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A space-time BIE method for wave equation problems.
The (2D) Neumann case. *

S. Fallettal G. Monegato! L. Scuderi?

Abstract

In this paper, initially we consider the (2D and 3D) interior and exterior problems
for the scalar wave equation, with a Neumann boundary condition and in general with
non trivial data. For these problems, we derive a space-time hypersingular boundary
integral equation formulation. Then, in the 2D case, we propose a numerical approach
for the computation of the extra “volume” integrals generated by the problem data.
To solve the above integral equation in the 2D case, we propose to use a second order
Lubich convolution quadrature for the discretization of the time integral, coupled with
a (space) e-collocation boundary element method. We also analyze the numerical
evaluation of all the integrals required by this method.

Finally, to show the efficiency of the proposed numerical approach, and to detect
its convergence rate, we solve some 2D test problems by applying the new method, as
well as the corresponding Galerkin one. Several numerical examples are presented.

KEY WORDS: wave equation; Neumann problem; non homogeneous conditions; space-
time boundary integral equations; numerical methods

1 Introduction

Let Q' c R?, d =2, 3, be an open bounded domain with a sufficiently smooth boundary
I'; define Q¢ = R%\ Qi. Consider the following exterior problem given by the scalar
wave equation with a Neumann boundary condition:

Auf(x,t) — uG(x,t) = f(x,t) inQe x (0,7)

ou® .

a—ne(x,t) =g(x,t) inlx (0,7) 1)
u¢(x,0) =ug(x) inQF

uf (x,0) =up(x) InQ°.
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where the data f,ug,vg are smooth and, in general, but not necessarily, have compact
supports. By extending smoothly the data f,ug, vy into Q', we associate with (1) the
corresponding interior problem

Aui(x,t) — uly(x,8) = f(x,t) Qi x (0,T)

g—i(x,t) = —g(x,t) inT x (0,7) @)
ul (x,0) = up(x) in QZ
ui(x,0) = vp(x) in Q"

In (1) and (2), n. and n; denote the associated boundary outward unit normal vectors.

We recall that from a theoretical point of view, if the boundary I" is sufficiently
smooth, any smooth function defined in Q¢ can be smoothly extended on QF, and vice
versa, if this is required. From the practical point of view we assume that the data
f,ug, vy are defined in all of R?, or, for instance in the case of a data with compact
support, that are trivially extended in R%.

Results on existence, uniqueness and regularity of the solutions of problems of this
type can be found in [9], [22], [23].

For simplicity, in this paper we assume that the boundary I' of the domain (2
(either Q¢ or Q) and the data satisfy the regularity and compatibility properties which
guarantee the existence and uniqueness of the solutions of both problems in C2(Q x
[0,77). Nevertheless, when testing our numerical approach, we will apply it also to
problems whose data do not satisfy all these assumptions.

In the following, we will initially consider both exterior and interior problems. Since
in the applications we may have to deal not only with the homogeneous wave equation
with trivial initial values, but also with non homogeneous problems, we will concentrate
our attention mainly to these latter. Exterior non homogeneous problems arise, for
example, when studying wave propagations outside of a scatterer or an obstacle 2’
About these problems see, for example, [36], [24], [16].

A time domain boundary element method, for an interior non homogeneous prob-
lem, has been very recently proposed for electromagnetic microwave simulations (see
[19]). The problem data may have a global or a compact support. In the (3D) problem
considered in [19], the wave equation known term f is even concentrated along a line.

In this paper, however, our main goal will be the numerical solution of exterior
problems. Moreover, we will especially consider data having a global support; but we
will also suggest a numerical approach for dealing with those that have a local support.
This because it is the former case that produces the highest overhead computation with
respect to the homogeneous case; furthermore, this is also the case where the volume
integration can cause numerical difficulties when the time ¢ becomes large.

To solve (interior and exterior) non homogeneous problems, in the next section
we derive a space-time hypersingular boundary integral equation. Although space-
time boundary integral formulations have been used for many years by engineers to
solve homogeneous problems, the development of a satisfactory theory and of standard
numerical tools for their solution is still far from being completed. For a survey on this
topic see for example [13].

In the case of the 3D exterior problem for the homogeneous wave equation, with
homogeneous initial conditions, in 1994 (see [26]) Lubich has proposed and examined



a new numerical approach to solve such problems when the boundary condition is the
Dirichlet one. His method is based on a special (convolution) quadrature rule (see
[25], [35]) he has constructed and examined, for the discretization of the time integral,
and on a standard Galerkin BEM for the space integration. For his numerical scheme
he has proved unconditional stability and convergence. In 2009 this theory has been
applied by Chappell [11] also for the corresponding 3D Neumann problem. For further
results see also [21]. These are the only known theoretical results. They all refer to 3D
problems.

The use of a (space) collocation method is very appealing, because of its lower
computational cost. Nevertheless, for this approach we are not aware of stability and
convergence results in the case of the wave equation. We are not even aware of some
significant numerical testing of these properties.

Lubich’s approach has been also used to solve some homogeneous wave propaga-
tion problems in elastodynamics (see, for example, [37],[20],[40]). It has also stimulated
the study of some fast algorithms for the implementation of the convolution quadra-
ture/Galerkin method (see for example [10], [18]) for the 3D wave case, which take into
account the lower block triangular Toeplitz structure of the final linear system and the
behavior of its matrix elements.

However, except for a few papers written by engineers (see for example [28], [4],
[3]), none of the above mentioned papers deals with the non homogeneous case of
the wave equation. Moreover, in all these papers the numerical evaluation of the
integrals generated by the proposed approaches is apparently ignored or simply taken
for granted, although this is a fundamental issue for the success of the method. With
respect to this evaluation, it is the 2D case that causes more difficulties.

Very recently (see [15]) we have considered the (2D and 3D) exterior problem for
the non homogeneous wave equation, with a Dirichlet boundary condition and non
homogeneous initial conditions. In particular, to solve this problem, we have first
derived a space-time single-layer BIE formulation that takes into account the non
trivial initial data. This gives rise to “volume” integrals, for whose evaluation an
efficient numerical approach has been proposed. The above mentioned BIE has then
been solved by coupling a second order Lubich discrete convolution quadrature with
classical collocation and Galerkin BEMs.

From the testing we have performed in [15], and that we will present in Section 4,
it appears that the CPU overhead due to the data volume integrals is often negligible
or fairly low. This is even more true when the data have a local support. Moreover,
for the potential evaluation, we have recently constructed and tested a new integration
approach for the time integral (see [34]), having a very low computational cost. We be-
lieve that this BEM approach should provide, especially for the solution of the exterior
problem, a viable alternative to the FEM method (possibly coupled with a non reflect-
ing artificial boundary condition; see for example [16]). Although we are not aware
of comparisons of this type, there are situations, like for example those mentioned in
the introduction of [19], where a time domain BEM approach may provide attractive
advantages. This should be also true when the solution of the original PDE problem is
required only in a neighborhood of the boundary I', or in a small region away from I'.

In the present paper we extend the numerical approach proposed in [15] to the case
of problem (1). In particular, in Section 2 we derive a space-time hypersingular BIE
to represent this problem and obtain, for the 2D case, simple representations for the



“volume” integrals generated by the initial data as well as by the equation known term.
For the evaluation of these integrals we propose some efficient integration rules.

In Section 3 we examine and construct a second order Lubich convolution quadra-
ture associated with the kernel of the above hypersingular BIE in the 2D case. This
rule is then coupled with a (space) collocation method to solve homogeneous and non
homogeneous problems. Since no (theoretical) stability and convergence results are
known for the 2D collocation method, as well as for the 2D Galerkin method, to test
these properties, in Section 4 we apply these methods to some simple 2D problems.
This testing includes nodal collocation, e-collocation and Galerkin methods (for the
space discretization). Efficient numerical integration rules are proposed for the com-
putation of all the integrals required by these methods. Some conclusions are finally
drawn in Section 5.

2 A boundary integral equation formulation

In this paper we will consider smooth problems, of form (1) or (2), having C? solutions.
In particular, we will solve problems defined on domains having a smooth boundary
and sufficiently smooth compatible data, satisfying, for simplicity, at least the following
conditions:

f € CH[0,T),C*(RY)), g € C*([0,T],C(I)), v € C*(RY), up € C*(RY)
and, for all x € T,

Do (x)
on ’

Do (x)
On ’

9(x.0) = g:(x,0) = 90(%,0) = - Aug(x)  [(x,0)]. (3
where n = n. in the case of the exterior problem, and n = n; when dealing with
the interior one. These assumptions are required mainly to be able to apply existing
theoretical results. However, in our numerical testing we will also consider data not
satisfying all the above mentioned smoothness requirements. In any case, these are
actually a little stronger than those really needed, but we have made them for notational
simplicity. They will be used in the proof of Proposition 2.2 (see Sect. 2.2) to perform
some simple Taylor expansions.

Let G(x,t) denote the wave equation fundamental solution

1 HQE - [x])

_ 2
G(x,t) = o JE x eR
10 ,
G(X7t) - 47T||X||5(t - ||X||) - 47T||X|| EH(t - HXH)7 x€R )

H(-) and 0(-) being the well known Heaviside and Dirac delta functions, respectively.
Then, for the solution of problem (1) we have the following result.

Proposition 2.1 Let Q C R? be either Q or Q°, and [u(x,t)] = u’(x,t) — u®(x,t),
x € I', denote the jump of the solution along the boundary. Let ny(ny) denote the
outward (with respect to the chosen Q domain) boundary unit normal vector evaluated



at the point y(x) € I'. Under the smoothness assumptions we have made above we
have:

// E)nyx y,t = 7)[uly, )l dr dT'y 8815/ uo(y)G(x —y,t)dy (4)
/ o(¥)G(x —y,t)dy — //fy, G(x—y,t—T1)drdy, x€Q,

oG 0 0

t
o) =g [ [ St ey = nluty. ldrdry + 52 )G y.0dy 0
0

—|——/ vo(y)G(x — dy——/ /fy, Gx—-y,t—71)drdy, xeTl.
R R4

Oony Ony

0= [ [ S =yt = rluty.lardty + 5 [ al)6tx vy (6
—|—/Rdv0(y)G(x—y,t)dy—/Rd/0 f(y,T)G(x—y,t—T)dey—%[u(x,t)] xel.

In this latter expression we have u(x,t) = u®(x,t) when Q = Q°, and u(x,t) = u'(x,t)
when = Q.

Proof. Consider the integral equation formulations for the interior and exterior prob-
lems we have derived in [15]:

/ / G(x—y,t —7)0nu'(y,7)drdl'y — / / On,G(x—y,t —7)u'(y,7)drdl’y +
rJo

t
En /Q up(y)G(x —y, )dy+/ivo(Y)G(x—y7t) dy—/i/o fly,T)G(x —y,t —T)drdy
ui(x,t) xeQ

=4 sui(x,t) x€T (7)

0 x € Q°,

// Gx—y,t = 7)0n u(y, )deFy—/F/Otanec(x—y,t—T)ue(y,T)dery+
E/e uo(y)G(x —y, )dY‘i'/EUO(Y)G(X_Yat)dY_/E/Otf(Y,T)G(X—y,t—T)dey

0 x e
su(x,t) x€eT (8)
ué(x,t)  x€Q°,

where u' and u¢ denote the solutions of the interior and exterior problems, respectively.
Summing these two integral formulations, we obtain expression (4).



To obtain the double layer boundary integral equation formulation of (1), first we
take the normal derivative dny of both sides of (4). Then, letting x € £ move to I,
and computing properly this limit (see [12]), we finally have (5).

Once the unknown [u(y, 7)] has been determined, one can compute u(x,t) at x €
by means of (4). If instead the goal is the value of u(x,t) at a point x € I, then from
(8) and (7) one easily derives the representation (6).0]

In Proposition (2.6) it will be shown that, under the assumptions we have made on
the problem data, all the volume terms of the above representations are C2 continuous
with respect to their arguments x and t.

Remark 2.2 7To solve the exterior problem, for example, we could also use directly
equation (8), which in this case is only weakly singular and of the second kind. However
this equation requires, for any chosen x andt, also the computation of the corresponding
(double) integral containing the known Neumann data. One has this overhead also
when, later, the computation of the associated potential, i.e., the solution u®(x,t) at
points x € ¢, must be performed.

