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Abstract. This paper introduces planewave density interpolation methods for the regularization
of weakly singular, strongly singular, hypersingular, and nearly singular integral kernels present in 3D
Helmholtz surface layer potentials and associated integral operators. Relying on Green’s third iden-
tity and pointwise interpolation of density functions in the form of planewaves, these methods allow
layer potentials and integral operators to be expressed in terms of integrand functions that remain
bounded or even more regular regardless of the location of the target point relative to the surface
sources. Common challenging integrals that arise in both Nystréom and boundary element discretiza-
tion of boundary integral equations can then be numerically evaluated by standard quadrature rules
irrespective of the kernel singularity. Closed-form and purely numerical planewave density interpo-
lation procedures are presented in this paper, which are used in conjunction with Chebyshev-based
Nystrom and Galerkin boundary element methods. A variety of numerical examples, including prob-
lems of acoustic scattering involving multiple touching and even intersecting obstacles, demonstrate
the capabilities of the proposed technique.
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1. Introduction. Challenging weakly singular, strongly singular, hypersingu-
lar, and nearly singular surface integrals are ubiquitous to boundary integral equa-
tion (BIE) formulations of linear partial differential equations (PDEs). A plethora
of numerical and semianalytical procedures including, for instance, singularity sub-
traction! [7, 17, 22, 23, 40, 41], Duffy-like transformations [14, 20, 31, 33, 34], po-
lar singularity cancelation [5, 21, 36], and singularity extraction [35, 37], among
other techniques, have been proposed in the literature for the evaluation of these
difficult integrals in the context of both Nystrém methods and boundary element
methods (BEMs). Despite all these significant efforts and the compelling advantages
that BIE methods offer over standard volume discretization techniques such as finite
element and finite difference methods—especially in handling unbounded domains
and seamlessly incorporating radiation conditions at infinity for time-harmonic wave
scattering—they still face criticism for being difficult to implement. From the au-
thors’ viewpoint, the main source of practical difficulties arises from the significant
effort researchers and practitioners have to invest into understanding and implement-
ing a specific set of techniques tailored to handle the various integration scenarios
concerning the target point location relative to the surface sources. We hereby ad-
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dress this issue for both Nystrém and Galerkin boundary element discretizations of
3D Helmholtz BIEs by introducing a universal semianalytical procedure capable of
regularizing all the aforementioned challenging surface integrals at the continuous
level, i.e., prior to numerical integration. For the sake of conciseness, we specifically
consider combined-field BIE formulations of sound-soft (Dirichlet) and sound-hard
(Neumann) scattering problems leading to the well-known Brakhage—Werner [3] and
Burton—Miller [6] integral equations, respectively, which feature all four boundary
integral operators of Calderdn calculus.

As mentioned above, there is extensive literature on the subject. We refer the
reader to [30] for a thorough review concerning Nystrom methods and various ap-
proaches to dealing with nearly singular integrals. Regarding BEMs specifically, two
main groups of techniques can be distinguished. On one hand, we have semianalytical
techniques [7, 17, 22, 23, 40, 41] whereby singular terms are extracted from the ker-
nel to be integrated in closed form, while the remaining smoother part is integrated
numerically by means of standard quadrature rules. And, on the other hand, we have
techniques based on regularizing coordinate transformations [14, 20, 21, 31, 33, 34, 36]
whereby specialized changes of variables are utilized to turn singular integrands into
regular (analytic) integrands to which standard quadrature rules can be directly ap-
plied to achieve any desired accuracy. Although effective at dealing with the specific
classes of integrands (on polygonal surface meshes) and basis functions for which
they have been designed, none of the aforementioned techniques handles nearly sin-
gular integrals arising when target points lying off the surface are close to the surface
sources.

In detail, this paper presents planewave density interpolation (PWDI) methods for
the regularization of weakly singular, strongly singular, hypersingular, and nearly sin-
gular integral kernels present in Helmholtz layer potentials and the associated bound-
ary integral operators. Relying on Green’s third identity and a certain Taylor-like
interpolation of the surface density in terms of homogeneous solutions of the under-
laying PDE (planewaves in this case), density interpolation methods [29, 30] allow
layer potentials and operators to be expressed in terms of integrand functions that
are smooth (at least bounded) regardless of the target point location. The resulting
surface integrals can then be numerically evaluated by means of standard off-the-shelf
quadrature rules irrespective of the singularity of the associated integral kernels. As
such, kernel-regularized layer potentials and operators can be directly evaluated at
target points that are arbitrarily close to their surface sources enabling, in particu-
lar, the straightforward Nystrom or Galerkin BEM discretization of BIEs involving
multiple obstacles that are close, touching, or even intersecting each other. Indeed,
we demonstrate through numerical experiments that BIEs posed on the surface of
composite obstacles, i.e., obstacles that can be expressed as unions of geometrically
simpler intersecting obstacles, can be recast as BIEs posed on the union of the bound-
aries of the simpler domains, which, upon application of the proposed PWDI kernel-
regularization technique, can be directly solved using the BEM retaining the expected
order of convergence. This aspect of the proposed technique may significantly simplify
the numerical solution of many real-world problems involving intricate obstacles, as
it effectively allows bypassing the often involved task of meshing complex surfaces.

The PWDI method presented here is closely related to the boundary regularized
integral equation formulation method (BRIEF) [24, 38, 39] and other low-order regu-
larization techniques [25, 26] that rely on interpolation of the surface density function
and Green’s representation formula. In fact, the PWDI method can be viewed as an
extension/generalization of BRIEF in the sense that the PWDI method can be applied
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to all four boundary integral operators of Calderén calculus separately—including the
challenging hypersingular operator—thus enabling its use in both direct and indirect
BIE formulations free of spurious resonances. It can in principle produce surface in-
tegrands of any prescribed degree of smoothness, it can be used in conjunction with
nonsmooth surface representations such as those produced by triangular mesh gen-
erators, and it can handle intersecting surfaces. At the continuous level, before any
Nystrom or Galerkin BEM discretization is utilized, BRIEF can be considered equiv-
alent to the lowest-order version (with M = 0) of the PWDI method applied to the
classical Dirichlet first-kind or Neumann second-kind direct BIEs given in terms of
the single- and double-layer operators.

The structure of this paper is as follows: The theoretical basis of Taylor inter-
polation on regular surfaces, and of density interpolation methods in general, are
established in section 3. Two PWDI procedures are next introduced in section 4.
One amounts to the nontrivial extension to three dimensions of the low-order closed-
form analytic procedure put forth in [29] (section 4.1), while the other is a purely
numerical procedure for the construction of arbitrarily high-order planewave density
interpolants (section 4.2). Section 5 then provides the details on the discretization of
kernel-regularized layer potentials and integral operators by means of a Chebyshev-
based Nystrom method (section 5.1) and a Galerkin BEM (section 5.2). Section 6,
finally, presents a variety of numerical examples that validate and demonstrate the
various capabilities of the PWDI technique in the context of both Nystréom methods
and BEMs.

2. Preliminaries. For the sake of definiteness, we focus in this paper on scat-
tering problems related to acoustic sound-soft and sound-hard scatterers, e.g., either
Dirichlet or Neumann boundary conditions. We thus seek scattered fields that are
solutions of the following exterior Dirichlet and Neumann boundary value problems:

Ausy +k*uf =0 in R\ Q,

up +u=0 onl,

(2.1)
lim |r| (8“85’ —ikus) =0
|r|—o00 8|r| b

and
Ausy + K?ufyy =0 in R®\ Q,
ouy,  Ouine

(2.2) on + on
ous
lim |r N ikus ) =0,

respectively, where 2 C R? is a bounded obstacle whose boundary T is a piecewise
smooth, oriented, and closed surface. (The incident fields u'™¢ in (2.1) and (2.2) are
assumed to be solutions of the Helmholtz equation in all of R3.)

The Dirichlet (2.1) and Neumann (2.2) scattering problems can be formulated via
well-posed BIEs by means of the combined field approach introduced by Brakhage and
Werner [3] and Burton and Miller [6], respectively. The combined field approach relies
on the use of Helmholtz single- and double-layer potentials, hereby denoted as

_ [ 9G(r.9)

(2.3) (S¥)(r) ¢:/FG(7',(1)80(Q) ds(q) and  (Dy)(r) := FaTq)w(q) ds(q)

=0 onT,
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for r € R3\ T, respectively, where G(r,7’) := (47)~'e*I"='| /|r — #/| is the outgoing
free-space Green function for the Helmholtz equation in R? with wavenumber k > 0.
(In what follows, we utilize the symbol = to denote points that do not lie on the
surface I'; while the symbols p and ¢ are used exclusively to refer to points on the
surface T'.)

