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Abstract

We present a comparison of various methods of local absorbing boundary conditions
(ABC) for numerical solutions of the Helmholtz equation exterior to an ellipse. We
also introduce a new boundary condition based on a modal expansion in Mathieu
functions. We compare this new ABC for an outer ellipse with the other boundary

conditions.

Elliptic equations in exterior regions usually require a boundary condition at in-
finity to ensure the well-posedness of the problem. One of the practical applications
is the Helmholtz equation. For computational reasons one needs to truncate the
unbounded domain. Typically, truncation is implemented by the introduction of
an artificial outer domain, together with absorbing boundary conditions along this
domain, that reduce wave reflections into the physical domain. Bayliss with Turkel
[3] and later with Gunzburger [2] presented a sequence of boundary conditions in
polar and spherical coordinates. These boundary conditions were generalized by

several authors when the artificial surface is not a circle or sphere.

In this paper we consider scattering about an ellipse (for which the exact solution
is known). We compare local boundary conditions that link only nearby neighbors
of a boundary point. We consider the 2D Helmholtz equation in frequency space.
We consider On Surface Radiation Conditions (OSRC) and also exterior problems
solved by finite difference algorithm.
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Chapter 1

Introduction

Technologies such as ultrasound, sonar, radar or geophysical exploration deal with
recognition of objects or their properties. It is done by means of the shooting of
an acoustic or electromagnetic wave toward the objects and then investigating the
reflected wave. This is an ill-posed inverse scattering problem that is difficult to
solve, especially from a numerical and computational viewpoint. Usually, to solve
inverse problems one needs an effective method to solve a direct problem. In this

instance, we focus on a direct frequency domain problem.

For example, consider the wave equation

1 0%
2ge Av=0

When we apply the Fourier transform in time, assuming v = e “!u, the wave

equation becomes a Helmholtz equation:

W2
Au—i——Qu:Au—szu:O
c

Our discussion here concerns the numerical solution of a Helmholtz equation ex-
terior to an ellipse in elliptical coordinates. In Section 1.1 we introduce the elliptical
coordinates, in section Section 1.2 we describe the problem and the Helmholtz equa-
tion, followed by a brief introduction of Mathieu functions in Section 1.3. In Chap-
ter 2 we present various generalizations of the Bayliss-Gunzburger-Turkel (BGT)
boundary condition followed by the new boundary condition in Chapter 3. In Chap-
ter 4 we present details of our implementation, with numerical results of comparison

in Chapter 5, followed by our conclusion in Chapter 6.

15



16 CHAPTER 1. INTRODUCTION

1.1 Elliptical Coordinates

In this section we introduce elliptic coordinates (see Figure 1.1 on page 16). Consider

an ellipse in the (z,y) plane that is given by (%)2 + (%)2 = 1 where a, b are the

major and minor semi-axes of the scatterer, respectively.

Figure 1.1: Elliptical Coordinates

The eccentricity of the ellipse is given by e = g = 4/1— Z—i € 10,1}, where
f= Va2 + b2 is the semi-focal distance (the distance from the center to either
focus). The ellipse can be defined by any pair from {a,b, f,e}. The most common
definition of elliptic coordinates (&, ), which comes from the real and imaginary

parts of (x 4+ iy) = f cosh(§ + iyp), is given by:

{ x = fcosh&cosyp (1.1)

y = fsinh&sin @

where £ > 0 and ¢ € [0,27). The parametric representation of the ellipse is given

by (acosp,bsing). Thus, when we fix { (£ = ;) the semi axes are a = f cosh;

and b = fsinh¢;. Fixing ¢ = ¢, then gives us —£— — =L = cosh{ —sinh¢{ =1

COoS ¢¥n, sin ¢y

and the appropriate surface is reduced to a hyperbola.

The following definitions will be used later in this paper. The scale factors, or

metrics, are given by

he =hy, = f sinh? € 4 sin? ¢ = f1/0.5(cosh 2¢ — cos 2¢)
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Along the fixed ellipse {; it becomes

d
he = hy = £ = \/@2 sin? ¢ + b2 cos? (1.2)
We can now define curvature ¢ = Z—g and the normal (n) and tangential (s) deriva-
3

tives:

o 1ou

on N hg 845

ou_ 1 ou

ds hy, Op

1.2 Helmholtz equation

The Helmholtz equation, named for Hermann von Helmholtz, is the elliptic partial
differential equation Au + k?u = 0 where A = V? is the Laplacian and k = 27“ is
the wave number. Helmholtz equations are used to model a variety of important
physical systems, ranging from heat distribution to the transmission of sound. In

this paper we consider an acoustical scattering problem.

The Helmholtz equation exterior to some body represents wave scattering about
the body at a given frequency. We consider a plane wave propagating through a
homogeneous media and impacting the body. To determine a unique solution to the
scattering problem we choose the Sommerfeld radiation condition (1.5) at infinity.
Physically, this represents the demand that scattered waves cannot enter the domain

from infinity. Formally, the problem for the scattered 2D wave u is described by

Au+k*u =0 inQ (1.3)

U = —Uine on 0N

ou Ou (14)
or g1 = —“gne on oS
lim r2 u _ iku | =0 (1.5)
T—00 or o ’

where wj,, = e~ (@cost+ysind) s the incoming plane wave and 6 is the incident angle.

When computing wave scattering about a body either in the time domain or
the frequency domain one needs to truncate the unbounded domain and introduce
an artificial surface with an absorbing boundary condition to prevent reflections of
outgoing waves into the domain. We consider local absorbing boundary conditions

(ABCs) that link only nearby neighbors of a boundary point. We shall consider the
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Helmholtz equation in frequency space. Then these boundary conditions are of the

form 0 = Bu = (% — zku) + low order correction terms.

Figure 1.2: Scattering

The general curvilinear form of the Laplacian is

Auo L [0 (hehs 9\ 0 (hihs 8\ 0 (hhs 8],
- h1h2h3 811,1 h1 Bul 8UQ hg 811,2 aU3 h3 aZL3

where the h; are the metrics of the coordinate system. Since in 2D elliptical coor-

dinates we have identical metrics in both directions we have the following form of

Helmholtz equation:

178 &
[a£2+}u+k2u:0

Let us show that the Helmholtz equation is separable in elliptical coordinates.

First, rewrite the Helmholtz equation in a more convenient way :

0* | 0
[a£2+ ]u+h§k2u:0 (1.6)

Attempting a separation of variables by writing u(§, ) = ¥(£)®(y) equation 1.6

becomes

0*W 0*® 5
@852 +\P—+h€k: v =0
Divide by U® to get
10°0  10°®

- 2—
\118£2+q)82+h5k 0
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Expanding the h¢ term

10°0  10°®  f2k?
il — h2& — 2p0) =
v oE + B 92 + (cosh2¢ — cos2¢) =0

allows us to rewrite it in the following form

1020 f242 1020 f22
(358 + T3 eona) + (g5 -5 o2e) =0

Now we can get the following system

10°F  f2k?
68752 + B cosh 25 = a
1 0%  f2k?
a+ 687802 — ? COS 290 =0
where a is the separation variable. Let us define g = # to get the most known

form of this system of equations:

2

a@f‘f —(a—2gcosh2) ¥ = 0 (1.7)
82
952 + (@ —2qcos2p)® = 0 (1.8)

The equations (1.7) and (1.8) are known as the radial and angular Mathieu
equations (RME, AME), respectively. Their solutions are the radial and angular
Mathieu functions (RMFs, AMFs). In the mathematics literature equations (1.7)
and (1.8) are often called modified and ordinary Mathieu equations. The transfor-
mation ¢ — i€ "modifies” AME to RME and vice versa. The introduction of the

Mathieu functions is given in the next section.

1.3 Mathieu functions

The Mathieu functions were introduced by Emile Mathieu in 1868 [17] when he was
analyzing the movements of membranes of elliptical shape. As was shown in the
previous section, Mathieu equations appear in the solution of Helmholtz equations
in elliptical coordinates. The forms of equations (1.7) and (1.8) were introduced by
Ince [9] and often called the canonical form of the radial (i.e. Modified) and the

angular (i.e. ordinary) Mathieu equations.
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Physical considerations are usually such that AME (equation (1.8)) has periodic
solutions with period 7 or 27r. The values of a which satisfy this condition are known
as characteristic values (eigenvalues), and they generate an infinite set of real values
which have the property a; < @min : m,n € IN'. When the solutions ®(¢) are
even with respect to ¢ = 0, the characteristic values are denoted as a,,(q) , whereas

for odd solutions they are represented as by, (q).

Since AME (1.8) is a second-order differential equation, there are two families
of independent solutions denoted as the first and the second kind. The even and
odd solutions of the first kind are usually denoted ce and se, as first suggested by
Whittaker and Watson [23], from their relation to the cosine-elliptic and sine-elliptic

respectively. The solutions of the second kind are non periodic.

The Radial Mathieu equation (1.7) plays in elliptic coordinates a similar role as
the Bessel equation in circular coordinates. In this sense, for each Bessel function
[J, N, I, and K] there exists a Radial Mathieu function; however the presence of
even and odd versions in the elliptic case leads to eight RMFs. The solutions of the
first kind are denoted as Ne, No where ’e’ and '0’ denote even and odd respectively.
The second kind is denoted in a similar way Je, Jo. Our case does not consist of

q < 0, hence we will not deal with I,K, but there is a similar naming convention.

Analogous to Hankel functions H,(n1 )2 occurring in Bessel equations and circular
cylinder coordinates, there also exist the Mathieu-Hankel functions (Me, Mo) of the
first and second kind, that are also called the third and fourth kind of solution.

Now we can write the solution to the Helmholtz equation in the following way:

u(€,9) = > anMeD (€, q)cen(€,q) + BuMolD (€, q)sen(€, q) (1.9)
n=0

where a,, 8, are functions of ¢, incident angle 6 and artificial ellipse &p.

'IN denote set of natural numbers (non-negative integers)



Chapter 2
Previous work

Bayliss and Turkel (1980) [3] introduced a sequence of boundary conditions for the
Helmholtz equation. They considered an expansion (2.1) of spherical (cylindrical in

2D) waves that asymptotically converge in the reciprocal of the distance.

U~ \/7 ikr=3) Z km (2.1)

Then they designed a sequence of boundary conditions that match higher order
terms in the portion that corresponds to waves leaving the domain. Together with
Gunzburger [2] this was generalized to the frequency domain. Since the series consist
of spherical and cylindrical waves, the terms that appear include the distance from

the origin and also the derivatives in spherical and polar coordinates.

BGT : Byu = H<§—zk+ . 2) u (2.2)
T

j=1

In this work we will be focused on the most popular boundary conditions Bj, Bs.

Particularly we will write these cases implicitly.

BGT; : g:f = <Zk: - 1) u (2.3)

o . 5 a . 1
BGTy: 0 = <87’_Zk+2> (E%’_Zk+2"r’>u

Pu du 3 5 3ik

Using the Helmholtz equation in polar coordinates to eliminate 2 8 o4 we get

21



22 CHAPTER 2. PREVIOUS WORK

du L (3 Bk 1 P
or  2(ik—1) \4r? r 2r2 (ik — 1) 062
1 1 1 *u
= |ik—=—- - — 2.4
(l 2r  8r2(ik — 7%)) YT 22 (i - 1) 02 24)

An alternative method was introduced in 1993 by Li and Cendes [15]. They

considered a modal expansion
w~ Y An(0)Hy(kr) (2.5)
n=0

where H,, is an n!™ order Hankel function of the second kind. Another modal

expansion was used by Givoli and Keller [5]:

— fi(0 — g (0
u = Hy(kr) Z Jr(j ) + Hy(kr) Z ]r(j ) (2.6)
§=0 §=0
Both approaches yield the following boundary condition
ou H{(kr)
— = k=Y 2.
ar Ho(kr) " 2.7)
ou H{(kr) Hi(kr)  Hi(kr)\ 0%u
a " [Ho(kzr) "\ ‘@G~ HGr) ) 967" (28)

To reach this boundary condition put o = r and ¢;(ko) = H;(kr) in Chapter
3 equation (3.4) and then reduce it using the Hankel equation. The significant
difference between (2.3),(2.4) and (2.7),(2.8) is the accuracy when k is small.