Moreover, as remarked in [15], because of the presence of the Heaviside function
in the expression defining the kernel G, in the case of data with “global” supports the
formulations (7) and (8) require the computation of volume integrals defined on the
intersection of the data supports with the disc (sphere) of radius t centered at x; a task
that is by no means trivial, unless Q itself is a disc (sphere). In formulation (5), no
matter what is the shape of the boundary I', the domain of integration of our volume
integrals is a disc (sphere), which makes the integral calculation fairly simple.

Because of the above two main reasons, to solve our problems we will use formu-
lation (5). In this case we have to assume, as we did, that all the problem data are
defined (after a smooth extension) in the whole space R?.

Notice that by considering different smooth extensions of the data f,ug, vy, we obtain
corresponding different known terms and unknown densities in the above formulations;
nevertheless the associated potential u(x,t) will always be the same. This latter does
not depend on the particular chosen extension of the data.

Remark 2.3 When a data has a local support, away from the boundary I' for ex-
ample, and decays smoothly to zero around the boundary support, for computational
convenience we embed the support into a disc/sphere C(ys, ps), with center at ys and
radius ps, and consider this latter as practical support of the data. The (space) domain
of integration for this data will then be: (i) empty, if t < ||z — ys|| — ps; (i3) coinciding
with C(ys, ps), whent > ||z —ys||+ps; (143) given by C(x,t)NC(ys, ps) otherwise. Thus,
in this case, the computational overhead required by these volume integrals will be sig-
nificantly smaller than that required in the case of data with global supports. Moreover,
the overhead would depend on the size of the data supports. For these reasons, in the
following we will consider only the worst case, i.e., that of data having a global support.
Nevertheless, the numerical evaluation of the volume integrals in the above local case
will be briefly discussed at the end of the next section.

For reasons of space, from now on we will examine only the 2D case. The 3D case
will be treated in a forthcoming paper (see, however, the final comment in Section 5).



2.1 The volume terms

Concerning the volume terms due to the non homogeneous problem data, a key issue
for the success of the overall numerical approach is their accurate and fast evaluation.
To this end, in the following we analyze their representations given in (5), i.e.,

0 0
Tubot) = gz [ w@)Gex—y.0dy
0
Ln(xt) = 5o [ w)Gex-y.0)dy )

o t
H6t) = g [t G =y = naray

and, in the case of data with global supports, derive equivalent expressions which are
more suitable for their evaluation. For these, in Section 3.2 we will propose some
efficient quadrature rules.

For the cases mentioned in Remark 2.3, it is not difficult to derive corresponding
representations. In these latter cases, we might have to deal with situations of nearly
(strong) singularities, that have to be treated properly, if one wants to achieve the
required accuracy with a low number of nodes. We remark however that, when the
support is local, the space domain of integration is at most a disc/sphere of fixed radius
ps, not one of increasing radius t.

Lemma 2.4 Letr = |x—y| >0 and t > 0. Then the following representation holds:

oG, _ 1 [0H{-r) (—r)H({-r)] Or
R A A Sl b TV e R T e e (10)

Proof. Let Hi(x) be, for example, the well known logistic function

1

Hy(z) = (=Tt

k — oo

which converges to the Heaviside function H(x) both pointwise and in the weak sense.

Then write
2<Hk(t—r)> _ Hy(t—r) | rHg(t-—r1)
VE—7r2 ) V2 (12 —r2)3/2

or

from which, recalling also the relationship

Hy(t—r) O Hy(t—r)  tHy(t—r)
VEZ _12 Ot 2 _ 2 (t2 — r2)3/2’

we have
oue (=) =~ [ (=) + e

Taking the weak limit of this latter, for & — oo, and applying the dominated conver-
gence theorem, we finally obtain (10).00



By introducing the polar coordinates, centered at y = x:
y=yr =X-+re€y, €y = (cos 0, sin H)T,

recalling the definition of finite part integral, here and in the following denoted by the
symbol #, and the relation (see [31], Sect.3 )

d [ rf(yr) ! rf(yr)
7 7%7(152 = T2)m/2dr = —mtjé —(t2 — p2ym A dr, 0<r<t

where m > 1 is an integer, and the left hand side integral is a Riemann one when
m = 1, we obtain new representations for the volume integrals defined in (9), more
suitable for their evaluation.

Proposition 2.5 Letny = (ng,1, nx,g)T andt > 0. Then the following representations
holds:

1 2 1 2
Iy, (x,t) = —5- /0 (nx,1cosf + nx 2sin6) 7[ 3 vo(x + tEey) d&do, (11)

o (=& (1+ 6P

_ 3 [T o[t & uo(x + te)
IuO(X’t)_2—7rt/0 (nx716059+nx,251n9)7€ A2 A repn dédo.  (12)

It(x,t) = —% /o%(nx’l cos + nx 2sin 0) 7€1(1 _5;3/2 Izix;té)e?j/i) dede. (13)
In the latter we have set
F(x,t;0,¢) = /01 f(x+t&(1 —T1)eg, tr)dr (14)
Proof. By using relationship (10), for I,,, in (9) we have:
Loy (x,1)
= —%% /R? vo(x + ree)f/l%aa—r;dy - % - vo(x + rey) ¢ (;2@[1%3727") azx dy

1 2 t

Erug(x + reg) rvo(x + Tep)
- N 0+ nyosing) (t4 ————>dr — dr ) df
2r Jo (o1, 06 + T 5in )< 7€ @ — 2P J Vit ) T>

1 2T
=5 (nx,1cosf + ny 2sin @) x
L | Evp(x + t&ep) Evp(x + t&ep)
(Fagn i | o) o

i.e. (11), where we have set r = t£. We recall that in the above finite part integrals the
change of variable is allowed, even if the hypersingularity is at an endpoint, because
the order of the singularity is not an integer (see [30], p.13).



Analogously we get

R TRl ) T2 ong

10 H(t—r) or
___ = =11 + I
21 Ot /R2 uo(x+ree)\/t—r(t+r)3/2 8nxdy Lt

hence derive the expressions

1 27 guo x + téep) fuo x + t&ey)
[1:_% ; (nx,1 €08 6 4 Ny 2 5in 0) ( T2z € =3 (11— g2)p2 a%
1 2 guo x + t€eg) ! ug(x + téey)
I = - X, X, T /1 f2\3/2 '
) ), (nx.1cos 6 + ny 2sin ) ( — dg + 3 Vil +§)5/2df e

From these it follows that

2
I, (x,t) = _4i7rt (nx,1cosf + nxosinf) x
Leug(x + téep) 552—25—1)u (x + t&ey)
(F s £ g )

ie., (12).

The integral I;(x,t) is very similar to I,,(x,t), except for an extra (inner) integra-
tion over (0,t).0

The numerical evaluation of the above integrals will be discussed in Section 3.2.
When the data have local supports (as described in Remark 2.3), the corresponding
volume integrals are different from zero only when ¢ > ||z — ys|| — ps. In this case,
they are represented by expressions very similar to those reported above, where now
the 0 interval of integration is of the type (01,62), 61 > 0,602 < 27, while that of the
r variable is of the form (ro(9),t) if t < ||z — ys|| + ps, and (r¢(0),71(6)) otherwise.
The values of g, 71 are determined, for each of the above values of 0, by intersecting
the line, defined by the point x and the angle 6, with the circle C(ys, ps). Notice that
in the case t < ||z — ys|| + ps, to avoid the splitting of the 6 interval into three parts,
for simplicity we have enlarged a little bit the domain of integration, by adding to it a
small region where the integrand is null.

2.2 The hypersingular BIE representation

Recalling the definition of finite part integral (see [31]), and the smoothness properties
of our problems, the BIE (5) can be rewritten in the following hypersingular form:

7[/ 8nx8ny —y.t—7)p(y,7)drdly = g(x,t), xeT, tel0,T],
X t) - g(x t) Iuo(x7t) - IUO(X,t) + If(x,t) (15)

where the density function ¢(y, ) = [u(y, )] is sought on I', and I, I,,, and Iy have
been defined in Section 2.1.



Next we derive the (expected) consequences that the compatibility conditions (3)
have on the right hand side of equation (15). As we shall shortly recall, in the 3D
case, the (unconditional) stability and convergence properties derived in [11] for the
Lubich/Galerkin BEM require the function g(-,%), together with a certain number of
its time derivatives, to vanish on I' for t = 0.

Proposition 2.6 Under the assumptions made above on the problem data we have
Lugs Lug, Iy € C%([0,T],C(R?)); moreover, for all x € T' the following conditions are
satisfied:

Oug(x) 0I,,(x,0) 0?1, (x,0) 0

L (x,0) = =5/ = o oHZ T ng o),
ol,,(x,0 Ovg(x 0%1,,(x,0

L0) =0 R a0
I (x,0) 0%1;(x,0)  Of(x,0)

I5(x,0) = 0, 72% -0, th = o

Hence in (15) we have g € C?([0,T],C(T')) with

_ Jdg(x,0) 0%g(x,0)

9(x,0) o o

Proof. Recalling the identity:

= 0. (17)

d 1 &m 1 é-m d

—F ————=h tl)dé = £ ———=—h t&)d. >0, n>3
at Jo (1 e2yl? (x + at€)dE 7€(1_§2)n/gdt (x +at§)d§, m=>0, n>

that can be easily derived from the definition of finite part integral (see [31]), and

performing Taylor expansions on f(y,) = f(x + reg), some lengthy and cumbersome
calculation leads to the results stated above.[]

Remark 2.7 Assume that the data of our problem are sufficiently smooth, to perform
the required Taylor expansions, i.e.,

feCH[0,T],CH(R?)), g € CY[0,T],C(T)), vo € CFHR?), ug € C*F3(R?)

for some integer £ > 2, and that they satisfy corresponding compatibility conditions of
order up to m < £, to guarantee that problems (1) and (2) have C* solutions. Then, by
means of the same machinery used to prove Proposition 2.2, one can easily show that
g € CY([0,T],C(R?)), with g(x,0) = £5(x,0) = --- = 425(x,0) = 0.

Having shown that the right hand side of (15) satisfies (at least) the homogeneous
compatibility conditions (17), and taking into account the above remark, we are now
ready to solve (15) using a second order Lubich’s discrete convolution rule.

We recall, that for the solution of an hypersingular space-time BIE of type (15), in
the 3D case Chappell in [11], following Lubich’s approach, has associated the Lubich
second order BDF convolution quadrature, having constant stepsize A, with a classical
Galerkin method for the space discretization. In particular, to define this latter, he has
discretized the boundary I' by a quasiuniform partition with element diameter A, and

10



considered a corresponding piecewise polynomial approximant of local degree k > 1.
Having denoted by ¢, (y) the approximant determined by the above Lubich/Galerkin
method at the time instant ¢, = nA\, by assuming that the problem data satisfy certain
smoothness and compatibility conditions, such that for the corresponding known term
in (15) we have g € H*(0,T; H~Y/2(T")), with u > 9/2 and 2-g(-,#) = 0,i < 4, he has
then been able to derive the following (unconditional) convergence estimate:

lon = @(nA) | gr/2 @y < Cr (Af + A]§+1/2) ; (18)

where the (positive) constant Cp depends on T', but not on n, A, A,. We recall
however that, taking advantage of part (i¢) of Theorem 3.1 in [26], and writing

g(4)('7 0)

i '+ g1,

g(,t) =
in the above conditions on g, the requirement ¢ < 3 is sufficient (although not necessary,
as the numerical testing we have performed seems to confirm). Therefore in Remark
2.7 it is sufficient to take £ = 5, m = 3; in this case we define the data compatible.

As for the Dirichlet problem, no results have been derived for the Galerkin method
in the 2D case and for corresponding collocation methods. In the Dirichlet case, the
numerical testing performed in [15] seems to suggest that results analogous to (18)
should hold also in the 2D Galerkin case and for a collocation method. Therefore, in
the next section we will construct a Lubich/collocation method of local degree 1, that,
associated with the second order Lubich BDF rule, will then be used in Section 4 to
solve some 2D test problems. The same problems will be solved also using the corre-
sponding Galerkin method. The stability and convergence properties of the method
will then be tested in this latter section.