Interior and exterior Dirichlet/Neumann traces of the single- and double-layer
potentials give rise to the four boundary integral operators of Calderén calculus asso-
ciated to the Helmholtz equation. Specifically, the Helmholtz single-layer (S'), double-
layer (K), adjoint double-layer (K'), and hypersingular (V) operators are defined as

(2.4)
o / L aG( 7CI)
(50 0) = [ Coaelwis@). (K9 0)= [ T o) asto)
_ [ 9G(p,q) _ 9*G(p,q)
(Ke) (p) :== FT(q)w(q) ds(q), (Ne) (p) := f.p. me(fﬂ ds(q)

for p € ', where n(q) denotes the outward pointing unit normal to I" at ¢ € I'. As
usual, the initials f.p. in the definition of the hypersingular operator N stand for
Hadamard finite-part integral.

The combined field approach consists of looking for a scattered field u® = uf,
(resp., u® = u%;) in the form

(2.5) u*(r) = (Dy)(r) — in(Sp)(r), reR’\T,

where ¢ = ¢op : ' = C (resp., ¢ = ¢n : I' = C) is an unknown density function
and 7 € R is the coupling parameter. The enforcement of Dirichlet and Neumann
boundary conditions on I' leads to the following combined field BIEs:

(26)  (BW) Len() + (Kep)p) ~in(Sep)p) = —u™(), peT,

and, respectively,

21 BM) Jon() - (K 'emm) + (Nen)() =~ per,

Both BIEs (2.6) and (2.7) are well-posed in appropriate functional spaces provided
that n € R, n # 0 [9].

As is well known, one of the main challenges in the numerical discretization of
BIEs (2.6) and (2.7) is posed by the singular character of the kernels of the boundary
integral operators defined in equations (2.4) as the integration point g approaches the
target point p. Indeed, for a sufficiently regular surface I' C R? the operators S, K,
and K’ feature kernels with weak (integrable) singularities of type O(|p—¢q|~!), while
the operators N feature hypersingular kernels of type O(jp—¢q|™3) asT 3¢ —peT.
The numerical evaluation of the layer potentials (2.3), on the other hand, faces the
significant challenge of dealing with the nearly singular character of the integral kernels
at points » € R3\T lying near the boundary at which, although smooth, the integrands
exhibit large derivatives that ultimately hinder the accuracy of standard integration
procedures.

In what follows, we present a density interpolation method aimed at expressing
the boundary integral operators (2.4) and layer potentials (2.3) in terms of surface
integrands of prescribed regularity. For presentation simplicity and without loss of

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/09/22 to 128.235.12.252 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2092 C. PEREZ-ARANCIBIA, C. TURC, AND L. FARIA

generality, instead of treating each one of the integral operators (2.4) and layer poten-
tials (2.3) separately, we focus on the combined field integral operators of the BW (2.6)
and BM (2.7) integral equations and the associated combined field potential (2.5).

3. Kernel regularization via density interpolation. Before we briefly em-
bark on the presentation of the proposed density interpolation method, we first state
some useful results of the differential geometry of surfaces that will provide the theo-
retical basis and the notation for the derivations presented below in this section. The
main result of the next section is summarized in Remark 3.1.

3.1. Taylor series on smooth surfaces. We assume throughout this section
that T is a regular surface. First, given a system of coordinates around p € T" with
x(z1,72) = p, x: V C R? = T, we define the covariant basis of the tangent space
T,I' of I' at a point p as

ox
We will follow the usual convention of not using the argument p whenever there is no
possibility of confusion. Using the Riemannian metric tensor

ei(p) : (p)v i=1,2.

(31) Gij ‘= <eiaej>p = €;- €y, 1 S 17] S 27

we define the contravariant basis as e’ := Zj:1 g“ej, i =1,2, in terms of the inverse

of the metric tensor (¢%) = (g;;)~'. We also denote by g the determinant of the
metric tensor (g;;), that is, g = g11922 — g3,. With these notations in place, we have
that the unit normal at p € I is given by n = e; Aey/\/g.

Given a function ¢ : I' = C, we define its tangential gradient (or contravariant
gradient) by the formula (dp, X), = grad ¢ - X, for all X € T,I', where dp =
O1p e1 + 02 ey is a 1-form. An explicit formula for grad ¢ is given by

(3:2) grad ¢ = (¢" 01 + g* Dap)er + (97201 + g2 Dap)es = D1p €' + Doy €.
We also define the Hessian of ¢, Hess(y), at p € T" as the linear operator
Hess(p) : T,I' = T,I', Hess(¢)(Y) = Vygrad ¢, Y € T, T,

where V is the Riemannian connection on I'. The latter can be expressed as

2
_ ¢
Ve, €5 = E Fijeg
(=1

8ei ) e[
(9llfj

It can be shown that Hess(y) can be also viewed as a symmetric bilinear form
on T,I" given by Hess(p)(X,Y) = (Hess(p)X,Y),, X,Y € T,I'. The expression of
Hess(y) can be computed explicitly in the form

in terms of the Christoffel symbols defined by Ffj =

2

2
(3.3) Hess(y) = Z ((’)iaj(p - ZFfjaggo) e’ ®el,
=1

i,j=1
where e ® e/ = e’ (e/)T. For a scalar function ¢ : I' — C and a multi-index
a=(a,a2), o € Z, aj >0, j =1,2, we denote

dlelp

A4 Y= 0110520 = ——
(3.4) 9% = 01" 9% ¢ 921192502

3
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where |a| = aq + aq.

Finally, we need to make use of the exponential map on I'. This map is defined on
an open neighborhood U of the origin in 7},T", that is, exp, : U C T,I' — T, such that,
for v € U with |v[ small enough, exp,,(v) is defined as the point on I' which is distance
|v| away on the geodesic originating at p and having velocity v/|v| at p. With these
notations in place, we are in the position to state Taylor’s formula in the form
(3.5)

plexp, (v)) = ¢(p) + v grad o(p) + 50 Hess(@)(p) v+ O(fof’), p €T, v € Ty(T),

as |v| = 0, or equivalently as

(36)  »(q) =(p)+ v grad o(p) + %UTHGSS(w)(p) v+O0(lp—ql*), p.geT,

as |p — q| — 0, where v = exp;l(q) € T,I" in the case when ¢ is a smooth function
defined on I'. Taylor’s formula can be carried to higher-order terms in the form

M
B7)  el@)=e@) + > Vie@lv e v +0(p—q"), ¢peT,
j=1

as [p — ¢q| — 0, where v = exp,'(q) € T,I' and where the jth tensor (Vg -

T,I' x - x T,I' =+ R is defined recursively as
—_————

j times
Vie(Y)=Vy (Vi ), j>2, Vipi=gradp, Y eT,T,

in terms of the Riemannian connection V on I'. Clearly, as the surface gradient (3.2)
and the Hessian (3.3), the higher-order terms Vi, j > 2, can be expressed as a
linear combination of tensor products of the form et @ --- ® e%, i, € {1,2}, whose
coefficients, in turn, can be expressed as a linear combination of 9% for all || < j.

Remark 3.1. The main takeaway message of this section is that Taylor’s for-
mula (3.7) implies that if two smooth density functions, say ¢ and v, are such that
0%p(p) = 0“9 (p) for some p € T and for all |a| < M, where the derivatives are taken
with respect to any local parametrization of the surface around the point p, then
o(p) =v(q) + O(lp — q/M*1) as T > ¢ — p € T. In the next section, we will use that
result to produce a suitable Taylor-like interpolation of the density that will be used
to regularize the boundary integrals.

3.2. Kernel-regularized boundary integral operators and layer poten-
tials. Our density interpolation method relies on the use of certain families of smooth
functions ® : R x I' — C that are solutions of the Helmholtz equation

A ®(r,p) + K2®(r,p) =0, rcR> forallpel.

Letting

(3.8) ®(q,p) :=1lim ®(¢+en(q),p) and P,(q,p):=lim V®(q+en(q),p) n(q)
e—0 e—0

for any given p € I', and denoting the Dirichlet and Neumann traces of such functions,
respectively, we have that an application of the Green’s third identity [9, 28] leads to

39 1amea) = - [ X80 Daqp s + [ G 0®.ep s
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for all » € R3\ T and p € T, where 1o denotes  the characteristic function of the
domain €, i.e., 1g = 1 in Q and 1g = 0 in R?\ Q. Therefore, combining the layer
potential (2.5) with formula (3.9) we obtain the following equivalent expression for
the combined field potential (2.5):

9G(r,q)

w(r) = ~1ama(rr) + [ TR ole) = 000} dsta)

fﬁavqnmmmf@m%m}mmx

which is valid for all » € R3\ T and p € T
Then, letting » = p+en(p), e > 0, and taking the limit of both sides of (3.10) as
e — 0T, we obtain the following reformulation of the BW integral equation (2.6):

%{so(p) —®(p,p)} + /F agrg((,];;) {¢(q) — @(q,p)} ds(q)

(3.10)

(3.11) - /F G(p,q) {ine(q) — ®n(q,p)} ds(q) = —u™(p) forallpeT,

where we have utilized the standard jump conditions of the single- and double-layer
operators [9, 28].