2.1 Various Generalizations of BGT

In this section we present a brief survey of various generalizations of BGT (2.2)
about an ellipse. These generalizations will later be compared with the exact solu-
tion and with the new one. For now we will call a,b the semi-axes of the artificial

elliptical boundary.

2.1.1 Grote and Keller

In 1995 Grote and Keller [7, 6] considered an approach similar to the original BGT

paper [2]. They based their work on an expansion in elliptical waves (2.9) instead
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of the cylindrical expansion (2.1) used by Bayliss et al.

2 i(kfcoshé—7) g] 0 k
O 2.
YN\ Tk f cosh € Z (k f cosh €)i (2.9)

They found that replacing » — f cosh¢ is the main difference between (2.1) and
(2.9). They then applied this transformation on (2.2) to get

Bou = ﬁ L 9 iy 2 =5 (2.10)
mt = 4\ Fsinhe o T Feoshe ) | '
ou b (. 1
BGT; : % a(zk:a—Q)u (2.11)

BGT:: 0 = (fsinhgag‘“”gfcoshg) <fsmhgag‘““+2fcosm>“

_ 10w ladu [ ,H 10u i_lg_% "
T o Vbog 2 boe

0u b ou V3 55 3ikb?
= —_— 2 —_— = —_— —_—— _——
a§2+< ikb+3— >0£ <a24 k*b - >u

Using Helmholtz equation (1.6) to eliminate 2 d§2 we get

ou 1 9%u b2 3 3ikb?
— = R2k? — — = + k% + 2.12
96~ (—2ikb+ 30 — ) <8<,02 " < K@y TRV ) (212

2.1.2 Reiner et al.

The simplest method was presented in 2005 by Reiner, Djellouli and Harari [20].
They replace r — fcosh¢ like Grote and Keller [7], but they present a different

form in the case of m = 2. In particular, instead of

Pu_ 10 Ladu
o2 2o b2bo¢
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(see (2.12)) they eliminate 2 8 % using the Helmholtz equation in polar coordinates

and then replace » — fcosh& and 6 — . Hence they get

10%w 10u 10u 3 3ik
0 = _a?8g02_a2c9§_ku+< 2’lk—|— >b8§+< k —l—a>u
Pu  a 0u 3 2, 3ik
= —— — =2 (ika — — =2
922 b (ika )8§2+ <42 k a>u

Solving it for one can get

du _ b a? B3 gy 3Ry, 1 O
9~ a\2(ika—1) \4a2 a )" 2(ika — 1) dg?

= (5 sn) s 9 (219

2.1.3 Kriegsmann et al.

An interesting method was suggested in 1987 by Kriegsmann et al. [14]. They note

that the metrics of polar(spherical) coordinate are h, = 1,hy = r, S0 % = %
and 5. = %8% Furthermore, the curvature on an artificial circular boundary is
To 0l _ in@ 2 9 2
C(a:,y) = (x,éy +y,§)3y/2 = ((gsfnS;?Qi(jézscg§2))3/2 = <. Hence they get the boundary
condition
1 Ju ou ¢
BGT; - = —=[(ik—2= 2.14
L he 0€ on (Z 2)“ (2.14)
ou . ¢ ¢? 1 0%u
BGTy: — = k—2——>—— - 2.15
2" On (l > TSk =0) " - goz @Y
2.1.4 Jonmes

Later, in 1989, Jin et al. [10] (see also [12]) used (2.15) to study the scattering of
electromagnetic waves by impedance-loaded elliptical cylinders of varying eccentric-
ities. With the radiation impacting in the § = 0 direction , the accuracy of (2.15)
reduced as g becomes small. Jones [11] (see also [12]) used derivatives of curvature

to improve Kriegsmann’s method, and got the following modifications

Ouw (¢ ¢? 1 92¢
BCTLy: 5, = (“‘" T3 Rk C)> Sik(ik—0) 052"~
1 0%u 1 ¢ Ou

2(ik — ) 0s?  2ik (ik — ¢) s Os
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Thus

ou (. ¢ 1 5  10% 1 0%u  109¢ou
o = (%55 (o)) =g (o o o)

(2.16)

2.1.5 Kallivokas et al.

Kallivokas et al. [13] considered a geometric optics-type expansion

ik Ii
e Xz(ikiv)j

where 7 is an arbitrary function introduced for dissipation and hence stability.
They defined a sequence of boundary conditions. One of them, the second order
in Kallivokas terminology, when one chooses v = —(, is similar to Kriegsmann’s
BGT; [see equation (2.15) |. The following third order condition in Kallivokas’

terminology will be used for the comparisons.

ou (. ¢ 1 ) 1 9%
o <”“_2_8<z'k—<> (C +<z’k—<)8s2>)“_
1 1 0Cou 0%*u
s (a0 * 5%) @.17)

2.1.6 Antoine et al.

Antoine et al. used an asymptotic expansion in k. Their expansion was based on
pseudo differential operators using a decomposition into incoming and outgoing
waves as an extension of (vAu—ku)(vAu+ku) = Au— (ik)?u. For the two terms
that they calculated they recovered the BGT boundary condition for the circle and
the sphere. For an ellipse, in the BGT} case, the resultant boundary conditions were
similar to Kriegsmann’s (2.14). The elliptical BGT5-like result was the following

boundary condition:

¢ ¢? 1 9% o 1 du
0n_(Zk_2_8(ik:—§)+8k:2832>u_8s<2(z’/~c—()8s> (2.18)
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2.1.7 Meade et al.

Meade et al. [19, 18, 16] used the chain rule to translate the original BGT from

polar coordinates to normal-tangential coordinates. We will show here the similar

application of the chain rule directly to elliptical coordinates. Let us write (2.4) in

general form

ou 0%u
ar -t e
where
o =1k — ot
2r  8r2(ik —1/r)
and

1

f=30 (ik — 1/r)

ou

Applying the chain rule to ¢ and then using (2.19) one can get

Ou _ Oudr  Oudl au+632u &—i—%%
o0& 00 9¢

96 " oroc T o0oE 962

(2.19)

(2.20)

We now want to rewrite (2.20) without derivatives with respect to 6 but with

derivatives of u in elliptical coordinates. Thus we use the chain rule again to express

Nl
o0

0%u 0 (0uds  Oude
962 90 \ 9 00 " 9y 00

¢z \ 20 P A,

u

Using the elliptical Helmholtz equation to eliminate the g%

0%u — (—@—thQu) 9¢ ’ 282u 9¢ 09
06?2 Dp2 £\ 00 dp O BO 90
Pu (9p\*, PCou 0 ou
2 \ 00 902 9¢ 962 Dy

&\ 2 OPu 98 Ou [ (0p\?
_ 1232 i) ST 27 - _
= ~Rheu (ae) T 25, 0e90 00 T 92 (ae) (

PEou P du
902 9 902 9y

2 2 2 2 2 2
0°u [ 9& +28u 00  O0%u (O +%@+77
002 9¢ 062 dp

0%p Ou

term one gets

))+
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We apply this result to (2.20)

bu _ L or 0L000u 0p00ou  or P
o~ “o¢" T onocoe a0 oo, T oe 002
=0 ane (26 0900 j0rd%p
~ % (O‘ Ak <aa> v\ 0 0e " oe 002
2 2 2
L 0000 Pu it ((95\? (o
o€ 90 00 o0t o a2 \ \ a0

L 06000u  j0r 9% Ou
90 0 9 | 9€ 02 D€

With simple algebraic manipulations one can write it as

2 2
R O R Gy I L.

20

00

27

E3 o€ o0 a0 o T " aE 002
yg0r 9600 B orotu ((9\ (0¢
0& 06 00 Jp O¢ € D2 00
where T = (1 — %g—g — ﬁg—g g—Zﬁ) Next we try to simplify it using the following
identities
or 96 _ 960 Or
or 0 00 08 __ B¢ 9o  9¢ 9p
.7575+7§7g_a§a¢ %€0s _ 1
dpor |, Dpo _ — ottt It e
*ootawoe=—""7 =0

where 7 is the Jacobian.

Now we can write Meade’s ABC for elliptical coordinates

ou 1 ou d%u 9%u
—=— A B—+D—+F
o€ C< et 5s0+ 952 89@(%)

(2.21)
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where
A = ﬂh2k2<g§>
b= a%rﬁae?
o= o((5) ()
£ = 250

The equation (2.21) is more complicated than the previous ABCs, especially be-

. : : o . : 82
cause of inconvenient mixed derivatives. It is impossible to express 9ppE N terms of

other terms in (2.21). Meade et al. suggested a few ways to treat mixed derivatives.
The simple one is to ignore the inconvenient term, while the interesting one is to
derive BGT].

Let us develop the boundary condition that is obtained by this approach. After
applying the chain rule BGT} becomes

ou _ ouor  ouon
o€ or 0§ 00 0¢

O (g Y 90 (00u 2p0u
T (it~ ) * o€ <ae o " o0 6(,0)

To achieve the last equality one can use the identities listed on the previous

page, 27. Then, we derive it with respect to ¢ and reach

0%u 1 0% (. u  Opdu
= tku — — — ——
O O¢ £20p Or

+ 1<<ik‘—1— 8SO >au+1aru_a¢82u)
& 2r  Opdr) dp = 2120 or dp?
_ 1(<ik—1— Do >8u 1 or _8790@_ 0%¢ 8u>

2r  Opor

90 T 2205" T Orog?  dpor ot

Substituting this in (2.21) gives us
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1 (gu FBO 522“) (2:22)
where

A= A ;217023;

B = B+E1T<z'k:—2lr—af;’gr>

. 2

o - C+E§1raigr

D - p-pgr%
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Chapter 3

New Absorbing Boundary

Condition

The original BGT boundary condition was developed from a series in % For scat-
tering about a circle, an alternative is to use a modal expansion in Hankel functions
[15]. The resultant ABC has coefficients that involve H;l)(kr), j =0,1. For large k
this gives results similar to the BGT approach. However, for small wave numbers it
is significantly better. For scattering about an ellipse we consider a modal expan-
sion in Mathieu functions. The resultant ABC has the same structure as before,

but now the coefficients involve Mathieu functions.

Assume an expansion in arbitrary functions [15]:

u = coYo(ko)+ c1yp1 (ko) (3.1)
g—: kol (ko) + ke, (ko) (3.2)
82 1 /i
872 = Kell(ko) + ket (ko) (3.3)

Solving for ¢g, ¢; from the first two equations we get

ku — 9%
kD

/ du

c _ /ﬂl)ou - ?/)o do

! kD

where D = 1] — (1 Substituting it in (3.3) we get

Oc? D Oo D

31
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For elliptical coordinates, o = & and (ko) = M;(§) where M; is a Mathieu-
Hankel function of jth order [see (1.9)]. But, as stated in Section 1.3, there are even
and odd Mathieu-Hankel functions, and hence it is not completely obvious which
Mathieu functions to choose as the first two functions M;(£). However, the exact
solution for scattering about an ellipse with a plane wave at zero angle does not
contain any of the odd Mathieu functions (by symmetry). Also, for larger aspect
ratios the first even and the first odd characteristic values are extremely close.
Hence, we choose two even Mathieu-Hankel functions M;(§) = Me;(€), j = 0,1,

with the corresponding characteristic values ag, ai.

Now (3.4) becomes

O*u  MiM{ — MoM{ du  —MjM{ + M{M]
5 == U
0¢? D o¢ D

with D = MoM] — M}M;.