3 Discretization using convolution quadrature
in time and collocation in space

3.1 The homogeneous case

As recalled in Section 2, to solve a problem of type (1), or (2), having compatible
data, with ug = 0,v9 = 0,f = 0, we have at our disposal the following two BIE
representations, for x € I':

1, t oG .
§u (X,t)—i—/F/O 6—ny(x—y,t—7)u (y,7)drdl’y

t
://G(x—y,t—T)g(y,T)deFy
rJo

for the exterior problem and
1 . t ,
—iuz(x,t) + /F/O g—i(x -y, t —7m)u'(y,7)dr dl'y
t
= / / Gx—y,t—7)g(y,7)drdl'y
rJo

11



for the interior problem. Both integral equations are of the second kind.
Alternatively, as shown in Section 2, we can describe both problems by associating
with them the following hypersingular (boundary) integral equation of the first kind:

%/tﬂ(x—y,t_mﬁ(y,ﬂ dr dly = g(x,t), x €T (21)
I'Jo

Onyony

where ¢(y, ) := [u(x,7)]. For the properties of this equation, in the 3D case, see [11].

In Section 4, of all the formulas we have proposed to compute the required integrals,
and of the convolution quadrature-collocation method, we will apply both approaches
to solve two homogeneous problems (see Examples 1 and 2). In particular, we will
compare the accuracies and the rates of convergence of the approximations we obtain
for the corresponding solutions.

In the following, after having set ¢t = t,, = nAy, Ay = T/N, T > 0 being fixed,
we will use a second order (BDF) Lubich discrete convolution quadrature (see [26]) to
discretize the inner integral on (0,¢,). This rule has the form

/0 ' k(t, — T)p(T)dr ~ Z wn—j(A)p(jAL), n=0,...,N. (22)
=0

The kernel k(t) is assumed to have a Laplace transform K (s) analytic in a region
of the form R(s) > o(, where it has also to satisfy a bound of the type: |K(s)| <
C|s|™", p real. We recall that if g > 0 then the kernel k is certainly locally integrable
and we have

/ k(t — 7)o(7)dr = % K (s)a(t; )ds, (23)
0 o+1R

for any o > 0o, where
t
x(t;s) = / e p(7)dr.
0

When p < 0, however, as we shall see shortly, the above identity (23) still holds, as
long as the function ¢ is sufficiently smooth and the integral over o + R is interpreted
in the finite part sense. In this case, as pointed out in [27], having defined m to be the
smallest integer such that m + g > 0, under the assumption ¢ € C™[0,7] we ought to

set
dm t

/0 k=)l = S [ k(= p(ryar (24)

where ) X
ky(t) = — ﬂe“ds.
21 Jyopr 8™

For the coefficients of rule (22), the following representation:

_ 1 1) )
wn(Ay) = 57 |z|=pK< A, )z dz (25)

where p is such that the circle |z| < p lies in the domain of analyticity of K (v(z)/Ay),
has been derived in [25] (see also [35]).

12



Remark 3.1 In the 2D case, the Laplace transforms K = E,K = K(r;s), of the
kernels k = G, gTCi,v 81?jg1y7 which appear in the above three BIE formulations, can be
computed by using some well known properties of the modified Bessel functions (see
formulas 8.486(11,16,17) in [17]). In particular, setting r = ||z|| > 0, for G(x,t) we

have

~ 1
G(?”, 8) = %KO(TS)a

@( )—_i K( )ﬁ (26)
ony, 7T Tt gn

where Ko(z) and K1(z) are the second kind modified Bessel function of order 0 and 1,
respectively, and

G s 1 or or 1 0?r
OnyOny, (r,s) = o KKO(TS) + EKl(T5)> Oy Ony - ;K1(rs)m] . (27)

For any given r > 0, these three Laplace transforms are analytic in R(s) > og >
0, with og arbitrarily small. Moreover, recalling the behavior of the Bessel functions
Ky, K1 (see [1]), in this domain we have:

1
o7 k=G <M=§>,
oG 1
1/2 _ Y9 - __
S (k=-3)
>°G 3
3/2 _ __2
‘8‘ ’ k anxany (/"L 2)7

Therefore, because of these behaviors, and the degrees of smoothness of I' and
o(y,7), one is allowed to exchange the order of integration in the left hand sides of
(19), (20), (21) only if, after the exchange, the inner integral over (0,t) is interpreted
(in the finite part sense) as defined above in (24).

Lemma 3.2 (see [39] p. 229). For any given non negative integer ¢, and any given
real v > 0, we have :

1 K, (rs)

2m Jopr S

ds=0, v=0,1,

where K, denotes the modified Bessel function of the second kind of order v.

In the following Proposition we give an explicit expression of the finite part integral

defined in (24), when the kernel £ is either chin which corresponds to the case m =1

. 2
in (24), or % (m = 2).

Proposition 3.3 Let ¢ € C?[0,T], with ¢(0) = 0. Let k be either gTCj, (m=1) or

%G
OnyOny

holds:

(m =2) and K(s) be its Laplace transform. Then the following representation

t dm t 1
/0 k(t —1)p(r)dr = am /) ky(t — m)(T)dT = 3 . K(s)x(t; s)ds

13



where in the case m = 2 the last integral is defined in the finite part sense, i.e.,

1 1
— K(s)x(t;s)ds = — K(s) [w(t; s)+ M] ds
21 JorR 211 Jo R s

Proof. First we write (24) as follows:

1 K dam
I:= —/ (s) —ux(t;s)ds, m =12,
o+R

2m

and notice that, having assumed ¢ € C2[0, T], with ¢(0) = 0, we have

s 20 25

with
|z1(t;8)| < C for s € o + 1R,

uniformly with respect to ¢t € [0,7].
Thus, taking advantage of the relationship

%Jj(t; s) = Sl‘(t; 5) + @(t)

and recalling Lemma 3.2, we obtain the expressions:

K (s)x(t; s)ds, m=1,

S I a9+ 20w, m

o+i1R S

where both integrals are defined in the usual sense. [J

Remark 3.4 In the case of the kernel (27) (m = 2), only the component containing
the term s>Ko(rs) can give rise to a finite part integral. This happens however only in
the representation of the coefficient wo(Ay) (see [35], p.415), whose value turns out to
be given by the expression:

26
(B0 = G 00/A) (29)
1 ag g rog 1 rog or Or rag 0%r
i a0 (5) + 750 (5] ey~ %0 (52) ety

where ay = % is the constant term of the characteristic polynomial v(z) = % — 2z 4+

%22 associated with the chosen second order Backward Differentiation Formula (BDF')
for ODE (see [26]). For the other components, as well as for all those defining the
coefficients w,—j,j = 0,...,n — 1, the corresponding Bromwich integrals are defined in
the usual sense and the corresponding Lubich’s rule coefficients can be determined by
using Lubich’s approach.

After noticing that
or or 9?r 1

— ~T, — T, e ~T r—0
ony ' Ony ' Ongony ’ ’
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and recalling that (see (40) below)
Ki(rs) ~r~1 s >0 fized,

from the representation (28) it follows that the coefficient wy have a second order hy-
persingularity at the origin, i.e., for Ay > 0 fized,

wo(Ay) = wo(Ag;r) ~ r=2, r —0.

Further, recalling the behaviors of the K Bessel functions and of their derivatives
near the origin (see [1]), it can be shown that also the following coefficients wy(A¢),n >
1, have the same hypersingularity.

After these preliminary remarks, we are now entitled to construct (BDF') Lubich
rules associated with these new 2D kernels, since they are all well defined.

We recall that in the case of our kernels, and in particular of the one which gives
rise to the above finite part integral, representation (25) holds also for wg(A¢). Indeed,
Lubich’s derivation of this representation automatically defines its finite part explicitly
given in Remark 3.4. Of course we can use the formula given in Remark 3.4 to determine
directly the value of wy with machine precision, since in principle when we apply
the trapezoidal rule, as suggested in [26], to the representation (25), some numerical
cancelation could appear; however, in practice this does not seem to be the case.

We consider first formulation (19). To solve it numerically, for the time discretiza-
tion we split the interval [0,7] into N steps of equal length A; = T'/N and collocate
the equation at the discrete time levels ¢, = nA;, n =0,...,N:

1 tn G
Loty + / / O ( —y ity — Tl (y, 7) dTy dr (29)
2 rJo any

tn
:// G(x—y,t, —71)g(y,7)dl'y dr.
rJo

The time integrals are then discretized by means of the Lubich convolution quadrature
associated with the BDF method of order p = 2. We obtain:

Z/Fwnj(At;Hx—yH)ue(y,tj)dFy, n=0,...,N (30)
=0

where coefficients w,, are given by (see (25)):

1 z —(n
wn(Ae:|Ix — ) = / K(Hx—yn,’g))z () gz,
lz[=p t

2m

K being the Laplace transform of 0G/0ny, for the integral to the left hand side of (29),
and of G for the integral to the right hand side.
For the space discretization, first we introduce the parametrization of the curve I,

x =(x) = (Y1(x),¥2(x)) and y = ¢ (y) = (¥1(y),¢2(y)) with z,y € [a,b], and then
we approximate the unknown function uy, by

M+1
uj, (P (x),t5) = Z ui Ne(z), € [a,b] (31)
k=1
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where N (z) are the shape functions, in our case, for simplicity, of linear type, defined
on a uniform partition {a:h}M+1 of the parametrization interval [a,b] = [z1,Zrr41],
with mesh size A,. Taking into account that the curve T is closed, we have ¥ (z1) =
P(xpr+1) and u$y = uf 4. Therefore, having set zg = z1 — A,, hence extended by
periodicity the function ¥ (z), so that ¥ (z¢) = ¥ (xr), we replace the sum in (31) by

Zukak(%‘)v r € [x0, Tar41),

and the interval of integration by (xg, zar41)-
Finally, by collocating the fully discretized equation at the points &, = zp, h =

1,..., M, we obtain a Toeplitz block lower triangular linear system of the form:
ZAnjujJr( I+A0> =g, n=0,...,N (32)
=0

in the unknown vectors u = (u$q,...,u$,), j = 0,...,n, where the sum is empty

when n = 0, and I denotes the identity matrix of order M. From the computational
point of view this takes the form

1
<21+A0) ZAn s, n=0,...,N (33)

with
M%ﬁmz/ e (D 1 (@) — @) N ) [ () dy.

0
In particular the matrix Ag, the only one that needs to be inverted, is defined by the
coefficient wy, for which an explicit representation has been given in Remark 3.4.
As suggested in [26], the above convolution coefficients w,, can be efficiently com-
puted by means of the trapezoidal rule

— 27
e’ T 2
on(Bss e -yl %723 Qm—wLﬁ&—l>e”L (31)

1=0 t

where the interval (0,27) has been partitioned into L subintervals of equal length. All
the w, can be computed simultaneously by the FFT with O(N log N) flops.

Assuming that K is computed with a relative accuracy bounded by €, in the case
|K(s)] < C|s|™", p >0, Lubich in [26] has proposed the choice

1

L=2N, p=eN (35)

to obtain an error of size O(y/) in the approximation of w;,.

Since in the case of our hypersingular equation we have p < 0, one should examine
the corresponding error bound as in [25], Sect. 7. This has been done, for example,
in [11], where for the 3D case Chappell takes L = N + 1 and p ~ "/, Other choices
of p, suggested in [11] and [10], did not produce any improvements in our numerical
testing. Thus, also because of the different behaviors of the three components in (27),
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we have chosen the values (35). These have actually produced, at least in the examples
we have considered, an accuracy very similar, and in some cases even superior, to that
given by other choices. We remark however that the existence of a possible “optimal”
choice of the values of the parameters L and p is still an open question.

Remark 3.5 As we shall shortly see, for s # 0 the functions K(r,-), are weakly sin-
gular at r = 0. Therefore, to use the above approximation (34), in the final form of
our collocation method we need to exchange the trapezoidal summation with the integral
over I'. Then, the FFT algorithm will be used to compute, simultaneously, all the terms
of the summation over j.

Thus, the collocation linear system takes the following form:

1 M
5 D Uk Ne(zn)+
k=1
noo Moge, L7l Tr41 ot o
PSS RO (0, DI N )y 0 E
2 : (36)

3% Z[/ CE® <Th’7(%;))9(¢(y),tj)\¢/(y)|dy] A

where 1, = ||[tp(xp) — ¥ (y)||. For s # 0, both kernels are analytic functions of r > 0.