The scope of the proposed density interpolation technique is to explicitly and
efficiently construct a family of functions ®(r, p) such that the integrands that enter
(3.11) are regular (at least bounded) as I' 3 ¢ — p € T'. To this end, for a given
n € R, n#0, and a scalar function ¢ : I' — C which is assumed to be (M + 1)-times
continuously differentiable at p € T, we say that a family of functions ®(7,p) defined
above satisfies Taylor-like interpolation conditions of order M > 0 at p € I if its
Dirichlet and Neumann traces, defined in equations (3.8), satisfy

(3.12a) 1i_r>n 0% {p(q) — ®(¢,p)} =0 forall |a] <M,
a—p

(3.12b) liin 0% {inp(q) — ®n(g,p)} =0 forall |of <M,
a—p

respectively, where all the derivatives are taken with respect to ¢ on the surface. In
light of the Taylor’s formula (3.7), it is clear that

(3.13)  |o(q) — (g, p)| Sla—pl™*" and  [ingp(q) — Pu(q,p)| S g — p/M*

hold for all p € T at which the Taylor-like interpolation conditions (3.12) are satisfied,
regardless of the surface parametrization underlaying (3.12) (see Remark 3.1). These
estimates imply, in turn, that

m{”q)%,p)} < lg —p|™ and |G(p,q) {ing(q) — Pulg.p)} < la —p[*.

Therefore, from the estimates above we conclude that the proposed procedure ef-
fectively regularizes the singularities of the kernels of the boundary integral opera-
tors in (3.11) provided that ® satisfies the Taylor-like interpolation conditions (3.12)
for M > 0.
Similarly, taking the exterior normal derivative of the expression (3.10) we obtain
that the BM integral equation (2.7) can be equivalently expressed as
1 9*G(p,q)

2 r dn(p)on(q)

- /1“ aaGIE(]’);J) {ing(q) — ®nlg,p)} ds(q) = —

{inp(p) — nlp,p)} + {elq) — @(q,p)} ds(q)

(3.14) o ()

on(p)

forall pe T,
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where the integrands satisfy

‘ 9*G(p,q)
dn(p)dn(q)
9G(p, q)

‘emw>{Mﬂ®@A%mﬂsmmM

and are at least bounded provided that & satisfies the Taylor-like interpolation con-
ditions (3.12) at p € I' for M > 2.

Finally, we apply the proposed density interpolation technique to the combined
field potential (2.5) at observation points » € R3 \ T near the boundary I'. Letting
p = p* = argminger |r —¢| € I in the formula (3.10) for the combined field potential,
we obtain that the corresponding integrands in (3.10) satisfy

{w@)—@@mn]ﬂq—mM-a

9G(r,q) lg —pr M M—1
_® N<E =1 <J|g-—9p*
n(q) {elg) — @(q,p")} < S lg —p" |77,
. * < |q _p*|M+1 x| M
IG(r,a){ine(q) — Pnlgp")} < BECEE lg —p”|

provided that ® : R*xI" — C interpolates ¢—in the sense of the conditions in (3.12)—
at a nearly singular point p = p* € I'. Clearly, for sufficiently large interpolation
orders M, not only do the integrands vanish at p*, but so do their derivatives. Finally,
we mention that kernel-regularized expressions for the gradient of the combined field
potential can be obtained by direct differentiation of (3.10).

As we will see in the next section (and in numerical results presented section 6),
expressions for the potential and its normal derivative stemming from (3.10), with
p =p* =argminger |r — ¢/, can be exploited to produce kernel-regularized operators
for problems involving multiple obstacles that are close or even intersecting each other.

Remark 3.2. Derivations similar to the ones presented above can be carried out
to produce kernel-regularized expressions for all four integral operators of Calderén
calculus (2.4). In fact, such expressions for the double-layer and hypersingular oper-
ators are given by the left-hand sides of (3.11) and (3.14), respectively, that result
from setting 7 = 0, where ® must satisfy (3.12) with the corresponding n = 0 value.
Similarly, kernel-regularized expressions for the single-layer and adjoint double-layer
operators are given by the left-hand sides of (3.11) and (3.14), respectively, that result
from dividing them by —in and taking the limit n — oo, where ® must satisfy (3.12)
with the corresponding (—in)~! = 0 value.

Remark 3.3. Maue’s formula [9, Theorem 2.23] provides an alternative expression
for the hypersingular operator. In fact, for a sufficiently regular surface I' and density
function ¢, the hypersingular operator can be equivalently expressed as

ww@zw/ammwmn@wwww
(3.15) r

- p-V-/m?G(p, g) - curltp(q) ds(q),
T

where the tangential rotational operator at a point p € I' is defined as curl?. =
—n(p) A grad? in terms of the surface gradient (3.2) at p € T' which is here denoted
as grad.. As usual, the initials p.v. in front of the integral sign stand for principal
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value integral. Using Maue’s formula (3.15), we hence obtain that the BM integral
equation (2.7) can be alternatively expressed as

(3.16) % {ing(q) — Pnlq,p)} + K /F G(p,q)n(p) - n(q) {¢(q) — ®(q,p)} ds(q)
+ [ g6, a) et (o(a) = 00} dst) = [ ZHED finp(a) — @l p)} dsta)

= _auinc (p) or a.
=~ onp) ralver

where the most singular integrand satisfies
eult G (p,q) - curli{io(q) — @(a.p)}| S g —p1™

and is at least bounded provided that M > 2. Both the (3.14) and the (3.16) forms
of the BM integral equation are considered in the numerical examples presented in
section 6 below.

Remark 3.4. Yet another expression for the hypersingular operator can be easily
derived from (3.15) by “moving” the operator curl: outside the surface integral, i.e.,

(317)  po. /F G (p, ) - curltp(q) ds(q) = — curl® /F G(p, @)euritp(q) ds(a),

where the scalar rotational operator on the right-hand side is defined as curlf =
—divln(p)A, with divl denoting the surface divergence operator at p € T'. It thus
follows from (3.17) that the hypersingular operator can be evaluated by applying
the proposed technique to the single-layer operator alone,ﬂ;chough separate Taylor-
like interpolants for each one of the three components of curliy(g) and n(q)p(q) are
needed. This approach is utilized in section 6 to produce accurate BEM discretizations
of the BM integral equation using M =0 and M = 1.

3.3. Multiple-scattering approach to scattering by composite surfaces.
Let €25, 7 = 1,2, be open and simply connected domains with smooth boundaries I'; =
09;. Suppose 2 C R? is given by the union Q = Q; Uy, where Q1 N Qs # (. For the
sake of conciseness and simplicity, we focus here on the exterior Dirichlet problem (2.1)
which we proceed to formulate as a multiple scattering problem encompassing the two
obstacles €2 and §29. This formulation is advantageous in many practical applications
where suitable discrete representations of the “combined surface” T' = 9(€; U Q) (in
terms of surface meshes in the case of BEMs or manifold representations in terms
of coordinate patches in the case of Nystrom methods) are difficult to produce, but
separate discretizations of its component parts, I'; = 9Q; and I'y = 025, are easy to
generate. An important example in this regard are van der Waals molecular surfaces,
which are given by the union of a typically large number of spherical atoms (see,
e.g., [8]).

Instead of considering the BW integral equation (2.6) on I' = 9(£2; U Q3), we
pose it on I' = Ty UT,. Letting @ : T — C be a density function, we look for the
scattered field in the form of the combined field potential u*(r) = (D@)(r)—in(S)(r),
where D and S are the double- and single-layer potentials in (2.3) but defined in terms
of surface integrals over I'. The enforcement of the Dirichlet boundary condition on T
yields the integral equation

Lo Ki1 —inS11 K12 —inSiz 1 1
3.18 — . . =
(3.18) 2 ( P2 ) * < K1 —inSa1 Kaz —inSa P2 f2
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on T for the unknown density function @, where ¢; = ¢lr, and filp, = —u™|
j =1,2. The operators S;; and Kj;, ¢,j = 1,2, in (3.18) are the single- and double-
layer operators in (2.4) but defined in terms of boundary integrals over I'; and target
points p € I';. Note that the Dirichlet data (fi, f2) in (3.18) requires the incident
field u™® to be defined on T \ I'. Typically, '™ is given by an explicit expression
that can be directly evaluated almost everywhere in R? including [. If that is not the
case, (f1, f2) can be defined by simply extending u¢ to I'\ T by zero.

In order to evaluate the integral operators in (3.18), we apply the proposed tech-
nique to each one of the operators involving integration over the closed surfaces I'y
and I'p. This is achieved by regularizing I/2 + K;; — inS;; for i = j as an integral
operator acting on I'; using (3.11), and regularizing K; ; —inS;; for i # j as a layer
potential that involves integration over I'; and evaluation at target points r € I';
using (3.10).