0:

One can reduce the M” term using the Mathieu equation
M = (a, — 2q cosh (2£)) M,
Thus

MM — MoM{ = M; (ag — 2qcosh (2£)) My — My (a1 — 2q cosh (2€)) M,
= (CLQ — al) M0M1

and

—M{MJ + M{M{ = —M]j (ag — 2q cosh (2€)) My + M, (a; — 2q cosh (2£)) M,
= —MoMjag+ MyMiay + (MoM{ — MyM;) 2q cosh (2€)
= Dag — Dag — MyMiag + M) Miay + 2Dq cosh (2€)
= —Dag + MM (a1 — ag) + 2Dq cosh (2£)

to reach following formula

0

0?u  (ag — ay) MoM; @ N —Dagy + MM (a1 — ag) + 2Dg cosh (2§)u

“oe T D € D

du
2

Now we remove ez term using Helmholtz equation (1.6) and get
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(ao - CL1) MOM1 8u M(/)Ml (CLl - CLQ) 82u
0= D %4_ —ap + D + 2¢ cos (2¢) u—a—gp2
Solving it for g—g we reach the new boundary condition

ou _
e
D M)M; (ag — a
(a0 —ar) Mol (ao + (DO D _ 2q cos (2g0)> U+
D o
+ . (3.5)
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Chapter 4
Numerical Implementation

In this chapter we describe the discretization used for the comparison of our bound-
ary condition with the approaches described in Chapter 2. One wishes that the
outer artificial surface resemble the scatterer to prevent unnecessary interior nodes.
Hence, for oval-like scatterers we consider an elliptical outer surface. In some cases

these boundary conditions were imposed on the scatterer itself (OSRC).

We consider a comparison for both the Dirichlet and Neumann problems, when
absorbing boundary conditions are imposed directly on the ellipse (OSRC) and
exterior to the ellipse (ABC). In the next two sections we will explain the main

points of our implementation.

4.1 ABC on Elliptical Artificial Body

For the boundary condition on the artificial body we consider a finite difference
approximation. For the finite difference discretization we shall construct a linear
system of equations Au = b. For the Neumann problem we compare the solution
u on the internal boundary, while for the Dirichlet problem u is known. Hence, for

the Dirichlet problem, we compare the normal derivative approximated by

Ou\  _ —ugj+dug; —3ui,
on 1, N 2(5§h5

on the internal boundary. We will describe the numerical scheme for the Helmholtz
equation with both Dirichlet and Neumann boundary conditions, followed by the

discretization of various ABCs in Section 4.1.1.

35
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We first write the central difference scheme for the Helmholtz equation

Uit1,j — 2U; 5 + U1 5 + Wi 41 — 2Ui5 + Uij—1

212 _

. 62
Defining o = é we get

(i1 +uim1g) + o (uign +uig) + (Ggk°h7; —2(1+ @) ui; =0 (4.1)

In particular, we get the following system:

A1 Bl u,| bl

I Ay 1 : 0
I A,1 I

BQ An Up, | 0

where [ is the identity matrix, By and A, define the boundary condition on the
artificial ellipse, an ABC discretization described in Section 4.1.1. A1, b1 define the
boundary condition on the internal ellipse, i.e. type of scattering (soft or hard).
The A; matrices for 1 < ¢ < n describe the Helmholtz equation with an angular

periodic condition.

dz‘,l [0 0 o
a dip o 0 0
Ai=| o (4.2)

where d; j = 5gk2h%j —2(1+ «).

For the soft scattering (Dirichlet) problem we have u = —u;ne, s0 Ay =1, B; =0

and b = —u;,e. For the hard scattering (Neumann) problem we have
U4l —Ui-1,j _ _ Ouine
26¢ o0&

Using the Helmholtz equation (4.1) to eliminate u;_q ; we get

OUine

28¢5

= 2u141,5 +a (U1 +ur 1) +dijurj



4.1. ABC ON ELLIPTICAL ARTIFICIAL BODY 37

so we have by = —20;¢ 8152”6, B; =21 and A; is similar to that from (4.2).

4.1.1 Discretization of Various ABCs

Let us define By and A, for ABCs from Chapter 2 and for the new condition.
Particularly, one can see below that By = 21, so we will talk only about coefficients
of

do1 a0 b
Gy dpy a0 0
A, =1 0 : (4.3)

Grote and Keller

e BGT; Recall equation (2.11)

u _ by L
o6 a ey

for which the central difference scheme it is given by

Unt1j —Un-15 b (. 1
% = 5 <2ka — 2> UnJ‘

when the Helmholtz equation (4.1) is used to eliminate the w41 ; term, it

becomes

b (. 1
0=2up—1,;+a(Unjr1 + tnj—1)+ <25§a <zk:a — 2) + dn7j> Un,j
from which A,, members can be defined:

OZJ':Oéj

Oéj:Oé

5 b (. 1
dn,j = 2555 (zk:a — 2) + dn,j
e BGT, Starting from equation (2.12)

%_ﬁ @_’_
o¢ ~ "\ T
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where
b a\ !
8= (—2ikb+ 3— — )
a b
and 2 2
5 31
22 12 2,2

and writing its central difference scheme

Un41,j — Un—15 Unj+1 — 2Unj + Unj—1
Untlj — Un-1j _ " -
20¢ B < 52 tYtng

after eliminating the wu,y1 ; term using the Helmholtz equation (4.1) to get

1
3

2

7

We reach

Oéj = Oéj

. 1

& = « (Qﬁ + 1)
O¢

2
dn,j = 25(5& <’y — (52) + dnJ’
©

Reiner et al.

e BGT: Rewrite equation (2.13)

o by L o
ok a “ 2 (ika — 1) Op?

where 3 = ika — % — m. Using a central difference scheme

Upt1,j — Un—1,j b 1 Un,j+1 — 2Un,j + Unj—1
20¢ 2(ika — 1) 63
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and using the Helmholtz equation (4.1) again to eliminate w41 to obtain

b1 %
a (ika — 1) 62

b 1
250 — ) g
+ <5§a (ﬁ—i_(ika—l)(%)_‘_d’j)u i

0 = 2un—Lj+’<a )(Una+1*-una—1)+

one can define
dj = ééj
b 1 O¢
i = o — -~ &
J a (ika — 1) 62

5 b 1 1 1
nj = 20¢— ka — — — X X dn
g 5§a <Z 73 8(2ka—1)+(zka—1)(5i>+ ’]

Kriegsmann et al.

e BGT) Kriegsmann BGT) given by (2.14)

Lou_Ou_ (. C\,
he 06 On 2

Its central difference scheme given by

Untlyj —Un-1j _p (o ¢ 4
266 3 <Z 2 n,)

Applying it in the Helmholtz equation (4.1) to eliminate w41 ;:
0=2u, 1, +a (Un7j+1 + umj,l) + <25§hn’j <Zk‘ — g) + dn7j> U, j

we arrive at

e BGT» Remember the equation (2.15)

3“-@_& ¢ >u_ Lo
on 2 8(ik — () 2 (ik — () 0s2
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One can use A.2 to abolish the g—; term to reach the following form

Ou h <.k_C_C2> __ he 1 0% 20 0u
oc — "\ T 278 -0)" T2k - \K2o?  hZoy
_ ¢ ¢? 1 u Au
- h5<”“_2_8<ik—<>>“_2h5(z‘k—<> <8w2_”’6¢>

f?sin(2¢)
4n7

where W =

Now let us write its central difference scheme

Un+1,j — Un—1,5 — o ik — g . CQ _ 1 %
20¢ " 2 8(ik — () 2hy,,; (ik — C)
oo Yngt = 2ng tUngo1 o Ul — Unggo1
62 20,

n,) - e

T S ¢ 1 A
= g (Zk_Q_S(ik—C)+h2 52 (ik—Q))un’]_
1

1
_ v nitl —
th,j (Zk - C) 5@ <5<p > gt
1 1
4w i
th,j (ik—C) 5@ <5<p " >u I

We once more want to eliminate the term wu,1 ; that is still in the Helmholtz

equation (4.1). One can then express the formula as

ol ()

+ 2up—1, + (20¢hn B + dn j) tun,;

+

where

S ¢? 1
b= <Zk_2_8(ik—g)+h2 .52(ik—g)>

n,g- e
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And we accomplish

doy = 2ehny (S &4 : + dnj
n,j &lin,g 9 g(z‘k—o h%,j(ss% (%k—C) "

Jones

e BGT, Consider equation (2.16)

ou 1 0%u 1 0¢0u
5 = YW=~ | 53 + =
on 2(ik — ¢) \ 0s® ik Os Os
where v = ik — % — m <C2 + %%). As before, we remove the 8‘9—522 term

with A.2 and write it as a central difference scheme

Unt1,j — Un—1,j L 1
Unly —Un-1j _ .o 1
20¢ iV T 50k — )

o L unj1 — QUZ,J' T lng-1 4 ogUngtl — Unj-1
Fni 52 20,

_Isin@g) | 1o

where 3 = - 5
4h5

2ik Os *

When the Helmholtz equation (4.1) is used to reduce uy1,; one gets

_ va_ (1 |
o = (o @ (g +7)) mein

i <O‘ - (z‘k\/—ao (&Pin,j 7 )) !

126 1
20¢hy, — dnj | Un,j + 2un—1,

And we finish with
1
dj = a-— Va < - ﬁ)

(ik = ¢) \dphn,;
. Ja 1
G = G Gy TP
. 126 1
dnj = 20chn;v+ < +dy

hn,j @ (Zk - C)
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Kallivokas et al.

e BGT; In similar way to work with (2.17)

ou 1 1 0Cou 0%u
R — /Bu _ . + —
on 2(ik —¢) \(ik —¢) 0s ds = 0s?
- 24 9%¢ 92
where 3 = ik — zk 9 (C Zk 9 852) Next we eliminate the term 5

using A.2 and reach the following central difference scheme

Un+1,j — Un—1,5 3 1 1
20¢ malfing = (ik =€) hn, 30
1 1 1 1
X ((&p + ')/2) Un,j+1 <5g0 - ’72> Un,jl)
5 1 1 24 1 f?sin(2¢p)
where ﬂ =0+ 3(ik—0) hf 52 and Y= (ik—C) 830 + il;hgw

Once again we apply the Helmholtz equation (4.1) to eliminate w41, and

reach
0 = (20¢hn;B + dnj) unj +
“ (o @ g, (5 07) ) mom s
" <O‘ B <ik\/—ac> hlj <51go B 72» gt A

And we have

Antoine et al.

e BGT, When dealing with equation (2.18)

ou 0 1 1 Ou
as:hﬁf’“‘aw(zwk—ow)

¢ ¢ 1 9%
2 R(k—0) 8k 0

where
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we use A.3 to eliminate the % (2(%170 h—lgg—f;) term. And then we write the

following central difference scheme

Unt1,j — Un—1,j 1
= hp; P — X
26 nifng = 5078
X (2TUTL7]+1 — un7j—]_ + 1 Un7j+]_ — QU;LJ + un,j—l)
20, hnj 62
_ 1 9¢ _ [*sin(2p) .
where T = ( 57— 5; TS > Now we use the Helmholtz equation (4.1)
Y

again to eliminate u,41 ; and reach

Q 1

J
= < =)
+ (a—l— T — Up,j—1 +
h,J5 J

1
nj 50

Thus we have

(ik - C) hn,jéw
) Ja 1
- a-— Y
A s R G
. ¢ ¢2 1 0% 111 >
dnj = Wehnj | ik =5 — g+ gmos T oy | +dng
J " < 2 8(ik—() 8Kk20s* ik —(h? ;03 /

Meade et al

e BGT, We use (2.22)

ou 1 ~0u  ~0%*u >
— = Au+ B+ DS
03 C( O Op?

where the coeflicients are defined on page 29 and the central difference scheme

is given by

Uity — Uiy L (7 gl Wil Ul 2w + uij—1
20 o\ 25, 52
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which can be rewritten as

wig —wiey _ L (7 2D) 1 (B DY -
2(56 5 (( 5?0 Ui, j + 6(10 9 + 5@ U'L,]+1+
Lo D B
— (L= ) uij
Sp \0, 2%
We use the Helmholtz equation (4.1) to eliminate u,1,; and get

C O

(e (BB, AR Vo (D B
c \d, 2 c \d, 2

and we reach

. _ ,a(D B

aj = 25 5@—2 + «

__ ,a(D B

a; = 25 5@—1—2 + «

by — 2V <5¢E—2D>+dn,,-
C ¢

New ABC

MéMl(ao—m)
D

Finally, for our method we define yu = m and v = , so that

equation (3.5) becomes

2
((?92 =p(ap+v— 2qcos(2cp))u+/igs;;
for which the finite difference scheme reads

Un,j+1 — 2Unj + Unj—1
2
5@0

Un+1,7 — Un—1,5

20,

= p(ag +n —2qcos (2v)) u; j + p

Once more we are using the Helmholtz equation (4.1) to eliminate u,1 j, so that

the scheme is given by
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20¢
0 = M52 +a ) (upj1 +unj-1) +
©

2
+ <255u (ao +n —2qcos (2v) — 52) + dn’j) Upj + 2Up_1j
)

and we finish with

) 26,
& = pgyta
©
] 2
dnj = 20¢p | ao+mn—2qcos(2v) — =)+ dy
%)

4.2 On Surface Radiation Condition

From the Sommerfeld condition one can derive the physical demand that waves not
enter the domain from infinity. On the scatterer body we specify Bu = —Bu;y,. and

also the ABC. This can be viewed [see [1]] as using a degenerate artificial boundary.