Atr=0 1 5
(1) - ar
K'Y (r,s) o sKq(rs) ony (37)

has a mild singularity of the type r2Inr, which however cannot be factored out, while
(see [1])
1
K®(r s) = Q—Ko(T‘S) ~Inr. (38)
T

Also in this case the term Inr does not appear as a factor.

Since a key point for the success of the method is the accurate evaluation of all
the integrals appearing in (36), possibly using a low number of quadrature points, in
the following we will propose an efficient numerical approach for the computation of
these integrals. This aspect of the problem does not seem to have been considered in
the papers that have been published till now. Therefore, in the following we will treat
carefully this aspect of the problem.

To this end, we preliminarily remark that all the weak singularities of our kernels
cannot be factored out, and therefore they cannot be taken as weight functions of the
corresponding integrals we have to compute. This means that the use of associated
(weighted) Gaussian rules is not an efficient approach. To compute these integrals we

will use the very simple and efficient polynomial smoothing technique proposed in [32],
[33].
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The numerical integration difficulties spring from the asymptotic behaviors of the K
Bessel functions near the origin, given by the following representations (see [1], p.375):

=, ()
Ko(z) = — (mg +7) Io(z) + ;ak(,:w

A (39)
I (Z) = 3 <T> a1 =1, a =a. + L
0 2 Gz T b e = oty
00 (22 F
) E
Kl(z):;—i-(ln ) —ZZ Wk +1) +¢(k+2)]m
h=0 (40)

h(z) =3 kzzo Kk +1)!

where (1) = —v, v = 0.5772156649... being the well known Euler’s constant, and
Y(k+1) =y(k)+ 1/k (see [1]).

For the computation of the first integral in (36), i.e. that containing the kernel
KM we rewrite it in the form:

27

( / + ) KO (\wm) ()l %) Ny, (41)

Since, when hy — 1,k,k + 1, K has only a very mild singularity of the type r2logr
at the collocation abscissa zp, while it is smooth for all other values of h, we apply a
n-point Gauss-Legendre rule, in general with n small, to each mesh element belonging
to the support of Ni. To evaluate the integral

27

b e L
[ e <|\w<xh> — )l %) W)l w). ) dy. (12

because of the presence of a logr singularity, in the two subintervals of (a,b) having
xp as endpoint, i.e. in (a,zp) and (zp,b), we introduce preliminarily the g-smoothing
change of variable y = xp £ 7, ¢ = 3, with the sign minus (plus) when xj is the
upper (lower) integration endpoint, and then we apply to each one of them a n-point
Gauss-Legendre quadrature rule, in general with n not small as in the previous case.
The latter numerical procedure allows to use a number of quadrature nodes signifi-
cantly smaller than that required by the direct application of the Gauss-Legendre rule,
to obtain the same accuracy. Moreover, it does not require the decomposition of the
kernels, in order to extract explicitly the weakly singular factor logr. Because of its
simplicity and effectiveness, we have preferred this approach to the use of a Gaussian
rule with a logr weight. This idea has been successfully used to compute integrals of
weakly singular functions, and also to solve, by standard polynomial methods, one-
dimensional weakly singular integral equations (see, for example, [32], [33]).
Moreover, as Figure 1 below shows, to obtain an acceptable BIE numerical solution,
the right hand side of the final linear system must be computed with a sufficiently
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high accuracy, otherwise unwanted oscillations, caused by the errors generated by the
known term integration, soon appear. To this end, the introduction of the g-smoothing
transformation plays a crucial role, since it allows to reach the required accuracy using
a significantly smaller number of quadrature nodes.

The case of representation (20) is very similar, therefore we omit it. Instead we
consider the alternative case given by the hypersingular equation (21).

By coupling the Lubich convolution quadrature with a space collocation method,
based on linear shape functions defined on a uniform partition of the parametrization
interval, we obtain a linear system of the form:

n
Y A, jp; =8, n=0,....N (43)
j=0

whose structure is, as we can see, very similar to that of (32), with

(An—j)ni = /W;‘*’na’(ﬁt; 1% (xn) = WIN: WY W)y, (&n)n = g(xnstn).
(44)

Figure 1: u® defined by (19); M = 32, N = 16, 64-point Gauss-Legendre rule with ¢ = 1 (left) and ¢ = 3
(right).
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Remark 3.6 We recall that in equation (21) the function ¢ is assumed to be smooth,
and the hypersingular integral is defined as a two-sided finite part integral (see [29]).
In this case it coincides with the sum of two one-sided finite part integrals, each one
having the hypersingularity at one of the domain of integration endpoints. Moreover,
equation (21) defines an identity between two continuous functions. When we replace
the unknown ¢ by a continuous piecewise linear approximant, the above statement still
holds, as long as x does not coincide with one of the mesh points xp. If x = xy,
then the hypersingular integral can be defined only as the sum of two one-sided finite
part integrals. In this case the two-sided finite part integral does not exist (see [29]).
Nevertheless, we will investigate also this situation.

The coefficients wy,— ;(A¢;7) depend on n—j, not on n and j separately. This means
that once we have constructed system (43), if we advance further in the time direction
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by the same stepsize A, we only need to construct the new matrix Ay and solve a
new system of the form

N

Aoy = BNyl — Z Ani1-j9;. (45)
=1

If however one wants to change Ay, then all the computation has to be restarted from
t = 0. This is the main drawback of Lubich’s convolution rule.

After replacing, as in the previous case, the w,,_; coefficients by their approximation
(34), system (43) takes the final form:

no M b, L-1 TM+1 __ ( ez—) o
)LD DY [ [E (me — il %) Ne)l ) dy] i)
Jj=0 k=1 =0 LYo

=g (&), tn), h=1,...,M, n=0,...,N,

(46)
where (see( 27))
— 52 or Or s or Or s >r
Bs) = o Kol o ony o™ o oy~ 20 oy ()

=: Kg)(r, s) + Kg)(r, s) + KS)(T, s)
and the {£,} are the chosen collocation points.
As collocation points we consider two choices: &, = xj, and &, = xp + €A,, with
0 < € <1. The associated methods will be called nodal collocation and e-collocation,
respectively. We will use the term collocation method to refer to both of them.
For s # 0, the kernels Kg) and Kg) in (47), as a function of r, are analytic for

r > 0 and bounded at » = 0. Instead, the kernel KS’) has a r~2 hypersingularity at
r = 0. Therefore, a remark similar to Remark 3.5 applies; however, since in this case
the last kernel is hypersingular, the associated integral must be defined in the finite
part sense in the boundary element containing the hypersingularity ( e-collocation) or
having this latter at one of its endpoints (nodal collocation).

As before, for the computation of the integrals with the kernels K]()l) and Kg)
we have applied the n-point Gauss Legendre quadrature rule, with a low number of
quadrature nodes, as it will be specified in the numerical examples we will present in
Section 4.

The computation of the (hypersingular) integral defined by the kernel KS’) is far
more delicate, and may cause a severe loss of accuracy if not treated properly. Thus,
we propose to proceed as follows.

After noting that

0%r 1
OnyOny, ‘x:gh =)

frn) = % {[¥2(&n) — Y2 ()P neg, 1ny1 + [W1(En) — Y1 ()] ng, 2ny 2
—[1h1(&n) — L1 (W)][¥2(En) — Ya2(y)][ne, 1ny.,2 + ne, 2ny 1]}

(48)
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where we have set &;, = (&) and rp, = [|€}, — y|| , we obtain

T41 1 Th+1 K
10 = [ K N ldy = o [ I N )y,

k—1 h
(49)
When &, € [zr_1,zk41], this integral is defined in the finite part sense. In this case
we write

@ _ L [T srp Ky (srp) — 1 1 .
19 = — L f(rn)Ni(y) [ AR, 1Y (y)|dy
1 Tht1 K 1 , 1 Tpi1 N /
= 5 [, SIOONm o Wiy + 54 %}%’“(y)w) (v)\dy

= 1P 41

Since the term z K (z)—1 gives rise to a severe numerical cancellation when z is close
to zero, which in turn has then a destroying effect on the overall integral computation,
to overcome this drawback, when z is small we take advantage of expansion (40) and
define

N
2Ki(2) =1 1A [ 2 1 (z)
2 5;0 [1115 BRAGRE AT 1)} kl(k+1)! (50)

with Ny chosen according to the approximation accuracy one wants to achieve. We
remark that for z small the above series converges very fast, so that the required Ny
is actually very small. For example, using the 16-digit double precision arithmetic, for
|z| < 0.1, choosing Ny = 4 we obtain full machine accuracy. This happens also when
|z] < 107*, if we choose Ny = 1. On the contrary, if we use directly the expression
(2K1(z) — 1)/22, for |z| > 0.1 the numerical cancelation does not occur; for 1073 <
|z| < 107! we may have a loss of up to four significant digits, while for |z| < 1078 we
loose all the significant figures.

To compute Ifg) we use the numerical approach proposed for the computation of
the previous integrals; that is, we introduce preliminarily the g-smoothing change of
variable with ¢ = 5 and then we apply an n-point Gauss-Legendre quadrature rule. To
show the efficiency of this approach, in Table 1 we have reported the relative errors
obtained in the computation of the following integral

/1 vEi@) -1, (51)
0

22

by means of the g-smoothing transformation t? and the n-point Gauss Legendre quadra-
ture rule. Notice that in the first column of Table 1, where no transformation has been
considered (¢ = 1), the accuracy increases very slowly; in the second column, where
q = 5, the accuracy is better than the previous one, but it deteriorates because of the
above mentioned numerical cancellation as the number of quadrature nodes increases.
Finally, in the third column, where ¢ = 5 and we have used the above expansion with
Nop =1 when z = t7 < 1073, we obtain 14 significant digits by using only 32 Gaussian
nodes. We notice however that the accuracy of the integral approximations given by
the values ¢ = 5 and n = 8 is already much higher than that required by the chosen
BIE approximate solution.
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Table 1: relative errors for (51)
n g=1 q=>5 q=5 No=1
4 | 1.86E —02 | 1.17TE — 04 1.17E — 04
8 | 5.19E —03 | 5.84E — 07 3.19FE — 08
16 | 1.37E —03 | 5.98E — 08 427TE - 11
32 | 3.54FE —04 | 8.33FE —08 7.40E — 14
64 | 899E —05 | 8.73FE — 08 ——
128 | 2.26E —05 | 6.34E — 04 —
256 | 5.68E — 06 | 8.10E — 05 —
512 | 1.42E — 06 | 3.63E — 07 ——

The symbol —— means that the full relative accuracy has been reached. As reference
value we have taken that given by ¢ =5, Ny = 10 and 512 Gaussian points.

Of course, one could apply an alternative approach based on the use of a Gauss-
Legendre rule and of a Gaussian rule with a log x weight function; however, because of
its simplicity and efficiency, we have preferred the one described above.

When, for example, h = k, to compute Iég) we write

1 Tk Th+1 F(uy:
) = 7[ + 7[ ] ‘I)(ZU;fk)i(y(g’gS)g dy (52)
where we have set
_ 2
Byi&) = LI Ry = 00 Nel) ()

k

and the first integral is defined in finite part sense only in the nodal collocation case.
The hypersingular integrals are then computed by using the Radau type Gaussian
rule defined in [30], with n Gaussian points. In the e-collocation case, the (Riemann)
integral over (xy_1,x)) is evaluated using an n-point Gauss-Legendre formula. The
case h = k — 1 is very similar.

Note that in these two cases, to evaluate ®(y;&p) accurately, i.e. to avoid the
numerical cancelation phenomenon, which inevitably appears when y is very close to
the collocation point &}, in general one has to compute it by using the Taylor expansion
of the (smooth) functions ¥;(y),7 = 1,2, around y = &,. When &, & [x}_1, Tk11], both
integrals in (52) are Riemann and we compute them by using a n-point Gauss-Legendre
rule.

Remark 3.7 We have considered

K(l)(r, s) = ——1 srKy(sr), K](Dl)(r, s) = —1 (ST)ZK()(S?”),
2 2
K(2)(r s) = ier (s1) K (rys) = —LEK (s1)
DA o L ’ D AT oy ! '
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For the w-coefficients associated with these we have the property:

r

wn(At) = wn(Atar) = CAtwn(lv d)a d= Kt

with ca, = 1 in all cases except the last one, where ca, = A;2. Thus, as we already
did for the Dirichlet case, here we report a few graphs (see Figures 2-3) representing
some behaviors of the original coefficients wy,(1,d), i.e., those associated with the (full)
Laplace transforms KM K@) Kg) , Kg), Kg’).