The effectiveness of this approach is demonstrated by numerical examples based
on the BEM presented in section 6. A more extensive study of the multiple-scattering
approach to scattering by composite surface—that, in particular, will include the BM
integral equation (2.7)—will be presented in a future contribution.

In the next section, we present an explicit construction of families of functions ®
such that the conditions (3.12) are satisfied for any given smooth function .

4. Interpolating functions. This section is devoted to the construction of the
functions ® introduced in the previous section. Specifically, we look for expressions
of the kind

(4.1) Z %p(p)®M (r,p) +in Z %p(p)®2 (r,p),

|a|=0 |a]=0
where the derivatives 0%y are defined as in (3.4) and where the expansion functions
<I>((11) and CIJ(Q) are taken to be linear combinations of planewaves:

(4.2) 1) Zaga YWie(r —p) and <I> Zbga YWe(r — p),

where Wy(r — p) = exp{ikdy- (r —p)}, £ = 1,..., L, have distinct directions dy
(Id¢] = 1). The directions dy may depend on p € I', in which case we make the
dependence explicit in the notation dy = dy(p). Clearly, any linear combination of
the form (4.2) amounts to a homogeneous solution of the Helmholtz equation in the
variable 7.

The following lemma, whose proof follows directly from Taylor’s theorem in two
dimensions, establishes simple point conditions on the traces of the expansion func-
tions (4.2) that guarantee that the interpolation requirements (3.12) are satisfied.

LEMMA 4.1. Let & : R3 x T — C be given by (4.1), where ) : R3 x T — C,
la] < M, j =1,2, are the linear combinations of planewaves defined in (4.2). Then,
sufficient condztwns for @ to satisfy (3.12) at p € T are that the Dirichlet trace

<I>(J)(q p) and the Neumann trace <I>£1)a(q p) = lim.o V, oY )(q + en(q),p) - n(q),
where ¢ € I' and j = 1,2, satisfy

as)  Pelew={ § 050 Felles o
(4.3b) Oﬂég)(p,p) =0 and 55@53&(?#) = { é Z g;g’
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for all subindices 3 € 73 such that |3| < M.

The following two sections address the problem of finding explicit expressions
for @&1) and @&2), |a] < M, by utilizing the point conditions (4.3).

4.1. Closed-form planewave expansion functions in the case M = 1. In
this section, we find closed-form expressions for the families of functions {‘I)S)}mg M
and {<I>((12)}|a‘< , defined in (4.2), whose traces satisfy the requirements in Lemma 4.1
for the interpolation order M = 1.

We thus search for functions {@&1)}|a|§1 and {@&2)}‘049 that are linear combi-
nations of planewaves whose directions d; depend on p € T, that is, Wy(r — p) =
exp {ikdy(p) - (r — p)}, £ =1,..., L. The planewave directions dy(p) are expressed in
terms of the basis {71(p), 72(p),n(p)}, that is,

de(p) = deaT1(p) + de2m2(p) +desn(p), |de(p)| =1,

where the unitary contravariant vectors 7;(p), j = 1,2, are defined by

(4.4) Ty = I el and To 1=, [ 9 &2
922 g1

in terms of the Riemann metric tensor (g;;) in (3.1) and its determinant g. Note that
we dropped the dependence on p of all the quantities in equations (4.4), as there is
no risk of confusion.
We begin by defining, for p € T’ and a direction d(p) (which may not be unitary),
the following functions:
(4.5)
S(r,p,d(p)) :=sin (kd(p) - (r —p)) and  C(r,p,d(p)) := cos (kd(p) - (r —p))

for » € R3. Clearly, for unitary directions d;(p) and da(p), the products

(- A)o( ). c(-52)s(..40)

(- 29)5(. )

are linear combinations of planewaves of the form (4.2) with (unitary) directions
J5(di(p) +dz(p)) and 5(d1(p) — da2(p)) provided that d(p) - d2(p) = 0.
The following lemma introduces the sought linear combinations of planewaves.

LEMMA 4.2. Let S and C be the functions defined in (4.5), and denote by L =
—e;-0in=0?xn, M = —e;-0on = —ey-01n = 910ox'n, and N = —ey-0on = 92x-n
the second fundamental form coefficients at p € T'. Then, the Dirichlet and Neumann
traces of

(4.68) 2, (r.p) = 25 (r,p.m(p),
aon) oty =578 (0 ) s (0 7).
(4.6¢) @Eg?l)(r,p) = % %S (np, Ii(/g)) S (r7p, T\z/(g))
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and

(4.72) By (r,p) = C (r,p,n(p)),

(170) @y (r.p) = ?Smnn@>{””:”ﬂ}ﬂ%w@
_ {912N ; 922M}(I)E(2))1)(r’p)’

(17¢) @Y, (rp) = %smnn@w{%ﬂ;”M}ﬂmv@

g12M — g N 2
[

satisfy the requirements (4.3b) and (4.3a) of Lemma 4.1, respectively, for M = 1.

Proof. The proof follows directly from the computation of the tangential deriva-

tives of ®S” and ) at r = p € T and the use of the identities [13]

on= — (gllL + gle)el — (921L + gQQM) eo,
(4.8) 11 12 21 22
32n:7(g M+g*N)es— (¢ M+g N)eg,
where (%) denotes the inverse of the metric tensor (g;;). |

The extension of the trigonometric ansatz technology utilized above to the con-
struction of closed-form families of functions {<I>(a1)}m|§M and {@&”}MSM that sat-
isfy conditions in (4.3) for M > 2 is challenging. In particular, additional distinct
planewave directions ought to be incorporated in the ansatz. Because of the aforemen-
tioned difficulties, we advocate for the algebraic approach presented in the following
section to construct high-order planewave expansion functions in the case M > 2.

4.2. Higher-order planewave expansion functions. In this section, we de-
velop a purely algebraic algorithm to construct expansion functions {@&”}MS o and

{<I>§f)}|a‘§ u at a given (regular) point p € T'. Unlike the analytical approach presented
in the previous section, we now select a collection of planewave directions {dg}ﬁif
that are independent of p € I'. While the desired interpolation order M and the
number L of planewave directions are parameters in our algorithm, the planewave di-
rections themselves can be selected either randomly or uniformly from the unit sphere
in three dimensions.

It is clear from Lemma 4.1 that in order to find the desired expansion coeffi-
cients {af,a}ng\aKM (resp., {b&a}ng\aKM) that determine the expansion functions

{<I>((11)}|Q‘SM (resp., {<I>((12)}|Q‘SM) at p € I, one has to impose the N = (M +1)(M +2)
independent conditions (4.3a) (resp., (4.3b)), which have to be satisfied exactly. Con-
sequently, a solvable linear system for the coefficients could be produced provided that
the number of planewave directions satisfies L > N. In order to form such a linear
system, we proceed to sort the N/2 indices oo = (a1, ag) satisfying ay + ag < M by
introducing a bijective mapping J : {|a] < M} — {1,...,N/2}. Therefore, letting
05,7 =1,...,N, denote the canonical vectors of RY, we have that conditions (4.3a)
lead to the linear system

(4.9) C)a;(p) = 8;, j=1,...,N/2,
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for the coefficient vector a; = [ay j-1(j,-..,ar, j-1(;]" € CL, while conditions (4.3b)
yield the system

(4.10) C(p)bj(p) =0d;4n/2, j=1,...,N/2,

for the coefficient vector b; = [by j-1(j),. .., bL,J—l(]')}T € CL', where C(p) isan N x L
complex-valued matrix. Note that we have assumed in these derivations that the
first N/2 rows of C(p) correspond to the conditions on the Dirichlet traces, while the
remaining N/2 rows correspond to the conditions on the Neumann traces.

In the case when L > N, the solution of the linear systems (4.9) and (4.10) must be

understood in the least-squares sense. Letting C'(p) = [CI ()., cjv(p)} € CkxN

denote the MoorePenrose pseudoinverse of C(p), that is, C(p)CT(p) = I, with
I € RV*N being the identity matrix and C(p) being full-rank, the unknown vectors
a; and bj, respectively, are given by

(4'11) aj(p> :C;[(p) and bj(p) :C;+N/2(p)’ J= 17"'aN/2'

Note that under the assumption that C(p) is full-rank, ct (p) can be computed explic-
itly via the formula CT(p) = C*(p) (C(p)C*(p))~", where C* denotes the Hermitian
transpose of C.

We present in the supplementary materials SM1, linked from the main article
webpage, a recursive approach to compute the entries of the matrices C(p) in the
case M = 3.

