)cos(ng),

n=1

is substituted into the boundary condition to give equality

kuoHy (ka) + 2k Z u, H, (ka)e™ = kPyJy(ka) + 2k Py Z i"J, (ka)cos(no),
and the same reasoning as in the previous cases leads to

o J(ka) cos(ng)
W= —pnin ' ,
" H (ka)  ein®

n
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and therefore the scattered wave will be expressed as

us(r, ) = —(F

LLOLICIYS SPRACOLICI RN

Hy(ka) H (ka)

n

Finally, for the total wave in the exterior of the sound-hard obstacle we then have

u(r,¢) = wi(r,¢) + us(r,¢) =

s <J0(k:r) - %) 2Ry (Jn(kr) - %) cos(nd)).

n

6.2.4 Convergence and Truncation

The series expressing solutions to sound-soft and sound-hard scattering are absolutely
convergent, cf. [16]. Since we want to use them as analytic solutions for comparison with
numerical results, the question of how many terms are to be used to obtain reasonable
precision arises. The matter of truncation of the series is also discussed in [16], where
empirical rule’ is given to calculate

N =~ 2k

terms of the expansion (where k represents the wave number).

6.3 Numerical Solutions for the Helmholtz Equation

Numerical solutions for the cases of constant boundary condition and sound-soft scat-
tering have been included. Naturally, the values in the exterior are of primary interest, but
it is not possible to calculate 'continuous’ Ls-norm of the error in the exterior. Therefore, a
simple approach is used of calculating 'point-wise’ norm for the limited number of exterior
nodes in which the solution is evaluated. This is not a rigorous technique, but we believe
it gives a good enough quantification. In the following the error is quantified by figures
depicting the ratio of numerical and analytical solutions, which is basically the same, while
it gives the information on the error distribution in addition.
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6.3.1 Dirichlet Problem with Constant Boundary Condition

Scattered field in the exterior — real part

Figure 6.3: Constant b. c., k = 1, analytical solution, real part.

Solution in the exterior - real part

-15 -15

Figure 6.4: Constant b. c., k = 1, collocation solution, real part, 10 constant elements.
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Solution in the exterior - real part

-15 -15

Figure 6.5: Constant b. c., k = 1, Galerkin solution, real part, 10 constant elements.

Scattered field in the exterior — imaginary part

-15 -15

Figure 6.6: Constant b. c., k = 1, analytical solution, imaginary part.

o4
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Solution in the exterior — imaginary part

Figure 6.7: Constant b. c., k = 1, collocation solution, imaginary part, 10 constant ele-
ments.

Solution in the exterior — imaginary part

-15 -15

Figure 6.8: Constant b. c., k = 1, Galerkin solution, imaginary part, 10 constant elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

-3

x 10

Figure 6.9: Constant b. c., k = 1, ratio analytical/collocation, real part, 10 constant
elements.

Normalized ratio of numerical and analytical solution in interior/exterior — real part

x107°

Figure 6.10: Constant b. c., k = 1, ratio analytical/Galerkin, real part, 10 constant ele-
ments.
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Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

-3

x 10

Figure 6.11: Constant b. c., k = 1, ratio analytical/collocation, imaginary part, 10 constant
elements.

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

x107°

15

Figure 6.12: Constant b. c., k = 1, ratio analytical/Galerkin, imaginary part, 10 constant
elements.
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Solution in the exterior - real part

Figure 6.13: Constant b. c., k = 1, collocation solution, real part, 40 linear elements.

Solution in the exterior — real part

-15 -15

Figure 6.14: Constant b. c., k = 1, Galerkin solution, real part, 40 linear elements.

o8
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Solution in the exterior — imaginary part

Figure 6.15: Constant b. c., k = 1, collocation solution, imaginary part, 40 linear elements.

Solution in the exterior — imaginary part

Figure 6.16: Constant b. c., k = 1, Galerkin solution, imaginary part, 40 linear elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — real part

x107°

25

Figure 6.17: Constant b. c., k = 1, ratio analytical/collocation, real part, 40 linear ele-
ments.

Normalized ratio of numerical and analytical solution in interior/exterior — real part

-3

x 10

Figure 6.18: Constant b. c., k = 1, ratio analytical/Galerkin, real part, 40 linear elements.
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Figure 6.19: Constant b. c., k = 1, ratio analytical/collocation, imaginary part, 40 linear
elements.

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

-3

x 10

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

x107

Figure 6.20: Constant b. c., k = 1, ratio analytical/Galerkin, imaginary part, 40 linear
elements.
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6.3.2 Dirichlet Problem with Plane Wave Boundary Condition

Incident field in the exterior - real part

-15 -15

Figure 6.21: Plane wave b. c., k = 1, incident field, real part.