Notice that the behavior of these coefficients is very similar to that of the corre-
sponding ones defined by the Dirichlet problem (see [35]).

Figure 2: w,(1,20), n=0:100.
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In this section, for the homogeneous case, we have presented two alternative BIE
representations for the original PDE problem. However, as we shall point out in Section
4, Example 1, formulation (21) turns out to be, from all points of view, the most
convenient one.

3.2 The non homogeneous case

In the non homogeneous case, it is even more true that the most convenient BIE
representation is by far the hypersingular one. For its time discretization we split the
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interval [0,7] into N steps of equal length A; = T'/N and collocate the equation at the
discrete time levels ¢, = nA;, n =0,..., N, and at the chosen (collocation) points &.

The time integrals are then discretized by means of the Lubich convolution quadra-
ture associated with the BDF method of order p = 2, while the unknown density
function is, at each given instant 7 = ¢,, approximated by a (continuous) piecewise
linear function. After this, one proceeds exactly as in the homogeneous case, except
that now extra volume integrals must be computed at each time level ¢,, and for each
collocation point 1(&). Thus here we propose an efficient numerical approach for the
evaluation of the integrals defined in Subsection 2.1.

For the inner finite-part integral we have at our disposal two alternative quadrature
formulas: rules (2.10) and (2.16) of reference [30]. The first one is of Gauss-Radau type,
while the second is only of interpolatory type. For some properties of them see [30].
In particular we propose to use the Gauss-Radau type rule for the evaluation of the

integrals of form
7[ b @(f) i
VI—E1-g"

that is,
Le e (1—Q>
—=d§ ~ ¢
f s et Zl
with
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where {\; }, {¢;} are the weights and nodes of the classical n-point Gauss-Jacobi quadra-
ture rule defined in (—1,1) and associated with the weight function (14 €)2(1—¢)~/2,
respectively.
For the integral of form
S O
oVI—=¢ (1-¢)?

one can use both quadrature rules. However, the Gaussian one requires also the evalu-
ation of ¥/(1). Thus, to avoid this evaluation, we propose to use the second rule, which
in our case takes the following form:

[ iefien(5) @
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co, {\i},{C;} being defined as in the previous case, and Pfﬂﬂ) (¢) is the (n —1)-degree
Jacobi polynomial Pﬁfj’f’(g) with o = 3 and # = 1/2 (see [1], Ch. 22). The values

{Prg?i/ 2)(@)} can be computed efficiently using the three-term recurrence relationship
(see [1], Sect. 22.7) which defines these polynomials.

Notice that, taking the same number of nodes n in the above two quadrature rules,
one can obtain a unique global integration rule for evaluation of the sum I,, + I,
which is given by an expression of the following form:

RS (3

21 1 2
! (nx,1cos 8 + nx2sinf) [E 7[ § V(g 0) —>224¢] de.

2t JovT—¢€ (1-§) “ ovV1l—¢ 1-¢

The inner integration over the time interval (0,t) in Iy can be performed by using
the Gauss-Legendre formula.

In all cases, the integrals defined on the interval (0,27) are evaluated using the
classical trapezoidal rule. In the examples we will present in the next section, we
have applied this formula with 2n abscissas, where n denotes the number of nodes
used by the other quadrature rules described above. With this choice we had results
slightly more accurate than those given by the n-point rule. We cannot exclude that
a number of nodes lower than 2n would have given the same accuracy, but we have
made this choice for simplicity. When a data has a local support, since the 8 interval
of integration in this case is of the type (61, 62), with 0 < 61 < 05 < 27, the trapezoidal
rule is replaced by the Gauss-Legendre one.
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Remark 3.8 Recalling Remark 2.7, we observe that when we take a time step Ay too
small, the evaluation of the right hand side of equation (15) at the initial time instants,
wn particular at t = t1, can generate numerical cancelation, whose effects will inevitably
propagate at the subsequent instants and deteriorate the solution approximation, unless
the volume integrals are evaluated with the needed accuracy. In the numerical examples
we will present in the next section this phenomenon has shown up for values of A,
much smaller that those considered there.

The computational complexity of the Lubich/collocation method is essentially given
by that of the construction of the N + 1 matrices A,, € ROMFTDX(M+1) iy (43) and of
the evaluation of the volume integral terms. These latter are at most 3N (M + 1).

Thus, denoting by n,, the number of nodes of the Gauss-Legendre rule used to
compute the matrix elements, and recalling that all the matrix elements are computed
using the FFT with L = 2N terms, the construction of all matrices is (approximately)
defined by that of 2n,, NM? (complex and composite, see (46)) function evaluations.
We have also taken into account the special form of the kernel K defining the matrix
elements (see (47)), and the decomposition strategy we have proposed to treat it. Our
(rough) count does not include however, many other (minor) computational issues.

If we denote by n, the number of points of the quadrature rules presented above,
that we will use to compute the volume integrals, then the cost of all volume integra-
tions is given by 2n2(n, +2)M N (real) function evaluations.

To determine the volume integration overhead, we have derived a very rough esti-
mate, given only in terms of real function evaluations. This is:

n(n, + 2)

160, M O™, (55)
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It represents also an estimate of the overhead associated with the evaluation of the
potential at a given point of the PDE space domain, for all ¢, € (0,7].

Thus, for example, when n, ~ n,, and M is greater than n2, the overhead can be
considered negligible. For instance, in Example 4 of the next section, for T' = 1 we
take n,, = 8 and n, = 12; therefore, starting from M = 16 the above ratio is less
than 1 and tends to zero as M increases. We ought however to notice that when the
volume integrand functions have a nasty behavior (this happens in our Examples 3 and
4 when T is not small; for instance for 7' = 32,100), the number of quadrature nodes
n, one has to take is not any longer small. In this case the above overhead can take a
significant value, unless the value of M is large enough (see the first case in Example
3), or one can construct ad hoc quadrature rules which require a (significantly) lower
number of points.

The numerical testing we will present in the next section shows that estimate (55)
is actually too pessimistic.

Finally, we ought to remark that in the above overhead estimates we have assumed
to use the same quadrature rules for all time instants ¢, € [0,7]. This means that
the number of nodes n,, is determined by the accuracy we require in particular at T
But the same accuracy is achieved, for example, at the initial instants by taking a
significantly smaller number of nodes, in particular when 7' is moderate/large. This
aspect needs to be further investigated.

4 Numerical examples

Since no theoretical results are known on the stability and convergence of the Lu-
bich/collocation method described in the previous section, as well as for the associ-
ated Lubich/Galerkin method, in this section we perform some numerical testing on
these properties by considering a few simple examples. We recall that the space ap-
proximant we have chosen is a continuous piecewise linear function associated with
the chosen (uniform) mesh. At the same time, we will also test the efficiency of the
quadrature formulas we have proposed to compute the volume integrals. In the case
of fully homogeneous problems we will consider both approaches (33) and (45).

Remark 4.1 In the collocation case, the elements of the matriz Ag in (45), the only
one that needs to be “inverted”, are given by
TM+1

(Ap)mi = / wo( A 19 (m) — () ) Ni (1)1’ () |y,

0

where, having set rpy, = ||[Y(xm) — P (y)||, we have

0% 1 37Tm O v _q)( 3rm
A,: — K2 = H °oim
woldiiTm) = F o o 0<2At> Onygdny 40 <’L2At>’

Ko(z) being the modified Bessel function of the second kind of order 0, and H(gl)(z) is
the zero order Hankel function of the first kind (see [1], (9.6.4)). Therefore Ag is a
collocation matriz for the double-layer BIE representation of the Neumann problem for
the Helmholtz equation Au — s?u = 0, with wavenumber s = 3/(24), defined on the
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(closed and parametrized) curve T'. A similar remark applies also to the corresponding
Galerkin matrix.

The mapping properties of the above mentioned double-layer representations, as
well as the behaviors of the corresponding classical Galerkin and collocation matrices,
have been known for many years. For the collocation case see, for example [6], [7], [8],
[14]. In all the testing we have performed, where we simultaneously let Ay — 0 and
M — oo, the (spectral) condition numbers of the matrices %I + Ao and Ay have taken
values close to 1. Thus, in the cases we have examined the final linear systems one has
to solve appear to be very well-conditioned. This seems to be due to the property that
the coefficient wo(A¢; ), which is defined in terms of modified Bessel functions of the

second kind Ko and K1, contains (see 9.7.2 in [1]) the factor e 3R

We recall that in the 3D case, having denoted by A, the size of the mesh ele-
ments of the boundary I', for the corresponding Galerkin method the (unconditional)
convergence rate forecasted by (18) for regular meshes is, in the (space) H 1/2_norm,
O(A?) + O(Ai/ %), uniformly with respect to &, € [0,7]. Although a similar result has
not been derived for the 2D case, this bound would suggest to take A; and A, such
that A? ~ A?gﬁ/Q, that is,

N\ 4/3

M=~ (b—a) <T> , N — oc. (56)
This criteria has been adopted, for example, in [11]. In such a case the “global order
of convergence” should behave like N=2. Otherwise, by taking for example M = N
or M = N/2, the behavior of the above error would be defined by N —3/2 However,
for simplicity, in our numerical testing, to examine the convergence behavior of the
proposed numerical methods, we have preferred to compute the (space) L?-norm of the
errors. In this case, since in the following examples we perform only uniform partitions
of the boundary I', it appears reasonable to expect a global rate of convergence of the
type O(A7) + O(A3).

Thus in the following examples we will apply our collocation and the associated
Galerkin methods and verify if the expected quadratic rate of (unconditional) conver-
gence holds. Since the above convergence estimate is uniform with respect to ¢,, € [0, 77,
we will examine the time pointwise behavior of the space L?-norm of the errors pro-
duced by the proposed methods at the chosen instants ¢,,.

We will consider four cases: two fully homogeneous and two with non homogeneous
data. Two with initial/boundary conditions satisfying the smoothness and compat-
ibility conditions required by the Lubich’s theory (Examples 1, 3), and two having
data not satisfying all the required compatibility conditions: in Example 2, the first
condition (of order 0) is violated, while in Example 4 it is the one of highest order (3)
which is not satisfied. In Example 1 we will also consider a domain with corners.

In the numerical testing we present next, all the matrix elements have been com-
puted by applying the n-point Gauss-Legendre rule to each boundary element where
the integrand is not identically equal to zero, with n = 8 when 7' =1 and n = 16 for
the cases T' = 32,127, 100. In all tables and figures, we will denote by L/NC, L./SC and
L/Gal, the Lubich/nodal collocation, Lubich/shifted collocation and Lubich/Galerkin
BEM methods, respectively. Here and in the following, by shifted collocation method
we mean the e-collocation method with € = 1/3. There are no special reasons for
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choosing this value. As we shall shortly remark, any value not too close to one of the
values 0,1/2,1 would be an equally good choice.

Example 1
The first example we have considered is the 2D Neumann problem (1) or (2), with
the following homogeneous data:

up(x) =0, w(x) =0, f(x,t)=0, g(x,t)=—ttexp(—t), xeT (57)

t € [0,7] and I' coinciding with the boundary of the unit disc, parameterized by
x =(0) = (cos,sinf), § = [—m, ). The time interval has been divided into N steps
of equal length, and the € interval into M equal parts (see Section 3.1). In this case,
besides the Lubich/collocation method we have also applied the corresponding Lu-
bich/Galerkin method. Notice that the data smoothness and compatibility conditions
required to obtain the optimal rate of convergence proved in [11] for the 3D analogue
are satisfied.

In the case of the BIEs (19) and (20), to compute the space integrals on their right-
hand side, we have first split the parametrization interval in the two subintervals defined
by the collocation point and introduced the g-smoothing polynomial transformation
defined immediately after (41), with ¢ = 3. Then, we have applied to each subinterval
the n-point Gauss-Legendre quadrature rule, with n = 128 for T' =1 and n = 16 for
T=32and T = 127.

At a first glance such a high number of nodes when 7' = 1 may appear surprising,
in particular if compared with that of the case T' = 32. However, a more careful look
at the behavior of the integrand function shows, in the first case, an exponential decay
away from interval split point. This phenomenon, which is due to the very small values
that the step A; takes when N is not small, is not significant when 7" = 32. Notice
that the choice n = 128 when 7" = 1 may be excessively high for the lower values of
N. We have made such choice for all values of N only for simplicity reasons.