Remark 4.3. We have found it difficult to prove whether for a given set of dis-
tinct planewave directions {d¢}/=F the matrix C(p) € CM+DMFxL g fyll-rank
for any p € I'. We have observed in numerical experiments, however, that when
L = (M + 1)(M + 2) the resulting square matrix C(p) is very ill conditioned for
some points p € I'. We thus recommend in general to select L > (M + 1)(M + 2) in
order to sufficiently enrich the column space of C(p) so that its pseudoinverse C(p)
becomes computable. In practice, large enough O(M?) numbers of planewave di-
rections, selected from a “uniform” spherical grid, give rise to numerically invertible
matrices C(p)C” (p) from where the C'(p) can be computed. In detail, the planewave
directions for the construction of numerical PWDI interpolants used throughout this
paper are given by (cos 8, sin ¢,,, sin 0,, sin ¢,,, cos ¢y, ), where 6,,, = 2w(m — 1/2)/Ly
form=1,...,Lp and ¢,, = m(n —1/2)/Ly for n =1,..., Ly, with L = Lg x Ly =
2x2,4x3,5x4,6 x5 for interpolation orders M = 0,1, 2, 3, respectively.

5. Numerical evaluation of integral operators and layer potentials. This
section presents Nystrom and Galerkin BEM discretization schemes, based on stan-
dard quadrature rules, for the numerical evaluation of the kernel-regularized integral
operators and layer potentials associated to the combined field integral equations (2.6)
and (2.7).

5.1. Chebyshev-based Nystré6m method. We here briefly describe the 3D

BIE method introduced in our previous contribution [30]. The surface T is represented
as the union I' = U7Nn”:1 P™ of nonoverlapping patches P™, m = 1,...,N,, where
PPl = () if m # 1. It is assumed (throughout this section) that each surface patch

P™ has associated to it a bijective C> coordinate map x™ : H—P™,

(51) Xm(g) = (xT(§1’£2)7x7271(§1a£2)7xgb(glyéé))7 m = 17 .. 'aNP (€ = (51762))7
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where H = [—1,1] x[—1, 1] C R?. Furthermore, the coordinate maps (5.1) are selected
in such a way that the unit normal n™ (&) = 01x™ (&) A 02x™(€)/]01x™ (&) A O2x™ (&)
at the point x™ (&) € P™ points outward to the surface I'. The surface integral of
a sufficiently regular function F' : I' — R—such as the integrands in (3.11), (3.14),
and (3.10)—can then be expressed as

IR ds—Z/ F (7€) [0 (€) 1 oux™(€)] a€ = [ f(€)a

In order to numerically evaluate the integral above with high precision, we utilize
open Chebyshev grids in the parameter space H. Accordingly, H is discretized by
means of the so-called Fejér’s first quadrature rule [12], which yields the approximation

(5.2) /f )dé ~ Zth,,t Wiw;,

=1 j=1

where the quadrature points ¢; are the Chebyshev zero points

(5.3) £ = cos (), ;= (2‘72’7;)” j=1,....N,
and the Fejér quadrature weights are given by

9 (N/2]
(5.4) wj = 1—2Z4€2 cos(209;) |, j=1,...,N.

A key feature of this discretization scheme is that the quadrature rule (5.2) yields
spectral (superalgebraic) accuracy for integration of smooth C°°(#) functions. As
expected, however, slower convergence rates are achieved for less regular integrands
(such as surface density functions associated to problems of scattering by piecewise
smooth obstacles). Yet another important feature of this discretization scheme is that
all the partial derivatives of the coordinate maps x™, unit normals n™, and functions
p(x™(€)) that are needed for the construction of the planewave density interpolant
® : R3 x I' — C can be efficiently and accurately computed at the grid points (¢;, i),
1<14,j < N, by means of FFT differentiation. More details can be found in [30].

Finally, the proposed procedure for the numerical evaluation of the BW combined
field operator K —inS, using the method of section 4.2, is summarized in Algorithm 5.1.
A completely analogous procedure can be followed for evaluation of the BM combined
field operator N — inK’.

5.2. Galerkin boundary element method. This section concerns the use of
the proposed planewave density interpolation method within the standard second-
order Galerkin BEM discretization using triangular surface meshes.

To fix ideas, we counsider once again the BW boundary integral equation (2.6)
which upon constructing an appropriate density interpolation function ® : R®xI' — C
can be equivalently expressed (in strong form) as (3.11). Throughout this section, we
assume that 2 C R3 is a bounded Lipschitz polyhedral domain. Therefore, associated
to the surface I' = 0} there is a triangulation 7j such that I' = Jpcs 7. Note
that both the single- and the double-layer operators are bounded on H'Y?(T") and
that the Green’s identities used in the derivation of (3.11) still hold true for I" being
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Algorithm 5.1. Nystrom evaluation of the forward map (K — inS)ep.

Require: Grids {z} ; Zgjv C Pk, k=1,...,N,, corresponding to the discretization

of the surface I' using N, nonoverlapping patches, generated using Chebyshev grids
in the parameter space H; discrete density function ap(mf]) = f,j, i,7=1,...,N.
k = 1,...,N,; planewave interpolation order M; planewave directions d¢, { =
1,...,L.
for k from 1 to IV, do
Compute 9%¢ of all orders |a| < M on the patch P* using FFT-based spectral
differentiation of the 2D array {(bf]}z;jlv
end for
Set Ii’fj =0ford,j=1,...,Nand k=1,...,N,
for each grid point wfj do
Generate the coefficients ay q,. (a:fJ
,...,(M+1)(M+2)/2
Compute the interpolating function ® (4.1) using the derivatives 90%p at :I:f ; and
the coefficients ay o, and by q,
for m from 1 to N, do

) and by, (xf;) for £ = 1,...,L and r =

Evaluate the approximate integral I = Zm;;fqu"" flzy wy, =~
. kb G (=} 5,
Jom F@)ds, with f(y) = -2%) 4 DB o) oy at)) —

G(mf)j, Y) {imp(y) — 0n®(y, :cfj)}, using Fejér’s quadrature rule
Update Ii’fj = I{fj +1
end for
end for
return Iffj fori,j=1,...Nand k=1,...,N,.

Lipschitz [27]. Therefore, assuming that u*|r € HY?(T), we readily have that
the variational formulation of (3.11)—or, equivalently, (2.6)—reads as follows: Find
¢ € HY?(T') such that

(5.5)
G (p, q)

[ {31600 - 2.+ [ %20 (41 - 2t} asta) vl as()

—/F{/FG(p, 7){ine(q) —‘Pn(q,p)}dS(Q)}w(p) ds(p) = —/Fui“"(p)ib(p) ds(p)

for all test functions 1» € H~'/2(T").2 In order to find an approximate weak solution
on € HY?(T) of (5.5), we resort to a Galerkin BEM for which we consider the
(finite-dimensional) subspace W, = {v € C(I') : v|r is a linear function ¥T" € T} C
HY?(T) ¢ H-Y2(). Clearly, the set {v;}}_; of lincar polynomials supported on
UpjeTT satisfying the condition v;(p;) = d;; for all 4,7 = 1..., N, where p;, j =

..., N are the mesh nodes, forms a basis of the subspace Wj,. In detail, letting
Drys Dry, a0d pry, with 7, 72,73 € {1,..., N}, denote the vertices of a triangle T € Ty,

2We assume here the continuous extension of the standard real pairing (u,v) = fr uvds for
u,v € L2(T") to the dual pairing (-, '>H1/2(F)><H*1/2(F).
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T K
Prg Pk,

Ko

Pry

Fic. 1. Notation used for the the mesh triangles in the outer (T') and inner (K) integrals
in (5.12) and in the Algorithm 5.2.
and defining the unit vectors (see Figure 1)

T DPrs — P T DPry — Prs T Pry — Py

T pry T = =
! |p7'3 _p72|’ ? |p7'1 _p73|, 3 |p7'2 _p71|7

ulT:TiF/\nT, VQT:’rg/\nT, ngTgAnT,

we have that the sought approximate density function ¢ € W), is given by

3
(5.6) on(®) =Y _on(pr)vr,(p), PET,
=1
where the basis functions are
(p _ij) ' VT .
(5.7) vn(p) =1 - ——5—", j=123 peT
J

with h; = (pr, — ;) - l/jT > 0, i # j. The discrete variational formulation can thus
be expressed as follows: Find ¢, € W}, such that

(5.8) /ij(p){;{soh(p) —U(pvp)}Jr/Fm{wh@—@(q,p)}dsw)
- / v;(p)G (p, {inen(q) <I>n(q,p)}d5(q)} ds(p) = — / v; (p)u™(p) ds(p)
T I

for all basis functions v; € Wy, j=1,...,N.
Consider now the term in (5.8) associated to the single-layer operator, that is,

[ { [ 6.atimenta) - cbn(q,p)}ds(q)} ds(p)
69 =¥ 5[]/ coatmen - e ao] a.

TeTw KETh

Clearly, both the outer and the inner integrals in (5.9) have to be evaluated by means
of quadrature rules for which typically the vertices of the triangles T € T}, are used as
quadrature points. Suppose the vertices p,,, £ = 1,2, 3, are used as quadrature points
for evaluation of the outer integral (over T'). In order to regularize the integrand of the
inner integral (over K), then the normal derivative ®,, of the planewave interpolant ®
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has to approximate to sufficiently high order the density function inyy at the vertices
D+, £ = 1,2,3. Unfortunately, the problem with this numerical integration scheme
is that the construction of ® requires the surface unit normal and surface tangent
vectors to be properly defined at the vertices p,,, £ = 1,2, 3, which does not typically
happen for general polyhedral surfaces.