Incident field in the exterior — imaginary part

-15 -15

Figure 6.22: Plane wave b. c., k = 1, incident field, imaginary part.
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Scattered field in the exterior — real part

-20 -20

Figure 6.23: Plane wave b. c., k = 1, scattered field analytical, real part.

Solution in the exterior — real part

Figure 6.24: Plane wave b. c., k = 1, scattered field collocation, real part, 10 constant
elements.
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Solution in the exterior - real part

Figure 6.25: Plane wave b. c., k = 1, scattered field Galerkin, real part, 10 constant
elements.

Scattered field in the exterior — imaginary part

Figure 6.26: Plane wave b. c., k = 1, scattered field analytical, imaginary part.
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Solution in the exterior — imaginary part

Figure 6.27: Plane wave b. c., k = 1, scattered field collocation, imaginary part, 10 constant
elements.

Solution in the exterior — imaginary part

Figure 6.28: Plane wave b. c., k = 1, scattered field Galerkin, imaginary part, 10 constant
elements.
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Solution in the exterior - real part
0.8r

061
0.4r

0.2F

_l L L L L L L L 1 1 1
-250 -200 -150 -100 -50 0 50 100 150 200 250

Figure 6.29: Plane wave b. c., k = 1, scattered field collocation, real part, 10 constant
elements, broad view.

Solution in the exterior — imaginary part

0.8t
061
04 ‘

0.2

_l L L L L L L L J
-250 -200 -150 -100 -50 0 50 100 150 200 250

Figure 6.30: Plane wave b. c., k = 1, scattered field Galerkin, imaginary part, 10 constant
elements, broad view.
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Normalized ratio of numerical and analytical solution in interior/exterior — real part

0.015

Figure 6.31: Plane wave b. c., k = 1, ratio analytical/collocation, real part, 10 constant
elements.

Normalized ratio of numerical and analytical solution in interior/exterior — real part

x107°

Figure 6.32: Plane wave b. c., k = 1, ratio analytical/Galerkin, real part, 10 constant
elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

0.015

0.01

Figure 6.33: Plane wave b. c., k = 1, ratio analytical/collocation, imaginary part, 10
constant elements.

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

-3

x 10

Figure 6.34: Plane wave b. c., k = 1, ratio analytical/Galerkin, imaginary part, 10 constant
elements.
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Total field in the exterior - real part

Figure 6.35: Plane wave b. c., k = 1, total field, real part, 10 constant elements.

Total field in the exterior — imaginary part

Figure 6.36: Plane wave b. c., k = 1, total field, imaginary part, 10 constant elements.
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Solution in the exterior - real part

-20 -20

Figure 6.37: Plane wave b. c., k = 1, scattered field collocation, real part, 10 quadratic
elements.

Solution in the exterior — real part

-20 -20

Figure 6.38: Plane wave b. c., k = 1, scattered field Galerkin, real part, 10 quadratic
elements.
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Solution in the exterior — imaginary part

Figure 6.39: Plane wave b. c., k = 1, scattered field collocation, imaginary part, 10
quadratic elements.

Solution in the exterior — imaginary part

Figure 6.40: Plane wave b. c., k = 1, scattered field Galerkin, imaginary part, 10 quadratic
elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — real part

0.01

Figure 6.41: Plane wave b. c., k = 1, ratio analytical/collocation, real part, 10 quadratic
elements.

Normalized ratio of numerical and analytical solution in interior/exterior — real part

x107°

Figure 6.42: Plane wave b. c., k = 1, ratio analytical/Galerkin, real part, 10 quadratic
elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

0.01

0.008

0.006

Figure 6.43: Plane wave b. c., k = 1, ratio analytical/collocation, imaginary part, 10
quadratic elements.

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part

x107°

Figure 6.44: Plane wave b. c., k = 1, ratio analytical/Galerkin, imaginary part, 10
quadratic elements.
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Solution in the exterior - real part
0.81 :

0.6

0.4

0.2

-15 -10 -5 0 5 10 15

Figure 6.45: Plane wave b. c., k = 1, scattered field collocation, real part, 40 quadratic
elements.

Solution in the exterior - real part
0.8r :

0.6
A gﬁm

0.2

-15 -10 -5 0 5 10 15

Figure 6.46: Plane wave b. c., k = 1, scattered field collocation, real part, 40 exponential
elements.
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Solution in the exterior — imaginary part

0.8t
06f
0.4f ~ ~ =

0.2

-15 -10 -5 0 5 10 15

Figure 6.47: Plane wave b. c., k = 1, scattered field collocation, imaginary part, 40
quadratic elements.