For a Dirichlet problem, the implementation of OSRC is straight forward. In
particular, for BGT}-like conditions we apply the operator directly on the incident
(plane) wave. For BGT5-like conditions, where a second derivative in ¢ appears (or,
alternatively, derivatives with respect to arc-length), we use analytical derivatives

of the plane wave for the computation.

For a Neumann problem, g—g is known, so to retrieve u we have to solve a second

order ordinary differential equation (ODE) described by the boundary condition.
The ODE appears only for BGTs-like conditions, while for BGT} we have to solve
a simple equation. For this reason we omit here the BGT] case. We solve the ODE
by finite differences similarly to that used in the previous section. In particular, we

solve the linear system Au = b where b = ‘g—g and

di df 0 e dy
dy dy df 0--- 0
A=1 0 : (4.4)
dyy dn d:{ 1
dt 0 d, dy

The scheme is similar to that used for the ABC, except that we do not have
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the up11,; term to eliminate since g—g is given. Following, we write the d,d",d™ for
different methods.

4.2.1 Discretization of Various ABCs

Grote and Keller

- B
- = =
2
J 5¢
B
dar = =
2
J 5¢
2
dj = 77— =
0

where 8 = (~2ikb+ 3% — )™ and v = h2k2 — 53 4 p2p2 4 Bk

Reiner et al.

o - b1
7 a2(ika—1)83
dt = _ééi
7 a2(ika—1)4;

g = 2l o+ 11
7T a\"™ T 27 8(ika—1) " (ika—1)32

Kriegsmann et al.

- - 1 1 f?sin (2¢)
I 2hi(ik— ()6, \ O, 4h2

- 1 1 f%sin(2¢)
T2k (ik—0)6, \ b, 4R
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Chapter 5

Numerical Results

In the following discussion we present numerical results for the comparison of meth-
ods described in Chapter 2! and Chapter 3. One wishes that the outer artificial
surface resemble the scatterer to prevent unnecessary interior nodes. Hence, for
oval-like scatterers we consider an elliptical outer surface. In some cases these

boundary conditions were imposed on the scatterer itself (OSRC).

Until now, we have referred to a,b as the semi-axes of the artificial elliptical

boundary. Hereafter, a,b represents the semi-axes of the internal boundary ellipse.

In all cases the major axis is a = 1 and we vary the minor axis b. All figures
below present the solution at 180° or 185 © [i.e. behind the ellipse in (or near) the
shadow region, in other words the incident angle # = 0° or # = 5° respectively].
The specific incident angle (¢) and aspect ratio (AR = ) appears in the capture
of each figure. We compute the Lo-error on the scatterer between the approximate
solutions and the exact one. For the Dirichlet problem the solution on the scatterer
is given by the incoming wave, and so we compare the normal derivative there, while
for the Neumann problem the normal derivative on the scatterer is known and we

compare the solution itself.

In Section 5.1 we present a comparison of the approximate solution for the On
Surface Radiation Condition, followed by a comparison of the Absorbing Boundary

Condition in Section 5.2.

'Here and later in this chapter we omit Meade’s method, because we had very poor results and
it was not clear if this problem was due to our implementation, some numerical problem or the
problem of the method itself. Thus we cannot develop an objective discussion about these results.
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5.1 On Surface Radiation Condition

In this section we consider various absorbing boundary conditions described in
Chapter 2 imposed directly on the scattering ellipse (OSRC). The next two sub-
sections present the results for Dirichlet and Neumann conditions on an elliptical

scatterer.

5.1.1 Dirichlet Condition

Let us start with the Dirichlet problem with an incident angle § = 0. In Figures 5.1
and 5.2 on page 50 we compare several methods with the exact solution for various
wave numbers (k = 1,2,3,4) and an aspect ratio (%) = 10. The Lo error between
the approximate normal derivative of the solutions and the exact one is given in the
legend. The errors of all the OSRC results for # = 0 also can be found in Table 5.1
on page 54. In Figures 5.3 and 5.4 on page 51 we consider the same wave numbers
but with an aspect ratio 3.3, in Figures 5.5 and 5.6 on page 52 the aspect ratio is
2,in Figures 5.7 and 5.8 on page 52 the aspect ratio is 1.4, and in Figures 5.9 and

5.10 on page 53 the aspect ratio is 1.1.

(a) k=1 (b) k=2

Figure 5.1: OSRC Dirichlet be, k = 1,2, AR=10 and 6 = 0°
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(a) k=3 (b) k=4

Figure 5.2: OSRC Dirichlet be, k = 3,4, AR=10 and 6 = 0°

(a) k=1 (b) k=2

Figure 5.3: OSRC Dirichlet be, k = 1,2, AR=3.3 and 6 = 0°

(a) k=3 (b) k=4

Figure 5.4: OSRC Dirichlet be, k = 3,4, AR=3.3 and 6 = 0°

o1
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(a) k=1 (b) k=2

Figure 5.5: OSRC Dirichlet be, k = 1,2, AR=2 and 0 = (°

(a) k=3 (b) k=4

Figure 5.6: OSRC Dirichlet be, k = 3,4, AR=2 and 6§ = 0°

(a) k=1 (b) k=2

Figure 5.7: OSRC Dirichlet be, k = 1,2, AR=1.4 and § = 0°
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(a) k=3 (b) k=4

Figure 5.8: OSRC Dirichlet bc, k = 3,4, AR=1.4 and 6 = 0°

(a) k=1 (b) k=2

Figure 5.9: OSRC Dirichlet be, k = 1,2, AR=1.1 and § = 0°

(a) k=3 (b) k=4

Figure 5.10: OSRC Dirichlet be, £ = 3,4, AR=1.1 and 8 = 0°
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(a) Aspect ratio = 10

k=1 k=2 k=3 k=4
Grote 1.698167 1.682620 1.663030 1.643526
Reiner 0.477691 0.621664 0.684807 0.712769
Kriegsmann | 0.871846 0.859938 0.830644 0.800266
Jones 1.663419 1.679475 1.691250 1.701557
Kallivokas 1.049311 1.133602 1.187688 1.231029
Antoine 1.682464 1.660473 1.648922 1.640055
Mathieu 0.073203 0.164564 0.270321 0.417518
(b) Aspect ratio = 3.3
k=1 k=2 k=3 k=4
Grote 1.625111 1.418146 1.217227 1.037886
Reiner 0.346708 0.437734 0.468637 0.473207
Kriegsmann | 0.533451 0.410173 0.354216 0.331366
Jones 1.724184 1.740937 1.724938 1.677681
Kallivokas 1.235455 1.375885 1.427826 1.421557
Antoine 1.657684 1.615694 1.576186 1.524033
Mathieu 0.061860 0.114928 0.164027 0.229203
(c) Aspect ratio = 2
k=1 k=2 k=3 k=4
Grote 1.118339 0.690395 0.471381 0.346887
Reiner 0.228771 0.282275 0.298277 0.296918
Kriegsmann | 0.243895 0.192966 0.190528 0.198767
Jones 1.416620 0.635669 0.320338 0.238883
Kallivokas 0.868737 0.450220 0.280967 0.233479
Antoine 1.447359 0.854357 0.390827 0.262040
Mathieu 0.057951 0.089575 0.113563 0.142629
(d) Aspect ratio = 1.4
k=1 k=2 k=3 k=4
Grote 0.323988 0.231774 0.171692 0.145721
Reiner 0.131994 0.164993 0.179526 0.183079
Kriegsmann | 0.105842 0.107858 0.127070 0.143147
Jones 0.355388 0.154439 0.130277 0.139428
Kallivokas 0.235829 0.143702 0.131366 0.140997
Antoine 0.516761 0.171546 0.137548 0.143342
Mathieu 0.058411 0.080925 0.096793 0.113574
(e) Aspect ratio = 1.1
k=1 k=2 k=3 k=14
Grote 0.080774 0.092004 0.097789 0.105320
Reiner 0.061371 0.088268 0.107000 0.117554
Kriegsmann | 0.048948 0.075704 0.097439 0.111576
Jones 0.102350 0.075082 0.094203 0.109552
Kallivokas 0.081079 0.074890 0.094701 0.109835
Antoine 0.102452 0.076563 0.095170 0.110041
Mathieu 0.060985 0.080789 0.094721 0.105738

Table 5.1: OSRC Dirichlet boundary condition (§ = 0°) Lo error
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We found that there is no standard method that is consistently superior over
the other standard methods. For example, in Figures 5.1 and 5.2 on page 50
( Table 5.0(a) on page 54) Reiner’s method yielded the best results among the
standard methods, while in Figures 5.3 and 5.4 on page 51 ( Table 5.0(b) on page
54) Kriegsmann’s OSRC is the best for £ > 1. Another example is that the Grote
method is the worst in Figure 5.1 , but achieves in Figure 5.10 on page 53 the best
result for k = 4.

Furthermore, we find that the new method, based on Mathieu functions, is
significantly better than the other standard methods. This is expected for low and
intermediate frequencies, because this corresponds to the results that for lower wave
numbers around a circle, the modal expansion in Hankel functions is the best [22].
When the wave number is increasing, mainly for the middle aspect ratio, most
standard methods yield better results than for low frequencies. For example, see
Figures 5.5 and 5.6 on pages 52, 52 ( Table 5.0(c) on page 54) for Antoine method
results. The situation is different for our new method and Reiner’s method; when k
is increasing, these approximations consistently depart from the exact solution and

become similar to other methods.

We can also learn from these results that when the aspect ratio decreases, then
with most standard methods, better results are achieved. For example, see the
result of Grote’s method for AR = 10 Figures 5.1 and 5.2 on page 50 that becomes
increasingly better when the ellipse approaches a circle; see for example Figures

5.7 and 5.8 on page 52 or Figures 5.9 and 5.10 on page 53 .

For an incident angle § = 5 similar results are observed. In Figures 5.11 and
5.12 on page 56 we consider k = 1,2, 3,4 and an aspect ratio of 10. In Figures 5.13
and 5.14 on page 56 we consider the same wave numbers but with an aspect ratio
of 3.3. In Figures 5.15 and 5.16 on page 57 the aspect ratio is 2, in Figures 5.17
and 5.18 on page 58 the aspect ratio 1.4 and in Figures 5.19 and 5.20 on page 58 ,
it is 1.1 . The Ly errors can be found in the legend and in Table 5.2 on page 59 .