Since an analytic expression of the exact solution of the above BIEs is not known, to
determine the estimated errors for the approximation of [u(x,t)] = ui(x,t) —u®(x,t) we
have taken as reference solution the approximant given by the chosen Lubich/shifted
collocation method applied to the BIE (21) with, taking into account (56), M =
512, N = 1024 when T = 1, and M = 256, N = 1024 for T' = 32. All the matrix
elements have been computed using a 64-point Gauss-Legendre rule.

The approximations of [u(z,t)] obtained by the Lubich/nodal collocation BEM
applied to (19)-(20) and by the Lubich/e-collocation applied to (21) are very similar.
In Figure 4 we have plotted [u(z,t)] as the function: (0,¢) — ¢((cosd,sinh),t), taking
T=1and M =128, N = 64.

In all the tables of Example 1, we have reported the L2-norm relative errors
(err(tn) = erry,n(tn)), together with the associated estimated orders of convergence
(EOC=EOC(t,), obtained at the intermediate instants ¢, = 7/4,7/2,37/4 and at
ty = T. These orders have been computed using the standard formula:

EOC = log, (errar,n(tn)/erranman(tn)) -

We remark that if in the case reported in the last line of Table 2 we take a higher
number of quadrature nodes to compute the right hand side space integral, for example
n = 256, we obtain EOC=2.3 for each time instant.
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Figure 4: Example 1. Approximations of [u(z,t)], obtained by L/SC applied to (21); M = 128, N = 64.
Disc (left-side) and ellipse (right-side) cases

In Tables 3, 4 and 6 we have also reported the 2-norm condition number C'N of the
matrix Ag (see system (43)) corresponding to the Lubich/collocation BEM used. The
condition numbers of the matrix 1/2I + Ay arising from the discretization of (19) by
the Lubich/collocation BEM (see (32)) and of —1/2I 4+ Ay for (20) are both less than
1.02 for all the couples of M and N considered.

Table 2: Example 1: err(t,) and EOC obtained by L/NC applied to (19)-(20). T =1

M N | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

8 16 | 2.46e — 01 6.85e — 02 3.01le — 02 1.62e — 02
1.73 1.85 1.91 1.94

16 32 | 7.42e — 02 1.90e — 02 8.0le — 03 4.23e — 03
1.84 1.93 1.96 1.98

32 64 | 2.06e — 02 4.98e — 03 2.05e — 03 1.07e — 03
1.93 1.97 1.99 1.99

64 128 | 5.42e — 03 1.27e — 03 5.19e — 04 2.69e — 04
2.02 2.04 2.04 2.02

128 256 | 1.33e — 03 3.08e — 04 1.26e — 04 6.63e — 05
2.23 2.05 1.81 1.57

256 512 | 2.85e — 04 7.42e — 05 3.59e — 05 2.23e — 05

Notice (see Table 3) that in the case of the (standard) collocation method, i.e. € = 0,
applied to the hypersingular equation (21), when we take N = 2M, a severe instability
soon appears as N increases. This behavior does not show up when we take any value of
0 < e <1, €# 1/2, although the condition number of A increases as € approaches the
value 1/2 (significantly only in a very small neighborhood of this value). Apparently
when € = 1/2, in this example the matrix Ay becomes singular. We expect that the
values of € for which we have stability do not depend on the shape of the space domain
boundary I'; this because the hypersingularity in (52) lies in the parameter interval,
hence it does not depend on the parametrization function. This latter is inserted in
the smooth part of the integrand function; thus it could have some effects only on the
number of quadrature nodes needed to achieve the required accuracy.

To test this statement, in this example we have replaced the disc by the ellipse
x = (0) = (5co0s0,0.5sin0),0 € [—m,w]. The corresponding shifted collocation BIE
solution, for T' = 1, has been reported in Figure 4 above. The relative errors produced
by the method in this case are very similar to those we have obtained for the disc.
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Table 3: Example 1: err(t,), EOC and CN obtained by L/NC applied to (21). T'= 1

M N | CN err(T/4) EOC err(T/2) EOC | err(3T/4) EOC err(T) EOC

4 8 1.2 7.53E — 01 2.29F — 01 1.07E — 01 5.96FE — 02
1.61 1.74 1.83 1.88

8 16 1.3 246F — 01 6.85FE — 02 3.01E — 02 1.62E — 02
1.73 1.85 1.91 1.93

16 32 1.3 7.42E — 02 1.90E — 02 8.03FE — 03 4.24F — 03
1.84 1.93 1.96 1.97

32 64 1.4 2.07E — 02 5.00FE — 03 2.07E — 03 1.08E — 03
1.93 1.98 1.99 1.99

32 128 1.2 5.43FE — 03 1.27E — 03 5.22FE — 04 2.72FE — 04
2.02 2.03 2.03 2.03

32 256 1.1 1.34E — 03 3.11E - 04 1.28E — 04 6.68FE — 05

64 128 | 15 | 5.43E — 03 1.27E — 03 5215 — 04 1.20E — 01

128 256 | 1.7 | 1.33E — 03 115E + 04 1.54E + 17 4.10E + 30

In the testing we have performed, in this example as well as in the following ones,
taking M = 2N, or M = N, or M = N/2 or the choice defined in (56), for the values
of T'and N considered, the € (= 1/3) method, and that defined by any other choice of
0 <e<1,e#1/2 did not show any instability phenomenon.

Table 4: Example 1: err(t,), EOC and CN obtained by L/SC applied to (21). T =1

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

8 16 | 2.9 | 2.46e —01 6.86e — 02 3.0le — 02 1.62e — 02
1.73 1.85 1.91 1.94

16 32 2.9 | 7.42e —02 1.90e — 02 8.02e — 03 4.24e — 03
1.84 1.93 1.96 1.97

32 64 | 29 | 2.07e —02 5.00e — 03 2.07e — 03 1.08e — 03
1.93 1.98 1.99 2.00

64 128 | 2.9 | 5.43e—03 1.27e — 03 5.19¢ — 04 2.69e — 04
2.03 2.05 2.07 2.09

128 256 29 1.33e — 03 3.06e — 04 1.24e — 04 6.31e — 05
2.30 2.34 2.43 2.66

256 512 29 2.69e — 04 6.03e — 05 2.29e — 05 1.00e — 05

To show that our numerical approach is equally efficient also for larger values of
T, we have applied the Lubich/collocation BEM taking 7' = 32. The corresponding
relative errors are reported in Tables 5 and 6.

The condition numbers of the matrices 1/2I+ Ag for (19) and —1/2I+ Ay for (20)
are less than 1.7F + 00 and 5.6F + 01, respectively, for all the couples of M and N
considered.

For T = 32, the L%relative errors of the approximations of [u(x,t)] obtained by
applying the Lubich/nodal collocation BEM to (21) with M = 8 fixed, to avoid the
above mentioned instability phenomena, and with increasing values of N, using 16
quadrature nodes for each matrix entry, are quite similar to those obtained by the
Lubich/shifted collocation BEM. Therefore, in Table 6 we have reported only these
latter. As for the corresponding condition numbers, the values of CN given by the
Lubich/nodal collocation BEM are similar to those reported in Table 6.

We remark that the matrix elements have been computed by applying the numer-
ical procedure described in Section 3.1, which takes into account the behavior of the
involved Bessel functions and prevents possible numerical cancelation phenomena.
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Table 5: Example 1: err(t,) and EOC obtained by L/NC applied to (19)-(20). T = 32

M N | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

4 16 | 8.55e — 02 8.31e — 03 6.30e — 03 5.93e — 03
2.38 6.80 5.60 5.64

8 32 | 1.64e — 02 7.47e — 05 1.30e — 04 1.19e — 04

2.30

16 64 | 3.34e — 03 1.53e — 04 1.52e — 04 1.45e — 04
2.15 1.28 1.12 1.03

32 128 | 7.53e — 04 6.33e — 05 7.00e — 05 7.10e — 05
2.22 0.92 0.42 0.46

64 256 | 1.6le — 04 3.34e — 05 5.24e — 05 5.15e — 05
1.96 0.27 1.10 0.59

128 512 | 4.15e — 05 2.78e — 05 2.45e — 05 3.42e — 05

Table 6: Example 1: err(t,), EOC and CN obtained by L/SC applied to (21). T = 32

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

4 16 1.9 8.59¢ — 02 8.64e — 03 6.58e — 03 6.18e — 03
2.34 4.86 5.18 5.26

8 32 1.6 1.70e — 02 2.98e — 04 1.82e — 04 1.61e — 04
2.23 3.14 5.25 5.46

16 64 1.6 3.61le — 03 3.37e — 05 4.76e — 06 3.67e — 06

2.05 0.56 1.54

32 128 | 1.6 | 8.74e—04 2.29¢ — 05 1.64e — 06 6.64e — 06
1.86 0.02 0.29

64 256 | 1.6 | 2.4le—04 2.78e — 05 1.62e — 06 5.41e — 06
2.72 0.88 1.65

128 512 1.6 | 3.66e —05 1.52e — 05 1.12e — 05 1.72e — 06

We have compared the elapsed time required to solve equations (19) and (21), using
the Lubich/nodal collocation and the Lubich/shifted BEM method, respectively, when
T = 32. The hypersingular equation approach is faster. Indeed, if we consider the case
T = 32, which is the one more favorable to (19), and we take M = 4,8,16, 32, 64,128
(N = 4M), the corresponding computational times required by the two methods
are 0.5,2.5,15.2,98.2,679.9,4.9F3 and 0.4,1.8,10.5,67.1,454.6, 3.1 E3 seconds, respec-
tively. We recall that, while the total CPU time needed for the solution of (21) is
essentially given by the construction of the linear system matrices, about 3/4 of that
required for the solution of (19) is devoted to the known term computation. For this
reason, when T' = 1, the comparison is even more favorable to formulation (21). This
computational difference is further amplified when one then compute the associated
potential at the required points.

For the ellipse domain we have previously considered, also in the case T' = 32 the
e-collocation method has produced results very similar to those we have obtained above
for the disc.

In Tables 7 and 8 we have reported the corresponding errors for T'=1 and T = 32
respectively, obtained by the Lubich/Galerkin BEM. All integrals needed to construct
Table 8 have been obtained using a 25 x 24-point tensor product Gauss-Legendre rules.

As we can see, the Lubich/Galerkin BEM has produced numerical results very
similar to those given by the Lubich/shifted collocation BEM. Nevertheless, it has to
be mentioned that the numerical results in Tables 7 and 8 have been obtained by using
appropriate quadrature formulas, which take into account the (boundary or internal)
position of the hypersingularity with respect to the domain of integration. Moreover, in
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Tables 7 and 8 the matrix entries have been computed by using 9 x 8 and 17 x 16 tensor
product Gaussian rules, respectively, after having introduced, whenever needed, a g-
smoothing transformation. Therefore, the computation of the matrix entries is quite
delicate and expensive, and the overall computation is by far more time consuming
than that of the corresponding collocation method.

Table 7: Example 1: err(t,), EOC and CN obtained by L/Gal applied to (21). T =1

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

8 16 2.9 2.56e — 01 7.34e — 02 3.33e — 02 1.86e — 02
1.74 1.85 1.90 1.93

16 32 2.9 7.68e — 02 2.03e — 02 8.91e — 03 4.90e — 03
1.84 1.92 1.95 1.96

32 64 2.9 2.14e — 02 5.37e — 03 2.31e — 03 1.26e — 03
1.93 1.97 1.98 1.97

64 128 2.9 5.62e — 03 1.37e — 03 5.86e — 04 3.20e — 04
2.02 2.02 1.98 1.89

128 256 | 3.0 | 1.39e —03 3.37e — 04 1.49e — 04 8.63e — 05
2.26 2.11 1.75 1.25

256 512 | 3.0 | 2.90e — 04 7.84e — 05 4.40e — 05 3.62e — 05

Table 8: Example 1: err(t,), EOC and CN obtained with L/Gal applied to (21). T = 32

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

4 16 2.1 8.86e — 02 1.06e — 02 8.47e — 03 8.04e — 03
2.35 4.18 4.21 4.22

8 32 1.4 1.74e — 02 5.86e — 04 4.56e — 04 4.31e — 04
2.24 2.82 3.09 3.23

16 64 1.2 3.67e — 03 8.28e — 05 5.37e — 05 4.60e — 05
2.05 1.26 1.87 2.42

32 128 | 1.2 | 8.85e— 04 3.46e — 05 1.47e — 05 8.61e — 06
1.86 0.10 1.38 0.47

64 256 | 1.2 | 2.44e—-04 3.22e — 05 5.65e — 06 6.21e — 06

2.69 0.74
128 512 1.2 | 3.80e—05 1.93e — 05 2.11e — 05 1.69e — 05

We have compared the computational time required by the e-collocation and the
Galerkin methods, in particular for the construction of their associated matrices, tak-
ing into account the symmetry of the Galerkin matrix blocks A,,, but not that of those
of the collocation method, which depends on the shape of the boundary I'. To gener-
ate each approximation reported in the tables above, the CPU time required by the
Galerkin approach has been about 35 times that needed by the e-collocation method.