Solution in the exterior — imaginary part

0.8
0.6
0.4

0.2

L L L L L J
-15 -10 -5 0 5 10 15

Figure 6.48: Plane wave b. c., k = 1, scattered field collocation, imaginary part, 40 expo-
nential elements.
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-3
x 10
Normalized ratio of numerical and analytical solution in interior/exterior — real part
25—

1.5

0.5+

Figure 6.49: Plane wave b. c., k = 1, ratio analytical/collocation, real part, 40 quadratic
elements.

x107

Normalized ratio of numerical and analytical solution in interior/exterior — real part

2
1.8 ‘ \
1.6 —
1.4 — I |
1.2

14
0.8
0.6 —
0.4 —

0.2+

077

Figure 6.50: Plane wave b. c., k = 1, ratio analytical/collocation, real part, 40 exponential
elements.
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x107

Norszlized ratio of numerical and analytical solution in interior/exterior — imaginary part
1.8
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1.4 —
1.2
1
0.8 —
0.6 —
0.4 —

0.2+

Figure 6.51: Plane wave b. c., k = 1, ratio analytical/collocation, imaginary part, 40
quadratic elements.

x107°

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part
1.6

1.4—
1.2

1
0.8
0.6
0.4

0.2+

Figure 6.52: Plane wave b. c., k = 1, ratio analytical/collocation, imaginary part, 40
exponential elements.
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Scattered field in the exterior — real part

Figure 6.53: Plane wave b. c., k = 10, scattered field analytical, real part.

Scattered field in the exterior — imaginary part

-15 -15

Figure 6.54: Plane wave b. c., k = 10, scattered field analytical, imaginary part.
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Solution in the exterior - real part

Figure 6.55: Plane wave b. c., k = 10, scattered field collocation, real part, 40 quadratic
elements.

Solution in the exterior — real part

-15 -15

Figure 6.56: Plane wave b. c., k = 10, scattered field Galerkin, real part, 40 quadratic
elements.
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Solution in the exterior — imaginary part

-15 -15

Figure 6.57: Plane wave b. c., k = 10, scattered field collocation, imaginary part, 40
quadratic elements.

Solution in the exterior — imaginary part

-15 -15

Figure 6.58: Plane wave b. c., k = 10, scattered field Galerkin, imaginary part, 40 quadratic
elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — real part
0.12 — :

0.1+
0.08 —
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0.04 —
0.02 — I\
s L\
[ I [ I
-10 -5 0 5

Figure 6.59: Plane wave b. c., k = 10, ratio analytical/collocation, real part, 40 quadratic
elements.

10 15

Normalized ratio of numerical and analytical solution in interior/exterior — real part
0.045 — : :

0.04 —
0.035 —

0.03 —

0.025 —

0.02 —

0.015 —

0.01 —

0.005 —
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Figure 6.60: Plane wave b. c., k = 10, ratio analytical/Galerkin, real part, 40 quadratic
elements.
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Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part
0.12 — :

0.1+
0.08 —

0.06 —

0.04 —

0.02 —

Figure 6.61: Plane wave b. c., k = 10, ratio analytical/collocation, imaginary part, 40
quadratic elements.

Normalized ratio of numerical and analytical solution in interior/exterior — imaginary part
0.035 — : :

0.03 —
0.025 —
0.02 —
0.015 —

0.01 —

0.005 —

Figure 6.62: Plane wave b. c., k = 10, ratio analytical/Galerkin, imaginary part, 40
quadratic elements.
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Conclusions

The objective of the research resulting in this thesis has been programming of reliable
and robust numerical solver for acoustic scattering problems based on Boundary Element
Method. The choice of BEM has been made on grounds of its assumed advantage in
case of exterior problems, since it essentially reduces the calculations from the domain
to the boundary of the scatterer and subsequently pressure field can be evaluated at an
arbitrary point of the exterior knowing the solution on the boudary, without having to
form stiffness matrix for the whole domain. This approach requires reformulating the
Helmholtz equation modeling the time-harmonic pressure field (described in the second
chapter) into a boundary integral form. This can be done in several ways resulting in
slightly different integral equations. Since these integral equations are the starting point
for the BEM discretization, their properties must be well analyzed. This has been subject
to research by many scholars and a number of books and papers concerning the theory
of the Helmholtz integral equations are at hand. Nevertheless, since the whole procedure
must be understood properly, derivation of the standard, so called ’direct’, formulae is
included in the third chapter. The derivation also underlines necessity of proper treatment
of boundary corners. Basic properties of the boundary operators are also given in the
same chapter and requirements on the data and boundary are discussed. The argument
for choosing the direct formulation lays simply in our familiarity with Green’s equations
and weak solutions, since all the formulations appear to be virtually equivalent in terms of
complexity and theoretical as well as numerical considerations.