In order to circumvent this issue, we propose to use a second-order Gauss quadra-
ture rule for triangles that makes use of quadrature points py, £ = 1, 2, 3, that lie in the
interior T° of the triangle T' [11, 15]. This quadrature rule yields the approximation

510 /ij(p) {/K G(p: ¢){inen(q) — (I)n(Q7p)}d3(Q)} ds(p)
5.10 s
~ % ; v (Pe) {/K G (e ) {inen(a) — Pn(g, o)} dS(q)} :

where the quadrature points are given by

:2p71+pﬂ+p£, ﬁ2:b+2pw+%7 ﬁ3:@+p£+2pfs.

5.11)
(5-11) pr = =3 6 ' 6 6 3 6 6 ' 6 3

Since the quadrature points pg, £ = 1,2,3, lie in the interior of the triangle T (see
Figure 1), the surface unit normal and the surface tangent vectors—which are required
in the construction of the planewave interpolant—are uniquely defined at those points.

The inner integral, on the other hand, can be approximated by means of any
sufficiently high-order quadrature rule. Using the standard node-based quadrature
rule, for instance, we obtain

/T v;(p) { /K G(p, 9){ingn(q) — qI>n(q7;0)}018(q)} ds(p)
(5.12) PR
~ e D0 Y GG s b Hinon () — Pl 7o)},

=1 m=1

where p,, , m = 1,2, 3, are the vertices of the triangle K (see Figure 1). A completely
analogous approach can be followed to evaluate the term in (5.8) involving the double-
layer operator.

Remark 5.1. Note that the terms inside the double sum on the right-hand side
of (5.12) are always well defined even when the triangles T' and K coincide. The effect
of the PWDI technique lies then in the regularization of the nearly-singular integral
kernels that arise when the triangles 7" and K coincide or are close to each other. In
the latter case, however, the effectiveness of the proposed technique is affected by the
limited (piecewise planar) global regularity assumed on the surface parametrization.
It is thus not worth pursuing interpolation orders M > 2 in the context of the proposed
BEM for piecewise planar surface representations.

In what follows, we describe in some detail the construction of the closed-form
planewave interpolant for M = 1 in the Galerkin BEM context. As discussed in
section 4.1 above, the construction of the planewave interpolant ® : R3? x I' — C
requires the knowledge of a local smooth parametrization of the surface I' at and
around the interpolation point p € I'. By construction, the interpolation point p
always lies in the interior of some triangle 7' € 7. Therefore, the local surface
parametrization has constant tangent vectors el and e that can be computed directly
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from the node data. In fact, selecting e’ = v and el = 77, for instance, we have
that the expressions for the planewave interpolants (4.6)—(4.7) simplify significantly
due to the fact that the metric tensor becomes the identity, i.e., g;; = d; ;, and the
second fundamental form coeflicients vanish, i.e., L=M = N =0, at p € T°.

Having defined the tangent vectors el and el the surface derivatives of 5, € W),
at quadrature points py € T°, £ = 1,2,3, can be computed by direct differentiation
of (5.6), which in turn involves the derivatives

S i a=(00)
el . T
——L i a=(1,0),
o ~ h*
(5.13) 0%vr, (Pe) = J
e; vl
—T if a= (0,1),
J
0 ift ol >1

of the basis functions (5.7). An algorithmic description of the numerical evaluation
of (vj, (K —inS)ep) for j =1,..., N is given in Algorithm 5.2.

Algorithm 5.2. Galerkin BEM evaluation of (vj;, (i —inS)es) for j =1,...,N.

Require: Triangular mesh 7, of the surface I' C R? consisting of M triangles and
N mesh nodes {p;}}_; C I coefficients {¢;}}_; C C of the density function

Jj=1

on(p) = Zjvzl ;v (p), p € T', with respect to the basis {v, }é\le of piecewise linear
polynomials.

Set I; =0forall j=1,...,N

for 7 from 1 to M do

Compute e’ el ' n

T = el nel and the area |T'| of the Tth triangle T with vertex

indices {7’1, TQ,T3} - {1, ey N}

Produce p1, p1, and p3 from the vertices p;,, pr,, and p,, using (5.11)

Compute 0%pp, |af < M, at p, € T, £ = 1,2,3, using (5.13), to construct the
planewave interpolants ®(-, ), £ = 1,2,3

for k from 1 to M do

Compute n’ and the area |K| of the xth mesh triangle K with vertex indices
{Kk1,k2,k3} C{1,...,N}
for m from 1 to 3 do

Evaluate Fy = f(pe,ps,,), ¢ = 1,2,3, where f(p,q) = —%T(m +
2w {o1(g) — (g,p)} — G(p, @) {inon(q) — ®n(g,p)}. The normal deriva-
tives 88%@)@ and ®,(q,p) = %ﬁﬁ) are computed with respect to the unit

normal n¥
Update I, = I, + T o, (51) 1 + vr, (52) Fz + vr, (B3) F3}
Update I, = I, + T05 (o, (51) Fy + vr, (52) Fa + 7, (3) F3}
Update I, = Iy, + 20 fo, (51) Fy + vry (B2) Fo + vry (53) F3 }
end for
end for
end for
return [; for j=1,...,N

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/09/22 to 128.235.12.252 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A2106 C. PEREZ-ARANCIBIA, C. TURC, AND L. FARIA

In order to tackle the BM integral equation (2.7), in turn we apply the closed-form
density interpolation technique to both the single- and the double-layer operators
separately. In detail, we first resort to identities (3.15) and (3.17) to express the
hypersingular operator in terms of single-layer operators. Then, upon integration
by parts, the discrete variational formulation for the BM integral equation reads as
follows: Find ¢, € W}, such that

(5.14)

in T e : oure
5 (vj,on) —in (v, K'on) — (Curlrvj,SCuﬂr<Ph> + k% (vjn, Snpp) = — ( v;, “on
for all basis functions v] e Wh, j=1,...,N, where (-,-) denotes the standard real
pairing ( = [re(q) q)ds(q). Noting that (v;, K'¢pn) = (Kvj,¢n), we hence

conclude that it suffices to apply the proposed technique to both S and K separately
(see Remark 3.2).

Finally, in order to produce accurate evaluations of the combined field poten-
tial (2.5) at target points » € R3 \ I' near the surface I', we resort once again to the
interior quadrature points (5.11). Indeed, in the context of the Galerkin BEM the
combined field potential at a point » € R® \ T' can be expressed as

uh(r) ~ —1g(r) s / aG’” q on(a) — (g, p)} ds(q)

T€eTh

-y / () {ingn(a) = ®u(a ")} dsq) with p* = argmin Ir — g,

TETh

(5.15)

where the integrals over T are approximated as

9G(r,q)

L onlg) {on(q) — (g, p")} ds(q < Z ’p‘ on(pe) — u(Be,p*)},

/TG(T, q) {inen(q) — Pn(q,p")} ds(q) %%‘ Z G(r,pe) {ingn(pe) — n(Pesp")} -

(=1

Remark 5.2. Unless explicitly stated, we follow the standard “5h” rule [1] for both
the Nystrom and the Galerkin BEM versions of the PWDI method. Consequently,
fields at a distance smaller than five times the mesh size from the surface are evaluated
using the kernel-regularized combined field potential (3.14) (with p = arg minger |r —
g| € T), while fields at target points further away from the surface are computed using
the corresponding nonregularized expression (2.5).

6. Numerical examples. This section presents a variety of numerical experi-
ments that illustrate different aspects of the proposed methodology.

6.1. Validation of the density interpolation procedures. Our first numer-
ical example is devoted to the validation of the two density interpolation procedures
introduced above in section 4. We start off by taking I as the (smooth) boundary
of the bean-shaped obstacle displayed in Figure 2a, on which we define the density
function

(6.1) p(q) = »(q) — ®(q,p"), q,p" €T,

where ¢ is a given smooth density and ® is the planewave interpolant at p* € T
Note that, by construction, p and its first M tangential derivatives vanish at p* € T'.
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Re(p) Re(0°p(-,&3)) Re(0°p(&1, ")

1 - Cheb. grid

interpolation

point (p*)
H s
-3 -2 -1 0 1 2 3
(a)

interpolation

point (p*)
[ |
3 2 -4 0 1 2 3
(d)

Fic. 2. (a) (resp., (d)): Plot of the real and imaginary parts of p defined in (6.1) where the
planewave interpolant ® was constructed using the analytic (resp., numerical) procedure described in
section 4.1 (resp., 4.2). The interpolation point p* = x(&7,£&5) = (—0.616,0.310,0.599) is marked
by a black dot. (b) and (c) (resp., (e) and (f)): Plots of the cross section of the partial derivatives
0%p for all |a| =1 (resp., |a| = 3) in the parameter space. Note that all the first- (resp., third-)
order derivatives vanish exactly at the interpolation points (&5,&5) = (—0.339,0.790).