In the last four tables we notice that an error barrier appears as soon as the max-
imum accuracy (of order 107> = 107%) the method can produce is achieved. This is
probably due to the evaluation of the Lubich w coefficients by means of the quadrature
(34), with parameters defined by (35). Moreover, we ought to remark that we do not
compute these coefficients explicitly, since, to speed up the overall computation, the
FFT algorithm is applied to the trapezoidal sum in (46) after having computed the
integrals over (zg,zpr+1). Thus also the quadrature rules used to evaluate the latter
(space) integrals come into play. This aspect of the numerical solution method needs
further investigation, in particular if one has to solve the problem with higher accu-
racy. Nevertheless, we remind that the errors we have computed are pointwise, with
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respect to the time instant ¢,, while estimate (18) is uniform in [0,7]. In particular,
for T' = 32 the largest absolute errors are produced at values ¢, much smaller than T
in our tables this happens at ¢, = T/4.

We have also applied the above Lubich/e-collocation method to the problem defined
by the conditions (57), but with the Neumann boundary data replaced by

g(x,t) = —t" exp(—(af + 223)).

The corresponding results are reported in Tables 9 and 10, where the new problem is
identified as Example 1bis.

Table 9: Example 1bis: err(t,), EOC and CN obtained by L/SC applied to (21). T =1

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

16 4 2.4 2.36¢e + 00 8.23e — 01 4.40e — 01 2.81e — 01
1.55 1.62 1.68 1.72

32 8 | 2.4 | 8.07e—-01 2.68e — 01 1.38e — 01 8.53e — 02
1.61 1.72 1.78 1.81

64 16 2.4 2.64e — 01 8.15e — 02 4.0le — 02 2.44e — 02
1.73 1.84 1.87 1.86

128 32 | 24 | 7.94e —02 2.28e — 02 1.09e — 02 6.71le — 03
1.90 1.97 1.96 1.90

256 64 | 24 | 2.13e—02 5.83e — 03 2.81e — 03 1.80e — 03
2.23 2.26 2.22 2.10

512 128 2.4 4.52e — 03 1.22e — 03 6.06e — 04 4.22e — 04

Table 10: Example 1bis: err(t,), EOC and CN obtained by L/SC applied to (21). T'= 100

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

4 16 | 11.4 | 7.12e — 01 1.93e — 01 7.80e — 02 3.37e — 02
1.68 1.57 1.35 0.94

8 32 6.1 | 2.23e—01 6.50e — 02 3.05e — 02 1.76e — 02
1.82 1.89 1.92 1.93

16 64 3.8 | 6.30e — 02 1.75e — 02 8.08e — 03 4.62e — 03
1.91 1.96 1.97 1.98

32 128 2.8 | 1.68e — 02 4.52e — 03 2.06e — 03 1.17e — 03
2.01 2.04 2.05 2.05

64 256 2.6 | 4.17¢ — 03 1.10e — 03 4.97e — 04 2.82e — 04
2.29 2.30 2.31 2.31

128 512 2.5 | 8.54e — 04 2.23e — 04 1.00e — 04 5.67e — 05

Finally, to check further the performance of the proposed Lubich/shifted collocation
BEM, we have solved the problem of this example taking, however, a domain with
corners: the square with vertices at (+1,0),(0,+1). The corresponding results have
been reported in Figure 5 and in Table 11. A comparison of this latter table with Table
4 indicates a loss of accuracy: the order of convergence appears to be close to 3/2.
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Figure 5: Example 1: approximation of [u(z, )], obtained by L/SC applied to (21); M = 128, N = 64.
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Table 11: Example 1: err(t,), EOC and CN obtained by L/SC applied to (21). T =1

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

8 16 3 2.26e — 01 7.59¢ — 02 6.32e — 02 5.29¢ — 02
1.54 0.64 0.87 1.10

16 32 3 7.77e — 02 4.87e — 02 3.45e — 02 2.47e — 02
0.98 1.33 1.41 1.25

32 64 3 3.93e — 02 1.94e — 02 1.30e — 02 1.04e — 02
1.42 1.35 1.22 1.21

64 128 3 1.47e — 02 7.59e — 03 5.58e — 03 4.49e — 03
1.52 1.33 1.33 1.27

128 256 3 5.14e — 03 3.02e — 03 2.22e — 03 1.86e — 03
1.67 1.66 1.64 1.31

256 512 3 1.62e — 03 9.54e — 04 7.12e — 04 7.52e — 04

Example 2

As Example 2 we have considered the following 2D Neumann problem with homo-
geneous data, but with a boundary condition that does not satisfy all the smoothness
and compatibility conditions, at ¢t = 0, required by the theory developed in [11] for the
3D case, to guarantee the convergence:

ug(x) =0, wvo(x)=0, f(x,t)=0, g(x,t)=H(t), xeTl (58)

t € [0,127] and I" coinciding with the boundary of the unit disc. This test problem has
been already considered in [5] and in [2].

In Figure 6, on the left we have plotted the time history of the approximate solution
u®(A,t) at the point A = (0,1) of I'; the corresponding approximation of [u(A,t)] =
u'(A,t) —u®(A,t) is reported on the right hand side. These curves have been obtained
by applying the Lubich/nodal collocation method to (19),(20) (dashed line), and by
solving the BIE (21) by means of the Lubich/shifted collocation method (dotted line).
For both methods we have chosen M = 32 and N = 16. The graphs of the two curves
overlap.

In Tables 12 and 13, we have reported the L?-norm relative errors and the experi-
mental convergence orders, obtained at the intermediate instants ¢,, = T7'/4,7/2,3T /4
and at ty =T = 127. As reference solution we have taken the approximant given by
the chosen Lubich/e-collocation method applied to the BIE (21) with M = 256, N =
1024; the associated matrix elements have computed using the 64-point Gauss-Legendre
rule.

In Table 12, to compute the g-transformed right hand side integrals, with ¢ = 3,
we have applied the 16-point Gauss-Legendre quadrature.
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Figure 6: Example 2: approximations of u¢(A,t) (on the left) and [u(A,t)] (on the right), obtained by
L/NC applied to (19)-(20) (dashed line) and by L/SC applied to (21) (dotted line), with M = 32, N = 16.
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Table 12: Example 2: err(t,) and EOC obtained by L/NC BEM applied to (19)-(20), T = 127

M N | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC

4 16 | 1.52e — 01 9.95e — 02 7.15e — 02 5.58e — 02
0.66 0.86 0.92 0.94

8 32 | 9.64e — 02 5.50e — 02 3.78e — 02 2.90e — 02
0.88 0.97 1.00 1.01

16 64 | 5.23e — 02 2.82e — 02 1.89e — 02 1.44e — 02
1.01 1.04 1.09 1.09

32 128 | 2.59e — 02 1.37e — 02 8.87e — 03 6.76e — 03
1.15 1.16 1.23 1.22

64 256 | 1.17e — 02 6.09e — 03 3.78e — 03 2.91e — 03
1.79 1.35 1.62 1.66

128 512 | 3.37e — 03 2.40e — 03 1.23e — 03 9.21e — 04

For (19) and (20) the 2-norm condition numbers of the matrices 1/2I + Ay and
—1/2I + Ay are less than 1.9 and 7.4, respectively, for all the couples of values of M
and N considered.

As for Example 1, the relative errors obtained by the Lubich/Galerkin BEM are
comparable with those given by the Lubich/shifted collocation BEM. For this reason
we have omitted them.

We remark that in this example the required compatibility conditions are not all
satisfied. In particular we have g(x,0") = 1 # 8u80—lgx) = 0. Nevertheless, the method
appears to be convergent, with a convergence rate which seems to move toward 2 as
M, N increase.

Example 3

As an example of a 2D exterior Neumann problem (1) with non homogeneous,
smooth and compatible data according to Remark 2.7 and the following statements,
we have first considered the following problem:

up(x) = exp(—(z1 + 22)*), v0(%) = 2v2(x1 + 22) exp(—(z1 + 22)*),
f(x,t) =0, (59)
g(x,t) = 2(x1 + x93 — V2) (21 + 22) exp(— (21 + 22 — V20)?), x = (21, 22) €T

t € [0,7] and I' coinciding with the boundary of the unit disc. The exact solution of
this problem is the plane progressive wave u(x,t) = exp(—(z1 + o2 — v/2t)?). Since
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Table 13: Example 2: err(t,), EOC and CN obtained by L/SC applied to (21). T = 127

M N | CN | err(T/49) EOC | err(T/2) EOC | err(37T/4) EOC err(T) EOC

4 16 | 2.3 1.52e — 01 9.92e — 02 7.13e — 02 5.55e — 02
0.66 0.86 0.93 0.95

8 32 2.3 | 9.59e — 02 5.46e — 02 3.75e — 02 2.87e — 02
0.88 0.97 1.01 1.01

16 64 | 2.3 | 5.20e —02 2.80e — 02 1.87e — 02 1.42e — 02
1.01 1.04 1.09 1.09

32 128 2.3 2.58e — 02 1.36e — 02 8.79¢ — 03 6.69¢ — 03
1.15 1.17 1.24 1.23

64 256 2.3 1.16e — 02 6.04e — 03 3.73e — 03 2.86e — 03
1.81 1.36 1.65 1.69

128 512 2.3 3.32e — 03 2.36e — 03 1.19e — 03 8.86e — 04

this is also the solution of the associated interior problem, in our BIE (15) we ought
to have ¢(y,7) = 0.

Figure 7: Example 3, Problem (59): maximum absolute errors, equation (15) known term evaluation.
T=1,5100; M =16, N = 32.

1.0E-02 1.0E-00|
I

1.0E-02 1.0E-02
[

1.0E-04 Fo—

n=16 1.0E-04] 1.0E-04|

1.0E-06 1.0E-06 1.0E-06

1.0E-08| 1.0E-08|

1.0E-08

1.0E-10 1.0E-10

1.0E-10 1.0E-12! =
o o 1.0E-12!

To test the performance of the quadrature rules we have proposed in Section 3.2 to
compute the volume integrals, in Figure 7 we have reported, for each of the instants
tm, m =1: N(= 32), the maximum of the absolute errors obtained at the grid points
(M = 16), when we have evaluated the equation known term using n-point basic rules.
Since the corresponding L?-norm errors produced by the Lubich/shifted collocation
method are very similar, we have omitted them. We recall however that, since the true
solution of our BIE (15) is the null function, the latter errors do not improve as M, N
increase. In this particular case, even for small values of M and N the BIE approximant
accuracy appears to be determined only by that of the volume integration; the error
produced by the Lubich/shifted collocation discretization appears to be negligible. We
had the same errors for all choices of M, N we made, in particular for the lowest ones
(M =16, N =8).

We remark that, with respect to the case T' =1, for T' = 5 the accuracy decreases.
The loss of accuracy is even higher when T = 100. This because of the behaviors of
the functions v in (11) and ug in (12). These behaviors have been plotted in Figures
8 and 9, for T'= 5 and T" = 100 respectively.

Each function has been considered at x = (1,0), first as a function of the variable
¢ € (0,1), by setting § = 7, and then of the variable § € (0,27) by setting £ = 0.5.
Because of these behaviors, for large values of 7', to evaluate the integrals I,, and I,
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Figure 8: Example 3, Problem (59): vo (left-side) and ug (right-side). T' =5
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Figure 9: Example 3, Problem (59): vy (left-side) and wug (right-side). T = 100

we have to take a sufficiently large value of n, or to use ad hoc quadrature formulas
that takes into account the “nasty” behavior of the integrands.