Observing the Table 5.2 on page 59 one can find improvement in the results
from all methods with aspect ratios from 10 to 1.1. Note also that the improvement
for increasing wave numbers is similar to the case of an incident angle of 0; take
Kallivokas’s method in Figures 5.15 and 5.16 on page 57 for example. There is
still no consistent superior among the standard methods; note Kriegsmann versus
Reiner for the aspect ratio of 1.4 Figures 5.17 and 5.18 on page 58 and 3.3 with
k > 1 Figures 5.15 and 5.16 on page 57 . The method based on Mathieu functions

is once again superior.
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(a) k=1 (b) k=2

Figure 5.11: OSRC Dirichlet be, £ = 1,2, AR=10 and 0§ = 5°

(a) k=3 (b) k=4

Figure 5.12: OSRC Dirichlet be, £ = 3,4, AR=10 and 0 = 5°

(a) k=1 (b) k=2

Figure 5.13: OSRC Dirichlet bec, k£ = 1,2, AR=3.3 and § = 5°
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(a) k=3 (b) k=4

Figure 5.14: OSRC Dirichlet be, k = 3,4, AR=3.3 and 0§ = 5°

(a) k=1 (b) k=2

Figure 5.15: OSRC Dirichlet be, £ = 1,2, AR=2 and 6 = 5°

(a) k=3 (b) k=4

Figure 5.16: OSRC Dirichlet be, £ = 3,4, AR=2 and 6 = 5°
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(a) k=1 (b) k=2

Figure 5.17: OSRC Dirichlet be, £k = 1,2, AR=1.4 and 0§ = 5°

(a) k=3 (b) k=4

Figure 5.18: OSRC Dirichlet bc, &k = 3,4, AR=1.4 and § = 5°

(a) k=1 (b) k=2

Figure 5.19: OSRC Dirichlet bec, £ =1,2, AR=1.1 and § = 5°
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(a) Aspect ratio = 10

k=1 k=2 k=3 k=4
Grote 1.697209 1.681055 1.660974 1.641059
Reiner 0.476777 0.619929 0.682511 0.710153
Kriegsmann | 0.871659 0.859494 0.829879 0.798958
Jones 1.663996 1.680240 1.692110 1.702447
Kallivokas 1.049335 1.133721 1.187891 1.231155
Antoine 1.682520 1.660554 1.649023 1.640290
Mathieu 0.072236 0.162932 0.267880 0.414783
(b) Aspect ratio = 3.3
k=1 k=2 k=3 k=4
Grote 1.624136 1.415842 1.214211 1.034188
Reiner 0.346009 0.436344 0.468350 0.471617
Kriegsmann | 0.532979 0.409034 0.352717 0.328566
Jones 1.724585 1.741294 1.724998 1.677418
Kallivokas 1.235542 1.375849 1.427071 1.420351
Antoine 1.657765 1.615836 1.576444 1.524254
Mathieu 0.061279 0.113654 0.166036 0.227337
(c) Aspect ratio = 2
k=1 k=2 k=3 k=4
Grote 1.117424  0.688787 0.470269 0.345422
Reiner 0.228344 0.281582 0.297896 0.296812
Kriegsmann | 0.243565 0.191926 0.189439 0.196409
Jones 1.416575 0.635285 0.319649 0.237599
Kallivokas 0.868273 0.449911 0.280453 0.232078
Antoine 1.447234 0.853531 0.389988 0.260473
Mathieu 0.057692 0.088890 0.113169 0.141481
(d) Aspect ratio = 1.4
F=1 k=2 k=3 k=4
Grote 0.323662 0.231437 0.171638 0.145046
Reiner 0.131779 0.164875 0.179795 0.183308
Kriegsmann | 0.105746 0.107805 0.126390 0.141648
Jones 0.355084 0.154171 0.129682 0.138190
Kallivokas 0.235568 0.143613 0.130812 0.139777
Antoine 0.516343 0.171332 0.136929 0.142046
Mathieu 0.058300 0.080786 0.096728 0.112699
(e) Aspect ratio = 1.1
k=1 k=2 k=3 k=14
Grote 0.080760 0.091946 0.097762 0.105115
Reiner 0.061277 0.088289 0.107099 0.117618
Kriegsmann | 0.048975 0.075613 0.097248 0.111198
Jones 0.102116 0.075063 0.094061 0.109211
Kallivokas 0.080946 0.074898 0.094559 0.109493
Antoine 0.102402 0.076546 0.095018 0.109694
Mathieu 0.060965 0.080737 0.094683 0.105527

Table 5.2: OSRC Dirichlet boundary condition (6 = 5°) Lo error
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(a) k=3 (b) k=4

Figure 5.20: OSRC Dirichlet be, k = 3,4, AR=1.1 and 0 = 5°

5.1.2 Neumann Condition

We continue with the Neumann problem, once again starting from an incident angle
0 = 0. In Figures 5.21 and 5.22 on page 61 the same methods are compared with
the exact solution for wave numbers k = 0.5,1, 2,4 and an aspect ratio of 3.3. The
Lo error between the approximate solutions and the exact solution is again in the
legend and in the table Table 5.3 on page 64. In Figures 5.23 and 5.24 on page 61
we consider the same k’s but an aspect ratio 2, in Figures 5.25 and 5.26 on page
62 the aspect ratio is 1.4 and in Figures 5.27 and 5.28 on page 63 the aspect ratio
is 1.1.

One can see the improvement with decreasing aspect ratio; see Kallivokas’s
method, for example, from Figure 5.21 on page 61 to Figure 5.28 on page 63. But
now the results with the high aspect ratio are much worse, and this is the reason

why an aspect ratio of 10 is not presented here.

The situation with increasing wave numbers is not consistent in the case of the
Neumann condition. For example, the Jones and Grote methods become better for
increasing wave numbers in Figures 5.25 and 5.26 on page 62 , but both become

worse for increasing k with aspect ratio 1.1 [see Figures 5.27 and 5.28 on page 63 |.



5.1.

ON SURFACE RADIATION CONDITION

(a) k=0.5 (b) k=1

Figure 5.21: OSRC Neumann bc k£ = 0.5,1, AR=3.3 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.22: OSRC Neumann be k& = 2,4, AR=3.3 and § = 0°

(a) k=0.5 (b) k=1

Figure 5.23: OSRC Neumann bc k£ = 0.5,1, AR=2 and 8 = 0°
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(a) k=2 (b) k=4

Figure 5.24: OSRC Neumann bc k = 2,4, AR=2 and 6 = 0°

(a) k=0.5 (b) k=1

Figure 5.25: OSRC Neumann bc k = 0.5,1, AR=1.4 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.26: OSRC Neumann bc k = 2,4, AR=1.4 and 6 = 0°
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(a) k=0.5 (b) k=1

Figure 5.27: OSRC Neumann bc k£ = 0.5,1, AR=1.1 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.28: OSRC Neumann bc k& = 2,4, AR=1.1 and § = 0°
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(a) Aspect ratio = 3.3
k=0.5 k=1 k=2 k=4

Grote 1.679674 1.668416 1.685739 1.431850
Reiner 0.256319 0.326444 0.571977 0.720348
Kriegsmann | 0.446008 0.551897 0.611881 0.688292
Jones 1.463312 1.162046 1.297723 1.460995
Kallivokas 1.077718 1.082665 1.169074 1.296184
Antoine 1.649973 1.098637 1.354081 1.562304
Mathieu 0.035216 0.075034 0.142668 0.401460

(b) Aspect ratio = 2
k=0.5 k=1 k=2 k=4

Grote 1.645635 1.241495 1.070095 0.741185
Reiner 0.204618 0.240101 0.443649 0.590184
Kriegsmann | 0.238405 0.333474 0.388437 0.460539
Jones 1.211410 1.473217 0.436932 0.400990
Kallivokas 0.680037 0.702142 0.551608 0.427651
Antoine 1717771 1.799634 0.525463 0.497256

Mathieu 0.034846 0.077248 0.126324 0.319496
(c) Aspect ratio = 1.4
k=0.5 k=1 k=2 k=4

Grote 0.428385 0.382879 0.354214 0.336801
Reiner 0.150778  0.148930 0.297230 0.454710
Kriegsmann | 0.132319 0.185319 0.215000 0.286164
Jones 0.544712  0.195435 0.168271 0.259969
Kallivokas 0.243344 0.243601 0.205610 0.271627
Antoine 0.690659 0.383769 0.262147 0.267628
Mathieu 0.034502 0.079598 0.130213 0.276079

(d) Aspect ratio = 1.1

k=0.5 k=1 k=2 k=4
Grote 0.058851 0.099297 0.152597 0.271251
Reiner 0.096324 0.065067 0.163079 0.320830
Kriegsmann | 0.077963 0.077632 0.118763 0.242074
Jones 0.079667 0.068604 0.115839 0.238024
Kallivokas 0.065839 0.090013 0.117317 0.238205
Antoine 0.164443 0.133003 0.118730 0.236663
Mathieu 0.034263 0.082038 0.141973 0.264621

Table 5.3: OSRC Neumann boundary condition (f = 0°) Lo error
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(a) k=0.5 (b) k=1

Figure 5.29: OSRC Neumann bc k£ = 0.5,1, AR=3.3 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.30: OSRC Neumann bc &k = 2,4, AR=3.3 and 0§ = 5°

Again, when incident angle # = 5 is considered, similar results are again ob-
served. In Figures 5.29 and 5.30 on page 65 we consider wave numbers k =
0.5,1,2,4 with aspect ratio 3.3 and in Figures 5.31 and 5.32 on page 66 the same
wave numbers but with aspect ratio 1.4; in Figures 5.33 and 5.34 on page 66 the
aspect ratio is 1.4 and in Figures 5.35 and 5.36 on page 67 the same ks using an
aspect ratio of 1.1. The Lo errors is again in the legend and in Table 5.4 on page
68.

The results are worse again for high aspect ratios [see Figures 5.29 and 5.30 on
page 65 for aspect ratio 3.3] and improve when the aspect ratio is decreased [see
Figures 5.33 and 5.34 on page 66 ]. We note again the inconsistency of behavior
for changes in wave number [see Jones method in Figures 5.29 and 5.30 on page
65 (aspect ratio 3.3) and Figures 5.33 and 5.34 on page 66 (aspect ratio 1.4)]. The

new method is still superior there.
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(a) k=0.5 (b) k=1

Figure 5.31: OSRC Neumann bc k£ = 0.5,1, AR=2 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.32: OSRC Neumann bc k = 2,4, AR=2 and 6 = 5°

(a) k=0.5 (b) k=1

Figure 5.33: OSRC Neumann bc k =0.5,1, AR=1.4 and § = 5°
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(a) k=2 (b) k=4

Figure 5.34: OSRC Neumann bc k = 2,4, AR=1.4 and 6§ = 5°

(a) k=0.5 (b) k=1

Figure 5.35: OSRC Neumann bc k= 0.5,1, AR=1.1 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.36: OSRC Neumann bec k = 2,4, AR=1.1 and 6§ = 5°
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(a) Aspect ratio = 3.3
k=0.5 k=1 k=2 k=4

Grote 1.689982 1.696687 1.689380 1.400735
Reiner 0.255631 0.321508 0.560313 0.711307
Kriegsmann | 0.485934 0.553221 0.601497 0.687845
Jones 1.357314 1.091030 1.213791 1.436839
Kallivokas 1.121044 1.023555 1.126920 1.274206
Antoine 1.611918 1.144413 1.444736 1.545802

Mathieu 0.038397 0.079332 0.148502 0.400030
(b) Aspect ratio = 2
k=0.5 k=1 k=2 k=4

Grote 1.647913 1.240791 1.067731 0.738991
Reiner 0.204326 0.238295 0.439958 0.585539
Kriegsmann | 0.247582 0.333181 0.385482 0.460173
Jones 1.196725 1.458536 0.445982 0.403548
Kallivokas 0.682831 0.691423 0.544894 0.429358
Antoine 1.693432 1.734234 0.539865 0.500273

Mathieu 0.035194 0.077372 0.127163 0.317161
(c) Aspect ratio = 1.4
k=0.5 k=1 k=2 k=4

Grote 0.428483 0.382369 0.353545 0.336355
Reiner 0.150650 0.148337 0.295833 0.452151
Kriegsmann | 0.134345 0.184993 0.213831 0.284995
Jones 0.549332 0.195701 0.167390 0.259404
Kallivokas 0.243586 0.242249 0.204569 0.270691
Antoine 0.730155 0.383206 0.261114 0.267760
Mathieu 0.034484 0.079426 0.129645 0.273647

(d) Aspect ratio = 1.1

k=0.5 k=1 k=2 k=4
Grote 0.058797 0.099190 0.152444 0.270802
Reiner 0.096296 0.064997 0.162788 0.320225
Kriegsmann | 0.078216 0.077460 0.118627 0.241878
Jones 0.081007 0.068375 0.115674 0.237922
Kallivokas 0.066503 0.089684 0.117187 0.238086
Antoine 0.172322 0.132598 0.118651 0.236614
Mathieu 0.034233 0.081944 0.141827 0.264203

Table 5.4: OSRC Neumann boundary condition (§ = 5°) Lo error
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At the end of this subsection, we once again draw attention to the fact that
for the high aspect ratio and low frequencies the new method based on Mathieu
functions is clearly and significantly better than the standard methods for OSRC
with Neumann conditions. But it is worth noting that as the ellipse becomes more
circular for large wave numbers we can observe that some standard methods overtake
the new one [see Jones’s method in Figures 5.25 and 5.26 on page 62 |, which did
not happen with the Dirichlet condition.