As was discussed in section 5.1, the surface I' is here represented by means of six
nonoverlapping rectangular patches, each of which is discretized using Chebyshev
grids consisting of 50 x 50 points. Figure 2a (resp., 2d) displays the real part of p
produced by the closed-form (resp., algebraic) procedure. Figures 2b and 2c¢ (resp., 2e
and 2f), in turn, display slices of the real part of 9%p, |a] = M, at p* in the parameter
space, obtained using the closed-form (resp., algebraic) procedure with M =1 (resp.,
M = 3). The density function ¢ utilized here is selected as the Dirichlet trace of the
field produced by a point source at the point o = (0.1, —0.1,0.25) placed inside T
The wavenumber and the coupling parameter considered in this example are k =
10 and n = k, respectively. These results demonstrate that the prescribed Taylor
interpolation order M is achieved by the proposed procedures. Similar results are
obtained for the imaginary part of p as well as for p,(q) = inp(q) — ®,(q, p*), which,
for the sake of brevity, are not displayed here.
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S \
/ \
/ .
\
\
X ;
\\‘\ / 7
(a) Far-field evaluation grid (b) Near-field evaluation grid

Fic. 3. Grids utilized in the evaluation of the far- and near-field errors.

6.2. Nystrom and Galerkin boundary element methods. This section il-
lustrates the capabilities of the density interpolation method for the regularization of
the combined field potential and the associated BW and BM integral operators.

6.2.1. Simple surfaces. In our first example, we let I' be a unit sphere at the
origin. (This simple surface has the advantage that can be easily represented using
both quadrilateral patches and triangular meshes, allowing us to tackle the same prob-
lems using both Nystrom methods and Galerkin BEMs.) In order to assess the numer-
ical errors, we consider an exact solution for both Dirichlet (2.1) and Neumann (2.2)
problems, which is given by u?_, . (r) = eFI"=7ol /jp — po| — e!FI"=m11 /] — 1| where
the source points 7o = (0.2,0.1,0.1) and r; = (—0.1,0.3,—0.1) lie inside the unit
sphere I'. The real part of the Dirichlet trace of u . on I' (for k = 1) is plotted
(in colors) in Figures 3a and 3b. The far-field errors in the numerical solution u® are
measured by
maXpez |Us, 0 (1) — u(7)]

exact

(6.2) Error =

maXre= ‘ugxact (Ir)| ’

where = is the spherical grid (of radius r = 10) displayed in Figure 3a. The near-field
errors, in turn, are measured using (6.2) but with = being the grid of the cube of side
length two displayed in Figure 3b. Note that I" touches the cube surface grid at the
center of its six faces.

The accuracy of the Chebyshev-based Nystrom method is assessed first. Fig-
ures 4a and 4b display the far- and near-field errors, respectively, in the approximate
Dirichlet solution obtained from the kernel-regularized BW integral equation (3.11)
for k = n = 1. These figures display the errors obtained using the (closed-form) ana-
lytical (A-PWDI) procedure as well as the (algebraic) numerical (N-PWDI) density
interpolation procedure introduced in sections 4.1 and 4.2, respectively, for various
discretization sizes N and density interpolation orders M. The surface I' is here
represented using six quadrilateral patches, and each one of them is discretized us-
ing a Chebyshev grid of N x N points. The near fields were computed using the
kernel-regularized combined field potential (3.10), while the far fields were, in turn,
computed using the nonregularized expression (2.5). We note here that the slightly
larger errors produced by the N-PWDI procedure for M = 0 and 1 can be attrib-
uted to the ill-conditioning of the matrix C(p)C™(p) that is inverted to generate the
planewave coefficients in the case of the N-PWDI. Results closer to the ones produced
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—O— M =0 N-PWDI 1000
—&— M = 1 N-PWDI % o
M =2 N-PWDI i O
102 —7— M =3 N-PWDI } j N X <
3 —<— M =0 A-PWDI N>~ ©
~A—~M =1 A-PWDI 102 5 S % g
* S
- 1074 o N X
=} o X
E E —O— M =0 N-PWDI IO
104 L —o—M =1 N-PWDI |
M =2 N-PWDL N\
108 —/— M =3 N-PWDI ~
—<— M =0 A-PWDI J
—A— M =1 A-PWDI S
10° —>— 3rd-order slope W N
108 | —+— 5th-order slope N
4 8 16 32 64 4 8 16 32 64
N T
(a) Far-field (relative) errors (b) Near-field (relative) errors

F1G. 4. Far- and near-field errors in the solution of the Dirichlet problem (2.1) produced by
the Nystrom method discretization of the BW integral equation (2.6) using the two proposed PWDI
techniques for different interpolation orders M and grid sizes N (each quadrilateral surface patch is
discretized using N X N quadrature points).

by the A-PWDI can be obtained by increasing the number of planewave directions L
used in the construction of the density interpolant (see Remark 4.3).

As can be observed in these results, the proposed technique yields third-order
convergence of the far fields (as the grid size N increases) for interpolation orders
M =0 and 1 and fifth-order convergence for M = 2 and 3. In the near field, on the
other hand, third-order convergence is observed for all orders, with the only exception
of M = 3, for which fifth order is achieved as N increases. It is worth mentioning that
the associated linear systems were solved iteratively by means of GMRES [32] with an
error tolerance of 1078, A nearly constant number of iterations (~10) was needed in
all the examples considered in Figure 4. As in the case of the Laplace equation in two
dimensions using the trapezoidal rule [30, Remark 6.1], the fact that the interpolation
orders M = 0 and 1, and also M = 2 and 3, render the same order of convergence can
be explained by the fact that Fejér’s quadrature rule in this case integrates certain
odd singular terms exactly.

The geometric setup of Figure 3 is next used to assess the accuracy of the
Chebyshev-based Nystréom method when dealing with the more challenging BM in-
tegral equation (2.7) for the solution of the Neumann problem (2.2). The relevant
numerical results are summarized in Table 1, where it can be clearly seen that, de-
spite the overall smaller errors obtained for M = 3, both interpolation orders M = 2
and M = 3 yield far- and near-field errors that exhibit the same nearly third-order
convergence rate as N increases. As in the previous example, the near fields were
computed using the kernel-regularized combined field potential (3.10), while the far
fields were, in turn, computed using the nonregularized expression (2.5). Directly-
regularized (3.14) and Maue-regularized (3.16) versions of the hypersingular operator
were considered in these examples. A number of GMRES iterations as large as 200
was needed to achieve the desired accuracy in some of the examples considered in
Table 1 due to the known unfavorable spectral properties of the hypersingular oper-
ator present in the BM integral equation. As is well known, the number of GMRES
iterations can be drastically reduced by considering appropriate preconditioners for
the hypersingular operator (cf. [2, 4]).
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TABLE 1
Far- and near-field errors in the solution of the Neumann problem (2.2) produced by the Nystrom
discretization of the BM integral equation (2.7) using the numerical PWDI procedure of section 4.2
for M = 2,3 and various grid sizes N.

Nystrom method — BM integral equation

M=2 M=3

N | Directly-regularized | Maue-regularized | Directly-regularized | Maue-regularized
Far-field

4 8.55- 102 2.01-10"1 8.89 1072 6.66 - 102

8 1.73-1073 8.44.1073 3.55.10~4 2.03-1073

16 3.46 - 104 9.46 - 104 5.31-107° 2.60 - 10—+

32 4.13-107° 1.21-10~4 7.22-10-6 3.22.107°
Near-field

4 1.61-109 9.37-10"1 1.19-107° 2.48 -1070

8 7.32.1073 1.63-1072 3.31-1073 6.72-1073

16 1.86 - 1073 1.53-1073 1.79 - 10~ 8.35-104

32 2.27-107° 2.02-10~4 2.08-107° 8.29.107°

We next consider once again the Dirichlet and Neumann problems posed in the
exterior of the unit sphere but now utilizing Galerkin BEM discretizations of the
associated BW (2.6) and BM (2.7) integral equations. The numerical results are
summarized in Table 2. The closed-form analytical density interpolation procedure of
section 5.2 is used in all the examples included in this table. The discrete variational
formulations corresponding to the BW and BM integral equations are given in (5.8)
and (5.14), respectively. We recall that the latter is here discretized as indicated in
section 5.2—by expressing it in terms of kernel-regularized single- and double-layer
operators. The near fields in this case were computed using the kernel-regularized
combined field potential (5.15), while the far fields were computed as before using the
nonregularized expression (2.5). As expected, these results demonstrate that far-field
errors exhibit second-order convergence rates for both BIEs and interpolation orders
M =0 and 1 as the mesh size h = maxpe7;, i j=1,2,3 |Pr; *p7j| decreases. In fact, the
errors obtained using the interpolation orders M = 0 and 1 are almost identical. The
closeness of the errors observed might be explained by the possible dominance of the
Galerkin-BEM O(h?) errors over the errors introduced by the numerical integration
procedure. The near-field errors, on the other hand, exhibit nearly second-order
convergence rates for both orders M = 0 and 1, with significantly smaller errors
obtained for M = 1.