Notice that the error behaviors reported in Figure 7 confirm the last remark we
made at the end of Section 3.

To verify the reliability of our volume integration overhead estimate (55), we have
solved problem (59) taking for simplicity N = M = 2¥ k =3:9, for T = 1,5,100. For
these values of T, the corresponding volume integrations have been performed choos-
ing n = 16,32,128, respectively. The computation of the matrix elements has been
performed using 8,8, 16 nodes, respectively. The ratios Ropy between the CPU time
required by the computation of all elements of the system right hand sides g,,n =0: N,
and that of the (simultaneous) computation, by means of the FFT, of the elements of all
the matrices A,,_; in (43), for M = [16, 32, 64, 128, 256] are [0.39,0.16,0.06, 0.02, 0.008]
when T' = 1, [1.36,0.53,0.20,0.07,0.03] when T" = 5, and [13.68,5.51,1.48,0.43,0.14]
for T'= 100, respectively.

To check that the potential does not depend on the chosen extension of the problem
data in the whole R? space, we have considered problem (59), first with the initial value
ug(x) trivially extended by the the given expression, and then smoothly extended in the
interior domain by adding to the previous natural extension the function exp(—1/(1 —
2?2 — 3)). This latter data is denoted by #(x). In particular, in Table 14 we have
reported the relative errors obtained when computing the potential u(x,t) at the points
x = (v/2,4/2) and x = (3,0), having chosen T = 1. In this table, an empty space means
that the accuracy obtained at the previous stage remains constant.

We remark that the exceptional accuracy produced in the ug case is due to the fact
that the associated density function is the zero constant. Thus the relative errors we
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Table 14: Example 3, Problem (59): potential relative errors at x = (v/2,v/2) and at x = (3,0) obtained
by L/SC applied to (21). T =1

X:(\/i\/i) | X:(3,0)

initial data wug

M N T/4 T/2 3T/4 T T/4 T/2 3T/4 T

16 8| 933FE—-11 999E —-10 6.19E—-09 3.77E—08 | 4.06FE —15 3.34E—11 4.74E—-09 1.06E — 07
32 16 | 1.0 —-13 491E—-11 328E—-09 3.51E—08 —
64 32 | 3.87TE—-15 226E—11 259E—-09 3.33E—08

initial data g

M N T/4 T/2 3T/4 T T/4 T/2 3T/4 T

16 8| 639K —-04 7.24E-03 292E-02 6.57E—02 | 1.42FE —-08 491E—-07 6.22E—-06 4.56FE — 05
32 16 | 1.10E—-07 541FE—-05 248E—-03 257TE—-02 | 6.85E—14 337E—11 489E—-09 1.28E —07
64 32 | 202E—-14 147TE—-08 5.79E—05 8.24E—03
128 64 —— 2.25F —11 1.14E—-07 196E —03
256 128 2.53E —-09 289FE — 04

have reported in the table are essentially due to the volume integration formulas. This
is not the case of the ug data. We further remark that in this second case, also when we
have ¢ = t;, < rpin = minger [|[x —y||, the potential contribution due to the space-time
main integral is negligible, since its theoretical value is zero. As t > 7, increases,
the above contribution becomes more significant and, from a certain time value on, the
global integration error is essentially given by that of the Lubich quadrature.

The results reported in Table 14 have been obtained by using 16-point quadra-
ture rules (32 nodes for the trapezoidal rule) for the volume integration. For M =
[16, 32,64, 128,256] (N = M/2), the corresponding values of the overhead ratio Ropur
are [0.19,0.08,0.03,0.01,0.001].

Another example of a 2D exterior Neumann problem (1), with non homogeneous
data and for which the corresponding BIE solution ¢(y, s) is identically equal to zero,
is:

uo(x) = sin(z, 4 2), vo(x) = —V2cos(z1 + x3),
f(Xv t) =0, (60)
g(x,t) = —cos(x1 + xa — V2t)(x1 + x2), x = (21, x3) €T

t € [0,7] and T" coinciding with the boundary of the unit disc. For this example
the exact solution of the homogeneous wave equation is the harmonic wave u(x,t) =
sin(z1 + zo — V/2t).

As for the previous case, in Figure 10 we have reported, for each of the instants
tm, m =1: N, the maximum of the absolute errors obtained at the grid points, when
we have evaluated the equation known term using n-point basic rules.

By looking at the oscillating behavior of the functions vy and ug reported in Figures
11 and 12, respectively, the reasons for which the value of n must be chosen larger, as
T increases, are evident.

Example 4
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Figure 10: Example 3, Problem (60): maximum absolute errors, equation (15) known term evaluation.
T =1,5,100.
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Figure 11: Example 3, Problem (60): v (left-side) and ug (right-side). T =5

As a last example of a 2D Neumann problem with non homogeneous data, we have
considered the one associated with the following smooth data:

uo(x) = exp(— (2] + 223)), vo(x) = exp(—(22] + 23)),

f(xu t) = tg exp(—(l‘% + 1332))7 (61)
. 8UO 61}0 t .
g(x7 t) - anx + tanx + EanxAuO? X = (x17x2) € F

t € [0,7] and I" coinciding with the boundary of the unit disc.

Notice that in this case we have (see Remark 2.7) %g(x,O) = 0 only for i < 2,
while the Lubich’s theory compatibility condition requires ¢ > 3. In Figure 13 we have
reported the picture of the BIE solution, obtained by using the Lubich/Galerkin BEM.

In Table 15 the volume terms have been computed by using 12 quadrature nodes
for each integral. In this table we have also reported the volume integration overhead
(Ropyu column) defined in Example 3.

The numerical results produced by the Lubich/shifted collocation and Lubich/Galerkin
methods are very similar; however the CPU time required by the latter, which is essen-
tially due to the evaluation of the system known term, has been more than 100 times
that required by the collocation method. The CPU time required by the program we
have written for this latter, to compute simultaneously all the system block matrices
and the associated known terms for the values of M, N reported in Table 15, and that
we report in the form (71 +72), have been (1.7+6.9), (6.7+15.1), (31.2+35.4), (160.3+
89.8), (908.1 + 257.4), respectively.
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Figure 13:

Figure 12: Example 3, Problem (60): vy (left-side) and ug (right-side). 7" = 100

Remark 4.2 We have also performed some testing on the rate of convergence of our
collocation method, when the domain boundary is interpolated by piecewise polynomials
on the same mesh used to approximate, by a continuous piecewise linear function, the
BIFE solution. In particular, taking also into account the results reported in [38], in the
previous examples we have interpolated the boundary I' by continuous piecewise linear
and quadratic polynomials, and by quadratic and cubic periodic (smooth) splines. In the
first two cases the collocation method has shown a first order convergence rate, while in
the latter two cases we have obtained error estimates, and corresponding convergence
orders, very similar to those we had using the boundary parametric representation.
Therefore, it appears that the boundary approximation by a periodic quadratic spline,
interpolating the boundary at the mesh midpoints, is sufficient to guarantee a quadratic
rate of convergence. We recall that in the Dirichlet case, to obtain the second order

Table 15: Example 4: err(t,), EOC and CN obtained by L/SC applied to (15). T = 1

M N | CN | err(T/4) EOC | err(T/2) EOC | err(3T/4) EOC err(T) EOC | Rcpu
16 41 23 1.96e + 00 6.56e — 01 3.07e — 01 1.62e — 01 4.16
1.58 1.64 1.69 1.68
32 8 | 24 | 6.56e —01 2.10e — 01 9.48e — 02 5.03e — 02 2.26
1.65 1.75 1.76 1.62
64 16 2.4 2.08e — 01 6.26e — 02 2.80e — 02 1.64e — 02 1.14
1.84 1.90 1.81 1.60
128 32 | 2.4 | 5.81le—02 1.68e — 02 7.95e — 03 5.42e — 03 0.56
2.28 2.23 2.08 1.87
256 64 2.4 1.20e — 02 3.59¢ — 03 1.88e — 03 1.48e — 03 0.28
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convergence rate it was sufficient to interpolate the boundary by a continuous piecewise
linear function.

All the numerical computation has been performed on a PC with two Intel Xeon®
E5420 (2GHz) processors. We remark, however, that we have not considered the special
features of our PC. To perform our numerical testing we have written standard (i.e.,
sequential) Matlab® codes.

5 Conclusions

The main goal of the paper has been the efficient numerical solution of a hypersingular
space-time boundary integral equation associated with Neumann problems for the (in
general nonhomogeneous) wave equation, with non trivial initial data. We have as-
sumed that the problem has a classical (smooth) solution. The numerical approach we
have examined is one based on a Lubich second order discrete convolution quadrature
and on a collocation BEM defined on a uniform mesh. In particular we have examined
all the integrals required by the implementation of this method, including those defin-
ing the matrices of the associated linear system. For their numerical evaluation we have
proposed some simple and efficient rules. Although this calculation is a crucial point
for the success of the overall numerical approach, as our intensive numerical testing
has shown, it is often ignored or underestimated in the papers written on this topic.

In the case of a 3D Lubich/Galerkin BEM, an unconditionally optimal rate of
convergence, uniform with respect to the time instants ¢, € [0,7] and in the H'/2-
norm with respect to the space variable, has been derived in [11]. A quick look at the
theory behind the proof seems to suggest that a similar result should hold also for the
corresponding 2D case. For the collocation method we have considered, no (theoretical)
stability and convergence results are known. Nevertheless, the numerical testing we
have performed in the 2D case seems to indicate that, contrary to the Dirichlet case (see
[15]), unconditional stability and convergence, having the same rate of the Galerkin
method, hold only for the e-collocation BEM we have considered. This is associated
with a uniform mesh of the boundary parametrization interval. For computational
simplicity, to measure the convergence rate we have considered the L?-norm instead
of the H/2 one; in this case, our numerical testing seems to confirm a second order
convergence rate, with respect to both discretization parameters.

Moreover, although the theory developed in [11] for the 3D Galerkin method re-
quires that the problem data are sufficiently smooth and satisfy some (classical) com-
patibility conditions, we have applied the proposed Lubich/collocation method, as well
as the associated Lubich/Galerkin method, also to problems where the requested con-
ditions are not all satisfied. Like in the Dirichlet case, we have obtained a rate of
convergence close to that predicted for “smooth” problems.

In the two non homogeneous examples we have considered, we have also computed
the CPU overhead due to the volume integral evaluations. When the final time instant
T is fairly small, or, if large, the number of boundary elements M is large enough, this
is either negligible or very moderate. Notice that when the BIE solution has a non
simple shape, we have necessarily to choose M large to obtain the required accuracy.
The dependence of the above overhead on the number of time instants N (see the
computational analysis made at the end of Section 3) appears to be negligible. We
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remark that in the case of data having a local support this overhead should be even
more negligible.

In the testing we have performed, the e-collocation and Galerkin methods produce
very similar accuracies; however, the first one is much faster. Unfortunately, this has
not a 3D analogue; therefore, at the moment, only the Galerkin method can be used
to solve 3D Neumann problems. In this case, the use of fast solution methods is
mandatory.

The collocation method cannot be applied also when a data are not sufficiently
smooth, to guarantee the continuity of the corresponding volume term, with respect
to its variables. This is the case, for example, of a data containing delta Dirac factors,
as in the problem treated in [19].

The nodal collocation method, for the solution of 2D and 3D Dirichlet problems,
described in [15], and the e-collocation method we have presented in this paper, for the
2D Neumann problem, besides being much faster than the Galerkin counterpart, in
the testing we have performed have shown similar accuracies and rates of convergence.
Furthermore, the linear systems they give rise are perfectly conditioned. We ought
however to remark that the collocation approach has been proposed to solve smooth
problems on domains having a smooth boundary. The promising results we have ob-
tained for the collocation approach are also related to the uniform mesh that we have
chosen for the boundary parametrization interval. A graded mesh would give rise to a
linear system which in general is not well conditioned. But this type of mesh is required
only when the solution we are approximating has an irregular behavior, which is not
the case we have considered in this paper. In such a situation, the Galerkin approach
is certainly more suitable.

Further investigation is thus needed on the performance on the proposed meth-
ods, when the data and/or the domain boundary I'" have not the required degree of
smoothness. Also the case of data with local supports needs to be investigated further.
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