The fourth chapter briefly summarizes attempts of improving the basic integral for-
mulations in order to resolve the issue of non-uniqueness of solution arising under certain
conditions. The Burton-Miller formulation appears to be the solution to this problem.
Unfortunately, it suffers from presence of hypersingular term, very hard to treat numeri-
cally, which so far prevented it from becoming the standard formulation. It is a subject of
ongoing research and one of the candidates for the next steps in our work.

Out of the three methods available for numerical discretization of the Helmholtz inte-
gral equation, that is Nystrom, collocation and Galerkin, the latter two have been applied.
Collocation appears to be the simplest approach and very well suited for engineering ap-
plications. Galerkin method is somewhat more difficult to code, but on the other hand it
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supplies better results. Both collocation and Galerkin methods are introduced in the fifth
chapter. They have been applied previously, but, as far as is known to us, not much has
been published concerning the basic questions of convergence and error analysis. Some
results in this respect are given in the book by Steinbach and Rjasanow. Their most im-
portant results are included in the fifth chapter for constant and linear elements. The
quadratic elements have been analyzed by our team and the results are presented.

Also, the use of a new type of element, which we call exponential, has been proposed
in some papers. Being defined by combination of polynomial basis function and an expo-
nential part similar to the plane-wave boundary condition, it is assumed to produce better
results for precisely the problems of sound-scattering. We have used this type of elements
with both collocation and Galerkin and the results seem to be promising, unfortunately
the theoretical analysis is not available so far.

The sixth chapter presents the solutions obtained by our solver. First, solution for the
interior problem for the Laplace equation is given, since this equation may be considered
a prototype for the Helmholtz equation and the solver may be easily converted. Because
analytical solutions to the Laplace equation are much easier to find, it served as the first test
of the solver reliability. Further, solutions to some problems for the Helmholtz equation
where analytical solutions may be found are presented. The comparison of the results
proves the general reliability of our software.

Summing up, new fields of acoustics and Boundary Element Method have been studied.
A reliable numerical solver for exterior problems of sound-scattering has been created.
Necessary theory has been researched and some results proved concerning the application
of quadratic elements. It should be pointed out that the solver is also capable of solving
interior problems and large proportion of the theory as well as the solver may be adapted
to other practically important problems, e.g. electromagnetics.

There are several directions in which the work can be extended in the future. Firstly,
the Burton-Miller formulation may be applied to obtain a robust solver not sensitive to
the data. Also, problems with non-convex scatterers are of importance with appropriate
modifications to the solver. A possible solution may be the use of exponential elements
with a star of directions combined with an algorithm for adaptive choice of the directions
as suggested in [23] in the case of Finite Element Method. Finally, the inverse problems
may be studied, for which the present solver would form the basis.

The author considers the following to be the achievements of this work:

e BEM solver capable of finding numerical solutions for exterior and interior prob-
lems for the Helmholtz equation and applicable in engineering practice has been
programmed

e the theory of integral equations and Boundary Element Method has been studied
and partially extended, namely error analysis for quadratic elements has been done
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e advanced type of basis functions has been used to create new type of element, which
has been tested in calculations with promising results

e experience in a new field of research has been gained and the recent work forms a
basis for further development



Appendix A

Kellogg Regular Surfaces

Definition 3 A curve is reqular if it is continuous, consists of a finite number of
continuously differentiable arcs, has no double points and is of finite lengths.

A regular surface element is a point set which for at least one cartesian coordinate
system (x,y) can be represented in the form

z=F(z,y), (v,y)€H,

where F' is continuously differentiable in H and H is a finite closed area of the x —y
plane which is bounded by a reqular closed curve.

A regqular surface is a point set which can be divided into a finite number of reqular
surface elements in the following way:

(a) Two of the reqular surface elements may have in common either a single point
which is a vertex (the point at which two edges meet) for both, or a reqular arc,
which is an edge (continuously differentiable arc bounding a surface element or
its part) for both, but no other points.

(b) Three or more reqular surface elements may have, at most, vertices in common.

(c) Any two of the regular surface elements are the first and the last of a chain,
such that each has an edge in common with the next.

(d) All of the regular surface elements having a vertex in common form a finite
chain such that each has an edge terminating in that vertex in common with the
next. The last may or may not have an edge in common with the first.

A surface is closed if each of the edges of every reqular surface element belongs to
two surface elements.
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A point is regular to a reqular surface if there exists a decomposition of the surface
into reqular surface elements such that the point does not belong to an edge. It is
reqular to curve if the curve is continuously differentiable at that point.

A curve or surface is called smooth if all its interior points are reqular points.

A regular region is a compact point set bounded by a finite number of closed reqular
surfaces such that no two of the surfaces have a point in common.
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