6.2.2. More complex surfaces. In order to demonstrate the accuracy of the
Nystrom method when dealing with more complex geometries, we consider the scat-
tering of a planewave u'"(r) = e'*™'¢ in the direction d = (cos %,—sin §,0), that
impinges on the three sound-soft obstacles shown in Figure 5. The resulting scat-
tered field is the solution of the exterior Dirichlet problem (2.1) that is here solved by
means of the Nystrom method applied to the kernel-regularized BW integral equa-
tion (3.11). The far-field errors reported in Figure 5 were produced by (6.2) with the
set = being the spherical grid displayed in Figure 3a. The reference solution uf,, ..
in (6.2) was generated using a fine discretization of the BW integral equation consist-
ing of Chebyshev grids comprising 36 x 36 points per surface patch. Both (algebraic)
numerical (with M = 2) and (closed-form) analytical (with M = 1) density inter-
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TABLE 2
Far- and near-field relative errors in the solution of the Dirichlet problem (2.1) produced by
the boundary element discretization of the BW integral equation (2.6) using the analytical PWDI
technique for different interpolation orders M and mesh sizes h. The surface T' considered in this
example is a sphere of unit radius and centered at the origin.

Galerkin BEM

Far-field Near-field
h DoF M=0 M=1 M=0 M=1
BW integral equation

Error

4l —O—Bean M =2
107 F| o Ellipsoid M = 2 N S
Cube M =2 N
—%—Bean M =1
1075 | =% Ellipsoid M =1 N
Cube M =1
—(O- 5Sth-order slope
—>— 3rd-order slope
10 F| — — 2nd-order slope

5 6 8 10 13 16 20

Fi1G. 5. Far-field errors in the solution of the Dirichlet problem (2.1) corresponding to the
scattering of a planewave off three different surfaces using the Chebyshev-based Nystrém method of
section 5.1 applied to the BW integral equation (2.6) with k =n = 1. Both analytical (with M =1)
and numerical (with M = 2) PWDI procedures were used in this example.

polation procedures are utilized in this example. Third- and fifth-order convergence
rates of the far-field errors are observed for M = 1 and 2, respectively, for the smooth
surface cases (bean and ellipsoid). Only second-order convergence is achieved in the
nonsmooth surface case (cube) for both interpolation orders M =1 and 2. The poor
convergence rate observed in the latter case is explained by the singular behavior of
the integral equation solution ¢ along the edges of the cube (cf. [10]). In fact, for
the interior point source problem described above in this section—in which case ¢
is smooth up to the edges of the cube—third- and fifth-order convergence rates are
attained. The total field solution of a higher-frequency scattering problem for the
bean-shaped obstacle—whose diameter is 10A (k = 27/A = 107)—is shown in Fig-
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FI1G. 6. Real part of the total field v = u} + uir® where up, s the solution of the exterior
Dirichlet problem (2.1) corresponding to the scattering of the planewave u'™®(r) = *™ ¢ with k =
107 and d = (cos /3, —sin7/3,0), off of a bean-shaped obstacle. Top: total field at a plane parallel
to d that passes through the center of the obstacle. Bottom: total field at a plane perpendicular to
d that passes through the center of the obstacle. The surface I' was discretized using siz 48 X 48
Chebyshev grids. The discretized BW integral equation (with n = k) was solved by means of GMRES,
which required 55 iterations to attain the prescribed 10~7 error tolerance.

ure 6. The near fields displayed in Figure 6 are accurate to at least four decimal places
everywhere, including near and on the surface of the bean obstacle.

To finalize this section, we present examples aiming at demonstrating the capa-
bility of the BEM solver of handling complex geometries of engineering relevance.
To this end, we consider a triangular mesh representation of a Falcon airplane pro-
duced by Gmsh [16], which is used in the solution of two Dirichlet problems (2.1)
with different incident fields. In the first example, we validate our BEM solver for
this challenging geometry by considering an incident field given by two point sources
placed inside the airplane’s fuselage. The numerical solution is then compared with
the exact solution. For the wavenumber k = 0.57 and the mesh size h = 1.62, we
obtain a relative error (6.2) of 8.1-1072 at a sphere containing the airplane. The
near-field error at two different planes intersecting the airplane is displayed in the
first row of Figure 7. Finally, our second example considers a planewave incident field
in the direction d = (cos §, —sin 7,0) for the same wavenumber (k = 0.57). Two
views of the real part of the total field are displayed in the second row of Figure 7,
where the acoustic shadow can be clearly seen under the airplane.
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Error (absolute value)
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Fic. 7. First row: Two views of the absolute error in the Galerkin BEM solution of (2.1) with
k = 0.57 for an incident field corresponding to two point sources placed inside the surface I' which
models a Falcon airplane. The relative error (6.2) on a sphere containing the airplane is 8.1-1072
in this example, where the mesh size is h = 1.62. Second row: Two views of the real part of the
total field solution of the problem of scattering (2.1) for a planewave incident field in the direction

d = (cos T s —sin 2,0). The analytical PWDI procedure with M = 1 was used in all these examples.

6.2.3. Composite surfaces. In this final section, we apply the approach put
forth in section 3.3 to the solution of the Dirichlet problem (2.1), posed in the exterior
of the composite domain 2 = Q; U Qs with boundary T' = 9(Q; U §2s), where ; is a
sphere of radius 0.5 and {25 is a hemisphere of radius 1.5. The incident field used in this
example is a planewave u™°(r) = €' *¥7 in the direction d = (cos 5,0, —sin 5 ) and k =
7 = 1. The multiple-scattering BW integral equation (3.18), posed on I = 8(21 UoQ,,
is discretized using the BEM detailed in section 5.2 with M = 1. Figure 8 presents
the far-field errors for various mesh sizes h. The error is defined here as in (6.2) with
= being the spherical grid shown in Figure 3a and the reference solution u2 ., being
produced using a fine mesh discretization, with A = 0.11, of the surfaces I'; and I's.
Three different € configurations, shown in inset plots in Figure 8, are considered,
including one (on the left-hand side) in which the two obstacles are touching at a
single point. Clearly, second-order convergence is achieved, as h decreases, in all three
configurations. The real part of the total field solution of the problem of scattering
(for k = n = 5), together with the absolute value of the error obtained using the
multiple-scattering approach and the standard approach, is shown in Figure 9. The
reference solution for the error estimation is produced using a fine-grid discretization
of " using h = 0.1.
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Fic. 8. Far-field errors in the solution of the Dirichlet problem (2.1) corresponding to the
scattering of a planewave in the direction d = (cos 7,0, —sin 7) off of three different composite
structures using the Galerkin BEM presented in section 5.1 applied to the BW integral equation (2.6)
with k = n = 1. The analytical PWDI procedure with M = 1 was used in this example. Separate
meshes of the sphere and the hemisphere were used in this example.

Error (separated) Error (combined)
0 0.025 0.05 0 0.025 0.05
S _ | _

Fi1Gc. 9. Left: total near field corresponding to the scattering of a planewave in the direction

d = (cos 7,0, —sin %) using the Galerkin BEM presented in section 5.1 applied to the BW integral

equation (2.6) with k = n = 4 using separated meshes for the upper sphere and lower hemisphere.
Center: error in the solution using separated meshes with h = 0.22. Right: error in the solution
using a combined mesh with h = 0.21. Reference solution computed using a combined mesh with
h = 0.1. The analytical PWDI procedure with M =1 was used in this example.

Remark 6.1. Finally, we recall that the proposed regularization procedure for the
evaluation of the potential (3.10) and the multiple scattering operators of section 3.3
involves computing the distance from a given target point » € R? \ T to the surface
and finding its closest point p* € I'. In the numerical examples presented in section 6
above, these tasks were performed by means of a naive and rather expensive procedure
that consists in computing the distances from the target point r to every discretiza-
tion point p on the integration surface I'. For N; target points, this procedure entails
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an overall computational cost of O(N;N), where N is the total number of discretiza-
tion points on I'. This computational cost, however, can be significantly reduced by
introducing a hierarchical partition of the space containing the surface I', which can
at the same time be utilized to accelerate the linear system solution by means of the
fast multipole method [18] or H-matrix compression [19]. In fact, having an octree
data structure enables the use of efficient algorithms that reduce the computational
cost of computing the distance and finding the closest point to O(log N) operations
per target point, thus reducing the overall cost to O(N;log N) operations. This and
other issues concerning a fast version of the PWDI method will be addressed in a
future contribution.
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