5.2 Absorbing Boundary Condition

In this section we consider the same absorbing boundary conditions but exterior
to the ellipse. Both the scatterer and the outer artificial surface are concentric
ellipses. As before, the next two subsections present the results for both Dirichlet

and Neumann conditions on an elliptical scatterer.

5.2.1 Dirichlet condition

We begin with a Dirichlet boundary condition and incident angle 8 = 0. We also
check the dependence of these ABCs on the place of the truncation of infinity, that is
on the distance between the artificial ellipse and the scatterer. The exterior ellipse is
defined by its major axis a.,:. As was explained in Section 1.1, to define the ellipse
we need a pair from the set a,b, f,e; we have the focal distance of the scatterer,

thus we use (aext, f)-

In Figures 5.37 and 5.38 on page 70 we compare the methods described in
Chapter 2 with the exact solution for various values of the wave number (k =
0.5,1,2,4), an aspect ratio of 10 and an artificial boundary defined by e, = 1.1.
The Ls error between the approximate solutions exterior to the ellipse and the exact
normal derivative is given in the legend. The errors for a.,; = 1.1 are also given in
Table 5.5 on page 72. In Figures 5.39 and 5.40 on page 71 we consider the same
ks and aez+ but using aspect ratio 2 and in Figures 5.41 and 5.42 on page 71 the

aspect ratio is 1.4.

In Figures 5.43 and 5.44 on page 73 we consider ae;; = 1.5 with the same wave
numbers and an aspect ratio of 10 while in Figures 5.45 and 5.46 on page 74 the
aspect ratio is 2 and Figures 5.47 and 5.48 on page 74 the aspect ratio is 1.4. The

error is given in Table 5.6 on page 75 and in the legend.

In Figures 5.49 and 5.50 on page 76 we consider a.,; = 2 with the same wave

numbers and an aspect ratio of 10, in Figures 5.51 and 5.52 on page 76 the aspect
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ratio is 2 and in Figures 5.53 and 5.54 on page 77 the aspect ratio is 1.4. The error
is given in the legend and in Table 5.7 on page 78 for acy = 2.

(a) k=0.5 (b) k=1

Figure 5.37: ABC Dirichlet bc, aert = 1.1 K =0.5,1, AR=10 and 6§ = 0°

(a) k=2 (b) k=4

Figure 5.38: ABC Dirichlet bc, aert = 1.1 k= 2,4, AR=10 and 6 = 0°

One can see that when the artificial ellipse is far away from the scatterer the
approximations become closer to an exact solution, this also explains the poor results
that were observed for some methods with an OSRC. This is extremely noticeable
for Grote’s method, which was in most cases the worst for an OSRC but became
superior over standard methods when the artificial ellipse was defined by aezr = 2

and the corresponding focal distance.

By moving the position of the artificial surface the best results, amongst those
presented here, are observed for a.;; = 2, but the general behavior is independent of
the artificial surface placement. Thus there is again improvement with a decreasing
aspect ratio [for example, see Kriegsmann’s method from Figure 5.37 on page 70 to

Figure 5.42 on page 72 or from Figure 5.49 on page 76 to Figure 5.54 on page 77].
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(a) k=0.5 (b) k=1

Figure 5.39: ABC Dirichlet bc, aerr = 1.1 £ =0.5,1, AR=2 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.40: ABC Dirichlet bc, aerr = 1.1 k=2,4, AR=2 and 6 = 0°

(a) k=0.5 (b) k=1

Figure 5.41: ABC Dirichlet be, aeqt = 1.1 £k =0.5,1, AR=1.4 and 6 = 0°
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(a) k=2 (b) k=4

Figure 5.42: ABC Dirichlet be, aerr = 1.1 K =2,4, AR=1.4 and 6 =0°

(a) Aspect ratio = 10
k=05 k=1 k=2 k=14

Grote 1.602766 1.043694 0.447977 0.064977
Reiner 0.262065 0.334186 0.343818 0.269657
Kriegsmann | 0.248657 0.235803 0.231507 0.177675
Jones 0.718894 1.452600 1.196275 0.189632
Kallivokas 0.782580 0.784567 0.596403 0.226631
Antoine 0.783649 0.915603 1.038527 0.151423
Mathieu 0.008124 0.019773 0.043042 0.091856

(b) Aspect ratio = 2
k=05 k=1 k=2 k=4

Grote 0.590158 0.426978 0.203929 0.070613
Reiner 0.129262 0.186399 0.219118 0.210384
Kriegsmann | 0.308651 0.285626 0.232009 0.155462
Jones 1.480104 0.552963 0.147219 0.134352
Kallivokas 0.653657 0.446765 0.237245 0.149388
Antoine 1.124634 0.617750 0.292450 0.156024
Mathieu 0.013814 0.026838 0.042218 0.063860

(c) Aspect ratio = 1.4

k=10.5 k=1 k=2 k=4
Grote 0.166482 0.153803 0.087938 0.059507
Reiner 0.081287 0.110260 0.130011 0.129553
Kriegsmann | 0.218715 0.193799 0.141799 0.105311
Jones 0.773949 0.142019 0.093375 0.095542
Kallivokas 0.353962 0.208765 0.126528 0.099538
Antoine 0.777344 0.348181 0.146288 0.100812
Mathieu 0.017740 0.031149 0.042213 0.058215

Table 5.5: ABC Dirichlet boundary condition (6 = 0°, aeyr = 1.1) Lo error
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Increasing the wave number is accompanied by consistent improvement of results
for all methods [see the Jones’s method in Figures 5.51 and 5.52 on page 76 , for

example].

(a) k=0.5 (b) k=1

Figure 5.43: ABC Dirichlet bc, aert = 1.5 K =0.5,1, AR=10 and 6§ = 0°

(a) k=2 (b) k=4

Figure 5.44: ABC Dirichlet bc, ae,r = 1.5 k= 2,4, AR=10 and 6 = 0°

There is still no superior ABC between the standard methods. For ae.s = 1.1
Kriegsmann’s method is best for aspect ratio 10 and k < 4 and Antoine’s method is
the best for k = 4, while Reinter’s method is best for aspect ratio of 2 for k = 0.5,1
and Jones’s method is the best for k£ = 2,4. For a.,t = 1.5 Kriegsmann’s method is
best for aspect ratio 10 for £ = 0.5 and Grote’s method is superior for the remaining
frequencies and for aspect ratio of 2. Similarly, with a¢;: = 2 we could not find a
superior ABC among standard methods. We note that the new method is clearly

superior.

The same situation is observed when the incident angle is # = 5. In Figures

5.55 and 5.56 on page 79 we compare the methods described in Chapter 2 with
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(a) k=0.5 (b) k=1

Figure 5.45: ABC Dirichlet be, aer = 1.5 kK =0.5,1, AR=2 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.46: ABC Dirichlet bc, aerr = 1.5 k=2,4, AR=2 and 6 = 0°

(a) k=0.5 (b) k=1

Figure 5.47: ABC Dirichlet be, aert = 1.5 k=0.5,1, AR=1.4 and § = 0°



(a) k=2

5.2. ABSORBING BOUNDARY CONDITION

(b) k=4

(a) Aspect ratio = 10

Figure 5.48: ABC Dirichlet be, aerr = 1.5 kK =2,4, AR=1.4 and 6 = 0°

k=105 k=1 k=2 k=4
Grote 0.100053 0.043844 0.020544 0.021435
Reiner 0.133182 0.119718 0.090340 0.094351
Kriegsmann | 0.032129 0.053489 0.026436 0.021602
Jones 0.072823 0.029143 0.022778 0.021592
Kallivokas 0.074340 0.047269 0.028468 0.029270
Antoine 0.226489 0.086870 0.029569 0.022156
Mathieu 0.010026 0.013903 0.015745 0.019792

(b) Aspect ratio = 2

k=105 k=1 k=2 k=4
Grote 0.056461 0.031087 0.019310 0.011844
Reiner 0.099910 0.102782 0.072327 0.071681
Kriegsmann | 0.057474 0.051236 0.030262 0.015713
Jones 0.098214 0.032914 0.025845 0.014818
Kallivokas 0.086018 0.053284 0.030272 0.019107
Antoine 0.205954 0.078589 0.032264 0.015236
Mathieu 0.004977 0.008774 0.011189 0.012291

(c) Aspect ratio = 1.4

k=0.5 k=1 k=2 k=14
Grote 0.027066 0.018332 0.014720 0.018135
Reiner 0.068147 0.066305 0.052942 0.046688
Kriegsmann | 0.048807 0.038054 0.023710 0.020133
Jones 0.068693 0.024365 0.020067 0.019675
Kallivokas 0.064142 0.038894 0.022909 0.021305
Antoine 0.141115 0.053073 0.023696 0.019786
Mathieu 0.004484 0.008595 0.010736 0.018561

Table 5.6: ABC Dirichlet boundary condition (6 = 0°, aeyr = 1.5) Lo error

75
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(a) k=0.5 (b) k=1

Figure 5.49: ABC Dirichlet bc, aet =2 k= 0.5,1, AR=10 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.50: ABC Dirichlet bc, et =2 k= 2,4, AR=10 and 6 = 0°

(a) k=0.5 (b) k=1

Figure 5.51: ABC Dirichlet be, aert =2 k=0.5,1, AR=2 and 6 = 0°
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(a) k=2 (b) k=4

Figure 5.52: ABC Dirichlet be, aepr =2 k=2,4, AR=2 and 6 = 0°

(a) k=0.5 (b) k=1

Figure 5.53: ABC Dirichlet be, aert =2 kK =0.5,1, AR=1.4 and # =0°

(a) k=2 (b) k=4

Figure 5.54: ABC Dirichlet be, aer =2 k=2,4, AR=1.4 and 6 = 0°
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(a) Aspect ratio = 10
k=0.5 k=1 k=2 k=4

Grote 0.017129 0.010286 0.016665 0.018075
Reiner 0.063215 0.044946 0.053409 0.051183
Kriegsmann | 0.015164 0.015287 0.016357 0.018781
Jones 0.010572 0.011783 0.016630 0.018630
Kallivokas 0.017361 0.013430 0.021387 0.029976
Antoine 0.039489 0.013643 0.016906 0.018623
Mathieu 0.010364 0.012989 0.015555 0.019310

(b) Aspect ratio = 2
k=05 k=1 k=2 k=4

Grote 0.010033 0.008638 0.008384 0.011346
Reiner 0.058712 0.038411 0.042752 0.039938
Kriegsmann | 0.017865 0.015557 0.008909 0.012658
Jones 0.015614 0.012410 0.008688 0.012522
Kallivokas 0.021989 0.015038 0.014135 0.019234
Antoine 0.037717 0.017493 0.008964 0.012550
Mathieu 0.005424 0.007424 0.007833 0.011692

(c) Aspect ratio = 1.4

k=0.5 k=1 k=2 k=4
Grote 0.008526 0.007716 0.006636 0.017835
Reiner 0.043380 0.028029 0.027225 0.030087
Kriegsmann | 0.017061 0.013085 0.007070 0.018483
Jones 0.015039 0.010692 0.006719 0.018424
Kallivokas 0.019473 0.012573 0.011638 0.022598
Antoine 0.029496 0.014510 0.006879 0.018436
Mathieu 0.004414 0.006453 0.006298 0.017988

Table 5.7: ABC Dirichlet boundary condition (6 = 0°, ezt = 2) Lo error
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the exact solution for various values of wave number (k = 0.5,1,2,4), aspect ratio
of 10 and an artificial boundary defined by ae,+ = 1.1. The Lo error between the
approximate solutions exterior to the ellipse and the exact normal derivative is given
in the legend. The errors for a.,; = 1.1 are also given in Table 5.8 on page 81. In
Figures 5.57 and 5.58 on page 80 we consider the same ks and a.,; but aspect ratio

2 and in Figures 5.59 and 5.60 on page 80 the aspect ratio is 1.4.

In Figures 5.61 and 5.62 on page 82 we consider aq;; = 1.5 with the same wave
numbers and an aspect ratio of 10. In Figures 5.63 and 5.64 on page 82 the aspect
ratio is 2 and Figures 5.65 and 5.66 on page 83 the aspect ratio is 1.4. The error
is given in Table 5.9 on page 84 and in the legend. In Figures 5.67 and 5.68 on
page 85 we consider ae,y = 2 with the same wave numbers and an aspect ratio of
10, in Figures 5.69 and 5.70 on page 86 the aspect ratio is 2 and in Figures 5.71
and 5.72 on page 86 the aspect ratio is 1.4. The error is given in the legend and in
Table 5.10 on page 87 for ae,r = 2.

(a) k=0.5 (b) k=1

Figure 5.55: ABC Dirichlet bc aeyt = 1.1 £ = 0.5,1, AR=10 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.56: ABC Dirichlet bc @y = 1.1 k = 2,4, AR=10 and 0 = 5°
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(a) k=0.5 (b) k=1

Figure 5.57: ABC Dirichlet bc eyt = 1.1 £ =0.5,1, AR=2 and § = 5°

(a) k=2 (b) k=4

Figure 5.58: ABC Dirichlet bc aeyt = 1.1 k = 2,4, AR=2 and 6 = 5°

(a) k=0.5 (b) k=1

Figure 5.59: ABC Dirichlet bc @zt = 1.1 £k =0.5,1, AR=1.4 and 6 = 5°



(a) k=2
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(b) k=4

(a) Aspect ratio = 10

Figure 5.60: ABC Dirichlet bc aeyt = 1.1 £k = 2,4, AR=1.4 and 0§ = 5°

k=105 k=1 k=2 k=4
Grote 1.602877 1.043340 0.447045 0.063903
Reiner 0.261898 0.334365 0.344443 0.271083
Kriegsmann | 0.248556 0.235589 0.231533 0.177722
Jones 0.718851 1.453364 1.198436 0.190317
Kallivokas 0.782845 0.785195 0.597266 0.227087
Antoine 0.783672 0.915696 1.038844 0.151852
Mathieu 0.008231 0.019729 0.042913 0.091365

(b) Aspect ratio = 2

k=0.5 k=1 k=2 k=4
Grote 0.589947 0.426506 0.203620 0.071433
Reiner 0.129191 0.186450 0.219266 0.211594
Kriegsmann | 0.308654 0.285315 0.231441 0.154407
Jones 1.480492 0.553271 0.147374 0.133770
Kallivokas 0.653856  0.446802 0.237106 0.148673
Antoine 1.124643 0.617530 0.292152 0.155260
Mathieu 0.014188 0.027223 0.042383 0.064001

(c) Aspect ratio = 1.4

k=0.5 k=1 k=2 k=4
Grote 0.166419 0.153676 0.088079 0.059679
Reiner 0.081294 0.110357 0.130287 0.130362
Kriegsmann | 0.218688 0.193552 0.141721 0.104482
Jones 0.774228 0.142406 0.093819 0.094960
Kallivokas 0.354127 0.208866 0.126743 0.098911
Antoine 0.777298 0.348062 0.146437 0.100175
Mathieu 0.018136 0.031497 0.042737 0.058067

Table 5.8: ABC Dirichlet boundary condition (6 = 5°, aeyr = 1.1) Lo error

81
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(a) k=0.5 (b) k=1

Figure 5.61: ABC Dirichlet bc aeyt = 1.5 k= 0.5,1, AR=10 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.62: ABC Dirichlet bc aerr = 1.5 k= 2,4, AR=10 and § = 5°

(a) k=0.5 (b) k=1

Figure 5.63: ABC Dirichlet bc aeyt = 1.5 £ =0.5,1, AR=2 and 8 = 5°
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(a) k=2 (b) k=4

Figure 5.64: ABC Dirichlet bc @yt = 1.5 k = 2,4, AR=2 and 6 = 5°

(a) k=0.5 (b) k=1

Figure 5.65: ABC Dirichlet be aeyt = 1.5 £ =0.5,1, AR=1.4 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.66: ABC Dirichlet bc aeet = 1.5 k = 2,4, AR=1.4 and § = 5°
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(a) Aspect ratio = 10
k=0.5 k=1 k=2 k=4

Grote 0.100058 0.043879 0.020912 0.022201
Reiner 0.133300 0.120011 0.090693 0.095087
Kriegsmann | 0.032148 0.053578 0.026692 0.022565
Jones 0.072857 0.029223 0.023088 0.022561
Kallivokas 0.074384 0.047348 0.028733 0.030177
Antoine 0.226672 0.086925 0.029830 0.023123
Mathieu 0.010114 0.014064 0.016138 0.020463

(b) Aspect ratio = 2
k=05 k=1 k=2 k=4

Grote 0.056516  0.031556 0.020945 0.017958
Reiner 0.099980 0.103080 0.072798 0.072851
Kriegsmann | 0.057604 0.051480 0.031351 0.021637
Jones 0.098311 0.033366 0.027135 0.020957
Kallivokas 0.086151 0.053575 0.031394 0.024401
Antoine 0.206072 0.078788 0.033315 0.021276
Mathieu 0.006088 0.010317 0.013743 0.018666

(c) Aspect ratio =14

k=0.5 k=1 k=2 k=4
Grote 0.027281 0.019037 0.017226 0.020951
Reiner 0.068262 0.066593 0.053746 0.047554
Kriegsmann | 0.048947 0.038344 0.025427 0.023240
Jones 0.068840 0.024915 0.022098 0.022806
Kallivokas 0.064290 0.039234 0.024723 0.024412
Antoine 0.141188 0.053321 0.025446 0.022913
Mathieu 0.005862 0.010014 0.014009 0.021605

Table 5.9: ABC Dirichlet boundary condition (6 = 5°, aeyr = 1.5) Lo error
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When the outer ellipse moves away from the scatterer the approximations be-
come closer to the exact solution and this is still extremely noticeable on Grote’s
method. This means that the best choice is to be far enough from the scatterer; here
aext = 2. The general behavior properties are still preserved. For an example of
improvement with decreasing aspect ratio see Kallivokas’s method from Figure 5.55
on page 79 to Figure 5.60 on page 81 or from Figure 5.61 on page 82 to Figure 5.66
on page 83. The effect of increasing wave numbers is again seen in the improvement
of the results for all methods [see for example Antoine’s method in Figures 5.63

and 5.64 on page 82 or Jones’s method in Figures 5.69 and 5.70 on page 86 |.

(a) k=0.5 (b) k=1

Figure 5.67: ABC Dirichlet bc eyt = 2 kK =0.5,1, AR=10 and 0 = 5°

(a) k=2 (b) k=4

Figure 5.68: ABC Dirichlet bc aezt = 2 k= 2,4, AR=10 and 6 = 5°

Among the standard methods there is still no consistently superior ABC. With
aezt = 1.1 and aspect ratio 10 Antoine’s method again is the best for kK = 4 and
Kriegsmann’s method for the remaining frequencies. For aspect ratio 1.4 Reinter’s
method is the best for £k = 0.5,1 and Grote’s method is the best for £ = 2,4.

Similarly, with the remaining a.,; the method with the best results of the standard
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(a) k=0.5 (b) k=1

Figure 5.69: ABC Dirichlet bc aeyt =2 kK =0.5,1, AR=2 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.70: ABC Dirichlet bc aegt =2 k = 2,4, AR=2 and 0§ = 5°

(a) k=0.5 (b) k=1

Figure 5.71: ABC Dirichlet bc aept =2 k= 0.5,1, AR=1.4 and 8 = 5°
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(a) k=2 (b) k=4

Figure 5.72: ABC Dirichlet bc aeyt =2 k= 2,4, AR=1.4 and 6 = 5°

(a) Aspect ratio = 10
k=105 k=1 k=2 k=4

Grote 0.017157 0.010534 0.017040 0.018927
Reiner 0.063331 0.045016 0.053670 0.052106
Kriegsmann | 0.015217 0.015442 0.016762 0.019542
Jones 0.010656 0.011980 0.017032 0.019402
Kallivokas 0.017406 0.013594 0.021741 0.030363
Antoine 0.039510 0.013809 0.017305 0.019395
Mathieu 0.010453 0.013170 0.015954 0.020082

(b) Aspect ratio = 2
k=0.5 k=1 k=2 L =4

Grote 0.010571 0.010274 0.011625 0.017940
Reiner 0.058865 0.038828 0.043527 0.043222
Kriegsmann | 0.018176 0.016484 0.012068 0.018543
Jones 0.015994 0.013567 0.011897 0.018468
Kallivokas 0.022251 0.016012 0.016271 0.023286
Antoine 0.037862 0.018332 0.012099 0.018485
Mathieu 0.006407 0.009221 0.011286 0.017990
(c) Aspect ratio = 1.4
k=0.5 k=1 k=2 k=4
Grote 0.009290 0.009317 0.011289 0.020702
Reiner 0.043582 0.028529 0.028658 0.032640
Kriegsmann | 0.017431 0.014062 0.011598 0.021115
Jones 0.015524 0.011882 0.011374 0.021074
Kallivokas 0.019816 0.013608 0.014802 0.024579
Antoine 0.029707 0.015408 0.011471 0.021084
Mathieu 0.005754 0.008272 0.011128 0.020731

Table 5.10: ABC Dirichlet boundary condition (6 = 5°, aeyr = 2) Lo error
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methods varies, but the new method is consistently superior.

5.2.2 Neumann Condition

We finish this chapter with the ABC for the Neumann boundary condition. We
compare aey¢ = 2 only, and begin with § = 0. In Figures 5.73 and 5.74 on page
88 we compare the same methods for wave numbers (k = 0.5,1,2,4) and an aspect
ratio of 10. The Lo error between the approximate solutions exterior to the ellipse
and the exact normal derivative is given again in the legend and in Table 5.11 on
page 91. In Figures 5.75 and 5.76 on page 89 we consider the same ks but aspect
ratio 3.3, in Figures 5.79 and 5.80 on page 90 the aspect ratio is 1.4 and in Figures
5.77 and 5.78 on page 90 the aspect ratio is 1.4.

We note again the improvement for results of most methods is with decreasing
aspect ratio; for example, see Reiner’s method from Figure 5.73 on page 88 to
Figure 5.80 on page 92. For further examples, see the corresponding figures for the

methods of Kriegsmann and Kallivokas.

(a) k=0.5 (b) k=1

Figure 5.73: ABC Neumann bc, aet =2 kK =0.5,1, AR=10 and § = 0°

The situation with increasing wave numbers is not consistent as in the case of
the OSRC Neumann. For example, Reiner’s and Grote’s methods for aspect ratio
10 improved from k = 0.5 to £ = 1 but worsened for £k = 2 and improved again
for k = 4. The behavior of Kriegsmann’s method for aspect ratio 10 is similar to
that of Reiner and Grote’s. However, for aspect ratio 3.3 Kriegsmann’s method
consistently improves with increasing wave numbers, while Grote’s and Reiner’s

methods are still not consistent.

Similarly with incident angle § = 5. In Figures 5.81 and 5.82 on page 92 we
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(a) k=2 (b) k=4

Figure 5.74: ABC Neumann bc, aerr =2 k= 2,4, AR=10 and 6 = 0°

(a) k=0.5 (b) k=1

Figure 5.75: ABC Neumann be, aert =2 kK =0.5,1, AR=3.3 and § = 0°

(a) k=2 (b) k=4

Figure 5.76: ABC Neumann bc, aet =2 k= 2,4, AR=3.3 and 8 = 0°
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(a) k=0.5 (b) k=1

Figure 5.77: ABC Neumann bec, aerr =2 kK =0.5,1, AR=2 and 6 = 0°

(a) k=2 (b) k=4

Figure 5.78: ABC Neumann bc, aet =2 k= 2,4, AR=2 and § = 0°

(a) k=0.5 (b) k=1

Figure 5.79: ABC Neumann bc, aet =2 k=0.5,1, AR=1.4 and 8 = 0°
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(a) Aspect ratio = 10
k=0.5 k=1 k=2 k=4

Grote 0.012261 0.005503 0.008094 0.005757
Reiner 0.054823 0.042937 0.064253 0.059762
Kriegsmann | 0.014640 0.006704 0.008159 0.004793
Jones 0.010021 0.005184 0.008717 0.004815
Kallivokas 0.015558 0.004823 0.012066 0.021337
Antoine 0.017597 0.006978 0.008879 0.004835
Mathieu 0.006515 0.002456 0.007189 0.004675

(b) Aspect ratio = 3.3
k=0.5 k=1 k=2 k=4

Grote 0.014510 0.004178 0.006508 0.004886
Reiner 0.048622 0.042516 0.061596 0.050869
Kriegsmann | 0.013708 0.007636 0.006342 0.005359
Jones 0.010178 0.006135 0.006885 0.005390
Kallivokas 0.014990 0.006212 0.009109 0.017550
Antoine 0.021444 0.008505 0.007045 0.005421

Mathieu 0.006075 0.002558 0.005799 0.005025
(c) Aspect ratio = 2
k=0.5 k=1 k=2 k=4

Grote 0.014750 0.004025 0.005342 0.005701
Reiner 0.039900 0.036546 0.047992 0.037262
Kriegsmann | 0.012660 0.007880 0.005379 0.007182
Jones 0.010286 0.006684 0.005592 0.007243
Kallivokas 0.013838 0.006988 0.007791 0.014752
Antoine 0.022355 0.009055 0.005797 0.007276
Mathieu 0.005751  0.002898 0.004859 0.006598

(d) Aspect ratio = 1.4

k=0.5 k=1 k=2 k=4
Grote 0.012562 0.004223 0.004286 0.006747
Reiner 0.028901 0.025225 0.029459 0.023296
Kriegsmann | 0.011245 0.007190 0.004646 0.008210
Jones 0.010010 0.006519 0.004638 0.008295
Kallivokas 0.011892 0.006745 0.007754 0.013740
Antoine 0.018772 0.008277 0.004800 0.008318
Mathieu 0.005535 0.003582 0.004432 0.007766

Table 5.11: ABC Neumann boundary condition (§ = 0°) Ly error
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(a) k=2 (b) k=4

Figure 5.80: ABC Neumann bc, aert =2 k= 2,4, AR=1.4and 6 =0°

consider the same wave numbers and an aspect ratio of 10 , in Figures 5.83 and
5.84 on page 93 the aspect ratio is 3.3, in Figures 5.85 and 5.86 on page 94 the
aspect ratio is 3.3and Figures 5.51 and 5.52 on page 76 the aspect ratio is 1.4. The

error is given in Table 5.12 on page 95 and in the legend.

(a) k=0.5 (b) k=1

Figure 5.81: ABC Neumann bc, aet =2 kK =0.5,1, AR=10 and 0 = 5°

We found again an improvement in most methods when the aspect ratio de-
creases [for example see Antoine’s method from Figure 5.81 on page 92 to Figure
5.88 on page 96]. When the wave number is increasing there is still inconsistency
as before. See Kriegsmann’s and Reiner’s methods for aspect ratio 2 that improved

from k£ = 0.5 to k£ = 1 but worsened for £k = 2 and improved again for k = 4.
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(a) k=2 (b) k=4

Figure 5.82: ABC Neumann bc, aerr =2 k= 2,4, AR=10 and 6 = 5°

(a) k=0.5 (b) k=1

Figure 5.83: ABC Neumann be, aert =2 kK =0.5,1, AR=3.3 and § = 5°

(a) k=2 (b) k=4

Figure 5.84: ABC Neumann bc, aet =2 k= 2,4, AR=3.3 and 6 = 5°
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(a) k=0.5 (b) k=1

Figure 5.85: ABC Neumann bec, aerr =2 kK =0.5,1, AR=2 and 6 = 5°

(a) k=2 (b) k=4

Figure 5.86: ABC Neumann bc, aeyt =2 k= 2,4, AR=2 and § = 5°

(a) k=0.5 (b) k=1

Figure 5.87: ABC Neumann bc, aeyt =2 k=0.5,1, AR=1.4 and 8 = 5°
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(a) Aspect ratio = 10
k=0.5 k=1 k=2 k=4

Grote 0.048122 0.098103 0.171671 0.044406
Reiner 0.065539 0.125670 0.186071 0.081008
Kriegsmann | 0.049985 0.093336 0.171538 0.043211
Jones 0.046710 0.093189 0.171562 0.043245
Kallivokas 0.049373 0.092635 0.171381 0.048941
Antoine 0.051256 0.091524 0.171537 0.043244
Mathieu 0.048117 0.096231 0.171943 0.043177

(b) Aspect ratio = 3.3
k=0.5 k=1 k=2 k=4

Grote 0.019473 0.027338 0.058138 0.030063
Reiner 0.049166 0.056338 0.085153 0.064326
Kriegsmann | 0.019296 0.025792 0.058047 0.029467
Jones 0.015676 0.025545 0.058101 0.029514
Kallivokas 0.019699 0.025291 0.058278 0.034010
Antoine 0.025408 0.025318 0.058104 0.029515

Mathieu 0.014759 0.026427 0.058192 0.029539
(c) Aspect ratio = 2
k=0.5 k=1 k=2 k=4

Grote 0.015355 0.009900 0.019175 0.023784
Reiner 0.039794 0.039174 0.051662 0.046078
Kriegsmann | 0.013452 0.011196 0.019163 0.023908
Jones 0.010923 0.010470 0.019212 0.023943
Kallivokas 0.014430 0.010595 0.019910 0.027096
Antoine 0.022808 0.011909 0.019263 0.023952
Mathieu 0.007359 0.009134 0.019146 0.023754

(d) Aspect ratio = 1.4

k=0.5 k=1 k=2 k=4
Grote 0.012599 0.005021 0.005722 0.013625
Reiner 0.028825 0.025748 0.029820 0.026581
Kriegsmann | 0.011303 0.007547 0.006006 0.014324
Jones 0.010061 0.006929 0.005984 0.014378
Kallivokas 0.011929 0.007146 0.008633 0.018208
Antoine 0.018794 0.008605 0.006109 0.014392
Mathieu 0.005736 0.004351 0.005897 0.014004

Table 5.12: ABC Neumann boundary condition (6§ = 5°) Lg error
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(a) k=2 (b) k=4

Figure 5.88: ABC Neumann bc, aerr =2 k= 2,4, AR=1.4 and 6 = 5°



Chapter 6

Conclusion

The Helmholtz equation describes wave propagation in the frequency domain. This
is important both in acoustics and electromagnetics. In particular we are interested
in acoustic scattering about a soft or hard body. Since the domain is unbounded
a Sommerfeld radiation condition is required to make it well-posed. For a numer-
ical approximation we need to replace the unbounded domain by a finite domain
bounded by an artificial surface. One then needs to impose a boundary condition
on the artificial surface to make it both well-posed and accurate. One of the orig-
inal approaches was that by Bayliss and Turkel based on matching an expansion
of the solution. Their method is most appropriate for cylindrical and spherical co-
ordinates. However, to eliminate the need for extra mesh points it would be more
efficient, in many cases, to consider other shapes for the outer artificial surface. A

number of generalizations have been suggested during recent years.

In this thesis we have two objectives. First to compare the accuracy of existing
methods. For this purpose we investigated scattering exterior to an ellipse with an
elliptically shaped artificial surface. This has the advantage that there is an explicit
solution in terms of an infinite series in Mathieu functions. Thus we can compare the
numerical solution with an analytical solution to compare errors between the meth-
ods. The second objective of the thesis was to construct a new absorbing boundary
condition for elliptical surfaces based on an expansion in Mathieu functions. We

also compare this new boundary conditions with the existing ones.

The original absorbing boundary conditions assumed that the Helmholtz equa-
tion was being solved by either a finite difference or a finite element method. Thus,
the artificial surface where the absorbing boundary was imposed was some distance
from the scatterer. Later, Kriegsmann et al. introduced the concept of imposing
the absorbing boundary condition direction of the scatterer (OSRC = On-Surface

Radiation Condition). In our comparisons we considered both OSRC methods and
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finite difference schemes.

We surveyed several methods using local absorbing boundary conditions for
the Helmholtz equation. We compared these methods to our new method. The
comparison of these methods shows the following:

e Most of the standard methods work better for low aspect ratio 7 where a, b

are major and minor semi-axes of the scatterer ellipse.

e For Dirichlet (hard) boundary condition on the scatterer most of the standard

methods work better for high frequencies.

e For Neumann (soft) boundary condition on the scatterer none of the methods

have consistent behavior for changes in wave number.

e Among the expansion type boundary conditions none is consistently much

better than the simple Kriegsmann boundary condition.

e The new modal elliptical boundary condition is not significantly inferior to
the optimal one and is frequently much superior, especially for lower wave

numbers and when the outer boundary is close in when used as an OSRC.
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oY DPIINN MNINAN MY YN DAY ONIN T9DHN ONYN DX R DAY
UTN NAY ONIN DOPNN NN 1D 1D .NDDOND MNYN ONNA Helmholtz NNNWN
DMWN DN Mathieu 8PN (modal expansion) YINTI MIPY DY DOIIDN

JPVYON MOPTNNIPA MINKR MOY DY NYTHN NOVN NN

2y NN, NOPNI NOY ININ NASN MIAYNN ONPN DINNA NPVION MNNUN
Helmholtz DNWWH NN OOYYNN DOYPN TAR 20N I8N MHVIAND 7N
PANOPRN OINNN VP DIDN DINNA PIND DAPNN DDMN AVNNN YINYN
MNIN DOMN POY PTNONRIN MNNN OINN NRYA 00D TITA ,YNANND NOYNN O
J[3] DP N0 9”2 LHPMON DINNN TIND DRNNN NIDD D TYPHN DY NOY
MOPTNNIP NIY 9735 NAY NN DY NITO NN ,[2] HNAON DY IMND M
DNLVYN MY DN 190N XT DY WIONN NON NAY NN .DIVNTI TN
SNTO N DHYN DPRY DPMONIN

MTPI TNOY MTIPI P DINPN( DPMPN NIV ININ DNYN DX R 1Ty
PYTIN PINON NMNLY POPOHN NN DY N TPYA1 DPOW DX ,TD DYH JNavn
OPOY DN TN NN TINTYTN Helmholtz NNWWNL OTPNNN X T
JONYNN Y22 Y On Surface Radiation Conditions (OSRC) n»y11 y»
DO”90N DVI9NN NV DOV MNINN
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